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Editorial on the Research Topic
 Insights in coronavirus disease (COVID-19) - surveillance, prevention and treatment





Introduction

The achievements made by scientists in the fast-growing field of COVID-19 have been exceptional over the last 2 years, leading to major advancements in understanding and managing the new disease, but also transforming the fields of infectious diseases and public health in general. Following the SARS-CoV-2 outbreak and subsequent pandemic, the multi-disciplinary work of researchers worldwide has provided an in depth understanding of COVID-19 pathogenesis, of clinical treatments and outcomes, of models and dynamics governing disease spread, period of infectivity and containment interventions. Immunological research focused on the understanding of acquired immunity, and development of innovative vaccines and effective vaccination schemes, which have greatly improved disease outcomes across the globe. The required rapid processing and dissemination of scientific information would not have been possible if not for the special focus and attention given by scientific journals such as Frontiers in Public Health and Frontiers in Medicine.

Following on from the success of the first Frontiers COVID-19 Research Topic, featuring 400 original research articles (1), and Volume II of the same title featuring 163 original articles (2), a dedicated COVID-19 Research Topic was opened for submissions, entitled “Insights in Coronavirus Disease (COVID-19) - Surveillance, Prevention and Treatment”. Relative to Volumes I and II, which were broad in scope, this topic, running from June 2021 to January 2022, focused primarily on novel developments, current challenges, latest discoveries, and future perspectives in the field of COVID-19. The aim for this article collection was to inspire, inform and provide direction to researchers in the field.

To provide a backdrop, at the time of the launch of this Research Topic in June 2021, the first wave of the rollout of population-wide SARS-CoV-2 vaccinations with two doses was nearing completion in most European countries, while a severe lack of vaccine availability was still recorded for resource-restricted settings. Following the vaccination successes in Europe and North America a gradual relaxation of public health restrictions was afforded while many countries worldwide were preparing for resurgences. In total, 176 manuscripts were submitted, 83 (47%) of which were accepted. As of August 2022, the special topic achieved approximately 255,000 views and 31,000 article downloads, with readership distributed across the globe. Frontiers made a significant contribution to the timely generation and distribution of peer-reviewed COVID-19 publications as the publisher of this special topic, as well as many other related topics. At the time of writing, the top five most viewed Research Topics on COVID-19 published in Frontiers in Medicine and Frontiers in Public Health (1–5) have generated over 19 million of views, as well as over 8,000 article citations.

Among the five broad areas covered by this Research Topic, primary focus of the accepted manuscripts was on Public Health Response (26), followed by Clinical Management (19), Epidemiology (14). Pathophysiology (12) and Screening Methods (12). The accepted submissions comprised of Original Research (50), Brief Research Report (11), Reviews (8), Opinion (5), Case Report (4), Methods (2), Community Case Study (1), Hypothesis and Theory (1) and Perspective (1).



Public health response and vaccines

The understanding and comparison of public health responses has been vital in the design and quick adaptation of effective mitigation strategies. A number of manuscripts shared details of investigations of SARS-CoV-2 transmission patterns and non-pharmaceutical control interventions implemented in defined geographies, such as China (Lu et al.), the Czech Republic (Dziedzinska et al.), Germany (Kapnsner et al.), Portugal (Leite et al.), Romania (Dascalu et al.), Saudi Arabia (Hakeem et al.) and the USA (Bonacci et al.). Awareness about the virus transmission within public education settings and protective practices were also examined in the studies by Lordan et al., Middleton et al., Sombetzki et al., and Qin et al., as well as within areas of precarious housing conditions by Zimmermann et al..

As population-wide vaccination programs were implemented across the world, a number of studies emerged considering the overall COVID-19 vaccination acceptance, providing survey-based quantitative estimates (Al-Qerem and Jarab; Lyu et al.; Zhang et al.). Some of these early data was summarized by the systematic review of Norhayati et al. The perspectives and responses of different communities toward COVID-19 were considered, such as pharmacists being both vaccinated and vaccinators (Turcu-Stiolica et al.); of patient groups being vaccinated (Ahmadi et al.); as well of wider communities within specific geographical areas (Kuo et al.; Liu et al.). Related to the safety of vaccination programs and providing a holistic view of the subject within this special topic, were also the studies describing vaccine reactions in the USA, EU (Montano) and China (Zhu et al.). Finally, the protective properties of breast milk for infants from COVID-19 were outlined in the Hypothesis and Theory study by Quitadamo et al..

As the impact of the COVID-19 pandemic is multi-faceted, some studies presented practical and directly implementable solutions for the many challenges it raised. Drobniewski and Keshavjee analyzed the similarities between COVID-19 and tuberculosis, and how the extensive lessons learned from the older pathogen might transfer to the response against the newer one. Sehgal and Milton discussed how frameworks from occupational health might be applicable in navigating the next, more episodic, phases of the pandemic, while Shi et al. presented the construction and implementation of an intelligent voice-response system for COVID-19 information management.



Clinical management

The topic of COVID-19 was approached from a clinical management perspective as well, with Priori et al., providing a University Hospital multidisciplinary account from Milan, Italy, of re-organizing inpatient care during the first wave of the pandemic. Some studies on disease progression were in the context of other comorbidities, for example gastro-intestinal symptoms (Chen et al.) and pancreatitis (Fiore et al.). Various approaches to assessing prognostic factors and indicators were reported. Enocsson et al. looked at soluble urokinase Plasminogen Activator Receptor (suPAR) as a specific prognostic biomediator. On the other hand, Ranard et al., looked at a wider set of indicators reporting different patient endotypes that might be prognostic for COVID-19. One study by Kurban et al., provided examples of simple triage tools that can be used to predict severe disease.

Among the articles with a primary focus of clinical management, another main area of interest was the evaluation of various new or concomitant therapies with respect to benefits for COVID-19 progression and outcome. Treatments evaluated included the addition of baricitinib to standard care (Masiá et al.); the effect of tocilizumab monotherapy on biomediators (Hashimoto et al.); the infusion of umbilical cord mesenchymal stromal cells (da Silva et al.); the use of A2 adrenergic receptor agonist (Li et al.; Hamilton et al.); as well as the case report of blood purification for 5 severely ill patients (Chen et al.). Regarding the prevention of symptoms or at least the reduction of symptom severity, studies looked into the supplementation with vitamin D (Arroyo-Díaz et al.) and zinc (Hardigan and Gordon). The breadth of topics covered demonstrate the multitude of approaches still being considered in the effort to improve the current standard of care for COVID-19, as well as indicating the many clinical specialties involved in those investigations. This aspect of plurality in COVID-19 treatments was captured well in the meta-analysis of randomized control trials by Zhang et al., while Wüstner et al., looked into the clinical evidence informing treatment guidelines, specifically on repurposed drugs for hospitalized patients during the early waves of the COVID-19 pandemic, including for corticosteroids, anticoagulants and other.

Accurate, timely COVID-19 diagnosis and tools used for diagnosis was another research area of interest in clinical management, though of reduced frequency as compared with the earlier special topics on COVID-19. Namely, Avgoulea et al. in their brief research report focused on the implementation of rapid point of care diagnostics in a hospital emergency unit. Finally, it has been well-established that the impact of the pandemic has not been limited to physical health and acute disease. Two studies looked at the post COVID-19 sequelae, in general (Makrydakis et al.) and specifically, as they relate to chronic fatigue syndrome (Hohberger et al.). Frontiers journals have initiated distinct special topics on COVID-19 sequelae, especially on emotional/mental health and post COVID syndrome assessment (3).



Epidemiology

Of the articles primarily focused on Epidemiology, disease surveillance remained an area of focus in order to elucidate the geographical, demographic and behavioral distribution of confirmed cases at specific time points (or over time). As such, there were studies regarding COVID-19 epidemiologic patterns in Burkina Faso (Kaboré et al.), the Ecuadorean army (Ortiz-Prado et al.), the Colombian army (Duque et al.), South Korea (Hong et al.), China (Li et al.), as well as the incidence in cannabis users (Huang et al.). In order to complement the picture on symptomatic case identification, Syangtan et al. focused their systematic review on investigating asymptomatic cases. Finally, the study by Yadav et al. described an outbreak of Nipah virus concurrent to COVID-19 in India, reminding that COVID-19 is cumulative to existing pathogen pressures in many countries.

Accurate disease surveillance remains a cornerstone for healthcare systems for the timely implementation of public health measures as warranted, and for resource and treatment planning relative to available service capacity. Thus, a clear area of interest remained the modeling and testing of prediction models that might be implemented in subsequent waves of the pandemic. These included work by Inglis et al. in estimating the local COVID-19 risk during the pandemic curve decline; a seasonality-aware model by Alser et al.; as well as a model for short-term COVID-19 prediction, based on USA data by Majeed et al. Furthermore, the predictive models by Pei Y et al., and Zuo et al., included vaccination as a co-factor in their framework. Analyzing available data from Germany and Italy and their states and regions (January–June 2020), Morfeld et al. provided an estimate of the excess mortality attributable to acute COVID-19 and highlighted limitations of routine demographic surveillance systems. The goal of these investigations was to achieve a better understanding of the individuals/groups with increased risk, and thus, prioritizing any public health interventions to decrease the transmission risk to susceptible populations.



Screening methods

Asymptomatic and pre-symptomatic transmission of SARS-CoV-2 has introduced a greater degree of difficulty and uncertainty for monitoring the spread of the infection into new clusters. Thus, population-wide or high-risk group screening policies have been implemented at various scales in many countries. The studies included in this special topic describe the implementation of such screening policies at national borders (Chua et al.), at schools (Simas et al.), at healthcare facilities (Raimann et al.). As with any diagnostics, a greater than acceptable threshold of false-positive or false-negative outcome, can cause considerable damage both at individual and public health levels. Therefore, a number of studies focused on the evaluation of the individual performance of such test and/or methodologies (Alghounaim et al.; Yingtaweesittikul et al.; Alqahtani et al.; Eskobar et al.; Wertenauer et al.; Fernández-Rivas et al.). The investigation of saliva as a suitable detection fluid was discussed by Pierri et al.; while the implementation of ELISA-based seroprevalence for the understanding of asymptomatic transmission levels was considered by the studies of Sherman et al., and Breedon et al..



Pathophysiology

Understanding the pathophysiology of COVID-19 and its many clinical manifestations is crucial in dealing with the severe forms of the disease, identifying individuals with increased risk, and taking timely action toward development and/or implementation of appropriate treatments. Hayes et al. provided a scoping review of over 100 persistent symptoms of long COVID-19; while the study by Cheng et al. described a text clustering method to identify symptom clustering. The systematic review by Sodeifian et al. looked into the drug-induced liver injury in COVID-19 patients; and Zhang et al. investigated liver fibrosis scores and clinical outcomes in COVID-19 patients. There were two Opinion papers in this special topic, one by Kozlakidis, considering the relative lack of evidence of genomic recombination for SARS-CoV-2; and another by Dubina, considering a potential non-immune prophylaxis against COVID-19 by targeting tolerance for Angiotensin II.

The link between vitamin intake and COVID-19 clinical outcomes remains a focal point of research. To this end the systematic review by Teshome et al. investigated the impact of vitamin D on COVID-19 infection; while Chen et al. investigated the relationship between plasma vitamin C and COVID-19 susceptibility and severity. The investigation of such relationships allows the deeper understanding of molecular mechanisms and their link to clinical outcomes. The relationship between platelet count and COVID-19 mortality was investigated by Yang et al.; while another relationship, between cellular and humoral immune responses after two doses of vaccination were studied by Mangia et al. The brief research report by Jimah et al. focused on the monitoring of COVID-19 positive pregnant women. Finally, Holm-Jacobsen et al. investigated the clinical implications of rectal SARS-CoV-2 shedding in Danish patients.



Conclusions

As the COVID-19 pandemic continues and as the SARS-CoV-2 virus continues to evolve and produce a greater number of variants, it is likely that the case numbers and hospital admissions will persist their fluctuations globally. Thus, it is not surprising that epidemiological studies continue to feature strongly in the published scientific literature as understanding of the changing dynamics of COVID-19 remains a public health priority. To this end, the greater emphasis on public perceptions, attitudes and behaviors is a welcome development, further strengthening public health responses and gradually involving an active participation of “citizen scientists” as advocated previously (6).

Building on understanding the pathophysiology and epidemiology of the disease, the development of efficacious vaccines and treatments have made a clear difference in addressing severe forms of the disease and mitigating its public health impact. More contagious and/or virulent variants of the virus that are able to evade acquired immunity may continuously emerge, and their widespread dissemination is of concern in the near future. Novel and/or improved virus screening methods, therapeutics and vaccines are likely to remain key tools toward pandemic mitigation. The cumulative burden of “long COVID” sequelae as well as psychological/psychiatric impact of the disease and its control measures are crucial topics to study for guiding long term medical and public health management. Therefore, concerted research efforts on current topics remain a crucial part of the continued fight against COVID-19.



Author contributions

ZK compiled/wrote the first draft. MS contributed to the outline. Both authors reviewed and edited for final revisions. All authors approved the final version for publication.



Acknowledgments

We would like to thank the thousands of reviewers and scientists who contributed to this unprecedented scientific and clinical emergency. Particular thanks go to the staff of the Frontiers publishing house, for their continuous and unmitigated support.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Doolan D, Kozlakidis Z, Zhang Z, Paessler S, Su L, Yokota YT, et al. Editorial: Coronavirus disease (COVID-19): pathophysiology, epidemiology, clinical management and public health response. Front Public Health. (2021) 9:807159. doi: 10.3389/fpubh.2021.807159

 2. Barin B, Kozlakidis Z, Ricci F, Su L, Tsioutis C, Welburn SC, et al. Editorial: Coronavirus disease (COVID-19): pathophysiology, epidemiology, clinical management and public health response, volume II. Front Public Health. (2022) 10:913507. doi: 10.3389/fpubh.2022.913507

 3. Castelnuovo G, De Giorgio A, Manzoni GM, Mohiyeddini C, Treadway DC, Bressington D. Coronavirus Disease (COVID-19): Psychological, Behavioral, Interpersonal Effects, Clinical Implications for Health Systems. SA: Frontiers Media. (2022). Available online at: https://www.frontiersin.org/research-topics/13561/coronavirus-disease-covid-19-psychological-behavioral-interpersonal-effects-and-clinical-implication (accessed September 23, 2022). 

 4. Research Topic. COVID-19 pandemics: ethical, legal and social issues Available online at: https://www.frontiersin.org/research-topics/15658/covid-19-pandemics-ethical-legal-and-social-issues#overview (accessed September 23, 2022). 

 5. Ward PR, Bissell P, Meyer SB, Gesesew HA, Januraga PP, Chang D, et al. COVID-19 - Social science research during a pandemic. Front Public Health. (2022) 10:923992. doi: 10.3389/fpubh.2022.923992

 6. Struelens MJ, Vineis P. COVID-19 research: challenges to interpret numbers and propose solutions. Front Public Health. (2021) 9:651089. doi: 10.3389/fpubh.2021.651089












	
	COMMUNITY CASE STUDY
published: 08 January 2021
doi: 10.3389/fpubh.2020.575029






[image: image2]

The Many Faces of Covid-19 at a Glance: A University Hospital Multidisciplinary Account From Milan, Italy

Alberto Priori1*, Alessandro Baisi2, Giuseppe Banderali3, Federico Biglioli4, Gaetano Bulfamante5, Maria Paola Canevini6, Maurizio Cariati7, Stefano Carugo8, Marco Cattaneo9, Amilcare Cerri10, Davide Chiumello11, Claudio Colosio12, Mario Cozzolino13, Antonella D'Arminio Monforte14, Giovanni Felisati15, Daris Ferrari16, Orsola Gambini17, Marco Gardinali18, Anna Maria Marconi19, Isotta Olivari1, Nicola Vincenzo Orfeo20, Enrico Opocher21, Luca Pietrogrande22, Antonino Previtera23, Luca Rossetti24, Elena Vegni25, Vincenzo Toschi26, Massimo Zuin27 and Stefano Centanni28*


1Neurology, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

2Thoracic Surgery, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

3Pediatrics, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

4Maxillofacial Surgery, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

5Pathology, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

6Pediatric Neuropsychiatry, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

7Radiology Unit, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, Milan, Italy

8From the Units of Cardiology, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

9Internal Medicine, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

10Dermatology, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

11Intensive Care, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

12Workers' Health, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

13Nephrology & Dialysis, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

14Infectious Disease, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

15Otorhinolaryngology, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

16Oncology Unit, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, Milan, Italy

17Psychiatry, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

18Emergency Unit, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, Milan, Italy

19Obstetrics & Gynecology, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

20Strategic Hospital Management, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, Milan, Italy

21Surgery, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

22Orthopedy & Traumatology, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

23Rehabilitation, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

24Surgical Ophthalmology, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

25Clinical Psychology, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

26Transfusion Unit, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, Milan, Italy

27Gastroenterology & Hepatology, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

28Respiratory Medicine, Department of Health Sciences, San Paolo University Hospital, Azienda Socio Sanitaria Territoriale Santi Paolo e Carlo, University of Milan Medical School, Milan, Italy

Edited by:
Paolo Vineis, Imperial College London, United Kingdom

Reviewed by:
Benedetta Demartini, University of Milan, Italy
 Sara Marceglia, University of Trieste, Italy

*Correspondence: Alberto Priori, alberto.priori@unimi.it
 Stefano Centanni, stefano.centanni@unimi.it

Specialty section: This article was submitted to Infectious Diseases - Surveillance, Prevention and Treatment, a section of the journal Frontiers in Public Health

Received: 30 June 2020
 Accepted: 19 November 2020
 Published: 08 January 2021

Citation: Priori A, Baisi A, Banderali G, Biglioli F, Bulfamante G, Canevini MP, Cariati M, Carugo S, Cattaneo M, Cerri A, Chiumello D, Colosio C, Cozzolino M, D'Arminio Monforte A, Felisati G, Ferrari D, Gambini O, Gardinali M, Marconi AM, Olivari I, Orfeo NV, Opocher E, Pietrogrande L, Previtera A, Rossetti L, Vegni E, Toschi V, Zuin M and Centanni S (2021) The Many Faces of Covid-19 at a Glance: A University Hospital Multidisciplinary Account From Milan, Italy. Front. Public Health 8:575029. doi: 10.3389/fpubh.2020.575029



In March 2020, northern Italy became the second country worldwide most affected by Covid-19 and the death toll overtook that in China. Hospital staff soon realized that Covid-19 was far more severe than expected from the few data available at that time. The Covid-19 pandemic forced hospitals to adjust to rapidly changing circumstances. We report our experience in a general teaching hospital in Milan, the capital of Lombardy, the most affected area in Italy. First, we briefly describe Lombardy's regional Covid-19-related health organizational changes as well as general hospital reorganization. We also provide a multidisciplinary report of the main clinical, radiological and pathological Covid-19 findings we observed in our patients.

Keywords: psychology, gynecology, neurology, pathology, internal medicine, infectious diseases respiratory medicine, COVID-19


INTRODUCTION

In March 2020, northern Italy became the second country worldwide most affected by Covid-19 and the death toll overtook that in China. The epidemic was far more severe than expected from the few data available at that time (Figure 1A). The Covid-19 pandemic forced Italian hospitals to adjust to rapidly changing circumstances.
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FIGURE 1. (A) Numbers of patients at ASST Santi Paolo e Carlo University Hospital in Milan (from March 1, 2020 to April 16, 2020) during the Covid-19 epidemic. (B) Nurses celebrating a patient's birthday at the bedside. (C) A representative case of Covid-related conjunctivitis. (D) Cycle for positioning a patient in the prone position in the intensive care unit.




ORGANIZATIONAL CHANGES: AN OUTLINE

To address the urgent need for physicians, our hospital assigned all doctors to “Covid teams.” Each comprised a specialist in infectious diseases (ID), respiratory medicine, internal medicine, and other specialties (including ophthalmology, pathology, maxillofacial surgery, ear-nose-and throat, neurology, general surgery, gynecology, orthopedic surgery, and urology). Covid-related specialists could train others to treat patients alone if the epidemiologic situation worsened or some doctors got sick.

To assist patients with acute illnesses (cardiovascular disease, stroke, oncology, and surgery) Lombardy instituted a medical system with 13 central hospitals (Hubs) and 42 peripheral hospitals (Spokes). These hospitals created a territorial network and shared protocols that would guarantee appropriate, timely medical environments and ensure patients' safety.

Hospital managements devised specific procedures and made personal protective equipment (PPE) routine in all the wards. Keeping the department running meant implementing preventive measures instructing patients on the importance of self-care (e.g., wearing a mask, hand washing). Hospital directors limited access only to patients, all having their temperature measured and undergoing careful investigation about fever and respiratory symptoms at home. No relatives could enter. Patients had to use gloves and facial masks, a directive that in a delicate setting such as psychiatry, interfered with the therapeutic relationship.

During the Covid-19 outbreak, academic staff made a great effort to maintain teaching by rapidly activating online lessons, seminars, webinars and examinations for medical students and residents. We watched our students through the computer screen, defending the results of their thesis, sitting alone in their bedroom without comfort from cheering relatives and friends, but wearing their best clothes, as if participating in the real ceremony. Residents stopped rotation and flanked the Covid teams according to their expertise. Last-year ID, respiratory medicine, internal medicine, and anesthesiology residents were recruited into the medical staff.

Operators had to prolong their working hours and skip their day off. The hospital therefore provided a “decompression room” where staff could go to relieve work pressures and a “muscle reconditioning” space for those who complained of muscle tension.

A powerful tool that is easily accessible to the whole population from children to the elderly, ensures assistance at home for many patients and reduces the danger of infection, is an internet, video or telephone call. Most wards had a call center to answer patients' phone calls and e-mails and reschedule medical appointments. Outpatient activities diminished to urgent patients for all specialties and mainly comprised videotelephony consultations. For instance, remote birth support courses were held through the Zoom platform with interactive lessons involving a midwife and about 20 women at a time. A video was also shot to include a virtual tour of the birth area. The department's Facebook page published information slideshows on preventing coronavirus infection and on how to behave in the later pregnancy stages. Telepsychotherapy also proved useful (1).

Nurses (Figure 1B) have day-by-day been facing difficult situations under psychological pressure. Looking into the eyes of a patient needing oxygen clenching the nurse's hand in the desperate effort to breathe enforces our knowledge that such patients are facing this situation alone. When their shift ends, nurses find it difficult to leave this behind. And equally stressful, upon returning home they have to keep at a distance from others, owing to the risk of transmitting the disease. Hence, they face a high risk of experiencing psychological “scars” that will be hard to heal. In June 2020, voluntary health care professionals (n = 264) in our hospital filled in an online questionnaire assessing anxiety, depression and post-traumatic stress disorder to assess their emotional response after the first pandemic wave: 44% had at least one abnormal score in one scale. Among them, most agreed to have a clinical consultation with a psychologist and had an individual or group intervention. The most common complaints were sense of meaningless, issues connected to the moral distress, and fatigue (manuscript in preparation). In a survey conducted in 1,407 hospital health workers in Spain during the Covid-19 pandemic, about a quarter had acute psychological symptoms and about half of the total sample reported physical symptoms (2).



CLINICAL FINDINGS: A GLANCE FROM THE SPECIALISTS

Our hospital was one of the three cardiological Hubs in Milan. During the first month, cardiologists treated 32 patients presenting with ST-segment elevation myocardial infarction, nine were Covid-19+. During the first week only 3 were dispatched to our center, whereas thereafter numbers progressively increased. Though we were aware of cardiological complications (3–6), we frequently observed acute coronary syndromes, coronary thrombosis in young patients, syncope, atrioventricular block, and myocarditis. We had one case of heart rupture. Overall, patients arrived in the emergency room late (Figure 2). Recent data from a systematic review published after the first epidemic wave report a prevalence of cardiologic complications ranging from <1 to 44% (7). This wide variability arises from the features of the population examined (age, prevalence of comorbidity).
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FIGURE 2. (A) Electrocardiogram (ECG) showing a prolonged QTc interval in a Covid-19 patient treated with hydroxychloroquine and azithromycin. These two drugs combined may prolong the QT interval by more than 500 ms and induce arrhythmias. (B) Sustained ventricular tachycardia in a Covid-19 patient. The ECG showed frequent malignant ventricular arrhythmias. (C) A further Covid-19 related complication was myocarditis probably due to a direct heart muscle infection. This 4D echocardiographic image shows a ventricular dilatation and a concomitant apical thrombus (yellow arrow). (D) Coronary thrombosis in a Covid-19 patient with an acute coronary syndrome. In Covid-19 patients, we frequently found coronary vessel thrombosis obstructing the coronary artery. In this patient, the ECG clearly shows a blood clot obstructing the interventricular coronary artery (yellow arrow). (E) Interventricular septum rupture (yellow arrow, basal septum rupture with shunt) in a Covid-19 patient who arrived late in the coronary unit during S-T elevation myocardial infarction.


Psychologists also helped patients suffering from anxiety and depression, and hospitalized patients' relatives. Patients who recover and go home may experience survival guilt. Because a phone call helps grief and mourning, psychologists have been phoning the relatives' next of kin after a patient dies. The long-term consequences of such a dramatic event need to be carefully assessed: Post-traumatic stress disorder (PTSD) may persist for years (8–10).

Though Covid-related skin abnormalities are now increasingly emerging (11), our dermatologists at the outbreak observed no Covid-related complications. Some healthcare workers had hand eczema possibly related to frequent hand washing and to gloves. Later publications reported skin findings including chilblain-like lesions in 40.2%, maculopapular lesions (22.7%), urticarial lesions (8.9%), vesicular lesions (6.4%), necrotic lesions (28, 2.8%), and other rashes and skin lesions (19.8%). Other skin findings described included pain, burning and itch. The reported prevalence of Covid-related skin manifestations varied from <1% to 20.45% (12–14).

Considering that dialysis (15) cannot wait for virology, Covid-19 patients must be hospitalized and undergo dialysis in the ID ward or ICU with mobile dialytic devices. Some patients enter the ICU with acute kidney injury. About 15% of ICU patients develop acute kidney injury whereas 5% of all patients require renal replacement therapy. Renal failure is acute, owing to tubulo-interstitial damage, and often reversible. In patients with chronic kidney disease renal function might worsen. In their study published this year, Kellum et al. (16) report that, like other pneumonias requiring hospital admission, acute kidney injury in patients hospitalized with Covid-19 is as high as 43%, and is strongly associated with mortality. In contrast, mortality is lower in Covid-19 patients without acute kidney injury. Similarly, Jager et al. (17) assessed 28-day mortality after Covid-19 diagnosis in European kidney replacement therapy patients between February 1, 2020 and April 30, 2020 encompassing 4,298 cases. After a 28-day follow-up, they report a 20.0% Covid-related mortality of 20.0% in 3,285 patients undergoing dialysis, and 19.9% in 1,013 transplant recipients. They identified differences in Covid-19 mortality across countries, and an increased mortality risk in older patients receiving kidney replacement therapy and men receiving dialysis. In kidney transplant recipients older than 75 years, 44.3% did not survive Covid-19. The mortality risk higher in transplant recipients than in dialysis patients. Hence, Covid-19 remarkably increases mortality in patients receiving kidney replacement therapy. This population therefore needs a high protection level from the disease.

In the emergency department (ED) the major need was to isolate Covid-19 “suspected” or “positive” patients from others. We isolated them in the negative-pressure rooms and in another unused ED area until the Covid-19 swab results were available. Patients with low blood-oxygen levels received continuous positive airway pressure (CPAP) and bilevel (BIPAP). The ED had to provide non-invasive ventilation for up to 15 patients at the same time. Typical symptoms were malaise, mild fever (usually up to 38°C), dry cough, nasal and conjunctival congestion, dysgeusia, and dysosmia; few patients had diarrhea (18, 19). Patients with pneumonia typically had respiratory symptoms (from shortness of breath to true respiratory distress) tachypnea and rales. Typical laboratory findings were lymphopenia, high C-reactive protein, and lactate dehydrogenase plasma levels. Many patients also had increased plasma D-Dimer. Other emergency admissions dropped dramatically. The study by Ojetti et al. reported a 37.6% overall reduction in ED admissions in 2020 compared with the same period in 2019 (20). Admissions for cardio-thoracic, gastroenterological, urological, otolaryngologic or ophthalmologic, and traumatological diseases decreased. The study conducted in Rome, Italy, reports that acute neurological conditions slightly decreased whereas oncology admissions remained stable. Presentations for infectious diseases were 30% in 2020, compared with 5% in 2018 and 6% in 2019. In 2020, the admission rate was 42.9% compared with 27.7%, and 26.4% in previous years. Decreased ED admissions during the Covid-19 epidemic could reflect a fear of infection. Covid-19 possibly also taught us to use the ED better. But worrying numbers concerned the decreased cardiology and neurology admissions: patients delayed medical consultations, sometimes incurring lethal consequences, just because they feared Covid-19, ultimately leading to avoidable morbidity and mortality. Admissions for stroke also dramatically decreased compared with the same period in the previous year. In their study published this year, Sharma et al. (21) report a decrease up to 46% in ED stroke alerts during the pandemic.

The gastroenterology and hepatology unit changed into a Covid ward. A small “clean” area remained for patients with cirrhosis, hepatocellular carcinoma, and exacerbated inflammatory bowel disease. Covid-19 frequently involves the liver causing increased blood alanine aminotransferase (22). Concomitant with respiratory symptoms or appearing alone, gastrointestinal manifestations primarily involve diarrhea (23), nausea and vomiting. In their study, Sulaiman et al. (24), describe isolated gastrointestinal symptoms in 23.6% of the patients; 44.3% of cases had respiratory symptoms alone, whereas 32.1% had respiratory and gastroenterological symptoms combined. Patients with gastroenterological disturbances alone have less severe disease. Patients with isolated gastroenterological symptoms have no mortality though why this is so remains unclear.

Gynecologic services limited to oncology and emergency. Pregnant women entering the clinics were screened with a 13-item questionnaire translated into 12 languages. We converted the day surgery obstetrics and gynecology ward into a Covid-19 ward. The day hospital for legal pregnancy terminations maintained its activity. No obstetrics or gynecologist specialist observed specific Covid-19-correlated complications. In their study earlier this year, Afsahr et al. assessed the clinical presentation of Covid-19 in pregnant or recently pregnant woman (25).

The most frequent symptoms in patients positive for SARS-CoV-2 were cough (20%), sore throat (16%), body aches (12%), and fever (12%). Though symptoms disappeared on average in about 5 weeks, in 25% of participants symptoms persisted for 2 months or more.

The ICU in our hospital almost exclusively admitted Covid-19 patients. Operating rooms accommodated additional ICU beds. ICU patients needed remarkably high care levels including repeated pronation cycles (Figure 1D) and in one case extracorporeal circulation. The ICU also reserved few beds for emergency and oncologic surgery in non-Covid-19 patients. Many patients admitted to our ICU suffered from acute respiratory distress syndrome (ARDS). Soon after admittance, they received moderate positive end expiratory pressure (PEEP) levels with sedation. Patients who did not recover after 5–7 days were tracheostomized and began weaning. When intubation ended, several patients had hiccups and respiratory dyssynergia probably due to the bulbar damage (26). According to an Italian multicenter study (27) including more than 1,400 charts for patients with Covid-19, 16.7% required ICU admission, more frequently man and with comorbidities (74%). The most relevant risk factors for ICU admission were obesity, kidney failure and arterial hypertension.

Our ID activity took place partly directly in the ED to plan initial medical care (28). The ID negative-pressure rooms changed into subacute ICUs to provide non-invasive ventilation. An extremely important task is to provide oxygen supplementation and to ask the ICU specialists as early as possible to supply invasive ventilation if needed. Those at highest risk of poor outcome are the elderly but the young also need careful attention because they occasionally undergo a turbulent course. Patients may take months to return negative. A critical issue concerned the 5–10% patients with pneumonia requiring O2 therapy with a chest CT scan typical for Covid-19 but no reactivity to SARS CoV2 polymerase chain reaction (PCR) tested by nasopharyngeal swab (NPS). As we explain in the foregoing text for some pediatric patients we have seen, also in patients whose clinical presentation resembles Covid-19 manifestations, physicians should always rule out other treatable infections (such as infective endocarditis) even in patients with a positive nasopharyngeal swab (29).

Many attribute the high incidence of acute respiratory worsening to pulmonary embolism (30) and suggest that high-dose heparin should administer for thromboprohylaxis. However, our internal medicine unit (Figure 3A) used standard low-dose low-molecular weight heparin: none of the more than 300 patients hospitalized in our wards had symptomatic deep vein thrombosis (DVT), while systematic ultrasonographic testing failed to detect asymptomatic proximal DVT in 64 patients. We hypothesized that the described pulmonary vascular occlusions are accounted for by pulmonary artery thrombosis, rather than pulmonary embolism (31), considering the low reported incidence of DVT, which represent the origin of pulmonary emboli (30). A recent meta-analysis by our internal medicine group compared the frequencies of DVT and “pulmonary artery occlusion” in patients with Covid-19 with those observed in previously reported patients without Covid-19: all had been under thromboprophylaxis with low-dose heparin (32). In non-ICU wards, the frequency of DVT was low and similar in Covid-19 (4.57%) and non-Covid-19 patients (3.64%), suggesting that the risk of DVT is not higher in Covid-19 than in non-Covid-19 patients. In contrast the frequency of “pulmonary artery occlusions” was much higher in Covid-19 patients (2.55%) than in non-Covid-19 patients (0.11%), thus supporting our hypothesis that most pulmonary artery occlusions in Covid-19 are attributable to pulmonary artery thrombosis, rather than pulmonary emboli (32).
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FIGURE 3. (A) An “alternative” pathophysiological hypothesis for Covid-19 pandemia developed at the department of internal medicine. Amusing moments helped staff to face the disaster (modified from https://www.news-medical.net/health/Blood-Plasma-Components-and-Function-(Italian).aspx). (B) (a) Some Covid-19 patients had myoclonus with a typical electroencephalographic (EEG) pattern showing both periodic lateralized epileptiform discharges (PLEDs) and bilateral PLEDs (bi-PLEDs), predominantly involving the left hemisphere, mainly recorded in the parasagittal and midline regions. (b,c) Black arrows indicate myoclonic jerks, without any correlation with periodic lateralized discharges, nor with a prominent proximal-to-distal gradient of appearance (surface electromyography recorded from the right sternocleidomastoid, extensor carpi radialis longus, and tibialis anterior muscles). (C) The virus as seen by an autistic child aged 8. In children with psychiatric disorders, Covid-19 remarkably influenced their thought and mood. (D) The algorithm for ventilation used in our patients (PEEP, positive end-expiratory pressure; SpO2, pulse oximetry; FiO2, fractional inspiration of oxygen; NiV, non-invasive ventilation; CPAP, continuous positive airway pressure).


The neurology unit became a Covid ward. For the first 2 weeks no patients with acute neurological problems presented to the ED. Neurological signs or symptoms related to central nervous system invasion (26) were confusion, delirium, seizures, impaired smell and taste, muscle pain, and headache (Figure 3B). Covid-19 survivors often manifest polyneuropathy, severe generalized muscle atrophy, and attention and memory deficits. Their long-term outcome is unknown. In their study assessing the occurrence of neurological symptoms in Covid-19 patients, by distributing a survey to physicians involved in their care, Campiglio and Priori found that 87.3% of practitioners observed neurological symptoms. In most cases these were mild and non-specific, but in few patients, they were severe (33). According to Lechien et al., 85.6% of Covid-19 patients report olfactory symptoms and 88% gustatory dysfunctions. In 11.8% of the cases, olfactory dysfunction (OD) appeared before the other symptoms. Women are significantly more affected by olfactory and gustatory dysfunctions than men (p = 0.001) (34).

To prevent hospital-acquired Covid-19 infections, the Occupational Health unit activated specific surveillance of our healthcare workers (HCWs). “Close contacts” of Covid-19 infected persons were identified and authorized to work until molecular test results wearing PPE (surgical mask) and maintaining social distancing even at home. In case of positive results, they entered 14-days quarantine if asymptomatic, whilst symptomatic prolonged quarantine until 10 days after the end of symptoms. Thereafter, only workers in whom two consecutive NPS gave negative results were readmitted. This approach (35) brought to the result that from March to June 2020, the epidemics involved only about the 4% of the hospital healthcare staff, whilst in other structures of the same Region, the incidence reached levels of 6–7%, with peaks exceeding 15%. A second interesting finding of our approach was that only 10% of our hospital workers who had positive NPS were symptomatic: most complained only of abnormal taste and smell (36). In line with our infection rate, a later large Italian study by Porru et al. (37) identified positive nasopharyngeal swabs in 4% of Italian health workers. Another study on healthcare workers found in 17,971 samples for SARS-CoV-2 antibody testing an overall seroprevalence of 3.4% (confidence interval: 2.5–3.8%) (38). Emergency departments had the highest seroprevalence (29.7%), whereas departments without patients or with limited patient contact had the lowest (2.2%). Hence healthcare workers should probably undergo regular testing for SARS-CoV-2. This the approach adopted by our Occupational Health Unit during the so called “second wave” of the epidemics. A serologic retrospective study in in healthcare workers in our hospital revealed that individuals with IgM and IgG were 14.4 and 7.4%, respectively with no relationship was between exposure to Covid-19 patients and serological status (39).

Oncologists maintained ward and outpatient activity. The incidence and severity of Covid-19 infection appeared initially higher in cancer patients (40). In symptomatic patients with positive NPS, we suspended chemotherapy for at least 2 weeks, and in those with symptomatic infections until complete resolution. Caution is essential in giving drugs highly toxic to lungs, such as bleomycin, cyclophosphamide, methotrexate, and immunotherapy. Covid-19-free patients can continue their chemotherapy. Overall, a French study by Helissey et al. suggested that Covid-19 negatively influenced oncological patients: 47.6% of the outpatients received modified patient care, 24% of scheduled surgeries were postponed, or took place without perioperative chemotherapy, 18.4% followed a hypo-fractioned schedule, and 57% had an adaptive systemic protocol (stopped,0 oral protocol, and spacing between treatments) (41). About 70% of physicians used telemedicine. During the study, 67% of the physicians reported that taking care of their patients caused no distress. About 2/3 of physicians worried about how lockdown would affect future patient care. Oncologic patients are considered at risk for severe Covid-19 given that malignant diseases and chemotherapy weaken the immune response. But, in contrast with earlier studies, Hempel et al. who tested 1,227 oncologic patients for Covid-19 found 6.4% of them positive (42). Only one positive patient experienced severe Covid-19 with pneumonia. None of the asymptomatic patients had Covid-19 complications during the oncologic treatment. These findings argue against the hypothesis that oncologic patients are vulnerable to Covid-19 and points out that they can safely receive cancer therapies. Last, the relatively low incidence of Covid-19 symptoms in patients receiving chemotherapy and other immunosuppressive drugs such as glucocorticoids suggests that immunosuppression might reduce Covid-19 severity.

In the pathology unit, overall, diagnostic procedures decreased by some 50%. The most frequent autopsy finding (Figures 4, 5) was septal lung damage involving all the lobes (fibrosis) and pulmonary alveoli (engulfed by inflammatory cells and fibrin).
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FIGURE 4. LEFT. Autopsy findings in Covid-19 positive patients. Patients who died underwent autopsy 2–3 h after death, ascertained by a continuous 20-min electrocardiographic recording. (A–C) Lung findings at autopsy. Gross autopsy examination shows that the lungs have increased consistency but reduced volume. The lung parenchyma on the cut surface appears dry: squeezing produces scarce aerated blood. The lung parenchyma varies in color from bright red to grayish, with hemorrhagic areas of various sizes [(A) right lung, outer surface. (B) Left lung: external surface. (C) Left lung: cut surface of the parenchyma]. (D) Histologically, the lung alveolar cavities display abundant cellularity and fibrin aggregates (one in the yellow circle). The red arrows indicate in areas surrounding the bronchiolar walls amorphous material suggesting hyaline pulmonary membranes (E-E; 11.5x magnification; Hamamatsu NanoZoomer digital slide). (E,F) Left cerebral hemisphere without macroscopically evident pathological alterations. (G) Liver. The image highlights a portal septum with marked inflammatory infiltration. Inflammatory cells attack the adjacent hepatocyte plate and can also be seen within the sinusoidal spaces. The liver image also shows changes indicating biliary stasis (E-E; 19.3x magnification; Hamamatsu NanoZoomer digital slide). (H) Left ventricular myocardium. The gap between the myocytes contains mild but widespread inflammatory infiltration (E-E; 33.5x; Hamamatsu NanoZoomer digital slide). Right: Involvement of the nervous system in SARS-CoV-2 infection on transmission electronic microscopy. Ultrastructure in the medulla oblongata (A–C); gyrus rectus (D,E); and olfactory nerve (F). (A) Marked axonal damage involving the medulla oblongata, with irregular axonal swelling and disordered myelin sheath. The damage appears widespread. (B) A viral particle (red box) is observed in the periaxonal matrix near the outer surface of a myelin sheath. (C) Magnification of the red box area in (B) the spherical particle (~98 nm) has a crown shape with a dense inner core and electron-dense periphery with small external projections. The center of the particle contains a small roundish electron-dense structure compatible with that of SARS-CoV-2. (D) The image shows a neuron in the gyrus rectus, as demonstrated also by a nucleolus in the center of the euchromatic nucleus; autophagy phenomena in the cytoplasm (arrows) suggest cell damage. (E) Magnification of the red box area in (D), showing a viral-like particle measuring 160 nm (arrowhead). Black arrows indicate two well preserved mitochondria; the red arrows show the neuron's typical double nuclear envelope. The well-preserved ultrastructural features of these organelles demonstrate adequate collection and fixation methods and suggest that the tissue damage is related to the viral infection. (F) Severe tissue damage in the olfactory nerve: the oval structure is difficult to identify and is characterized by extensive autophagy phenomena with markedly electron-dense peripheral aggregates (arrows) (Images by Unitech NO LIMITS).
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FIGURE 5. Immunohistochemical positivity for SARS-CoV-2 in autoptical tissues. Immunohistochemistry examination was performed using an automated immunostainer (DAKO OMNIS). (A) Brain. The red granule in the cytoplasm of neurons (arrows) and glial cells (arrowheads) indicates the positivity for nuclear protein (NP) of the virus. (B) Lung. Widespread cellular positivity (brown granulia) for viral spike protein. Positive cells are largely macrophages and pneumocytes. [A: SARS-CoV-2 (2019-nCoV) Nucleoprotein/NP Antibody, Rabbit MAb; Sino Biological; 1:800, antigen retrieval low; detection with DAB. B: SARS-CoV / SARS-CoV-2 (COVID-19) spike antibody [1A9] Cat No. GTX632604; GeneTex; 1:100, antigen retrieval high; detection with Magenta].


Many patients had multiple vascular thrombosis. The SARS-CoV-2 infection also produces multiple organ endothelial damage and frequently myocarditis, liver inflammation and nervous system damage. We found the virus in the olfactory system and in the medulla oblongata (26). A review of 28 papers by Maiese et al. on a total of 341 cases showed alveolar damage with hyaline membrane formation and microthrombi in pulmonary vessels (43). In a recent autopsy study by Schurink et al. in SARS-CoV-2, multiple organs had infected cells, especially in the lungs, but during the disease course these decreased (44). SARS-CoV-2-positive tissues also included heart, kidneys, and gastrointestinal tract. A strong inflammatory response involved the lungs, heart, liver, kidneys, and brain. In the brain, extensive inflammation was seen in the olfactory bulbs and medulla oblongata. Many tissues contained thrombi and neutrophilic plugs especially in the late disease stage course after 3 weeks.

The pediatric unit was kept open. Children have milder clinical features than adults (45, 46). Those with comorbidities may need intensive care (47). Half of younger patients come with respiratory symptoms. Despite suggestive clinical features and a positive NPS, the remaining Covid-19 positive children had alternative diagnoses, events that pediatricians should always exclude. We observed no case of Kawasaki syndrome. In their study involving 203 SARS-CoV-2-infected children Maltezou et al. observed that 54.7% were asymptomatic (48). Although 45.3% had Covid-19 only 26.1% were hospitalized. Infants <1 year had the disease more frequently than older children. In 74.2% of children the infection originated from a household member. SARS-CoV-2 infection during childhood seems mainly asymptomatic or mild.

Our pediatric neuropsychiatry unit and epilepsy center maintained only urgent visits. The remaining outpatient clinics shifted to telehealth [(49, 50); Figure 3C]. Probably because quarantine reduced external stressors with decreased accessibility to recreational drugs and forced family living, decompensation episodes in adolescents with psychiatric diagnoses decreased. The lockdown in some patients increased addictive behaviors for videogames. The social isolation changed daily routines, especially in children. Among the measures intended to reduce viral spread, most schools closed, canceled classes, and moved to home-based or online learning to encourage and adhere to social distancing guidelines. Moving away from physical classes completely distorted the lives of students and their families with implications for children's mental health. Whether these changes will affect adolescent developing brains remains unclear (51). The psychological stress in general population caused by the lockdown might also have influenced the more fragile adolescent (52).

General psychiatric outpatient services were dedicated to urgent visits and to patients needing periodic drug administration (53, 54). Most patients had regular telephone updates with staff. During the first 3 weeks, the emergency room and the wards admitted fewer acute psychiatric patients than usual. Acute severe psychiatric patients positive and asymptomatic for Covid-19 entered a dedicated ward. But respecting the required hygiene norms proved difficult. In future months, psychiatrists foresee increased rates for depression and anxiety syndromes. About 11% of Covid-19 cases have delirium (55). These are older patients with neuropsychiatric comorbidities and worse respiratory conditions.

Key points for radiological CT diagnosis (Figure 6) are multiple ground-glass opacities (GGO), crazy-paving pattern, consolidation shadows, mainly distributed in the bilateral peripheral and subpleural lung areas. The CT decontamination required after scanning patients interrupts radiological service availability and suggests minimizing the risk of cross infection with a bedside chest X-ray. Portable chest radiography is therefore preferred for follow-up. Ultrasounds are quick, can be done in the emergency room, and accurately detect subpleural thickenings. In anosmic patients, magnetic resonance imaging (MRI) disclosed reduced olfactory bulb volumes. Cardiac MRI detected acute myopericarditis and systolic dysfunction.


[image: Figure 6]
FIGURE 6. A 55-year-old man admitted to our emergency department with signs and symptoms of respiratory infection underwent chest ultrasound (US) (A), showing white lung areas, then confirmed at computed tomography (CT) examination (B) which showed multiple bilateral subpleural areas of ground glass opacity (GGO) in the upper lobes. CT scans obtained 48 h after admission showed the multiple GGO areas increased in number and extension (C) and the development of pulmonary consolidations in the basal posterior and lateral segments of both lower lobes (D). Chest x-ray obtained 9 days after admission (E) showed multiple coalescent pulmonary consolidations involving both lungs, mainly in the periphery. CT scans obtained 13 days after admission showed the GGOs in the upper lobes now partly regressed (F). CT scan in a 75-year-old man, with severe lung involvement, secondary to SARS-CoV-2 infection, showing pulmonary thromboembolic disease involving segmental arteries in the left (G) and right (H) lower lobes with triangular shaped subpleural consolidations (pulmonary infarcts). A 68-year-old man admitted to our emergency department with signs and symptoms of respiratory infection then resulted Covid+. Chest US showed an interstitial syndrome, characterized by more than three B lines per longitudinal field (I).


Angio-CT scan detects pulmonary thromboembolism. In their radiological study, Zhao et al. report as the most frequent findings, GGO in 85.7% and lung vascular enlargement in 78.6% of the cases. In these lesions, 64.3% of the margins were uneasily differentiated. The authors conclude that the viral load inversely correlates with an uneasily differentiated lesion margin on the first CT scan images (56). Despite this conclusion, Salameh et al. conclude that chest CT is sensitive but not specific for Covid-19 in suspected Covid-19 patients (57). Hence, CT cannot distinguish SARS-CoV-2 infection from other respiratory diseases. This low specificity could also reflect the poor sensitivity of the reference standard (RT-PCR), because CT could potentially be more sensitive than RT-PCR in some cases. Chest X-ray and chest ultrasound findings need to be cautiously interpreted.

The rehabilitation unit reduced the number of beds but opened a new ward for monitoring Covid-19 patients. Physiotherapy activities remained available only for urgent care and for traumatized patients. ICU patients had a hypomobility syndrome and underwent early passive mobilization. In the post-acute stage, some patients had critical illness polyneuromyopathy and entrapment neuropathies. When their respiratory function improves, patients complain of fatigue (58). Severely ill patients had rather long recovery times (often more than 12 weeks). Given the numerous patients recovering from Covid-19, much help can come from delivering tele-rehabilitation.

The respiratory medicine unit was entirely dedicated to Covid-19 and 60 new beds were created for sub-intensive care. Pulmonary function tests and outpatient visits were limited to urgent requests. Patients with Covid-19 pneumonia were mostly men and >40 years old. Frequent symptoms were fever, dry cough, and dyspnea. When the respiratory rate is >25 breaths/minute or pO2 is <70 mmHg or oxygen saturation is <92%, or all three are combined, positive-pressure ventilation (with helmets or masks) is obligatory before intubation (Figure 3D). High BMI, hypertension, diabetes, and symptom duration predict a poor prognosis.

Surgical specialties were unified into a single “Covid free” Unit. The only services maintained were emergency, and oncological surgery. Patients who required an emergency surgical intervention but had positive Covid-19 NPS, went to the Covid units. Surgeons redefined surgical guidelines (59). In the operating theater, standard protocols were defined for PPE and gas aspiration mainly in laparoscopy. During the initial emergency, some patients who underwent elective surgery developed Covid-19. Though basic maxillofacial surgical activity was maintained (60), no patients had specific Covid-related maxillofacial pathologies. In contrast, the incidence of facial fractures and cervico-facial cellulitis of odontogenic origin underwent a major decrease. Whereas, in March and April 2019 and 2018 one patient per week needed therapy for cellulitis, between March and April 2020s no patients had cellulitis (61).

Ophthalmology clinics were limited to emergencies, surgical patients' follow-up, and intravitreal injections for maculopathies. The only surgical procedures permitted were those for glaucoma and retinal detachments. We saw few cases of conjunctivitis (Figure 1C), a condition associated with Covid-19 (62). A recent Italian study reported ocular disorders in 26.2% patients. Covid-19 patients receiving CPAP have ocular abnormalities more frequently than those without CPAP (63).

Orthopedic activity concentrated on urgent fractures. Traumatology care dropped but 3 weeks after the lockdown rose again. If negative, patients were hospitalized in the Covid-free surgical ward and followed the standard treatment protocol (64). Of major concern 30-day mortality among hip fracture patients during the first 30 days of the pandemic increased. A positive Covid-19 test in patients with hip fractures is associated with a 2.4-fold increase in the risk of 30-day mortality (65).

Otorhinolaryngology (ENT) specialists reorganized care (66) yet kept the service running, progressively limiting outpatient procedures to emergencies. The ENT ward was closed. Basic surgical activity was maintained. In Covid-19 patients, ENT specialists treated nose bleeds and did tracheostomies in ICU patients who had a complex neck anatomy. Patients with lung cancer underwent thoracic surgery within 30 days after the diagnosis (41). Lung cancer referrals will presumably increase when the Covid-19 emergency finishes. Whether the delay, and indirectly the Covid-19 pandemic, will influence these cancer patients' outcome remains unclear. A recent collaborative study on 115 patients with lung cancer (adenocarcinoma 66%, cT1 62%, cN0 82%) reports that in the first month after surgery 5% of patients were diagnosed with Covid-19 (67). Positive patients underwent surgery during the first month of the pandemic and were more frequently receiving corticosteroids preoperatively. Post-operative Covid-19 implied a higher readmission rate but no change in morbidity or mortality. At the transfusion unit the need for blood decreased by some 30%. Patients in oral anticoagulation and those on vitamin K antagonists underwent testing in external laboratories and phone or email counseling (68). When planning future services, we need to remember that despite having significant systemic disease, Covid-19 patients rarely require transfusion (69). A possible therapeutic approach is convalescent plasma collected through plasmapheresis from donors who have recovered from Covid-19 (70, 71). In their study on patients treated with convalescent plasma, Ibrahim et al. reported that 63% recovered and were discharged, and 37% died. Patients treated early had a lower mortality rate and shorter hospital admission. Convalescent plasma infusion caused no adverse effects (72).



SHADOWS, LIGHTS, AND LESSONS FROM COVID

A key point is that, because no data are available from China, and given that Italy was the first European country involved by the pandemic, the organizational changes we report lacked an organizational analysis and their effectiveness remained unevaluated, compared with other possible interventions. When the present article was written (April–May 2020) at the time of the facts reported that so rapidly invested the northern Italy, no model was available and the decisions depended on the following factors: the hospital's specific competences, the technical ward supplies, the need within days to divide the whole hospital into “clean” and “dirty” areas, the stormy epidemics, the need to support other hospitals in the neighboring red areas, the need to guarantee emergency management also for non-Covid-19 patients and last but most important, the market shortage in the first 3–4 weeks of devices for the medical staff's personal protection.

In judging our model's effectiveness we underline that our organization never implied that doctors in the ICUs had to decide which patients to save, mortality 29.6% (Figure 1) corresponded to the average in the Lombardy area (and few staff members became infected (4%) again in line with values reported in Italy. A Spanish study reported 11% of infected staff (73). Mortality in other Italian hospitals in northern Italy varied between 43.6% (74) and 23.2% (75). In other hospitals in the Lombardy area, mortality ranged from 14.4 to 36.7% (75–80). Including our data, during the first epidemic wave the overall average in-hospital mortality in Italy therefore ranged around 30%.

Fear, scarce availability of PPE, 48-h waiting time for NPS and poor knowledge about the disease in the early days, possibly contributed to the virus spread, as did government uncertainty (81). The decision about who to intubate weighs on worldwide physician's jobs in catastrophic events: when patients exceed resources, physicians have to decide which patients will receive maximum benefits giving priority to those most likely to survive (82). In our experience, within days many ICU beds nevertheless became available also in neighboring areas, and resources sufficed.

Two positive points emerged. First, in a couple of weeks most research teams concentrated on Covid-19 with various approaches, leading to many research projects and studies. Last, preliminary treatment with immunoglobulin reduced mortality from 15 to 6% without inducing side effects, thus opening a possible important novel and inexpensive therapeutic option.

Overall, our experience describes Covid-19 pleomorphism at its onset. But what about the future? Possible late complications in patients who survive remain unknown. Death aside, they will be far reaching, at least in hospitalized patients. We expect that about 25% of patients might have prolonged and some persistent sequelae with impairment. These events will be challenging for physicians and for national health systems. So, we should be prepared to the impact of long-term sequelae of the disease and to the further Covid-19 waves.
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The COVID-19 pandemic has caused strains on health systems worldwide disrupting routine hospital services for all non-COVID patients. Within this retrospective study, we analyzed inpatient hospital admissions across 18 German university hospitals during the 2020 lockdown period compared to 2018. Patients admitted to hospital between January 1 and May 31, 2020 and the corresponding periods in 2018 and 2019 were included in this study. Data derived from electronic health records were collected and analyzed using the data integration center infrastructure implemented in the university hospitals that are part of the four consortia funded by the German Medical Informatics Initiative. Admissions were grouped and counted by ICD 10 chapters and specific reasons for treatment at each site. Pooled aggregated data were centrally analyzed with descriptive statistics to compare absolute and relative differences between time periods of different years. The results illustrate how care process adoptions depended on the COVID-19 epidemiological situation and the criticality of the disease. Overall inpatient hospital admissions decreased by 35% in weeks 1 to 4 and by 30.3% in weeks 5 to 8 after the lockdown announcement compared to 2018. Even hospital admissions for critical care conditions such as malignant cancer treatments were reduced. We also noted a high reduction of emergency admissions such as myocardial infarction (38.7%), whereas the reduction in stroke admissions was smaller (19.6%). In contrast, we observed a considerable reduction in admissions for non-critical clinical situations, such as hysterectomies for benign tumors (78.8%) and hip replacements due to arthrosis (82.4%). In summary, our study shows that the university hospital admission rates in Germany were substantially reduced following the national COVID-19 lockdown. These included critical care or emergency conditions in which deferral is expected to impair clinical outcomes. Future studies are needed to delineate how appropriate medical care of critically ill patients can be maintained during a pandemic.
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INTRODUCTION

The COVID-19 pandemic has caused extreme strains on health systems, public health infrastructure, and economies of many countries. It has significantly impacted the German healthcare system on several levels. On March 16, 2020, the German Government announced first lockdown restrictions (1). For the healthcare system deferral of elective procedures was recommended to preserve hospital resources, especially intensive care beds, for COVID-19 patients (2). This lockdown disrupted routine hospital services for all non-COVID patients, for whom required treatments for non-urgent conditions were canceled or significantly postponed. The consequences for the quality of life and clinical outcomes of non-COVID-19 patients affected worldwide by COVID-19 lockdown regulations are not known. Moreover, a deterioration of the economic situation of the hospitals is to be expected as the DRG-based (diagnosis related groups) revenues will considerably decrease. As a result, the German Hospital Association (“Deutsche Krankenhausgesellschaft”) has already demanded to define a lump-sum budget for all German hospitals for the months April to December 2020 (3). It was estimated that more than 28 Mio. Surgical procedures have been canceled or postponed worldwide because of COVID-19 (4). In an early German correspondence, Kuhlen et al. (5) reported a 42.7% decrease in inpatient admissions during a 5-week period starting in mid March 2020 based on an analysis of 310 German hospitals that are part of the so-called “Initiative Qualitätsmedizin” (IQM). The highest decrease observed in their report was for knee endoprosthesis with 83.5% (5).

Importantly, surveys suggest that even patients with life-threatening conditions may have avoided hospital admission, possibly due to fear of SARS-CoV2 exposure. Thus, anecdotal observations (6) and reports especially focusing on cardiac and neurological procedures already note decreased patient numbers, for example, in the U.S. and Austria: Kansagara et al. describe a 39% decrease in the use of stroke imaging based on an analysis of the respective numbers in a commercial neuroimaging database across 856 hospitals in the U.S. (7), whereas Metzler et al. have conducted a nationwide retrospective survey and reported a similar major decline (39.4%) in hospital admissions/treatment during March 2020 for all subtypes of acute coronary syndrome with the beginning of the COVID-19 outbreak in Austria (8). In summary, the potential tangible effects of the COVID-19 pandemic on medical care for conditions other than COVID-19 have been difficult to quantify and, consequently, more comprehensive analyses are required (9). Thus, one of our research questions was to investigate if the reductions in inpatient hospital admissions for critical care conditions as reported in the international literature could be confirmed in our cohort.

Within the German Medical Informatics Initiative (MII), all German university hospitals started to establish data integration centers (DIC) in 2018 and 2019 for the purpose of managing, computing, and sharing data extracted from electronic health records (EHRs) (10). The participating hospitals are organized in four consortia (DIFUTURE, HiGHmed, MIRACUM and SMITH), all working on different approaches for data sharing (11–14).

The fundamental concept for all consortia and for cross-consortial cooperation, however, is a federated approach, that is, the data remain locally within each university hospitals' data repository and the analysis algorithms are distributed to the sites for joint analysis projects. At an early stage, this approach was already used to analyze regional differences in thrombectomy rates in stroke patients across the 10 MIRACUM university hospitals (15). In 2018/2019, the capabilities for data sharing across the sites of all MII consortia were illustrated by a demonstrator study, which focused on the analysis of comorbidity and rare diseases (16).

In response to the COVID-19 pandemic, the four consortia have rapidly assembled their joint expertise in data sharing infrastructures and established a concept for the National University Medicine (NUM) COVID-19 data and technology platform. The concept comprises a comprehensive set of decentralized as well as central components and will be published in the future. Here, we present first results of a preparatory groundwork, which was initiated by the MIRACUM consortium around its data extraction, transformation and loading (ETL) architecture based on a FHIR® gateway and the Informatics for Integrating Biology & the Bedside (i2b2) data repositories (17–19). From May to July 2020, the infrastructure was made available to all German university hospitals. Twenty of them implemented it in their DIC, but only eighteen of those obtained Institutional Review Board (IRB) as well as data Use and Access Committee (UAC) approval for joint analysis in this initial project before end of July 2020.

The objective of this study is to describe the change of care in the German COVID-19 lockdown phase by comparing the counts of inpatient hospital admissions and admissions related to specific clinical situations during the first 9 weeks (i.e., March 16 to May 17, 2020) of the German COVID-19 lockdown phase with the counts of corresponding timeframes in 2018 and 2019.



METHODS

This comparative retrospective study relates the number of events (as indicated below) during the lockdown period to the number of events in corresponding periods in 2018 and 2019 based on the analysis of a claims dataset across 18 German university hospitals. We have built on infrastructures and regulatory frameworks established at the participating university hospitals in the first 2 years of MII funding (2018/2019). All sites involved were in the process of setting up local DIC, extracting data from a variety of local data sources, harmonizing such data and preparing them locally for applying joint observational research analyses. Even though the four consortia have originally designed different architectural approaches for their respective DIC and for sharing data across their consortium sites, the national MII steering committee has initiated several working groups with the goal of encouraging and maintaining inter-consortial interoperability, consent, data sharing and communication. During the past years, these working groups developed, for example, a template form for acquiring a broad patient consent for reusing clinical data for research, common process definitions, regulations and governance structures for data sharing, as well as a joint core dataset specification, based on the international FHIR® standard. Most of the sites had already established data UACs, while some used this project to initiate their implementation.


Inclusion Criteria

All patients fulfilling the following criteria were included in the study:

• Inpatient hospital admission between January 1 and May 31 of the years 2018, 2019, and 2020 respectively.

• All cases had to be complete, that is, a discharge date had to be present at the time of data retrieval.

Cases with a missing discharge date were excluded from the subsequent analysis.



Outcomes

Main outcomes of the study are the number of inpatient hospital admissions and the number of admissions in derived groups as described below for the lockdown period and the corresponding periods in 2018 and 2019 at a temporal granularity of one calendar week (“cw”). Changes between periods are represented as absolute and relative differences.

Appropriate cases were grouped by ICD chapters (according to ICD-10-GM chapters) and reasons for treatment, defined by combining diagnosis codes and procedure codes [as described by Günster et al. (20)].

The following data elements were queried from each participating site's research data repository for eligible inpatient encounters:

• Principal diagnosis (primary codes based on the tenth revision of the International Statistical Classification of Diseases and Related Health Problems, German Modification, ICD-10-GM; www.dimdi.de).

• Related procedures [available as “Operationen- und Prozedurenschlüssel” (OPS)]

• Begin of inpatient stay (granularity of calendar days)

• End of inpatient stay (granularity of calendar days)

• Pseudonymized patient identifier (ID)

• Pseudonymized encounter ID.



Data Acquisition and Data Governance

A dockerized (21) infrastructure environment, consisting of prepackaged ETL-processes (including data transformation and data pseudonymization), a FHIR-based gateway and an i2b2 research database (17, 18), was provided by the DIC team of the University Hospital Erlangen (UHE) to the participating sites of the German MII (Table 1). This infrastructure supported a quick start to load data items of the basic modules from the MII core dataset (i.e., demographics, encounter information, diagnosis, procedures, laboratory analysis and medication) into a common data model (defined by the i2b2 ontology). For this first analysis, specific ETL processes were developed to accept the German reimbursement claims dataset for inpatient care as input format [data formatted according to the data dictionary provided by the “InEK—Institut für das Entgeltsystem im Krankenhaus” (22)]. The present query was developed and validated at UHE, and then distributed to the participating sites as a dockerized shiny (23) web application, implemented in R (24), that integrated with the abovementioned infrastructure environment. By agreeing on a common data model, the environment distributed to all participating sites provided the means to perform the same SQL statements and analysis scripts across all partnering hospitals and to deliver standardized aggregated data back to the UHE DIC team. This analysis approach was based on concepts that have already been applied for earlier distributed analyses pursued within the federated MIRACUM DIC infrastructure (15, 25). Participating sites had to retrieve the respective docker container and subsequently prepare their local data to be loaded into the infrastructure environment. The dockerized query was then executed against the local i2b2 database, loading the data via SQL into an R session to further transform and aggregate the data and provide the results via the local web user interface. Finally, after local review and approval according to the local site's data governance guidelines, these aggregated results were uploaded to a secure platform at the UHE DIC by each participating site.


Table 1. Basic Characteristics of the participating 18 University Hospitals.
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This retrospective federated analysis was reviewed and approved by the ethics committee of the Erlangen-Nürnberg University (259_20 Bc). An informed consent was waived due to the retrospective design of this analysis and the use of de-identified data. All participating sites subsequently obtained approval for the proposed analysis by their local ethics committees as well as UACs.



Data Transformation and Statistical Analysis

The aggregated data of all sites was collected and consolidated at UHE, where all subsequent statistical analyses were conducted with R version 4.0.0 (24). The data was only analyzed in a descriptive manner and is based on summary statistics. Comparisons of absolute counts between time periods of different years are reported as relative differences (in percentages). Graphics were created in R with ggplot2 (26) and ggpubr (27). We here report the admission numbers of several clinical situations in comparison of 2018 and 2020. As a reference for the variability in admissions numbers between non-COVID years, we further present the differences between 2018 and 2019.

In Germany, first lockdown restrictions were announced on March 16, 2020 in cw 12 (1). In this publication, we refer to this point in time as the “lockdown-announcement.”

In non-COVID-19 years, a decrease in inpatient hospital admissions can be observed in connection with holiday periods. As the timing of Easter holidays fluctuates between March and April, the corresponding cw of 2018 and 2019 were relatively adjusted to align with Easter holidays of 2020, analogous as described by Günster et al. (20), for a more exact comparison of the weeks post lockdown-announcement with the previous years (“adjusted weeks”). More precisely, the cw ending with Easter Sunday were aligned for the years 2018, 2019, and 2020, that is, cw 15 in 2020 corresponds to cw 13 in 2018 and cw 16 in 2019.

Due to the focus of this analysis and for the sake of simplicity, we assume the week of the lockdown-announcement (cw 12) being the adjusted week 0, with previous weeks numbered with negative (adjusted week −1, −2 etc.) and subsequent weeks with positive numbers (adjusted week 1, 2 etc.) relative to adjusted week 0.

In order to investigate the implications of the lockdown regulations, two periods of time were examined more in detail with a first 4-week phase in which stricter restrictions applied and a second 4-week phase in which these restrictions were partially relaxed again:

• Weeks 1 to 4 after lockdown-announcement, which are referred to as “adjusted weeks 0 to 3” (i.e., cw 10–13 in 2018, cw 13–16 in 2019, and cw 12–15 in 2020).

• Weeks 5 to 8 after lockdown-announcement, which are referred to as “adjusted weeks 4 to 7” (i.e., cw 14–17 in 2018, cw 17–20 in 2019, and cw 16–19 in 2020).




RESULTS

The results presented below were derived from 18 German university hospitals (with a total of about one Mio. inpatient hospital admissions per year), with four hospitals from the DIFUTURE, two from the HiGHmed, eight from the MIRACUM, and four from the SMITH consortium. Inpatient hospital admissions of the year 2018 of the 18 participating university hospitals are summarized in Table 1.

Within our dataset, an admission reduction from 2018 to 2020 is present for adjusted weeks 0 to 3 with a median decrease of 1,524 admissions (IQR: 743.5, Table 2), which represents a relative change of −15.4 to −43.9% per hospital (data not shown). Within the 5 months (January to May), the number of inpatient hospital admissions across all participating sites only differed slightly in 2018 and 2019 (i.e., 449,154 vs. 443,685, which represents a decrease of 1.2%), whereas the number of inpatient admissions in 2020 were reduced to 383,734, which represents a decrease of 14.6% compared to 2018 (Table 3).


Table 2. Change in overall hospital admissions.
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Table 3. Inpatient hospital admissions.
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In adjusted weeks 0 to 3, overall inpatient hospital admissions were 52,356 in 2020 compared to 80,606 in 2018, which corresponds to a decrease of 35%, whereas from 2018 to 2019, an increase of 2.8% (80,606 to 82,874) could be observed. In adjusted weeks 4 to 7, overall inpatient hospital admissions were 59,877 in 2020 compared to 85,953 in 2018, which corresponds to a decrease of 30.3%, while from 2018 to 2019, a decrease of 7.8% (85,953 to 79,225) could be observed across all 18 hospitals.

Figure 1, which shows a line chart of the inpatient hospital admissions across all 18 hospitals from January 13 (adjusted week −9) to May 17, 2020 (adjusted week 8), illustrates these findings: A negative trend for inpatient hospital admissions can already be observed in 2020 for adjusted weeks −9 to −2 with a further decline after the complete lockdown in Italy (adjusted week −1), which coincides with the first COVID-19 related death in Germany. This decline is followed by a steep decline in the adjusted week 0, directly after the lockdown-announcement in Germany. In adjusted weeks 1 to 3 the admission numbers remain at a low level, whereas an increase can be observed in the subsequent 4 weeks (adjusted weeks 4 to 7).


[image: Figure 1]
FIGURE 1. Inpatient hospital admissions in 2018, 2019, and 2020. Line chart of the cumulative hospital admissions per week across the 18 participating university hospitals. The curves are aligned for Easter holidays as outlined above. Vertical lines (gray) mark adjusted weeks 0, 3, 4 and 7, respectively.


Table 4 presents the number of inpatient hospital admissions grouped by the ICD-10 disease chapters I to IX in more detail: for three different time periods (the complete period of January 1, to May 31, the adjusted weeks 0 to 3 and the subsequent adjusted weeks 4 to 7) relative changes in admission rates of 2019 and 2020 are compared with the corresponding periods of 2018. Notably, all comparisons between 2018 and 2020 revealed a reduction of inpatient hospital admissions. In contrast, within the 5 months period from 2018 to 2019, the values in our cohort varied between an increase of 4.4% (ICD chapter I) and a decrease of −6.5% (ICD chapter III). Within the 4 weeks after the lockdown-announcement (adjusted weeks 0 to 3), the highest decrease of inpatient admissions in 2020 was associated with ICD chapters VIII “Diseases of the ear and mastoid process” (61.9%), followed by chapter XII “Diseases of the skin and subcutaneous tissue” (57.50%) and chapter XIII “Diseases of the musculoskeletal system” (56.7%) in comparison with the adjusted period of 2018. In contrast, the largest decrease from 2018 to 2019 could be observed with 23.2% in ICD chapter X “Diseases of the respiratory system.” The lowest reduction in admissions in 2020 were related to pregnancies/childbirths (chapter XV: 16.1%) and conditions originating in the perinatal period (chapter XVI: 8.1%) as well as neoplasms (chapter II: 12.9%).


Table 4. Comparison of the Inpatient Hospital Admissions Grouped by ICD Chapters.
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In order to analyze the adaption of routine care processes to the restricted resources associated with COVID-19 lockdown and legislative regulations, we compared a set of clinical situations where the deferral of elective procedures would be seen as uncritical or at least less critical (i.e., arthrosis related endoprosthesis surgery, surgeries of benign tumors) to situations with more critical events such as endoprosthesis surgery after hip fracture, surgeries due to malignant tumors, myocardial infarction or stroke. The latter should be treated without any delay during a COVID-19 lockdown. Specifically, we analyzed critical events for which high reductions in inpatient hospital admissions were reported in the international literature [e.g., Hoyer et al.: 38 and 46% reduction of stroke admissions at 2 of 4 sites of a multi-center study in Germany (28); Rodríguez-Leor et al.: 40% reduction of STEMI-setting related procedures across 73 sites in Spain (29)].

Figure 2 illustrates inpatient hospital admissions related to myocardial infarction and stroke. Within adjusted weeks 0 to 3, admissions related to myocardial infarction were reduced by 38.7% (736 to 451) from 2018 to 2020 and admissions related to stroke by 19.6% (1,260 to 1,013). In contrast, the respective reductions between 2018 and 2019 were 5.2% (736 vs. 698) and 5% (1,260 vs. 1,197), respectively.
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FIGURE 2. Inpatient hospital admissions related to myocardial infarction and stroke. Line chart of the cumulative hospital admissions per week related to myocardial infarction (left) and stroke (right) across the 18 participating university hospitals. The curves are aligned for Easter holidays as outlined above. Vertical lines (gray) mark adjusted weeks 0, 3, 4 and 7, respectively.


Figure 3 illustrates inpatient hospital admissions related to endoprosthesis implants due to arthrosis and due to hip fracture, an example comparing a less critical with an emergency clinical situation. Within adjusted weeks 0 to 3, admissions related to endoprosthesis implants due to arthrosis were reduced by 82.4% (153 to 27) from 2018 to 2020, while admissions related to endoprosthesis implants due to hip fracture increased by 0.5% (189 to 190). In contrast, from 2018 to 2019 a reduction of 0.7% (153 vs. 152) could be observed for endoprosthesis implants due to arthrosis, whereas an increase of 1.1% (189 vs. 191) could be observed for admissions related to endoprosthesis implants due to hip fracture.
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FIGURE 3. Inpatient hospital admissions related to endoprosthesis implants. Line chart of the cumulative hospital admissions per week related to endoprosthesis implants due to arthrosis (left) and due to hip fracture (right) across the 18 participating university hospitals. The curves are aligned for Easter holidays as outlined above. Vertical lines (gray) mark adjusted weeks 0, 3, 4, and 7, respectively.


Figure 4 illustrates inpatient hospital admissions related to lung cancer and (malignant) brain tumor surgeries, with the 2020 curve being similar to the curves of 2018 and 2019. Within adjusted weeks 0 to 3, admissions related to lung cancer surgeries were reduced by 8.8% (102 to 93) from 2018 to 2020 and admissions related to (malignant) brain tumor surgeries by 14.7% (136 to 116). In contrast, from 2018 to 2019 an increase of 10.8% (102 vs. 113) could be observed for lung cancer surgeries whereas a decrease of 8.1% (136 vs. 125) could be observed for (malignant) brain tumor related surgeries.
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FIGURE 4. Inpatient hospital admissions related to lung cancer and brain tumor (malignant) related surgeries. Line chart of the cumulative hospital admissions per week related to lung cancer related surgeries (left) and due to (malignant) brain tumor related surgeries (right) across the 18 participating university hospitals. The curves are aligned for Easter holidays as outlined above. Vertical lines (gray) mark adjusted weeks 0, 3, 4, and 7, respectively.


Figure 5 illustrates inpatient hospital admissions related to hysterectomies due to benign tumors and due to malignant tumors, a further example comparing a less critical with a more critical clinical situation. Within adjusted weeks 0 to 3, admissions related to hysterectomies due to benign tumors were reduced by 78.8% (104 to 22) from 2018 to 2020 and increased by 15.8% (38 to 44) for hysterectomies due to malignant tumors. In contrast, from 2018 to 2019 increases of 6.7% (104 vs. 111) and 13.2% (38 vs. 43) were observed for these clinical situations.
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FIGURE 5. Inpatient hospital admissions related to hysterectomies. Line chart of the cumulative hospital admissions per week related to hysterectomies in case of benign tumors (left) and due to hysterectomies of malignant tumors (right) across the 18 participating university hospitals. The curves are aligned for Easter holidays as outlined above. Vertical lines (gray) mark adjusted weeks 0, 3, 4, and 7, respectively.




DISCUSSION

In this descriptive retrospective analysis, a decrease in overall inpatient hospital admissions of 35% was observed across 18 university hospitals in Germany in 2020 during the 4 weeks directly after the announcement of the lockdown due to COVID-19 compared to the adjusted period of 2018. In contrast to this, a slight increase of 2.8% could be observed from 2018 to 2019. The decrease from 2018 to 2020 is similar to the decrease of 39% reported by Günster et al. (20), who analyzed a cohort of members of the statutory sickness fund “AOK” and were treated in German hospitals between March 16 and April 5, 2020. Kuhlen et al., however, reported an even larger decrease of 42.7% in inpatient hospital admission between March 3 and April 19, 2020 in comparison with 2019 (5).

Thus, overall inpatient hospital admissions in our investigation showed a slightly lower decrease than those reported by Kuhlen et al. (5) and Günster et al. (20), which may have several reasons: First, total numbers of cases analyzed differ among the three studies. While our study cohort consisted of 52,356 inpatient hospital admissions in the 4 weeks after the lockdown-announcement, Günster et al. and Kuhlen et al. analyzed 240,774 cases and 294,622 cases, respectively. Second, the three studies analyzed slightly different time periods in 2020, which are, however, overlapping by the 3 weeks from March 16 to March April 5, 2020 (adjusted weeks 0 to 2). Furthermore, we have analyzed data exclusively from university hospitals. This could explain, why inpatient hospital admissions were slightly less reduced in our analysis. Lastly, it should be noted that, analogous to Günster et al. (20), we compared the numbers of 2020 with holiday adjusted weeks of 2018 and 2019 to control for the decline in inpatient hospital admissions associated with the Easter holidays in Germany, which was observed in our cohort.

Our results regarding inpatient hospital admissions due to myocardial infarctions (−38.7% from 2018 to 2020) are in accordance with those reported by Günster et al. (20) who found a 31% reduction within the “AOK” dataset in comparison with 2019. Both are similar to the 38% reduction reported by US cardiac catheterisation laboratories (30), but lower than the rates reported from Spain [i.e., a 40% reduction of STEMI-setting related procedures (29)], and Italy, where a reduction of 40–50% of acute coronary syndrome related admissions to an intensive cardiac care unit was observed in comparison with 2019 (31). This effect may have been caused by the more restrictive lockdown regulations in these two countries. However, the reduction in myocardial infarctions observed in our study was much higher than the 25% reduction found in a dedicated analysis of the German health insurance company DAK from April 2020 (32) and the 22% reduction for cardiac events in 2020 compared to the average of 2017 to 2019 reported from Ulm University Hospital (33).

While other researchers observed a reduction of up to 46% in admission rates for stroke patients (28), our analysis across the 18 German university hospitals shows a reduction of 19.6% from 2018 to 2020. This lesser reduction might be due to our analysis of acute ischemic or hemorrhagic stroke which are associated with neurological deficits and imaging findings of ischemia or hemorrhage, since we did not include patients with transient ischemic attack (TIA). Patients with TIA, who experience minor and transient neurological deficits, might have in particular deferred hospital admission during the COVID-19 lockdown. Our findings, however, are in accordance with those reported by Günster et al. who reported a reduction of 19% in stroke admissions compared to 2019 (20).

The careful prioritization of critically ill patients by the 18 German hospitals is illustrated by the differences in hospital admissions for endoprosthesis implants due to arthrosis and due to hip fracture. In the 4 weeks after the lockdown-announcement in Germany, admissions due to hip fractures were similar compared to the adjusted period in 2018 [< -1 % vs. 2020, −2 % reported by Günster et al. (20)] whereas admissions for endoprosthesis implants due to arthrosis were reduced by 82.4% [79% decrease reported by Günster et al. in comparison with 2019 (20)]. The high similarity of our results to those of Günster et al. (20) confirms their earlier results and illustrates that urgent care for hip fractures apparently was not reduced within the COVID-lockdown phase, in Germany, in contrast to other European countries (34, 35).

Even though the observed trend in our results concerning cancer care during the COVID-19 pandemic are in alignment with reports from the US, our decreases are less pronounced. London et al. reported clear trends suggesting a significant decline of care in the cancer cohorts explored in their recent analysis of 20 US healthcare institutions based on the TriNetX COVID and Cancer Research Network (between 39.1% reduction for lung cancer and 51.8% reduction for melanoma) (36). When analyzing the inpatient hospital admissions grouped by ICD chapters, we observed an overall reduction of only 12.9% in neoplasm-related admissions (ICD chapter II) during the first 4 weeks after lockdown-announcement compared to 2018. Our analyses regarding other cancer related inpatient hospital admissions show similar results with a decrease of 8.8% for lung cancer related surgeries and 14.7% for (malignant) brain tumor related surgeries in 2020 compared to 2018. Günster et al. report a reduction of 20% for admissions due to lung cancer related surgeries from 2019 to 2020, whereas the reduction in hospital admissions for (malignant) brain tumor related surgeries was only 2% (20). However, it has to be noted that the decrease from 2018 to 2020 in our study is based on a difference of only 9 admissions for lung cancer and 20 admissions for (malignant) brain tumors.

A further stringent example for the careful prioritization of critically ill patients by the 18 German hospitals are the inpatient hospital admissions related to hysterectomies due to benign tumors compared to the ones due to malignant tumors: hysterectomies due to benign tumors were strongly reduced by 78.8% but even moderately increased in 2020 by 15.8% if due to malignant tumors compared to 2018. Günster et al. reported a reduction of 66% for hysterectomies due to benign tumors and an increase of 23% for malignant tumors from 2019 to 2020 (20). While the trend of our results regarding hysterectomies is in alignment with the numbers observed by Günster et al., it has to be noted, that the reduction observed from 2018 to 2020 in our study is based on a difference of only six cases for malignant tumors. However, our analysis of admissions related to hysterectomies underlines that the university hospitals in our cohort adapted their care practices to the urgency of the clinical situation.

This study has a number of limitations: First, it is a retrospective analysis based on observational data collected in EHR. Second, the overall sample size for many of the here investigated clinical situations is small with a large variability between the 18 participating hospitals. Because of the large heterogeneity between German hospitals, for example, in number of beds, number of admissions and case mixes (also within those included in our study, compare Table 1) our data cannot be seen as a full representative picture for all German university hospitals. Therefore, we present only descriptive results and have resigned from statistical hypothesis testing. Furthermore, other co-variates and possible confounding variables have not been controlled, for example, the development of the demographic situation in Germany, the catchment area of the respective hospitals, different age and gender distributions, or different availability and distribution of specialist departments at the participating hospitals. One of the most important limitations is that data was drawn from sets of claims data having a standardized format used for quality assurance and for the calculation of the new versions of the German DRG system each year (see §21 KHEntgG, hospital renumeration law). The procedure and quality assurance measures for providing this dataset until the yearly deadline (March 31) are highly standardized. However, even though datasets with this data structure are regulated by law, the data set may differ slightly among hospitals, if it is generated during the year (e.g., some hospitals might exclude cases which have no discharge event yet from the observed period, others might include them). In order to ensure a standardized approach across all participating sites, we strictly adhered to the legal requirements to format the dataset and thus, for example, excluded cases without a discharge date from the analyses. Despite its limitations, the existing data set provides the best information currently available at German university hospitals for this study.

Those limitations constrain the conclusions we can currently draw. However, future studies could add more detail to our findings presented here. Furthermore, we believe that the sources of our data and the technologies, procedures and regulatory framework we have established for sharing them are sound, reproducible and scalable. The latter is the most important aspect for our project to implement the National University Medicine (NUM) COVID-19 data and technology platform which will now be extended to include all German university hospitals and to cover a broad range of clinical data based on the basic modules of the MII core dataset and its extension with the GECCO dataset [GECCO = German Corona Consensus (37)].

Although we observed large heterogeneity across the 18 participating sites, indicated by the large inter-quartile ranges (IQR) in Table 3, an admission reduction from 2018 to 2020 is present across all 18 participating university hospitals during the 4 weeks following the announcement of the lockdown (Table 2). When using such observational data for statistical modeling in the future, the heterogeneity between sites needs to be taken into account, which is particularly relevant for future analysis based on the NUM data and technology platform. Although we expect that some part of the heterogeneity could be explained by different case mixes, external site-specific characteristics, for example, number of incident COVID-19 cases in the site's catchment area, results will also depend on internal site-specific characteristics, for example, availability of resources. Thus, global and local effects as well as their interactions need to be differentiated carefully in future analyses.

Within the German Medical Informatics Initiative, all German university hospitals have started to establish DIC for the purpose of managing, computing, and sharing data extracted from EHRs (10). In response to the COVID-19 pandemic, the four consortia have rapidly assembled their joint expertise in data sharing infrastructures and established a concept for the National University Medicine (NUM) COVID-19 data and technology platform. Even though this analysis was based on a first preparatory groundwork and not all German university hospitals could yet participate, it nevertheless illustrates the potential of such a federated network, which will be extended further in the upcoming months.

As a result of this early effort, we report the results of our analysis of inpatient hospital admissions within the German COVID-19 lockdown phase compared to the corresponding periods in 2018 and 2019, and thus illustrate the change of care during the lockdown. Within this work we cannot only reproduce and complement other national and international studies with results from German university hospitals but can also show that the Medical Informatics Initiative's approach to distributed data analysis works for large-scale projects.

In summary, our study shows that the hospital admission rates in Germany were substantially reduced following the national COVID-19 lockdown. Notably, these reductions included critical clinical situations in which deferral is expected to severely impair quality of life and clinical outcomes. Future studies are needed to delineate how appropriate medical care of critically ill patients can be maintained during a pandemic in particular in the light of the anticipated “second wave” of COVID-19.
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Asymptomatic cases of SARS-CoV-2 can be unknown carriers magnifying the transmission of COVID-19. This study appraised the frequency of asymptomatic individuals and estimated occurrence by age group and gender by reviewing the existing published data on asymptomatic people with COVID-19. Three electronic databases, PubMed, Embase, and Web of Science (WoS), were used to search the literature following the guidelines of Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA). The study population for this review included asymptomatic individuals infected with SARS-CoV-2 reported in original articles published up to 30 April 2020. A random effects model was applied to analyze pooled data on the prevalence of asymptomatic cases among all COVID-19 patients and also by age and gender. From the meta-analysis of 16 studies, comprising 2,788 SARS-CoV-2 infected patients, the pooled prevalence according to the random effect size of asymptomatic cases was 48.2% (95% CI, 30–67%). Of the asymptomatic cases, 55.5% (95% CI, 43.6–66.8%) were female and 49.6% (95% CI, 20.5–79.1%) were children. Children and females were more likely to present as asymptomatic COVID-19 cases and could act as unknown carriers of SARS-CoV-2. Symptom-based screening might fail to identify all SARS-CoV-2 infections escalating the threat of global spread and impeding containment. Therefore, a mass surveillance system to track asymptomatic cases is critical, with special attention to females and children.

Keywords: asymptomatic, COVID-19, 2019-nCoV, pandemic, SARS-CoV-2, transmission


INTRODUCTION

Coronaviruses are common respiratory pathogens causing illness in humans around the world (1). By the end of 2019, six different coronaviruses contagious to humans had been reported (2, 3). SARS-CoV-2 was identified as the seventh virus of the coronaviridae family causing infection to humans and the World Health Organization (WHO) announced “COVID-19” as a new disease on 11 February 2020 (4). In response to the rapid global spread of SARS-CoV-2, WHO declared COVID-19 as a Public Health Emergency of International Concern (PHEIC) on 30 January 2020 and a pandemic on 11 March 2020 (5). As of 26 May 2020, there were 5,508,904 confirmed cases of COVID-19 with 346,612 deaths globally (6).

The average incubation period of SARS-CoV-2 is 5–6 days but it can be up to 14 days (7). The clinical outcomes of COVID-19 can vary from asymptomatic to a mild to severe state. Common symptoms of COVID-19 include headache, fever, cough, fatigue, dyspnea, diarrhea, and even conjunctivitis, occasionally leading to severe SARS-like viral pneumonia, acute respiratory distress syndrome (ARDS), multi-organ dysfunction, and even death (8). In asymptomatic COVID-19 cases, people who test positive for SARS-CoV-2 nucleic acid by Real-time reverse transcriptase polymerase chain reaction (RT-PCR) do not develop symptoms (7). This population has two subpopulations: the pre-symptomatic and the true asymptomatic. Pre-symptomatic people are those with no symptoms who test positive for SARS-CoV-2 and later develop symptoms whereas true asymptomatic cases are people who test positive but never show any signs and symptoms (7, 9, 10). Adequate observations repeatedly taken for an extended period can help differentiate between asymptomatic and pre-symptomatic cases (11).

As asymptomatic COVID-19 cases do not present noticeable clinical symptoms, they frequently escape detection from public health surveillance systems and are challenging for possible preventive measures of infection control such as self-quarantine. Moreover, the cardinal route of SARS-CoV-2 transmission via aerosols exhaled by asymptomatic COVID-19 carriers during the act of breathing and speaking is well-documented (12–15) and cases of familial transmission through asymptomatic cases have been reported in different countries (12, 16–22). Undiagnosed asymptomatic individuals with COVID-19 were estimated to be up to 79% of SARS-CoV-2 infections in Wuhan, China (15). This highlights the critical role of asymptomatic cases in the progression of the ongoing pandemic. However, the demographic characteristics, clinical features and the actual prevalence of asymptomatic cases still remain elusive (23), which creates challenges for the prevention and containment of the COVID-19 pandemic. Therefore, this study was designed to evaluate the relative frequency of COVID-19 asymptomatic cases and estimate their occurrence by age group and gender by summarizing the existing published data and evidence on asymptomatic people with COVID-19.



METHODS


Search Strategy and Data Sources

Three electronic databases, PubMed, Embase, and Web of Science (WoS), were used to search for articles following the PRISMA guidelines (24). The PRISMA checklist (Supplementary Table 1) was followed in conducting this study. Medical Subject Headings (MeSH) and key words, using “OR” and “AND,” were used to search published articles in the electronic databases. The following search terms were used: “Novel coronavirus 2019,” or “2019 nCoV,” or “COVID-19,” or “Asymptomatic cases/carriers of COVID-19,” or “Asymptomatic infections with COVID-19,” and “SARS-CoV-2.” Articles published in English between 1 January 2020 and 30 April 2020 were included.



Selection Criteria

Authors GS, PD, SB and DRJ evaluated the search results and independently determined the eligibility of studies. Any dissonance regarding inclusion and exclusion of the studies was resolved by discussion between the authors. Any discrepancy during the review of full articles was resolved with a majority vote.



Eligibility Criteria

The inclusion criteria set for the selection of study articles were:

• study population: patients with SARS-CoV-2 infections confirmed by RT-PCR but without symptoms at time of screening

• study design: prospective/retrospective cohort study, case-control studies, and case reports published in peer-reviewed journals.

The exclusion criteria were:

• studies without a proportion of asymptomatic SARS-CoV-2 infected patients

• review and opinion articles, published protocols, meta-analyses of primary data, editorials, and cases published in languages other than English.



Study Selection

The title and abstract of the articles selected from the initial search strategy were scrutinized to screen for relevant articles. Then, the full text of relevant articles was inspected using the inclusion and exclusion criteria. Studies that reported the proportion of asymptomatic SARS-CoV-2 infected patients were included for quantitative analysis.



Data Extraction

Elements recorded from the screened articles included first author, type of study, publishing institution, date of publication, site of study, sample size (Table 1), age and gender of patients, and ratio of asymptomatic and symptomatic cases (Supplementary Table 3).


Table 1. Characteristics of the studies included for meta-analysis.
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Outcome Measurements

The primary finding of this study was the prevalence of asymptomatic cases among total SARS-CoV-2 infected individuals. The secondary outcome measures included prevalence of asymptomatic cases by gender and age group and prevalence of true asymptomatic cases within total asymptomatic cases.



Risk of Bias (Quality) Assessment in Individual Studies

The potential risk of bias in each included study was assessed using the Newcastle–Ottawa Scale (NOS) for observational studies (case-control, cohort, and cross-sectional studies) (39). Studies were graded out of 10 points (stars) as shown in Supplementary Table 2. The mean score of two reviewers (GS, SB) was considered to make the decision. Any variation in individual scores was checked and resolved by a third author (DRJ). As there is no standard cut-off score, we included all the studies with an arbitrary score value ≥ 6. This quality assessment was performed to assess the systematic error and external validity of studies and ultimately reduce the risk of biases.



Publication Bias Assessment

The potential publication bias was assessed by plotting a standard error and precision with Logit event rate as funnel plots. The absence of publication bias among the included studies was also confirmed by Begg's (Begg and Mazumdar Rank Correlation) and Egger's test (regression intercept) with p > 0.05 indicating no publication bias (40, 41).



Data Analysis

Comprehensive Meta-Analysis version 3 statistical software (https://www.meta-analysis.com/) was used for the statistical analysis. Percentages were calculated to describe the distributions of categorical variables. The prevalence of asymptomatic cases of SARS-CoV-2 infection was expressed as a proportion with a 95% confidence interval using a random effects model and was presented as a Forest plot. The Cochran Q test and inconsistency index (I2) were used to detect heterogeneity among studies, with a p < 0.05 indicating significant heterogeneity. I2 values of < 25, 25–75, and >75% indicate low, moderate, and high heterogeneity respectively (42).



Subgroup Analysis

Subgroup analysis was performed in targeted patient age groups (children, adults, and elderly), gender groups (male and female) and clinical outcome of asymptomatic cases (pre-symptomatic and true asymptomatic). Individuals 18 years and younger were considered children as recognized by the United Nations Convention on the Rights of the Child (43). Asymptomatic cases without typical symptoms associated with COVID-19 during the time of hospitalization were categorized as “true asymptomatic cases” and cases not showing symptoms during a 14-day incubation period but later exhibiting symptom were categorized as “pre-symptomatic cases” (44–46). Only studies that reported age, gender and true cases of asymptomatic COVID-19 patients were included in the subgroup analysis of age, gender, and clinical outcome of asymptomatic cases.




RESULTS


Study Selection

A total of 1,449 potentially relevant articles were retrieved through the PRISMA search strategy. After removing 675 duplicate articles, the remaining 774 articles were further investigated by title and abstract and 115 articles were included for full text assessment. As shown in the PRISMA flow diagram (Figure 1), of the 115 full text assessed articles, 16 (7, 23, 25–38) were included for the quantitative meta-analysis and 99 were excluded due to the absence of information about the incidence of asymptomatic COVID-19 cases.


[image: Figure 1]
FIGURE 1. PRISMA flow diagram of screening process for the selection of studies for meta-analysis.




Study Characteristics

This systematic review included 16 studies published between 1 January and 30 April 2020. Most studies were from China (n = 11), two were from Japan and three were from the USA, with a total of 2,788 SARS-CoV-2 infected patients (Table 1). This review integrated results from both cross-sectional and observational cohort studies.



Demographic Characteristics and Clinical Manifestation of COVID-19 Patients

Of the SARS-CoV-2 infected patients, 54.4% were male and 45.6% were female. Of the SARS-CoV-2 infected patients, 42.5% were children ( ≤ 18 years), 22.8% were adults (19–50 years), and 34.7% were elderly (≥51 years). Regarding clinical characteristics, 873 were asymptomatic cases and 1,915 were symptomatic cases with varying clinical symptoms of fever, cough, sore throat, myalgia, fatigue, headache, and dyspnea. Demographic and clinical features of COVID-19 patients are summarized in Supplementary Table 3.



Meta-Analysis of Asymptomatic Cases of COVID-19

The pooled prevalence of asymptomatic cases of COVID-19 from a total of 2,788 confirmed SARS-CoV-2 infected patients in 16 studies was 48.2% (95% CI, 30–67%), with significant heterogeneity noted among studies (p < 0.001; I2 = 97.5; Figure 2). However, the actual proportion of asymptomatic cases was 31.3% (873/2,877) as shown in Table 1.


[image: Figure 2]
FIGURE 2. Asymptomatic infection rate in COVID-19 patients. Half of the studies (8) had event rate (ratio) of asymptomatic cases over 0.5. However, the forest shows overall asymptomatic event ratio 0.48 (48.2%).




Subgroup Analysis
 
Gender

Of the 223 asymptomatic COVID-19 cases in seven studies, 55.5% (95% CI, 43.6–66.8%) were female and 44.5% (95% CI, 33.2–56.4%) were male (Supplementary Figure 1). Although there was no significant subgroup difference between males and females (p = 0.199) (data not shown), moderate heterogeneity was noted among the studies (p < 0.001; I2 = 58.9%; Figure 3).


[image: Figure 3]
FIGURE 3. Subgroup analysis of pooled clinical outcome, and gender and age-based prevalence of asymptomatic COVID-19 cases. The forest plot of event rates (ratios) showed higher prevalence of asymptomatic (0.39), female (0.56), and children (0.50) COVID 19 patients.




Age

In a subgroup analysis of eight studies, among 318 asymptomatic cases of COVID-19, 49.6% (95% CI, 20.5–79.1%) were children ( ≤ 18 years), 30.3% (95% CI, 13–56%) were adults (19–50 years) and only 16.9% (95% CI, 7.8–32.9%) were elderly (≥51 years) (Supplementary Figure 2). Despite insignificant subgroup difference by age group (p = 0.142), there was significant high heterogeneity among studies (p < 0.001; I2 = 85.1%; Figure 3).




Clinical Outcome of Asymptomatic Cases of COVID-19

The pooled prevalence of true asymptomatic cases of COVID-19 from a total of 1,277 confirmed SARS-CoV-2 infected patients in 10 studies was 39% (95% CI, 20.4–61.4%; Supplementary Figure 3). The pooled prevalence of pre-symptomatic cases was 15.3% (95% CI, 7.2–29.6%). There was significant high heterogeneity among the studies (p < 0.001; I2 = 95.6%; Figure 3).



Publication Bias

The funnel plot (Supplementary Figure 4) showed symmetry, demonstrating the absence of publication bias among the included studies. The Begg's (Begg and Mazumdar rank Correlation) and Egger's (regression intercept) tests also confirmed there was no visible evidence of publication bias among the included studies for prevalence of asymptomatic COVID-19 cases. Kendall's tau with continuity correction in the Begg and Mazumdar rank Correlation [p (2-tailed) = 0.0884] and Egger's regression intercept [p (2-tailed) = 0.7472] were insignificant. (Supplementary Table 4).




DISCUSSION

The pooled prevalence of asymptomatic cases of COVID-19 from this meta-analysis of 2,788 infected patients was 48.2% as estimated by random effect size. In a case series of 78 patients from 26 transmission clusters in Wuhan, China, a similar estimate (42.3%) of asymptomatic carriers in SARS-CoV-2 infected individuals was reported (22). However, considering the basic reproduction number (R0) of 2.5, a slightly lower asymptomatic SARS-CoV-2 infection rate of 35% was estimated by the US Centers for Disease Control and Prevention (CDC) (47). This indicates a large number of asymptomatic cases of COVID-19 are in the community seeding potential outbreaks which requires vigilant control strategies to prevent future outbreaks. Thus, mask wearing, hand washing, physical distancing, and extensive testing, followed by quarantine of infected asymptomatic individuals, are essential to contain the rapid spread of SARS-CoV-2 locally and globally (48).

Due to the high prevalence of asymptomatic cases, it is important to seek reasons for SARS-CoV-2 infection in people without visible symptoms (49). Some studies have highlighted that the cross-reactive T-cell response with exposure to other coronaviruses might have contributed to the asymptomatic phenotype in SARS-CoV-2 infected individuals (50–53). This is supported by the 67% homology in the sequences of epitope between common cold coronaviruses and SARS-CoV-2, and an increased number of CD4+ T cells in asymptomatic patients compared to symptomatic patients (54, 55).

SARS-CoV, SARS-CoV-2, and MERS, despite all belonging to the genus Betacoronavirus, differ in their disease transmission and clinical features (56–58). SARS and MERS were mainly associated with nosocomial spread whereas SARS-CoV-2 is being widely disseminated both in the community and hospital environments (59). The prevalence of asymptomatic infection was comparatively lower in MERS and SARS, at about 9.8% (60) and 13% (61), respectively. The higher asymptomatic infection of SARS-CoV-2 may be related to the high replication efficiency of this virus, which is three times greater than SARS-CoV (62, 63). Thus, SARS-CoV-2 rapidly disseminates to the pharynx and sheds prior to the activation of the innate immune response and presence of symptoms (64). Another contributing factor could be a less significant induction of host interferon and pro-inflammatory response, which also distinguishes SARS-CoV-2 from other SARS-CoV strains (64). The proportion of asymptomatic cases of COVID-19 has gradually increased since the first reported outbreak in Wuhan, China (65). This may be because of decreased pathogenicity of SARS-CoV-2 in the process of the long chain of transmission (36).

The communicable period of asymptomatic cases of COVID-19, defined as the interval between the 1st day of positive nucleic acid tests to the 1st day of continuous negative tests, can last for a month (27). Thus, asymptomatic cases of COVID-19 may carry the virus for a long period of time and spread it unknowingly. Potential SARS-CoV-2 transmission from asymptomatic individuals has been documented in many studies (19–21, 27). A high viral load was detected when SARS-CoV-2 was assessed in the upper respiratory specimens of asymptomatic, pre-symptomatic and symptomatic patients, suggesting potential for transmission regardless of symptoms (66). The biological evidence for this was supported by a study in a skilled nursing facility where infectious SARS-CoV-2 culture was grown from the upper respiratory tract specimens of pre-symptomatic and asymptomatic patients 6 days before the development of COVID-19 related symptoms (67).

Of the total SARS-CoV-2 infected patients included in this meta-analysis, 54.4% were male and 45.6% were female. This implies that men were more susceptible to SARS-CoV-2 infection than women. The COVID-19 pandemic has shown a striking gender bias with more cases and a higher mortality rate in men than in women (68). Data from the WHO and Chinese studies indicate that ~1.7% of females who contracted SARS-CoV-2 have died compared to 2.8% of males (69). Increased male susceptibility might be explained by biological and behavioral factors (70). Biological factors include men's high level of testosterone that inhibits antibody production, and the presence of angiotensin-converting enzyme 2 (ACE2) receptors (cell receptors which play an essential role in SARS-CoV-2 entry) that facilitate viral replication (71). Similarly, social, behavioral, and lifestyle factors include men's higher rates of smoking and alcohol consumption, and low level of hand-washing practices (72), although there is no clear evidence these behavioral factors have any impact on COVID-19 transmission. In general, women have a stronger immune response against viral infections than men (73), which possibly gives women some immunological protection (74). Gender-based hormones also regulate and influence aspects of viral entry including expression and activity of ACE2 and trans-membrane serine protease 2 (TMPRSS2) (69). The gene expression of ACE2, a, together with TMPRSS2 may also influence intensity of SARS-CoV-2 infection.

Subgroup analysis of asymptomatic COVID-19 patients revealed that children are the largest age group of asymptomatic carriers of SARS-CoV-2 (49.6%), followed by adults (30.3%), and the elderly (16.9%). A higher incidence of asymptomatic cases of COVID-19 in children can be related to both exposure and host factors. It is known that children's immune systems are not well-developed, and the maturity and binding ability of ACE2 in children may be lower than in young adults (75). However, children often experience numerous viral infections, and their repeated viral exposure is anticipated to aid their immune response to SARS-CoV-2 (76). Meanwhile, elderly people with a weakened immune system (77, 78) are less likely to be asymptomatic carriers. In contrast, adults who most likely have a stronger immune system can be infected and remain asymptomatic carriers (79). However, a detailed mechanism for the differences in asymptomatic manifestation of SARS-CoV-2 among these three age groups (children, adults and the elderly) is yet to be explored.

The pooled prevalence of asymptomatic SARS-CoV-2 infection was observed to be higher in females (55.5%) than in males (44.5%) from subgroup analysis. Aligning with our results, more women (66.7%) were observed to be asymptomatic among 78 close contacts of COVID-19 patients in Wuhan, China (22). Although there was no significant subgroup difference by gender, higher prevalence of asymptomatic cases in females could arise from host factors in women (80). Compared to men, women exhibit stronger innate, cellular, and humoral immune responses due to increased activation effects of female sex hormones and the presence of immune response genes on sex chromosomes (81). These enhanced innate and adaptive immune responses could have contributed to the increased asymptomatic SARS-CoV-2 infection in women.

Of the total asymptomatic SARS-CoV-2 cases included in the subgroup analysis, 39% cases did not have any symptoms while 15.3% were pre-symptomatic cases with mild COVID-19 related symptoms including fever, malaise and cough 3 days after a RT-PCR nucleic acid test positive (28, 30). This data inferred that a small fraction of asymptomatic cases may eventually become symptomatic. Thus, in order to evaluate the actual prevalence of true COVID-19 asymptomatic cases, longitudinal observations of cases for at least 14 days is recommended.

A recent review reported that as the surveillance and contact tracing of MERS progressed over time, the rate of asymptomatic MERS infected patients increased to 28.6% (60). The increase in asymptomatic infection of MERS was inversely proportional to the case fatality rate (82). This clearly demonstrates the importance of mass surveillance and contact tracing in the detection of asymptomatic SARS-CoV-2 infected individuals in the community and hospitals to reduce the disease fatality rate and dissemination of COVID-19. Transmission of COVID-19 by asymptomatic people is the weakness of COVID-19 control and prevention strategies (17). Hence, mass testing for SARS-CoV-2 in asymptomatic people should be increased especially in mass living conditions such as prisons, hospitals, camps, nursing, and elder care facilities. To contain the rapid spread of COVID-19, screening and testing of SARS-CoV-2 asymptomatic carriers along with other control strategies must be prioritized at the community level.

The strengths of this study include comprehensive analysis of 16 studies adding precision to the estimation of the prevalence of asymptomatic SARS-CoV-2 infection. Subgroup analysis revealed that children and females were the most likely asymptomatic carriers of SARS-CoV-2, highlighting the necessity of focusing on these target populations to control the pandemic. An additional strength of this study was the evaluation of asymptomatic and pre-symptomatic cases which helped understand the dynamics of this pandemic.

Despite strong findings, this study has some limitations. As asymptomatic patients are very likely to be unnoticed and not detected, the pooled prevalence rate in this study might be under-reported. Moreover, the majority of the studies in this meta-analysis were from China, with few ethnic groups other than Chinese, because the meta-analysis was conducted only 3 months after the pandemic started. More comprehensive studies including a wider range of ethnicities from global communities are needed to provide a more precise estimate of the prevalence of asymptomatic SARS-CoV-2 cases in a broader context.



CONCLUSION

About half of the SARS-CoV-2 infected patients were asymptomatic at the time of screening. Despite the limitation, the findings of this study highlight that females and children were the predominant groups without symptoms of COVID-19. However, in general, asymptomatic infections can occur in any age range and either gender. As asymptomatic carriers play a critical role in the spread of the COVID-19 pandemic, understanding the actual prevalence of asymptomatic cases is important for setting control measures in both the community and health care centers. The high prevalence of asymptomatic COVID-19 cases suggests that screening based only on symptoms might fail to identify a large proportion of SARS-CoV-2 infections, escalating the threat of rapid spread. Thus, mask wearing, extensive testing for identification, and the quarantine of infected asymptomatic individuals are essential to curb this pandemic.
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Background: The Coronavirus disease 2019 (COVID-19) pandemic is a major threat to public health and has had a significant impact on all aspects of life. An effective vaccine is the most anticipated resolution. This study aims to evaluate Jordanian intent to be vaccinated.

Methods: This is a cross-sectional web-based study. Sample characteristics were gathered, and the participants were classified according to the degree of COVID-19 risk based on the categories of the Centers for Disease Control and Prevention (CDC). Participants' KAP toward COVID-19 were assessed, and two scores were calculated: knowledge score and practice score. The association between different sample characteristics and these scores was identified using binary logistical regressions. The participants' vaccination intention was evaluated and multinomial logistic regression was applied to identify the predictors of vaccination intention. Finally, the reasons behind the participants' vaccination refusal/hesitation were determined and categorized into different groups.

Results: 1,144 participants were enrolled in the study (females = 66.5%). 30.4% of the participants were at high risk of COVID-19 complications, and 27.5% were at medium risk. Overall, participants' knowledge of COVID-19 symptoms, transmission methods, protective measures, and availability of cure were high (median of knowledge score = 17 out of 21). High protective practices were followed by many participants (median of practice score = 7 out of 10). 3.7% of participants were infected, and 6.4% suspected they were infected with the COVID-19 virus. 36.8% of the participants answered “No” when asked if they would take the vaccine once it becomes available, and 26.4% answered, “Not sure.” The main reasons for the participants' vaccination refusal or hesitancy were concerns regarding the use of vaccines and a lack of trust in them.

Conclusion: Participants reported high refusal/hesitancy. Several barriers were identified, and efforts should be intensified to overcome these barriers.

Keywords: knowladge, attitude, practice, COVID-19, vaccine


INTRODUCTION

The Coronavirus disease 2019 (COVID-19) pandemic has been a health issue of great concern since 2020. Confirmed cases of the disease reached more than 35 million by October 2020 and have caused more than one million mortalities (1), particularly among the higher-risk population, including people who are obese, smokers, and patients that have cancer, chronic kidney disease, heart conditions, immunocompromised state, sickle cell disease, and type 2 diabetes mellitus (1).

In addition to the health impact of COVID-19, it has a significant economic burden that cannot be underestimated (2). It has caused a substantial reduction in workforces and an increase in unemployment globally (2). These negative impacts have encouraged pharmaceutical companies to develop a vaccine urgently. In December 2020, several vaccines were authorized to prevent COVID-19 infection (3), and more than 50 COVID-19 vaccine candidates were being developed (4). Vaccination has now begun in several countries around the world (5), with plans to begin vaccination in Jordan from February 2021 (6). Nevertheless, people still have doubts about the safety and efficacy of vaccines, including the longevity of protection against COVID-19, as several cases of reinfection have been reported (7, 8). Moreover, the rapid development of vaccines casts doubt on safety. Previously, the rapid development of vaccines has been linked to adverse issues. For example, the swine flu vaccine increased the risk of Guillain-Barré syndrome (9).

Vaccines have been a successful measure of disease prevention for decades (10). However, vaccine hesitancy and refusal are significant concerns globally, prompting the World Health Organization (WHO) to declare this uncertainty among the top 10 health threats in 2019 (11). The causes of vaccine hesitancy, as reported in different studies, include religious reasons, personal beliefs, and safety concerns due to wide-spread myths, including the association of vaccines and autism, brain damage, and other conditions (12). Unfortunately, in Jordan, no sufficient studies have been conducted to assess the Jordanian population's attitudes toward vaccination. To the best of our knowledge, no previously published work has evaluated the intent of Jordanians to be vaccinated against COVID-19 when a vaccine does become available. The present study aims to evaluate the intent of people from Jordan to be vaccinated against COVID-19 and evaluate the different sample characteristics associated with vaccine refusal/hesitancy, including KAP.



MATERIALS AND METHODS

This is a cross-sectional web-based survey. The enrolled participants were Jordanian in nationality and aged 18 years and above. A questionnaire was made using Google forms. The link was then distributed via different Jordanian all-purpose Facebook groups that included thousands of members. To ensure that participants met the inclusion criteria, questions about age, area of residence, and nationality were included in the questionnaire. Ethical approval was obtained from the Al-Zaytoonah ethical committee.


Study Instrument

The questionnaire was developed based on a literature review. A panel of experts confirmed the content validity of the questionnaire. The questionnaire was developed in the English language and then translated to Arabic, which is the only official language in Jordan (98% of the Jordanian population are Arabs and the remaining 2% use Arabic for their daily interactions) (13). It was then translated back into English by different translators, and finally, compared by a third translator. Face validity was conducted in a pilot study that included 30 participants who assessed the questionnaire's clarity, and no significant modifications were required.

The final Arabic version of the questionnaire consisted of six branched sections. The first section collected participants' demographic information, including marital status, smoking habits, obesity status, education level, household average monthly income, health status, and whether participants worked in or studied a health-related field. The second section gathered information about the participants' experience with COVID-19. The third section assessed the attitudes of participants toward COVID-19, while the fourth evaluated their knowledge about COVID-19, including symptoms, transmission methods, preventive measures, and treatment availability. The fifth section asked about the preventive measures against COVID-19 used by the participants. The sixth and final section asked about the participants' willingness to be vaccinated against COVID-19 (once available), and the participants who responded “No” or “Not sure” were asked to give their reasons.

The degree of Covid-19 risk affecting participants was determined according to the Centers for Disease Control and Prevention (CDC) (1) categories. The high-risk group included smokers, obese, pregnant, or who had at least one of the following conditions (Type 2 diabetes mellitus/Chronic Obstructive Pulmonary Disease (COPD)/Cancer/Kidney Failure/Heart diseases/Organ transplantation/Sickle Cell Anemia). The medium-risk group included those who did not fit for the high-risk category but were overweight or had at least one of these conditions (Type 1 diabetes mellitus/Hypertension/Bone marrow transplant/ Cerebrovascular diseases or stroke/ Cystic Fibrosis/Asthma/Taking steroids or immunosuppressant drugs/Hepatic diseases/ Thalassemia/Lung fibrosis). The low-risk group included all other participants that do not fit the previously mentioned criteria.

Two scores were calculated: the knowledge score and the practice score. For knowledge, the maximum possible score was 21, as for each right answer, one point was granted (the score was calculated based on items in Table 3). The participants were divided into two groups based on their knowledge scores. The high-knowledge group included participants that scored more than the total sample median (median = 17), and the low-knowledge group included participants that scored below the total sample median.

Practice scores were calculated for those who had not been infected with the COVID-19 virus. One point was added for each answer representing a scientifically proven protective measure against COVID-19, and the maximum possible score was 10. After calculating the practice scores, the participants were divided into two groups. The high protective practice group included those who scored more than the sample median (median = 7), and the low protective practice group included those who scored below the median.



Statistical Analysis

Kish formula (14) was applied to determine the least required sample size with a confidence interval level of 95% and a 4% margin for error. The estimated sample size was 600. Categorical variables were presented, such as frequency and percentages, and continuous variables were presented as means and standard deviations (SD). Crosstabulation with χ2 was applied to evaluate the association between intent to be vaccinated and participants' demographic characteristics, knowledge level about COVID-19, and protective practice against COVID-19. Binary logistic regressions were conducted on participants who answered “No” to “Have you ever been infected with COVID-19?” to evaluate variables associated with knowledge level and protective practice against COVID-19 level. A multinomial logistic regression was used to evaluate the variables related to the participants' intent to be vaccinated when a vaccine against COVID-19 becomes available.

An analysis of variance (ANOVA) with LSD post hoc test was applied to measure the difference in the perceived degree of seriousness of COVID-19 between participants with different responses to “Have you ever been infected with COVID-19?” All statistical analysis was conducted using SPSS version 25.




RESULTS

Sample characteristics are presented in Table 1. Thousand one hundred fourty four participants were enrolled in the study. Almost half of the participants (54.6%) were between 18–29 years, and 26.9% were between 30–40 years. 66.5% of the participants were female. Half of the participants were currently married, and 47.4% did not have children. Those with bachelor's degrees represented 53.5% of the sample, and <7% had a high school education or less. Most participants (67.2%) lived in Amman, and <4% lived in the southern governorates.


Table 1. Sample characteristics.
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The participants' health status is outlined in Table 2. Fifteen percent of the participants had chronic diseases. Approximately one-third (30.4%) of the participants were at high risk of COVID-19 complications, and 27.5% were at medium risk.


Table 2. Participants' health status.
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Table 3 represents the participants' knowledge about COVID-19 and vaccination. The most known symptom of COVID-19 was fever (97.6%), followed by the loss of smell and taste (96.8%), and the least known symptom was chills (70.1%). 99.2% of the participants were aware that the COVID-19 virus could be transmitted via the inhalation of respiratory droplets from an infected person. The most commonly known protective procedure amongst participants was social distancing (97.6%), followed by avoiding touching face/mouth/nose/eyes (95.4%) and using detergents (94.8%). 30.9% of the participants knew that zinc consumption could not prevent COVID-19 infection, and 15.6% knew the same fact about vitamin C.


Table 3. Participants' knowledge about COVID-19 and vaccination.
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Participants' attitudes and practices toward COVID-19 are shown in Table 4. Only 12.1% of the participants reported receiving the influenza vaccine last year. A fifth of the participants had done the PCR test to check if they had COVID-19, and 3.7% of the participants tested positive. 58.9% expect that they will be infected with COVID-19 but that their symptoms would be mild. In their response to their intention to take the COVID-19 vaccine once it was available, only 36.8% of the participants intend to be vaccinated, and 26.4% were not sure.


Table 4. Participants' attitudes and practices toward COVID-19 and vaccination.
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The results of binary logistical regression between knowledge score and different sample characteristics are shown in Table 5. Not knowing someone infected with COVID-19 significantly decreased the odds of having high knowledge scores compared to those who knew someone infected (p-value = 0.01). A low or medium household monthly average income also considerably reduced the odds of having a high knowledge score compared to high income. Lastly, those with a high-risk of COVID-19 had significantly lower odds of getting high knowledge scores compared to those with low-risk degree.


Table 5. Binary logistical regression analysis of knowledge score.
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The results of binary logistical regression between practice score and different sample characteristics are shown in Table 6. Significant predictors of high protective practices were older groups (those who were older than 60 years compared to those between 18–29 years), not having children, residency (AlZarqa residents when compared to Amman residents), and higher knowledge score (p-values < 0.05). Meanwhile, the only significant predictor of low protective practices was being unmarried (p-value = 0.03).


Table 6. Binary logistical regression analysis of practice score.
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The χ2 test assessed the association between the sample characteristics and the participant's intent to be vaccinated (Appendix) and revealed that the participants' characteristics were significantly associated with the response of “No” vs. “Yes,” when they were female, married, having children, and had a diploma degree. On the other hand, acquaintance with someone who was infected with COVID-19 was significantly associated with the response of “Yes” vs. “No” and “Yes” vs. “Not sure” (p-values 0.01 and 0.03, respectively). Higher percentages of those who work/study in the medical field responded “Yes” rather than “Not sure” (39.7 vs. 23.9%). Those who wore face masks and used detergents, but did not consume vitamin C to protect themselves from COVID-19, had a higher percentage of “Yes” vs. “No” (p-values= 0.002, 0.02, and 0.04, respectively). No significant difference was found in the vaccine acceptance between the participants with different risk degrees for COVID-19 complications (Percentage of responding “Yes” was 37.1 % in the high-risk group, 35.9% in the medium-risk group, and 37.2% in the low-risk group).

Table 7 shows the multivariate predictors of responding “Not Sure” or “No” regarding the intent to be vaccinated, according to the multinomial model. Female participants had a 3-fold higher relative likelihood of responding “No” vs. “Yes” and a nearly 1.5-fold higher relative chance of responding “Not sure” vs. “Yes” when compared with male participants (p-values < 0.05). Moreover, a significant association was found between the participants' perception of the seriousness of COVID-19 and his/her intention to be vaccinated. The higher the perceived seriousness of COVID 19, the significantly lower the odds of responding “Not sure” or “No.”


Table 7. Multivariate predictors of responding “not sure” or “no” regarding intent to be vaccinated.
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Table 8 represents the attitudes and practices of those who were infected with COVID-19 or suspected infection. Those who were infected adhered to quarantine procedures significantly more than those who suspected they were infected. Moreover, confirmed cases of COVID-19 tended to tell relatives/friends more about infection, compared to those who suspected infection. ANOVA with post hoc analysis indicated that there were no significant differences in the perception of COVID-19 seriousness between the three groups (infected, suspected infection, and not infected with COVID-19).


Table 8. Attitudes and Practices of the participants who were infected or suspected their infection.
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The reasons participants' did not want to take the vaccine or were hesitant about vaccination are shown in Table 9. The most mentioned reasons were concerns about the vaccines as 98.3% of those who answered “No” and 99.3% of those who answered “Not sure” had at least one concern. Concerns about the efficacy of the vaccine and its newness were the most reported by the participant, while the least reported concern was about the association between vaccination and autism (7.8%). The second most mentioned reasons represented attitudes toward vaccines. 52.3% of those who answered “No” stated that they do not take vaccines at all. The need for additional information was a cause for answering “No” or “Not sure” for 87.9 and 97.4%, respectively, of the participants. Lack of trust was another reason for refusal or hesitation about taking the vaccine once available as 81% and 66.2%, respectively, of those who answered “No” or “Not sure” believed that the vaccine might have been approved too quickly because of political pressure.


Table 9. Reasons participants provided for responding “no” or “not sure” regarding intent to be vaccinated.
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DISCUSSION

In recent history, vaccination has played an essential role in reducing the burden of infectious diseases. It prevented 33,000 deaths and 14 million diseases in 2001 (15). Vaccines from different companies, including Pfizer BioNTech, Moderna, and Oxford AstraZeneca have recently been approved, but their distribution is still limited (16). Identifying the populations' intention to be vaccinated, and the barriers to vaccination could remove these barriers and increase the vaccination rate once the vaccine is widely available.


Attitudes and Practices of Participants Infected With COVID-19 or Suspected That They Were

The participants' perception of the seriousness of COVID-19 among participants was not associated with COVID-19 infection history. The degree of seriousness estimations were not different between those who were not infected, those who suspected their infection, and those who were infected (means = 6.49, 6.52, and 6.57, respectively). High adherence to quarantine was reported by those infected, which contradicts the results of other studies (17, 18), which reported poor adherence to quarantine during different pandemics. However, the degree of quarantine adherence among those who were certain about their infection was significantly higher than those who only suspected that they were infected. This indicates the importance of COVID-19 testing in decreasing the disease spread by increasing the adherence of infected patients to quarantine.



Vaccination Intentions

Even though this study was conducted in October 2020 when the number of COVID-19 cases increased rapidly in Jordan, only 36.8% of participants intend to be vaccinated once the vaccine was available. This percentage is much lower than the percentage reported by a global survey that included participants from 19 countries (19) (71.5%) and by studies conducted in Ecuador (20) (97%), the United States (21) (57%), France (22) (76%), China (23) (91.3%), and Saudi Arabia (24) (64.7%). The peak rise in COVID-19 cases happened much earlier in other countries than in Jordan, which may contribute to the higher vaccination hesitancy among the Jordanian population compared to other populations, as the disease is new to Jordan. Although the percentage of the population who need to be vaccinated to achieve herd immunity against COVID-19 is not yet well-known, in general, 50–90% (25) of the population needs to be immune either naturally or by vaccines to achieve herd immunity. Should this high hesitancy toward vaccination continue among the Jordanian population, it might be difficult to achieve herd immunity. Several sample characteristics had a significant negative impact on the participants' intention to be vaccinated, including; being female, married, and having a postgrad degree compared to university students. Lower vaccination intention among female participants was also observed in studies conducted in France (22), China (23), and Europe (26). However, other factors reported in other studies, like income (22, 26) and age (22), were not significant predictors in this study. The recognition of these factors could help develop targeted awareness campaigns directed to the population to increase the vaccination rate once the vaccine is available.

The perceived risk of COVID-19 was a significant predictor of the participants' vaccination intention in this study, reflecting several other studies (22, 23). The higher the perceived risk, the lower the vaccination hesitancy. Therefore, increasing the population's consciousness about the seriousness of the disease is essential in improving their willingness to be vaccinated.



Barriers

Detecting the causes of vaccination refusal or hesitancy could improve the population's vaccination intentions. It is important to better understand the rationales and reasons for vaccination refusal or hesitancy if we are to remove these barriers.

Concerns about the vaccine were the most common reason behind hesitancy or refusal among the participants. These concerns about vaccine safety and side effects are global, as indicated by studies conducted in the United States (21), Europe (26), and China (23). The rationale behind these concerns is reasonable, as several vaccine candidate trials were paused (27, 28) due to detected side effects. However, the suspension of these studies, once side effects were noted, could be used to assure the rigor of vaccine testing, another concern among the population. Misbeliefs about the association between vaccines and autism or the vaccine's effect on fertility were not common among the participants, implying the dubiety about many popular myths associated with vaccines.

Efficacy is a frequently mentioned concern whenever a new vaccine is developed (29, 30). This concern could be of less importance once the vaccine is available and successful results are published.

Undesirable attitudes were the second most mentioned barriers. Increasing the population's understanding of the vaccines and the related mechanisms of action through different awareness-raising methods could overcome this barrier. About 30% of those with undesirable attitudes were against vaccination in general. Several studies (31, 32) have established approaches to overcome vaccine refusal that could be useful for COVID-19 vaccination. For example, opposing the spread of false information and targeting children and adolescence, who might not have robust emotions about vaccines yet, could increase COVID-19 vaccine acceptability.

The need for additional information was reported as a barrier by 58% of the respondents and 79% of participants in an Indonesian study (33). The role of healthcare providers is influential in this respect, as they provide patients and the general population with much-needed information. An Australian study (34) provided a framework that could be used by healthcare providers to increase confidence in any potential COVID-19 vaccines.

Lack of trust was also a cause of vaccination hesitation or refusal for many participants in this study and an American study (21). A belief in the conspiracy theories associated with COVID-19 among the Jordanian population was observed in the present study. These beliefs have also been reported by another Jordanian study on COVID-19 (unpublished data). Several strategies have been suggested to combat conspiracy theories (35), including the careful dissemination of medical research, social media campaigns, and developing a culture of fact-checking. A report issued by WHO has discussed the behavioral considerations of COVID-19 acceptance and suggested different approaches to increasing vaccine acceptance. These include building an enabling environment and using open communication to address people's beliefs and uncertainty, educating them about the safety and efficacy of the vaccine (36). Social and governmental collaboration will increase public confidence in the COVID-19 vaccine and enable the country to reach herd immunity rapidly.



Strengths and Limitations

One of this study's strengths is the large sample size, which decreases the influence of existing bias. Another strong aspect of the present study is that it evaluated the participants' KAP toward COVID-19 and their vaccination intentions and assessed the association between KAP and vaccination intentions.

At the time this study was conducted, the vaccine was not available. The participants' vaccination intentions may be different now, as the vaccine has been made available. More information has now been published, which may be considered a limitation of this study. This study was based on an online questionnaire, meaning the results are subject to recall and selection biases. However, previous studies have shown that web-based research is a cost-effective method that can be used to generate a sample that is representative of the total population with a fraction of the cost (37). It can reach people otherwise unreachable and provides a safe and private environment for the respondents to answer questions accurately and honestly compared with face-to-face interviews (38).

It has been suggested that as the number of Internet users has increased globally, the socio-demographic characteristics of the recruited participants via web-based surveys reflect the general population (39). This can be applied in Jordan as Internet users are estimated to be 67% of all age groups (40). This percentage could be higher when children under the age of 18 are excluded. Another limitation could be that the study sample age was positively skewed. However, the Jordanian population is a young one, and the age group between 20–29 years represents 33.45% of the total population above the age of 19 (41).

Finally, almost half of the sample participants worked in the medical field, which may cast doubt in the sample's representation of the total population. Nevertheless, the percentage of medical field workers in Jordan is significantly higher than in other countries globally. For example, Jordan is ranked fourth in terms of the number of pharmacists for every 10,000 people (16 pharmacists for 10,000) (42). Furthermore, the authors believe that the perception of medical-related staff is particularly interesting, as their opinions influence the general population, and they represent a high-risk group, therefore, their vaccination is a priority. Finally, as indicated by the Kish formula, the smallest required sample size is 600, therefore, a study sample that includes 1,144 participants could provide sufficient data to evaluate each subgroup.




CONCLUSION

The results of this study indicate that the study sample has good KAP toward COVID-19. However, the participants' vaccination intentions were unfavorable. The total sample acceptance of the vaccine was 36.8%, while the approval of the participants who work/study in a medical field or those who are at high risk of COVID-19 complications was slightly higher (39.7 and 37.1%, respectively). The main reasons for participants' refusal of vaccination or hesitation were concerns about safety and efficacy, in addition to insufficient information about the vaccine. Healthcare providers must activate their roles and address these concerns by increasing awareness about the role of vaccination in preventing the spread of infection and acquiring herd immunity. This could be achieved by designing and implanting different awareness campaigns via various media outlets guided by healthcare providers.
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COVID-19 pandemic since the end of 2019 spreads worldwide, counting millions of victims. The viral invasion, systemic inflammation, and consequent organ failure are the gravest features of coronavirus disease 2019 (COVID-19), and they are associated with a high mortality rate. The aim of this study is to evaluate the role of breast milk in the COVID-19 pandemic, analyzing its antiviral, anti-inflammatory, and immunoregulatory effects due to its bioactive components, so numerous and important for the protection of infants. The study tried to demonstrate that all the components of human milk are capable of performing functions on all the pathogenic events recognized and described in COVID-19 disease. Those human milk factors are well-tolerated and practically free of side effects, so breast milk should become a research topic to discover therapies even in this epidemic. In the first part, the mechanisms of protection and defense of the breast milk elements will be delineated; in the second section, it will describe the human milk effects in viral infections and it will be hypothesized how the known mechanisms could act in COVID infection.
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HIGHLIGHTS

- To protect infants and newborns from COVID-19, they would be fed breast milk. Where mother's milk is not available, or for fragile babies (premature or newborns with pathologies), the alternative must be represented by human milk donated to the Human Milk Banks, which, although pasteurized, retains most of its anti-infectious properties (e.g., total savings of human milk oligosaccharides and fatty acids). Whenever human milk substitutes are needed, formulas added to milk bioactive factors should be preferred.

- Human milk factors are well-tolerated and practically free of side effects, so breast milk should become a research topic aimed to identify therapies even in this epidemic.

- Many components of human milk may have a potential therapeutic activity, and they are under evaluation in infections, inflammatory bowel diseases, hypertension, cognitive decline, and cancer. Most of the bioactive factors of human milk may interact synergistically with each other or with the immune response. During this study, we tried to demonstrate that human milk mediators might have a function in all events recognized and described in COVID-19.



INTRODUCTION

Since the end of 2019, an acute severe viral infection has emerged with rapid transmission around the world to over a million people within a few months. Named coronavirus disease 2019 (COVID-19) by the World Health Organization, the pandemic disease has resulted in one of the largest global public health problems in modern history. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infects cells in the respiratory system and causes inflammation and cell death. Subsequently, the virus spreads out and damages other vital organs and tissues, triggering a complicated spectrum of pathophysiological changes and symptoms. Systemic inflammation and consequent respiratory, circulatory, and renal failure are the severe features of COVID-19 and are associated with a very high mortality rate. Given the lack of vaccine and antiviral therapy and the non-existent herd immunity, there is an urgent need to find therapeutic solutions to stop the spread of the infection and to effectively treat the disease; this is the highest priority among health care providers, government authorities, and pharmaceutical industry.

For more than 20 years, the protective power of breast milk has been known against many diseases and with special regard to infections due to its richness in immune-related factors like human milk oligosaccharides, milk proteins and lipids, and other active mediators (see section Breast Milk and Mediators and Breast Milk and Viral Infection).

Undoubtedly, this breast milk power can be ascribed to the large number of bioactive molecules that have been proven to be protective against infections, bringing down inflammation, facilitating immune system and organ growth, and influencing the infant microbiome, at a developmental stage where the infant's own immune system is relatively immature and naive (see sections Breast Milk and Mediators and Breast Milk and Viral Infection).

Nowadays, with the increased phenomenon of antibiotic resistance, national and international research has the purpose to discover new antibiotics or natural substances that can act as antibiotics. Breast milk has become the subject of many of these researches and on others about inflammatory diseases, cancer, and other pathologies. Preclinical investigations on human milk are translating into clinical applications, up to the large-scale production of the active molecules derived from it (1).

The aim of this study is to evaluate the role of breast milk in the COVID-19 pandemic, analyzing its antiviral, anti-inflammatory, and immunoregulatory effects due to the bioactive components. Few data are available about the human milk's potential role against COVID-19, but a lot of studies documented its antiviral effect against many viruses. The following is a brief recap of the current evidence on the mechanisms that explain its multiple functions in the context of anti-infective responses to deduce the possible practical application of breast milk against this pandemic.

In the first part, the known mechanisms of protection and defense of the individual elements contained in breast milk will be delineated (Table 1), while in the second section, human milk effects in viral infections will be described.


Table 1. Functions of breast milk factors.
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In the last part, it will be hypothesized how these mechanisms could counteract COVID-19 infection in its different stages starting from the knowledge that has currently been acquired about this new epidemic.



BREAST MILK AND MEDIATORS

The human milk interacts with the newborn's gut to increase the immune response against infection, and it can be considered like an immune system that includes many immunomodulatory mediators. It is known that human milk changes its immunological constituents related to the time from the delivery and maybe to the nutritional state of the mother. Recently, some authors suggest that there is modification also to response to the active needs of the nursing baby (2, 3). Riskin et al. (4) have shown in their study that the total number of white blood cells increases in human milk in relation to nursing infant's infection, specially the number of macrophages; so, the study underlines the immunological role of human milk.

The intake of immunomodulatory constituents of human milk confers protection against the incidence and severity of gastrointestinal and respiratory diseases, providing passive protection through innate and adaptive mother's immunity (5). It is known that breastfed infants are more protected compared with formula-fed infants (6). The human milk carries immunoglobulins, lactoferrin (LF), and oligosaccharides that provide passive protection and other mediators like pro- and anti-inflammatory factors [tumor necrosis factor-α (TNF-α), interleukin 1 (IL-1), prostaglandins E2 (PGE2), IL-10, transforming growth factor β (TGF–β), Thromboxane A2 (TXA2), Ribonucleid Acid Messenger RNA (mRNA)], mediators of leukocyte differentiation, and antibodies. The human milk lymphocyte pattern includes activated T cells and memory T cells more activated than lymphocyte pattern in peripheral blood (7). In addition, antibodiescarried by human milk protect infants against microorganisms; the prevalent antibodies are Secretory Immunoglobuline A (SIgA) produced by plasma cells in mammary glands that can neutralize microbial toxin bacteria and virus. Similarly, SIgM is important against enteric antigens (8, 9).


Human Milk Oligosaccharides

Human milk oligosaccharides (HMOs) are a group of structurally unconjugated glycans, carbohydrates with a highly complex structure, from three to 10 monosaccharides, and differ in the degree of polymerization, carbohydrate content, type of glycosidic bonds, and ramifications (10). They are highly abundant and unique in human milk and represent the third largest solid component after lactose and lipids (11) (from 5 to 12 g/L in mature milk to >20 g/L in colostrum). More than 200 isomers and 162 chemical structures are known (10, 12, 13). HMOs are classified into three groups: neutral fucosylated (including 20-fucosyllactose, 20-FL), neutral non-fucosylated [including lacto-N-neotetraose (LNnT)], and acidic [including 30-sialyllactose (30-SL) and 60-sialyllactose (60-SL)] (14–16). Fucosylated HMOs are the most conspicuous component (77%), while sialylated HMOs represent 16%. HMOs are not a primary energy source for the child but perform important biological functions: enhance gut maturation; act as prebiotics, anti-adhesives, and antimicrobials; and directly modulate immune responses; thus, they may play an important role in the protective health effects of breast milk (17, 18). They are not digested, and they reach the systemic circulation intact (19, 20) so they may exert their functions.

HMO structure depends on two specific genes, and each lactating mother synthesizes a unique subset, influenced by genetics and enzymes that process HMOs (21, 22). Furthermore, in terms of quantity and structure, HMOs vary from woman to woman and in the same woman during breastfeeding (23).



Functions of Human Milk Oligosaccharides


Interaction With Pathogens

HMOs are potent antimicrobial factors in human milk (Figure 1). Viral, bacterial, or protozoan pathogens need to adhere to mucosal surfaces to colonize or invade the host and cause disease. HMOs reduce infections by serving as anti-adhesive antimicrobials (25, 26), inhibiting the adhesion of pathogens to the surface of the host cells. Many HMOs act as a soluble analog of pathogen receptors, they have a structure very similar to cell surface receptors (glycocalyx) (anti-adhesion property), and they modify the expression of glycocalyx gene (modifying property) (11, 17). This mechanism modulates the expression of immune signaling genes, which have been shown to repress inflammation of the mucosal surface (27, 28). So, anti-adhesive activity and probiotic activity secondarily reduce inflammation within the intestine (29). HMOs and glycans also inhibit infection acidifying the gut lumen (28); they produce bacteriocins and organic acids that prevent pathogen growth (30).


[image: Figure 1]
FIGURE 1. Postulated HMO effects. HMos may benefit breast-fed infant in multiple different ways. (A) HMOs are prebiotics that serve as metabolic substrates for beneficial bacteria (green) and provides them with a growth advantage over potential pathogens (purple). (B) HMOs are antiadhesive antimicrobials that serve as soluble glycan receptor decoys and prevent pathogen attachment. (C) HMOs directly affect epithelial cells and modulate their gene expression, which leads to changes in cell surface glycans and other cell responses. (D) HMOs modulate lymphocyte cytokine production leading to a more balances TH1/Th2 response. (E) HMOs reduce selectin-mediated cell-cell interactions in the immune system and decrease leukocyte rolling on activated endothelial cells, potentially leading to reduced mucosal leukocyte infiltration and activation. (F) HMOs provide Sia as potentially essential nutrients for brain development and cognition. (Center photo taken form author's personal collection). Bode (24).


Sialylated oligosaccharides can act as inhibitors against the enterotoxins produced by Vibrio cholerae and Escherichia coli. In mice infected with adherent-invasive E. coli (AIEC), 20-FL was effective in reducing pathogen colonization, modulating AIEC-induced CD14 expression and attenuating inflammation (31).

Physiological concentrations of HMOs have been able to inhibit the adhesion of Entamoeba histolytica, responsible for a widespread parasitic disease characterized by high mortality, to the layers of enteric epithelial cells and its cytotoxicity in a dose-dependent manner. The main adhesion-related virulence factor in E. histolytica is a lectin that binds with galactose and N-acetyl-galactosamine; HMOs contain terminal galactose, such as lacto-N-tetraose (LNT), that acts as decoy receptors. Glycan-mediated attachment mechanisms have also been described for many viruses like noroviruses or rotaviruses (32) and bacterial infection too. 2-FL is one of the most prominent short-chain oligosaccharides, and it is associated with the anti-infective capacity of human milk. During Campylobacter jejuni infection, 2-FL reduces colonization and moderates intestinal inflammation; so, the use of 2-FL as an oral agent for the prevention and treatment of this infection is being studied (33). At that place are numerous works that have assessed the clinical use of HMOs. For example, venous injection into the tail of mice of analogs of HMOs (Gal-1-4Gal-1-4Glc) demonstrated its rapid diffusion and the effect of reducing urinary infections by 10 times (34).



Probiotic Effect

HMOs are natural prebiotics that are resistant to digestion during their passage through the small intestine; infants lack glycolytic enzymes needed to break them down, and they reach the large intestine, where they are a selective substrate for bifidobacteria (35–37). These bacteria digest HMOs producing short-chain fatty acids (SCFAs), an energy source for the epithelial cells of the colon with a positive trophic effect on the intestinal cells. They produce an acidic milieu in the gut, making it inhospitable to potentially pathogenic microbes (37, 38); moreover, they modulate the immune system and promote the gut epithelial barrier function (22), establishing a stable ecosystem in an infant's gut. It is now recognized that a healthy microbiota has a positive impact on human health and provides benefits that go far beyond effects in the gastrointestinal tract. For instance, impairment of the gastrointestinal microbiota is associated with chronic activation of the immune system and human immunodeficiency virus (HIV) disease progression (39). In respiratory viral infections, the microbiome composition stimulates production of virus-specific CD4+ and CD8+ T lymphocytes and virus-specific antibodies (32).

The SCFA produced by the fermentation of HMOs have also well-established anti-inflammatory properties (40). Data from animal models strongly suggest a protective role for SCFAs; the SCFA receptor GPR43 was found in asthma, arthritis, and colitis models and GPR41 in allergic airway inflammation (41–45).



Immunomodulatory Effect

HMOs also directly modulate immune responses. Data from literature documented that SCFAs are involved in immune response regulation function; indeed, they promote the development and influence the function of regulatory T cells (Tregs), an action that limits intestinal inflammation and regulate gene expression, with consequent inhibition of interferon (IFN) production and the suppression of activation of the nuclear factor kappa Beta (NF-κB) in the epithelial cells of the human colon (46). This mechanism is responsible for the first immune inflammatory responses, and its dysregulation is found in inflammatory bowel diseases (47). HMOs may act locally on cells of the lymphoid tissues or through the systemic circulation (48, 49), where it interacts with selectins, dendritic cells (DCs), integrins, and Toll-like receptors (TLRs). Selectins are glycoproteins involved in the immune response in the initiating signal of the inflammatory cascade. HMOs induce structural modifications of selectins, reducing the immune response as adhesion, migration, leukocyte activation in vitro. In particular, the sialylated HMOs inhibit the adhesion, mediated by lecitins, of leukocytes to the endothelium; they limit the recruitment from the blood and suppress the infiltration of leukocytes (50); in this way, they modulate the escalation of the immune response (1).

Colostrum HMOs have been shown to modulate immune signaling pathways, including TLR3, TLR5, and IL-1-dependent pathogen-associated molecular pathways (PAMPs), and subsequently to decrease acute-phase inflammatory cytokine secretion. For example, 3'-galactosyllactose directly inhibits polyinosine–polycytidylic acid, which, in turn, decreases levels of the potent pro-inflammatory cytokine, IL-8 (27).

Studies demonstrate that the injection of milk-N-fucopentose III or milk-N-neotetraose oligosaccharide into mice caused the proliferation of a subpopulation of peritoneal macrophages that suppress CD4+ lymphocytes and the activation of natural killer (NK) cells (51) and, in the other way, the suppression of proliferation of naive CD4+ T lymphocytes through secretion of IL-10 and IL-13 by macrophages (52). Moreover, when cord blood T cells are exposed to sialylated HMOs, an increase in the number of IFN-γ-producing CD3+CD4+ and CD3+CD8+ lymphocytes have been observed, as well as IL-13-producing CD3+CD8+ lymphocytes (53). Not only in vitro but also ex vivo, data suggest that HMOs can interfere with selectins that mediate the earliest stages of leukocyte trafficking and platelet–neutrophil complex (PNC) formation (54).




Cytokines and Chemokines

The newborn cytokine pool is lacking; instead, these mediators [IL-1b, IL-2, IL-6, IL-8, IL-10, IL-12, IL-18, IFN-γ, TNF-α, TGF-b, granulocyte colony-stimulating factor (G-CSF), macrophage colony-stimulating factor (M-CS), granulocyte-macrophage colony-stimulating factor (GM-CSF)] abound in breast milk, which is the ideal source (55, 56), and can make up for this deficiency. Accessibility of cytokines from breast milk is important to modulate the immediate and long-term inflammatory response of the infant.

Moreover, they may reach the intestine unaltered, thanks to the protease inhibitors (a1-antichymotrypsin and a1-antitrypsin) present in breast milk that preserve them from digestion. These cytokines are small proteins or peptides that act as intercellular messengers and elicit a particular response after binding to a receptor on a target cell. They represent an important biological component of maternal milk, thanks to their role in the function of immune regulation, hematopoiesis, and inflammation, and they may make up for the immaturity of the neonatal immune system and the consequent insufficient anti-inflammatory and anti-infective response. While many cytokines and chemokines have multiple functions, milk-borne cytokines may be grouped broadly into those that enhance inflammation or defend against infection and those that reduce inflammation (57).

There is large variability between cytokine concentrations among breastfeeding women, and pro-inflammatory ones are generally low. In addition, most milk T lymphocytes show the activation of CD45RO marker, in contrast to neonatal T lymphocytes, which mainly express the “naive” CD45RA phenotype. The production of cytokines in breast milk has been demonstrated by CD4+ and CD8+ T cells, which express the antigen CD45RA or CD45RO, and the percentage of cytokine-producing cells in breast milk is higher than that in cord blood (58).

High levels of IL-1 and receptors have been detected in breast milk, as well as a significant function of this cytokine has been demonstrated both ex vivo and in vitro. IL-1 receptor antagonist (IL-1RA) limits inflammation competing with the pro-inflammatory cytokine (59). The possibility of having inflammatory and anti-inflammatory systems in a balance that depends on the conditions that call for it is an extremely intriguing feature of breast milk. One of the most important mechanisms underlying the protective effect of breast milk, for example, against necrotizing enterocolitis (NEC), is the ability to attenuate the inflammatory immune response mediated by NF-κB in enterocytes. This occurs through the reduction of the activity of IL-1, which induces the innate endogenous inflammatory response, upregulating the expression of pro-inflammatory IL-8 and stimulating the pathway of the NF-κB (60, 61).

Breast milk, especially in colostrum and less in the mature one, is rich in IL-2 that intervenes in the recruitment of T cells necessary to produce an antigen-specific immune response, supporting in this function the newborn who, on the other hand, is notoriously particularly lacking in it. The high percentages of Th1-type cytokines (IL-2 and, particularly, IFN-γ) may play an important role in the differentiation of neonatal T cells in a preferential Th1, rather than Th2, pathway.

Breast milk IL-10, in maximum concentrations in the first 24 h of life, is a powerful anti-inflammatory; it is able to inhibit the activity of Th1 effector cells, NK cells, and macrophages and the production of several pro-inflammatory cytokines (IL-1, IL-6, IL-8, and TNF-α), thus attenuating the immune response (62). IL-10 increases the survival and expansion of B cells, inhibits Th1 responses, and downregulates major histocompatibility complex-II expression on monocytes, thus, limiting their antigen-presenting cell function. IL-10 has been heavily implicated in the regulation of intestinal inflammation and regulating responses to the microbiome (56).

Two effective pro-inflammatory cytokines, IFN-γ and TNF-α, are missing in the newborn. IFN-γ, secreted by activated T cells and NK cells even if at low concentrations, is involved in signaling pathways that increase intestinal epithelial barrier permeability and improves the activation of intestinal macrophages; it is also detected in higher concentrations in the ileum of patients with NEC (63, 64). TNF-α is an endogenous pyrogen; it contributes to systemic inflammation and performs a regulatory immune cell function (62).

Colostrum contains high amounts of IL-8, which is significantly reduced in the later stages of breastfeeding, an interleukin that protects the newborn from sepsis and NEC. The exposure of intestinal cells intact or with injury to the recombinant IL-8 in vitro has stimulated the proliferation and differentiation of the former and greater vitality in the latter, suggesting an important role in the physiological development of the intestine (65).

Human milk contains physiologically relevant concentrations (up to 1.5 mg/ml) of TGF-β, a multifunctional secretory cytokine expressed by most cell types, parenchymal cells, and infiltrating cells, such as lymphocytes, macrophages, and platelets (66). TGF-β1 is the predominant TGF-β isoform produced by immune cells, whereas TGF-β2 is most abundant in secretions including breast milk. The main activities of TGF-β are immune modulation, regulating the cellular proliferation and differentiation and decreasing pro-inflammatory cytokine expression. In particular, TGF-β immunomodulatory properties including intestinal maturation and defense, by switching immunoglobulin classes from IgM to IgA in B lymphocytes, immunoglobulin production in the mammary gland and gastrointestinal tract of the newborn, assistance with intestinal mucosal repair (67), and induction of oral tolerance (68). TGF-β also helps stabilize forkhead box P3 (FOXP3) expression and maintains the differentiation of Tregs, which inhibit immune responses and inflammation (69).

In several clinical studies, higher concentrations of TGF-β in milk are associated with the reduction of the incidence of neonatal diseases, in particular, respiratory and allergies, and a positive correlation between TGF-β levels and the neonatal production of immunoglobulins (70, 71). It has also been reported to inhibit inflammation in the intestinal epithelium and systemic production of IL-6 and IFN-γ, reducing the incidence of NEC (72, 73). In contrast, developmental defects rather than immunological dysregulation were observed in TGF-β2-deficient mice (74).

An abundant peptide in breast milk is the epidermal growth factor (EGF), which acts on the intestine by improving the barrier functions and nutrient transport and enhancing enzyme activity (75). The roles of EGF in the development of the intestine, as well as the response and repair of the intestine during intestinal injury or infection, have been reported (76). Inflammatory diseases of the small intestine are associated with an IL-18 dysregulation condition, and experimental NEC rats, treated with EGF, showed a decrease in the levels of pro-inflammatory cytokines, IL-18, on the intestinal damage site, as well as IL-18 mRNA levels. But the anti-inflammatory effect of EGF is also expressed through the upregulation of IL-10 (75, 77). EGF promotes the growth and maturation of the fetal pulmonary epithelium, stimulates the activity of ornithine decarboxylase and the synthesis of DNA in the digestive tract, and accelerates wound healing (78). EGF is highest in early milk and decreases over lactation. The average EGF level in colostrum is 2,000-fold higher and in mature milk is 100-fold higher than in maternal serum. Further, preterm milk contains higher levels of EGF than term milk (79).

Heparin-binding EGF-like growth factor (HB-EGF), a member of the EGF family of growth factors, also protects against intestinal injury in the developing intestine by binding to pathogenic bacteria (80). Rats that underwent ischemic/reperfusion injury had less pro-inflammatory cytokine expression, particularly TNF-α and IL-6, ex vivo (81). HB-EGF is expressed in response to hypoxia, tissue damage, and oxidative stress, including in the intestine, and has a pivotal role in tissue regeneration and repair (82).

Similarly, vascular endothelial growth factor (VEGF) is a glycoprotein present in breast milk, at higher levels in the colostrum and breast milk of mothers with preterm infants than those with term infants (83). Its primary role is mediating angiogenesis, but it has been suggested that VEGF may also have anti-inflammatory effects. In a study performed by Karatepe et al. (84), rats induced with NEC and given subcutaneous VEGF had less villous atrophy and less intestinal edema, as well as lower TNF-α and IL-6 levels when compared to NEC-induced rats that were not treated with VEGF.

CXC chemokines, powerful neutrophil activators, are present in large quantities in breast milk and perform chemotactic activities for intraepithelial lymphocytes and play an important role in the defense of the host against bacterial and viral infections (85).



Lipids

Lipid fractions in human milk include 34–47% of saturated fatty acids (SFAs) with principally 17–25% palmitic acid, 31–43% monounsaturated fatty acids (MUFAs), 12–26% n-6 polyunsaturated fatty acids (PUFAs), 0.8–3.6% n-3 PUFA (22). Breast milk contains a high proportion of omega-3. PUFAs are involved in regulating immune and inflammatory responses by inhibiting the induction of inflammatory genes binding to the nuclear receptor, peroxisome proliferator-activated receptor (PPAR) (86). Moreover, omega-3 PUFA decreases the activity of NF-κB that induces a range of pro-inflammatory genes, including cyclooxygenase 2 (COX-2), intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1, E-selectin, TNF-α, IL-1B, inducible nitric oxide synthase, and acute-phase proteins. PUFA in human milk can modulate immunological responses, affecting the balance between Th1 and Th2 cells and Treg and T helper cells from the acquired immune response (87). Omega-3 PUFAs change the membrane phospholipid composition by increasing arachidonic acid, subsequently decreasing the systemic inflammatory response syndrome; they also inhibit migration of leukocytes to infection sites (88). Supplementation of a combination of omega-3 and omega-6 PUFAs decreased the incidence of NEC and intestinal inflammation via decreased platelet-activating factor (PAF)-induced TLR4 activation in mice (89, 90). In addition, specialized pro-resolving mediators (SPMs), derived from omega-3 PUFA, specifically resolve inflammation by stopping polymorphonuclear cell migration and protect against chronic inflammatory conditions, including colitis, neuroinflammation, and arthritis (91). Omega-3 PUFAs also increase anti-inflammatory microbes, such as Lactobacillus and Bifidobacterium species (92, 93). The long-chain PUFA (LCPUFA), Docosahexaenoic Acid (DHA), and Amino Acids (AAs) are essentials as immunomodulators also by production and regulation of inflammatory cytokines, leukotrienes, prostaglandins, and thromboxanes (94).

Phospholipids contribute 1–2% of the total lipids of human milk. The major phospholipids of milk fat globule membrane are phosphatidylcholines, phosphatidylethanolamines, and sphingomyelins, and each of it contributes 20–40% of the total phospholipids (95, 96). The sphingomyelin demonstrates robust antitumor activity, may influence cholesterol metabolism, and exhibits anti-infective activity (97). Breast milk lipids have been demonstrated to inactivate a number of pathogens in vitro, including Group B streptococcus (GBS), and provide additional protection from invasive infections at the mucosal surface, especially medium-chain monoglycerides (98, 99). Free fatty acids (FFAs) and monoglycerides, the digestive products of triglycerides, have a lytic effect on several viruses and also have an antiprotozoal action, particularly against Giardia (99). FFAs destroy the viral lipid envelope and express an important antiviral activity against the enveloped virus, including hepatitis C virus (HCV) and HIV (100, 101).

Oxysterols are cholesterol oxidation derivatives, and they were present in breast milk in all stages of lactation; they are characterized by a broad antiviral activity, and they are involved in the innate immune response against viruses. They inhibit the viral replication, and their antiviral power has been observed against a number of enveloped viruses but also in relation to several non-enveloped viruses. They were active in vitro against the human rotavirus and the human rhinovirus, two relevant pediatric viral pathogens (102, 103).



Proteins

One of the special features of breast milk proteins is that they are present in an inversely proportional way to the production capacity of the baby, and they are able to gradually decrease over time as the baby's defenses increase or increase in case of need. Breast milk contains several hundred proteins, which play functional roles in the protection of the child; they provide nutrition, stimulate the absorption of nutrients, and provide biological activities, ranging from antimicrobial effects to immunostimulatory. These molecules have broad-spectrum anti-infective power against bacteria, viruses, and fungi, as well as synergic activity with conventional antibiotics (104, 105).

The composition of human milk proteins makes them 100% assimilable by the infant's body, and they are divided into three groups: caseins, whey proteins, and those linked with the membrane of the milk fat globule. Whey protein is the main colostrum protein; while in mature milk, it is equivalent to 60%. Proteins, such as β-casein, perform important antiseptic and anti-infectious functions inhibiting the proteases of bacteria and viruses. Furthermore, the peptides produced by the digestion of α-lactalbumin show a potent antibacterial action against Gram-positive and Gram-negative bacteria. Other human milk proteins, such as SIgA, LF, and lysozyme, act as essentially anti-infectious agents for premature babies carrying out a synergistic action to inactivate, destroy, or block the attack of specific microbes on the surfaces of the mucous membranes (106). Lipoproteins can cause cell lysis in influenza virus infection (107).

SIgA provides immunological protection to the infant, while its own immune system matures (108). The concentration in colostrum is about 12 mg/ml; mature milk contains 1 mg/ml.

SIgA antibodies in breast milk are essential in the defense of the mucous membranes: prevent the entry of microorganisms in the tissues; they are anti-inflammatory and do not consume energy during the reaction (109, 110). Interestingly, 74% of bacteria in the gut lumen are coated with SIgA (111). Given this role, it is not surprising that SIgA influences the composition of the intestinal microbiome and, furthermore, promotes intestinal homeostasis by preventing inappropriate inflammatory responses to pathogenic microbes and nutritional antigens. In a recent study by Gopalakrishna et al. (112), maternal milk-fed infants had higher percentages of SIgA that were bound to bacteria compared to formula-fed infants. In addition, higher percentages of SIgA bound to bacteria in the intestine of preterm infants were associated with lower rates of NEC. Furthermore, it was observed that lower levels of SIgA-bound bacteria were inversely associated with abundance of enterobacteria among infants who developed NEC. Thus, SIgA binding to bacteria presumably plays a protective role against NEC, likely by limiting inflammation induced by Enterobacteriaceae (27). Specifically, SIgA molecules remain active throughout the newborn's gastrointestinal tract and impact the binding of commensal or pathogenic microorganisms, toxins, viruses, and other antigenic materials, such as lipopolysaccharide (LPS), preventing their adherence and penetration into the epithelium without triggering inflammatory responses that could be harmful to the newborn, a mechanism known as immune exclusion. High-affinity IgA and IgM antibodies transported by the polymeric immunoglobulin receptor (pIgR) may even inactivate viruses (e.g., rotavirus and influenza virus) within epithelial cells and carry these pathogens and their products back into the lumen, thereby avoiding cytolytic damage to the epithelium (113). Breast milk contains antibodies protective against V. cholerae, Campylobacter, Shigella, Giardia lamblia, and respiratory tract infections (114); adherence of S. pneumoniae and Haemophilus influenza to human retropharyngeal cells is blocked by SIgA antibody in breast milk (114, 115). IgM and IgG are less in human milk, but they have known immune-surveillance properties. High-avidity IgM antibodies may act as an important part in protecting the mucosal surfaces of infants against viruses and bacteria. IgG plays an anti-inflammatory role by direct binding, opsonization, and agglutination of pathogens (79, 114, 115). IgG is mainly transferred via the placenta from mother to fetus, but they are also produced in the mammary gland and detected in a majority of colostrum samples of mothers, adding to the much-needed immunological protection to the vulnerable infant.



Lactoferrin

LF is the dominant whey protein in human milk (0.5 g/dl in colostrum, 0.2 g/dl at 1 month, 0.1 g/dl later) and has been demonstrated to perform a wide array of functions, protecting the newborn infant from infection and contributing to the maturation of the newborn innate and adaptive immune systems. More precisely, LF is the second most abundant protein in breast milk, and its biological functions range from antimicrobial activities against a large panel of microorganisms, including bacteria, viruses, fungi, and parasites, to regulation of cellular proliferation and differentiation, as well as anti-inflammatory, immunomodulatory, and anticancer activities (116).

LF has a high rate of survival after oral administration. In the stomach, pepsin digests and releases a potent peptide antibiotic called lactoferricin from native LF. Among all of the bioactive substances found in human milk, LF may be the one most comprehensively involved in milk's well-known anti-infective actions. A robust background of experimental research supports a leading use of LF in promoting the establishment of immune and defensive competencies in the neonate and young babies. In the last few years, solid evidence originating from a Randomized Clinical Trial (RCT) has provided clinical confirmation of these properties. LF has been demonstrated to inhibit in vitro replication of human cytomegalovirus, HIV, herpesvirus, hepatitis B and C viruses, hantavirus, human papillomavirus, rotavirus, adenovirus, and influenza A (117).

LF has a bacteriostatic function and cytotoxic effect against bacteria, viruses, and fungi and carries out immunomodulatory functions, helping to limit excessive immune reactions by blocking many inflammatory cytokines, such as IL-1β, IL-6, TNF-α, and IL-8 (118, 119) while stimulating the natural process and maturation of the child's immune system (85).

In detail, N-terminal receptors for LF have been identified on the surfaces of many microorganisms. The binding of LF with these receptor sites is able to induce cell death in Gram-negative bacteria through a structural alteration of the bacterial LPS, with a consequent increase in permeability and greater susceptibility to lysosomal enzymes and antibacterial agents (120).

In E. coli infection, LF inhibits adherence and biofilm formation potentially by binding to the lipid portions of the LPS layer and through the degradation of virulence proteins anchored to the external membrane (121). In vitro LF is able to prevent the formation of the biofilm of Pseudomonas aeruginosa. In fact, in the absence of iron, this bacterium seems to have poor mobility, which results in the impossibility of surface adhesion (122). The proteolytic activity of LF is able to inhibit the bacterial growth of Shigella flexneri or enteropathogenic bacteria (5).

It has also been reevaluated for its antiviral capabilities, and some of them are expressed through the attachment of LF to surface proteoglycans, such as heparan sulfate, through its N-terminus glycosaminoglycan-binding domains, thus blocking the entry of certain viruses into the cell, guaranteeing an arrest of the infection in its early stages (5, 123). In a study conducted in vitro on the activity of LF against the main pathogenic viruses (124), the results demonstrated LF inhibitory activity against a large variety of viruses. LF prevents DC-mediated HIV type 1 transmission by blocking the DC-SIGN-gp120 interaction (125) and human HCV infection, and a direct interaction between LF and E1 and E2 HCV envelope proteins has been proven (117).

LF can be considered a regulator of both innate and acquired immunity (126). The effects of LF on the innate immune response are related to its ability to bind to a variety of targets, first of all PAMP, present on pathogens (e.g., LPS on Gram-negative bacteria and peptidoglycans on Gram-positive bacteria), and thereby it competes with LBP, inhibiting the release of pro-inflammatory cytokines (118, 122, 127). Data indicate that the interference of LF in the LPS–CD14 interaction may inhibit the expression of E-selectin, ICAM-1, and IL-8 by human umbilical vein endothelial cells, showing that the LF may also modulate the recruitment of immune cells by interfering with the expression of endothelial cell adhesion molecule, required for the recruitment of these cells to sites of inflammation (118, 127). LF is also capable of enhancing the activation of immune cells. Following bacterial invasion, LPS binds to TLR4 on sentinel cells to cause the release of potent cytokines, including TNF-α, IL-1, and IL-6 (127, 128). These molecules will activate and modify the permeability of endothelial cells to allow the passage of complements and antibodies and recruit neutrophils to the site of inflammation. Activated neutrophils will release LF from their secondary granules to exert its direct microbicidal effects (127). LF may also enhance the cytotoxic functions of NK and lymphokine-activated killer cells, potentially through binding to RNA and DNA. On macrophages, there are LF receptors, and the LF binding activates macrophages to release pro-inflammatory molecules, e.g., TNF-α, IL-8, and nitric oxide (129), and increases their phagocytic activity when infected (130). For example, it increases phagocytic killing of Staphylococcus aureus (131).

LF plays an important immunomodulatory role in activation and antigen presentation by antigen-presenting cells (APCs), modulation of T cell development (132, 133), and maturation of DCs, enhancing IL-8 and CXCL10 release, decreasing antigen internalization, and increasing their capacity to trigger proliferation and release IFN-α (134).

When administered orally, LF has the ability to restore the host T cell compartment by an increase in splenic cellularity and enrichment of CD3+ CD4+ T lymphocytes, suggesting a possible function for LF in the reconstitution of the cellular immune response (135).

During the last years, literature data confirmed the crucial role of LF in the development of the intestinal microbiome, an important finding for hospitalized term and preterm infants at risk of invasive infection and NEC (136). It was shown that the integration of 100 mg/day of LF in preterm births reduces the onset of delayed sepsis and intestinal necrosis (127, 137, 138). LF also acts as a natural and specific inhibitor of the Urokinase Plasminogen Activator (uPA)-mediated plasminogen activation (139); high levels of LF were reported to be secreted by apoptotic cells (140). In apoptosis, LF might be necessary to downregulate the extracellular plasmin activity to avoid unwanted degradation of the surrounding tissue, inappropriate cell migration, or activation of proenzymes; the serum levels of LF might further increase during pregnancy. Thus, an anti-fibrinolytic property of LF may provide an intriguing clue to the reported higher risk of thromboembolism during pregnancy (141, 142). This view is especially relevant if we consider that thromboembolism is one of the most destructive mechanisms currently recognized in COVID-19 (143, 144). LF has been shown to act as a natural barrier of both respiratory and intestinal mucosa or reverting the iron disorders related to the viral colonization as an antiviral, anti-inflammatory, and immunomediator (145).



Lactadherin

Lactadherin has antimicrobial and antiviral effects and plays an important role in the immune defense. Lactadherin can be considered a multifunctional glycoprotein involved in the regulation of many biological and physiological processes, such as angiogenesis, atherosclerosis, hemostasis, phagocytosis, and tissue remodeling. The intrinsic endogenous activities of lactadherin include promotion of mucosal wound healing and attenuation of intestinal inflammation ex vivo and in vitro (146–148). Lactadherin also induces IL-10 and TGF-β release from Tregs and promotes intestinal DC development (146). It enhances the ability of macrophages to phagocytize apoptotic cells, thereby ameliorating inflammatory processes induced by NF-κB and mitogen-activated protein kinase (149). It activates the signal transducer and activator of transcription 3–suppressor of cytokine signaling three pathways, directly quenching LPS induced TNF-α production (146, 147, 149). Indeed, it has been reported that recombinant lactadherin may attenuate sepsis-induced apoptosis (150).

Milk lactadherin is present in the intestines of breastfed infant and could gain access to the circulation with its strong anticoagulant effects. It can mediate clearance of phosphatidylserine-expressing procoagulant platelet-derived microvesicles (151). Given the homology of its C2 domain to coagulation factors VIII and V and the competition between them for platelet membrane-binding sites, lactadherin could function as an anticoagulant and thereby regulate hemostasis. Many diseases induce strong procoagulation processes, including sepsis, suggesting other possible protective activities (152). Thus, orally ingested lactadherin could potentially be used for the prevention and treatment of intestinal injury in infants.



Human β-Defensin

Human milk contains small bioactive peptides, including defensins; of these, human β-defensin (HBD)-1 may act synergistically with other peptides present in breast milk. Also, HBD-1 acts as a chemotactic agent to recruit DCs, T cells to mucosal surfaces (respiratory, gastrointestinal, and nasopharynx), thus acting as a link between innate and adaptive immunity for the neonate (153). HBD-2 is present at 8.5 mg/ml in colostrum and 1 mg/ml in mature milk, and it has antimicrobial activity against pathogenic bacteria (154). This suggests that the presence of HBD-2 in milk may help to defend both the mammary gland and the infant intestine. HBD-2 enhances TLR4/CD44 against intestinal pathogens (1). Low concentrations of HBD-2 are associated with lower TLR4-lymphocyte antigen concentrations and more severe NEC (155). HBD-2 also suppresses TLR7 expression (54) that is stimulated by single-stranded RNA, and during a virus infection, it mediates signaling that leads to the release of IFN (156). HBD-2 in milk may contribute to decrease, in the long-term, the risk of gastrointestinal inflammatory diseases in the breastfed infant and to reduce the risk of breast cancer in mothers who had breastfed (157). Low levels of HBD-1 and HBD-2 in preterm infants are associated with increased incidence of intestinal pathology and onset of NEC. Animal models have shown that depletion of Paneth cells rich in defensins followed by enteric infection in test animals resulted in a clinical picture akin to human NEC (158). A synthetic analog of HBD (brilacidin) is tested in a phase II trial for the treatment of acute bacterial skin infections and in preclinical phase for otitis and ocular infections (159).



Osteopontin

It is a multifunctional glycosylated and heavily phosphorylated acidic protein. The average concentration in breast milk is comparatively high (~140 mg/L) and about half maximal levels are maintained beyond 1 year of lactation (160). It also plays an important role in immune activation and immune regulation by acting as chemotactic agent and stimulates both pro- and anti-inflammatory processes. It enhances B lymphocyte immunoglobulin production and proliferation and also influences cell-mediated immunity by inducing Th1 cells (161). Furthermore, it also has been shown to form complexes with LF and act as a carrier for other immunomodulator proteins to enhance their competencies (162). Infants fed formula supplemented with osteopontin (OPN) had significantly low serum concentrations of the pro-inflammatory cytokines; the cytokine profile is more similar to that of breastfed infants and days of illness were significantly lower, and these data strongly suggest that OPN affects immune function in infants, conferring health benefits (163).



Antiprotease and Antioxidant Factors

Indeed, oxidative stress may be involved in serious diseases in premature infants, including NEC, chronic lung disease, and retinopathy of prematurity (ROP) (164). Human milk contains anti-proteases, including α-1-antitrypsin, α-1-antichymotrypsin, and elastase inhibitor, which limit the ability for pathogens to enter the body, thereby limiting inflammation locally (109). It also contains various antioxidative agents, including enzymes [catalase, glutathione peroxidase (GPx), and superoxide dismutase (SOD)], constituents of antioxidative enzymes (e.g., Cu and Zn), vitamins (A, C, and E), and binding proteins (e.g., LF) (165).

In vitro studies suggest that human LF decreases the intensity of free radical processes (166), and adiponectin (4.2–87.9 ng/ml) enhances the antioxidative potential of cells to counteract the increase in intracellular reactive oxygen species (ROS) during the hypoxia–reoxygenation-induced apoptosis (167). Animal studies showed that lysozyme participates in the suppression of ROS and strengthens resistance to chronic exogenous oxidant stress (168).

Melatonin is interesting in the context of milk bioactive compounds due to its pleiotropic actions. Its protective effects have been demonstrated against cellular aging due to its antioxidant effects stimulating the expression of SOD, catalase, and GPx (169). Tryptophan found in breast milk and its metabolites would seem to possess strong antioxidant properties and good anti-product abilities (170). Lozano et al. (171) in 2014 found the antioxidant capabilities of other valuable molecules naturally found in human milk, such as coenzyme Q10, tocopherol, fatty acids, and IL-10. Breast milk contains adequate amounts of selenium, a necessary microelement for important antioxidant enzymes, defined precisely as Se-dependent molecules, including GPx and glutathione reductase.



Cells

The heterogeneous mixture of breast milk cells (Figures 1, 2) includes leukocytes, epithelial cells, stem cells, and bacteria. Certainly, cells of human milk are not insignificant components, but their function is still unclear. Leukocytes are the most widely studied cell types due to their protective properties and their ability to infiltrate the infant's tissue. About 80% of the cells in early milk are breast milk macrophages, and phagocytosis of human milk components transforms these monocytes into potent breast milk macrophages with unique functional features, including the ability to differentiate into DCs that stimulate infant T-cell activity (4, 169, 171–173). This capability provides broadly powerful protection against pathogens while stimulating the development of the infant's own immune system.
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FIGURE 2. Cells in human milk.


Human breast milk is rich in microRNAs (miRNA), and so far, more than 386 different miRNAs were identified (174). Compared with other body fluids, milk is one of the richest sources of miRNA, which are present in all three fractions of human milk, including cells, lipids, and skim milk (175). miRNA plays a key role in regulating the immune system, including T and B cell development (176, 177), release of inflammatory mediators (178), proliferation of monocytes and neutrophils (176), and differentiation of macrophages and DC. mRNA might be engaged in the epigenetic regulation of stem cells fate and function (178, 179).

Speaking of stem cells, they are being studied, but their roles are presently little known. It is considered that they can play a cardinal part in the repair of tissue or organ damage caused by several types of insults (180). This is also a really important factor to recto, considering that the deleterious effects of COVID-19 infection are precisely related to epithelial damage and the consequent repair mechanisms are sometimes seriously distorted (181, 182).




BREAST MILK AND VIRAL INFECTION

After considering all the active components of breast milk, the second part of this study wants to underline their major antiviral effects (Figure 3).
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FIGURE 3. Da RJH 2014 modified.



Breastmilk and Respiratory Syncytial Virus

Literature data confirm nowadays that viral respiratory infections are the major cause of children hospitalization worldwide, and a lot of studies were conducted to demonstrate that breastfeeding has an important preventive role, supporting the postulate that the risk of infant morbidity for viral acute respiratory diseases is negatively associated with the duration of breastfeeding (183). Some authors suggest that human milk reduces the risk of respiratory infection in newborns and the oxygen medication during bronchiolitis because the decrease of chemokine concentration in the airway and the increase of anti-inflammatory mediators like IFN-γ probably mean stronger immune response in breastfed infants (184, 185). A crucial role in human milk was played by LF that may decrease the production of chemotactic cytokines and neutrophil chemotaxis (186). Also, oligosaccharides and procathepsin D can influence the neutrophil activity modifying the neutrophil adhesion, infiltration, and activation (187). The relationship between mother and baby during breastfeeding is bidirectional; indeed, the mother exposure to the baby's infection increases the production and the passage of anti-inflammatory constituents through the milk (7, 188, 189).



Breast Milk and HIV Infection

A lot of studies demonstrate that innate and adaptive immune mediators of human milk inhibit the HIV infection, preventing the mother-to-child transmission and inhibiting the virus activity; an important role is played by HMOs, LF, and other innate factors (5). Specifically, HMOs block the binding of HIV on human DCs; they also directly modulate the immune cell responses (1). LF inhibits the virus interaction with CD4 receptor, reducing inflammation (190). Soluble TLRs (sTLRs) interact with specific HIV structural proteins, inhibiting the activation of the virus (191). Breastfeeding nowadays represents one of the most successful prevention interventions for HIV (5).



Breastfeeding and Gastrointestinal Infections

Noroviruses are the most frequent causes of acute gastroenteritis among children, and human milk with its HMOs is able to protect breastfed infants against this infection. Recent studies demonstrate that the Norovirus interacts with histo-blood group antigens (HBGAs), and this binding is important for virus attachment to cells causing infection (192, 193). HBGAs have been found in saliva and on epithelial cells, and some authors demonstrate that HMOs mimic their structure (194). Weichert et al. (193) in their study showed how HMOs, specifically fucose, can block the HBGA binding site, inhibiting the virus interaction. To account that human milk contains 20 to 30 mg/l of fucose, the authors declare that breastfeeding works as a norovirus antiviral (183, 193). It is also well-known that rotavirus infection represents the most dangerous infection during childhood, specially between 6 months and 2 years; it can cause a very large number of gastroenteritis episodes and hospitalization, and it can be estimated that the virus can cause approximately 500,000 deaths in children under 5 years (4, 195). The infection is due to an interaction between the virus and an enterocyte, resulting in alteration of absorption and secretion of the intestinal tract (196). The World Health Organization and the major scientific society recommended that infants should be exclusively breastfed for the first 6 months (197), and in a recent review, the authors showed an interesting positive role of breastfeeding in reducing rotavirus infection prevalence among exclusively breastfed children (196). HMOs again have a crucial role. A recent clinical study has demonstrated that the rotavirus infection mechanism is similar to that of the norovirus one; indeed, an in vitro study documented that the rotavirus interacts with some type of HBGAs (32). HMOs at the same time block the binding of rotavirus to epithelial cells and modulate the apoptosis and the differentiation of epithelial cells, modulating intestinal susceptibility (198). HMOs, in norovirus infection, might work as specific antivirals, blocking the HBGA binding site and at the same time blocking the binding of rotavirus to epithelial cells (8, 187, 198, 199). According to some authors, HMOs play together with newborn microbiota, resulting in a better infection protection (200, 201). Therefore, the bioactive human milk mediators can improve the immune response after vaccine (198). During the last 20 years, scientists conducted a lot of studies about other human milk constituents and their impact on rotavirus infection. Before HMOs, the attention was for mucin proteins, butyrophilin, lactadherin, and LF. A lot of studies have shown the antirotavirus activity of these components, reducing virus infectivity and, in some cases, the interaction between the cells and the virus (202). Human milk oxysterols have broad antiviral activity inhibiting viral replication and are now considered involved in the innate immune response against viruses; in vitro studies have demonstrated a powerful activity against rotavirus and rinovirus and are considered an emerging class of antiviral effectors (102, 103).

Breast milk, in conclusion, represents a strong protection against a lot of enteropathogens because it is rich in immune and non-immune mediators; a large number of studies showed an important positive effect in diarrhea morbidity and mortality due to the mixture of all immunologic components (203).



Breastfeeding and Influenza Virus

Influenza viruses are three types of pathogens, A, B, and C; type A is the most frequent cause of influenza in humans, in children too. It can cause respiratory symptoms so the upper and the lower respiratory tracts are the specific infection sites. Generally, after the virus interaction with the respiratory tract, serum immunoglobulins are produced. It is known that these immunoglobulins protected the newborn through breast milk, but an important role is played by other immune mediators like antiviral cytokines that modify the respiratory epithelial cells blocking the interaction with virus (204). Prostaglandins PGE2 and PGEα inhibit the growth of parainfluenza virus 3 (205). LF can inhibit virus absorption and cell penetration too (206). Breast milk lipoproteins can cause cell lysis. Macrophage, IL, and IFN-1 modulate the immune response against viruses; in fact, a study demonstrates that high levels of IFN in human milk can mitigate influenza virus infections, especially H1N1 (204). Because of its structure, influenza virus interacts with HMOs, modifying virus affinity for epithelial cells (207). The importance of breast milk for infection prevention is due mostly to its biodynamic constituents.

In the last years worldwide, there were big viral infection outbreaks like avian influenza, Ebola virus, Zika virus, MERS coronavirus, and nowadays the big pandemic COVID-19. Mothers infected were always encouraged to breastfeed.

According to literature data, breast milk can be a source of viral infection, for example, Zika infection and others, but the bioactive mediators carried by milk can directly modulate the real infectivity of viruses (208, 209). The potential risk of infection should be compared with the large benefits of breastfeeding during the first 6 months of life.



SARS-CoV-2 and Breastfeeding

Generally, 229E, OC43, and HKU1 coronavirus are the common causes of cold. Instead, Middle East respiratory syndrome coronavirus (MERS-CoV), SARS-CoV, and the new SARS-CoV-2 cause severe respiratory symptoms with high pathogenicity and mortality in humans; SARS-CoV-2 generated a new pandemic disease called COVID-19 or coronavirus disease 2019 (210). This infection was due to a new type of coronavirus; these viruses have rapidly evolved and changed during the past years. SARS-CoV-2 is an enveloped, single-strand RNA virus that infected humans and also animals. They are able to alter the tissue specificity and to mutate rapidly in different epidemiological situations (211, 212); this genome is similar to the other coronaviruses and encodes the structural protein involved in viral replication, as spike (S), envelope (E), nucleocapsid (N), and membrane (M) as well as non-structural and accessory proteins. This will result in a large number of suitable therapeutic targets (213). Literature data suggest that the spike protein mediates attachment of the virus to the cell surface by interaction with its glycoprotein receptor (211, 212). A recent study found that a metallopeptidase, the angiotensin-converting enzyme 2 (ACE-2), could represent a receptor for the virus mediating the entry into host cells; to facilitate this entry, a large number of coreceptors are required (213). Moreover, taking into account the similarities between CoV and CoV-2, the crucial role of the heparan sulfate proteoglycans (HSPGs) on the cell might be thought like a mediator for virus binding and entering the host cell.

Nowadays, the new SARS-CoV-2 can cause a severe respiratory disease with fever, dry cough, severe dyspnea, and in some cases diarrhea; this clinical manifestation can evolve into pneumonia, metabolic acidosis, septic shock, bleeding, and unfortunately death (214, 215). In particular, SARS-CoV-2 has a high rate of contagiousness, and it can be transmitted through direct contact, aerosol droplets, and fecal–oral way, and both symptomatic patients and asymptomatic ones can spread viruses (216). Little is known about maternal–fetal transmission; during SARS–CoV, studies confirmed the possibility of vertical transmission, and pregnancy has been complicated by spontaneous abortion, oligohydramnios, and intrauterine growth restriction (IUGR) probably due by fetal thrombotic placenta vasculopathy with fetal vascular malperfusion (217). Stumpfe et al. (218) in their review suggest that CoV infection after the first trimester can reduce the placenta function. Limited information about MERS infection suggests better outcome; only 13 cases were reported (219). Recent studies documented that there is no evidence of transplacental transmission (144, 220–225), but more data are needed and some authors reported COVID-19 positive test 48–72 h after birth (226, 227). For real, it is unclear how CoV-2 interacts with the fetus during labor and delivery (228).

Important for the transmission are perinatal and postnatal routes through aerosol and droplets. For now, any evidence of the presence of CoV-2 in breast milk, but antibodies against the virus have been found. So, United Nations Children's Fund (UNICEF), WHO, Centers for Disease Control and Prevention (CDC), and other societies suggest to continue breastfeeding, but it is important to take all the respiratory precautions to prevent the spread of the virus (228). CDC underlines that the virus has not been found in human milk, and for now, it is unknown if affected mothers can transmit COVID-19 through their milk, so breastfeeding and the provision of human milk are strongly recommended by scientific organizations. To account for the benefits of breast milk, and the lack of evidence about the presence of the virus in the milk, it is important to continue breastfeeding with the necessary precaution like facial mask, washing hands, and disinfecting contaminated surfaces. Some authors suggest personalized prenatal intervention to explain to family the important role of human milk with its antibodies, HMOs, LF, and other mediators for the prevention of viral infection (229).

The American Academy of Pediatrics (AAP) (230) affirmed that breastfeeding can help to protect newborns against viral infection not only by the active mediators of human milk but also by avoiding the potential spread of virus through the handling of formula, bottles, and other supplies (231).

It has been reported that the immune response is essential to inhibit viral infection; this mechanism is mediated by genes that encode active mediators, like LF (232). During SARS-CoV, Reghunathan et al. (233) demonstrated increased levels of LF that through NK cell activity stimulated the immune response. LF blocks the interaction between CoV and HSPGs, inhibiting the binding with host cells (234). Moreover, it blocks virus spike protein binding with ACE-2, inhibiting the attachment and the fusion between virus and host cells (235). In the same way, LF could interfere with CoV-2 HSPGs and ACE-2 pathways. The study of Lang et al. (232) suggests that LF can inhibit the entry of SARS pseudovirus into host cells. It is known that the virus adhesion to the host cell is necessary for infection, and CoV-2 utilizes glycoprotein and ACE-2 metallopeptidase receptors; in the presence of receptor analogs, there will be a competition between these mediators and the virus. HMOs could interfere with virus binding, reducing the change of developing disease. No data are available, but probably future research could confirm this theory as in the case of influenza viruses. Pandey et al. (207) demonstrated that HMOs have an antiviral activity against a large number of avian influenza viruses, blocking the pathogen attachment to the host cells maybe in the same way this human milk mediators could inhibit the CoV-2 adhesion with host cells.




BREAST MILK FACTORS: A NEW TOPIC OF COVID RESEARCH

In this section, we reported the evidence in vivo and in vitro that shows how the bioactive components of breast milk are capable of performing functions theoretically useful in all pathogenic events recognized and described in the COVID disease (Table 1, Figure 4). Based on mechanisms regarding the effects of the milk factors, specific treatments could be developed in order to regulate the action of the immune system stimulating the specific contrast of the virus and blocking the start of a disproportionate and harmful immune response, in this disease, which continually shows new clinical aspects.
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FIGURE 4. Lung and gut epithelia, macrophages, and vascular endothelia are infected by SARS-COV-2 in COVID 19. Soluble (s) ACE2, inflammatory cytokines, cytokines receptors, chemokines and other factors are released by virus binding and cell infection. Vascular pathology in COVID 19 includes vasculitis, associated with endothelial cell death, increate vascular permeability, recruitment of inflammatory lymphocytic cells, fibrin deposition and reduction of lumen size; vascular thrombosis; and vascular embolization. Labò et al. (236).



Virus Invasion, Replication, and Release

CoV-2 gets inside the respiratory system through droplets (237). The viral glycoprotein on its capsid, the “spike protein,” binds the ACE-2 receptor and the RNA genome enters the host cell, mostly the alveolar cells, via receptor-mediated endocytosis. ACE-2 is a transmembrane protein expressed by lung alveolar epithelial cells, but also enterocytes and vascular endothelial cells (236). The spike protein is composed of two (S1 and S2) subunits. Once S1 binds the receptor-binding domain (RBD) of the ACE-2 receptor on the target cell, the HR1 and HR2 domains of the second subunit bring the cell and virus membranes in proximity to each other in order to facilitate their fusion and consequently the infection. Two spikes have been shown to bind an ACE-2 dimer at the same time. Simultaneously with the binding of the spikes to the ACE-2 receptor, the serine proteases type II transmembrane serine protease (TMPRSS) and furin carry out a modification of S2 structure, which allows the virus penetration into the host cell. Both endothelial cells and pneumocyte II express high concentrations of ACE-2 and TMPRSS. TMPRSS2 and furin are both essential for proteolytic activation and spread of SARS-CoV-2 in human airway epithelial cells (238, 239).

LF blocks the interaction between CoV and HSPGs, inhibiting the binding with host cells; moreover, it blocks virus spike protein binding with ACE-2 inhibiting the attachment and the fusion between virus and host cells. Therefore, LF has been listed as a drug candidate for the treatment of SARS disease (232, 234). Based on this concept, an ongoing clinical trial is studying the effect of a dual combination treatment with local solubilized intranasal spray formulation and oral administration (145).

Milk produced by infected mothers is a source of anti-SARS-CoV-2 IgA and IgG and neutralizes SARS-CoV-2 activity (240, 241). Mothers have unique profiles in their milk sIgA antigen-binding domains, the part of the antibody that recognizes and binds to the SARS-CoV-2 virus. It would be useful to determine whether this variability relates to which part of the virus the antibody recognizes, to the neutralization ability of the antibody, or to the severity of the illness in the mother (242).

However, other researchers have verified that the main antimicrobial components of breast milk, such as LF and IgA antibody, showed limited anti-coronavirus activity, but whey protein is a direct-acting inhibitor of SARS-CoV-2 infection by blocking viral attachment, entry, and even post-entry viral replication. This suggests that other factors of breast milk may play the important anti-COVID-19 role (243). Even with the limits of a preliminary and preprint report, and with the necessity of further investigation of its molecular mechanism of action in the context of SARS-CoV-2 infection, the data are interesting.



Hyperimmunity and Cytokine Storm

The interaction between the viral antigens and the host immune cells (244) results in activation of pro-inflammatory responses as vasodilation, an increase of vascular permeability and accumulation of humoral factors.


Toll-Like Receptor Pathway

The elevated inflammatory response against CoV-2 is represented by an abundant expression of pro-inflammatory cytokines, the products of the TLR signaling pathway (245, 246). TLR4 possesses a strong binding affinity to spike protein followed by TLR6 and TLR1.

Therefore, the interaction between TLR4, the most efficient innate immune receptor that induces proinflammatory responses after binding with the pathogenic ligand (247), and spike protein could be one of the reasons behind the immunopathological manifestation of COVID-19 (248, 249). The interaction could be more complex, involving TLR3, TLR5, TLR6, and TLR7 (245); specifically, TLR7 agonist has been proposed as a therapeutic option (250).

In a study with TRAM-TLR3/TLR4-deficient mice, it was demonstrated that affected mice are more susceptible to SARS-CoV than wild type; mice deficient in the TLR3/TLR4 showed increased weight loss, increased mortality rate, reduced lung function, increased lung pathology, and higher viral titers (251). Some authors have suggested a line of research that aims to identify signaling pathways altered during SARS-CoV-2 infections, and this may help to unravel the most relevant molecular cascades implicated in biological processes mediating viral infections and to unveil key molecular players that may be targeted (252).

Aberrant pro-inflammatory cytokine, chemokine, and IFN-stimulated gene signaling pathway were noted following infection in modified mice that were similar in human patients with poor disease outcomes following a SARS-CoV or MERS-CoV infection (251). These findings highlight the importance of TLR adaptor signaling in generating a balanced protective innate immune and targeting aberrant monocyte/macrophage activation to reduce the severity of the coronavirus-induced symptomatology.

There are two groups of TLR modulatory human milk components. One group includes lacto-N-fucopentaose III (LNFP III) and sialyl (α2, 3) lactose (3-SL), which increase TLR signaling. Another group includes sTLRs, soluble cluster of differentiation (sCD), lactadherin, and LF, β-defensin 2, and several oligosaccharides, which depress TLR signaling pathways (31).



Pro-Inflammatory Feedback Loop

CoV-2 infects the epithelial and endothelial cells and alveolar macrophages, triggering the generation of pro-inflammatory cytokines and chemokines (236, 253), including IL-6, IL-10, IL-1, IL-8, TNF-α, macrophage inflammatory protein (MIP1α, MIP1β, and MIP1), that recruit immune cells, neutrophils, and macrophages to the site of infection. As in other lung infections, severe lung inflammation is perpetrated by this invasion of neutrophils and macrophages into the alveolar space, which promotes further inflammation and establishes a pro-inflammatory feedback loop that results in damage to the endothelial and epithelial lung layers (254, 255). Similarly, during influenza virus and RSV infections, increased numbers of neutrophils in the lungs contributed to worse outcomes (256–258).

Human milk contains a well-developed anti-inflammatory system that includes several bioactive factors.

The HMOs of human milk inhibit the adhesion, mediated by lecithins, of leukocytes to the endothelium, a critical step in the expansion of the inflammation (1, 50), and suppress the infiltration of leukocytes and the immune response.

IL-10 of breast milk is a powerful anti-inflammatory, since it is able to inhibit the activity of Th1 effector cells, NK cells, and macrophages (62) and the production of several pro-inflammatory cytokines (IL-1, IL-6, IL-8, and TNF-α), thus attenuating the immune response. Human breast milk dramatically suppresses IL-8, the pro-inflammatory cytokine that is significantly in the severe form of the CoV-2 disease (236, 253).

Milk fat globule-EGF-factor VIII (MFG-E8) inhibits excessive neutrophil infiltration of organs, leading to moderate attenuation of organ injury and an improved survival rate in septic mice (259).

The inflammatory environment in COVID-19 enhances the production of reactive oxygen species (ROS), impairs lung barrier function, and increases vascular permeability, and, where ARDS is prolonged or unresolved, it can lead to fibrosis (260). Antioxidants are a significant part of the anti-inflammatory system in human milk and can counteract just the excessive production of ROS due to hyperoxia, reperfusion and/or inflammation, and ROS-induced tissue damage (166).



Cytokine Storm

The most serious aspects of the CoV-2 disease are related to an excessive immune reaction in the host called sometimes “cytokine storm” (143, 236, 245, 260–263). The effect is an extensive tissue damage. The protagonist of this storm is IL-6. It is produced by activated leukocytes and acts on a large number of cells and tissues. It is able to promote the differentiation of B-lymphocytes and the growth of some categories of cells, inhibit the growth of others, and stimulate the production of acute-phase proteins. In the lungs of human patients with fatal SARS, elevated levels of IL-6 were detected (264). In CoV-2 disease, increased levels of IL-6 were significantly associated with high hs-TnI levels (265), a cardiac-selective biomarker of myocardial infarction and injury (266).

However, anti-inflammatory cytokines such as IL-4 and IL-10 are also increased in COVID-19 patients, and their levels are also related to disease severity (143, 267). This demonstrates the close relation between pro- and anti-inflammatory pathways. Breast milk factors have known and unused implications in the complex system of inflammation.

Experimental studies proved that adiponectin expression is negatively regulated by pro-inflammatory cytokines, including IL-6 and TNF-α, whereas adiponectin modulates the action and production of TNF-α in various tissues, while hypoadiponectinemia is associated with increased IL-6 levels (268, 269).

Intraperitoneal injection of human milk hyaluronan suppresses immune activation in a murine model of colitis (270) and promotes the proliferation of anti-inflammatory IL-10-secreting Tregs (271).

Supplementation of the formula with TGF-β2 downregulated the pro-inflammatory cytokines as well as the number of activated lymphocytes, eosinophils, mast cells, CD80, and CD86 DCs. TGF-b2 suppresses macrophage inflammatory responses in the developing intestine and protects against inflammatory mucosal injury. Enterally-administered TGF-β2 protected mice from experimental NEC-like injury (272). Feeding formula deficient in TGF-β2 resulted in accumulated IL-18 protein release from intestinal epithelial cells and IL-18 mRNA upregulation (273, 274).

Enterocyte IL-18 is upregulated in Th1-associated diseases such as Crohn's disease (275).

The remission rates following the use of TGF-β-based preparations for the treatment of Chron's disease in adult patients are higher than 80%, and when correlated to traditional treatments with cortisone, they were equally effective but with fewer side effects and a better nutritional profile (277).

It was demonstrated that posttreatment with MFG-E8-derived peptide (MSP68) significantly reduces the inflammatory response, decreasing IL-6 levels, and attenuates organ damage in septic mice (259). It was also shown that MSP68 treatment improves the histopathology and the integrity of the lung tissue and decreases lung apoptosis. MFG-E8 has been referred to as a potent therapeutic agent in sepsis-associated acute kidney injury by improving renal functions. The treatment with recombinant mouse MFG-E8 attenuated the renal function biomarkers, which was accompanied by the reduction of renal tissue histological damage and inhibition of the expression of pro-inflammatory cytokines, chemokines, and cell adhesion molecules in the renal tissues (259).




Hypercoagulation

Another pathogenic event of the COVID-19 is procoagulant effect and diffuse thrombosis with particular involvement of the pulmonary but also cardiac vessels (236). Evidence supports the strong prognostic importance of the coagulopathy impact on affected patients (182, 216, 278, 279).

An additional LF property that was identified in an interesting study is to act as a natural and specific inhibitor of the uPA-mediated plasminogen activation. High levels of LF were reported to be secreted by apoptotic cells (140). In apoptosis, LF might be necessary to downregulate the extracellular plasmin activity to avoid unwanted degradation of the surrounding tissue, inappropriate cell migration, or activation of proenzymes.

This topic is relevant if we consider that pulmonary embolism, intestinal ischemia, and vasculitis are serious manifestations of COVID-19 (280–282) (Figure 4).

A hypothetical possible role could be played also by lactadherin that could function as an anticoagulant and thereby regulate hemostasis, thanks to the homology of the C2 domain to coagulation factors VIII and V, and the competition between them for platelet membrane-binding sites (152).



Multi-Organ Damage

The endothelium may appear to be the battlefield for COVID-19 (283). Systemic inflammatory vasculitis, secondary to endotheliosis, emerges to be the most feared complication in a SARS-CoV-2 infection, and the endothelium could be a secondary target of SARS-CoV-2 infection. The ubiquitous distribution of ACE-2 in blood vessels may underlie the multi-organ pathology of COVID-19 (265). The endothelial dysfunction results in reduced vasodilation, pro-inflammatory state, and prothrombin properties (159).

Several factors of human milk have shown protective and reparative abilities of the endothelium (1, 18). For example, some data identify that endothelial TLR4 critically regulates intestinal perfusion, leading to NEC, and reveal that the protective properties of breast milk involve enhanced intestinal microcirculatory integrity (284). Endothelial TLR4 activation impairs intestinal microcirculatory perfusion in necrotizing enterocolitis also via eNOS-NO-nitrite signaling (endothelial nitric oxide synthase). HMO-2'FL protects against NEC in part through maintaining mesenteric perfusion via increased eNOS expression (285).

In vitro and ex vivo animal studies have suggested an important role for milk-derived cytokines such as TNF (59), MFG-E8 (286), and IL-6 (96) on intestinal epithelial repair. Numerous functions in wound repair, coagulation, and host defense have been attributed to glycosaminoglycans (chondroitin sulfate, heparin sulfate, hyaluronan dermatan sulfate) (287), and many clinical studies have demonstrated the effectiveness of glycosaminoglycan preparations in enhancing wound healing (288).

Just about the reparative capacity, we recall the growth factors present in breast milk, as EGF promotes the growth and maturation of the fetal pulmonary epithelium and accelerates wound healing andVEGF, whose main role is the mediation of angiogenesis (27). Enteral EGF administration can increase the expression of the anti-apoptotic protein Bcl-2 and decrease levels of the pro-apoptotic protein Bax. The role of EGF in balancing apoptosis regulators provides implications of an opportunity for future therapeutic strategies to protect the intestinal barrier from injury in NEC (289, 290).

Growth factors are also secreted by breast milk stem cells (180). In fact, the concept for the potential therapeutic benefit of human milk stem cells (HMSCs) is largely based on the results of studies where HMSCs were cultured and differentiated in vitro followed by identification of the growth factors that they secreted (291, 292). For example, of particular importance for stroke therapy is the ability of certain subpopulations of these differentiated cells to produce VEGF and HGF and a protocol for culturing breast milk-derived cells that increase the production of these factors, which has been established (293). The regenerative power of HMSCs has not yet been defined, but the studies are very promising.



Human Milk Opportunities

During this period, the scientists are studying the disease caused by SARS-CoV-2, how bioactive factors of milk can modulate vertical transmission or otherwise affect the clinical presentation/disease trajectories of newborns. Milk from mothers who have COVID-19 could be a source of antibodies directed against the virus. Data indicate that there is strong sIgA-dominant SARS-CoV-2 immune response in human milk after infection in the majority of individuals (294). As with plasma antibodies, these maternally derived antibodies offer the potential as a therapy to help seriously ill patients (242).

But, since the set of all the factors would seem more effective in protecting and combating the infection, Dutch researchers (295), instead of isolating antibodies, plan to use whole milk as therapy and are studying various pasteurization techniques that make milk safe but also retain all important immune components (SARS-CoV-2 Research Highlights the Importance of Human Milk Immunobiology. International Milk Genomics Consortium, July 2020).



Multifunctionality

Most of the protective components of human milk may interact synergistically with each other or with factors related to the mucosal or systemic immune response (99). Moreover, the main factors are multifunctional and exhibit both antimicrobial and anti-inflammatory activities but also control of immune hyperactivity and some have simultaneously shown repairing skills (Figure 5). As demonstrated in some studies, multiple compounds that act through different mechanisms can exert combined protective and curative effects, and future investigations should evaluate the application of therapies consisting of a set of multiple components from milk (Figure 3).


[image: Figure 5]
FIGURE 5. Functions of breast milk factors in pathogenetic events of COVID disease. LF, lactoferrin; LA, Lactadherin; CK, Cytokines; CS, Chondroitin Sulfate; HMO, Oligosaccharides; AMPrs, Antimicrobial Proteins; AMPs, Antimicrobial Peptides, OPN, Osteopontin; TGFβ, transforming growth factor; TNFα, Tumor Necrosis Factor; EGF, Epidermal Growth Factor, HB-EGF, Heparin Binding EGF-like growth factor, VEGF, Vascular Endothelial Growth Factor; EPO, Erythropoietin, Lipids: omega-3 PUFAs, Omega-3+omega-6 PUFAs, FFAs: Free Fatty Acids, ADK: Adipokines, Ig: SIgA: Secretory IgA, IgM, IgG, Lys: Lysozyme, B defensing, TLRs: Toll-Like Receptor, Antioxidants, Anti-proteases (α-1-antitrypsin, α-1-antichymotrypsin, elastase inhibitor), mRNA: MicroRNA, Cells: Lactobacillus Spp, Bifidobacterium Spp, Leukocytes, Stem cells, Protectin, PGE1/E2: Prostaglandin E1/E2.


Furthermore, since the majority of bioactive factors in milk have not yet been identified, characterization of novel factors in milk will open the door to the development of novel antimicrobial therapies.

Giving seriously ill patients human milk would allow them to take advantage of the synergistic activities of milk immune factors that have evolved to improve survival in vulnerable infants and young children.



Tolerability

Human milk factors are well-tolerated and practically free of side effects, and ongoing studies should be intensified while others should be activated (276, 277). Their efficiency should be the maximum expression of the antiviral, anti-inflammatory, and immune modulation functions during the complex course of COVID-19 or as protective factors for the entire population, especially that part which is at the greatest risk. A goal could be the discovery of factors capable to reduce the severe evolution of the disease and the use of respiratory assistance in intensive care.



For the Infants

All the infants of the world must be fed with breast milk; in this way, they may be protected against COVID-19. The breastfeeding must extend over a period of 2 years (at least), as indicated by the WHO. Human milk with its mediators represents a complex immune element, which varies its composition to meet the needs of the mothers and children. Where mother's milk is not available, the alternative for premature baby or newborns with pathologies must be represented by human milk donated to the Human Milk Banks, which, although pasteurized, retains most of its anti-infectious properties (e.g., total savings of HMOs and fatty acids). Whenever human milk substitutes are needed, formulas added to milk bioactive factors should be preferred.




CONCLUSIONS

In recent years, due to the significant number of viral disease outbreaks worldwide, vaccines and antiviral drugs to control the spread are unable to account for the mutation rates of viruses and are not developing fast enough compared to the exponential spread of the disease. Human milk with its bioactive factors offers a potent solution to prevent and fight life-threatening infections. Many data are available about the common viral infections; few data about MERS and CoV and emerging data about CoV-2 are published. Immunoglobulins, LF, and HMOs with many other active substances represent antiviral mediators against the new CoV-2 that underline the important role of breastfeeding and of human milk as a possible source of protective and therapeutic elements during this pandemic infection.

Some of the bioactive components of milk are undergoing preclinical evaluation in various disease models, others are subjected to active clinical evaluation, and others are in clinical use.

The puzzle of the COVID infection is being put together over this period of months; however, the knowledge of breast milk is a much larger and complex puzzle, which is missing several pieces, and that is why we talk about the “mystery of breast milk,” and who knows, possibly from the study of this mystery, answers can be gained to help with the great epidemics of humanity.


Limitations

Only few data are available about the human milk's potential role against COVID-19, but a lot of studies documented the antiviral effect against many viruses.

The paper noted that some actions of breast milk factors were designed for use in adults, but most functions were described predominantly in the newborn.

The prevalent animal trial has been completed for other viral infections, and we need clinical trials for the better result.
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ABBREVIATIONS

SARS-CoV-2, severe acute respiratory syndrome-coronavirus 2; SIgA, secretory IgA; SIgM, secretory IgM; HMO, human milk oligosaccharides; 20-FL, 20-fucosyllactose; 30-SL, 30-sialyllactose; 60-SL, 60-sialyllactose; LNnT, lacto-N-neotetraose; AIEC, adherent-invasive Escherichia coli; LNT, lacto-N-tetraose; SCFA, short-chain fatty acid; CD4+ and CD8, T lymphocytes; Treg, regulatory T cells; NF-κB, nuclear factor kappa Beta; TLR, toll-like receptor; IL, Interleukin; PAMP, pathogen-associated molecular pathways; PNC, platelet–neutrophil complex; IFNγ, interferon γ; TNF, tumor necrosis factor; TGF, transforming growth factor; G-CSF, granulocyte colony-stimulating factor; M-CS, macrophage colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IL-1RA, IL-1 receptor antagonist; NEC, necrotizing enterocolitis; Th1, T helper type 1; Th2, T helper type 2; NK, natural killer; TGF-β, transforming growth factor β; FOXP3, forkhead box P3; EGF, epidermal growth factor; HB-EGF, heparin-binding epidermal growth factor-like growth factor; VEGF, vascular endothelial growth factor; CXC, chemokines; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; PPAR, peroxisome proliferator-activated receptor; PAF, platelet-activating factor; COX-2, cyclooxygenase 2; SPM, specialized pro-resolving mediator; FFA, free fatty acid; pIgR, polymeric immunoglobulin receptor; LF, lactoferrin; LBP, lipopolysaccharide binding protein; ICAM-1, intercellular adhesion molecule 1; CD54, cluster of differentiation 54; HBD, human β-defensin; OPN, osteopontin; ROP, retinopathy of prematurity; ROS, reactive oxygen species; SOD, superoxide dismutase; GPx, glutathione peroxidase; miRNA, microRNA; DC, dendritic cell; RSV, respiratory syncytial virus; HBGA, histo-blood group antigens; PGE, prostaglandins; MERS, Middle East respiratory syndrome; IUGR, intrauterine growth restriction; WHO, World Health Organization; CDC, Centers for Disease Control and Prevention; AAP, American Academy of Pediatrics; ACE-2, angiotensin-converting enzyme 2; RBD, receptor-binding domain; TMPRSS, type II transmembrane serine protease; LNFP III, lacto-N-fucopentaose III; sTLR, soluble Toll-like receptor; sCD, soluble cluster of differentiation; MFG-E8, milk fat globule-epidermal growth factor-factor VIII.
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Background: Coronavirus disease (COVID-19) is a respiratory and systemic disorder caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) or novel Coronavirus (nCoV). To date, there is no proven curative treatment for this virus; as a result, prevention remains to be the best strategy to combat coronavirus infection (COVID-19). Vitamin D deficiency (VDD) has been proposed to play a role in coronavirus infection (COVID-19). However, there is no conclusive evidence on its impact on COVID-19 infection. Therefore, the present review aimed to summarize the available evidence regarding the association between Vitamin D levels and the risk of COVID-19 infection.

Methods: A systematic literature search of databases (PUBMED/MEDLINE, Cochrane/Wiley library, Scopus, and SciELO) were conducted from May 15, 2020, to December 20, 2020. Studies that assessed the effect of vitamin D level on COVID-19/SARS-2 infection were considered for the review. The qualities of the included studies were evaluated using the JBI tools. Meta-analysis with a random-effects model was conducted and odds ratio with their 95%CI were reported. This systematic review and meta-analysis are reported according to the preferred reporting items for systematic review and meta-analysis (PRISMA) guideline.

Results: The electronic and supplementary searches for this review yielded 318 records from which, only 14 of them met the inclusion criteria. The qualitative synthesis indicated that vitamin D deficient individuals were at higher risk of COVID-19 infection as compared to vitamin D sufficient patients. The pooled analysis showed that individuals with Vitamin-D deficiency were 80% more likely to acquire COVID-19 infection as compared to those who have sufficient Vitamin D levels (OR = 1.80; 95%CI: 1.72, 1.88). Begg's test also revealed that there was no significant publication bias between the studies (P = 0.764). The subgroup analysis revealed that the risk of acquiring COVID-19 infection was relatively higher in the case-control study design (OR = 1.81).

Conclusions: In conclusion, low serum 25 (OH) Vitamin-D level was significantly associated with a higher risk of COVID-19 infection. The limited currently available data suggest that sufficient Vitamin D level in serum is associated with a significantly decreased risk of COVID-19 infection.

Keywords: vitamin D, COVID-19, SARS-CoV-2, review, meta-analysis


INTRODUCTION

Coronavirus disease (COVID-19) is a respiratory and systemic disorder caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) or novel Coronavirus (nCoV) (1). Severe Acute Respiratory Syndrome Coronavirus 2 is one of the coronavirus families, a family that was responsible for Middle East Respiratory Syndrome (MERS) and Severe Acute Respiratory Syndrome (SARS) (2). Coronavirus disease was first reported at Wuhan City, China in December 2020 (3, 4).

World Health Organization (WHO) declared the COVID-19 outbreak to be a public health emergency on January 30, 2020 (5) and a pandemic on March 11, 2020 (6). Till the 20th of December 2020, around 75 million COVID-19 cases and 1.7 million deaths were reported worldwide (7).

To date, there is no proven curative treatment for this virus; as a result, prevention remains to be the best strategy to combat COVID-19 pandemic. One of the preventive modalities is thought to be vitamin D (1, 25-dihydroxy vitamin D3) supplementation as evidenced by some observational studies. Some studies demonstrated that vitamin D deficiency (VDD) was associated with acute viral respiratory tract infection particularly caused by the influenza virus and acute lung injury (8, 9).

Vitamin D generally reduces the risk of microbial infection and death by modulating innate and adaptive immunity, and as a result of its antiviral and anti-inflammatory effects (10). Furthermore, vitamin D has a paramount effect on enhancing the expression of Angiotensin-converting enzyme 2(ACE-2), which is an important receptor mediating the pathogenesis of SARS-CoV-2 infection (11). Vitamin D can also enhance the expression of antioxidation-related genes, modulate adaptive immunity, and improves cellular immunity (12).

One challenge in halting this pandemic is the absence of proven treatment for COVID-19. Supplementation of vitamin D has been found to decrease viral acute respiratory infections, especially in persons with VDD (13). Considering the mechanisms of action of vitamin D, several studies have been conducted to evaluate the effect of vitamin D particularly in the context of the COVID−19 pandemic but continued to be an area of uncertainty and ongoing focus of attention (14, 15). However, the association between COVID-19 infection and VDD is still uncertain. Therefore, the present review is intended to summarize available literature regarding the impact of vitamin D level on COVID-19 infection.



METHODS AND MATERIALS

The results of this review are reported according to the Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guideline (16), with the following research question: Is Vitamin-D deficiency associated with increased risk of COVID-19 infection?


Inclusion and Exclusion Criteria

Using the PECO/PICO (population, exposure/Intervention, comparison/control, and Outcome) strategy, the studies that meet the following criteria were included in the study.

• Populations: Subjects participated in studies that assessed the impact of vitamin D level on COVID-19 infection.

• Exposure/Intervention: Vitamin D deficiency (VDD)

• Comparison: Sufficient vitamin D level

• The outcome of the study: COVID-19 infection (Positive or Negative).



Exclusion Criteria

• Studies with no accessible full-text

• Ecological studies

• Studies that did not report specific outcomes quantitatively

• Abstracts, comments, reviews, posters, and editorial reviews.



Information Sources and Search Strategy

We conducted a systematic search of databases (PubMed/Medline, Cochrane/Wiley library, Scopus, and SciELO) from May 15, 2020, to December 20, 2020, using key terms. Besides, reference lists of relevant studies were identified. The search strategy was built using a combination of keywords for the main axes of the research questions. The search strategy used terms related to (a) COVID-19/SARS-CoV-2 and (b) Vitamin D level/supplement. Search terms were pre-defined to allow a comprehensive search strategy that included text fields within records and Medical Subject Headings (MeSH terms) were used to help expand the search. We used Boolean operators (within each axis we combined keywords with the “OR” operator to expand the search and we then linked the search strategies for the two axes with the “AND” operator to narrow the search). No language restrictions were applied. When access to full-text articles was not available, authors were contacted through email.



Study Selection

Database search results were combined and duplicate studies were removed using Endnote (version 7) and manually. After duplicates removed, titles and abstract screening was done and studies that were irrelevant to the overarching research question and outcome of interest were excluded. Full-text articles that warranted further investigation were assessed using the inclusion criteria. Two reviewers independently screened information at each stage. The disagreement was resolved by the involvement of a third independent reviewer.



Data Extraction

Data extraction was done by two reviewers (AT, and ZA) using a standardized data extraction form. The following data were extracted from the included articles; characteristics of the study population, sample size, participant's status, and level of vitamin D, and outcomes of the study. The reported odds ratio (OR) or Risk ratio (RR) and the corresponding 95% CI or other relevant data were extracted. Any disagreement between the two reviewers was resolved by discussion and consensus. A third author (AA) was involved for persisted discrepancies. VDD and insufficiency was defined as a 25(OH) D level of <20 ng/mL (50 nmol/L) or as a 25(OH) D of 21–29 ng/ml (52.5–72.5 nmol/L), respectively, and sufficient/normal if 25(OH)D level was ≥30 ng/ml (17).



Risk of Bias Assessment

The methodological quality of the studies was evaluated by two reviewers (AT and ZA) using JBI tools (18). The two authors' resolved disagreements in the assessment of the risk of bias by discussion and consensus, consulting a third author (BG) for any persistent disagreements. The kappa statistic was used to assess the level of agreement during the risk of bias assessment by the two authors.



Study Outcomes

The primary outcome of the study was COVID-19 infection. We compared the risk of developing COVID-19 infection among VDD and normal Vitamin D levels.



Statistical Analysis

Stata software (version 11.0, Stata Corporation, College Station, TX, US) was used to determine the pooled estimate. We used the Odds Ratio (RR) with a 95%CI to estimate the impact of Vitamin D status on COVID-19 infection. The heterogeneity was evaluated using the Cochran's Q-test, deriving its magnitude from the I square (I2) (19), and considered to have substantial heterogeneity if the I2 was >50%, and the random effect model is chosen; otherwise, the fixed-effect model is used. Furthermore, a sensitivity analysis was conducted by sequential removal of each study to evaluate each study's impact on the overall pooled effect. The publication bias was evaluated using Begg's tests. In all the analyses, a statistical assessment was two-tailed and considered statistically significant at a p < 0.05.




RESULTS


Study Selection

As shown in the flow diagram (Figure 1), 318 studies were searched from all databases. Of which, 132 were excluded as duplicates using Endnote 7 software and manually. The remaining 186 studies were filtered according to the titles and abstracts; 93 studies were excluded due to unrelated themes. A full-text review was done for the remaining 93 studies and identified 14 studies that meet the inclusion criteria for this review.


[image: Figure 1]
FIGURE 1. Flow diagram showing the article search process.




Study Characteristics

Fourteen studies met the inclusion criteria with 91,120 participants. The sample size of the studies ranged from 134 to 79,381. The studies were conducted in Europe (14, 20–25), America (26, 27), and Asia (28–32). Moreover, the studies were cohort studies (14, 22, 25, 27, 30), case-control studies (20, 21, 26, 31, 32), cross-sectional studies (23, 28, 29) and interim audit (24) (see Table 1).


Table 1. Characteristics of included studies for the systematic review and meta-analysis.
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Results of Individual Studies

Our synthesis indicated that being vitamin D deficient was at higher risk of COVID-19 infection as compared to vitamin D sufficient. This review has shown that when there is lower serum 25(OH) D level, the risk or susceptibility to COVID-19 increases (27, 29).

In a study conducted in England among hospitalized patients with COVID-19, VDD was associated with greater disease severity. The study indicated that a higher prevalence of Vitamin D deficiency (VDD) was observed in patients requiring intensive therapy unit (ITU) admission compared to patients managed on medical wards (24). A retrospective cohort study in Switzerland found significantly lower 25(OH)D levels in COVID-19 positive patients compared with negative patients (14). On contrary, findings from the UK biobank did not support the potential link between vitamin D level and risk of COVID-19 infection after adjusted for confounders (25).

A case-control study in Iran found that the level of serum 25(OH) vitamin D was significantly lower in COVID-19 positive patients (p = 0.02) and it demonstrated that there was a significant relationship between the levels of serum 25(OH) vitamin D and the vulnerability to COVID-19 (32). Ye et al. also revealed that VDD was a risk factor for COVID-19, especially for severe/critical cases (31). Moreover, other studies showed a lower vitamin D level in COVID-19 patients than the control group (20, 21, 26). A study done in Saudi Arabia found that 74.7% of COVID-19 patients had VDD and they were 7 times at risk of mortality [HR 7.0 (CI 1.7–28.2); p = 0.007] (28).

A study from Belgium revealed that VDD is a prevalent risk factor for severe COVID-19 infection (23). Maghbooli et al. indicated that 25(OH)D levels of ≥30 ng/mL were associated with a significant decrease in the severity of clinical outcomes related to a COVID-19 infection (29). A population-based study from Israeli also reported that low plasma 25(OH)D level appears to be an independent risk factor for COVID-19 infection and hospitalization (22). Also, it was indicated that the odds of death were higher in COVID-19 cases with insufficient vitamin D status (28, 30).

A study done in Iran found that Improving vitamin D status in the general population and particularly hospitalized patients have a potential benefit in reducing the severity of morbidities and mortality associated with acquiring COVID-19 (29). Moreover, D'Avolio et al. in Switzerland stated that Vitamin D3 supplementation would be useful in the treatment of COVID-19 infection, preventing more severe symptoms and/or in reducing the presence of the virus in the upper respiratory tract and making the patients less infectious (14) (Table 1).



Risk of Bias Within Studies

The qualities of the included studies were evaluated based on the JBI critical appraisal checklist and studies with a quality assessment score of 50% and above were included in the review.



Results of the Meta-Analysis

Eight of the 14 selected studies reported the impact of vitamin D level on COVID-19 infection (20–23, 26, 27, 31, 32). Overall, pooled OR in the random-effect model showed that VDD was associated with an increased risk of COVID-19 infection (OR = 1.80, 95% CI: 1.72, 1.88). Accordingly, those individuals with an insufficient level of Vitamin D are 80% more likely to acquire COVID-19 infection as compared to those who have a normal level of Vitamin D. The forest plot showed substantial heterogeneity with I2 of 79.1% (Figure 2). Begg's test revealed there was no significant publication bias between the studies (P = 0.764). Subgroup analysis revealed that the pooled effect of VDD was 1.81 in case-controlled studies (OR = 1.81, 95% CI: 173, 190) (Figure 3).


[image: Figure 2]
FIGURE 2. Pooled effect of Vitamin D status and COVID-19 infection.
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FIGURE 3. Subgroup analysis based on study design.




Sensitivity Analysis

The sensitivity analysis revealed that the studies done by Kaufman et al. (26) and Hernandez et al. (20) were the influential studies on the overall pooled effect (Figure 4).


[image: Figure 4]
FIGURE 4. Sensitivity analysis showing the influential studies on the overall pooled effect.





DISCUSSION

In the present review, we observed a significant association between a low level of Vitamin D and the risk of acquiring COVID infection, which is supported by previous studies that revealed vitamin D has protective effects against acute respiratory infections (13). Moreover, a meta-analysis of randomized controlled trials showed that improving vitamin D status has been associated with a reduced risk of upper or lower respiratory tract infections (13). The possible role of vitamin D in infectious diseases like COVID-19 is explained by its regulatory role on acquired and innate immunity (33). Evidence also indicated that vitamin D might help in the treatment of COVID-19 by preventing the cytokine storm and subsequent ARDS which is commonly the cause of mortality (29, 34).

The pooled estimate showed that subjects with VDD were 80 % more likely to acquire COVID-19 infection (OR = 1.80; 95% CI: 1.72, 1.88), which is in line with the previous meta-analysis where vitamin D deficiency or insufficiency participants were at increased risk of COVID-19 infection (OR = 1.43, 95% CI: 1.00–2.05) (35). Besides, Ilie et al. reported that vitamin D levels are severely low in COVID-19 positive individuals and found a negative correlation between levels of mean vitamin D and COVID-19 infection (11).

This review showed that improving vitamin D status in the general population has a potential benefit in reducing the risk of acquiring COVID-19 infection. Evidence by Chandran et al. also recommends supplementation of vitamin D in patients with COVID-19 (36). A meta-analysis of randomized controlled trials (RCTs) concluded that the use of vitamin D supplements was associated with lower mortality in adults (37). A systematic review and meta-analysis on the effect of Vitamin D on ARTI reported that there is an inverse non-linear association between 25(OH)D concentration and risk of ARTIs (38). The evidence presented in this review showed promise for the use of Vitamin D supplementation to reduce the risk and severity of COVDI-19 infection.


Limitation of the Study

Our study has some strengths and limitations. The main strength of the current review lies in our adherence to international standardized guidelines on the conduct and reporting of systematic reviews. We included studies only from peer-reviewed journals, which may have restricted our findings. However, some of the limitations of our study include; most of the included studies were hospital-based studies and the data were from secondary sources that become more prone to high risk of bias.




CONCLUSION

In conclusion, low serum 25 (OH) Vitamin-D level was significantly associated with a higher risk of COVID-19 infection. The limited currently available data suggest that sufficient Vitamin D level in serum is associated with a significantly decreased risk of COVID-19 infection. Besides, further rigorous studies are needed to strengthen the evidence.
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Total mortality and “burden of disease” in Germany and Italy and their states and regions were explored during the first COVID-19 wave by using publicly available data for 16 German states and 20 Italian regions from January 2016 to June 2020. Based on expectations from 2016 to 2019, simplified Standardized Mortality Ratios (SMRs) for deaths occurring in the first half of 2020 and the effect of changed excess mortality in terms of “burden of disease” were assessed. Moreover, whether two German states and 19 Italian cities appropriately represent the countries within the European monitoring of excess mortality for public health action (EuroMOMO) network was explored. Significantly elevated SMRs were observed (Germany: week 14–18, Italy: week 11–18) with SMR peaks in week 15 in Germany (1.15, 95%-CI: 1.09–1.21) and in week 13 in Italy (1.79, 95%-CI: 1.75–1.83). Overall, SMRs were 1.00 (95%-CI: 0.97–1.04) in Germany and 1.06 (95%-CI: 1.03–1.10) in Italy. Significant SMR heterogeneity was found within both countries. Age and sex were strong modifiers. Loss of life expectancy was 0.34 days (1.66 days in men) for Germany and 5.3 days (6.3 days in men) for Italy [with upper limits of 3 and 6 weeks among elderly populations (≥65 years) after maximum potential bias adjustments]. Restricted data used within EuroMOMO neither represents mortality in the countries as a whole nor in their states and regions adequately. Mortality analyses with high spatial and temporal resolution are needed to monitor the COVID-19 pandemic's course.
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INTRODUCTION

On December 31, 2019, the World Health Organization (WHO) received information of a cluster of viral pneumonia in Wuhan, China (1). One week later, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified (2, 3), which has been spreading worldwide since. On March 11, the WHO declared corona virus disease a global pandemic (2). Although numerous questions concerning short- and long-term health consequences of infection remain (4–7), it is clear that COVID-19 can result in death.

Both Germany and Italy have been significantly exposed to SARS-CoV-2, but Italy has been hit much harder (8). Analyses of nine regions (9, 10) evinced significant excess mortality in February and March not only in Lombardy, but also in other regions that were not considered as infection hotspots. In Germany, available mortality information suggested a much lower overall mortality during the first COVID-19-epidemic wave, from March to June 2020 (11, 12). Males were more affected than females, and older people more than younger (10, 13).

For public health, it is crucial to monitor and compare deaths attributable to the virus at national and international levels (14), but also at regional levels. In China, such higher spatial resolution allowed insights into how surveillance and emergency response capabilities varied across the country (15). In the US, examining mortality in 477 cities and 3,113 counties demonstrated risk variations that can inform the allocation of counter-measures such as early vaccination (16). Herein, we extend prior analyses for Germany (11) and for Italy (10) by exploring Standardized Mortality-Ratios (SMRs) for January–June 2020 by sex and age (<65 years and ≥65years) in 36 “regions” (in 16 German states and 20 Italian regions), comparing with mortality in previous years (12). In addition, we quantify the associated “burden of disease” for Germany and Italy (17, 18), i.e., we estimate associated changes of “summary measures of population health” (19) and focus on loss of life expectancy. Finally, we assessed to what extent partial mortality information from two German states (Hesse, Berlin) and from 19 Italian cities, regularly explored by the European monitoring of excess mortality for public health action network (EuroMOMO) (20, 21), represents each country as a whole. EuroMOMO monitors number of deaths per week from 26 participating European regions/countries (21).

Thus, our project aimed to answer three questions concerning the January–June 2020 first wave of the COVID-19 pandemic:

(i) What was the excess mortality (elevated SMR) for females and males of different age in Germany and Italy, and in their states and regions?

(ii) What was the “burden of disease” for Germany and Italy?

(iii) How does mortality (SMR) in Germany or Italy and its states or regions compare with partial state or city information?



METHODS


Study Question (i)

For Germany, we analyzed all-cause mortality data by age (all ages, <65 years, ≥65 years) and sex (all sexes, female only, male only) published by the German Federal Statistical Institute (Destatis) (22) on 31 October 2020, specific for all 16 federal states from 1 January 2016 to 30 June 2020. For Italy, we analyzed data published by the Italian National Institute of Statistics (ISTAT) (23) on 10 August 2020, specific for all 20 regions for each day from 1 January 2016 to 30 June 2020. Death counts from Italy by sex were collapsed into age groups <65 years and ≥65 years. Mortality information was grouped by month and by week, thus facilitating investigation of temporal trends.

We calculated simplified SMRs with observed number of deaths in January–June 2020 (“observed”) and expected number of deaths (“expected”) as the average of those occurring in the same period in 2016–2019. SMRs were computed as the observed/expected ratio, with 95% confidence intervals (95%-CI) according to a Poisson distribution of death counts in 2020 (24, 25). We calculated arithmetic and geometric averages for 2016–2019 death counts, corresponding to a normal and lognormal distribution of death counts, respectively. We added variances from random errors within 2020 and between 2016 and 2019 on the log scale to derive extended 95%-CIs for SMRs, as recommended in random effects analysis (26), to account for the variation in death counts within 2020 and between the years 2016–2019. We note that our calculation of SMRs is simplified because the usual indirect standardization (24, 25) of the expected numbers by 5-year or 1-year age groups and by sex was not possible: the age distributions of the German populations were not available beyond 31 December 2019. In addition, the available categorization of death counts into two age groups was too coarse. This simplification may have led to biased estimates of SMRs if sizes and age-sex distributions change significantly between 2016 and 2020. However, it should not have affected substantially the comparison of SMRs across weeks in 2020 and by country, state, or region.

We used Poisson models with robust variance to estimate SMR changes across time and the influence of covariates/confounders (country, state/region, sex, age) on the SMR (24, 25, 27), also with over-dispersion parameters (negative binomial distributions) (28). SMR information was used in regression models taking both errors (“within” and “between”) simultaneously into account.

Different from EuroMOMO's regression fitting, which estimate a smoothed baseline mortality common to all years under observation to detect excess mortality (29), we contrasted mortality rates in 2020 with those from 2016 to 2019 using a ratio measure (SMR).



Study Question (ii)

We estimated the change in mortality rate during January to June 2020 as (observed-expected)/Pop with Pop as the size of the population. The effect on life expectancy over such a short time-period is linked to the change in mortality rate [Appendix A in (30), Equation 19 and Appendix B in (31)]. The associated relative change in life expectancy was determined as 100*(expected-observed)/Pop (expressed as percentage, with a negative sign indicating loss of life expectancy). Absolute changes were calculated by multiplying the relative change with the remaining life expectancy of the population. We calculated extended 95%-CIs by transferring the extended 95%-CIs of SMRs to the observed numbers. To address potential overestimation of the expected deaths (e.g., due to pronounced influenza periods during the reference years) we determined the minimum of SMRs across weeks and biased the expected deaths downwards by multiplying with this minimum SMR so that the resulting adjusted SMR curve was always ≥1 (sensitivity analyses). The evaluations were performed for subpopulations in Germany and Italy separated by age (all ages, ≥65 years) and sex (both sexes combined, female, male) and in combination. Remaining life expectancy at mean age was used for the total populations, but at age 65 for the subpopulations of age ≥65 years (resulting in an overestimate of effects). Population data were extracted from publicly available data at the German Federal Statistical Institute (32–35) and the Italian National Institute of Statistics (36–39). We report findings as relative or absolute losses of life expectancy, i.e., as the negative of changes in life expectancy in % or days, respectively.



Study Question (iii)

We contrasted January-June 2020 SMRs for Germany as a whole with SMRs for Berlin and Hesse, the only German states contributing to the EuroMOMO network (19, 20), and those for Italy as a whole with SMRs for 19 Italian cities, the sole Italian contributors to EuroMOMO (40).

All analyses were performed with Stata 14 (41). P-values <0.05 were defined as statistically significant.




RESULTS


Study Question (i)

During the first 6 months of 2020, both Germany and Italy experienced significant increases in mortality (Germany: week 14–18, Italy: week 11–18; Figure 1). The SMR peaked in week 15 in Germany (1.15, 95%-CI: 1.09–1.21), and in week 13 in Italy (1.79, 95%-CI: 1.75–1.83). Overall, the SMR was 1.00 (95%-CI: 0.97–1.04) based on 484,762 observed deaths in Germany, and 1.06 (95%-CI: 1.03–1.10) based on 354,425 observed deaths in Italy.
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FIGURE 1. Standardized Mortality Ratios (SMR) with extended 95% confidence intervals (CI, lo, hi) by week and month in Germany (G) and Italy (I) from January (week 1) to June 2020 (week 26) assuming a lognormal distribution of country-specific baseline death counts between 2016 and 2019.


In both countries, SMR curves by sex and by age were qualitatively similar to the respective total populations displayed in Figure 1, but mortality excesses were clearly higher in males and in people of age ≥65 years (Figure 2). Overall, this elevation in males was not significant in Germany (SMR = 1.02, 95%-CI 0.99–1.06) but was significant in Italy (SMR = 1.08, 95%-CI: 1.04–1.11). The average SMR was also elevated significantly among Italian females (1.05, 95%-CI: 1.01–1.10). In Germany, there was no significant overall mortality excess in the total population aged ≥65 years (SMR = 1.01, 95%-CI: 0.97–1.05), nor after separation by sex. In contrast, an 8% increase in mortality for the total population aged ≥65 years was observed in Italy (SMR = 1.08, 95%-CI: 1.03–1.12), which was less pronounced among females (SMR = 1.06, 95%-CI: 1.01–1.11) than among males (SMR = 1.09, 95%-CI: 1.06–1-13).
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FIGURE 2. Standardized Mortality Ratios (SMR) with extended 95% confidence intervals (CI, lo, hi) by week and month in Germany (G) and Italy (I) from January (week 1) to June 2020 (week 26) assuming a lognormal distribution of country-specific baseline death counts between 2016 and 2019: (A) females, (B) males, (C) age at death <65 years, (D) age at death ≥65 years.


In both countries the SMR for people younger than 65 years was neither elevated in the total populations nor in males or females. However, in Italy, the SMR increased up to 1.4 (95%-CI: 1.34–1.47) in week 13 (age <65 years, both sexes).

Overall and maximum weekly SMRs in January–June 2020 for each German state and Italian region are presented in Table 1. No German state but seven Italian regions showed significantly elevated overall SMRs; maximum SMRs showed a significant excess in 12 out of 16 German states and in 16 out of 20 Italian regions. Overall SMRs varied widely between states and regions, with a smaller span in Germany (Brandenburg: 1.04, Thuringia: 0.97) than in Italy (Lombardy: 1.48, Basilicata: 0.85).


Table 1. Standardized mortality ratios (SMR) with extended 95% confidence intervals (95%-CIs) for weeks 1–26 in 2020 in 16 states and 20 regions in Germany (G) and Italy (I), respectively, assuming a lognormal distribution of state/region-specific baseline death counts between 2016 and 2019.
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Most German states and Italian regions showed an SMR curve similar to those presented in Figure 1 for Germany and Italy, but there were exceptions. In Mecklenburg-Western Pomerania, SMRs showed a constant increase leading to an excess mortality in week 24; in Basilicata, almost all SMRs indicated a non-significantly decreased mortality (maximum weekly SMR = 1.01) and there was no systematic SMR pattern across time.

Although SMR curves among many states and regions showed a similar pattern across time (increase, peak, decrease), the findings differ substantially, e.g., in maximum SMRs. This is exemplified in Figure 3 which displays the contrast between Thuringia and Bavaria in Germany and between Sicily and Lombardy in Italy. Excesses were obviously larger in Bavaria and Lombardy, in agreement with overall and peak SMRs differing between the respective states and regions (Table 1).
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FIGURE 3. Standardized Mortality Ratios (SMR) with extended 95% confidence intervals (CI, lo, hi) by week and month in (A) Thuringia (T) and Bavaria (B) and (B) Sicily (S) and Lombardy (L) from January (week 1) to June 2020 (week 26) assuming a lognormal distribution of region-specific baseline death counts between 2016 and 2019.


Table 2 summarizes findings from three negative binomial regression models: one joint analysis of both countries and two country-specific analyses. All models include “week” as a categorical variable with 26 levels to take account of the non-linear time development of SMRs. The modeling effectively repeated the curvatures shown in Figure 1. Age and sex were shown to be strong modifiers of SMRs in all models (see Figure 2 for a demonstration of the impact of age and sex). The “country x week” and “country x age” interaction terms used in the joint analysis demonstrate significantly higher SMRs in Italy due to modifications by these variables (not so “country x sex”). We did not include “country” as a covariate because this is well reflected by the categorical “region” variable (all 36 “regions” from both countries were included simultaneously). Irrespective of the adjustments performed, Table 2 demonstrates a highly significant heterogeneity of SMRs across regions in Italy and in Germany (P < 0.0005). To exemplify this heterogeneity, we report the factor with 95%-CI for Thuringia and Bavaria (cp. Figure 3A) estimated from the German model (Thuringia: 0.99, 95%-CI: 0.97–1.02; Bavaria: 1.06, 95%-CI: 1.03–1.08) and for Sicily and Lombardy (cp. Figure 3B) estimated from the Italian model (Sicily: 0.94, 95%-CI: 0.90–0.98; Lombardy: 1.43, 95%-CI: 1.32–1.54). The differences shown in Figure 3 are clearly significant because confidence intervals do not overlap. The overdispersion parameter estimate was >0 in all models and pronounced for Italy. Regardless, fitting Poisson models with equidispersion did not influence the results remarkably. Similar findings were returned after dropping the “robust variance” option, when the mortality data was aggregated into months, and when expected number of deaths were based on a normal distribution.


Table 2. Negative binomial regression analysis (with robust variance estimation) of standardized mortality ratios with extended 95% confidence intervals for weeks 1–26 in 2020 assuming a lognormal distribution of baseline death counts between 2016 and 2019.
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Study Question (ii)

We report burden-of-disease findings as estimated losses of life expectancy during the first half of 2020 in Table 3, based on weekly mortality data and assuming a lognormal distribution of death counts between 2016 and 2019. The relative loss of life expectancy in Germany was 0.0025% for the total population and 0.012% for the male subpopulation. These estimates correspond to an absolute loss of 0.34 and 1.66 days, respectively. In Italy, the loss was significant and more pronounced: 0.035% for the total population and 0.042% in males, corresponding to 5.3 and 6.3 days, respectively. Restricting the analyses to deaths at age ≥65 years gives estimated relative losses in Germany of 0.020% (95%-CI: −0.07, 0.11%) for the total population and 0.074% (95%-CI: −0.02, 0.19%) in males; in Italy, estimated relative losses were 0.16% (95%-CI: 0.05, 0.25%) for the total population and 0.21% (95%-CI: 0.14, 0.30%) in males. Applying upper values of remaining life expectancy by using the values at the minimum age of 65 years, upper limits of corresponding absolute losses were 1.4 days for the total population (males: 4.8 days) in Germany and 13.7 days for the total population (males: 16.7 days) in Italy. Burden estimates based on a normal distribution of death counts between 2016 and 2019 or analyzing monthly data did not differ remarkably.


Table 3. Estimated loss of life expectancy by country and sex from January to June 2020 using mortality from January to June 2016–2019 as reference (lognormal distribution, weekly mortality data) with 95% confidence intervals (95%-CI).
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Study Question (iii)

For the German component, we fitted models restricted to Germany that included an indicator variable for states Hesse and Berlin combined, and an interaction term of this indicator with the categorical week variable. The overall SMR for Hesse and Berlin was about 1–2% higher than the SMR for Germany without Hesse and Berlin (not significant); the increase in the April SMR was lower in the two states (~2%). The SMR curve in Hesse and Berlin was thus structurally different from that of the other federal states in Germany. This different course of SMRs in Hesse and Berlin vs. Germany without these two states was evident in the weekly and monthly data and was clearly significant in the weekly data (interaction: P = 0.016). We note that Hesse and Berlin accounted for only 10.8% of all observed deaths in Germany during January to June 2020.

For the Italian component, we extracted observed and expected numbers of deaths for the 19 Italian cities (i.e., EuroMOMO's Italian data base) from two reports (42, 43). Observed and expected numbers were available (almost completely with few days missing) for the period February to June 2020. We compared these data with mortality data for Italy as a whole during the same period. The 19 cities accounted for ~11% of the observed deaths in Italy. The SMR was 14% higher than in Italy as a whole. This overestimate of the SMR was statistically significant—a Poisson regression model estimated the 95%-CI of the excess in the 19 cities as 13 to 15%, P < 0.0005. Other modeling approaches (Poisson model with robust variance estimation, negative binomial regression with or without robust variance estimation) confirmed this finding. We note that expected numbers of deaths were based on five reference years in the two reports (42, 43), whereas numbers for whole Italy were based on four reference years.




DISCUSSION

Our analysis of mortality during the SARS-CoV-2/COVID-19 pandemic focused on SMRs in Germany and Italy between January and June of 2020 and included population subcategorization by state/region, sex, and age. Thus, it allows comparing overall mortality between and within the countries, over time, and in different subpopulations.

Regarding study question (i), that Italy was hit earlier and much harder than Germany in the first half of 2020 was expected and corroborated by our systematic analyses (Table 2; Figures 1–3). Important insights were provided by higher spatial resolution through the analyses of 16 German states and 20 Italian regions. Stang et al. (11) argued that country-specific analyses need to complement pooled analyses across Europe (20). Our work shows that an aggregate look at a country can mask mortality changes in smaller areas of observation, which convey essential public health information. While the selected contrast “region” pairs in Figure 3 share qualitatively similar courses of SMR increases, they are very different quantitatively. Such information is key to understand the dynamics and conceivable risk mosaic of SARS-CoV-2/COVID-19-associated mortality over space and time. This is important in countries like Germany where federal states can enact policy different to recommendations made at the country level or like Italy where a regional tiered-approach as a mitigation strategy was enacted. Moreover, in both countries, increased SMRs for males and individuals above 65 years were detected. These differences show that separate statistics for different subgroups are needed to assess actual risks and to inform targeted prevention measures.

Regarding study question (ii), publications frequently focus on “excess deaths” (i.e., the difference between observed and expected deaths) to describe the potential effect of COVID-19 on mortality of a population (“burden of disease”) (20, 44, 45). This statistic suffers from three drawbacks. First, it depends on the size of the population studied, so comparisons across regions or countries are potentially biased. Second, if baseline death counts vary with season (and they do), excess deaths vary with this background even if the effect is the same in each individual. Third, this statistic conveys the wrong intuition that numbers of excess deaths were numbers of deaths due to COVID-19. Even if biases can be excluded, both figures can be far apart (18). In contrast, mortality rates are the “force of mortality” (25) and the ratio of mortality rates measures the change of this force due to exposure. Whereas deaths due to COVID-19 cannot be estimated from excess deaths without making unrealistic assumptions, changes in mortality rates can be transferred reliably into changes in life expectancy as an appropriate burden-of-disease measure (18).

Our estimates of loss of life expectancy during the first half of 2020 differ remarkably between the German and Italian populations (Table 3). This is in line with our findings about SMRs presented in Figure 1 and regression modeling results in Table 2. In addition, males suffered from larger losses than females, corresponding to differences in SMRs by sex as shown in Figure 2 and to significantly elevated regression coefficients among males (Table 2). Yet, our estimates of lost life expectancy are rather small. Among German and Italian males and females, the Italian males showed highest SMRs but the absolute loss was clearly smaller than 10 days in this group, i.e., definitely <0.1% of their remaining life expectancy (Table 3). This is small in comparison to loss of life expectancy due to lifestyle risk factors in German males, e.g., smoking more than 10 cigarettes/day (about 9 years of life lost), consuming more than 4 alcoholic drinks/day (about 3 years), or obesity, i.e., BMI>30 kg/m2 (about 3 years) (46). Of note, the exposure to SARS-COV-2 is over a short time-period (so far) while lifestyle factors are long-term exposures. In addition, the performed mortality comparison between 2020 and 2016–2019 might divert from the counterfactual difference between mortality in 2020 and the mortality we would have observed if COVID-19 had been absent. For instance, mortality in the reference years may have been driven upward by severe influenza periods not occurring in 2020. To address for this potential overestimate of expected deaths, we performed sensitivity analyses involving intentionally upward biased SMRs. The adjustment increased the estimates of absolute losses of life expectancy to 8.3 days for Germany and to 18.7 days for Italy, with an upper 95%-CI limit for Italian males of 25 days (Table 3). We conclude that the average burden of disease was probably < ~1–2 weeks of lost life expectancy in Germany and < ~2–3 weeks in Italy due to COVID-19 during the first 6 months of 2020.

Restricting analyses to deaths at age ≥65 years led to the relative losses of life expectancy increasing substantially by a factor of 4–8 in comparison to the average burden of the whole population and in males (see section Results). Adjusting the estimates in a biasing sensitivity analysis increased the estimated relative losses by a further factor 4–12 in Germany and 2–3 in Italy. We applied upper values of remaining life expectancy by using the values at the minimum age of 65 years to derive upper limits for the absolute losses. The combined procedure (upward adjustment by sensitivity approach and by maximum remaining life expectancy) resulted in upper bounds of absolute losses among the older populations (age ≥65 years) and similar in both sexes of 18 days (95%-CI: 11–24) in Germany and 45 days (95%-CI: 35–52) in Italy. Taken together, the average loss of life expectancy among the older population (age ≥65 years) was < ~3 weeks in Germany and < ~6 weeks in Italy due to COVID-19 during the first 6 months of 2020. Results from sensitivity analyses based on a normal distribution of death counts within 2016–2019 were similar albeit less pronounced when monthly data were used because minimum SMRs across weeks were smaller than across months.

“Burden of disease” must be interpreted in context. First, the estimates of loss of life expectancy refer to the total populations of Germany and Italy; specific victims will have experienced wide ranges of individual loss of life expectancy. Moreover, this burden due to COVID-19 is carried completely by the infected subpopulation, which comprised probably <10% of the total population in Germany and Italy until end of June 2020 (47–49). Assuming that the calculated relative loss in life expectancy among the populations would stem from the fraction of the infected only, the estimated relative loss among the infected would be much larger (it is inversely proportional to that fraction). Second, these observations were made with massive counter-measures taken. It would be remiss to speculate how many deaths and how much loss of life expectancy could have resulted from hospital overcrowding in Germany or Italy that was avoided or mitigated by radical actions. Third, our study merely assessed deaths in the first half of 2020. Possible medium- and long-term effects on life expectancy of those with SARS-CoV-2 infections who survived from January to June of 2020 are not appreciated in our calculations of “burden of disease.”

Regarding study question (iii), we note that Hesse and Berlin which serve as the database for Germany in EuroMOMO (20) accounted for ~11% of all deaths that occurred in Germany between January and June 2020. The SMR curve for Hesse and Berlin was structurally different from that of the other states in Germany. This different course of SMR in Hesse and Berlin vs. Germany without Hesse/Berlin was clearly evident in the weekly data. Supported by the general finding of a pronounced variation of SMRs across “regions” (Table 2), confining surveillance to two states may lead to bias. Data from “19 cities” which provide mortality data to the EuroMOMO “country-pool” on a weekly basis (20) accounted for ~11% of the observed deaths in Italy, suggesting that the SMR in the 19 cities is about 13% higher than in Italy as a whole. This difference in SMR is statistically significant. Summarizing our empirical results, data feeds from Hesse and Berlin and from “19 cities” neither represent the two countries' mortality as a whole nor in their states and regions from January through June 2020, at least not in this instance. In effect, EuroMOMO's approach to estimate what happens on a country level (and, after pooling, on a European level) needs discussion. Empirically, EuroMOMO lacks data representing the country level of Germany and Italy. Moreover, even if they had whole country level information, these data are not reliable to understand what has happened—and are not reliable to decide what should be invoked as countermeasures—at regional levels within Germany and Italy in 2020.

A general consideration for mortality analyses is the change in age structures over time. zur Nieden et al. (45) discussed the problem of missing age adjustment and explained the trend toward an older population in Germany from 2016 to 2019. Our evaluation of the change in age structure between 2016 and 2019 (35) showed an increase of the German population from 82,521,653 as of 31 December 2016 to 83,166,711 as of 31 December 2019 (+0.78%). The relative increase was larger in males (+0.84%) than in females (+0.73%), and in older (+3.32%) than in younger people (+0.10%), and particularly in males aged ≥65 years (+4.06%) compared to females aged ≥65 years (+2.74%). Our analysis of Italian population data (38) showed a decreasing population from 60,589,445 as of 31 December 2016 to 60,244,639 as of 31 December 2019 (−0.57%). This decrease was less pronounced in males (−0.36%) than in females (−0.77%). Of note, the number of people aged ≥65 years increased by +3.10%. This was more pronounced in males (+3.99%) than in females (+2.41%). In our view, the estimated changes in age-sex structures of the populations cannot explain observed differences in SMRs during 2020 within either country, or between Germany and Italy. Empirical evidence, supported by this study, suggests that COVID-19-associated mortality is higher in males than in females, and higher in older than younger people both in Germany and in Italy (10). Moreover, numbers of deaths are mainly driven by older people. Thus, SMRs as calculated in our study are potentially overestimated in Germany and Italy (despite a decreasing population segment) because we cannot adjust for age and sex appropriately. However, and importantly, they do not affect comparisons of SMRs substantially. We note that the amount of bias may vary within countries because changes were heterogeneous across states in Germany and regions in Italy (p < 0.05 always).

A recent report (50) explored mortality in Italy from February-May 2020, with an interrupted time-series analysis, modeling daily figures with smooth spline functions, and with a finer spatial resolution by aggregating data at the province level, and adjusting by age. The authors raised the point that deriving expected events from past years would not account for time trends in mortality and changes in the average temperature and the seasonal influenza epidemic. As previously discussed, we do not see a remarkable effect of missing age adjustment. As it concerns the effect of the weather conditions and the influenza pandemic, mentioned in (50), a recent geographic correlation study (51) explored their effect on COVID-19 cumulative incidence, mortality, and case-fatality rate. The authors did not observe an association between average March 2020 regional temperature and COVID-19 cumulative incidence, mortality, and case fatality rate. Instead, influenza vaccination rate in the elderly was inversely related to the three COVID-19 outcomes, and particularly mortality and case-fatality rate.

As for the analytical strategy, regression analysis “encompasses a vast array of techniques designed to overcome the numerical limitations of simpler methods. This advantage is purchased at a cost of stronger assumptions (25).” The regression model used in (50) constrains the excess mortality to start from null at the beginning of February whereas this excess mortality is shown to be negative (see Figures 1, 2A–D of this paper), and this model lead to underestimating the mortality ratio in the following weeks [see upper panel in Figure 3 of (50)].

The question “What effects did counter-measures have on mortality?” was beyond the scope of our study for several reasons. Compliance with counter-measures is uncertain. Reliable and comparable data on key contributors to the necessary mix of counter-measures such as systematic preparedness, including testing or contact tracing, are not yet available for Germany and Italy. Future work should explore the role of specific counter-measures, some of which might have had potential to harm rather than help (52).

We note further that it is not possible to adjust estimates of the effect of counter-measures for the potential confounding by seasonality of coronaviruses appropriately as demonstrated by Figure 1 of (53) and Figure 5 in (54). Prevalence of coronaviruses decreases between February and April, almost collinear to the reduction of observed mortality excesses when taking a latency of 3–4 weeks between infection and death from COVID-19 into account.

Overall, our work showed differential excess mortality for females and males of different age in Germany and Italy, with substantial variation by individual states and regions. Therefore, our work serves as proof-of-principle that use of publicly available mortality information by independent researchers can result in informative analyses for policymakers. Moreover, our findings challenge the use of partial mortality information for the two countries in EuroMOMO's international mortality database. We conclude that European and national institutions should explore and publish routinely collected mortality data with appropriate temporal and spatial resolution (55) to understand past, and to prepare for future, challenges (17).
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Background: The COVID-19 pandemic has placed an enormous strain on global health. Due to precautionary measures, the epidemiology of health conditions may have been affected. Saudi Arabia imposed a lockdown order on March 25, 2020. This study investigated the impact of the pandemic lockdown on injuries in a level-I trauma center in King Abdulaziz Medical City, Riyadh, Saudi Arabia.

Methods: This retrospective study identified all injured patients seeking emergency care during the lockdown period (March 25–June 21, 2020) and a similar period in two previous year (March 25–June 21) 2018 and 2019. The collected data included patients' demographics, injury types, mechanisms, and health outcomes.

Results: Two hundred sixty nine injured patients sought emergency care during the lockdown, while 626 and 696 patients were treated in the same period of 2018 and 2019, respectively. There was a significant reduction in motor vehicle crashes (OR: 0.47; 95% CI: 0.31–0.73) and burns (OR: 0.24; 95% CI: 0.08–0.66), coupled with a significant increase in assault injuries (OR: 2.20; 95% CI: 1.30–3.74) in the lockdown period compared to 2019. Apart from the intensive care unit (ICU) admission and hospital length of stay, there were no differences between the two periods in the health outcomes. ICU admission was significantly reduced by 57% during the lockdown period (OR: 0.43; 95% CI: 0.22–0.83). Mechanisms of injuries were not significant predictors of deaths or ICU admission or both in the lockdown period.

Conclusion: The COVID-19 lockdown had a clear impact on the volume and mechanisms of injuries. The findings highlight that injury risk factors are modifiable and emphasize the importance of public health measures for preventing injuries and the significance of maintaining trauma services capacity during pandemics.

Keywords: COVID-19, lockdown, trauma, injuries, epidemiology


INTRODUCTION

The COVID-19 pandemic has changed the global burden of disease (1). With the high spread of cases worldwide, the World Health Organization announced a “pandemic” status on March 11, 2020 (2). COVID-19 has placed a significant burden on the provision of healthcare and the sustainability of healthcare systems worldwide. Furthermore, morbidity and mortality due to COVID-19 have prompted drastic public health measures by governments and authorities to control the spread of the virus, including strict social distancing guidelines, prolonged school closure, reduced non-essential travels, and complete or partial lockdowns (3). Consequently, these measures reduced demand for healthcare systems (4).

Although applying such policies is likely to restrict the transmission of COVID-19, they can also impact the epidemiology of other health conditions, such as injuries, due to the constraints on daily life activities (5, 6). Globally, findings from multiple studies have shown an overall reduction in injuries, with no change in the type and severity during the pandemic (7). A study conducted in a single trauma center in the United States (US) found overall reductions in injury severity, mortality, and traffic-related injuries during the lockdown compared to a similar period in 2019. The study found significant reductions in pedestrian, motorcycle, and bicycle injuries in the lockdown period relative to 2019. Nevertheless, there were no significant reductions in motor vehicle crashes (8). Another US study found no significant decrease in crashes that resulted in severe or fatal injuries following the lockdown. The authors found that the lockdown only decreased traffic crashes resulting in non-serious or no injuries (9). A study conducted in Italy that investigated wrist and hand injuries found a significant reduction in traffic crashes during the lockdown period than in 2019 (10). Similarly, a decrease in trauma has been observed during the COVID-19 pandemic in Netherlands, New Zealand, Australia, South Africa, and Austria (11–16).

The government of Saudi Arabia took a series of measures in response to the COVID-19 pandemic following the discovery of the first COVID-19 case on March 2, 2020. The first three major measures were the suspension of Umrah pilgrimage, suspension of all schools and universities, and suspension of international flights. These measures were followed by imposing a partial lockdown and restricting movement between regions on March 25. Next, the country imposed a full nationwide lockdown from April 6 until May 28. After that, the lockdown was partially lifted from most of the cities, the travel between regions and domestic flights were permitted, and retail stores, shopping centers, and restaurants were reopened. On June 21, the lockdown was completely lifted from all regions of Saudi Arabia (17).

Road traffic injuries are a major public health concern in Saudi Arabia (18). They are the third leading cause of death and the leading cause of years of life lost (YLLs) (19). Around one-fifth of hospital beds in the country are regularly occupied by victims of traffic crashes, who also account for most trauma death cases (20). Thus, road traffic injuries pose a serious risk to the health and well-being of the Saudi population.

Even though global literature has examined trauma epidemiology during the COVID-19 pandemic, the impact of measures taken in the COVID-19 pandemic will likely vary across countries. Exploring the impact of COVID-19 lockdown on trauma in Saudi Arabia, where there is a huge burden of injuries, can enhance our understanding of potential preventive measures of injuries. In addition, evaluating the impact of lockdown on injuries can inform policies aimed to promote more sustainable and secure transport systems for the post-COVID-19 era. Therefore, we aim to investigate the impact of the pandemic lockdown on injuries in Riyadh city using data from a trauma registry. The study's objective is to compare the frequency, type, clinical characteristics, mechanism of injuries, and outcomes of injured cases during the lockdown compared to a similar period in the previous 2 years.



METHODS

This is a retrospective study of all trauma visits to King Abdulaziz Medical City (KAMC) in Riyadh. KAMC, which is located in the eastern part of Riyadh, has a bed capacity of 1,501. Although the catchment area of KAMC is the eastern part of Riyadh; some patients are transferred from other hospitals because KAMC is an advanced trauma center. KAMC meets the criteria for a level 1 trauma center and a designated site to provide courses in Advanced Trauma Life Support (ATLS) (21).

The study focused on 3 years of data to compare trauma patterns and outcomes (between March 25–June 21, 2020, March 25–June 21, 2019 and March 25–June 21, 2018). All patients with trauma presented to the emergency department during the two periods were included in this study. Patients were identified from the KAMC trauma registry (18). This registry was initiated in 2016 and included any patient that is admitted to the hospital following any physical injury. In addition, patients who died either prior to arrival or after medical care are also captured. Three trained coordinators identify patients from the electronic medical record system using the International Classification of Disease (ICD) 10th version and then enter their information into the registry. The study used a predesigned data collection sheet to collect data from the trauma registry. The IRB approval was obtained from KAIMRC Institutional Review Board (NRC21R/027/01).

The variables collected include patients' demographics, injury type, mechanism, and health outcomes such as death, intensive care unit (ICU) admission, and hospital length of stay. The registry employs quality checks every year by taking a random sample of 100 records and validating them. The primary outcome variables included in the study were: mortality, Injury Severity Score (ISS), admission to the ICU and disability. We captured disability based on the functional independence measure (FIM), which was evaluated at discharge from the hospital (22).


Statistical Analysis

SPSS version 21.0 software (SPSS Inc., Chicago, IL, USA) was used to perform all analyses. Frequency and percentage were used to report categorical variables and mean and standard deviation (SD), or median and interquartile range (IQR) to report continuous variables. To assess the bivariate relationships between the year of emergency department (ED) admission and several variables of interest including demographic and clinical characteristics, Chi-squared test, for categorical variables, and Non-parametric Kruskal Wallis test for continuous variables. Analysis of Variance (ANOVA) was used to test for age distribution across the years of ED admission.

Multivariable logistic regression models were constructed to assess how the year of ED admission—the independent variable (IV)—can predict the dependent variables (DVs), including mechanism of injuries (Yes/No), mortality (Yes/No), ICU admission (Yes/No), ISS (mild/moderate/severe), disability score (totally independent/partially or totally dependent), and hospital length of stay (continuous). Covariates included in the logistic regression models were age, gender, occupation, marital status and comorbidities including diabetes mellitus, hypertension, respiratory diseases, dyslipidemia, depression, and smoking status as well as prehospital transportation and vital signs upon arrival into ED. Length of stay was modeled using multivariable negative binomial regression adjusting for the same covariate. Finally, a stratified analysis by the year of ED admission was conducted to investigate the influence of each mechanism of injuries—as independent variables (IVs)—in predicting the death or ICU admission or both—as dependent variable (DV)—during the lockdown period in 2020 compared with the similar periods of 2018 and 2019. Thus, a subgroup analysis among those with injuries resulting in either death and ICU admission or both were conducted. That is, either death and ICU admission or both were evaluated as a single variable to increase the test power of evaluating adverse outcomes. Model assumptions including multicollinearity and linearity were investigated. Also, overdispersion was assessed for negative binomial regression. No violation of the assumptions was observed. A P-value < 0.05 was considered significant in all analyses.




RESULTS


Demographic and Clinical Characteristics

A total of 1,591 injured patients presented to ED and were included in this study. Of those, 626 (39.3%) were in 2018, 696 (43.7%) were in 2019, and 269 (16.9%) were in 2020. The distributions of age and gender were approximately similar for those who were admitted in 2019 and 2020. That is, the mean age and SD of the patients admitted were 32.1 (23.5), 31.9 (23.4) and 32.7 (23.5) for 2018, 2019, and 2020, respectively. Approximately two-thirds of injured patients were males in both years (71.9, 71.6 and 72.9% for 2018, 2019, and 2020, respectively). In addition, less injuries among unemployed were observed in 2020 (37.5%) as compared to 2018 (57.5%) and 2019 (48.4%). Also, injuries among children were less in 2020 (16.7%) as compared to 2018 (25.6%) and 2019 (17.8%). In addition, comorbidities including diabetes, hypertension, respiratory diseases, dyslipidemia, depression, and smoking status appeared to be almost similar across the 3 years. Transportation mode to the hospital was significantly different between 2018, 2019, and 2020 (ambulance: 24.3 vs. 25.7 vs. 30.5%; Private: 38.8 vs. 26 vs. 30.9%; P-value < 0.001). The Glasgow Coma Scale and other vital signs, including systolic blood pressure, heart rate, oxygen saturation, and respiratory rate measured upon ED admission were not significantly different between 2018, 2019, and 2020 (Table 1).


Table 1. Demographic and clinical characteristics of patients presented in ED with injuries.
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Mechanism of Injury

Regarding the differences in injury mechanism, results from multivariable logistic regression show that the odds of an injury mechanism being related to a motor vehicle crash was 53% lower in 2020 (during COVID) compared to 2019 (pre-COVID) (OR: 0.47; 95% CI: 0.31–0.73). Also, the odds of injuries caused by burns were reduced by 76% in 2020 as compared with 2019 (OR: 0.24; 95% CI: 0.08–0.67). On the other hand, the odds of an injury mechanism being related to assault was over 2-fold higher in 2020 compared to 2019 (OR: 2.20; 95% CI: 1.30–3.74). Moreover, there was a borderline significant increase in injuries due to contact with sharp glass from 2019 and 2020 (OR: 1.65; 95% CI: 1.00–2.77) (Table 2 and Figure 1).


Table 2. The association of the lockdown period of 2020 and the similar periods of 2018 and 2019 with several mechanisms of injury presented as odd ratios (OR) and 95% confidence interval (CI)a.
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FIGURE 1. Percentages of traumatic injuries presented in emergency department during the lockdown period in 2020 compared with those from similar periods of 2018 and 2019. aP-value (P) are produced from Chi-squared test. P-value is considered significant when <0.05. bMVC, Motor-vehicle crashes. cMBC, Motorcycle and bicycle crashes.




Outcomes

The major outcomes of interest in this study, including death, injury severity, and disability were not significantly predicted by the year of admission. However, the odds of injury-related ICU admission was 57% lower during lockdown period in 2020 compared to the similar period in 2019 (OR: 0.43; 95% CI: 0.22–0.83). In addition, results from multivariable negative binomial regression indicated that those who were admitted during the lockdown period in 2020 had significantly lower days of stay in the hospital (−0.35 log days) compared to those who were admitted in the similar period in 2019 (Table 3).


Table 3. Outcomes: Death, ICU admission, injury severity, disability and hospital length of staya.
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Causes of Death or ICU Admission or Both

The number of deaths or ICU admission or both in 2018, 2019, and 2020 were 123, 127, and 34, respectively. Results from stratified analysis by the year of ED admission show changes in the predictors of death or ICU admission or both across the years of admission. That is, major predictors of death or ICU admission or both in 2018 were motor-vehicle injuries (OR: 4.18; 95% CI: 1.06–16.47), motorcycle and bicycle injuries (OR: 9.01; 95% CI: 2.18–37.22), pedestrian injuries (OR: 11.85; 95% CI: 2.69–52.17), assaults (OR: 3.86; 95% CI: 1.04–14.32) and burns (OR: 9.17; 95% CI: 2.47–30.04). Regarding 2019, major predictors of death or ICU admission or both were pedestrian injuries (OR: 4.13; 95% CI: 1.18–14.51), burns (OR: 9.67; 95% CI: 3.08–30.31) and poisoning (OR: 13.84; 95% CI: 3.07–62.37). In 2020, however, none of the previously mentioned mechanisms of injuries were significant predictors of deaths or ICU admission or both (Table 4).


Table 4. Causes (significant predictors) of death or ICU admission or botha.
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DISCUSSION

The present study was designed to determine the impact of the pandemic lockdown on trauma in Saudi Arabia. We found that Covid-19 had an impact on trauma epidemiology, but perhaps the most striking finding is the significant reduction of trauma admission in general and motor vehicle crashes specifically. Surprisingly, the admission year did not predict death, injury severity score and disability. However, ICU admission and hospital length of stay were significantly reduced.

One of the main findings of this study is the clear reduction of injured patients presented to ED by 61.3 and 57% during the COVID-19 pandemic compared to the same period in 2019 and 2018, respectively. Demographic factors including age, gender, marital status, and comorbidities were similar between the pandemic year and the two previous periods. Our findings were not surprising and can be explained by the restriction of the movement during the lockdown period in Saudi Arabia, and they are consistent with similar reports from many parts of the world. For example, a study conducted in a level 1 Trauma Center in the US found a similar pattern (23). Furthermore, the percentage of reduction in trauma admission found in the present study is comparable to the estimates found in the literature. A recent scoping review found that the global reduction of trauma admissions during COVID-19 ranges between 20.3 and 84.6% compared to previous control periods (7). The most plausible explanation for such an observation is the public's adherence to lockdown and societal distancing principles.

Furthermore, we observed changes in the transportation mode, in particular an increase in using private vehicles for transportation to the hospital during the COVID-19 pandemic compared to the same period in 2020. This is in line with a previous study conducted in a trauma center in the US (8). A possible explanation for this change could be related to the fact that private cars are more acceptable in the Saudi community, and most of the trauma patients are living not far distance from the hospital. Moreover, there is a possibility that the emergency medical services (EMS) were overwhelmed with COVID-19 cases, causing a delay in transportation (24), which might lead to more people deciding not to wait and drive to the hospital themselves. An alternative explanation could be the increase of assault injuries and poisoning, which usually results in superficial injuries and is more likely to be transported using private vehicles. However, it should be highlighted that a previous local study conducted in Saudi Arabia demonstrated that over half of trauma patients arrived at the hospital via private transportation (25). Furthermore, consistent with the literature, the present study found that admission vital signs and comorbidities were similar between the COVID-19 pandemic period and the same periods in the previous 2 years (8).

We observed a general decrease in motor vehicle crashes and burns in terms of the mechanisms of injury in the COVID-19 pandemic. This is coupled with a significant increase in assault injuries and contact with sharp glass from 2019 and 2020. In accordance with these findings, previous studies have demonstrated similar trends in the etiology of injuries during the COVID-19 pandemic. A decrease in traffic-related injuries was observed in studies conducted in the US (23), the UK (26), Europe (27, 28), Australia (13, 29), and South Africa (14, 15). The present study's findings also accord with earlier observations from different studies, which showed an increase in assault injuries during the COVID-19 pandemic (30, 31). The decrease in traffic-related injuries and motor vehicle crashes reflects the drop in travel and the presence of fewer vehicles on the road due to the implementation of movement restrictions, lockdown measures, working from home policies, and the closure of schools.

On the other hand, the increase in assault injuries might be related to domestic violence, stress, depression, anxiety and the economic crises related to lockdown (32–34). In this study, we observed an increase in the proportion of falls during the lockdown compared to a similar period in 2019 and 2018 (36.4 vs. 33.2, and 35%, respectively). However, this increase was not statically significant. A scoping review on trauma during the pandemic found that falls from 2 meters, which is usually encountered by older adults, and falls from heights, which is common among children have increased during the pandemic (7). Moreover, we did not observe significant changes in foreign body, and poisoning between 2020 and 2019. A possible explanation for this might be that these injuries usually occur indoor. Thus, the exposure to risk factors did not decline.

Surprisingly, the admission year only predicted ICU admission and hospital length of stay. The admission year did not predict the other major outcomes, including death, injury severity score and disability. Previous studies found no differences in in-hospital outcomes, including ISS, death, ICU admission, and hospital length of stay between the pandemic year and previous periods (30, 35, 36). It should be highlighted that some studies which analyzed the whole pandemic year have observed a decrease in traffic death during the lockdown period, however, these changes were not sustained during the whole pandemic year (37, 38). These findings have significant implications for the management and workforce planning of trauma services during future pandemics or disasters. It emphasizes the value of sustaining adequately resourced trauma facilities and updating emergency preparedness plans for the post-COVID-19 era.

Even though there were no differences in major outcomes of the study apart from the ICU admission and hospital length of stay, we observed that motor-vehicle crashes, motorcycle and bicycle injuries, pedestrian injuries, assaults and burns were strong predictors of combined ICU or death outcome in 2018. On the other hand, in 2019, pedestrian injuries, assaults, burns and poisoning were strong predictors of combined ICU or death outcome. However, In the lockdown period, there was no significant predictors of the combined outcome. These findings provide some support for the conceptual premise that traumatic-related injuries are preventable. Clearly, public health measures had an impact on the number and mechanisms of traumatic injury seen. Therefore, further governmental public health measures are crucial for alleviating the burden of traumatic-related injuries in the post-COVID-19 era.

Some limitations need to be addressed regarding the present study. First, the study was conducted using data from a single-center, and thus the findings might not be generalizable to different cities and regions in Saudi Arabia. Second, as this is a retrospective study and inherits limitations may affect our results. Despite these limitations, this is the first study to assess the impact of governmental public health measures on traumatic injuries in Saudi Arabia. The study certainly adds to our understanding of the impact of COVID-19 lockdown on injuries. Further work needs to be done to establish whether the findings are generalizable to the whole country of Saudi Arabia. A national multicenter study is warranted to confirm our findings and further assess the impact of government public health measures on traumatic injuries epidemiology and outcomes to inform policies aiming to prevent traumatic injuries in the future. Future studies should also examine whether the observed changes and trends will reverse when the pandemic is over.

In conclusion, the COVID-19 pandemic and the lockdown had a clear impact on the volume and mechanisms of injuries. There was a clear reduction in the number of trauma cases, a significant decrease in motor vehicle crashes and burns, and a significant increase in assault injuries. The study's findings highlight the importance of governmental public health measures for preventing traumatic-related injuries and the significance of maintaining trauma services capacity and workforce during future pandemics and disasters.
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Objective: We investigated whether there were sex differences in adverse reactions to an inactivated SARS-CoV-2 vaccine among medical staff in China.

Methods: From 24 February to 7 March 2021 an online cross-sectional survey was conducted with a self-administered COVID-19 vaccine questionnaire among medical staff in Taizhou, China. In total, 1397 interviewees (1,107 women and 290 men) participated in the survey.

Results: In our study, 178 (16.1%) women and 23 (7.9%) men reported adverse reactions following their first vaccination, and 169 (15.3%) women and 35 (12.1%) men reported adverse reactions following their second vaccination. After adjusting for confounding factors, adverse reactions to other vaccines, worry about adverse reactions, knowledge of the inactivated vaccine being used in the hospital, taking the vaccine for one's family proactively and receiving an influenza vaccination were significantly related to adverse reactions to both injections in women. In contrast, in men, concerns about adverse reactions independently increased the risk of adverse reactions following either vaccination, and a history of adverse reactions to other vaccines also increased the risk of adverse reactions to both injections.

Conclusions: Sex differences in the frequency of reported adverse reactions to an inactivated SARS-CoV-2 vaccine and potential factors were demonstrated in a sample of medical staff.

Keywords: adverse reaction, sex difference, SARS-CoV-2, COVID-19, inactivated vaccine


INTRODUCTION

Coronavirus disease 2019 (COVID-19) has swept across the world since the discovery of the novel coronavirus in Wuhan in December 2019. Vaccination to prevent severe acute respiratory syndrome coronavirus (SARS-CoV-2) infection is considered the most promising approach for controlling the pandemic. As of 1 June 2021, at least 13 different vaccines (across four platforms) have been administered, and six different vaccines have been listed for WHO Emergency Use Listing (EUL) (1), including the Pfizer/BioNtech Comirnaty vaccine, the AstraZeneca vaccine (AZD1222), the Janssen vaccine (Ad26.COV 2.S), the Moderna COVID-19 vaccine (mRNA-1273), the Sinopharm vaccine, and the Sinovac-CoronaVac. These vaccines have been demonstrated to be safe and efficacious. In China, two inactivated virus vaccines (the Sinopharm vaccine and the Sinovac-CoronaVac) were the first approved for mass vaccination. Although vaccines are widely available and vaccination rates are rising, people remain reluctant to get vaccinated immediately. Following a number of severe cases of blood clots after vaccination, some European countries have temporarily suspended AstraZeneca (AZD1222) vaccinations either fully or partially due to fear regarding thrombosis (2). Therefore, there is an urgent need to monitor and evaluate the safety of post-marketing vaccines as soon as possible.

It has been found that COVID-19 produces more severe symptoms and higher mortality among men than among women (3). Given the natural differences between two genders, women have stronger immune responses to foreign antigens and to self-antigens than men (4). Sex disparity should be taken into account in treatment and vaccine development. According to experience in monitoring adverse reactions to vaccines, many vaccines have shown sex differences (5, 6). Women tend to be more sensitive to vaccine reactions and are more prone to frequent and severe adverse effects. However, few studies to date have reported adverse events by sex, and very few analyses have evaluated sex differences in regard to the safety of SARS-CoV-2 vaccines.

Our previous real-world observational study indicated that the CoronaVac vaccine is safe because of the low proportion of self-reported adverse reactions (7). In this study we aimed to further explore sex-specific differences in adverse reactions to the vaccine, and to identify potential factors related to adverse reactions.



MATERIALS AND METHODS


Study Design and Population

A cross-sectional survey was conducted among medical staff via the largest online survey platform (Wen-Juan-Xing) in China from 24 February to 7 March 2021. The inclusion criteria were all health professionals and administrative support staff aged 18–60 years who worked and were vaccinated with the Sinovac-CoronaVac COVID-19 vaccine at a tertiary hospital. Staff with an allergic constitution, neurological disorders including seizures and encephalopathy, severe chronic disease, or immunodeficiency disease as well as lactating/pregnant women were excluded. The details of the study design have previously been described (4). The interviewees received an invitation message or email to participate in the survey once or twice. Among the 3013 staff who completed their vaccination with two doses, a total of 1,397 interviewees responded to the questionnaire, including 1107 (79.2%) women and 290 (20.8%) men. The response rate was 46.4%. This study was exempted from informed consent and was approved by the Ethics Committee of Taizhou Hospital of Zhejiang Province (Approval number: K20210217) in China. All procedures were performed in accordance with the guidelines of our institutional ethics committee and adhered to the tenets of the Declaration of Helsinki. All participants' information was anonymous.



Questionnaire

The structured questionnaire used in this study was shown in the Supplementary Material. Solicited and unsolicited local reactions and systemic adverse events during the period of one week following vaccination were collected. Local adverse reactions included adverse reactions at the injection site, such as pain, induration, redness, swelling, or itching. Solicited systemic adverse reactions included muscle pain, fatigue, headache and/or dizziness, fever, vomiting, diarrhea, appetite impairment, nausea, allergic reaction, urticaria, rash, severe fever, lymphadenopathy, cough, throat pain, stuffy, and runny nose. The unsolicited adverse reactions included other adverse reactions with an open-text response option in the questionnaire, such as menstruation, chest pain, and numbness of limbs, which were absent or seldom in the manual. Knowledge of the inactivated vaccine being used in the hospital was measured by the following question: “What platform of the COVID-19 vaccine do you think is being used in our hospital?” Attitudes towards the COVID-19 vaccine were tested by the questions “If conditions permit, will you take the COVID-19 vaccine for your family proactively?” and “Are you concerned about adverse effects of the COVID-19 vaccine?” History of adverse reactions to other vaccines, influenza vaccination, allergies, and underlying diseases was classified as yes or no. Health status and sleep quality before vaccination were categorized as good or bad. Positions were grouped into health professionals (doctors, nurses, medical technicians or pharmacists) and administrative support staff. Overweight and obesity were defined as a BMI greater than or equal to 24 kg/m2 according to Chinese criteria.



Statistical Analysis

Categorical variables of adverse reactions and basic characteristics are displayed as counts and percentages in women and men; the chi-square test was used to initially assess possible influencing factors of adverse reactions post vaccination for each sex. Multinomial logistic regression is an extension of the (binary) logistic regression if the categorical dependent outcome has more than two levels. This model was then applied to identify the influencing factors of adverse effects, and the odds ratio (OR) and 95% confidence interval (CI) were calculated. All data were analyzed using IBM SPSS Statistics software (version 22.0; SPSS Inc., Chicago, IL, USA). A p-value of <0.05 was considered to represent a statistically significant difference among test populations.




RESULTS


Basic Characteristics of the Study Population

Of the 3,013 vaccinated medical staff, 1,397 completed the questionnaire for a response rate of 46.4%. The respondents included 1,107 (79.2%) women and 290 (20.8%) men. The proportions of administrative support staff (31.0 vs. 20.4%, P < 0.001) and graduates (27.2 vs. 5.2%, P < 0.001) were higher in men than in women. There were also larger proportions of overweight (56.6 vs. 20.9%, P < 0.001), underlying diseases (19.7 vs. 7.9%, P < 0.001), and taking medication before vaccination (11.0 vs. 4.3%, P < 0.001) among men than among women. However, men were more likely to report good health status (96.2 vs. 91.1%, P = 0.004) and sleep quality before vaccination (81.0 vs. 75.2%, P = 0.039), and have positive attitudes towards vaccination for their family proactively (80.7 vs. 70.6%, P = 0.001) than women. Women were younger (mean age: 34.7 ± 8.6 years vs. 38.7 ± 9.9 years, P < 0.001) and more likely to worry about adverse reactions (57.4 vs. 41.0%, P < 0.001) than men.



Sex Differences in Adverse Reactions Post Vaccination

As shown in Table 1, a total of 474 adverse reactions after the first dose were reported in 178 (16.1%) women, and 381 adverse reactions after the second dose were reported in 169 (15.3%) women. A total of 51 adverse reactions after the first dose were reported in 23 (7.9%) men, and 76 adverse reactions after the second dose were reported in 35 (12.1%) men. The most common adverse reaction was localized pain at the injection site, which accounted for 65.2% of the first adverse reactions and 73.4% of the second adverse reactions in women. The corresponding figures were 56.5 and 71.4%, respectively, in men. The most common systemic adverse reactions post-vaccination were muscle pain, fatigue, and headache and/or dizziness, with higher frequencies in women than in men. Sex differences were also observed for other solicited and non-solicited adverse reactions. All adverse reactions were mild and transient (Table 1).


Table 1. Distribution of multiple types of adverse reactions after vaccination in women and men.
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Factors Associated With Adverse Reactions in Women and Men

Table 2 indicates the sex-specific frequencies of adverse effects after one or two vaccinations using univariate analysis. In women, a history of adverse reactions to other vaccines, concerns about adverse reactions, knowledge of the inactivated vaccine being used in the hospital, taking vaccines for family proactively, receiving an influenza vaccination, a history of allergic reactions, health status, and sleep quality before vaccination were significant factors affecting adverse reactions after one or two inoculations. In contrast, overweight, underlying disease, a history of adverse reactions to other vaccines, and concerns regarding adverse reactions were associated with the risk of adverse reactions to vaccination in men.


Table 2. Univariate analysis of associated factors for adverse reactions in women and men.

[image: Table 2]

The effect of independent associated risk factors on each type of adverse reaction was examined using a multinomial logistic regression model. As depicted in Table 3, after adjustment for confounding factors, adverse reactions to other vaccines (yes vs. no, OR = 4.42, 95%CI: 2.39–8.18), worry about adverse reactions (yes vs. no, OR = 2.14, 95%CI: 1.41–3.23), knowledge of the inactivated vaccine being used in the hospital (yes vs. no, OR = 0.58, 95%CI: 0.36–0.93), allergic history (yes vs. no, OR = 2.29, 95%CI: 1.25–4.19), health status before vaccination (general/worse vs. good, OR = 1.90, 95%CI: 1.11–3.24), and sleep quality before vaccination (general/worse vs. good, OR = 1.81, 95%CI: 1.23–2.67) were significantly related to adverse reactions from vaccination; adverse reactions to other vaccines, worry about adverse reactions, knowledge of the inactivated vaccine being used in the hospital, taking the vaccine for one's family proactively, and getting an influenza vaccination were significantly related to adverse reactions to both injections in women. In contrast, concerns regarding adverse reactions independently increased the risk of adverse reactions following vaccination (OR = 6.79, 95% CI: 2.66–17.37), and a history of adverse reactions to other vaccines increased the risk of adverse reactions to both injections in men (OR = 31.30, 95% CI: 7.35–133.35). In addition, there was a borderline association between overweight and adverse reactions to both injections in men (OR = 4.09, 95% CI: 0.80–20.98, P = 0.091).


Table 3. Multinominal logistic regression of associated factors for adverse reactions in women and men.
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DISCUSSION


Clinical Implications

To the best of our knowledge, although previous studies have indicated the disparity of sex in adverse reactions to a number of vaccines (8, 9), few studies have assessed sex-specific differences in adverse reactions to an inactivated SARS-CoV-2 vaccine in active surveillance. This study was conducted with 1,107 women and 290 men who worked at a hospital in China during the period of emergency use of the vaccine. Our findings showed that the frequency of overall adverse reactions was higher in women than in men, regardless of whether it was the first or second injection. The most common adverse reaction was localized pain at the injection site, followed by muscle pain, fatigue, and headache and/or dizziness in both women and men. Almost all types of adverse reactions were more common in women than in men. These findings related to sex differences were similar to those observed regarding other vaccines against influenza, hepatitis B, and yellow fever (10). A systematic review published in 2019 also showed a higher frequency of adverse events in women after influenza vaccination (5), particularly local reactions. A real-world study based on the national post-marketing surveillance data for the Pfizer-BioNTech and Moderna COVID-19 vaccines in the United States found that more females reported adverse events following COVID-19 vaccination, compared to males, but males were more likely to experience serious adverse events, death, and hospitalization than females (11). More women developed anaphylaxis reactions to the Pfizer-BioNTech vaccine in U.S. (12, 13), UK (14) and Japan (15). The sex disparity of adverse reactions was also observed following AstraZeneca (AZD1222) Vaccine or BNT162b2 COVID-19 Vaccine in South Korea (16, 17). A retrospective descriptive study using spontaneous reports showed that thrombotic adverse reactions were associated with the COVID-19 AstraZeneca vaccine, in which approximately double the number of occurrences of potential thrombotic events reported in women (n = 19) than men (n = 9) (18). In contrast, a cross-sectional study in Saudi Arabia showed that men were more likely to report fever, skin rash, and pain at the injection site following the first dose of the AstraZeneca (AZD1222) COVID-19 vaccine (19). Therefore, sex disparity in adverse reactions to vaccines may be related to the type of vaccine and the severity of the adverse reaction.



Mechanism of Sex Differences in Vaccine Response

The pathophysiology of sex differences in adverse reactions following immunization is multifactorial. Clear biological differences between the sexes can usually be attributed to immunological, hormonal, or genetic factors or a combination of the three. Adult females tend to have stronger inflammatory responses to vaccines than males, and these differences may result in both the female-biased efficacy of vaccines and female-biased adverse events following vaccination. Sex hormones modulate the function of immune cells, including β cells, which results in differential immune responses between the sexes. Oestrogens have immune-suppressive effects at higher levels and immune-stimulant activity at lower levels (20, 21), while testosterone suppresses innate immune responses at all times. Females have two X chromosomes which carry many genes related to immune mechanisms, while males just have one. Angiotensin converting enzyme 2 (ACE2), a functional receptor for SARS-CoV-2, is encoded by its homologous gene (ACE2), which maps on chromosome X (Xp2.22) (22). Recent research has demonstrated that the angiotensin-converting enzyme-2 (ACE2) receptor is an essential port of cell entry for the spike (S) protein of SARS-CoV-2 (23). It has been reported that estrogen (17β-estradiol) inhibits ACE2 activity, but androgen upregulates the activity of ACE2 (24, 25).

Beyond the biological differences, a growing body of evidence supports gender-based social/behavioral differences in vaccine response, such as different comorbidity rates (e.g. obesity, hypertension, and cardiovascular diseases), smoking and drinking habits, educational levels, and societal roles (10). A recent study demonstrated that the expression of ACE2 increases under cigarette smoke exposure and inflammatory stimulation (26). The smoking rate is typically higher among men than among women (50.5 vs. 2.1%) according to the 2018 Global Adult Tobacco Survey (27). The prevalence of obesity among men was 2.7 times higher than that among women in this study. Women constitute the majority of nurses and caregivers both in hospitals and within families, with 70% of the world's healthcare staff is composed of women. Women were more likely to perceive and/or report adverse reactions compared to men, leading to a higher response rate (28). In addition, social culture contexts, such as Confucian morals and socialistic norms, will be also related to disparities in health-seeking behavior and reporting adverse reactions between men and women (29, 30). Despite this recognition, there is little evidence demonstrating these effects. Further research is needed to clarify whether the observed sex differences are primarily due to a disproportionate share of unhealthy behavior between genders or are related to different immune responses or other factors.



Methodological Considerations

The main strengths of our study include the real-world design to better reflect real life, data collection using an active surveillance method, and very limited missing data. Sample representativeness was the main limitation of our study. The sample was recruited from only one hospital, and the participants were likely to be younger and healthier than the general population. The majority of respondents were female. The selected bias may have resulted in an overestimation of the proportion of adverse reactions. Potential report and recall bias should also be noted, although all participants had been vaccinated within 7 weeks prior to completing the survey. Data were collected using self-administered questionnaires. No assessment was made as to whether the reported adverse reactions were related to vaccination. Finally, our measurements were performed at only a single point in time. We were unable to validate the anonymous survey. Moreover, this study does not reflect long-term exposure to factors that may be important for adverse reactions to the inactivated SARS-CoV-2 vaccine.




CONCLUSIONS

In conclusion, our study implies that the frequency of reported adverse reactions to the inactivated SARS-CoV-2 vaccine was higher in women than in men, with more potential factors related to vaccine responses in women in a sample of medical staff. Further studies are needed to determine the underlying factors and mechanisms of sex differences in regard to adverse reactions. The female-biased adverse reactions may introduce worry about adverse reactions, leading to more vaccine hesitancy in women. More attention should be paid to the vaccine acceptance in the female population during mass vaccination.
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In response to the COVID-19 pandemic, immediate and scalable testing solutions are needed to direct return to full capacity planning in the general public and across the Department of Defense (DoD). To fully understand the extent to which a population has been affected by COVID-19, active monitoring approaches require an estimation of overall seroprevalence in addition to accurate, affordable, and rapid tests to detect current SARS-CoV-2 infection. In this study, researchers in the Air Force Research Laboratory's 711th Human Performance Wing, Airman Systems Directorate evaluated the performance of various testing methods for the detection of SARS-CoV-2 antibodies and viral RNA in asymptomatic adults working at Wright-Patterson Air Force Base and the surrounding area during the period of 23 July 2020–23 Oct 2020. Altogether, there was a seroprevalance of 3.09% and an active infection rate of 0.5% (determined via the testing of saliva samples) amongst individuals tested, both of which were comparable to local and national averages at the time. This work also presents technical and non-technical assessments of various testing strategies as compared to the gold standard approaches (e.g., lateral flow assays vs. ELISA and RT-LAMP vs. RT-PCR) in order to explore orthogonal supply chains and fieldability. Exploration and validation of multiple testing strategies will allow the DoD and other workforces to make informed responses to COVID-19 and future pandemics.

Keywords: COVID-19, SARS-CoV-2, saliva, testing, seroprevalance, antibodies, asymptomatic


INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has infected over 33 million individuals in the United States alone as of 2 June 2021, resulting in almost 600,000 deaths (1). With over 295,000 cases reported in U.S. Department of Defense (DoD) personnel (2), the novel coronavirus disease-2019 (COVID-19) pandemic has altered the DoD's ability to work at full capacity and has highlighted readiness concerns for the U.S. military as a whole. Rapid and sensitive testing is vital to identifying potential SARS-CoV-2 outbreaks in order to maintain force readiness and to quantify the epidemiological impact of this and future pandemics.

Widespread testing is critical to allowing a return to full capacity in order to effectively support the overall mission while ensuring personnel safety, especially for those working in close quarters. Notably, the prevalence of asymptomatic or pre-symptomatic infection and transmission means that testing individuals only when symptoms arise can result in unnecessary spread of the disease (3–9). To understand the extent to which a workforce population has been or is being affected during this and any future pandemic, active monitoring approaches require both an estimation of seroprevalence in asymptomatic individuals as well as rapid, accurate, and affordable molecular testing to detect current infections (10).

Serological testing for the presence of viral antibodies in blood and serum can identify individuals with past exposure or infection. The presence and antibody isotype of SARS-CoV-2 reactive antibodies can be determined using an enzyme-linked immunosorbent assay (ELISA), the current “gold standard” in serology testing. This method has previously been optimized for SARS-CoV-2 antibody detection by Stadlbauer et al. (11) and Klumpp-Thomas et al. (12), with the latter reporting >99% for both specificity and sensitivity for SARS-CoV-2 antibody detection of Immunoglobulin M (IgM), Immunoglobulin G (IgG), and Immunoglobulin A (IgA) antibodies. The temporal antibody response to SARS-CoV-2 infection was recently analyzed in a systematic review of 150 studies (13). Briefly, IgM antibodies are generally detectable around 1 week after the initial onset of symptoms, peak around 2–5 weeks after onset, and decrease below detectable limits by 7–8 weeks post onset. In contrast, IgG levels rises to detectable levels ~2 weeks post symptom onset, peak around 3–7 weeks post symptom onset, and can remain elevated for an unknown time, although often reported as declining beyond 8 weeks. Finally, IgA antibodies peak around 2–3 weeks post symptom onset, however their pattern is less studied and understood. Early detection and monitoring of SARS-CoV-2 antibody levels in asymptomatic populations can provide a better understanding of exposure level and immune response, allowing for population-level estimates to inform safe return to full capacity decisions.

In contrast to serological testing, molecular testing is essential for active infection surveillance and screening, including monitoring disease prevalence, identifying different strains and mutations, and assessing the current infection rates within a large workplace population. The current gold standard molecular test for active SARS-CoV-2 infection is reverse transcription polymerase chain reaction (RT-PCR), often conducted on nasopharyngeal (NP) swabs (14–16). NP swabs are invasive, require special personal protective equipment (PPE) and trained expertise for sample collection, and have been prone to supply chain shortages thereby limiting the capacity of testing. Saliva has been shown to be a robust alternative biofluid that provides comparable results to NP swabs and is more easily collected, reducing the need for trained technicians and minimizing PPE requirements (17–22). Another alternative to the current standard is using a different detection assay, for example reverse transcription loop-mediated isothermal amplification (RT-LAMP) (14, 15, 23–26). RT-LAMP, which has previously been used to identify other viruses including influenza strains (27), has been documented as a simple, fast, and cost-effective method that uses alternate enzymes and equipment than those used for RT-PCR, mitigating supply chain constraints. In addition, the simplicity of the assay requirements enables the use of less advanced laboratory equipment and deployment to more austere environments to provide rapid results (28).

The present study investigated evidence-based solutions for widespread, rapid, and accurate testing in a large workforce population. Specifically, we aimed to gain an understanding of past and current SARS-CoV-2 infection rates in an asymptomatic workforce at Wright-Patterson Air Force Base (WPAFB) in Dayton, OH. The study consisted of two aims (Figure 1). Aim 1 focused on serological testing for past infection and included two sub-aims: investigating seroprevalence in the population (Aim 1a) and evaluating performance of multiple point-of-care (POC) lateral flow assays (LFAs) (Aim 1b). Aim 2 focused on molecular testing for active SARS-CoV-2 infection and evaluation of RT-LAMP as an alternative testing solution to RT-PCR. Participants were recruited from the WPAFB workforce and surrounding communities and had no known exposure or prior confirmed clinical COVID-19 diagnosis. Within this population, we determined a seroprevalance rate of 3.09% and an active infection rate of 0.5%, both of which were comparable to local and national averages at the time. Here, we also present technical and non-technical comparisons of the various testing strategies. This study was discussed during its early stages as part of a review delineating U.S. Air Force science and technology solutions for scalable SARS-CoV-2 testing (29).
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FIGURE 1. Overview of the study. Participants enrolled in the serosurvey (Aim 1a or Aims 1a and 1b) and/or the molecular survey (Aim 2).




MATERIALS AND METHODS


Participant Enrollment

Study participants were recruited from the WPAFB workforce (military, civilians, and contractors) and surrounding communities using multiple media outlets. Participants had to be in healthy condition and asymptomatic with no known prior SARS-CoV-2 infection or exposure. Study participants were enrolled and consented by phone by a study investigator. To determine eligibility, participants provided answers to a secure COVID-19 screening and demographics questionnaire recorded in an electronic database (Smartabase; FusionSports, Boulder, CO). Participants were able to enroll in the serosurvey (Aim 1a or Aims 1a and 1b) and/or the molecular survey (Aim 2). Experiments were not completed in a Clinical Laboratory Improvement Amendments (CLIA) certified lab and participants understood the study would not provide diagnostic results and was solely research based. If participants were found to be at risk of COVID-19 due to exhibiting symptoms or being in close contact with a person diagnosed with COVID-19, or upon testing positive for SARS-CoV-2 infection in a saliva sample, participants were referred to their medical provider and excluded from the remainder of the study. This study was approved by the Air Force Research Laboratory Institutional Review Board (IRB) and conducted in accordance with the provisions of the Belmont Report, Common Rule, and Department of Defense Instruction 3216.02 Protection of Human Subjects guidelines. All study participants provided informed consent prior to enrollment.



Serosurvey Sample Collection and Processing
 
Blood Sample Collection

Participants in Aim 1a could elect to collect their own samples at home using the MITRA® Home Blood Collection Kit developed by Neoteryx (Torrance, CA). This kit included a microsampling collection device, gauze, a lancet, all necessary shipping materials, and detailed instructions for participants to collect a blood sample. Briefly, each kit contained four swabs. After the finger-stick with the included lancet, ~20 μl of blood would be wicked into each of the four swabs for a total collected volume of 80 μl. Participants performed the blood collection at home and then shipped the sealed kit in the provided mailer to an off-site central collection site. The completed kits were collected weekly from the central location and brought to WPAFB for processing.

The remaining participants enrolled in Aim 1a, as well as participants enrolled in Aim 1b, provided venipuncture samples at a dedicated location ~2.3 miles away from WPAFB. Depending on sub-aim enrollment, one or two blood samples, with a combined volume of no more than 16 mL, were collected by a certified phlebotomist via venipuncture with a 21- or 23-gauge butterfly needle up to once every two weeks over an 8-week period. One sample was collected in a Serum Separation Tube (SST; 3.5 ml BD Vacutainer Venous Blood Collection Tubes: SST, BD 368015) for serum analysis by serological immunoassay and ELISA. For participants enrolled in Aim 1b, a second sample was collected in ethylenediaminetetraacetic acid (EDTA) blood tubes (3 ml BD Vacutainer Plastic Blood Collection Tubes: K2EDTA, BD 368,589) for whole blood analysis by LFA. Samples were transported to WPAFB in refrigerated containers within 2 h of collection.



Blood Sample Processing

The dried blood swabs (each containing ~20 μL of finger-stick blood) from the MITRA® Micro kits obtained via at-home collection were individually placed into wells of a Fisherbrand™ 96-Well DeepWell™ Polypropylene deep well plate containing 400 μl of 1% Bovine Serum Albumin (BSA), 0.5% Tween-20, and 1x phosphate-buffered saline (PBS). Plates were shaken using a digital microplate shaker at 300 rpm at 4°C overnight. Even though the level of Tween-20 (0.5%) was sufficient to inactivate any viruses, the samples were further heat-inactivated in a 56°C water bath for 45 min. Samples were aliquoted for storage at −80°C until enough samples were collected to run a full 96-well ELISA or immunoassay.

SSTs containing whole blood from on-site collection were centrifuged at 1000 × RCF for 10 min at room temperature (RT) using a Fisherbrand™ HORIZON™ 24 Flex Clinical Centrifuge designed for low RCF blood tubes in order to separate the serum from the whole blood. Serum was then aliquoted into pre-labeled 5 mL internally threaded cryo-tubes and heat-inactivated in a 56°C water bath for 45 min. Serum samples were aliquoted for storage at −80°C until assayed via ELISA or serological immunoassay. EDTA tubes were stored at RT and assayed via LFA the same day.



Lateral Flow Assays (LFAs)

LFAs from three different manufacturers were used to detect IgG and IgM in whole blood samples following each manufacturer's instructions. Tests included: (1) COVID-19 IgM/IgG Rapid Test from CareHealth America Corp., Blue Earth, MN (“CareHealth”), (2) Diagnostic Kit for Antibody IgM/IgG of Novel Coronavirus COVID-1 from AXON Connected, Earlysville, VA (“AXON”), and (3) Instant-view® IgG/IgM Antibody from Alfa Scientific Designs Inc., Poway, CA (“Alfa”). EDTA tubes containing whole blood were inverted to mix samples. A small amount of blood (10 to 20 μl per manufacturer's instructions) was pipetted directly onto the LFA device followed by 2–3 drops of running buffer supplied with the LFA kits. Devices were incubated at RT in a biosafety cabinet and results were read as per manufacturer protocols. Positive assays were repeated to confirm result.



Serological Immunoassay

Either 10 μL or 20 μL (as dictated by the individual manufacturer's assay protocol) of heat-inactivated serum samples (for IgM and IgG assays, respectively) were loaded onto a Beckman Coulter UniCel DxI 800 (Beckman Coulter Inc., Brea, CA) and evaluated according to manufacturer's instructions. The Beckman Coulter (BC) immunoassays are two-step immunocapture immunoassays that use chemiluminescence to detect a qualitative result in human serum or plasma. Daily maintenance and quality controls were conducted as per manufacturer's operating instructions, and each assay was calibrated every 28 days. For the IgM assay, results were interpreted based on Sample/Control SARS-CoV-2 IgM values as follows: Non-Reactive IgM (“negative”) if <1.00 or Reactive (“positive”) if ≥1.00. For the IgG assay, results were interpreted based on Sample/Control SARS-CoV-2 IgG values as follows: Non-Reactive result (“negative”) if ≤ 0.80, Equivocal (“gray zone”) if >0.80 and<1.00, or Reactive (“positive”) result if ≥1.00.



Enzyme-Linked Immunosorbent Assay (ELISA)

ELISAs were performed using a two-step method developed by Stadlbauer et al. (11). The method was modified by using 1x 3,3,5,5—tetramethylbenzidine (TMB) substrate and a weighted-ELISA analysis (described in detail below). The first phase of indirect-ELISA was performed using Klumpp-Thomas methodology (12). For each assay, three ELISA plates were run, each with a different secondary detection antibody (IgA, IgG, or IgM). A plasmid expressing the receptor binding domain (RBD) of the spike glycoprotein was produced under HHSN272201400008C and obtained through BEI Resources, NIAID, NIH: Vector pCAGGS Containing the SARS-Related Coronavirus 2, Wuhan-Hu-1 Spike Glycoprotein Gene RBD with C-Terminal Hexa-Histidine Tag, NR-52309. The plasmid was amplified in Escherichia coli in-house and sent to Fisher Scientific for transfection into mammalian cells, final protein purification, and validation. 50 μL of purified RBD [2 μg/mL in 1x PBS (Thermo Fisher, #AM9625)] was coated on each ELISA plate (Nunc MaxiSorp™ high protein-binding capacity 96 well ELISA plates, Thermo Fisher Scientific) and incubated at 4°C for a minimum of 16 h. ELISA plates were washed three times with 0.05% Tween-20 (Fisher Scientific, #J20605AP) in 1x PBS (PBS-T) then blocked with 5% non-fat skim milk in PBS-T (200 μL/well) for 2 h at RT. After incubation, blocking buffer was removed and 100 μL of 1:400 dilution heat-inactivated serum samples (diluted in 5% nonfat skim milk in PBS-T) were added per well in duplicate on each plate and allowed to bind for 1 h at RT. Plates were washed three times with PBS-T in an automated plate washer. 50 μL of detection antibody solutions (goat anti-human-IgA, IgG, or IgM from Thermo Fisher Scientific; 1:4000 dilution in PBS-T with 1% non-fat skim milk) were added to each well of their respective plates, and the plates were incubated for 1 h at RT. Plates were washed three times with PBS-T. 100 μL of TMB (Thermo Fisher Scientific, #34029) was added to each well to develop the assay for 10 min at RT, then 100 μL of 1N sulfuric acid stop solution (Thermo Fisher Scientific, #SS04) was added to stop the reaction. Optical density at 450 nm (OD450) was measured on either a FlexStation or BioTech spectrophotometer within 5 min of stopping the reaction. A sample was considered to be “presumptive positive” if the OD450 was higher than the mean OD450 plus 3 times the standard deviation (Mean OD450 + 3σ) of four negative serum samples for each ELISA plate. All ELISAs included SARS-CoV-2 negative serum as negative controls and deidentified convalescent plasma with known antibody-titer levels from verified COVID-19 patients, provided by Armed Services Blood Bank Center (Bethesda, Maryland), as positive controls.

Any presumptive positive samples were subjected to a second indirect ELISA using the antibody isotype that was serologically reactive from the first ELISA assay. The second ELISA was performed using a similar method modified from Stadlbauer et al. (11). For each assay, ELISA plates were run using a different secondary detection antibody (IgA, IgG, or IgM). A plasmid expressing the full spike glycoprotein was produced under HHSN272201400008C and obtained through BEI Resources, NIAID, NIH: Vector pCAGGS Containing the SARS-Related Coronavirus 2, Wuhan-Hu-1 Spike Glycoprotein Gene (soluble, stabilized), NR-52394. As with the RBD, the plasmid was amplified in E. coli in-house and sent to Fisher Scientific for transfection and purification. 100 μL of purified spike protein (1 μg/mL in 1x PBS) was coated on each ELISA plate and incubated at 4°C for a minimum of 16 h. ELISA plates were washed three times with PBS-T then blocked with 3% non-fat skim milk in PBS-T (200 μL/well) for 1 h at RT. After incubation, blocking buffer was removed. Heat-inactivated serum samples were diluted 1:5 in 1x PBS then 1:100 in 1% non-fat skim milk in PBS-T. Serum samples were then serially diluted (four additional 3-fold dilutions) within the ELISA plate and then incubated for 2 h at RT. Plates were washed once with PBS-T. 50 μL of detection antibody solutions (goat anti-human-IgA, IgG, or IgM from Thermo Fisher Scientific; empirically-derived dilution of 1:10000 in PBS-T with 1% non-fat skim milk) were added to each well of their respective plates, and the plates were incubated for 1 h at RT. Plates were developed and measured as described above.

Any samples that had at least two OD450 values greater than the cut off OD450 within the same serial dilution series were considered to be positive for that particular antibody. The cut-off OD450 value was calculated as the mean OD450 plus 3 times the standard deviation (Mean OD450 + 3σ) of serially diluted negative pooled serum samples on the same plate. To limit false positives, we established a weighted-ELISA (W-ELISA) approach. To do so, control samples of convalescent plasma from confirmed COVID-19 patients were evaluated by the two-step ELISA. The convalescent plasma samples consistently crossed the cut-off OD450 value for three or more serial dilutions on the second ELISA. Using that information, we determined that a sample needed to cross the cut-off OD450 in three of five serial dilutions to be considered positive. The W-ELISA was considered the standard by which the BC immunoassays and LFAs were evaluated against.




Saliva Sample Collection and Processing
 
Saliva Sample Collection

Participants were instructed to refrain from eating, drinking, chewing gum, and using tobacco for 30 min prior to sample collection. Participants self-collected their samples using a DNA/RNA Shield Saliva Collection Kit (Zymo Research, Irvine, CA). Briefly, participants deposited ~2 mL saliva into a tube containing a 2 mL solution which inactivated the virus and preserved the viral nucleic acid. Samples were collected at a dedicated location ~2.3 miles from WPAFB and transported to WPAFB within 2 h of collection.



Saliva Sample Processing

Analysis of 704 samples processed individually over the first four weeks of sampling uncovered no positive samples. Based on the demonstrated low prevalence of active infection, sample pooling of 5 samples per pool was adopted to more efficiently use testing supplies during the remainder of the study. Samples were pooled by pipetting 200 μL of up to five samples into a 2 mL cryotube. Proteinase K (PK; Thermo Fisher) was added to each tube at a 1:200 dilution (e.g., 5 μL PK to 1 mL saliva) and tubes were mixed by inversion and incubated at 65°C in an oven (Thermo Scientific Heratherm™) for 90 min to further heat inactivate the samples and aid in pipetting. Samples were immediately used for RNA extraction. Samples unable to be assayed on the day of receipt were stored at RT until they could be processed, typically for <24 h. In the event of a positive pool, processing and subsequent steps were repeated using unpooled, individual samples.



RNA Extraction

RNA extraction was automated on a KingFisher™ Flex (Thermo Fisher) using the MagMAX™ Viral/Pathogen II Nucleic Acid Isolation Kit (Thermo Fisher) run following manufacturer's protocol and directions in the associated Emergency Use Authorization (EUA) (30) using KingFisher™ Deepwell 96 Plates set up as follows. The first wash plate contained 500 μL/well of MagMAX™ Viral/Pathogen Wash Solution. The second wash plate contained 1 mL/well of freshly prepared 80% ethanol. The elution plate contained 50 μL/well of MagMAX™ Elution Solution. Magnetic bead solution was made fresh daily by mixing Total Nucleic Acid Magnetic Beads with Binding Solution at a ratio of 10 μL:265 μL (mixed by gentle inversion to avoid bubbles). To prepare the sample plate, the following was added in order: 5 μL of MS2 Phage Extraction Control, 275 μL magnetic bead solution, and 200 μL processed saliva sample. For a negative control, 200 μL water was added in place of sample. All plates were loaded on the KingFisher™ Flex along with a KingFisher™ 96 Tip Comb (Thermo Fisher) and run through the MVP_2Wash_200_Flex protocol (30). Eluted RNA was kept on ice until assayed using RT-PCR and RT-LAMP.



Reverse Transcription Polymerase Chain Reaction (RT-PCR)

RT-PCR reactions were performed using the TaqPath™ RT-PCR COVID-19 Kit (Thermo Fisher), which targets three SARS-CoV-2 gene targets (N gene, S gene, and ORF1ab) and a MS2 phage extraction control. Master mix was prepared in the following ratios per reaction: 5 μL of TaqPath™ 1-Step Multiplex Master Mix (No ROX™) (4X), 1 μL COVID-19 Real Time PCR Assay Multiplex, and 4 μL Nuclease-free Water. 10 μL of reaction master mix was added to each well in a 96-well MicroAmp™ Fast Optical 96-well Reaction Plate followed by 10 μL of eluted RNA. Eluted negative control was added to the negative control well. Positive Control (synthetic standard included in kit) was freshly diluted per EUA instructions with Positive Control Dilution Buffer, and 10 μL was added to the positive control well. The plate was sealed with MicroAmp™ Optical Adhesive Film, mixed at 1,750 rpm on a Q-Instruments Bioshake IQ for 3 s, and centrifuged for 1 min. The RT-PCR reaction was run on a QuantStudio™ 7 Flex Real-Time PCR Instrument using cycling conditions from the EUA: 25°C for 2 min, 53°C for 10 min, 95°C for 2 min, 40 cycles of 95°C for 3 s and 60°C for 30 s. Results were analyzed using Design and Analysis Software (Thermo Fisher, Ver 2.4) using Presence/Absence analysis with interpretative rules provided by the manufacturer under the EUA. Viral gene targets were considered present if the Ct value was ≤ 37. Briefly, if two or more SARS-CoV-2 gene targets were detected, the sample/pool was called as positive. If MS2 was detected but no SARS-CoV-2 gene targets were detected, the sample/pool was called as negative. If all gene targets, including the MS2 phage, were undetected in a reaction, it was considered invalid and the sample/pool was reextracted and reassayed. If only one SARS-CoV-2 gene target was detected, the reaction was considered inconclusive and repeated. For pooled samples, if a pool was positive or inconclusive, RNA was extracted from the individual samples and assayed in triplicate using both RT-PCR and RT-LAMP. In the event of a positive result, the subject was alerted by the IRB-assigned medical monitor and referred to their healthcare provider for additional guidance and subsequently removed from the study.



Reverse Transcription Loop-Mediated Isothermal Amplification (RT-LAMP)

A solution was prepared by mixing: 8.75 μL 100 mM dUTP, 25 μL 1000 U/mL UDG, 1.25 μL SYTO-9, and 1.25 mL WarmStart Colorimetric LAMP 2X Master Mix (New England Biolabs). A subsequent master mix was prepared in the following ratios per reaction: 10 μL of the initial solution, 2 μL LAMP primer mix (10X) [containing 6 Gene N-B primers from (25)], and 0.1 μL 8 M guanidine hydrochloride. 12 μL of the master mix was added to each well of a 96-well MicroAmp™ Fast Optical 96-well Reaction Plate followed by 10 μL of extracted RNA, including eluted negative control. For a positive control, 1000 copies of Synthetic SARS-CoV-2 RNA (Twist Biosciences, 102019) was added to the positive control well. The plate was incubated at 25°C for 2 min to eliminate contamination from previous runs then at 65°C for 30 min. Fluorescence was measured in real time and a subsequent melt curve analysis was performed on a QuantStudio™ 7 Flex Real-Time PCR Instrument. Reactions were considered positive if the fluorescence crossed threshold.



Assay Characterization and Verification

To characterize the RT-PCR assay in saliva, contrived samples were generated by diluting AccuPlex™ SARS-CoV-2 Full Genome Control (SeraCare, 0505-0159) into saliva known to be negative for SARS-CoV-2. All standard samples were extracted and assayed according to manufacturer instructions. For comparison of RT-PCR and RT-LAMP assays, dilutions of Synthetic SARS-CoV-2 RNA Control (Twist Biosciences, 102019) in water were extracted and assayed. Synthetic standards of known concentration were used for quality control of the RT-PCR assay throughout the study as well.




Statistical Analysis

To compare serological test methods, data was analyzed using a Repeated Measures ANOVA with a post hoc Dunnett's test compared to the W-ELISA data (GraphPad Prism 9.0.2).




RESULTS


Participant Characteristics

Samples were analyzed from 654 asymptomatic adults working at WPAFB or the surrounding area. Of the total participants, 582 took part in Aim 1. 566 of these participants provided questionnaire data (Table 1), and 1,568 blood and/or serum samples were analyzed for the presence of SARS-CoV-2 antibodies. Of the total participants, 404 took part in Aim 2. 342 of these participants provided questionnaire data, and 3,236 saliva samples were analyzed for SARS-CoV-2 viral RNA.


Table 1. Population characteristics for participants who provided questionnaire responses.
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Aim 1: Serological Survey
 
Prevalence of Past Infection

A total of 1,568 blood samples were analyzed from 582 participants over the span of three months (23 Jul 2020 to 23 Oct 2020), with each participant providing up to four samples spaced about every two weeks. Of the total samples, 27 were collected via self-administered finger-stick using a MITRA® blood collection kit and 1,541 were collected via venipuncture. All samples were analyzed using a two-step ELISA, testing first for binding to the receptor binding domain (RBD) of the SARS-CoV-2 spike protein then for binding to the full spike protein. All 27 finger-stick samples were negative on the first ELISA and were removed from subsequent analyses. 3.0% of remaining samples (46/1541) were determined to be IgG positive in the two-step ELISA, coming from 28 individuals. To reduce the probability of a TYPE II statistical error (i.e. a false positive), we used a “weighted” methodology to re-analyze the samples with a weighted-ELISA (W-ELISA) approach (see Methods). Using the W-ELISA approach, only 8 samples were IgG positive, coming from 4 participants (Figure 2). Furthermore, 1 sample coming from 1 participant and 20 samples coming from 15 participants were IgA or IgM positive, respectively. In most cases, samples were only positive for one antibody, with the exception of two samples that were positive for both IgG and IgM. In addition, most participants only had one or two positive samples throughout the study while two participants had all four samples test positive, either for IgG or IgM, respectively. Taken altogether, 3.09% of participants sampled (18/582) had one or more serologically reactive antibodies for the SARS-CoV-2 spike protein at some point during the study.
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FIGURE 2. Breakdown of seropositive participants based on W-ELISA. The two participants represented by the IgG+/IgM+ bar had a sample test positive for both antibodies. All other positive participants tested positive to the same single antibody in one to four blood samples.




Serological Assay Comparison

To independently validate various antibody testing assays, 1,436 whole blood samples were tested using four assays: W-ELISA, POC LFAs from AXON and CareHealth, and a Beckman Coulter (BC) immunoassay. All assays were compared to the gold standard W-ELISA reference using a Repeated Measures ANOVA in order to compare the W-ELISA result with the corresponding POC/BC assay result for the same sample (Figure 3A). For both IgG and IgM evaluation, the AXON LFA and the BC immunoassay performed statistically similar to the W-ELISA, whereas the CareHealth LFA was significantly different. For ~787 of the samples, an additional LFA from Alfa was also evaluated. When comparing the evaluation of all five assays within these samples, for IgG the only assay that showed significant difference was the CareHealth LFA, while the rest performed similarly. However, for IgM evaluation, the CareHealth and Alfa LFAs both performed differently than the W-ELISA, while the BC assay and AXON LFA performed similarly (Figure 3B). In summary, the AXON LFA and BC assay were the only tests to reliably produce statistically similar results as the W-ELISA standard.
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FIGURE 3. Comparison of serological tests for both IgG and IgM antibodies across either 4 assays (A) or 5 assays (B). In all comparisons, 20 assays were conducted on control samples and the remainder was on participant samples. Test performance was compared to the W-ELISA data; p < 0.001 (***). Alfa, Alfa LFA; AXON, AXON LFA; BC, Beckman Coulter immunoassay; CH, CareHealth LFA; W-ELISA, Weighted ELISA.





Aim 2: Molecular Testing Using Saliva
 
RT-PCR Assay Characterization

Thermo Fisher's TaqPath™ COVID-19 Combo (“TaqPath”) Kit has been adopted in many COVID-19 testing EUA protocols (31). Specifically, the assay tests for the presence of three SARS-CoV-2 genes (N gene, S gene, and ORF1ab) in multiplex along with an internal extraction control (MS2 phage). The claimed limit of detection for the TaqPath kit is 10 genomic copy equivalents (GCE) per reaction (30), although actual performance has been shown to vary (32). To characterize the assay in-house, we contrived artificial positive samples by diluting standards into saliva known to be negative for SARS-CoV-2. The original claims in the EUA to detect virus down to 10 GCE per reaction were confirmed (Figure 4), with the assay detecting gene targets down to 2.5 GCE per reaction. The assay performed reliably within 10–25 GCE in quality control tests throughout the study using various known standards.
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FIGURE 4. Characterization of Thermo Fisher TaqPath™ RT-PCR COVID-19 assay using contrived positive saliva samples with a range of SARS-CoV-2 genomic copy equivalents (GCE). An equal amount of MS2 phage was added to each sample as an extraction control. Values represent Ct values ± standard deviation of three reactions. Dotted line represents the detection threshold (Ct = 37).




Comparing Testing Methods for Active Infection

RT-LAMP was evaluated as an alternative assay to RT-PCR. We initially utilized RT-LAMP conditions using a commercial mix and various published LAMP primer sets testing a dilution series of Synthetic SARS-CoV-2 RNA. In this study, the Gene N-B primer set (25) performed well without the frequent presence of false positives. We optimized the assay further through the additions of: (1) double-stranded DNA fluorescent dye SYTO-9 to directly detect amplification instead of relying on the colorimetric pH indicator provided in the mix (33), (2) guanidine hydrochloride to increase sensitivity (34), and (3) deoxyuridine triphosphates and uracil DNA glycosylase (dUTP/UDG) to reduce carryover contamination between runs (35). We compared the two assays using synthetic SARS-CoV-2 RNA dilutions ranging between 0.625 and 200 copies per reaction (Figure 5). RT-PCR outperformed RT-LAMP in sensitivity of detection, with RT-LAMP only detecting the gene target in ~70% of the reactions with ≥100 copies per reaction, drastically dropping in performance at <100 copies. Notably, the TaqPath assay being multiplexed detects 3 SARS-CoV-2 genes, while the RT-LAMP assay only detects the N gene. In this analysis, a reaction was considered detected by RT-PCR if two of the three genes were detected.
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FIGURE 5. RT-PCR and RT-LAMP comparison using synthetic standards. Dilutions of synthetic control RNA in water were extracted and assayed (n = 4 or 9 tests per dilution). For RT-PCR assays, the viral genes were considered detected if 2 of the 3 viral genes were detected.




Prevalence of Active Infection

A total of 3,236 saliva samples were collected from 404 participants over the span of ~9 weeks (18 Aug 2020 to 23 Oct 2020) with each participant providing up to 16 samples spaced about twice weekly. Active infection was evaluated by testing for the presence of SARS-CoV-2 genes using RT-PCR assay and RT-LAMP. Using RT-PCR, only 2 participants emerged as positive over the span of the study (Table 2), while the rest were negative throughout. The positive samples were originally detected from pools of 5 and then identified by reassaying individual samples from these pools, suggesting that the assay was sensitive enough with the pooled approach, even with a low titer sample (Sample B). Of note, the initial pooled RT-PCR reaction only detected the ORF1ab gene target in Sample B, while reassays on the individual sample detected 2 or more gene targets in triplicate reactions, showcasing the utility of multiplexed reactions for viral gene detection. All three genes were detected in both the pool and individual reassay for Sample 1. Additionally, RT-LAMP only detected the presence of viral RNA for the higher titer sample, but failed to detect viral RNA in the low titer sample both in the pool and individually, suggesting that participants with a low level of infection may be missed by RT-LAMP. Both positive pools only contained one positive sample.


Table 2. Positive SARS-CoV-2 samples and associated Ct values from the RT-PCR assay.
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DISCUSSION

The purpose of this study was to demonstrate evidence-based solutions for advanced, widespread, rapidly available testing in a large workforce population in order to inform return to full capacity decisions in the face of the COVID-19 pandemic. Using the gold standard approaches, we were able to determine past exposure and current infection levels in an asymptomatic population. In addition, we investigated multiple alternative approaches for both serological and molecular testing, comparing them to the current standards.


Aim 1: Serological Testing

Knowledge of seroprevalance levels in a population can be used to formulate responses to current and future pandemics. However, reporting an erroneous positive has far-reaching implications. For example, if an individual assumes they have reactive antibodies (based on a false positive), they may assume they have some prophylactic immunity against SARS-CoV-2. The false assumption of immunity may translate into higher risk-based behaviors. Therefore, in order to prevent false positives in our assay, we used an antibody-titer approach to determine cut-off conditions for our W-ELISA. This afforded us high confidence in the seropositivity rates obtained in the study. It's also important to note that we only evaluated for the presence and isotype of antibodies, and future studies are required to infer immunity.

Using our W-ELISA approach, we observed a 3.09% seropositivity rate in unexposed members of the WPAFB community. The National Institutes of Health (NIH) conducted a similar, large scale study shortly before the timeframe as this study (10 May 2020–31 July 2020 and 23 Jul 2020–23 Oct 2020, respectively) (6). While they found the average seropositivity rate in undiagnosed adults in the Midwest to be 1.6% (95% CI: 0.3–2.4), the national average was 4.6% (95% CI: 2.6–6.5%). Notably, the Midwest had a lower new case rate during the span of the NIH study, with cases ticking up in July 2020, plateauing for the most part for the majority of the present study, before significantly increasing starting in mid-October leading into the winter surge. Therefore, the levels of seroprevalance seen in this study appear to be typical of the national average at the time. Other factors potentially affecting the seropositivity rate include the fact that WPAFB and many businesses in the area were encouraging telework during the span of the study, the fact that participation criteria excluded those that had a known previous infection, and the fact that the cohort only included asymptomatic individuals.


Point of Care Antibody Testing Assay Evaluation

Of note, in this study most positive individuals had reactive antibodies for IgM or IgG, with the majority being IgM-positive. While IgM presence can signal recent exposure/infection, in this study most participants who had IgM-positive sample(s) had subsequent negative sample(s). In the event of a true infection, one would expect subsequent samples to be IgM and/or IgG positive. The transient expression of IgM without conversion to IgG could either reflect a low-level exposure neutralized by IgM alone or the known cross-reactivity of IgM. The authors caution the reader that IgM is well known to be a problematic capture and/or detection antibody due to the inherent nature of the immunologic function of the IgM isotype. The use of IgM as a detection antibody is well associated with false positives primarily due to the cross reactivity of IgM (36, 37). Research to decrease IgM-related false positives in ELISA-based assays specific to SARS-CoV-2 is ongoing (38).

While ELISAs are a reliable and sensitive standard for antibody detection, a laboratory-based method is not always practical in operational settings. Therefore, we collaborated with the Air Force Life Cycle Management Center (AF LCMC), the Joint Program Executive Office for Chemical, Biological, Radiological and Nuclear Defense (JPEO-CBRND), and the Naval Health Research Center (NHRC) to evaluate the performance of three different U.S.-manufactured POC LFA kits (CareHealth, AXON, and Alfa) to identify the optimal POC device for use in an operation field environment that requires minimal technical skills to use and evaluate. In concert with the POC evaluations, we evaluated the effectiveness of the immunoassay run on the Beckman Coulter UniCel DxI 800 (BC) chemical analyzer. The BC analyzer can accommodate up to 400 samples per hour, is EUA approved, and requires minimal staffing. However, reliable POC tests, such as LFAs, are desirable for widespread testing. Although sensitivity in LFAs is lower than clinical testing, especially in early onset of infection, these devices are less expensive, allow for cheap mass production, are easy to use at home or in the field, and provide rapid results in as little as 15 min (39). The manufacturer-claimed sensitivity and specificity, respectively, for the LFAs tested here are 90 and 100% (AXON), 93.5 and 100% (CareHealth), and 97.8 and 94.6% (Alfa), compared to the 99 and 99% seen in ELISAs (12). In this study, we independently evaluated the performance of the LFAs and BC immunoassays, compared to the reference W-ELISA. Assays were evaluated qualitatively against the gold standard W-ELISA to aid in determining usefulness for informing return to full capacity planning. For both IgG and IgM evaluation, the only assays to reliably produce statistically similar results as the W-ELISA standard were the AXON LFA and BC immunoassays. In terms of ease of use, when compared to the other evaluated LFAs, the AXON POC test required the lowest sample volumes, used the lowest diluent buffer volume, and had readable results within 10–15 min. Therefore, of the POC assays tested here, the AXON LFA appeared to be the most suitable for practical use in the operational setting.

In this study, we used whole blood to evaluate the LFA devices. The manufacturer's instructions called for the use of finger-stick blood; however, serum or whole blood could also be used. We verified with the manufacturers that EDTA (an anti-coagulant) in a blood collection tube would not hinder the assay. Whole blood was selected as the test medium for the LFA devices as whole blood had the greatest probability of confounding the assays due to the presence of red blood cells. Serum was used in the BC immunoassays, as per the manufacturer's protocol, as well as in the ELISAs as per previously established protocols. While the SARS-CoV-2 antibody response has been most well-studied in blood and serum, there's also been interest in using other biofluids, such as saliva. Using saliva for antibody detection has many advantages over blood/serum including requiring significantly less invasive sample collection and requiring fewer highly-trained personnel, making it a more easily fieldable option. While more studies need to be conducted, early studies show promising correlations between SARS-CoV-2 antibodies in serum and saliva (40, 41).




Aim 2: Molecular Testing

In the second aim of this study, RT-PCR was performed on saliva samples utilizing a protocol derived from an EUA for Thermo Fisher's TaqPath™ COVID-19 Combo Kit (30). The TaqPath kit was among the earliest multiplex RT-PCR-based nucleic acid tests approved for detection of active SARS-CoV-2 virus (42), and it has since been widely adopted in clinical testing (31). Here, we independently characterized the TaqPath assay and used it to identify the prevalence of active SARS-CoV-2 infection in asymptomatic individuals using saliva samples as an alternative to the standard NP swab. Saliva samples were evaluated from a cohort of 404 self-reported asymptomatic individuals working at WPAFB and the surrounding area. Of these individuals, only 2 presented as positive over the duration of the study. The two positive samples were identified in pools of 5 samples then confirmed as individual samples in triplicate, demonstrating the sensitivity of RT-PCR to low viral titers. The TaqPath assay used has a calculated sensitivity of 97.8% (43) however, no false positive or false negative results were reported in this study. Taken together, the results from this aim demonstrate: (1) the utility of saliva as an analytical matrix for testing for SARS-CoV-2, (2) the value of pooling for resource and cost efficiencies, and (3) the value of a multiplexed assay that demonstrated the ability to detect an extremely low viral titer in the context of a pooled set of samples.

The frequency of active infection over the span of the study (~0.5%; 2/404) was similar to what was present statewide in Ohio in asymptomatic populations (0.9%; 95% CI: 0.1–2.0%) shortly before the study (18 Aug 2020–23 Oct 2020 compared to July 2020) (44). As noted above, cases in Ohio started increasing in July 2020, plateauing for the most part for the majority of this study, before significantly increasing starting in mid-October, as this study was winding down. The rate of active infection seen here at a time when telework was maximally encouraged, along with the fact that ~3.09% of participants had reactive antibodies, highlights the fact that asymptomatic and/or pre-symptomatic infection is a significant concern, and surveillance monitoring is incredibly important for returning to full capacity, especially in work environments such as the military, where there are high levels of interaction within the workforce.

Frequent testing and surveillance monitoring of infection is a vital tool for real-time monitoring of infection spread and prevention of outbreaks. This is exemplified by the results of this study. Here, participants were tested for active infection up to twice a week for 8 weeks. The two positive samples were the fifth or seventh sample collected from their respective participants, having had negative samples until then. This fact, added to the low viral titer of the second positive sample, shows how strong pooled surveillance testing can be in catching early infections in the workplace. In addition, the study protocol required participants to withdraw upon receiving a positive test as part of the study or as a result of a clinical test elsewhere. Over the course of the study, there were no withdrawals from participants who tested negative during the study supporting the idea that both the frequency of testing and analytical approach was effective in discerning their absence of virus.

Here, we used saliva samples for molecular testing for active SARS-CoV-2 testing. While NP swabs were the preferred method of sample collection early in the pandemic, other samples including oropharyngeal (throat) swabs, anterior nasal swabs, nasopharyngeal/nasal aspirate or wash, saliva, and even lower respiratory tract samples have become acceptable by the U.S. Centers for Disease Control and Prevention (45). Most of these sample collection methods require trained healthcare personnel and/or numerous supplies, including viral transport media for preservation. Saliva samples require none of these things, presenting the most promising option for widespread population surveillance testing. In fact, many universities and communities successfully used saliva for mass-scale surveillance testing throughout the pandemic.


Comparison of RT-LAMP and RT-PCR

We also evaluated RT-LAMP as an alternative protocol to RT-PCR. When testing assay sensitivity using synthetic SARS-CoV-2 samples, RT-PCR outperformed RT-LAMP in sensitivity of detection, and in the two positive saliva samples RT-LAMP only detected the viral gene target in the sample with the higher titer. This suggests that participants with a low level of infection may be missed by RT-LAMP. However, RT-LAMP is cheaper, easier to run, can produce positive results in shorter turnaround time, and requires less-sophisticated laboratory equipment, making it attractive for use in harsh operational environments. Conventional RT-LAMP has many limitations as well, as it is: (1) not quantitative, and is thus unable to provide insight into viral titer levels, (2) is difficult to multiplex, and (3) can be highly sensitive to the sample matrix (e.g., sample pH) resulting in false positives. Researchers have made great strides in protocol developments to remove these limitations however as well as simplifying the method by removing the need for RNA extraction or optimizing the method for saliva testing (46–53).

Another factor that affects testing choice is cost. In this study, we utilized saliva collection tubes from Zymo Research containing viral preservative solution. In addition to being susceptible to supply chain shortages, another drawback to using these or similar devices is price, as the price of the collection tube is on par with the assay costs. However, new techniques, such as those pioneered by Yale University and the University of Illinois (54–56), substantially reduce collection and processing costs by using widely available 50 mL conical tubes for collection as well as removing the RNA extraction step altogether (Table 3). Other cost-saving measures can involve aspects of the detection assay itself, through using RT-LAMP vs. RT-PCR, as well as using non-multiplexed primer sets. While widespread RT-PCR testing protocols tend to use primers targeting the single N gene, even within the small number of positive samples detected in this study, we saw the utility of multiplexing. Specifically, the second positive pool only resulted in detection of the ORF1ab gene target. Upon reassaying the individual sample in triplicate, 2 or more gene targets were detected in each reaction. Finally, no matter the protocol details, pooling samples drastically reduces costs, decreases supply chain limitations, and increases throughput, especially in cases of low active infection prevalence (57). In fact, pooled testing is becoming the go-to surveillance approach at this point in the pandemic (58, 59). In conclusion, as each assay and protocol has advantages and disadvantages, the decision of testing strategy usage will highly rely on specific circumstances, resources, and sensitivity needs.


Table 3. Cost per sample comparison across different collection and processing methods.
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For various reasons, including those outlined above, RT-PCR has been the method of choice for widespread COVID testing to date, accounting for >75% of nucleic acid tests granted EUAs by the U.S. Food and Drug Administration (15). In this work, we demonstrated the ability to process several hundred samples at a time and return a result in ~6–8 h. A substantial amount of the time involved sample ingestion and reformatting from a low throughput format of a tube to a high throughput format of a 96 well plate. Once in a 96 well format, automated RNA extraction required ~23 min and the RT-PCR assay required ~1 h. To increase throughput further, a 384 well format can be used, and with pooling 1,920 individual samples could then be tested with results reported every hour. In a 24 h period with a single RT-PCR machine, this would suggest 9,168 individual samples could be tested individually, or 45,840 samples when pooled in sets of five; however, this requires highly efficient processing of samples. Automation of the upstream sample processing bottleneck has the potential to move this from theoretical possibility to practical reality. In fact, Thermo Fisher recently received an EUA to use a highly automated process (requiring 4 people per shift) to process up to 8,000 samples per 24 h (60, 61).

Other novel high throughput surveillance techniques have been included in the arsenal of COVID-19 diagnostic testing, including next-generation sequencing (NGS) (15). Swab-Seq, developed by Octant Inc., incorporates a RT-PCR reaction followed by sequencing on Illumina platforms (62). This approach to surveillance testing has been implemented by academic institutions like UCLA (63) and commercial entities like Helix (64). Additionally, tiling approaches for whole genome sequencing of SARS-CoV-2 were optimized by the ARTIC network and others for use with Oxford Nanopore Technologies (ONT) platforms (65–67). These approaches have been adapted to Illumina platforms as well and have found wide application in viral epidemiology. Furthermore, ONT linked a LAMP reaction for viral amplification to a sequencing readout using their long read technology in an assay termed LamPORE™ (68, 69). While NGS has the potential for extremely high throughput, some implementations require 12–24 h to return a result because of the complexities of library preparation and runtime on the instrument. Thus, PCR-based approaches are not intrinsically lower in throughput and, in fact, offer several advantages such as rapid turn-around and quantitative results. In contrast, NGS approaches offer advantages as well. The capacity of NGS to cover the entire viral genome offers improved sensitivity since sub-viral RNA fragments may not be detected in a PCR target. Researchers can also exploit the multiplexing capacity for detecting large panels of respiratory viruses, such as influenza. Lastly, and perhaps most importantly, complete viral sequencing offers the possibility of performing viral epidemiology and analyzing variant spread.




Limitations

The present study was able to perform a range of assays for SARS-CoV-2 nucleic acid and antibody detection, but there are a number of limitations. First, as part of the study design, the cohort in the present study was a non-random volunteer sample which could be susceptible to selection bias. As such, we may have missed potential SARS-CoV-2 positive participants which could have impacted the evaluation of test methods. However, we feel confident that this would have minimal impact on the present findings given the agreement between the detection of active infection in our cohort compared to reports in Ohio around the time of data collection. Second, the demographics of our cohort did not reflect the demographics of the Dayton, Ohio metropolitan area (70) and the study was conducted over a relatively short time period, limiting the generalizability of the disease presence observed in the present study. Lastly, the small number of active infections did not allow for significant study of the relationship between active infection and antibody kinetics. The participant who supplied the saliva sample with a lower titer was not co-enrolled in the serology aim. While the participant who supplied the saliva sample with the higher titer was co-enrolled in the serology aim, blood/serum samples taken before the positive saliva sample were negative and, as the participants were unenrolled from the study after providing a positive sample, we were unable to follow the relationship of active infection and antibody kinetics.



Conclusions

This study evaluated the performance of several assays to determine the extent to which COVID-19 was present in a local asymptomatic population situated near a United States Air Force base. Research findings regarding successful testing methodologies both for determining past exposure in the workforce and for detecting active infections can inform return to full capacity planning. Commanders and executives need to make informed decisions about what testing is best for their situation by taking into account a number of factors including prevalence of infection, required sensitivity, desired turnaround time, and available resources. The assays tested here represent only a small sample of SARS-CoV-2 diagnostic and screening tests, and novel techniques are continuously being developed (14, 15, 39, 71). Lessons learned about rapid assay development and deployment during the COVID-19 pandemic will provide insight for future pandemic responses.
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Introduction: The severity of COVID-19 may be correlated with the risk of liver injury development. An increasing number of studies indicate that degrees of hepatotoxicity has been associated with using some medications in the management of COVID-19 patients. However, limited studies had systematically investigated the evidence of drug-induced liver injury (DILI) in COVID-19 patients. Thus, this study aimed to examine DILI in COVID-19 patients.

Methods: A systematic search was carried out in PubMed/Medline, EMBASE, and Web of Science up to December 30, 2020. Search items included “SARS-CoV-2”, “Coronavirus,” COVID-19, and liver injury.

Results: We included 22 related articles. Among included studies, there was five case report, five case series, four randomizes control trial (RCT), seven cohort studies, and one cross-sectional study. The drugs included in this systematic review were remdesivir, favipiravir, tocilizumab, hydroxychloroquine, and lopinavir/ritonavir. Among included studies, some studies revealed a direct role of drugs, while others couldn't certainly confirm that the liver injury was due to SARS-CoV-2 itself or administration of medications. However, a significant number of studies reported that liver injury could be attributable to drug administration.

Discussion: Liver injury in COVID-19 patients could be caused by the virus itself or the administration of some types of drug. Intensive liver function monitoring should be considered for patients, especially patients who are treated with drugs such as remdesivir, lopinavir/ritonavir, and tocilizumab.

Keywords: COVID-19, SARS-CoV-2, drug induced liver injury (DILI), liver injury, adverse drug reaction


INTRODUCTION

Today, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infection, causing the pandemic Coronavirus Disease 2019 (COVID-19), a novel acute respiratory disease, which has affected 220 countries and territories with more than 200 million infected individuals and more than 4 million deaths, has become a serious global health concern.

With the main clinical manifestations of cough, fever, and shortness of breath (1), and the respiratory tract being the leading site of infection, the course of the disease is complex in a portion of the cases, in which it involves multi-organ including liver (2). As angiotensin-converting enzyme 2 (ACE2) is the central receptor for SARS-CocV-2 entry to the host cells (3, 4), its wide distribution in different body tissues can explain multi-organ involvement in COVID-19. Epidemiological studies (3) indicate different degrees of elevated liver chemistries with an incidence of 24.4%, particularly in liver transaminases, Aspartate transaminase (AST), and Alanine aminotransferase (ALT) in COVID-19 patient (5). COVID-19 associated liver injury, defined as any damage that occurred to the liver due to pathogenesis or treatment of COVID-19 (6), has been reported to occur in 20–46.9% of the COVID-19 patient (7, 8).

It's been shown that the severity of COVID-19 is correlated with the risk of liver injury development (8, 9). Furthermore, it's been suggested that liver injury is associated with poor outcomes of SARS infection, which is still a matter of debate (10, 11). Besides, the CT-quantified liver/spleen attenuation ratio has further proved the liver damage in COVID-19 patients, which was correlated with the severity of the disease (12). In previous studies, SARS-CoV viral particles have been identified in hepatocytes (13), and direct induction of liver injury by SARS-CoV was observed in vitro (14). In addition, SARS-CoV-2 is also shown to be associated with Liver tissue damage and dysfunction (15). While being mild in most cases, these liver manifestations of COVID-19 can potentially cause some adverse effects, from blood coagulation abnormalities causing severe bleeding to liver failure and even death caused by liver function deterioration (15–17). Hence, it is essential to find out the underlying mechanisms of these liver manifestations to prevent such adverse effects.

Since its initial rise in December 2019, various therapeutic compounds have been used to control the progression of pathogenesis and symptoms in the course of COVID-19. This drug armamentarium consists of several groups: (1) Antiviral drugs, including remdesivir, lopinavir/ritonavir, favipiravir, triazavirin, and umifenovir, (2) Antibiotics, including azithromycin and ceftriaxone, (3) Antimalarials, mainly hydroxychloroquine, (4) Immunomodulator agents, including tocilizumab and steroids like Dexamethasone, (5) antipyretic medications like acetaminophen, and (6) other adjunctive treatments like zinc sulfate and vitamin C, and several investigational treatments including convalescent plasma administration from COVID-19 recovered individuals and high-dose anakinra (an IL-1β inhibitor) (18). Previously some degrees of hepatotoxicity have been reported for many of these therapeutic agents as they were used for other diseases like viral infections.

An increasing number of studies indicate that degrees of hepatotoxicity have been associated with using some of these medications in the management of COVID-19 patients. Significantly, it was relieved after the cease of these agents. However, to our best knowledge, no studies had systematically investigated the evidence of drug-induced liver injury (DILI) in COVID-19 patients until today. In this study, to elucidate the association between hepatotoxicity in COVID-19 patients and the drugs used in these patients and to better identify the role of DILI as a possible mechanism of hepatotoxicity, the currently available evidence on the association of different therapeutic agents with hepatotoxicity in COVID-19 patient was systematically reviewed.



METHODS

This systematic review was conducted based on the “Preferred Reporting Items for Systematic Reviews and Meta-Analyses” (PRISMA) statement (19).


Search Strategy

Our team performed systematic literature searches through PubMed/Medline, Web of Science, and Embase databases. We included case reports and case series for the article type published until January 2021. Search items included “SARS-CoV-2”, “Coronavirus”, “COVID-19”, and “liver injury”. We included studies written in English.



Eligibility Criteria

We reviewed any studies reporting liver injury and liver-related adverse events caused by drug administration in COVID-19 patients including case reports, case series, case- controls, cohorts, clinical trials and observational studies. Definite adult cases of COVID-19 (mainly via a positive COVID-19 PCR) whom were hospitalized considered as the target population of our study. The studies that reported liver injury due to SARS-CoV-2 were not included in this study.



Study Selection

To find eligible articles, we screened potentially valid papers through two steps, step one reviewing the title and the abstract of the articles, and step two, reviewing the full text of the qualified articles from the first step. In both steps, each article was screened by two reviewers independently. If any ambiguity or disagreement was met, it was discussed among authors, and a final decision was made.



Data Extraction

We extracted the following as data: first author, publication year, type of study, the country was the study was conducted, mean age, medications, COVID-19 symptoms, patients comorbidities, inclusion and exclusion criteria, number of charged/discharged patients, the severity of COVID-19 disease, and laboratory liver function tests. In addition, we extracted demographic data of patients in the medication group but not in the placebo group. Similarly, for this step, each article data sheet was completed and reviewed by two authors independently, and disagreements and technical uncertainties were resolved through discussion with a third reviewer.




RESULTS


Study Characteristics

The selection process of articles is shown in Figure 1. Finally, we included 22 related articles. Among included studies, there was five case report, five case series, four randomizes control trial (RCT), seven cohort studies, and one cross-sectional study. In addition, six studies were from China, five studies from Italy, four studies from the USA, one study from Korea, one study from Brazil, one study from Ireland, one study from the Netherlands, one study from Montenegro, one study from India, and one study from Japan. The majority of included studies (11 studies) evaluated the safety of remdesivir for liver function, six studies reported safety of lopinavir/ritonavir, three studies assessed the safety of tocilizumab, three studies reported the safety of hydroxychloroquine. In addition, two studies showed the safety of favipiravir for liver function (Table 1).
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FIGURE 1. Flow chart of study selection for inclusion in the systematic review.



Table 1. Characteristics of included studies.
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Drug-Induced Liver Injury


-Remdesivir

The first study reporting the safety of remdesivir for COVID-19 patients, conducted by Grein et al., investigated the effect of 5 to 10-days courses of remdesivir on the changes in the category of oxygen-support status in a small cohort of 53 patients. The most common adverse event in this study was increased hepatic enzymes by an incidence of 23%. Moreover, one of the four patients who discontinued the treatment was due to the elevated liver aminotransferase (20). A similar pattern was replicated in the study on 402 patients, evaluating the optimum time-course for intravenous remdesivir, conducted by Goldman et al. In that grade, 1-2 ALT and AST elevation (7 and 6% respectively) was reported as the most common liver adverse effects (27). Furthermore, in the placebo-controlled double-blinded clinical trial on a total sample of 255 patients, conducted by Wang et al., grade 1–2 Increased AST was detected as an adverse liver effect (12% in the placebo group, 7% in remdesivir group; or 12:7%) and grade 1–2 increased ALT led to drug discontinuation (1%). However, the most common liver adverse effects reported by the same study were grade 1–2 hypoalbuminemia (15:13%) and grade 1–2 increased bilirubin (9:10%) respectively, latter of which also caused drug discontinuation (1%) (23). In an exciting perspective open-labeled study, remdesivir induced adverse effects were compared between patients in an intensive care unit (ICU) and infectious disease wards (IDW). While aminotransferase elevation was almost equal among the two groups (ICU = 44.4%; IDW = 41.2%), bilirubin elevation was more probable in ICU rather than IDW patients, suggesting that the differences in the incidence of different adverse effects among further studies may be due to the different severity states of COVID-19 in the patients (24). In addition to this line of studies, there are also some case reports. In a recent one, an acute increase in ALT was reported after 2 days of remdesivir initiation and was corrected immediately following the stop of remdesivir (32). In two other case reports, hepatic enzyme elevation was detected in patients receiving remdesivir with or without HCQ, who were previously treated with lopinavir/ritonavir (35, 36). In another case report, Carothers et al. have suggested that the use of acetylcysteine can be beneficial in the management of acute liver failure (ALF) induced by remdesivir (38).



-Lopinavir/Ritonavir

A significant number of studies have reported the association of lopinavir/ritonavir to use in COVID-19 patients with adverse liver effects. In a study by Sun et al. on a sample of 217 patients, 63% of total adverse drug reactions (ADRs) were associated with the use of lopinavir/ritonavir, whereas the use of other drugs including umifenovir, chloroquine, and antibacterial drugs together accounted for the additional 47% of ADRs. Liver ADRs were the second common ADRs by a prevalence of 18%. However, the percentage of liver ADRs due to lopinavir/ritonavir was not reported by the same study (22). Later, Fan et al. reported that among the 148 patients, 45 patients had normal base-line liver functions of which, 48% developed an abnormality in the liver after admission to the hospital. They highlighted that among the patients with abnormal liver functions, a higher proportion had used lopinavir/ritonavir (57.8%) compared to the patients with normal liver function tests (31.3%) (17).

Furthermore, Cia et al. reported that liver dysfunction was significantly higher in lopinavir/ritonavir treated group in a study with 417 COVID-19 patients. A 4-fold magnitude increased liver function odds, and the most common increase in test results was observed in gamma-glutamyl transferase and total bilirubin. Yet, due to the lack of evidence supporting the role of drugs in observed liver injury, the definition of DILI by clinical guidelines from the “European Association for the Study of the Liver” was not applicable for this study (21). In another line of studies, Jiang et al. observed that adding each concomitant medication is followed by a 12.1% increase in odds of liver function (29). In addition, concomitant use of lopinavir/ritonavir and arbidol in non-critically ill COVID-19 patients increased the odds of liver functions more than expected, to 3.58 times greater who didn't receive the medications mentioned earlier. To find out the mechanism of this abnormal increase, metabolic interactions between the two medications were explored using human liver microsomes. In the following line of evidence, a case series of seven patients who showed significant abnormal liver tests in addition to worsening of the respiratory system function 5–7 days following the treatment with lopinavir/ritonavir, hydroxychloroquine, and azithromycin, use of tocilizumab was seen to relieve both lung and liver functions within 3 weeks (39).



-Tocilizumab

A retrospective study reported no adverse liver effects on 1,351 patients treated with tocilizumab conducted by Guaraldi et al. (31). However, there is a case report DILI following the use of tocilizumab, which was suggested to possibly be a result of previous use of lopinavir/ritonavir (26). Another study conducted by Hundt et al. reported a significant correlation between the use of lopinavir/ritonavir, hydroxychloroquine, remdesivir, and tocilizumab developing a liver injury. Furthermore, the strongest correlation was related to the use of tocilizumab (37).



-Hydroxychloroquine (+/-Azithromycin)

A retrospective analysis on a sample of 134 patients reported that the liver function tests were not significantly different between patients treated with hydroxychloroquine/azithromycin compared to the patients who didn't receive targeted therapies (34). However, Falcao et al. reported a severe COVID-19 case of hepatotoxicity (28) related to hydroxychloroquine. The patient showed a 10-fold increase in levels of transaminases in serum, which rapidly decreased after being withdrawn from hydroxychloroquine.



-Favipiravir

We found one study reporting the effect of favipiravir use on liver function. This case report described a patient who developed cholestatic liver injury caused by favipiravir. However, based on the author's view, the administration of antibacterial treatment triggered the liver injury, and a high dose of favipiravir worsened the liver function (41).

Table 2 provides a brief overview of the effects of the mentioned medications on the liver function tests.


Table 2. Effect of drugs on liver function tests.
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DISCUSSION

Among included studies, some of theme revealed a direct role of drugs, while others couldn't certainly confirm that the liver injury was due to SARS-CoV-2 itself or administration of medications. However, a major number of studies reported that liver injury could be attributable to drug administration. Among included studies, one study reported that liver-related adverse effects were not significantly different between patients who used hydroxychloroquine (HCQ) and azithromycin and the control group (34). Another study, however, reported that DILI in COVID-19 is mainly attributed to the type of the drug. For instance, a study conducted in China by Cai et al. reported that drugs such as antibiotics, NSAIDs, ribavirin, herbal medication, and interferon did not significantly lead to a higher risk of liver injury. In contrast, drugs including lopinavir/ritonavir were associated with 4 × higher odds of liver injury (21). Of course it is noteworthy to imply that the efficacy of lopinavir/ritonavir in COVID-19 patients is still under question and should be evaluated in further studies (42, 43).

Furthermore, Chinese herbal medication and antibiotics are frequently related to DILI in China, but Chinese herbal medicine was not associated with liver injury (44). Therefore, it can be concluded that there is no consensus on what drugs could lead to DILI, particularly in the COVID-19 context. According to included studies, all papers that evaluated the adverse effects of remdesivir on the liver reported that remdesivir could lead to liver injury except for one recent article which demonstrated that RDV treatment was not associated with transaminase elevation (40). The most controversial reports of DILI were about the effect of tocilizumab on the liver. One study reported that tocilizumab improved liver adverse effects caused by the administration of lopinavir/ritonavir (39). Inconsistently, a study conducted by Muhovic et al. reported the first case of DILI caused by tocilizumab. According to this study, previous use of antiviral drugs such as lopinavir/ritonavir could increase the hepatotoxic effects of tocilizumab (26). Moreover, a retrospective cohort study conducted by Guaraldi et al. has demonstrated that tocilizumab does not increase transaminases in COVID-19 patients (31). Two meta- analysis studies, although incoherent about the efficacy of tocilizumab, have concluded that tocilizumab is not associated with liver injury in COVID-19 patients (45, 46). Also it has been reported that a combination of tocilizumab with other hepatotoxic agents could lead to severe liver injury (26). Developing DILI in patients is associated with various factors. For instance, Falcao et al. reported that a high dose of recommended HCQ could increase the risk of hepatotoxicity in COVID-19 patients. Moreover, certain medical conditions such as porphyria cutanea tarda, viral hepatitis, and rheumatologic diseases could enhance the risk of liver injury development (28). Further, there is a drug-drug interaction with chloroquine and its derivatives with anti-rejection immunosuppressant (47). Based on a meta-analysis, the incidence of DILI in a population of 208 patients treated with remdesivir was 15.2%, while the incidence of DILI among 775 patients treated with lopinavir/ritonavir was 37.2% (5). According to a meta-analysis conducted by Yadav et al., severe cases and patients with liver injury are at higher risk of mortality therefore, during treatment, they should be given special and careful attention (48).


Liver Involvement in COVID-19 Infection

SARS-COV-2 enters the host cells through the angiotensin 2 conversion enzyme (ACE2) receptor. This receptor is expressed in various tissues, including lungs, the heart, and the liver. ACE2 receptor in the liver is highly expressed in cholangiocytes (60%) and hepatocytes (3%), indicating that the liver could be a potential target for SARS-CoV-2 invasion (49).

Liver involvement during COVID-19 infection is associated with various factors. Several mechanisms have been postulated about liver involvement in COVID-19 infection that can be listed as: (1) direct invasion of the virus to liver cells through ACE2 receptor, (2) uncontrolled inflammatory responses that lead to fibrosis and liver dysfunction, (3) liver dysfunction caused by administration of anti-COVID-19 drugs, (4) hypoxia and cardiac failure in severe COVID-19 patients could contribute to the development of liver injury (50).



Drug-Induced Liver Injury

Drug-induced liver injury (DILI) is liver lesion/dysfunction caused by medication. The incidence of DILI is low; however, it could lead to acute liver failure and urgent liver transplantation. In patients with acute liver failure, DILI is a differential diagnosis (49). To better diagnose DILI in suspected patients, the potential hepatotoxic effect of drugs and various influential factors including race, age, and sex should be considered (51). In patients with COVID-19, the cause of liver dysfunction should be determined. Furthermore, taking appropriate measures such as ALT, AST, total bilirubin, direct bilirubin, albumin, and INR monitoring could significantly reduce morbidity and mortality. Moreover, patients with DILI should be given anti-inflammatory liver protection medication, and special attention should be considered to alter the dosage or discontinue the suspected drugs (49). In patients with severe COVID-19 infection and patients with pre-existing liver diseases, too many drugs (more than 2) with the potential of hepatotoxic effect should not be given. Drugs in patients with ongoing anti-HBV and anti-HCV should not be discontinued; but instead, they should be carefully monitored (49).

Definition of acute liver injury is based on the ULN of serum concentration of ALT, AST, and total bilirubin. It is as follows: 1 increase level of ALT ≥5-times ULN, or increase level of ALP ≥2-times ULN (in the absence of bone pathology), or simultaneous increase of ALT ≥3-times ULN and total bilirubin concentration >2-times ULN (52).

It has been reported that patients who developed favipiravir (FRP)-induced liver damage had higher FRP serum levels than patients who did not (53). Practitioners should notice a large variation in FRP concentration between patients; therefore, monitoring FPR concentration in patients' blood and personalized FPR dosing could be helpful. Administration of FRP could cause the enhanced level of ALT, AST, ALP, and total bilirubin. In the context of COVID-19 infection, ALT elevation with the use of FPR occurs in <10% of patients (54). It should be considered that in patients with severe COVID-19 infection reduced dosage of FPR should be administered (55). A review on the safety and efficacy of FRP in COVID-19 patients revealed that there is not a significant difference in LFT changes in the FRP group compared to the comparison group (56). Consistently, a recent meta-analysis study reported FRP leads to non-significantly lower odds for adverse effects compared to placebo (57).

Studies have reported that administration of RDV is associated with AST and ALT elevation (36). Consistently, according to our included studies, the most important changes of liver enzymes were altered levels of ALT and ST. However, in most cases, elevated levels of AST and ALT do not progress to severe liver injury (58). Based on reports, liver injury caused by RDV occurred in two patients manifested with increased transaminases, coagulopathy, and hepatic encephalopathy that occurred between days 3 and 10 of RDV administration. Practitioners used N-acetyl cysteine and discontinued RDV to stop the progression of acute liver failure (38). It should be considered that in the following conditions RDV should be stopped; ALT >5-times ULN or ALP >2-times ULN, and total bilirubin >2-times ULN or presence of coagulopathy or clinical decompensation (54). To reduce RDV-induced liver adverse effects, liver function tests should be performed and analyzed before drug initiation. Moreover, physicians should monitor the liver function tests during treatment with RDV (59). Carothers et al. have suggested that the use of acetylcysteine can be beneficial in the management of acute liver failure (ALF) induced by remdesivir (38). Acetylcysteine is an antidote to acetaminophen, the leading cause of ALF, which is possibly useful also for ALF caused by drugs other than acetaminophen (60).

Azithromycin could cause idiosyncratic acute liver damage. azithromycin-induced liver injury manifested with cholestatic hepatitis occurring 1–3 weeks after treatment initiation. Moreover, hepatocellular injury associated with azithromycin has a short latency (52). azithromycin is also known to develop cutaneous reactions, including erythema multiform and Stevens-Johnson syndrome, that are often associated with a degree of liver involvement (61).

Moderate to severe elevation in serum concentration of aminotransferases (>5-times UNL) could be seen in 3–10% of patients who have used lopinavir. The extent of liver injury varies from hepatocellular injury to cholestatic injury or both (62). Elevation of liver enzymes following the use of ritonavir is rare and self-limited. Moreover, the administration of lopinavir/ritonavir could exacerbate liver dysfunction in patients with HBV and HCV infection (52).

We did not include ivermectin (IVN) and colchicine into our search strategy but as there is a tendency to investigate the possible usefulness of these two medications in COVID-19 treatment, we should point them. IVN, a well-known anti- parasite medication, is considered a safe drug, and reports on its hepatotoxic effects are rare. There are growing and controversial evidences about IVN efficacy in treatment of COVID-19 patients but it seems to be a safe medication in overall (63–66). Of course there is a case report of IVN caused DILI (elevated aminotransferase, acute hepatocellular necrosis, lobular infiltration of lymphocytes, and without fibrosis) 1 month after drug administration and the patient clinically improved after 3 months (67). Colchicine is also another well-known drug used as an anti-inflammatory agent in wide range of diseases that has also been reported to reduce the severity, hospitalization period, and the mortality of COVID-19 and prevention of cytokine storm (68–71). But excessive cautions should be take place in colchicine dosage as it is easily affected by many factors (72, 73). Currently there are not enough data to comment on the effects of colchicine on the liver function of COVID-19 patients and further studies are recommended to elucidate it.

Practitioners could better diagnose the DILI in suspected patients based on Roussel Uclaf Causality Assessment Method (RUCAM). RUCAM is a structured, standardized, and validated method for the assessment of DILI. However, a major number of related studies did not use RUCAM to evaluate the liver damage and assess the risk of DILI, causing confounding results in the diagnosis of DILI in COVID-19 patients. Therefore, RUCAM could provide an accurate quantitative casualty grading for suspected drugs and verify DILI in suspected patients (30).



Mechanisms of Drug-Induced Liver Injury

The mechanisms underlying liver injury in COVID-19 patients are not yet fully understood; however, drug-induced liver injury has been significantly cited in the literature among various causes of liver damage in COVID-19.

Xu et al. have reported moderate micro vesicular steatosis in post-mortem liver tissue of a COVID-19 patient (74), a condition in which hepatocytes are filled with fat vesicles due to either viral- or drug-induced injury. Drug-induced steatosis is mainly caused by drug interference with β-oxidation of fatty acids, mitochondrial respiration, or both (75), resulting in the accumulation of non-esterified fatty acids which are subsequently converted into triglycerides (76).

Several mechanisms are known to sensitize hepatocytes to SARS-CoV-2 infection or therapeutic chemicals. Underlying diseases including diabetes type 1 or 2 and hypertension, would enhance direct SARS-CoV-2 hepatotoxicity due to upregulation of ACE2 following the use of angiotensin receptor blockers or ACE inhibitor drugs (77, 78). Non-alcoholic fatty liver disease (NAFLD), which can be resulted from diabetes itself, sensitizes hepatocytes to therapeutic chemicals, specifically antipyretic drugs containing acetaminophen (79, 80).

The other mechanism thought to affect hepatocytes is downregulation of cytochromes p450 or CYPs family; enzymes involved in oxidative biotransformation of many drugs including the ones used in COVID-19 management. This downregulation is thought to be caused by the elevation of cytokines and interleukins especially IL-6, which is a major inflammatory mediator exerting repressive effects on several CYPs, as a result of cytokine storm syndrome (CSS) in COVID-19. Possible CYPs downregulation can affect the metabolism of several COVID-19 drugs, specifically remdesivir, the metabolism of which is extensively relied on CYPs. It's also thought that consuming multiple drugs would add up metabolic complexity to this situation (81).

As an example, arbidol and lopinavir are metabolized by Cytochrome P3A (CYP3A) which can be inhibited by ritonavir, hence using arbidol with lopinavir/ritonavir (LPV/RTV) at the same time may result in liver injury. It is concluded that the interaction between arbidol and lopinavir/ritonavir, elevates the serum concentration of arbidol and lopinavir and increases the risk of liver damage (29). Ribavirin causes hemolysis which in turn can aggravate or induce tissue hypoxia; this condition may lead to elevated levels of liver enzymes in the serum (82).

Almost all of the drugs prescribed for COVID-19, such as oseltamivir, lopinavir/ritonavir, ribavirin, chloroquine phosphate, and hydroxyl chloroquine sulfate are metabolized in the liver, hence liver damage and elevation of liver enzymes following the treatment is predictable (83). Pharmacological features of anti-COVID-19 drugs might elevate the risk of liver damage; lipophilicity, liability in the mitochondria, generation of reactive metabolites, the metabolism pathway in the liver, and the ability to inhibit hepatic transporters are some of the critical features that can lead to hepatotoxicity in susceptible hosts (84).

In a previous study by Griffin et al., 10-min exposure of rat hepatocytes to LPV and RTV, two protease inhibitor (PI) drugs, caused intracellular accumulation of Taurocholic Acid (TCA), suggesting that hepatotoxicity induced by PIs may be a result of their interference with the efflux of bile acids from hepatocytes (85). In addition, a series of studies have reported LPV as an important inhibitor of multidrug resistance–associated protein 2 (MRP2), an apical efflux transporter in hepatocytes, contributing to the excretion of bile acids (86, 87). In a more recent study evaluating the biliary excretion index (BEI) of 5(6)-carboxy-29, 79 dichlorofluorescein (CDF) through confocal imaging, the inhibitory effects of LPV was further supported (88). In another recent study, hepatotoxicity of PIs, LPV and, RTV, was reported to interfere with ER-Golgi trafficking via inhibition of Ras converting CAAX endopeptidase-1 (RCE1) and its potential substrates, leading to cellular stress responses and fatty liver disease (89). Another possible cause of hepatotoxicity due to LPV/RTV is insufficient P450 activity to metabolize large amounts of those drugs during the treatment period. Additionally, LPV/RTV can reactivate the infections caused by hepatitis B and C viruses and lead to deterioration of the liver disease (90).

Tocilizumab causes liver damage through not well-understood mechanisms but its ability to block IL-6, which is an important factor in the regeneration of the liver might be the underlying mechanism of mild-to-moderate liver enzyme elevation (90). IL-6 is also known to reduce viral entry to the host cells through downregulation of the Na(+)/taurocholate co-transporting polypeptide (NTCP), as well as viral replication in HBV infected patients (91, 92).

Consuming hydroxychloroquine in patients with porphyria cutanea tarda is associated with acute hepatotoxicity but the underlying mechanism is yet to be understood (90). Rismanbaf et al., postulated that synergy between inflammatory response to COVID-19 infection and adverse reaction to the reactive metabolite of HCQ could lead to liver injury (93).

The degree of lipophilicity, metabolization by CYP3A4 in the liver, inhibition of organic anion transporting polypeptide 1B1 (OATP1B1), p-glycoprotein (P-gp) and breast cancer resistance proteins (BCRP), all of which serve as transporters in the liver to protect it from xenobiotics, in addition to the activity of bile salt export pump (BSEP) which is involved in cholestasis process, are determining factors in estimating the hepatotoxicity of JAK inhibitors, including baricitinib, tofacitinib, upadacitinib, and ruxocitinib. In contrast to baricitinib which does not meet the criteria for hepatotoxicity in humans, tofacitinib and upadacitinib are known as more hepatotoxic agents especially in patients with underlying liver diseases or those who receive other potentially hepatotoxic drugs (84).

Furthermore, inflammatory response to the antivirals might be another probable cause of drug hepatotoxicity in COVID-19 patients (94).




CONCLUSIONS

In conclusion, to the best of our knowledge, this is the first study that has assessed the drug-induced liver injury in COVID-19 infected patients. Liver injury in COVID-19 patients could be caused by the virus itself or the administration of some types of drug. Intensive liver function monitoring should be considered for patients, especially patients who are treated with drugs such as remdesivir, lopinavir/ritonavir, and tocilizumab.



LIMITATIONS

There were limited studies that reported complete and detailed data about the safety and efficacy of drugs on liver function tests. Some of the studies did not certainly report that liver injury is due to drugs and they just raise the possibility of the drug's role in the development of DILI. Some of the articles did not report DIDI based on the RUCAM and other well-known validated methods of DILI assessment. Some of the articles reported liver-related adverse events and did not determine the degree of liver injury. More studies, particularly randomized clinical trials (RCTs) are required to better understand the risk of DILI following administration of these drugs.
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Two COVID-19 outbreaks occurred in residential buildings with overcrowded housing conditions in the city of Göttingen in Germany during May and June 2020, when COVID-19 infection incidences were low across the rest of the country, with a national incidence of 2.6/100,000 population. The outbreaks increased the local incidence in the city of Göttingen to 123.5/100,000 in June 2020. Many of the affected residents were living in precarious conditions and experienced language barriers. The outbreaks were characterized by high case numbers and attack rates among the residents, many asymptomatic cases, a comparatively young population, and substantial outbreak control measures implemented by local authorities. We analyzed national and local surveillance data, calculated age-, and gender-specific attack rates and performed whole genome sequencing analysis to describe the outbreak and characteristics of the infected population. The authorities' infection control measures included voluntary and compulsory testing of all residents and mass quarantine. Public health measures, such as the general closure of schools and a public space as well as the prohibition of team sports at local level, were also implemented in the district to limit the outbreaks locally. The outbreaks were under control by the end of June 2020. We describe the measures to contain the outbreaks, the challenges experienced and lessons learned. We discuss how public health measures can be planned and implemented through consideration of the needs and vulnerabilities of affected populations. In order to avoid coercive measures, barrier-free communication, with language translation when needed, and consideration of socio-economic circumstances of affected populations are crucial for controlling infectious disease transmission in an outbreak effectively and in a timely way.
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INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is easily transmissible by both symptomatic and asymptomatic individuals. Closed and densely inhabited environments favor transmission (1–3).

The first COVID-19 case in the district of Göttingen was reported on March 11, 2020 (4). The whole district of Göttingen (city and county district) has a total population of ~330,000 (of whom ~120,000 live in the city), and is located in Lower Saxony, Germany. The district and the rest of Germany first reported an increase in incidence of COVID-19 during March with a peak in April—in Göttingen mainly due to outbreaks in care facilities—followed by a decrease in case numbers by the end of April 2020 (5). In May 2020, the first lockdown was released in whole Germany, and schools, shops and businesses re-opened and face masks were not recommended. In this situation, a COVID-19 case cluster was identified in a large residential complex (RC) in the city of Göttingen (RC1), followed by a second major outbreak in another RC (RC2) which was located 1 km away from RC1 but had no connections through residents. This led to increasing incidences in the whole district, which gained wide public attention (6–8).

We describe the two outbreaks in the RCs, with a particular focus on the housing and social conditions of the affected population and the challenges and measures taken to contain the outbreaks. We present further recommendations for the management of outbreaks that occur in buildings with cramped housing conditions, which often affect marginalized people who experience precarious living conditions.



MATERIALS AND METHODS

An outbreak investigation team from the Robert Koch Institute (RKI) consisting of two epidemiologists and four containment scouts supported the local health authorities from June 15–23, 2020, in implementing measures to understand and contain the outbreak.

The description of the two outbreaks was based on the COVID-19 database of the Local Public Health Authority of the City of Göttingen (LPHA), as of July 03, 2020.

Cases were defined as people who tested positive for SARS-CoV-2 by PCR between May 16 and June 29, 2020 [corresponding to calendar weeks (CW) 20–27, 2020], regardless of clinical symptoms, living in or with epidemiological link to either RC1 or RC2 in this period. The relevant information was gathered through the LPHA's investigations and entered in the local COVID-19 database. We described the COVID-19 cases in the whole district of Göttingen in two ways:

(a) All cases in the whole district of Göttingen from March 9 to August 9, 2020 (CW 11–32): by date of reporting, including cases assigned to the two outbreaks in RCs, based on data from the national surveillance database (RKI SurvNet, as of 13.08.2020).

(b) Cases assigned to outbreak 1 and 2 by date of testing, derived from the LPHA's COVID-19 database, differentiating between residents and non-residents and including information on local testing, screening and control measures in the two residential complexes, at Göttingen district and city level and at national level, May 16–June 29, 2020 (CW 20–27).

The age and gender distribution, and housing and social conditions of the residents of RC1 and RC2 were described based on information provided by the City of Göttingen, as well as the RKI's outbreak investigation team's personal impressions and their conversations with residents during their visit to the sites.

We compared gender and age distributions between cases among residents in RC1 and RC2 with the official total resident population, using the COVID-19 database of the LPHA and information provided by the City of Göttingen, and calculated age- and gender-specific attack rates (AR) among resident-cases.

Age, gender, and clinical symptoms were compared between outbreaks cases and national case numbers (by reporting date) during the outbreak period (May 16 to June 29, 2020; RKI SurvNet, as of 03.07.2020).

Whole genomes sequencing (WGS) was performed for 19 cases from the outbreak in RC2. The samples were sequenced on an Illumina iSeq using the Paragon Genomics CleanPlex SARS-CoV-2 Panel kit. The panel contains 344 primer with a median insert size of 96 base pairs (bp). The median sequencing depth was 100,000 reads per sample with a read length of 2x 125bp. Sequencing reads were used to reconstruct consensus genomes using CovPipe v2.0.1 (9). Minimum base quality was 15. Genome positions with a coverage of at least 20× were used for further analysis. Sequence similarity was calculated by using a multiple sequence alignment produced by Pangolin 2.3 (https://github.com/cov-lineages/pangolin/), which masks positions 0–265 and 29674-end of the sequences in reference coordinates. From the alignment, genetic distance was computed using a custom R script, ignoring positions with ambiguous nucleotides.



RESULTS

Between May 16 and June 29, 2020, the LPHA Göttingen identified 333 cases that were assigned to two outbreaks in two RCs located in the center of Göttingen. The first cluster comprised 71 residents in RC1 as well as 124 non-residents (outbreak 1), and the second cluster comprised 138 residents in RC2 (outbreak 2). No cases among non-residents were assigned to outbreak 2 by the LPHA.

RC1 consists of two buildings, one with 15 and another with 17 floors, and each with one staircase and two elevators. In total, there are 406 apartments, most of which are studios or have one bedroom (32–54 m2) and some 3–4 room apartments (71–78 m2). In May 2020, a total of 615 residents were officially registered; their gender and age distribution are shown in Tables 1, 2. The heterogeneous residential population consisted mostly of families and international students. According to the city authorities, more than half of the residents did not have a German passport (n = 331; 54%), and more than half received social benefits.


Table 1. Gender distribution of SARS-CoV-2 cases and officially registered residents of two residential complexes; gender-specific attack rates, Göttingen, May–June 2020 (COVID-19 database LPHA Göttingen, as of 03.07.2020).
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Table 2. Age distribution of SARS-CoV-2 cases and officially registered residents of two residential complexes and age-specific attack rates, Göttingen May–June 2020 (COVID-19 database LPHA Göttingen, as of 03.07.2020).
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RC2 is a dilapidated building with 432 apartments (17–39 m2), of which most are studios or have one bedroom; it extends over up to 12 floors, at that time with one functioning elevator for the entire building. Residents reported heavy littering of the building and availability of two washing machines for the residents, one of which was broken. In April 2020, 643 people were officially registered in the building, 60% of which were male and one third children under the age of 18. The gender and age distribution of residents are shown in Tables 1, 2. A total of 85% of the residents did not have German citizenship. According to local authorities, many residents had recently migrated to Germany. Of all residents in RC2, 90% (n = 578) received social benefits.


Outbreaks 1 and 2 and Measures Taken

On May 18, 2020, a resident of RC1 developed clinical symptoms and tested positive for SARS-CoV-2. He was defined as the primary case. He did not comply with the isolation order. Another resident was hospitalized with pneumonia on May 25, 2020, and tested positive on May 26, 2020. Retrospectively, the LPHA identified three more persons linked to the primary case who tested SARS-CoV-2 positive on May 16, 17, and 20, respectively. Testing of 40 contacts of the identified four cases between May 26 and 29 revealed 38 more cases. Additional contact tracing of the new cases revealed a total of 364 close contacts, mostly non-residents of RC1.

Between May 30 and June 02, 2020, all 615 residents of RC1 were offered voluntary testing in various test centers. Sixty additional cases (residents and non-residents of RC1) were identified. Since not all residents attended the testing center, compulsory testing of the residents was conducted between June 05 and 07 in the garage of the building. Among 420 people tested, another 24 cases were identified (Figure 3).

Until June 12, 2020, the outbreak included 195 cases in total, of which 71 were residents of RC1.

On June 12, 2020, two residents from two households of RC2 tested positive for COVID-19 during outpatient consultation at the hospital. All five household contacts were tested positive. Thereafter, a screening of all residents was ordered for June 15 and 16, 2020. Among ~700 tested residents, 120 people tested positive for SARS-CoV-2. Retesting of negatives revealed 18 further cases, totalling 138 confirmed cases among residents of RC2 (Figure 3).



Description of Cases by Time

Figure 1 shows the reported COVID-19 cases in the whole district of Göttingen since the beginning of the epidemic. The cases assigned to the two outbreaks are highlighted. From May 18 to June 29 (CW 21–27), 58.5% (287/491) of cases in the whole district were attributed to the RC outbreaks. After an increase in case number in spring up to the peak of 166 cases in CW 15, case numbers decreased to 12–16 cases per week (CW 19–21). Following this, case numbers reached a similarly high level as in spring due to the outbreaks in RCs. In CW 23 and 25, n = 140 and 159 confirmed COVID-19 cases were reported, respectively; 80.0 and 69.2% of which could be attributed to the outbreak events (Figure 1).


[image: Figure 1]
FIGURE 1. Distribution of SARS-CoV-2 cases (N = 1,323) reported to the RKI by reporting date in the calendar weeks 11–33, city and county district of Göttingen, 2020, with assignment of the cases to the outbreak events in residential complexes 1 (blue) and 2 (orange) (n = 287; RKI SurvNet database, 13.08.2020).




Gender and Age-Specific Attack Rates

In RC1, 71 of the 615 residents (and 124 non-residents) tested positive for SARS-CoV-2 (ARRC1 = 11.9%). In RC2, 138 of the 643 officially registered residents tested positive for SARS-CoV-2 (ARRC2 = 21.5%). No further cases outside the RC2 were identified. In RC2, the AR among women and men was 23.9 and 19.8%, respectively; in RC1 no gender difference of the AR was observed (Table 1).

The proportion of cases among children and adolescents under the age of 18 in RC1 and RC2 was 37 and 46% of all cases, respectively. In RC1, most cases (49%) occurred in the age group 18–44 years, in RC2 this age group contributed to 40% of cases. People aged over 45 years accounted for 14% share of cases in both RCs.

In both RCs, age-specific ARs were highest in children aged 6–18, followed by children aged 0–5, adults in age-group 18–44. The lowest ARs were among the oldest age-group (45–64) (Table 2).



Whole Genome Sequencing Analysis of a Subset of Samples From Outbreak 2

WGS analysis of 19 samples from RC2 cases revealed high genomic sequence similarity with a maximal genomic distance between all of the samples between 0 and 3 SNPs (mean 1.1 SNPs) (Supplementry Figure 2).

There is no evidence of multiple introductions. Phylogenetic analysis revealed identical virus lineages B.1.159 in all samples. Despite relatively low overall lineage detection in Germany in 2020, B.1.159 was detected in only nine other samples in Germany. The 19 cases were spread over the whole RC2 with at least one sequenced case per level in one of the four building parts. The subset contained 11 children between the age of 0 to 15 and eight adults between the ages of 18–60. Based on age distribution in combination with locations of the flat, it can be excluded that these 19 cases define a separate subcluster within the RC2 or within outbreak 2 (Supplementry Figure 1).



Age and Gender Distribution of Outbreak Cases in Comparison to the National Average

The overall proportion of women among all outbreak cases (including non-residents) was 45.6% (152/333), which was below the national average of 52.5% in the same period. In comparison to national COVID-19 cases in the same period, the proportion of outbreak cases was higher among children and adolescents, especially in outbreak 2. The cases' mean age was 25 years (median 23 years) in outbreak 1 and 23 years (median 20 years) in outbreak 2 compared to 48 years in the national average (median 49 years). Nearly 50% of the cases were aged under 20 years (in national case numbers this group accounted for <20% in the same time period). In contrast, the age groups over 40 years and older were underrepresented in the outbreaks compared to the nationally reported cases (Figure 2).


[image: Figure 2]
FIGURE 2. Age distribution of SARS-CoV-2 cases in outbreak 1; n = 195 and outbreak 2; n = 138 (COVID-19 database LPHA Göttingen, as of 03.07.2020), and in Germany (reporting week 20–27, SARS-CoV-2 cases according to reference case definition (n = 24,411; RKI SurvNet database, as of 03.07.2020).




Symptoms and Hospitalization

Information on clinical symptoms was available for a total of 150 cases, outbreak 1, in 135/195 (69.2%), and outbreak 2 in 15/138 (10.9%). Frequently cited symptoms among the cases with information on symptoms were fever (44.7%), cough (42.7%), headache (42.7%), sore throat (28%), and rhinorrhoea (21.3%). Ageusia and/or anosmia were indicated in 13 cases (8.6%), pneumonia in four cases (2.6%). Hospitalization was reported for 4.8% of cases [13 cases (6.7%) in RC1; and 3 cases (2.2%) in RC2]. Of the hospitalized cases, three people were treated in intensive care units (ICU) (2 <30 years, and >60 years). Two of them had to be ventilated, and one person died 26 days after diagnosis. The case fatality during the outbreak in outbreak 1 was 0.5% and 0 in outbreak 2.



Measures to Contain the Outbreaks

On June 9, 2020, the Göttingen city crisis management team initiated a daily infection mapping based on a local map in order to early identify spatial signals of increased case numbers at crucial settings, such as nursing homes, hostels for refugees, and hostels for people who sleep rough, and precarious residential properties. To be able to quickly react to those signals, 50 medical students and trained staff from the university hospital (UMG) were available for mass testing and contact tracing.


Outbreak 1

In outbreak 1, testing of residents and contact persons, initially performed on a voluntary basis, was later made compulsory. Individual isolation was ordered for infected people and quarantine (for 14 days) for all members of households with newly identified cases. The residents independently organized the separation of cases, contacts and suspected negative-tested residents within the RC as well as food supply of quarantined residents (10). The primary case who did not comply with the isolation order was placed in a separate apartment. Appropriate ventilation and physical distancing among residents in the narrow corridors and elevators of the building were hardly possible. The city therefore asked the building's property management to submit an infection prevention and control (IPC) plan. It included regular cleaning, distancing, wearing of masks, and use of elevators by a maximum of two people at any one time.

Since two contact persons worked in two nursing homes for elderly people, all residents, and staff in the nursing homes were tested for SARS-CoV-2. One resident tested positive, no further cases occurred.

Thirty-three children who were infected had attended classes in reduced class sizes in 13 schools and 1 day care center. The crisis team decided to close all schools and day care centers in the city and district until June 12, 2020. Furthermore, all people at an accommodation center for asylum seekers and an elementary school in the district were required to be tested. One further case was identified in the school.



Outbreak 2

The two index cases of outbreak 2 were detected during routine SARS-CoV-2 testing prior to medical procedures in the UMG, according to the UMG test strategy. Following the positive test results of all household contacts of both index cases, immediate compulsory testing of all residents from RC2 was installed. All residents received face masks and written information material on COVID-19 in German and Romanian as, according to the LPHA, the proportion of Romanian-speaking residents was high (exact figures not available) (11, 12). The residents were required to attend testing in front of the building (supported by language mediation). After testing revealed positive results among 120 people, all residents in RC2 were quarantined between June 18 and 25, 2020 in order to organize contact tracing and to prevent transmission outside the building (11). For this purpose, the building was fenced off and access was monitored by security staff and police. Residents were informed about the measures by leaflets and mobile text messages, as well as oral information with translators.

The property management was required to present an IPC plan for RC2. Between June 20 and 21, 2020, a second test was offered to all people who had previously tested negative, in order for them to leave quarantine if their second result was negative after June 25, 2020. During quarantine, residents were supplied with groceries, meals and sanitary products. Opioid substitution treatment (OST) was provided to OST patients among residents, a mobile medical care center including psychiatric care and an information booth with Romanian language translation. Staff from community safety, security services and fire department, various emergency services, a low threshold addiction service, and the police service were involved in the operation. Items that were not provided by the public authorities were provided by local NGOs, such as baby food, diapers and telephone cards.

Further measures that were implemented at district level, e.g., a requirement to wear a mask on school premises (13), team sports were prohibited (14), and the closure of a public place in Göttingen city and others can be found in Figure 3.
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FIGURE 3. Distribution of SARS-CoV-2 cases in two residential complexes in Göttingen, May–June 2020 by date of testing and residential status of cases (COVID-19 database GA Göttingen, as of 03.07.2020) and implementation of control measures at national level, Göttingen county district and city level and in the two residential complexes, May–June 2020.






DISCUSSION

The described outbreaks in RCs posed a particular challenge for both the city of Göttingen, due to high case numbers, as well as for the residents of the buildings, who were disproportionally affected by the imposed control measures. These outbreaks occurred when the first wave of the COVID-19 pandemic in Germany was over and most other districts succeeded in bringing down case numbers.

The high attack rates of 12 and 22% among residents of RC1 and RC2, respectively, suggest that, in line with published evidence (1–3), overcrowding, and within-household transmission have likely played a significant role in the spread of the virus. It was assumed by local authorities that in addition to officially registered residents further not-registered persons lived in the RCs, in particular in RC2, therefore overcrowding was likely even more severe. Physical distancing, self-isolation, and shielding may be difficult to implement in these settings (2, 15, 16). The high genomic sequence similarity of a subset of samples from outbreak 2 supports the hypothesis that all cases belonged to the same outbreak and there is no evidence of multiple introductions. Additionally, this is supported by phylogenetic analysis that revealed identical virus lineages B.1.159 in all samples. Despite relatively low overall lineage detection in Germany in 2020, B.1.159 was detected in only 9 other samples in Germany. However, the 19 analyzed cases were spread over the whole RC with at least one sequenced case per level in one of the four building parts, which supports our hypothesis of a fast transmission inside the building due to many contacts among residents.

At the time of the outbreaks, Lower Saxony was preparing to pass a Housing Protection Act, which allows municipalities to identify and declare overcrowded, run-down dwellings as uninhabitable. The act further defines a minimum space of 10 m2 per person. This could help prevent similar outbreaks which are associated with overcrowding.

The immediate compulsory testing of all residents and the quarantine of the entire building in outbreak 2 was initiated in response to the rapid spread of infection and low uptake of voluntary testing during outbreak 1. While it facilitated infection control measures, the crowding of people in front of the test center while waiting may have favored the further spread of the virus among residents. In the follow-up tests of those who initially had negative test results, 18 additional residents tested positive. These cases could be secondary cases. However, to exclude additional transmission during testing and quarantine/isolation, time scheduling and measures favoring physical distancing should therefore be considered when mass testing is implemented. Distribution of free masks can help to protect people in corridors and shared spaces.

To reduce the possibility of transmission within overcrowded buildings, it is recommended that cases, contact persons, and non-cases within narrow RCs are separated, as well as cases and negative-tested people within one household (15). The latter should be decided on a case-by-case basis with the aim to protect persons with risk of severe infection, and together with the household members (17). As the example of RC1 shows, separation can even be self-organized by residents within the building, if circumstances allow. However, this would not have been possible in the case of RC2, with much smaller apartments, lack of space and rooms, and more overcrowding. Therefore, municipalities should provide extra room for separation, such as in hostels or hotels.

Screening in workplaces of cases and contacts—as part of the Göttingen district test strategy—showed that the outbreak neither affected the two nursing homes where contact persons were employed, nor the schools of the infected children. However, even though the city implemented far-reaching measures in the general population to limit the outbreak, such as the closure of schools, day care centers, a public place and team sports (12, 14), overall case numbers in the whole district increased during the time of outbreak 1 and 2, and some of them were probably additionally related to the outbreaks. This is supported by the fact that total COVID-19 case numbers in the whole district surpassed cases assigned to the outbreaks during the outbreaks' period by 158 cases, of which 57 cases were assigned to a separate outbreak in the district, but decreased to very low levels below 10 reported cases per week after end of June (Figure 1). Contact tracing may have been hindered due to language barriers and high case numbers, which may have led to under-reporting.

Several factors might explain the overall low proportion (45%) of symptomatic COVID-19 cases in comparison to the national average of 85%. First, under-reporting of symptoms is likely due to the short period of time in which the interviews took place, as well as reported language barriers, particularly in RC2, where only 11% of the cases reported symptoms. The testing of all residents led to the identification of asymptomatic and presymptomatic cases, which was expected. Published data of different settings reveals that overall 40-45%, but with great variation and up to 96% of those infected with SARS-CoV-2 will remain asymptomatic, in particular among the young (18, 19). The infected population was comparatively young, with a median age of 23 and 20 years, respectively, and included a high proportion of cases among children under the age of 18 years. This is due to an overall young resident population in the two affected RC. We assume that the children played a major role in the outbreak, by playing together and transmitting the infection from household to household. Maybe the small elderly resident population was rather isolated and did not mix up with the families living in the residential complex, resulting in a lower AR of 5.9% and even 0 among persons aged 65 and older in RC1 and 2, respectively. The age distribution of residents and cases also explains the low proportion of hospitalized cases in both outbreaks of 4.8% compared to the national average of 17% in the same period (20). Nevertheless, severe cases requiring intensive medical care among people under 30 years and one death were also reported.

An important consideration of the two outbreaks and how they were handled are the experiences of the residents due to their social statuses and ethnic and cultural identities. As with other similar communities, many residents of the buildings may likely experience marginalization, discrimination, and racism (21–24). Discrimination and poverty are linked to precarious housing, living and working conditions; as well as to poor health conditions, including chronic underlying diseases that favor severe disease progression (25–32). Reducing the risk of infection in people living in overcrowded and precarious housing conditions is therefore important (31, 33). Particular emphasis should be placed on information about risk factors, identifying and close follow-up of people at increased risk of severe COVID-19 disease, and early initiation of inpatient care, if necessary. Overcrowded housing is a risk for pathogen transmission. Hence, the prevention of such housing situation has to be a task of public health.

Mass quarantine in the second outbreak was a substantial control measure that the city of Göttingen implemented due to the disproportionately high incidence already ranging between 71.5–89.9/100,000 population after the first outbreak, while the national incidence had come down to 2.6/100,000 at that time (5). During outbreak 2, the 7-day incidence in the city of Göttingen increased even to 123.5/100,000 population.

Residents and civil society organizations initially reacted with anger and protest to this measure: despite information flyers in German and Romanian language, and Romanian language translation, many residents of RC2 felt not well-informed about the necessity of the implemented measures. Insecurities arose from lack of information probably due to inappropriate or insufficient information as well as from the fear of infection inside the building, since physical distancing and self-isolation were hardly possible. To reach the entire resident population an even broader range of modes of information would have been helpful. Aspects like preferred information ways and lack of knowledge, distrust of authorities, or misinformation have to be taken into account. Furthermore, the consequences of an immediate restriction of movement for people who cannot store food, lack social support or are dependent on drugs and alcohol can be essential. The city supplied RC2 residents therefore with food, sanitary products, and provided OST as well as medical care. A quarantine may also jeopardize employment relationships, especially when they are informal. Therefore, quarantine should only be applied to direct contacts of cases. The local authorities quickly re-tested all negatively tested non-household contacts and released those who tested negative from the quarantine that is usually enacted for 14 days.

Populations that are deemed “marginalized” have been disproportionately affected by the COVID-19 pandemic and coercive public health measures (16, 24, 34). Differing proficiencies in the locally spoken language of affected people might also play a role. The economical and psychological consequences and effects of measures vary according to the socio-economic situation of the people affected (28, 35).

Of note is the higher AR among women in RC2 as compared to men. We can only speculate reasons for that: women may have been more exposed to infected, mostly asymptomatic children in the household. It is crucial to adequately identify the most vulnerable in the outbreak situation, and to consider specific needs by involving community members or representative organizations of the residents, such as NGOs, key people in the community, language mediators, social workers, and counselors in the planning and implementation of measures (16, 36–38). The current COVID-19 pandemic as well as the HIV and Ebola epidemics have shown that the effectiveness of infection control measures depends largely on community participation (37–40). In the case of Göttingen, some requested NGOs refused their support because they did not want to enter the building or were not available at short notice. Preventive networking is therefore essential to be prepared when it comes to an outbreak. An anti-discriminatory approach, transparent communication, and information in all needed languages and consideration of actual needs can facilitate voluntary testing and individual quarantine and isolation (17).

Lastly, a lesson that was learned also in Göttingen, ethnization and culturalization of social problems should be avoided because they reproduce discrimination and prejudices. It is particularly important to ensure that COVID-19 is not associated with certain communities (27, 33). Ethnic groups and affiliation to religious or social communities should only be named if relevant for outbreak management. In general, public health measures should be implemented in a just and equitable manner (24).

There are several limitations to our analysis: The presentation of the time course of the outbreaks was significantly influenced by the screening activities of the LPHA, and the actual course of the outbreaks is not known. We may have missed further cases. The data used for descriptive analyses was derived from the LPHA's COVID-19-database as of Jul 3, 2020. Any information that may have subsequently been added on cases is not included in the present analysis.

In these outbreaks the determination of the secondary or tertiary attack rate due to transmission within households or inside the buildings would have been important, however, this could not be done since the available data did not provide any information on whether a person was a primary, secondary, or tertiary case. The screenings were not done systematically as not all residents showed up for all screenings. Thus, residents who were tested positive in the last screening might have already been infected earlier. Furthermore, information on onset of symptoms was largely incomplete in the epidemiological dataset so that this information could also not be used.

Not all officially registered residents of the affected RCs lived there at the time of the outbreaks, and there might be residents living in the RCs who were not officially registered. Inaccuracies are therefore to be expected in the number and description of the socio-demographics of the residents. Furthermore, only cumulative information on age and gender of residents was available for analysis so that further analyses of cases and residents were not possible. We had no information on jobs, time spent at home or outside, number of persons per household neither of the infected nor of the resident population, so that further analyses on household level were not possible.

Finally, a total of 333 cases were assigned to the outbreaks in the LPHA's COVID-19 database, but only 287 cases were assigned to this outbreak in SurvNet. This difference is caused by incomplete assignment of reported cases to outbreaks in SurvNet, which may be due to the fact that the Göttingen LPHA uses different software products: SurvNet is only used to transmit case reports to the federal and national level, but not as working software for documentation, which may cause a loss of important data.



CONCLUSION

In outbreaks involving people who are affected by poverty and precarious working and living conditions, special sensitivity in all implemented measures is recommended. Discrimination and racism should be acknowledged as crucial determinants of health disparities. The heterogeneity and specific needs of residents should be taken into account, and language- and culturally-sensitive information of residents about all measures as well as a participatory approach are recommended.

The findings of the two outbreaks in Göttingen indicate that overcrowded housing conditions can promote COVID-19 outbreaks. Effective public health measures included the immediate PCR testing of all residents after the occurrence of initial cases, implementation of hygiene measures in the buildings, and the general closure of schools and hygiene measures at local level. Further recommended measures include the implementation of a legal basis to declare buildings with cramped housing as uninhabitable to prevent unhealthy living, and organizing spatial separation possibilities.
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Background and Aim: Tocilizumab, a humanized anti-IL-6 receptor antibody, has been used to treat severely to critically ill patients with COVID-19. A living systematic review with meta-analysis of recent RCTs indicates that the combination therapy of corticosteroids and tocilizumab produce better outcomes, while previous observational studies suggest that tocilizumab monotherapy is beneficial for substantial numbers of patients. However, what patients could respond to tocilizumab monotherapy remained unknown.

Methods: In this retrospective study we evaluated the effects of tocilizumab monotherapy on the clinical characteristics, serum biomediator levels, viral elimination, and specific IgG antibody induction in 13 severely to critically ill patients and compared with those of dexamethasone monotherapy and dexamethasone plus tocilizumab.

Results: A single tocilizumab administration led to a rapid improvement in clinical characteristics, inflammatory findings, and oxygen supply in 7 of 11 patients with severe COVID-19, and could recover from mechanical ventilation management (MVM) in 2 patients with critically ill COVID-19. Four patients exhibited rapidly worsening even after tocilizumab administration and required MVM and additional methylprednisolone treatment. Tocilizumab did not delay viral elimination or inhibit IgG production specific for the virus, whereas dexamethasone inhibited IgG induction. A multiplex cytokine array system revealed a significant increase in the serum expression of 54 out of 80 biomediators in patients with COVID-19 compared with that in healthy controls. Compared with those who promptly recovered in response to tocilizumab, patients requiring MVM showed a significantly higher ratio of basal level of ferritin/CRP and a persistent increase in the levels of CRP and specific cytokines and chemokines including IL-6, IFN-γ, IP-10, and MCP-1. The basal high ratio of ferritin/CRP was also associated with clinical deterioration even in patients treated with dexamethasone and tocilizumab.

Conclusion: Tocilizumab as monotherapy has substantial beneficial effects in some patients with severe COVID-19, who showed a relatively low level of the ratio of ferritin/CRP and prompt reduction in CRP, IL-6, IFN-γ, IP-10, and MCP-1. The high ratio of ferritin/CRP is associated with rapid worsening of pneumonia. Further evaluation is warranted to clarify whether tocilizumab monotherapy or its combination with corticosteroid is preferred for severely to critically ill patients with COVID-19.

Keywords: COVID-19, cytokine storm, IL-6, tocilizumab, dexamethasone


INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), has rapidly spread worldwide (1, 2). By the middle of May in 2021, over 160 million people had been diagnosed with COVID-19 with a mortality rate of ~2.1 percentage. Thus, vaccines and therapeutic agents are urgently needed to stop the spread of this disease and reduce the associated mortality; however, a few vaccines and no drugs except for remdesivir, dexamethasone, and baricitinib have been developed and approved (3–5). A cytokine storm, also known as hyperinflammation, is the pathological mechanism underlying the development of severe disease, leading to a critically ill state of patients, which is characterized by acute respiratory distress syndrome, multiple organ dysfunction, and shock (6, 7). Among biomediators involved in severe and critical cases of COVID-19, interleukin (IL)-6 is highly elevated and can be used a prognostic marker (8, 9). Additionally, IL-6 plays a major pathological role in disease worsening (10).

Thus far, recent various randomized, controlled trials (RCTs) of tocilizumab, a humanized anti-IL-6 receptor monoclonal antibody, for severe and critical COVID-19 showed mixed results (11, 12), while large scale of RCTs such as REMAP-CAP and RECOVERY supported the efficacy of tocilizumab in severe to critical COVID19 when treated in combination with corticosteroids (13, 14). However, there are concerns that the combination therapy inhibits viral elimination and induces various adverse events (15). In contrast, several observational studies reported the beneficial effects of tocilizumab monotherapy in patients with COVID-19 (16–19). However, what patients with severe COVID-19 could respond to tocilizumab monotherapy remained to be determined.

Based on previous clinical and laboratory findings of COVID-19 (1, 8, 9, 16), our hospital used tocilizumab to treat severely to critically ill patients with COVID-19 until the end of June in 2020. After August in 2020 dexamethasone was routinely used for patients requiring oxygen support if needed in combination with tocilizumab and we retrospectively analyzed their effects on the clinical characteristics, viral clearance, IgG antibody induction against SARS-CoV-2, and levels of multiple biomediators including cytokines, chemokines, and soluble receptors.



METHODS


Patients With COVID-19

By the end of June in 2020, 13 patients with COVID-19 admitted to our hospital were diagnosed as being severely to critically ill, as they required oxygen supply because of severe pneumonia and were intravenously administered tocilizumab at 400 mg once in combination with potential anti-SARS-CoV-2 drugs such as lopinavir/ritonavir, ciclesonide, or favipiravir. In July dexamethasone proved to be effective for reducing mortality of severely to critically ill patients with COVID-19 (4), thereafter dexamethasone was routinely used for the treatment of severely ill COVID-19, while tocilizumab was subsequently administered for further worsening patients. All patients provided written informed consent and the off-label compassionate use of tocilizumab was approved by the Ethics Committee of Osaka Habikino Medical Center (Approved ID: 150-7).



Patients With Influenza (2009H1N1), Rheumatoid Arthritis, and Idiopathic Multicentric Castleman Disease

To compare the expression profile of cytokines and chemokines in patients with COVID-19, nine patients with influenza (2009H1N1), 28 patients with rheumatoid arthritis (RA), and 19 patients with idiopathic multicentric Castleman disease (iMCD) were enrolled. Influenza virus infection was diagnosed using a rapid influenza antigen diagnostic test. The diagnosis of RA and iMCD was based on the American Rheumatism Association 1987 revised criteria for the classification of RA and the international, evidence-based diagnostic criteria for HHV-8-negative/iMCD, respectively (20, 21). Ethical approval was obtained from the Higashi Hiroshima Memorial Hospital Ethical Committee (approval number: HMH-09-03) for RA, from the Ethics Committee of Tokushukai Hospital (approval number: TGEO-1391-014, TGEO-1391-071, and TGEO-1547-004) for iMCD, and from the Ethics Committee of Louis Pasteur Center for Medical Research for influenza and healthy subjects (approval number: LPC.8). All participants provided their written informed consent.



Our Guidance for the Indication of Tocilizumab for Patients With COVID-19

Based on various previous reports (1, 8, 9, 16), the inclusion criteria of the off-label indication of tocilizumab were set as follows:

1. Elevated inflammatory findings: C-reactive protein (CRP) level >5 mg/dL or ferritin level >1,000 ng/mL

2. Requirement of oxygen supply or rapid progression according to chest radiographic evaluation (more than 50% increase in infiltrates over 24–48 h).

Patients with elevated procalcitonin and those with concomitant bacterial infections were excluded.

This guidance was kept on until the beginning of August when the reducing efficacy of dexamethasone on mortality of severely to critically ill patients with COVID-19 was verified. The indication of dexamethasone was requirement of oxygen supply, so for patients with severe COVID-19, regardless of inflammatory laboratory results.



Measurement of Biomediators

The basal serum levels of cytokines, chemokines, and soluble receptors were quantified using Bio-Plex 200 (Bio-Rad Laboratories, CA, USA), a multiplex cytokine array system, according to the manufacturer's instructions. Briefly, blood sera from patients with severe to critical COVID-19 (n = 12), patients with influenza (n = 9), patients with RA (n = 28), and patients with iMCD (n =19) were collected and centrifuged at 1,600 × g for 10 min. Since age distribution was different among the patient group (Mean ± SD, COVID-19, 63.5 ± 4.2; influenza, 21.6 ± 1.81; RA, 61.1 ± 2.0; iMCD, 44.2 ± 2.9), age-matched healthy subjects, who presented no active acute inflammatory disease at the time of blood collection and exhibited no history of cancer, chronic infectious diseases, autoimmune diseases, nephritis, or asthma, were selected as controls for COVID-19 (n = 38, Mean ± SD, 59.4 ± 2.5), influenza (n = 10, Mean ± SD, 26.3 ± 1.8), RA and iMCD (n = 41, Mean ± SD, 52.9 ± 1.9). The serum samples were frozen at −80°C until further analysis. We simultaneously quantified 80 types of cytokines, chemokines, soluble receptors, and other mediators. The Bio-Plex Human Cytokine 27-Plex Panel included interleukin (IL)-1β, IL-1 receptor antagonist (IL-Ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12(p70), IL-13, IL-15, IL-17, basic fibroblast growth factor (bFGF), eotaxin, granulocyte colony stimulating factor (G-CSF), granulocyte macrophage CSF (GM-CSF), interferon (IFN) -γ, IFN-inducible protein of 10 kD (IP-10), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1α (MIP-1α), MIP-1β, platelet-derived growth factor-BB (PDGF-BB), regulated on activation, normal T cell expressed and secreted (RANTES), tumor necrosis factor (TNF)-α, and vascular endothelial grow factor (VEGF). The Inflammation Panel Kit (Bio-Rad Laboratories, CA, USA) included a proliferation-inducing ligand (APRIL), B cell-activating factor belonging to the TNF family (BAFF), soluble (s)CD30, sCD163, chitinase, sgp130, IFN-α2, IFN-β, sIL-6Rα, IL-11, IL-12(p40), IL-19, IL-20, IL-22, IL-26, IL-27, IL-28A, IL-29, IL-32, IL-34, IL-35, homologous to lymphotoxins, exhibits inducible expression and competes with HSV glycoprotein D for HVEM, a receptor expressed by T lymphocytes (LIGHT), matrix metalloproteinase (MMP)-1, MMP-2, MMP-3, osteocalcin, osteopontin, pentraxin-3, sTNF-R1, sTNF-R2, thymic stromal lymphopoietin (TSLP), and TNF-like weak inducer of apoptosis (TWEAK). The R&D Human Luminex Screening Assay included a disintegrin-like and metalloproteinase with thrombospondin type 1 motifs 13 (ADAMTS13), aggrecan, angiopoietin-2, B7 homolog 1/programmed death ligand 1 (B7-H1/PD-L1), bone morphogenetic protein-2 (BMP-2), sCD40, sCD40Ligand, sCD44, CX3CL1/fracktalkine, soluble E-selectin, hepatocyte growth factor (HGF), soluble intracellular adhesion molecule-1 (ICAM-1), sIFN-γR1, soluble L-selectin, leptin, leukemia inhibitory factor (LIF), oncostatin M, TNF-related apoptosis-inducing ligand (TRAIL), soluble vascular cell adhesion molecule-1 (VCAM-1), sVEGF-R2, and IL-18. The changes in serum levels of biomediators treated with tocilizumab (n = 11), dexamethasone (n = 15), or dexamethasone followed by tocilizumab (n = 12) were also measured using the Bio-Plex Human Cytokine 27-Plex Panel and inflammation panel. Data acquisition and analysis were performed using Bio-Plex Manager software version 5.0. The log–transformed value of all parameters measured by Multi-Plex were used for the statistical analysis.



Quantification of Viral RNA

Viral RNA was isolated from 70 μL of serum using the QIAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer's protocol and quantified using the One-Step Prime Script III RT-PCR Kit (TaKaRa) and the universal primers for N2 region of SARS-CoV-2: NIID_2019-nCOV_N_F2 AAATTTTGGGGACCAGGAAC and NIID_2019-nCOV_N_R2 TGGCAGCTGTGTAGGTCAAC with NIID_2019-nCOV_N_P2 probe: FAM-ATGTCGCGCATTGGCATGGA-TAMRA. Five microliter of the extracted RNA was used for the reaction. The PCR conditions were 25°C for 10 min for activation, 52°C for 5 min for reverse transcription, and 95°C 10 s for inactivation, followed by 45 cycles of 95°C for 5 s and 20°C for 30 s. The fluorescent signals were detected with the QuantStudio 3 Real-Time PCR System (Applied Biosystems). The amount of viral RNA in serum was successively measured in patients treated with tocilizumab (n = 11), dexamethasone (n = 15), or dexamethasone followed by tocilizumab (n = 12).



Detection of the Specific Antibody Against SARS-CoV-2

The serum levels of IgG class antibody specific to SARS-CoV-2 were determined using the Corona Virus COVID-19 Antibody Rapid Detection Kit according to the manufacturer's instructions (Healgen Scientific Ltd.)1. Blood samples were collected from 70 patients with COVID-19 several times in each patient after 10 days of the onset of illness of the 70 patients, 10 with mild COVID-19 received only symptomatic treatment, 20 with moderate COVID-19 were treated with antiviral drugs, and 13, 15, or 12 with severe COVID-19 were treated with antiviral drug and tocilizumab (TCZ), dexamethasone (DEX), or dexamethasone followed by tocilizumab (DEX/TCZ), respectively. Induction of the IgG antibody was evaluated by two doctors blindly according to the following scale: 0 = not detectable, 1+ = faintly detectable, 2+ = between 1+ and 3+, 3+ = moderately detectable (weaker than control band), 4+ = clearly detectable (stronger than control band). In patients who showed clearly detectable in detection kit (4+), the earliest sample was plotted on the graph, while in patients who did not show clearly detectable (4+), the last sample was plotted, in order to show the maximum value and production rate of IgG antibody of each patient in each treatment group, the maximum value of antibody titer of each patient and the number of days from the onset of blood sampling date were graphed, and a logarithmic approximation curve was drawn. The maximum IgG antibody titers during the course of each patient were simply compared among the five treatment groups.



Statistical Analysis

The significance of the difference between the well-responding group and rapidly-worsening group was evaluated using the Mann-Whitney U-test and a value of P < 0.05 was considered significant. Cytokine/chemokine values were analyzed to determine whether the raw values or log-transformed values were more normally distributed. Based on the results of this analysis, the log-transformed values were used and ANOVA was performed. For the induction of the IgG antibody against SARS-CoV-2, quantitative data (IgG antibody scales) were presented as means ± SEM and the significance of the difference between the groups was evaluated using the Mann-Whitney U-test with a value of P < 0.05 considered significant. All statistical analyses were carried out with JMP 13.0.




RESULTS


Clinical Outcome of Tocilizumab Administration

The characteristics and clinical courses of patients administered with tocilizumab are summarized in Table 1. Eleven male patients and two female patients with a mean age of 63 years were evaluated. Five patients were complicated with diabetes mellitus, five with hypertension, and two with chronic obstructive pulmonary disease. At admission, two patients were critically ill and required mechanical ventilator management (MVM) before tocilizumab administration and 11 patients were diagnosed with severe disease. Tocilizumab caused no adverse events. Seven patients promptly recovered from fever and malaise, lowered their oxygen support, and were free of oxygen support within a week on average (well-responding group). PCR analysis of the nasopharyngeal specimens showed negative results for SARS-CoV-2 at 10–25 days (mean, 15.4 days) and the patients were discharged at 12–27 days (mean, 17 days) after tocilizumab administration. However, four patients showed further worsening of respiratory function and required MVM (rapidly-worsening group); these patients were administered methylprednisolone and were weaned of such a support within a week. Two patients were discharged from the hospital, and one patient died because of sudden laryngotracheal stenosis. Two patients who were critically ill and required MVM before tocilizumab injection were ameliorated in respiratory function. Analysis of clinical outcomes showed that by 1 week after the tocilizumab treatment, eight (62%), one (8%), and four (31%) patients improved, showed no change, and worsened, respectively, whereas by 1 month after the treatment, nine (69%), three (23%), and one (8%) were cured, improved, and died, respectively.


Table 1. Characteristics and clinical course of patients with COVID-19 treated with tocilizumab, dexamethasone or dexamethasone followed by tocilizumab.

[image: Table 1]



Difference in Clinical Parameters Between the Well-Responding and Rapidly-Worsening Groups

The changes in laboratory parameters (CRP level, ferritin level, and peripheral blood lymphocyte number) before and after tocilizumab administration are presented in Figure 1. Tocilizumab administration rapidly decreased serum CRP levels, followed by a gradual decrease in ferritin level and an increase in peripheral blood lymphocyte number; on the other hand, in three patients with the rapidly-worsening group and one critically ill patient, CRP level increased 2 days even after tocilizumab administration. In terms of the laboratory results, there were no differences in the basal levels of CRP, ferritin, or the number of peripheral blood lymphocytes between the two groups, although the ferritin:CRP ratio was significantly higher in the rapidly-worsening group than in the well-responding group (373.1 ± 346.8 vs. 83.7 ± 56.7, P = 0.0298; Table 2).


[image: Figure 1]
FIGURE 1. Changes in CRP, ferritin, and peripheral blood lymphocyte number before and after tocilizumab administration. The red line represents the data of patients requiring mechanical ventilation.



Table 2. Comparative characteristics before tocilizumab administration between the well-responding group and rapidly-worsening group.
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Serum Biomediator Levels Before and After Tocilizumab Administration

To examine the expression of biomediators, including cytokines, chemokines, soluble receptors, and others, we measured the serum levels of 80 biomediators before and after tocilizumab administration using a multiplex cytokine array system. Compared with the healthy controls, patients with COVID-19 showed significantly elevated levels of multiple biomediators (54 out of 80, 67%) (Figure 2 and Supplementary Figure 1 and Supplementary Table 1), indicating a widespread activation of various cells in severe COVID-19. When the serum levels of 27 kinds of cytokines and chemokines were compared between patients with severe to critical COVID-19 and those with influenza, RA, or iMCD, for the latter two of which tocilizumab was approved as a therapeutic agent, it was clear that severely to critically ill patients with COVID-19 showed a broader range of high expression of these mediators (Supplementary Figure 2 and Supplementary Table 2). However, according to our results, the basal level of each cytokine did not differ between patients requiring and not requiring MVM.


[image: Figure 2]
FIGURE 2. Widespread increase in biomediator levels in severely to critically ill patients with COVID-19. Expression of 80 biomediators in the sera of 12 patients with severely to critically ill patients with COVID-19 (COV-19) and 38 healthy controls (HC) was measured using a multiplex cytokine array system. The boxplots show medians (middle line) with first and third quartiles (boxes), while the whiskers show 1.5x the interquartile range (IQR) above and below the box. (A) Increased biomediators in COVID-19, (B) decreased biomediators in COVID-19, (C) no difference in serum levels of biomediators between COVID-19 and healthy controls.


The changes in biomediator levels before and after tocilizumab administration are presented in Figures 3, 4. The levels of IL-6, sIL-6R, and soluble gp130 were further elevated after tocilizumab administration, while the level of IL-6 increased more highly and persistently in cases requiring MVM (Figure 3). Similar to that of IL-6, the levels of MCP-1 and IFN-γ were more persistently and highly elevated as well as IP-10 and IFN-α2 in cases requiring MVM than in cases not requiring MVM, implying the pathological significance of these molecules in the worsening of respiratory function or persistent activation of cells in cases requiring MVM (Figure 4). Moreover, the levels of IL-28A, soluble VCAM-1, and pentraxin-3 decreased in most patients after tocilizumab administration, while the levels of TNF-α, IL-8, IL-13, G-CSF, MIP-1α, and TWEAK tended to increase, irrespective of the clinical responsiveness to tocilizumab (Supplementary Figure 3). A single injection of tocilizumab had little effect on the serum levels of other molecules within 18 days of follow-up, as shown in Supplementary Figure 4.


[image: Figure 3]
FIGURE 3. Changes in the serum levels of IL-6, soluble IL-6 receptor, and soluble gp130 before and after tocilizumab administration. The serum levels of IL-6, soluble IL-6 receptor (sIL-6R), and soluble gp130 (sgp130) in 10 patients with COVID-19 before and after tocilizumab administration were measured using a multiplex cytokine array system. The red line represents the data of patients requiring mechanical ventilation.



[image: Figure 4]
FIGURE 4. Increased cytokines and chemokines in patients requiring mechanical ventilation before and after tocilizumab administration. The serum levels of IP-10, MCP-1, IFN-α2 and γ in 10 patients with COVID-19 before and after tocilizumab injection were measured using a multiplex cytokine array system. The red line represents the data of patients requiring mechanical ventilation.




Clinical Outcome of Dexamethasone Treatment

After August, in replace of tocilizumab, we treated severe cases of COVID-19, who required oxygen supply, with dexamethasone (6 mg/day for up to 10 days), regardless of serum concentrations of CRP or ferritin. Fifteen patients responded well to dexamethasone, while 12 patients deteriorated even after corticosteroid therapy and were subsequently administered with tocilizumab. The characteristics and clinical evaluation of these patients are summarized in Figure 5 and Table 1. Among 12 patients who received the combination treatment, two patients, however, required MVM. In these patients the basal ratios of ferritin/CRP were also high (407 and 320), similarly to those of rapidly-worsening patients treated with tocilizumab. The comparison of the ratio between patients not requiring MVM and those requiring MVM is shown in Supplementary Table 3, indicating that the high ratio of ferritin/CRP is positively associated with clinical deterioration. The changes in serum levels of IL-6, IP-10, MCP-1, or IFN-γ of 15 patients treated with dexamethasone and of 12 patients treated with dexamethasone and tocilizumab are shown in Supplementary Figures 5–8. Although the dramatic increase in IL-6, IP-10, MCP-1, or IFN-γ was found in patients with COVID-19, who worsened even after tocilizumab administration, such an acute increase in these parameters were not observed after dexamethasone or dexamethasone followed by tocilizumab.


[image: Figure 5]
FIGURE 5. Clinical outcomes of severe-to-critically ill COVID-19. Both 7 of 11 patients (63.6%), who received tocilizumab (TCZ) monotherapy and 10 of 12 patients (83.3%), who received additional tocilizumab after rapid deterioration with dexamethasone (DEX) monotherapy were able to avoid mechanical ventilation management (MVM). Two patients, who received tocilizumab monotherapy under MVM were able to recover from MVM. However, 5 of 6 patients, who deteriorated even after single or additional tocilizumab administration and required MVM, improved with additional methylprednisolone (mPSL) treatment, and a total of 39 of 40 were cured (survival rate 97.5%).




Effects of Tocilizumab on Viral Elimination and Antibody Production

Because IL-6 plays a crucial role in the host defense against pathogens and promotes T-cell and B-cell activation and differentiation (22, 23), we next evaluated whether a single tocilizumab injection affects SARS-CoV-2 elimination and specific antibody production against it. Six patients, in whom five required MVM, showed viremia during the test period. Viral load transiently increased in three patients 2–3 days after tocilizumab injection, but all cases then decreased and became negative within 18 days (Figure 6). However, SARS-CoV-2 viral RNA was not detected in all 27 severely ill patients with COVID-19, who received dexamethasone with or without tocilizumab.


[image: Figure 6]
FIGURE 6. Changes in SARS-CoV-2 load before and after tocilizumab administration. Viral RNA in the sera of 10 patients with COVID-19 patients before and after tocilizumab administration were quantified by RT-PCR. The red line represents the data of patients requiring mechanical ventilation.


Moreover, we evaluated and compared the maximum specific IgG antibody titers and production rate (days from onset to blood sampling date) in the course of each patient in the five groups (n = 70): symptomatic therapy (n = 10), antiviral drug only (n = 20), tocilizumab monotherapy (TCZ, n = 13), dexamethasone monotherapy (DEX, n = 15), dexamethasone/tocilizumab combination therapy (DEX/TCZ, n = 12). Figure 7 shows the result, in which the vertical axis shows the specific IgG antibody scale (maximum IgG antibody titer) and the horizontal axis shows the number of days from the onset to blood sampling (production rate of IgG antibody) for each patient in the five treatment groups. It was founded that the majority of patients who received tocilizumab monotherapy and additional tocilizumab administration produced rapid and sufficient production of specific IgG antibody, while many patients with mild-to-moderate COVID-19 (symptomatic therapy or antiviral drug only) or with severe COVID-19 treated with dexamethasone showed lower or sufficient but slow IgG antibody induction (see the logarithmic approximation curve in each treatment group), suggesting that tocilizumab in combination with antiviral drugs did not suppress synthesis of IgG class antibody specific to SARS-CoV-2, while dexamethasone suppressed antibody synthesis. A simple comparison of the maximum specific IgG antibody titers of each patient in the five treatment groups also showed significantly higher antibody titers in the tocilizumab monotherapy group and the dexamethasone/tocilizumab combination therapy group (Figure 7).


[image: Figure 7]
FIGURE 7. Induction of IgG antibody for SARS-CoV-2. The sera were obtained from 10 patients with mild COVID-19 receiving symptomatic therapy, 20 patients with moderate COVID-19 receiving antiviral drug(s), 13 patients with severe to critical COVID-19 receiving antiviral drug(s) plus tocilizumab, 15 patients with severe COVID-19 receiving antiviral drug(s) plus dexamethasone, and 12 patients with severe COVID-19 receiving antiviral drug(s) plus dexamethasone followed by tocilizumab. The SARS-CoV-2 specific IgG antibody titer was measured by using the Corona Virus COVID-19 Antibody Rapid Detection Kit on blood samples collected several times in each patient after 10 days of the onset of illness. In patients who showed clearly detectable in detection kit (4+), the earliest sample was plotted on the graph, while in patients who did not show clearly detectable (4+), the last sample was plotted. The horizontal axis shows the day after onset, and the vertical axis shows the antibody scale for patients in the five treatment groups. The maximum value of antibody titer of each patient and the number of days from the onset of blood sampling date were graphed, and a logarithmic approximation curve was drawn. The highest antibody titers of each patient during the course were compared among the five treatment groups. *Statistically significant.





DISCUSSION

Several RCTs of tocilizumab for the treatment of severe to critical COVID-19 showed inconsistent results, that are likely to be due to different protocol designs, including the severity of diseases in enrolled patients, the timing of tocilizumab administration, and the concomitant use of corticosteroids (11). Recent large scale RCTs such as REMAP-CAP and RECOVERY showed the efficacy of tocilizumab in severely to critically ill patients, most of whom were also treated with corticosteroids (13, 14). However, some observational studies have demonstrated the promising efficacy of tocilizumab monotherapy in severely to critically ill patients with COVID-19 (16–19). These findings indicate that albeit not all, a substantial number of severely to critically ill patients with COVID-19 could respond to tocilizumab. Therefore, clarification of the appropriate patient population eligible for tocilizumab monotherapy or its combination with corticosteroids and the positioning of IL-6 inhibitors in COVID-19 treatment are of great importance. Here, we described our experience of administering tocilizumab to 13 severely to critically ill patients with COVID-19. Seven patients with severe disease promptly improved in response to tocilizumab (well-responding group), whereas four patients with severe disease showed worsened respiratory function and required mechanical ventilation (rapidly-worsening group). The well-responding group exhibited a comparative lower ratio of ferritin/CRP prior to tocilizumab injection and prompt reduction in serum levels of CRP, IL-6, IFN-γ, IP-10, and MCP-1 after tocilizumab administration, in comparison with the rapidly-worsening group.

Cytokine storm, a hyperinflammation state, presumably plays a major pathological role in the development of severe COVID-19 (6, 7). As shown here, the widespread overexpression of cytokines, chemokines, and soluble receptors is a characteristic of hyperinflammation in patients with severe COVID-19. Similarly, increased levels of multiple biomediators in COVID-19 have been reported (1, 24–27). Our comprehensive analysis demonstrated increased levels of a broad range of biomediators (54 out of 80) in severely to critically ill patients with COVID-19 and the expression profile of cytokines and chemokines in COVID-19 was also much broader than that in RA or iMCD, for which IL-6 blockade therapy has been already approved, suggesting activation of a wide spectrum of inflammatory cells. However, the expression profile of biomediators in COVID-19 is somewhat different from that in systemic inflammatory response syndrome (SIRS) or cytokine release syndrome (CRS) accompanied by chimeric antigen receptor (CAR)-modified T-cell therapy (22, 28). For instance, in severely or critically ill cases of SIRS or CRS, IL-6 level is dramatically elevated, usually reached values over several nanograms per milliliter. Meanwhile, IL-6 level even in severe COVID-19 is similar to (tens to hundreds of pg/mL) that in chronic inflammatory diseases such as RA or iMCD; therefore, it is questionable whether the “cytokine storm” is relevant to COVID-19 (29). The binding affinity of IL-6 to sIL-6R is ~1 nM; thus, extreme elevation of serum IL-6 level observed in severe SIRS and CRS can lead to the formation of a complex between IL-6 and sIL-6R in the serum, resulting in systemic inflammation through the activation of gp130-expressing cells, particularly vascular endothelial cells (22). Indeed, we have previously demonstrated that this complex can lead to the production of IL-6, IL-8, MCP-1, and plasminogen activator inhibitor-1 (PAI-1) by human vascular endothelial cells (28). Therefore, theoretically, the dramatic efficacy of tocilizumab in severely ill patients with CRS induced by CAR-T is mediated through suppression of the systemic activation of the trans-signaling pathway induced by the IL-6/sIL-6R complex. In COVID-19, the serum IL-6 level is far below 1 ng/mL and does not systemically stimulate vascular endothelial cells by the trans-signaling pathway; however, in the SARS-CoV-2-infected inflamed sites such as the lung or other tissues, local high IL-6 levels possibly activate the trans-signaling pathway. This may explain the difference in the effects of tocilizumab in CRS and COVID-19.

Several biomarkers such as D-dimer, CRP, ferritin, peripheral blood lymphocyte number, and neutrophil-to-lymphocyte ratio are associated with the severity and clinical outcomes in cohort studies of COVID-19, and routinely examined in hospitals (8). Patients with the rapidly-worsening group showed a significantly higher ratio of ferritin/CRP, perhaps reflecting a more severe macrophage activation. Similar effects occur in macrophage activation syndrome (MAS) complicated with systemic juvenile idiopathic arthritis (sJIA) and secondary hemophagocytic lymphohistiocytosis (6, 7), in which ferritin is highly elevated, associated with the storm of various cytokines, including IL-1, IL-2, IL-6, IL-18, IFN-γ, and others. Although the incidence of MAS in patients with sJIA appears to be lower during tocilizumab treatment, tocilizumab does not completely suppress the onset of the condition. In such cases, corticosteroids and cyclosporine are generally used. Similar to this situation, the high ratio of ferritin/CRP was closely associated with clinical deterioration in COVID-19, for which our experience suggested the requirement of the combination treatment of corticosteroids and tocilizumab, although further studies are essential to confirm this.

Overexpression of IL-6 plays a pathological role on the development of severe COVID-19 (8–10), while it is a cytokine that helps maintain homeostasis. When infections occur, IL-6 is promptly produced and plays a major role against infectious agents by producing acute phase proteins and activating T cells and B cells, leading to their differentiation into effector T cells and Ig production, respectively (22, 23). Therefore, an important concern is that tocilizumab may suppress viral elimination and humoral immunity against the virus and increase risk of opportunistic infections. It was reported that tocilizumab had increased fungal infections in patients with COVID-19 (30), whereas a living systemic review suggests that IL-6 inhibitors may not increase secondary bacterial infections (12). Our results show that one injection of tocilizumab did not suppress SARS-CoV-2 clearance and its specific IgG induction when tocilizumab is administered with a potent antiviral drug. Rather, flow cytometry of immune cells from patients with COVID-19 showed that impaired immune cell cytotoxicity in severe cases was IL-6-dependent; thus, targeting IL-6 may restore antiviral activity (31). Dexamethasone without tocilizumab appeared to delay the induction of IgG class antibody, whereas tocilizumab administration without or even with dexamethasone did not inhibit it. This observation is somewhat amazing since IL-6 plays a major role in humoral immunity. It may be due to the severity or amount of viral load. We could not detect viral load in patients treated with dexamethasone, so it remains unknown whether dexamethasone might actually affect virus elimination, however, the inhibitory unfavorable effect of dexamethasone in IgG synthesis indicates its broader suppression on defense against SARS-CoV-2 than one injection of tocilizumab.

How should hyperinflammation in COVID-19 be managed and what should be the position of IL-6 inhibitors in the treatment of severely to critically ill patients? Since the pathological characteristics of severe COVID-19 are dominated by hyperinflammation, induced by the activation of an array of cells and release of diverse biomediators, corticosteroids with broad-spectrum immune-suppressant and anti-inflammatory activity may theoretically be reasonable for treating severe COVID-19. Indeed, dexamethasone has been shown to decrease the 28-day mortality rate among patients with COVID-19 patients requiring invasive mechanical ventilation or oxygen supply (4). Thus, at present, dexamethasone is a basic immunomodulator for severely to critically ill patients with COVID-19. Of note, in RECOVERY, the combination of corticosteroids and tocilizumab improved the mortality rate compared with corticosteroids alone (12); thus, combination treatment might be considered for severe cases depending on patient characteristics. On the basis of these findings, UK Interim clinical commissioning policy and COVID-19 treatment guidelines published by National Institutes of Health USA recommended the use of tocilizumab in combination with dexamethasone in certain hospitalized patients who are exhibiting rapid respiratory decompensation or requires supplemental oxygen with a CRP level of at least 7.5 mg/dL due to COVID-19 (32, 33). More recently, WHO recommended treatment with IL-6 receptor blockers (tocilizumab or sarilumab) for patients with severe or critical COVID-19 infection (34). However, a substantial number of patients with severe COVID-19 could respond well to tocilizumab without corticosteroids. Corticosteroids, low-molecular-weight compounds, cause various adverse events, including infections, deteriorate the metabolic and atherosclerotic risk factors for severe COVID-19-related pneumonia, and thrombosis, a major cause of mortality in COVID-19. Tocilizumab administration led to significant PAI-1 suppression (28), potentially improving the hypercoagulation state. If tocilizumab monotherapy can control hyperinflammation, it would be highly advantageous. Indeed, in our cohort, the clinical characteristics and oxygen supply of 66% patients with severe COVID-19 promptly ameliorated in response to tocilizumab monotherapy without any delay of SARS-CoV-2 elimination and of induction of IgG antibody. Moreover, we found a prompt decrease in serum CRP, IL-6, IP-10, MCP-1, and IFN-γ levels in severe patients with COVID-19 who responded well to tocilizumab. An early appropriate IFN response is important for the rapid viral clearance, whereas delayed IFN response causes inflammation and tissue damage in severe COVID-19 (35). IP-10 (CXCL10) is produced by several cells in response to IFN-γ, and it acts as a chemoattractant for monocytes, macrophages, T cells, and NK cells and promotes endothelial injury (36). MCP-1 (CCL2), which is secreted by monocytes, macrophages, fibroblasts, and vascular endothelial cells via LPS or proinflammatory cytokines, attracts monocytes and basophils, and plays a pathological role on vascular damage by recruiting monocytes to the endothelial cells (36). IL-6 inhibition might ameliorate the vascular damage in patients with severe COVID-19 who did not require MVM. In addition to the reducing effect of tocilizumab on PAI-1, it is worth pointing out here that serum levels of pentraxin-3, one of vascular damage markers, were reduced in most of patients. However, patients with severe disease who required MVM did not exhibit such a prompt decrease in IL-6, IP-10, MCP-1, and IFN-γ levels. Similarly, it was reported that a prompt decrease in CRP and IL-6 was found in responders of severely ill patients with COVID-19 to tocilizumab but not in non-responders (19). These findings indicate that early reduction in CRP or these cytokines and chemokines may predict further responsiveness to tocilizumab. When these levels persistently increase, we recommend additional therapy with corticosteroids, since all four patients requiring MVM recovered with methylprednisolone administration. Alternatively, our experience suggests that patients with severe COVID-19 showing a high basal ratio of ferritin/CRP needs combinational treatment of corticosteroids and tocilizumab.

This study has several limitations. The sample size was small, and the data were analyzed retrospectively, and the treatment protocol involved a combination therapy of tocilizumab with antiviral drugs. Therefore, further studies are warranted.
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Aim: The study aim was to assess the association of vitamin D supplementation before hospital admission and severe outcomes in subjects admitted for COVID-19.

Methods: We performed a cross-sectional analysis of pseudonymised medical record data from subjects admitted to the Hospital de la Santa Creu i Sant Pau (Barcelona, Spain) for COVID-19 during March and April 2020. The composite primary study outcome was defined as death and/or invasive mechanical ventilation (IMV). Association between risk factors and study outcomes was evaluated by bivariate analysis, followed by logistic regression analysis.

Results: In total, 1,267 persons were hospitalised during the observation period. Overall, 14.9% of the subjects were on active vitamin D supplementation treatment before admission. The subjects in the vitamin D group were significantly older than subjects without vitamin D supplementation. We observed higher rates of the primary outcome (death and/or IMV) among the persons with previous use of vitamin D (30.1 vs. 22.9% in those not receiving treatment). In the bivariate analysis, previous use of vitamin D was positively associated with death and/or IMV [odds ratio (OR): 1.45 95% CI: 1.03; 2.04]; however, after adjustment for other risk factors this association disappeared (OR: 1.09 95%CI: 0.65; 1.81).

Conclusion: We did not find an association between vitamin D supplementation before hospital admission and death and/or IMV in subjects admitted for COVID-19. The age and the burden of age-associated comorbidities were independently associated with the in-hospital events.

Keywords: COVID-19, hospitalisation, mortality, invasive mechanic ventilation, vitamin D


INTRODUCTION

From the start of the COVID-19 pandemic to July 2021, more than 191,158,708 new cases and ~4.2 million of deaths have been reported worldwide (1). Although several different vaccines are in use, the number of COVID-19 cases globally remains high, and deaths continue to increase (2). The United States and the European Union drug regulatory agencies have already authorised new indications for treatments such as remdesivir, lopinavir/ritonavir and interferon for subjects hospitalised with COVID-19. However, little or no effect on overall mortality, initiation of ventilation and duration of hospital stay was observed in the corresponding clinical trials (3). In the RECOVERY clinical trial, dexamethasone reduced the mortality among subjects hospitalised for COVID-19 receiving either invasive mechanical ventilation (IMV) or oxygen alone (4). During the pandemic, different therapies have been explored to prevent or treat the disease, including the use of vitamin D supplementation.

Vitamin D is a fat-soluble vitamin that is either formed in the skin or ingested in the diet; this vitamin enters the bloodstream and travels to the liver and kidney where it is hydroxylated on carbons 25 and 1 to form 25-hydroxyvitamin D (25(OH)D) and 1,25-dihydroxy vitamin D (1,25(OH)D), respectively (5). The latter is the active hormone with a wide range of effects. Both children and adults are at risk of developing vitamin D deficiency, which is very common globally. For instance, in Spain 33.9% of the population is at risk for vitamin D deficiency (6).

In addition to its actions on calcium absorption and bone mineralization, this vitamin has pleiotropic actions, including the regulation of immune responses and inflammation. It has been hypothesised that its deficiency can diminish immune responses to respiratory viruses (7). A favourable effect of vitamin D supplementation on the Acute Respiratory Distress Syndrome (ARDS) has been reported, which may be elicited through activation of the vitamin D receptor (VDR) signalling pathway, and a consequential decrease of cytokine/chemokine hypersecretion, modulation of the activity of neutrophils and preservation of the integrity of the pulmonary epithelial barrier (8). In addition, vitamin D has been implicated in preventing or improving adverse outcomes of COVID-19 by activating or repressing genes via the VDR that are involved in regulating the renin-angiotensin system (RAS) or innate and adaptive cellular immunity (9).

The effects of vitamin D in preventing COVID-19 infection have been addressed in a few observational studies with discordant observations. An initial observational study reported that vitamin D deficiency was associated with an increased risk of acquiring COVID-19 infection (10, 11). Similar findings were observed in two other observational studies from the US. In one of them, the probability of testing positive for COVID-19 increased with decreasing levels of vitamin D among black women (12), while in the other among black individuals, lower levels of vitamin D were associated with increased risk of COVID-19 (13). Recently, the results of two meta-analyses have been reported. One of them included a total of 29 observational studies, with exclusion of those without recent measurement of vitamin D levels; this meta-analysis found lower levels of vitamin D among subjects with an active COVID-19 infection and also among those with severe COVID-19 (14). However, in the other meta-analysis that included 31 observational studies, the authors did not find a significant association between vitamin D deficiency and COVID-19 health outcomes (15). It should be underlined that the design of these observational studies does not allow a cause-effect relationship between vitamin D status and the risk of COVID-19 or the outcomes of the disease. Regarding the relationship between vitamin D status and COVID-19 outcomes, several observational studies found that patients with COVID-19 requiring hospitalisation or those with severe disease had lower vitamin D concentration or vitamin D deficiency (16–19). In this respect, a systematic review and meta-analysis of 39 studies concluded that despite high heterogeneity and methodological differences, there was a relationship between low 25 (OH) D concentrations and SARS-CoV-2 infection, severity of the disease, and mortality (20). However, the authors concluded that further studies should investigate the association between vitamin D and COVID-19, especially in subgroups of age and sex (20). Moreover, two quasi-experimental studies and a pilot randomised clinical trial reported that vitamin D3 supplementation was associated with less severe COVID-19 (7, 8, 21).

As we are in need of further evidence on the association of vitamin D and COVID-19 outcomes, we undertook the current study with the aim of assessing the association of vitamin D supplementation prior to hospital admission and adverse outcomes in subjects admitted for COVID-19.



METHODS


Study Design and Settings

We analysed cross-sectional data from hospitalised individuals infected with SARS-CoV-2, stratified by previous vitamin D supplementation before hospital admission. Data were obtained from an anonymised electronic health records database from the Hospital de la Santa Creu i Sant Pau (Barcelona, Spain). The database included retrospective clinical information, information on admission, diagnostic and procedure codes, prescribed medications, and laboratory parameters from 1,267 subjects admitted between March and April 2020. Outcome events were documented from hospital admission until discharge or death.

The study was approved by the Ethics Committee of the Hospital de la Santa Creu i Sant Pau (Re. Nr. HSCSP-20/117).



Inclusion and Exclusion Criteria

The study enrolled subjects between 19 and 101 years with a confirmed PCR SARS-CoV-2 diagnostic test [asymmetric reverse-transcription polymerase chain reaction (RT-PCR) of ART] as documented in the medical record.



Study Variables

On admission, the following baseline variables were collected: age, sex, smoking status, information on comorbidities recorded in the electronic records [hypertension, hyperlipidaemia, obesity, diabetes, cardiovascular disease (CVD), heart failure, chronic kidney disease (CKD), chronic obstructive pulmonary disease (COPD), and the Charlson comorbidity index], and blood laboratory parameters (i.e., lymphocytes, C-reactive protein, interleukin-6, ferritin, D-dimer, lactate dehydrogenase, PaO2, and the PaO2/FiO2 index). Vitamin D exposure was defined as a current prescription of any form of active vitamin D supplement at the time of admission to the hospital.

Outcome events during the hospital stay were predefined as: death, admission to the intensive care unit (ICU), days of ICU stay, hospitalisation duration, and invasive mechanical ventilation (IMV). The primary study outcome was predefined as death and/or IMV.



Statistical Methods

We analysed demographic and clinical characteristics according to vitamin D supplementation prior to admission. Quantitative variables were summarised according to their distribution [median, first and third quartile or mean and standard deviation (±SD)] and or categorical variables as frequency, number and percent (%). The association between events (mechanical ventilation, mortality, and mortality or mechanical ventilation) and previous use of vitamin D was evaluated by bivariate analysis, followed by logistic regression analysis adjusted for sex and age and associated risk factors (age, sex, obesity, hypertension, diabetes, hyperlipidaemia, CVD, CKD, COPD, cancer, Charlson comorbidity index and PaO2/FiO2 index). Several models of interest were tested, with the sequential inclusion of different covariates and the estimated differences expressed as adjusted odds ratio (AOR) and their respective 95% confidence intervals (CI). Additionally, we performed the same bivariate analysis followed by logistic regression analysis (using the same previously mentioned risk factors) for a subgroup of subjects who were 60 years of age or older. Data management and statistical analyses were performed using the R statistical software version 3.6.1 (https://www.r-project.org/).




RESULTS

During March–April 2020 (corresponding to the first COVID wave), 1,267 persons were hospitalised due to COVID-19 at the Hospital de la Santa Creu i Sant Pau. One hundred and eighty-nine (14.9%) subjects were receiving active vitamin D supplementation on admission (Vitamin D group). Supplementary Figure 1 presents the flowchart of the study.


Baseline Characteristics

The baseline clinical characteristics of the study subjects are shown in Table 1. The mean age of subjects was 64.7 years, and the majority were male (54.9%). However, we observed differences between the groups for age and sex, whereby subjects in the vitamin D group were older and were more frequently female. Subjects in the vitamin D group had a higher rate of most concomitant diseases of interest, except for obesity, which was more frequent in the group without vitamin D. Regarding the laboratory parameters, the majority of the parameters (lymphocytes, C-reactive protein, interleukin 6, D-dimer, Blood lactate, PaO2, and PaO2/FiO2 Index) were higher in the vitamin D group, however, no statistically significant differences were observed between the groups, except for PaO2 where borderline differences were observed.


Table 1. Baseline characteristics of all subjects and according to vitamin D supplements.
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Events During in-hospital Stay

The events and complications during the hospital stay are presented in Table 2. A total of 217 (17.1%) subjects died during in-hospital stay. We observed statistically significant differences between groups in the primary study outcome (death and/or IMV) and for death: both events were more frequent among subjects with previous use of vitamin D (22.9 vs. 30.1% and 15.5 vs. 26.5%, respectively). However, the percentage of subjects admitted to the intensive care unit (ICU), days in ICU, as well as duration of hospitalisation was lower in the vitamin D group.


Table 2. Intra hospital events overall and according to Vitamin D supplements in the whole study population and in the subgroup of 60 years or more.
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The sub-analysis of subjects over 60 years showed a slightly higher percentage for the death and/or IMV in the group receiving vitamin D. However, no statistically significant differences for the primary outcome were observed between groups in this subgroup.



Factors Associated With Events by Previous Use of Vitamin D

The bivariate and logistic regression analysis results for main composite outcome are presented in Supplementary Table 1 and Figure 1A. In the bivariate analysis, we observed that vitamin D and most of the risk factors and co-morbidities (older age, hypertension, diabetes, hyperlipidaemia, CVD, CKD, COPD, cancer, higher Charlson comorbidity index score) were positively associated with the composite primary outcome (death and/or IMV). We observed negative associations only for the PaO2/FiO2 Index and female sex.


[image: Figure 1]
FIGURE 1. Risk factors for severity outcomes.


In the logistic regression analyses, after adjustment for all associated risk factors, only age, diabetes, CVD, and a higher Charlson comorbidity index score were positively associated with the primary outcome. We did not observe a significant association between previous use of vitamin D and death and/or IMV (AOR: 1.09, 95% CI: 0.65; 1.81). Obesity and PaO2/FiO2 index were negatively associated with the main composite outcome in this analysis.

The results for the separate events (death and IMV) in all subjects are presented in Supplementary Table 1 and Figures 1C,D. Similar associations were observed in the bivariate analysis for mortality, except for obesity, where a negative association with death was observed. For the IMV outcome, obesity was positively associated, while vitamin D supplementation was negatively associated. No associations were observed between death and/or IMV and vitamin D use when the model was adjusted for all factors.



Factors Associated With Events by Previous Use of Vitamin D Among Persons at Least 60 Years or Older

Supplementary Table 2 and Figure 1B show the bivariate and logistic regression analyses for persons at least 60 years or older. In subjects aged 60 years or older, the same factors (age, hypertension, diabetes, CVD, CKD, cancer, a higher Charlson comorbidity index score) were positively associated with the primary outcome (death and/or IMV), although with a lower unadjusted OR. In the adjusted logistic regression analyses, only age and diabetes were positively associated with the main outcome.




DISCUSSION

The results of the present cross-sectional study of 1,267 persons infected with COVID-19 during March and April 2020 showed higher in-hospital mortality and/or IMV among subjects treated with vitamin D prior to hospital admission in the crude analysis. However, no significant association between use of vitamin D supplementation prior to hospitalisation and risk of death and/or IMV was observed in the fully adjusted model. Instead, age and the burden of age-associated comorbidities were independently associated with the in-hospital events.

The importance of vitamin D on the clinical severity of COVID-19 remains controversial. So far, the studies published on this topic are heterogeneous in their methodology and the findings obtained. Some studies support the association between vitamin D and favourable disease outcomes, whereas others did not observe significant associations. For example, in an observational study from Spain with 216 hospitalised subjects with COVID-19, the researchers did not observe an association between vitamin D status (circulating levels of 25OHD) and the severity of COVID-19 infection (ICU admission, the need for mechanical ventilation, or mortality); these results are in line with the results observed in our study where we did not find any signal for an association (17). Despite the small number of subjects (only 19) identified as receiving vitamin D supplementation in that study, similarities could be observed in terms of demographic and clinical characteristics with subjects included in current study, such as higher percentage of women and more severe comorbidity profile (hypertension, cardiovascular diseases) compared with COVID-19 subjects not receiving vitamin D supplementation. Moreover, the authors reported lower percent of persons with PaO2/FIO2 ratio <300, lower median serum ferritin and less need for tocilizumab therapy among the persons with oral vitamin D supplements (17). In contrast, we did not observe any differences in the PaO2/FIO2 ratio and ferritin levels between our study groups. Moreover, in the logistic regression models, PaO2/FIO2 ratio and obesity were associated with the study outcomes. These findings are in line with other previously published reports. The PaO2/FIO2 ratio has been reported as an independent factor related to death in COVID-19 subjects receiving intensive care (22). In addition, obesity has been associated with substantially increased risks of severe outcomes in patients with COVID-19 (23). Therefore, it is perhaps surprising that in the logistic regression models, we found that the obesity was negatively associated with the study outcomes. This could be due to the J-shaped association between BMI and the mortality curve. It was already reported that survival rates of subjects with moderate obesity were higher than for those with normal body mass index (BMI), overweight or severe obesity subjects (23). However, a clear limitation of our study is that data on BMI were not available and the analyses were only based on a clinical recorded diagnosis of obesity in the clinical records, which is not a solid variable to analyse the contribution of adiposity on the outcomes.

So far, regarding studies that tested the use of vitamin D as a preventive therapy for COVD-19, one pilot randomised clinical trial in Spain with 76 participants reported that admission to the ICU was reduced in the group receiving a high dose of vitamin D (7). Two additional quasi-experimental studies from France observed that only regular use of vitamin D was associated with less severe COVID-19 and a lower mortality rate (9, 21), while the administration of vitamin D after COVID-19 diagnosis did not affect severity outcomes (9). It is important to mention that the authors in the French study had full information on supplemental vitamin D exposure (dose and duration of supplementation) (9), which was not the case of our study, resulting again in another important limitation.

Several systematic reviews and meta-analyses have been published on this topic as well. In a systematic review including 4 observational studies to assess the association between vitamin D supplementation or level with COVID-19 infection susceptibility and outcomes (clinical course, morbidity and mortality outcomes), no robust association was found between vitamin D and COVID-19 severity of symptoms or mortality (24). Another systematic review with 11 studies about vitamin D levels/supplementation and risk of COVID-19 infection, adverse outcomes and possible benefits among subjects aged 60 years or over concluded that supplementation with vitamin D during COVID-19 reduced the risks for mortality, high flow oxygen therapy needs, or ICU support (25). Nevertheless, the authors pointed out the importance of the characteristics of the supplementation regimen, with aspects that remain unresolved such as the dose, frequency of administration, and duration (25). In our sub-analysis of subjects aged 60 years or over, the composite outcome of death and/or IMV was more frequent for both groups (on vitamin D and without) than in the total study group; however, no differences were observed regarding the use of previous vitamin D. Independently of previous vitamin D intake, evidence suggests that subjects over 60 years are more prone to severe complications and longer duration of COVID-19 compared with younger persons (age 60 or younger) (26–28); this was also observed in our study. Subjects on vitamin D in the current study were 10 years older compared with subjects without vitamin D supplementation. A recent meta-analysis of three randomised controlled trials found no effect of vitamin D supplementation in participants with COVID-19 for all-cause mortality (an outcome in two of the studies), and the need for invasive mechanical ventilation and adverse events (one of the studies) (29). Moreover, the authors reported high inconsistency in reporting of adverse reactions or safety of vitamin D and a lack of evidence that this supplementation prevented death from COVID-19 (29).

Based on the currently published observational studies, vitamin D deficiency seems to be associated with an increased risk of severe disease and mortality from COVID-19 (16–20, 22, 23, 25, 30). In a randomised clinical trial from Brazil, that included patients already hospitalised with moderate to severe COVID-19 in whom a single high dose of vitamin D was administrated, the authors reported that it was too early to conclude whether vitamin D supplementation may improve the disease prognosis (31). Further, treatment with a high dose of vitamin D in subjects who have already presented with complications of COVID-19 may not be effective since the organ damage by virus had already initiated. The inverse relationship between the risk of acute respiratory infections and vitamin D blood levels is well-reported (7, 10, 32, 33). The possible biological explanation for this effect could be the influence of genes regulating the immune system and the inflammatory response, which might modify the susceptibility to and severity of infections (34). Vitamin D deficiency is highly prevalent, especially in older adults, mainly due to the decreased synthesis in the skin or deficient dietary intake (35), and it could be easily prevented with regular supplementations (25). In our study, another important limitation is the lack of information on the levels of vitamin D among the study subjects. Our data suggest that the main drivers of severe outcomes in COVID-19 are age-associated comorbidities. Since most of our subjects taking vitamin D were older adults with a high burden of comorbidities, the potential benefits of vitamin D supplementation may be very difficult to demonstrate. Additionally, it is possible that in many of these subjects the reason for prescription of vitamin D supplementation was a status of vitamin D deficiency.

Apart from those already stated, this study has additional limitations. The database was created from anonymised, routinely collected medical data of hospitalised subjects during the first wave of the pandemic; therefore, the amount of incomplete data was high. Consequently, some important clinical variables were not considered in the analysis, such as BMI, dose and time of exposure related to pharmacological treatment, completeness of information on medical conditions or procedures prior to admission. Moreover, we did not have variables related to vitamin D such as duration of vitamin D supplementation, doses, adherence to supplementation or blood levels of vitamin D. It should be pointed out that the vitamin D intake in Spain is among the lowest compared with other European countries (36). According to the SEIOMM (Spanish Society for Research on Bone and Mineral Metabolism), the recommendation on the dose and duration of the supplementation with vitamin D should be based on the levels of vitamin D in the given subject. In subjects from the general population with severe deficiency (<10 ng/mL) and a target level of vitamin D >25 ng/mL, the recommended dose is either 16.000 IU/weekly during 5 weeks for calcifediol or 50.000 IU/weekly during 4–6 weeks for cholecalciferol. In those with vitamin D insufficiency (10–25 ng/mL), the recommended dose for cholecalciferol is 25.000 IU/daily and 16.000 IU/monthly for calcifediol (37). Since the group receiving vitamin D supplements in our study consisted mainly of elder subjects (mean age 73.3 years) and predominantly of female sex (67.2%), we assume that the dose of vitamin D prescribed by the treating physician was probably in the range recommended by guidelines. Since this is a cross-sectional study, the logistic regression models should be interpreted with caution; accordingly they only describe the possible association between the risk factors and the studied outcomes.



CONCLUSIONS

No association between vitamin D supplementation prior to hospital admission and important outcomes, i.e., death and/or IMV, or secondary in-hospital events was observed in this cross-sectional study of inpatients with COVID-19. Well-designed randomised clinical trials are needed to confirm the potential role of vitamin D on outcomes of COVID-19.
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Background: We provided a comprehensive evaluation of efficacy of available treatments for coronavirus disease 2019 (COVID-19).

Methods: We searched for candidate COVID-19 studies in WHO COVID-19 Global Research Database up to August 19, 2021. Randomized controlled trials for suspected or confirmed COVID-19 patients published on peer-reviewed journals were included, regardless of demographic characteristics. Outcome measures included mortality, mechanical ventilation, hospital discharge and viral clearance. Bayesian network meta-analysis with fixed effects was conducted to estimate the effect sizes using posterior means and 95% equal-tailed credible intervals (CrIs). Odds ratio (OR) was used as the summary measure for treatment effect. Bayesian hierarchical models were used to estimate effect sizes of treatments grouped by the treatment classifications.

Results: We identified 222 eligible studies with a total of 102,950 patients. Compared with the standard of care, imatinib, intravenous immunoglobulin and tocilizumab led to lower risk of death; baricitinib plus remdesivir, colchicine, dexamethasone, recombinant human granulocyte colony stimulating factor and tocilizumab indicated lower occurrence of mechanical ventilation; tofacitinib, sarilumab, remdesivir, tocilizumab and baricitinib plus remdesivir increased the hospital discharge rate; convalescent plasma, ivermectin, ivermectin plus doxycycline, hydroxychloroquine, nitazoxanide and proxalutamide resulted in better viral clearance. From the treatment class level, we found that the use of antineoplastic agents was associated with fewer mortality cases, immunostimulants could reduce the risk of mechanical ventilation and immunosuppressants led to higher discharge rates.

Conclusions: This network meta-analysis identified superiority of several COVID-19 treatments over the standard of care in terms of mortality, mechanical ventilation, hospital discharge and viral clearance. Tocilizumab showed its superiority compared with SOC on preventing severe outcomes such as death and mechanical ventilation as well as increasing the discharge rate, which might be an appropriate treatment for patients with severe or mild/moderate illness. We also found the clinical efficacy of antineoplastic agents, immunostimulants and immunosuppressants with respect to the endpoints of mortality, mechanical ventilation and discharge, which provides valuable information for the discovery of potential COVID-19 treatments.

Keywords: COVID-19, network meta-analysis, mortality, mechanical ventilation, discharge, viral clearance


INTRODUCTION

The pandemic of novel coronavirus disease 2019 (COVID-19) has become a global threat to public health. By August 27, 2021, over 214 million confirmed cases including 4.47 million deaths have been reported (1). Faced with such a global crisis, identifying effective treatments for COVID-19 is of urgent need and paramount importance for clinical researchers. Development of novel drugs typically takes years of concerted efforts and thus most of the research in COVID-19 treatment has been focused on drug repositioning, i.e., investigating the effectiveness of drugs approved for other diseases on COVID-19 patients. By August 18, 2021, over 11,000 clinical trials related to COVID-19 have been registered worldwide (2), while only dexamethasone (3, 4) and remdesivir (5, 6) were proven to be clinically effective.

With global efforts on pursuing effective treatments during the pandemic, a large number of short-term randomized controlled trials (RCTs) of small size were conducted and published at a high rate, and some trials were carried out in a rather rush manner which might cause deterioration of trial quality. Timely summaries and analyses of existing clinical trial results can help researchers to better understand various treatments, early terminate investigation on ineffective treatments and provide necessary guidelines for further research and discovery of new treatments. However, the conventional pairwise meta-analysis is limited in simultaneous comparisons among multiple trials and it often fails to capture indirect evidence for treatments that have not been tested in head-to-head comparisons. A network meta-analysis (NMA) which combines both direct and indirect information would be more appropriate to accommodate such a complex situation. Several NMA publications provided useful information on the comparative effectiveness of repurposed drugs for patients with COVID-19 (7, 8).

During the drug repurposing process, clinicians identify candidate drugs by estimating drug-disease or drug-drug similarities. Drugs with shared chemical structures and mechanisms of action are expected to deliver similar therapeutic applications (9). Not only should research focus on individual treatment for COVID-19, but it is also of great interest to evaluate a class of treatments with shared clinical properties and biochemical structures. For example, glucocorticoids including methylprednisolone, dexamethasone and hydrocortisone were reported to be associated with reduced 28-day mortality for critical COVID-19 patients (10).

This NMA aimed to provide a comprehensive evaluation of the efficacy of available treatments for patients with COVID-19. Not only does our NMA evaluate treatments at the drug level, but it also provides an overall estimated effect at the class level which may contain several drugs of similar types via a Bayesian hierarchical model using fixed-effects. Such class levels of treatment evaluation have not been explored in the literature.



MATERIALS AND METHODS

This systematic review and NMA were conducted and reported in accordance with the guidelines of Preferred Reporting Items for Systematic Reviews and Meta-Analyses for NMAs (11). A prespecified protocol can be found in Supplementary Materials.


Information Sources and Eligibility Criteria

We performed an exhaustive online search for eligible studies in the WHO COVID-19 Global Research Database (12). The WHO COVID-19 Global Research Database is a global multilingual literature database which gathers the latest COVID-19 related studies as a composite of other databases (e.g., Medline, Global Health, PubMed Central, PsycInfo, Scopus, ProQuest Central, Embase, Web of Science and others). Supplementary Table S1 presents the detailed searching strategy. We updated the literature search weekly to include newly published trials in peer-reviewed journals. The current version of our manuscript includes studies from January 1, 2020 to August 19, 2021.

Original articles investigating treatment effects for suspected or confirmed COVID-19 were included. We considered appropriate COVID-19 treatments while excluding (i) herbal medicine; (ii) preventive interventions (e.g., vaccination and mask wearing); (iii) non-drug supportive care; (iv) exercise, psychological and educational treatments. We included studies that compared one intervention with other interventions or the standard of care (SOC).

The outcomes of interest in the NMA included overall mortality, requirement for mechanical ventilation (MV), discharge from hospital on day 14 or the day closest to that, and viral clearance on day 7 or the day closest to that. We evaluated only binary outcomes since most COVID-19 trials had <1-month follow-ups (7) and for such short-term studies, continuous or survival outcomes might not provide a clinically meaningful summary for treatment effect (13). In addition, clinical definitions of several continuous outcomes, e.g., time to clinical improvement or deterioration, were not consistent across trials. Different reporting patterns of point and interval estimates for continuous outcomes may also cause additional difficulties and biases in the NMA.

We only included RCTs in this NMA because non-randomized trials and observational studies were considered of low certainty from the causal inference perspective (14). We included trials published in peer-reviewed journals in English and Chinese regardless of ways of randomization (double-blind, single-blind or open-label) or demographic characteristics.



Study Selection

Two reviewers independently screened the titles and abstracts using the inclusion criteria. Full texts of potentially eligible studies were further assessed for eligibility. Discrepancies were resolved by discussion and, if necessary, a third investigator was consulted.



Data Collection Process

Data extraction was conducted by two investigators independently. For each eligible study, we collected trial characteristics, interventions, demographic characteristics and outcomes of interest. For binary outcomes of interest, numbers of events and overall numbers of patients were collected. Two reviewers resolved discrepancies via discussion and a third party adjudicated if any conflict arose. For multiple reports on the same trial, we adopted the latest peer-reviewed publication.



Risk of Bias of Individual Studies

For each eligible trial, we used a revision (7) of version 2 of the Cochrane risk of bias tool (RoB 2.0) (15) to assess risk of bias in RCTs. Detailed RoB judgments were listed in Supplementary Materials. Two reviewers separately completed the RoB assessment and, in presence of any disagreement, a third party made the final decision.



Data Synthesis and Statistical Analysis

In the network, each node represents a treatment, regardless of the dose or duration of administration. For studies involving different doses or durations of the same drug, we aggregated data of the same drug into one arm. Each multi-arm trial was treated as a single study in the network analysis, instead of being split into multiple two-arm sub-trials. Interventions comprising more than one drug (i.e., combination therapy) were treated as separate treatment nodes. For each clinical outcome, we excluded the treatments appearing in only one trial with fewer than 100 patients to alleviate potential risk caused by inadequate information. We plotted the network for each outcome of interest using the igraph (16) package of R version 4.0.3 (RStudio, Boston, MA).

We considered a hierarchical model structure for investigated interventions where the relative effects compared with SOC were nested within drug classifications. Based on the Anatomical Therapeutic Chemical Classification System with Defined Daily Doses (ATC/DDD) (17) published by WHO, we classified included drugs by the second level of their ATC/DDD codes. For investigational drugs without ATC/DDD codes, we determined their classifications according to the pharmacological mechanism and therapeutic use. The detailed Bayesian hierarchical model structure for the NMA is shown in Supplementary Materials.

We fitted the Bayesian NMA model and generated posterior samples of parameters using the Markov chain Monte Carlo (MCMC) algorithm. The treatment effects of eligible drugs were evaluated in terms of the odds ratio (OR) estimated by the posterior mean and corresponding equal-tailed 95% credible interval (CrI). To obtain direct and indirect estimates for treatment effects and assess local inconsistency in the network, we considered the node-splitting method (18). The MCMC sampling was performed using the jagsUI (19, 20) package, and further network analyses were performed using the gemtc (21) package of R.



Certainty of the Evidence

The grading of recommendations assessment, development and evaluation (GRADE) approach for NMA (14) was used to rate the certainty of evidence of NMA estimates. Two investigators rated the certainty of each treatment comparison independently and resolved discrepancies by discussions and, if necessary, consulted with a third party. Detailed ratings and rationales for GRADE were provided in Supplementary Materials.



Subgroup and Sensitivity Analysis

Planned subgroup analyses were conducted for mild/moderate vs. severe/critical COVID-19 patients. In addition to Bayesian fixed-effects NMA, we also performed Bayesian random-effects NMA. Several RCTs which were designed to be multi-arm trials but reported results for different interventions vs. SOC as if they has been compared in separated two-arm studies. In the primary analysis, we treated these RCTs as multi-arm, and the SOC group with the largest number of participants was used if the periods of patient enrolment of specified interventions had overlaps, otherwise we considered a new SOC group which combined the SOC groups of all studies for the same RCT. In addition, we performed a sensitivity analysis by treating these multi-arm RCTs as separated two-arm trials.




RESULTS

According to the prespecified inclusion and exclusion criteria, we identified and screened titles and abstracts of 11,626 studies. Among these, 402 studies were further reviewed for full text and 222 eligible studies were included in the systematic review. Figure 1 summarizes the process of our study selection.
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FIGURE 1. Flow diagram of the study selection.


Out of these 222 studies, over half (131/222) of them were open-label, 81 were double-blind and the remaining 10 were single-blind in randomization. Most of the studies reported completed clinical trials (187/222) rather than ongoing (7/222) or early terminated trials (28/222), and they mainly investigated hospitalized COVID-19 patients (179/222). In terms of sites, 34 studies were conducted in Iran, 25 in China, 23 in Brazil, 22 in the USA and 23 in multi-sites across countries. Among the 222 studies, 30 were multi-arm and the rest were two-arm; 165 studies compared the investigated intervention with SOC, 35 with other active comparators and the other 22 with both SOC and other interventions. About 40% of the studies (96/222) enrolled <100 patients in the intention-to-treat population and 17 studies recruited over 1,000 patients. Of 181 studies which recorded the baseline severity of illness, 61 involved severe/critical COVID-19 patients while the remaining 120 trials primarily targeted at patients with mild/moderate illness. Detailed trial and patient characteristics are given in Supplementary Materials.

Out of the 222 studies, 31 studies were not considered in the meta-analysis. Among them, nine studies investigated different doses or durations of administration of the same intervention without comparisons with other interventions or SOC, 19 trials did not report outcomes of interest, and treatments in three trials were not connected in the network.

Among the 191 studies included in the quantitative synthesis, 179 unique RCTs were reported, which evaluated the efficacy of 94 different COVID-19 treatments from 41 classes. The RECOVERY trial (NCT04381936) was reported in six studies (3, 22–26). According to an early version of the protocol of the RECOVERY trial (27), the main randomization consisted of two parts: (A) lopinavir/ritonavir, hydroxychloroquine, azithromycin and dexamethasone vs. SOC; (B) convalescent plasma vs. SOC. Patients after the main randomization but with progressive COVID-19 would undergo a second randomization to either tocilizumab or SOC groups. Therefore, in the primary analysis we treated the studies of convalescent plasma (25) and tocilizumab (24) as separated two-arm trials and the four studies of lopinavir/ritonavir (22), hydroxychloroquine (26), azithromycin (23) and dexamethasone (3) vs. SOC as a five-arm trial. The SOC group with the largest number of patients (23) was used. Clinical results of the PRINCIPLE trial (ISRCTN86534580) were shown in three studies (28–30) comparing azithromycin, budesonide and doxycycline with SOC, respectively. Due to no overlap between the enrolment periods of the azithromycin and budesonide studies, we created a new SOC group by combining the two SOC groups and the PRINCIPLE trial was considered as a four-arm trial in the primary analysis. The REMAP-CAP trial (NCT02735707) was reported in three studies which investigated tocilizumab vs. sarilumab vs. SOC (31), hydrocortisone vs. SOC (32) and hydroxychloroquine vs. lopinavir/ritonavir vs. hydroxychloroquine plus lopinavir/ritonavir vs. SOC (33) with patients overlapped in the SOC arms. Thus, we treated it as a seven-arm trial and used the SOC group including the most patients (31). The DISCOVERY trial (34) was a participant of the WHO SOLIDARITY trial (35) while it reported additional endpoints of interest. The observed outcomes of the SOLIDARITY trial (35) were used in the NMA if existed, otherwise we considered those in the DISCOVERY trial (34). The phases II and III of the BLAZE-1 trial (NCT04427501) (36, 37) were reported in two separated articles and we simply merged results of the two stages as one RCT in the primary analysis. The REMAP-CAP, ACTIV-4a, and ATTACC Investigators examined the clinical effect of therapeutic-dose anticoagulation for patients with COVID-19 and presented their results for critically ill and non-critical patients in two publications, respectively (38, 39). In the primary analysis, we combined results of these two articles and in the subgroup analysis on baseline illness severity, they were treated separately.


Mortality

A total of 179 studies including 96,872 patients reported all-cause mortality. After filtering out treatments with small sample sizes, 132 studies remained in the analysis (3, 6, 22–26, 28–33, 35–153) and the network included angiotensin-converting enzyme inhibitors (ACEIs)/angiotensin receptor blockers (ARBs), ammonium chloride, azithromycin, bamlanivimab, baricitinib plus remdesivir, budesonide, camostat mesilate, canakinumab, chloroquine, colchicine, convalescent plasma, dapagliflozin, dexamethasone, doxycycline, favipiravir, hydrocortisone, hydroxychloroquine, hydroxychloroquine plus azithromycin, hydroxychloroquine plus favipiravir, hydroxychloroquine plus lopinavir/ritonavir, imatinib, INM005, interferon beta, intravenous immunoglobulin, ivermectin, lopinavir/ritonavir, mesenchymal stem cells, methylprednisolone, recombinant human granulocyte colony stimulating factor (GCSF), remdesivir, sarilumab, sofosbuvir plus daclatasvir, sulodexide, therapeutic anticoagulation, tocilizumab, tofacitinib, vitamin C, vitamin D3 and SOC. Among these 132 studies, the risk of bias was accessed to be low for 44 trials and the other 88 were of high risk of bias (Supplementary Table 5). Compared with SOC, the Bayesian NMA with fixed-effects showed that only imatinib (OR 0.55, 95% CrI [0.33, 0.91]; 1 RCT, 197 patients), intravenous immunoglobulin (OR 0.48, 95% CrI [0.26, 0.89]; 5 RCTs, 188 patients) and tocilizumab (OR 0.85, 95% CrI [0.77, 0.95]; 10 RCTs, 3,401 patients) could reduce the mortality rate with statistical significance (Figure 2). Patients treated with hydroxychloroquine even suffered an increased risk of mortality (OR 1.17 [1.05, 1.29]; 24 RCTs, 4,543 patients) compared with those with SOC. The class of antineoplastic agents containing three treatments (bamlanivimab, imatinib and INM005) showed significant clinical benefit over SOC with an OR of 0.58 (95% CrI [0.34, 0.98]; posterior probability of 0.978 favoring treatment). The class of antigout preparations, immunosuppressants plus antivirals for systemic use, anthelmintics, immunosuppressants immune sera and immunoglobulins, might be of potential benefit due to their relatively large posterior probabilities (higher than 0.9) favoring treatment and the other classes showed no difference from SOC.
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FIGURE 2. Mortality under treatments compared with the standard of care (SOC); OR is the odds ratio and CrI represents the credible interval.


Under the random-effects model, the estimated treatment effects relative to SOC were similar to those under the fixed-effects model but with wider credible intervals, e.g., tocilizumab with an OR of 0.91 (95% CrI [0.74,1.16]). In the sensitivity analysis by treating part A in the main randomization of RECOVERY (3, 22, 23, 26), PRINCIPLE (28–30), REMAP-CAP (31, 32), BLAZE-1 and two therapeutic-dose anticoagulation trials for critical and noncritical patients (36, 37) as separated trials, all estimates were close to those in the primary analysis except for dexamethasone, which reported an OR of 0.97 (95% CrI [0.87,1.08]) in the primary analysis but 0.85 (95% CrI [0.76,0.95]) in the sensitivity analysis. The difference in the 28-day mortality rate between the SOC arm with the largest number of patients (22.4%, 1,162/5,181) and the SOC arm of the dexamethasone study (22) (25.7%, 1,110/4,321) mainly contributed to the discrepancy in the estimates of OR for dexamethasone vs. SOC. Subgroup analyses (see Supplementary Figures S6, S7) demonstrated that for mild/moderate COVID-19 patients, the use of ivermectin (OR 0.38, 95% CrI [0.18,0.76]) couldsignificantly reduce all-cause mortality and for severe/critical cases, imatinib (OR 0.48, 95% CrI [0.24, 0.94]), intravenous immunoglobulin (OR 0.50, 95% CrI [0.27,0.92]) and tocilizumab (OR 0.84, 95% CrI [0.76, 0.94]) performed well.



Mechanical Ventilation

Overall, 115 studies with 77,128 patients reported the number of patients requiring mechanical ventilation during the study period. We included ACEIs/ARBs, ammonium chloride, azithromycin, bamlanivimab, baricitinib plus remdesivir, bromhexine, budesonide, camostat mesilate, canakinumab, chloroquine, colchicine, convalescent plasma, dexamethasone, doxycycline, favipiravir, hydroxychloroquine, hydroxychloroquine plus azithromycin, hydroxychloroquine plus favipiravir, imatinib, INM005, interferon beta, intravenous immunoglobulin, ivermectin, lopinavir/ritonavir, methylprednisolone, recombinant human GCSF, remdesivir, sarilumab, sofosbuvir plus daclatasvir, sulodexide, tocilizumab, tofacitinib, vitamin D3 and SOC as treatment nodes in the NMA, for which observations came from 84 studies (3, 6, 22–26, 28–31, 35, 42, 43, 46, 47, 50, 53, 55, 57–61, 63, 64, 66, 67, 71, 73–77, 79, 80, 82, 83, 85–87, 89, 92–94, 96–100, 102, 105–107, 109, 111–118, 120–124, 126, 128–132, 134, 135, 139, 140, 145, 151, 152, 154–156). About one-third (26/84) of the included studies were evaluated as low risk (Supplementary Table 6). Compared with SOC, baricitinib plus remdesivir (OR 0.64, 95% CrI [0.42,0.98]; 1 RCT, 461 patients), colchicine (OR 0.42, 95% CrI [0.20,0.83]; 2 RCTs, 2,290 patients), dexamethasone (OR 0.66, 95% CrI [0.55, 0.79]; 4 RCTs, 1,998 patients), recombinant human GCSF (OR 0.25, 95% CrI [0.13, 0.48]; 1 RCT, 100 patients) and tocilizumab (OR 0.75, 95% CrI [0.65,0.86]; 8 RCTs, 2,564 patients) had significantly lower rates of mechanical ventilation (Figure 3). Immunostimulants (interferon beta and recombinant human GCSF) showed significant benefit on the reduction of mechanical ventilation with an OR of 0.51 (95% CrI [0.23, 0.97]). The classes of antigout preparations containing colchicine, cough and cold preparations including only bromhexine and immunosuppressants consisting of canakinumab, sarilumab, tocilizumab and tofacitinib were of potential benefit compared with SOC due to their relatively large posterior probability (higher than 0.9) favoring treatment and the other classes showed no difference from SOC.
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FIGURE 3. Requirement of mechanical ventilation under treatments compared with the standard of care (SOC); OR is the odds ratio and CrI represents the credible interval.


The Bayesian random-effects NMA reported similar point estimates but with substantial wider interval estimates. Under the random-effects model, baricitinib plus remdesivir (OR 0.57, 95% CrI [0.25, 1.23]) and dexamethasone (OR 0.82, 95% CrI [0.58,1.25]) reported no significant difference from SOC, while colchicine (OR 0.40, 95% CrI [0.17, 0.91]), recombinant human GSCF (OR 0.40, 95% CrI [0.16, 0.78]) and tocilizumab (OR 0.72, 95% CrI [0.53,0.95]) yielded a significantly lower mechanical ventilation rate compared with SOC. Whether RECOVERY and PRINCIPLE were treated as multi-arm trials or multiple two-arm trials had no influence on the estimates of relative effects since the mechanical ventilation rates in the SOC groups of the four RECOVERY studies (3, 22, 23, 26) were similar and so was the PRINCIPLE trial (28–30). For mild/moderate COVID-19 patients, colchicine (OR 0.43, 95% CrI [0.20, 0.84]), dexamethasone (OR 0.62, 95% CrI [0.51, 0.76]), recombinant human GCSF (OR 0.22, 95% CrI [0.12, 0.42]) and intravenous immunoglobulin (OR 0.44, 95% CrI [0.20, 0.95]) led to a lower mechanical ventilation rate. For patients with severe/critical COVID-19 illness, dexamethasone (OR 0.65, 95% CrI [0.54, 0.78]), sarilumab (OR 0.70, 95% CrI [0.50, 0.94]), canakinumab (OR 0.69, 95% CrI [0.45, 0.98]) and tocilizumab (OR 0.74, 95% CrI [0.64,0.85]) could significantly reduce the occurrence of mechanical ventilation.



Hospital Discharge (Closest to 14 Days)

The hospital discharge rate was reported in 65 studies including 53,636 patients and 34,247 events. Treatment nodes included in the network were azithromycin, bamlanivimab, baricitinib plus remdesivir, camostat mesilate, canakinumab, convalescent plasma, dapagliflozin, dexamethasone, favipiravir, hydroxychloroquine, hydroxychloroquine plus azithromycin, hydroxychloroquine plus favipiravir, interferon beta, ivermectin, lopinavir/ritonavir, mesenchymal stem cells, remdesivir, sarilumab, tocilizumab, tofacitinib and SOC, which were investigated in 48 studies (3, 6, 22–26, 31, 43, 46, 55, 57, 64, 71–73, 76, 80, 82, 84, 89, 91, 93, 96–98, 100, 101, 106, 107, 109, 110, 115, 116, 121, 122, 124, 126, 128–132, 145–147, 157, 158). Out of the 48 studies included in the NMA, 19 were evaluated as low risk (Supplementary Table 7). Patients who received tofacitinib (OR 1.44, 95% CrI [1.04, 2.12]; 1 RCT, 144 patients), sarilumab (OR 1.50, 95% CrI [1.15,2.05]; 2 RCTs, 380 patients), remdesivir (OR 1.33, 95% CrI [1.11, 1.60]; 4 RCTs, 1,596 patients), tocilizumab (OR 1.35, 95% CrI [1.21, 1.49]; 7 RCTs, 3,014 patients) and baricitinib plus remdesivir (OR 1.70, 95% CrI [1.24, 2.33]; 1 RCTs, 515 patients) had a higher hospital discharge rate compared with those in the SOC arm. Hydroxychloroquine (OR 0.75, 95% CrI [0.67, 0.83]; 8 RCTs, 2,362 patients) was even inferior to SOC in terms of hospitalization at around 14 days (Figure 4). The use of immunosuppressants including canakinumab, sarilumab, tocilizumab and tofacitinib could significantly increase the discharge rate at day 14 (OR 1.40, 95% CrI [1.09, 1.85]). The classes of antivirals for systemic use (favipiravir, lopinavir/ritonavir and remdesivir) and the combination of immunosuppressants and antivirals for systemic use (baricitinib plus remdesivir) showed potential benefit in terms of hospital discharge with posterior probability favoring treatment larger than 0.9.
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FIGURE 4. Discharge (closest to 14 days) under treatments compared with the standard of care (SOC); OR is the odds ratio and CrI represents the credible interval.


Under the random-effects model, with wider interval estimates, remdesivir (OR 1.31, 95% CrI [1.03,1.67]), tofacitinib (OR 1.44, 95% CrI [1.02, 2.15]), sarilumab (OR 1.50, 95% CrI [1.12,2.11]) and tocilizumab (OR 1.36, 95% CrI [1.13,1.64]) still maintained their significant benefit over SOC in terms of hospital discharge. The sensitivity analysis treating RECOVERY (3, 22, 26, 28) as four separated two-arm trials reported a significant OR of 1.19 (95% CrI [1.07,1.33]) for dexamethasone vs. SOC, in contrast to the primary analysis. Similar to the case when evaluating mortality, such discrepancy was caused by the different event rates in the two SOC arms used (3, 23). Evidence from subgroup analysis on patient illness indicated clinical benefit of baricitinib plus remdesivir (OR 1.61, 95% CrI [1.08, 2.45]) for non-severe COVID-19 patients, and remdesivir (OR 1.32, 95% CrI [1.08, 1.64]), interferon beta (OR 2.07, 95% CrI [1.21,3.59]), tofacitinib (OR 1.45, 95% CrI [1.04, 2.15]), sarilumab (OR 1.50, 95% CrI [1.15,2.06]) and tocilizumab (OR 1.35, 95% CrI [1.22, 1.50]) for patients with severe COVID-19.



Viral Clearance (Closest to 7 Days)

A total of 45 studies including 6,631 patients reported viral clearance rates and after eliminating treatments with inadequate numbers of patients, 32 studies were considered in the NMA (36, 53, 54, 56, 57, 59, 65, 68, 71, 72, 76, 78, 80, 91, 106, 109, 119, 132, 136, 137, 141, 153, 157–166), of which 10 were assessed as low risk (Supplementary Table 8). Treatment nodes in the network included bamlanivimab, bamlanivimab plus etesevimab, convalescent plasma, favipiravir, hydroxychloroquine, hydroxychloroquine plus azithromycin, hydroxychloroquine plus favipiravir, ivermectin, ivermectin plus doxycycline, lopinavir/ritonavir, methylprednisolone, nitazoxanide, proxalutamide, remdesivir and SOC. Under the fixed-effects NMA, convalescent plasma (OR 1.62, 95% CrI [1.18,2.24]; 4 RCTs, 344 patients), ivermectin (OR 2.32, 95% CrI [1.38,3.94]; 5 RCTs, 186 patients), ivermectin plus doxycycline (OR 2.54, 95% CrI [1.47, 4.49]; 2 RCTs, 206 patients), hydroxychloroquine (OR 1.31, 95% CrI [1.05,1.62]; 10 RCTs, 926 patients), nitazoxanide (OR 1.72, 95% CrI [1.20,2.73]; 2 RCTs, 217 patients) and proxalutamide (OR 10.33, 95% CrI [5.45, 20.36]; 1 RCT, 171 patients) showed significant improvements in the virologic cure (Figure 5). The classes of anthelmintics (ivermectin), anthelmintics plus antibacterials for systemic use (ivermectin plus doxycycline), antiprotozoals (hydroxychloroquine and nitazoxanide), blood substitutes and perfusion solutions (convalescent plasma) and endocrine therapy (proxalutamide) led to higher viral clearance rates compared with SOC with posterior probability favoring treatment larger than 0.9.
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FIGURE 5. Viral clearance (closest to 7 days) of treatments compared with the standard of care (SOC); OR is the odds ratio and CrI represents the credible interval.


Under the random-effects model, convalescent plasma, ivermectin plus doxycycline, hydroxychloroquine and nitazoxanide did not show superiority over SOC, while ivermectin (OR 2.70, 95% CrI [1.24, 6.12]) and proxalutamide (OR 10.33, 95% CrI [2.72, 39.20]) were still effective in virus elimination. Trials published in multiple articles did not report viral clearance and thus no sensitivity analysis was carried out. Subgroup analysis (Supplementary Figure S12) revealed improved viral elimination using convalescent plasma, ivermectin, ivermectin plus doxycycline, hydroxychloroquine, nitazoxanide and proxalutamide compared with SOC for mild/moderate COVID-19 patients. For patients with severe/critical COVID-19, convalescent plasma (OR 2.74, 95% CrI [1.45, 5.27]) reported a higher viral clearance rate around day 7 after treatment compared with SOC (Supplementary Figure S13).




DISCUSSION


Summary of Findings

In this systematic review and NMA, we provided a detailed summary of trial characteristics of published RCTs for confirmed COVID-19 patients up to August 19, 2021 and reported effectiveness of treatments at both the drug and class levels in terms of mortality, mechanical ventilation, hospital discharge and viral clearance. Compared with SOC, imatinib, intravenous immunoglobulin and tocilizumab were shown to reduce the risk of mortality; baricitinib plus remdesivir, colchicine, dexamethasone, recombinant human GCSF and tocilizumab resulted in fewer events of mechanical ventilation; patients who received convalescent plasma, ivermectin, ivermectin plus doxycycline, hydroxychloroquine, nitazoxanide and proxalutamide had a higher viral elimination rate; tofacitinib, sarilumab, remdesivir, tocilizumab and baricitinib plus remdesivir demonstrated their effectiveness with significantly higher 14-day hospital discharge rates.

At the class level of treatments, antineoplastic agents including bamlanivimab, imatinib and INM005 could reduce mortality; immunostimulants containing interferon beta and recombinant human GCSF showed clinical benefit over SOC in reducing mechanical ventilation; immunosuppressants consisting of canakinumab, sarilumab, tocilizumab and tofacitinib led to higher hospital discharge rates around 14 days, and the use of anthelmintics (ivermectin), anthelmintics plus antibacterials for systemic use (ivermectin plus doxycycline), endocrine therapy (proxalutamide) increased the rate of viral clearance on day 7. For other classes and outcomes, we observed no significant difference from SOC.

With an urgent need to identify effective treatments for COVID-19, researchers desired to aggregate information from individual trials investigating various interventions and, toward this goal, several NMAs for pharmacological interventions of COVID-19 have been published. Siemieniuk et al. (7) conducted a living systematic review and NMA for RCTs up to March 1, 2021 to evaluate the efficacy of potential COVID-19 treatments. They found corticosteroids (budesonide, dexamethasone, hydrocortisone and methylprednisolone) and Janus kinase inhibitors (baricitinib and ruxolitinib) could reduce death, mechanical ventilation, and increase the number of days free from mechanical ventilation; interleukin-6 inhibitors (tocilizumab and sarilumab) reduced mechanical ventilation and lengths of hospital stay. Kim et al. (167) reported improved outcomes for patients receiving anti-inflammatory agents (corticosteroids, tocilizumab, anakinra, and intravenous immunoglobulin), convalescent plasma, and remdesivir in their NMA including both RCTs and observational studies up to August 24, 2020. The majority of our findings are consistent with previous research except for the significant treatment effects of dexamethasone and corticosteroids due to the discrepancies among different SOC arms when we treated RECOVERY (3, 22, 23, 26) as one multi-arm trial. More treatments with clinical effectiveness against COVID-19 have been identified by including recently published studies in our NMA.

On the other hand, pairwise meta-analyses for a single drug vs. SOC have also revealed clinical benefits of potential COVID-19 treatments with accumulated evidence from completed studies. For example, tocilizumab led to reduction in mortality (168, 169), ventilation (170) and biomarkers of the COVID-19 infection (171); patients receiving ivermectin had a lower risk of death as well as an increase in the viral clearance rate (172, 173); the administration of colchicine resulted in a lower risk of mortality and improvements of clinical outcomes (174); remdesivir showed its superiority over SOC with faster recovery, shorter time to clinical improvement and reduction in mortality (175, 176).



Strength and Limitations

Not only was this NMA timely conducted, but it also included a wide range of RCTs, which contained a large number of common drugs as well as interferons, blood products, mineral and vitamin supplementations. Treatment effects were evaluated in a network at both the individual drug level and class level. Using a hierarchical Bayesian model based on the WHO ATC/DDD classification rule, we grouped the treatments from a scientific and pharmacological perspective and provided a further guideline for discovery of new treatments on COVID-19.

This study has several limitations. One is the low certainty of evidence for many NMA estimates. At the early stage of COVID-19 pandemic, with limited clinical resources and urgent need to obtain trial results, many RCTs were conducted with simplified procedures, e.g., no placebo prepared, leading to downgrading of evidence due to study limitations (177). Over time, the situation has gradually improved and many double-blind RCTs have been conducted and published recently. Moreover, networks of treatments were sparse because most of the included studies evaluated interventions vs. SOC and there were few direct comparisons among interventions. As we considered COVID-19 RCTs regardless of demographic characteristics, intransitivity existed in many indirect comparisons. For example, hydroxychloroquine trials usually investigated patients with mild/moderate COVID-19, while patients treated by convalescent plasma were mainly of severe/critical illness. Detailed subgroup analysis might help to resolve such problems (see Supplementary Materials).

Another limitation of this study arises from the evaluation of NMA estimates at the class level. Many investigated classes contained only one treatment, leading to large variation and thus insignificant results. To confirm the superiority of a class of drugs, one should present evidence of stronger strengths. More treatments could have been included in the NMA if the exclusion criteria of treatment nodes were relaxed, while it would inevitably introduce additional bias due to treatments tested with small sample sizes.

In the primary analysis, we only included peer-reviewed studies to maintain the credibility of evidence. However, among such a large number of completed COVID-19 trials, studies reporting positive results or with large sample size were more likely to be published, leading to possible publication bias (178). To alleviate the potential publication bias, we conducted an exploratory analysis including both peer-reviewed papers and preprints from unpublished studies, for which results were shown in the Supplementary Figures S14–S17. While caution should be taken on the evidence implied by only preprints since clinical results without peer-reviews should not be trusted equally as those published.

In addition, we mainly focused on the efficacy of interventions in this NMA and did not evaluate the corresponding safety profiles. Evidence from other NMAs (7, 179) showed that most of investigated treatments in this NMA did not lead to increased adverse events, and remdesivir and lopinavir/ritonavir were associated with fewer occurrences of adverse events and serious adverse events, respectively.

Different approaches to dealing with the RECOVERY, REMAP-CAP, PRINCIPLE, BLAZE-1 and therapeutic anticoagulation trials led to discrepancies between results of the primary and sensitivity analyses, especially for dexamethasone. The RECOVERY trial was designed as a multi-arm trial (27) while the numbers of patients randomized to SOC and event rates of outcomes of interest were different across different reports (3, 22, 23, 26). Although we observed no clinical benefit on the reduction of mortality and increase of the hospital discharge rate for dexamethasone vs. SOC, the sensitivity analysis drew an opposite conclusion and credibility of this finding warrants extra caution.



Conclusion

This systematic review and NMA showed that imatinib, intravenous immunoglobulin and tocilizumab could reduce the mortality. Patients receiving baricitinib plus remdesivir, colchicine, dexamethasone, recombinant human GCSF and tocilizumab had a lower risk of mechanical ventilation. Administration of tofacitinib, sarilumab, remdesivir, tocilizumab and baricitinib plus remdesivir led to higher hospital discharge rates. Convalescent plasma, ivermectin, ivermectin plus doxycycline, hydroxychloroquine, nitazoxanide and proxalutamide could improve the viral elimination.

At the treatment class level, compared with SOC, patients receiving antineoplastic agents had a lower risk of death; immunostimulants tended to reduce the need of mechanical ventilation; the use of immunosuppressants led to an increased hospital discharge rate; anthelmintics, anthelmintics plus antibacterials for systemic use and endocrine therapy showed clinical improvements on viral clearance, while these three classes contained only one treatment, for which the evidence might not be sound.

The clinical benefits of several treatments on confirmed COVID-19 patients have been reported in this study. The endpoints of mortality and mechanical ventilation can be viewed as the deterioration of COVID-19 illness, and for clinicians and patients with severe COVID-19, these effective treatments (e.g., tocilizumab, imatinib, intravenous immunoglobulin, dexamethasone) can prevent or alleviate the progression of disease. Hospital discharge and viral clearance represent the recovery from COVID-19, and patients with mild or moderate illness might suffer less from the SARS-COV2 infection. Overall, tocilizumab performed the best against COVID-19 compared with SOC, which showed its superiority in terms of lower mortality and mechanical ventilation rates as well as a higher hosptical discharge rate.

On the other hand, we found the significance of classes of treatments on each investigated endpoint. The discovery of effective treatments on COVID-19 is still an essential issue, especially after the occurrence of more infective and fatal variants. The efficacy of antineoplastic agents, immunostimulants and immunosuppressants on reduced risk of death, mechanical ventilation and increased hosptical discharge, respectively, was shown by our NMA with sound statistical evidence, which shed new light on further research and discovery of potential COVID-19 treatments. Further large clinical trials are still needed to confirm these results.
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Gastrointestinal Bleeding, but Not Other Gastrointestinal Symptoms, Is Associated With Worse Outcomes in COVID-19 Patients

Hongxin Chen1,2,3†, Zhenhua Tong1,4†, Zhuang Ma1,5,6†, Li Luo1†, Yufu Tang1,6, Yue Teng1,6, Hao Yu1,6, Hao Meng1,6, Chengfei Peng1,6, Quanyu Zhang1,6, Tianyi Zhu1,4,6, Haitao Zhao1,4,5, Guiyang Chu1,7, Hongyu Li1,2*, Hui Lu1* and Xingshun Qi1,2*


1COVID-19 Study Group, General Hospital of Northern Theater Command, Shenyang, China

2Department of Gastroenterology, General Hospital of Northern Theater Command, Shenyang, China

3Postgraduate College, Liaoning University of Traditional Chinese Medicine, Shenyang, China

4Section of Medical Service, General Hospital of Northern Theater Command, Shenyang, China

5Department of Respiratory Medicine, General Hospital of Northern Theater Command, Shenyang, China

6Department of Infectious Diseases, Wuhan Huoshenshan Hospital, Wuhan, China

7Information Section of Medical Security Center, General Hospital of Northern Theater Command, Shenyang, China

Edited by:
Zisis Kozlakidis, International Agency for Research on Cancer (IARC), France

Reviewed by:
Timotius Ivan Hariyanto, University of Pelita Harapan, Indonesia
 Vincent Hooper, Xiamen University, China

*Correspondence: Hongyu Li, 13309887041@163.com
 Hui Lu, northerntheater@126.com
 Xingshun Qi, xingshunqi@126.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Infectious Diseases - Surveillance, Prevention and Treatment, a section of the journal Frontiers in Medicine

Received: 16 August 2021
 Accepted: 15 September 2021
 Published: 13 October 2021

Citation: Chen H, Tong Z, Ma Z, Luo L, Tang Y, Teng Y, Yu H, Meng H, Peng C, Zhang Q, Zhu T, Zhao H, Chu G, Li H, Lu H and Qi X (2021) Gastrointestinal Bleeding, but Not Other Gastrointestinal Symptoms, Is Associated With Worse Outcomes in COVID-19 Patients. Front. Med. 8:759152. doi: 10.3389/fmed.2021.759152



Background: Patients with coronavirus disease 2019 (COVID-19) can present with gastrointestinal (GI) symptoms. However, the prevalence of GI symptoms and their association with outcomes remain controversial in COVID-19 patients.

Methods: All COVID-19 patients consecutively admitted to the Wuhan Huoshenshan hospital from February 2020 to April 2020 were collected. Disease severity and outcomes were compared between COVID-19 patients with and without GI symptoms. Logistic regression analyses were performed to evaluate the association of GI symptoms with the composite endpoint and death in COVID-19 patients. A composite endpoint was defined as transfer to intensive care unit, requirement of mechanical ventilation, and death. Odds ratios (ORs) with 95% confidence intervals (CIs) were calculated.

Results: Overall, 2,552 COVID-19 patients were included. The prevalence of GI symptoms was 21.0% (537/2,552). Diarrhea (8.9%, 226/2,552) was the most common GI symptom. Patients with GI symptoms had significantly higher proportions of severe COVID-19 and worse outcomes than those without. Univariate logistic regression analyses demonstrated that GI symptoms were significantly associated with the composite endpoint (OR = 2.426, 95% CI = 1.608–3.661; P < 0.001) and death (OR = 2.137, 95% CI = 1.209–3.778; P = 0.009). After adjusting for age, sex, and severe/critical COVID-19, GI symptoms were still independently associated with the composite endpoint (OR = 2.029, 95% CI = 1.294–3.182; P = 0.002), but not death (OR = 1.726, 95% CI = 0.946–3.150; P = 0.075). According to the type of GI symptoms, GI bleeding was an independent predictor of the composite endpoint (OR = 8.416, 95% CI = 3.465–20.438, P < 0.001) and death (OR = 6.640, 95% CI = 2.567–17.179, P < 0.001), but not other GI symptoms (i.e., diarrhea, abdominal discomfort, nausea and/or vomiting, constipation, acid reflux and/or heartburn, or abdominal pain).

Conclusion: GI symptoms are common in COVID-19 patients and may be associated with their worse outcomes. Notably, such a negative impact of GI symptoms on the outcomes should be attributed to GI bleeding.

Keywords: coronavirus disease 2019, severe acute respiratory syndrome coronavirus 2, gastrointestinal symptoms, prevalence, outcomes


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes coronavirus disease 2019 (COVID-19) and has resulted in a global pandemic (1). Till August 12, 2021, there have been 200,644,849 confirmed cases of COVID-19 and 4,323,139 deaths.1 There is a wide clinical spectrum of COVID-19, ranging from asymptomatic infection, mild symptoms, to critical status. The most common clinical symptoms are fever, cough, and shortness of breath (2). COVID-19 patients can also present with gastrointestinal (GI) symptoms, such as diarrhea, abdominal pain, nausea, and vomiting (3). The prevalence of GI symptoms is heterogeneous among studies. A study conducted in China reported that the prevalence of GI symptoms was about 11% (4), while another study conducted in the United States reported that more than 61% of COVID-19 patients had GI symptoms (5). On the other hand, the influence of GI symptoms on the outcomes of COVID-19 patients remains controversial among studies. Some studies suggested that patients with GI symptoms had a higher risk of acute respiratory distress syndrome, mechanical ventilation, admission to intensive care, and death than those without (6, 7). By contrast, other studies found that patients with GI symptoms had a similar or even lower risk of mechanical ventilation and/or death than those without (8, 9). More notably, it remains unclear about which type of GI symptoms truly affects the outcomes of COVID-19 patients. Herein, we conducted a retrospective study to further explore the prevalence of GI symptoms in COVID-19 patients and analyze the association of GI symptoms with their outcomes with an emphasis on various types of GI symptoms.



MATERIALS AND METHODS


Ethics

The study protocol was reviewed and approved by the Medical Ethical Committee of the General Hospital of Northern Theater Command with an approval number [Y (2021) 059] and performed according to the Declaration of Helsinki.



Study Design

In this study, we retrospectively reviewed the medical records of 3,041 patients who were diagnosed as COVID-19 and consecutively admitted to the Wuhan Huoshenshan hospital from February 2020 to April 2020. Notably, this hospital was established by Chinese government to treat COVID-19 patients at the beginning of the SARS-CoV-2 outbreak in February 2020, and was closed after the epidemic was effectively controlled in April 2020. The exclusion criteria were as follows: (1) patients with hepatobiliary diseases, which mainly included hepatitis, liver cirrhosis, cholecystitis, and gallstones; (2) patients with a recent history of GI diseases or symptoms before admission, which mainly included esophagitis, gastritis, enteritis, peptic ulcer, chronic diarrhea, and constipation; (3) patients with a history of abdominal surgery, which mainly included cesarean section, hysterectomy, appendectomy, and cholecystectomy; (4) patients with nephrolithiasis; and (5) major clinical data were lacking.



Data Collection

The following data was collected from electronic medical records: demographics (i.e., age and sex), COVID-19 symptoms (i.e., fever, cough, fatigue and/or myalgia, dyspnea, chest distress and/or shortness of breath, and expectoration), GI symptoms, comorbidities (i.e., diabetes, cardiovascular disease, cerebrovascular disease, chronic renal disease, chronic respiratory disease, and malignant tumor), laboratory tests at admission [i.e., hemoglobin (Hb), white blood cells (WBC), platelet count (PLT), total bilirubin (TBIL), aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (AKP), gamma glutamyl transpeptidase (GGT), albumin, d-dimer, and prothrombin time (PT)], severity of COVID-19 at admission, major treatments for COVID-19 during hospitalization [i.e., antivirals, antibiotics, corticosteroids, traditional Chinese medicines, and extracorporeal membrane oxygenation/continuous renal replacement therapy (ECMO/CRRT)], and major in-hospital outcomes [i.e., requirement of mechanical ventilation, transfer to intensive care unit (ICU), and death].



Definitions

GI symptoms were defined as the occurrence of at least one of the following GI symptoms during the course of COVID-19: diarrhea, abdominal discomfort, nausea and/or vomiting, constipation, acid reflux and/or heartburn, abdominal pain, and GI bleeding.

According to the New Coronavirus Pneumonia Prevention and Control Program published by the National Health Commission of China (Provisional, 7th Edition Revision), the severity of COVID-19 was classified as mild, moderate, severe, and critical type (10). Mild type was defined as mild clinical symptoms without any imaging evidence of pneumonia. Moderate type was defined as fever, respiratory symptoms, and imaging evidence of pneumonia. Severe type was defined as any one of the following criteria: (1) respiratory distress with respiratory rate>30 breaths per minute; (2) oxygen saturation (SpO2) < 93% in the resting state; (3) arterial partial pressure of oxygen (PaO2)/fraction of inspiration oxygen (FiO2) ≤ 3 00 mmHg. Critical type was defined as any one of the following criteria: (1) respiratory failure requiring mechanical ventilation; (2) shock; (3) other organ failures requiring ICU monitoring and treatment.

The composite endpoint was defined as transfer to ICU, requirement of mechanical ventilation, and death (11).



Outcomes

Major outcomes included the prevalence of various GI symptoms in patients with COVID-19 and the association of GI symptoms with the composite endpoint and death.



Statistical Analyses

Demographics, clinical characteristics, comorbidities, laboratory tests, severity of COVID-19 at admission, treatments, and in-hospital outcomes were compared between COVID-19 patients with and without GI symptoms. Continuous variables were expressed as mean ± standard deviation and median (range), and non-parametric Mann-Whitney U-test was used for comparative analyses. Categorical variables were expressed as frequency (percentage), and chi-square and fisher exact tests were used for comparative analyses. Univariate and multivariate logistic regression analyses were performed to evaluate the association of GI symptoms with the composite endpoint and death in COVID-19 patients. Odds ratios (ORs) with 95% confidence intervals (CIs) were calculated. Subgroups analyses were performed in patients with severe/critical COVID-19. A two-tailed P < 0.05 was considered statistically significant. All statistical analyses were performed by using IBM SPSS software version 20.0 (IBM Corp, Armonk, NY, USA).




RESULTS


Patient Characteristics

After screening, 489 patients were excluded, because 201 patients had hepatobiliary diseases, 136 had a recent history of GI diseases or symptoms before admission, 116 had a history of abdominal surgery, 23 had nephrolithiasis, and 13 were lacking of major clinical data. Finally, 2,552 patients were included.

The characteristics of patients in our study were described in Table 1. The median age was 57.8 years old (range: 11–100) and 50.4% (1,287/2,552) were male. The most common symptoms were fever (72.8%, 1,857/2,552), cough (69.5%, 1,774/2,552), and fatigue and/or myalgia (56.0%, 1,430/2,552). Cardiovascular disease (35.0%, 894/2,552) was the most common comorbidity. At admission, 1.1% (28/2,552), 71.6% (1,827/2,552), 25.8% (659/2,552), and 1.5% (38/2,552) of patients were classified as mild, moderate, severe, and critical COVID-19, respectively.


Table 1. Characteristics of COVID-19 patients with and without GI symptoms.
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Prevalence of GI Symptoms in COVID-19 Patients

Overall, 21.0% (537/2,552) of COVID-19 patients had at least one type of GI symptom. Diarrhea (8.9%, 226/2,552) was the most common type of GI symptoms, followed by abdominal discomfort (5.9%, 150/2,552), nausea and/or vomiting (4.2%, 106/2,552), constipation (3.6%, 93/2,552), acid reflux and/or heartburn (1.9%, 49/2,552), abdominal pain (1.8%, 47/2,552), and GI bleeding (1.6%, 40/2,552) (Figure 1).


[image: Figure 1]
FIGURE 1. Prevalence of various GI symptoms in COVID-19 patients.




Difference in Baseline Characteristics Between COVID-19 Patients With and Without GI Symptoms

Patients with GI symptoms had a significantly higher proportion of age > 60 years (55.5 vs. 46.1%; P < 0.001) and a lower proportion of male (45.3 vs. 51.8%; P = 0.007) than those without (Table 1). Patients with GI symptoms had a significantly higher proportion of chest distress and/or shortness of breath (27.9 vs. 21.5%; P = 0.002) than those without. Patients with GI symptoms had a significantly higher d-dimer (0.99 ± 1.70 vs. 0.79 ± 1.92; P = 0.015) and lower Hb (122.05 ± 20.88 vs. 125.06 ± 17.41; P = 0.003) and albumin (37.16 ± 4.48 vs. 38.55 ± 3.95; P < 0.001) than those without. Patients with GI symptoms had a significantly higher proportion of severe/critical COVID-19 at admission (33.5 vs. 25.7%; P < 0.001) than those without. The proportion of comorbidity was not significantly different between patients with and without GI symptoms.



Difference in Treatment Strategy Between COVID-19 Patients With and Without GI Symptoms

Patients with GI symptoms had significantly higher proportions of use of antivirals (57.9 vs. 50.3%; P = 0.002), antibiotics (42.3 vs. 30.1%; P < 0.001), corticosteroids (21.4 vs. 13.3%; P < 0.001), and ECMO/CRRT (1.5 vs. 0.4%; P = 0.008) than those without (Table 2).


Table 2. Treatment and outcomes of COVID-19 patients with and without GI symptoms.
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Difference in Outcomes Between COVID-19 Patients With and Without GI Symptoms

Patients with GI symptoms had a significantly longer hospital length of stay (18.16 ± 10.62 vs. 13.97 ± 8.07; P < 0.001) than those without (Table 2). Patients with GI symptoms had significantly higher proportions of transferring to ICU (6.0 vs. 2.5%; P < 0.001), requiring mechanical ventilation (4.8 vs. 2.3%; P = 0.001), death (3.5 vs. 1.7%; P = 0.008), and reaching the composite endpoint (7.3 vs. 3.1%; P < 0.001) than those without (Figure 2).
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FIGURE 2. Incidence of adverse outcomes in COVID-19 patients with and without GI symptoms.




GI Symptoms for Predicting the Composite Endpoint

Univariate logistic regression analyses demonstrated that GI symptoms (OR = 2.426, 95% CI = 1.608–3.661; P < 0.001) were significantly associated with the composite endpoint. After adjusting for age, sex, and severe/critical COVID-19, GI symptoms remained an independent predictor of the composite endpoint (OR = 2.029, 95% CI = 1.294–3.182; P = 0.002).

In the subgroup analysis of severe/critical COVID-19 patients, univariate logistic regression analyses demonstrated that GI symptoms (OR = 1.941, 95% CI = 1.231–3.058; P = 0.004) were significantly associated with the composite endpoint. After adjusting for age and sex, GI symptoms remained an independent predictor of the composite endpoint (OR = 1.950, 95% CI = 1.220–3.115; P = 0.005).

According to the type of GI symptoms, univariate logistic regression analyses demonstrated that GI bleeding (OR = 13.108, 95% CI = 6.544–26.255, P < 0.001) and abdominal discomfort (OR = 2.010, 95% CI = 1.051–3.844, P = 0.035) were significantly associated with the composite endpoint, but not diarrhea, nausea and/or vomiting, constipation, acid reflux and/or heartburn, or abdominal pain. After adjusting for age, sex, and severe/critical COVID-19, only GI bleeding (OR = 8.416, 95% CI = 3.465–20.438, P < 0.001), but not abdominal discomfort (OR = 1.262, 95% CI = 0.627–2.542, P = 0.514), remained an independent predictor of the composite endpoint.



GI Symptoms for Predicting Death

Univariate logistic regression analyses demonstrated that GI symptoms (OR = 2.137, 95% CI = 1.209–3.778; P = 0.009) were significantly associated with death. After adjusting for age, sex, and severe/critical COVID-19, GI symptoms were not independently associated with death (OR = 1.726, 95% CI = 0.946–3.150; P = 0.075).

In the subgroup analysis of severe/critical COVID-19 patients, univariate logistic regression analyses demonstrated that GI symptoms were not significantly associated with death (OR = 1.431, 95% CI = 0.768–2.667; P = 0.259).

According to the type of GI symptoms, univariate logistic regression analyses demonstrated that only GI bleeding was significantly associated with death (OR = 13.706, 95% CI = 5.983–31.398, P < 0.001), but not diarrhea, abdominal discomfort, nausea and/or vomiting, constipation, acid reflux and/or heartburn, or abdominal pain. After adjusting for age, sex, and severe/critical COVID-19, only GI bleeding (OR = 6.640, 95% CI = 2.567–17.179, P < 0.001) remained an independent predictor of death.




DISCUSSION

The first finding of our study was that 21% of COVID-19 patients had at least one type of GI symptoms during the disease course, which was similar to the data reported by a previous meta-analysis. Notably, the previous meta-analysis also found that the prevalence of GI symptoms was lower in China than in other countries (16 vs. 33%) (12). Indeed, more recent studies from Western countries also found a higher prevalence of GI symptoms (33–61%) (5, 8, 9, 13–15). There are several potential explanations for this phenomenon. First, there are regional and ethnic differences among countries. Second, the definition of GI symptoms is different among studies. Some studies defined anorexia as one type of GI symptoms (5, 13), but others did not (8, 9, 14, 15). From our perspectives, it is more likely that anorexia is a consequence of systemic inflammation rather than a true GI symptom (16). Third, SARS-CoV-2 is being constantly mutated. Different types of mutated virus may lead to a heterogeneity in the prevalence of GI symptoms (17, 18).

There are two major mechanisms regarding the development of GI symptoms in COVID-19 patients. The first one is the SARS CoV-2 S protein-ACE2-TMPRSS2 infection theory. SARS-CoV-2 S protein, which facilitates viral entry into target cells, contains two parts S1 and S2. The function of S1 is to bind the virus to the receptor on the surface of the host cell, and that of S2 is to mediate membrane fusion between the virus and the cell. Human angiotensin-converting enzyme 2 (ACE2), which is the receptor of SARS-CoV-2, binds to the S1 part of SARS-CoV-2 S protein, allowing the virus to attach to the target cell surface. Subsequently, transmembrane serine protease 2 (TMPRSS2), which is mainly located on the surface of the host cell membrane, acts as a primer for the SARS-CoV-2 S protein to activate the S2 part of SARS-CoV-2 S protein, allowing membrane fusion between the virus and the cell. Thus, SARS-CoV-2 enters the host cell (19, 20). In a recent single-cell transcriptomic study, ACE2 and TMPRSS2 were co-expressed in lung, esophagus, ileum, and colon cells, suggesting the possibility of direct viral infection in the digestive system, thereby causing GI symptoms (21). The second one is the lung-gut axis theory. Lung and gut can interact (22). An imbalance of respiratory tract flora can affect the GI tract through the immune system regulation; similarly, a change in the composition and function of GI tract flora can also affect the respiratory tract through the mucosal immune system (23, 24). SARS-CoV-2 may affect the composition of GI tract microbiota through lung infections, thereby causing GI symptoms.

Another major finding of our study was that the presence of GI symptoms significantly increased the risk of the composite endpoint and death. After adjusting for confounding factors, the presence of GI symptoms was still an independent predictor of the composite endpoint, but not death, which indicated that the influence of GI symptoms on the outcomes may not be as strong as the severity of COVID-19. Two previous meta-analyses found that GI symptoms were not associated with death, but they did not include GI bleeding as one type of GI symptoms (25, 26). Our study further evaluated whether various types of GI symptoms were associated with the composite endpoint and death, and found that GI bleeding was an independent predictor of the composite endpoint and death. The association of GI symptoms with worse outcomes can be explained by the following considerations. First, the contribution of GI symptoms on the deterioration of outcomes in COVID-19 patients should be primarily attributed to the development of GI bleeding, which is far more lethal than other GI symptoms. GI bleeding is commonly associated with critical illness (27). Acute massive GI bleeding can cause unstable hemodynamics, leading to shock and even death (28). Chronic occult GI bleeding may cause anemia (29). When there is a significantly decreased concentration of hemoglobin, a carrier of oxygen, the transportation of oxygen to various organs will be interrupted, causing organic hypoxia and then multiple organ dysfunction (30). Second, GI symptoms are more prone to develop electrolyte disturbances (4). Third, patients with GI involvement have a higher viral load and/or more prolonged viral shedding (31). Fourth, small intestine is the human body's largest immune organ. SARS-CoV-2 can directly infect small intestine and cause its immune dysfunction, which may enhance or even drive systemic inflammatory response (32). Fifth, some drugs that are commonly used to treat GI symptoms, such as proton pump inhibitors, may increase the severity of COVID-19 and the risk of worse outcomes (33). Sixth, GI symptoms as the first clinical manifestation in some COVID-19 patients may delay the diagnosis and treatment until it has progressed to more advanced stage (34). In our study, patients with GI symptoms had a longer hospital length of stay and received antivirals, antibiotics, and corticosteroids more frequently during their hospitalizations than those without, which suggests that patients with GI symptoms had more severe COVID-19.

Our study has several major features. First, we had a large number of COVID-19 patients consecutively hospitalized at the Wuhan Huoshenshan hospital during the same period. Second, we excluded the conditions that may cause GI symptoms before SARS-CoV-2 infection, such as hepatobiliary diseases, nephrolithiasis, and history of GI diseases or symptoms and abdominal surgery. Third, the GI symptoms mainly evaluated in previous studies were abdominal pain, diarrhea, nausea, and vomiting. By comparison, we further included abdominal discomfort, constipation, acid reflux and/or heartburn, and GI bleeding. Fourth, we performed multivariate analyses to explore the association of GI symptoms with the composite endpoint and death by adjusting for age, sex, and severe/critical COVID-19.

Our study also has several limitations. First, this was a retrospective study where not all GI symptoms had been sufficiently recorded, probably underestimating the prevalence of GI symptoms. Second, our study could not evaluate the severity and duration of GI symptoms. Third, some GI symptoms might not be caused by SARS-CoV-2 infection. It was difficult to judge the nature of GI symptoms. Fourth, our current data reflected the disease condition and its effects at the beginning of the SARS-CoV-2 outbreak in China, but not the outcomes caused by more recently mutated SARS-CoV-2. Fifth, because the Wuhan Huoshenshan hospital had been closed since the epidemic was effectively controlled in April 2020, we cannot continue to collect more new data on patients with COVID-19 from this hospital.

In conclusion, GI symptoms are common in COVID-19 patients and may be associated with worse outcomes. Notably, the impact of GI symptoms on the outcomes should be due to GI bleeding, but not other GI symptoms. When COVID-19 patients have or develop GI bleeding, clinicians should be alert to a higher risk of disease progression and death. In future studies, it is necessary to prospectively and systematically collect the GI symptoms in COVID-19 patients at admission and during hospitalization, and to further explore the association of GI symptoms with prognosis.
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Purpose: Revealing the clustering risks of COVID-19 and prediction is essential for effective quarantine policies, since clusters can lead to rapid transmission and high mortality in a short period. This study aimed to present which regional and social characteristics make COVID-19 cluster with high risk.

Methods: By analyzing the data of all confirmed cases (14,423) in Korea between January 10 and August 3, 2020, provided by the Korea Disease Control and Prevention Agency, we manually linked each case and discovered clusters. After classifying the cases into clusters as nine types, we compared the duration and size of clusters by types to reveal high-risk cluster types. Also, we estimated odds for the risk factors for COVID-19 clustering by a spatial autoregressive model using the Bayesian approach.

Results: Regarding the classified clusters (n = 539), the mean size was 19.21, and the mean duration was 9.24 days. The number of clusters was high in medical facilities, workplaces, and nursing homes. However, multilevel marketing, religious facilities, and restaurants/business-related clusters tended to be larger and longer when an outbreak occurred. According to the spatial analysis in COVID-19 clusters of more than 20 cases, the global Moran's I statistics value was 0.14 (p < 0.01). After adjusting for population size, the risks of COVID-19 clusters were related to male gender (OR = 1.29) and low influenza vaccination rate (OR = 0.87). After the spatial modeling, the predicted probability of forming clusters was visualized and compared with the actual incidence and local Moran's I statistics 2 months after the study period.

Conclusions: COVID-19 makes different sizes of clusters in various contact settings; thus, precise epidemic control measures are needed. Also, when detecting and screening for COVID-19 clusters, regional risks such as vaccination rate should be considered for predicting risk to control the pandemic cost-effectively.

Keywords: COVID-19, spatial analysis, disease cluster, cluster analysis, risk factors, epidemiology


INTRODUCTION

Revealing the transmission dynamics of coronavirus disease 2019 (COVID-19) is pertinent to ensure effective quarantine strategies, which are crucial to controlling the pandemic because of the limited medical resources worldwide (1). In particular, the clustering of highly contagious diseases such as COVID-19 is helpful to detect unknown characteristics of people or clusters that have a high transmission rate (2). Large clusters of COVID-19 lead to more rapid transmission and high mortality rates than sporadic cases since medical resources are limited to treat a certain proportion of the total population in a short period (1, 3). The characteristics of the infected population also matter when considering the transmission rate, and the fatality could differ between people (4). For instance, medical facilities or long-term health care service center-related clusters account for up to 36% of case fatalities (5, 6). In addition, familial or nosocomial clusters have also shown higher secondary attack rates than usual community settings (7). Therefore, apart from reviewing the epidemiological aspects of COVID-19 at an individual level, it is essential to analyze the epidemiology of COVID-19 clusters and identify the risk factors for the occurrence of clusters and make targeted quarantine strategies.

Combining contact histories of one case with other cases is essential to define and classify a COVID-19 cluster, a term that is heterogeneously used (8) but basically indicates two or more cases with known contact histories (3, 9, 10). Fortunately, South Korea investigates all contacts of COVID-19 cases based on various methods, including interviews, closed-circuit television (CCTV) footage, mobile global positioning system (GPS), credit card records, and quick response (QR) code-based entry logs for visitors and not only tests them but also actively quarantines close contacts for 14 days (11, 12). Therefore, we manually collated all cases in the first 6 months after the COVID-19 outbreak in South Korea and characterized their demographics through this data. Through constructing the infection tracks of transmission, clustering and classifying them were also possible.

A previous study on COVID-19 clusters provided valuable results, such as the exact transmission route or epidemiologic features (1, 13). However, the frequency or distribution of cases' demographics, which is essential in constructing effective methodologies for public health, in the other clusters may not be the same as that of the reported clusters. In addition, the risk factors for the formation of clusters may be other than the transmission of the virus itself, considering the differences in socioeconomic level or intervention intensity by region. For example, it is important to re-estimate the association of influenza vaccination and COVID-19 incidence, which showed negative associations in some ecologic studies (14), by adding herd immunity effect of regions to an individual's immunization status. Also, if the kinds of risk factors and their impact size on COVID-19 clusters are different from the individual level's one, it may lead to effective public health policymaking through controlling clusters in time. Furthermore, through spatial modeling, the prediction of COVID-19 clusters may be beneficial for the prevention of COVID-19 clusters in the near future as indicated in other studies (15–17). There was clear disparities of COVID-19 diagnostic testing and socioeconomic status or GDP by regions, including their geographical characteristics such as urbanized or connection levels. Among various analyzing methods, Bayesian methods are the most popular choice for spatial modeling since the spatial units are heterogeneous and have dependency at the same time, making it hard to evaluate relative effects of risk factors, which are also covariates to measure (18).

This study aimed to describe the characteristics and distribution of COVID-19 clusters at the national level. Furthermore, we intended to help establish effective quarantine strategies by identifying the risk factors for areas where COVID-19 clusters occurred. Lastly, we compared the predicted high-risk regions with the previous pandemic situation for convincing evidence.



MATERIALS AND METHODS


Study Population

Information on 14,423 COVID-19 cases and all their investigated contacts was used in the study. The study period was from January 20, 2020, when the first confirmed case was identified in South Korea, to August 3, 2020. The government, and specifically the Korea Disease Control and Prevention Agency (KDCA), collected all data, for national COVID-19 pandemic control (11). The data of confirmed cases included age, gender, region on registration, symptom onset date, and classification as the cause of infection. The contact data included personal information of the cases and their identified contacts, contact dates, and places. The two data sets were linked to each other based on personal information. For comparison, public daily incidence count data and population data provided by KDCA (11) were collected by researchers until October 5, 2021.

Contacts with no clear personal information or repeated cases were excluded. A total of 1,245 cases with no contact data and 30 cases whose contact records were inaccurate were excluded from this study (Figure 1). In addition, 2,482 cases infected from abroad, 187 cases who contracted the infection from them, and six cases detected by screening tests were also excluded from the study. Finally, 10,473 cases were included in the clustering analysis.
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FIGURE 1. Study population included in the COVID-19 cluster analysis in South Korea.




Ethics Statement

Since the data were collected as part of rapid response disease control by the government, informed consent was waived by the Korea University Institutional Review Board committee, and they granted an exemption for approval for this study (KUIRB-2020-0193-01). All study methods were carried out in accordance with the relevant guidelines and regulations.



Definition of COVID-19 Cluster and Their Characteristics

A disease cluster in epidemiology is defined as a large medical event in a particular region and time period (4). Based on the exact contact histories, we defined the COVID-19 clusters as: (1) two or more cases with an exact contact history within 2 weeks or (2) cases from the investigated large clusters recorded by the KDCA. The size of the cluster was defined as the number of confirmed cases. The duration of the cluster was defined as the time interval between the earliest and the latest symptom onset dates. The selected region for each cluster was the highest frequency of cases among the included cases. All regions follow administrative boundaries, consisting of 250 districts in the Republic of Korea (19).

Contact places were used to classify the clusters, which were classified as detention centers or military units, education-related facilities, religious facilities like churches, restaurants or business-related facilities, medical facilities, multilevel marketing (house visiting sales), nursing homes, workplaces, and other community clusters. After classification, the mean size and duration of clusters based on the cluster characteristics were described and compared. In addition, the size, duration, and distribution of cluster characteristics were discussed using a timeline.



Regional Risk Factors of COVID-19 Cluster

To reveal the regional risk factors for the formation of COVID-19 clusters, we divided regions according to whether they had (included) COVID-19 clusters with more than 20 people. Regional factors were derived from the Korean Statistical Information Service (KOSIS) and Community Health Survey (CHS) provided by the KDCA, including the following factors: financial independence index (higher is more independent, 0–100); a number of doctors per 1,000 population; health screening test receiving rate (%); gender ratio (women: men); population; influenza vaccination rate in the previous year; the diagnosed proportion of hypertension or diabetes mellitus; physical activities (moderate, more than three times per week); active smoker proportion; alcohol consumption (more than three times per week); the proportion of the married population; hand washing habits after outdoor activities; number of family members; household income (>50,000,000 won); the proportion of the employed population; level of education (higher than college); basic livelihood security recipients; and the experience of unmet medical needs (20).



Statistical Analysis

To determine an appropriate spatial model, spatial autocorrelation of COVID-19 clusters was tested using the global Moran's I statistics with 999 Monte Carlo simulations (21). The k-nearest neighbor (number of neighbors: 3)-based method was used as the distance criterion for Moran's I-test and further weight matrix was used in conditional autoregressive models (22). We selected possible risk factors by univariate logistic regression analysis with a higher risk of having a COVID-19 cluster (p-value < 0.2). The non-spatial multivariate model with the stepwise-selected variables (p-value < 0.1) using logistic regression analysis was defined. After estimating spatial autocorrelation of residuals for the non-spatial multivariate model, we constructed the final spatial model. Spatial and non-spatial random effects were added by the Besag, York, and Mollié (BYM) model, in which regions with clusters of more than 20 satisfied conditional distributions (23, 24). We used Bayesian inference for the parameter estimation, and flat priors were used as a prior distribution for covariates, and Gamma distributions with an extensive range (0.01) were used as a prior distribution for a variance for the spatial or non-spatial residual terms (25). The deviance information criterion (DIC) (26) was compared for the final model selection. Estimated mean values of parameters were used for the visualization of cluster mapping. After mapping the predicted probabilities of COVID-19 clusters, we compared the result with the actual regions with more than 20 COVID-19 cases, incidence per 1,000,000 population, and local Moran's I statistics (27) 2 months after the study period, from August 5, 2020, to October 5, 2020.

Shape files for a base map of South Korea by administrative regions were open-source data and were downloaded through the Korea National Spatial Data Infrastructure Portal, which is available for free (28). Packages named spdep, R2WINBUGS, ggplot2, and CARBayes in R software (version 4.0.3; R Foundation for Statistical Computing, Vienna, Austria) were used for data management, analysis, and visualization.




RESULTS


Study Population

Of the 14,423 cases up to August 3, 2020, 10,473 cases were classified into 542 clusters based on their contact data (Figure 1). We excluded the cluster that was classified as a particular religion (e.g., Shincheonji) (29) and that was classified as visiting a particular region with a high incidence of COVID-19 (e.g., Daegu, Gyeongbuk) (30) since they were screened without exact contact histories. After exclusion, we analyzed a total of 539 clusters. The cluster's mean size was 19.21, and the mean duration was 9.24 days. Of the total 4,936 cases, 2,253 were males (45.6%) and 2,683 females (54.4%), with a mean age of 52.2 years.



Characteristics of COVID-19 Clusters

Clusters were classified into nine types, as shown in Table 1. Except for community clusters (n = 407), the number of clusters was high (in decreasing order) in medical facilities (n = 37), workplaces (n = 28), nursing homes (n = 20), and religious facilities (n = 17), but the mean cluster size was large in multilevel marketing (86.1 cases), restaurants/business-related (41.2 cases), and religion-related (31 cases) clusters. The mean duration for cluster formation was ≥3 weeks in multilevel marketing and medical facilities, while religious facilities and workplaces took ≥2 weeks (Supplementary Figure 1). Multilevel marketing, religious facilities, and restaurants/business-related clusters tended to be larger and longer when an outbreak occurred.


Table 1. Overall description of COVID-19 clusters.

[image: Table 1]

Educational facilities had a higher percentage of small clusters of five or less, and multilevel marketing had the highest percentage of more than 100 clusters, especially those with more than 200 cases (Supplementary Figure 2). Medical facilities, restaurants/business establishments, and workplaces had a high percentage of small clusters, but the percentage of large clusters was also high, with a large deviation. Clusters in multilevel marketing and religious facilities were distributed in various sizes. The regional distribution of the mean duration and size of the clusters is shown in Supplementary Figure 3. Overall, the mean duration of clusters was long in the Seoul metropolitan and Kyongsang-do areas, and their mean cluster size was also significant.



Regional Risk Factors of COVID-19 Cluster

As a result of the global Moran's I test, regions with COVID-19 clusters with more than 20 cases had positive spatial autocorrelation (p-value < 0.01, Moran's I statistics of 0.14), implying that the nearby regions had a similar status of occurrence of a COVID-19 cluster.

The identified regional risk factors by Bayesian inference with 30,000 iterations and 10,000 burn-ins using the Besag, York, and Mollié (BYM) spatial model is shown in Table 2. When analyzing the regional risk factors of COVID-19 clusters with more than 20 cases by region, a lower mean age [odds ratio (OR) = 0.95, 95% credible interval (CI): 0.87–1.04], male gender (OR = 1.29, 95% CI: 1.09–1.56), low influenza vaccination rate (OR = 0.87, 95% CI: 0.77–0.96), low health screening receiving rate (OR = 0.95, 95% CI: 0.87–1.04), and slightly low household income (OR = 1.00, 95% CI: 0.99–1.00) were associated with a higher risk of having COVID-19 clusters. Convergence is evaluated visually and statistically. Trace plots of each variable are shown in Supplementary Figure 4. The results of the Gelman-Rubin convergence diagnostics were 1.06 overall, without exceeding 1.1 in any variable.


Table 2. Odds ratios and 95% credible intervals of having COVID-19 clusters with more than 20 cases by Bayesian conditional autoregressive (CAR) model.
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Predicted COVID-19 Clusters and the Cumulative Incidence

Using previously revealed risk factors, the predicted probability of COVID-19 clustering by regions were displayed (Figure 2A) and compared with the actual regions with more than 20 COVID-19 cases after 2 months of the study period (Figure 2B). Predicted probabilities of COVID-19 clusters showed similar patterns with actual regions with over 20 cases. Also, the incidence (a number of COVID-19 cases per 1,000,000 population) during the same period is shown in Figure 2C. Since the cumulative incidence of COVID-19 in this period was released publicly by only 228 administrative regions, which were different from the collected data used in this study, direct comparison by each region was not possible. Instead of a direct comparison, we calculated local Moran's I statistics for the later period (Figure 2D). A positive I indicates that neighboring features are similar, regardless of the size of the response value. Regions with higher similarities were well-matched with posterior distribution of COVID-19 cluster probabilities.


[image: Figure 2]
FIGURE 2. Comparing predicted clusters and actual COVID-19 with three criteria. (A) Prediction of COVID-19 clusters by posterior probabilities of the spatial cluster model. (B) Actual regions with more than 20 COVID-19 cases at the posterior 2 months of the study period. (C) COVID-19 incidence (number of cases per 1,000,000) after 2 months of the study period. (D) Local Moran's I statistics at posterior 2 months of the study period.





DISCUSSION

This study found that the size and duration of the COVID-19 cluster depended on the cluster's characteristics by contact history-based clustering. Specifically, clusters related to medical facilities, workplaces, nursing homes, and religious facilities were frequent. Also, clusters related to multilevel marketing, restaurants/business, and religious facilities were more prominent than others. In addition, the transmission in facilities related to multilevel marketing, medical facilities, religious facilities, and workplaces continued for more than 2 weeks. Clearly, places with frequent contact with non-specific people in long time intervals increase cluster formation. Therefore, preventive measures for COVID-19 should include intensive management in facilities related to medicine and religion, where cluster formation was easy and long-spreading, and in multilevel marketing and restaurants/business-related facilities, which did not have many clusters but could result in large COVID-19 clusters. Moreover, multilevel marketing, which had the highest cluster occurrence rate of more than 200 cases, is reported to have similar characteristics to that of religious clusters (31); a careful approach is needed to achieve quarantine results for such high solidarity groups.

By screening these high-risk clusters and applying quarantine policies, efficient quarantine can be expected; however, stigma may arise for certain clusters (32). Recently, there has been a nationwide mass infection in Korea from certain religious-related facilities, and the representative of that religious association has issued an apology (30). It is necessary to be careful not to develop targeted quarantine for efficiency in public health and economic aspects into an aversion to specific targets. It was difficult to compare the community clusters to other clusters directly. Community clusters might encompass large clusters that may exist but have not been identified yet. Even so, common causes of infection resulted in such clusters, and 28 clusters (6.9%) in this classification had over five cases. Therefore, community clusters may also be controlled through effective quarantine measures. Through targeted policies based on scientific evidence through spatial analysis, we could increase compliance and effectiveness of local governments and citizens in the daily practices of public health. Regarding establishing an effective quarantine policy, it may be more logical and appropriate to take a regional approach than to focus on individual risk factors.

This is the first study to classify all COVID-19 cases into clusters to identify their characteristics and the risk factors of the regions with COVID-19 clusters. Since the COVID-19 cluster showed spatial autocorrelation, it is necessary to consider spatial models rather than conventional regression models for the risk factor analysis. Furthermore, applying Bayesian inference in spatial modeling was crucial since the neighboring regions showed dependency and heterogeneity simultaneously, making it hard to estimate the later distribution of COVID-19 in a small-area with a frequentist approach (18).

The risk of clusters was higher in regions with more males, a low mean age of the population, low influenza vaccination rate over the past year, low health screening test receiving rate, and low household income. In particular, the odds ratio of influenza vaccination, which is still controversial about its protective effect on COVID-19 infection (14, 33), showed narrow credible intervals, indicating a possible association between the two factors. One possible explanation is that the vaccinated population gains T-cell diversities (34), leading to a protective effect on COVID-19 infection. Gender differences in COVID-19 clustering were not actively reported, but one study (35) showed that males was more vulnerable to death and ICU admission because of COVID-19. Likewise, the male gender seems to have more risk to occurrence of COVID-19 cluster in our study, possibly because males are more likely to have outdoor occupations or social meetings than females. Other revealed risks include lower mean age, lower health screening test receiving rate, and lower mean household income showed credible intervals, indicating that further studies are needed. Older age was a major risk factor in previous research (14), especially at an individual level (6). However, considering that social contacts usually occur frequently in young populations (13), the direction of risk of age seems appropriate. In South Korea, since health screening is recommended with the national insurance program, health screening tests are periodically performed in adults (12). Therefore, low health screening test receiving rate may indicate that an individual is finding it hard to receive health resources, which is similar to low socioeconomic status, which was discussed in studies from New York City (15) and Nigeria (16). The relationship between socioeconomic status and COVID-19 incidence is still in debate in the spatial aspect; therefore, we need further measurements and estimations of the effect size and direction of socioeconomic status in regional COVID-19 incidence. Since this study is the only study that showed odds ratio between regions, further spatial studies are needed to confirm the association at the community level. General risk factors of COVID-19 at the individual level are discussed actively (35–37), but the risk factors resulting in COVID-19 clusters in specific regions have rarely been studied. The regional factor should be considered in the analysis of COVID-19 clusters. Moreover, spatial modeling, including the spatial autoregressive effect, should be applied to exclude the regional effect of COVID-19 when analyzing spatial data.

This study also has some limitations. First, due to the limited data available, we were unable to match some cases that were confirmed later in the analysis period to their contacts. However, the data of ~14,000 cases by early August 2020 were utilized, which were sufficient for analysis. We also compared the predicted clusters through regional risks visually with the actual incidence and patterns of COVID-19 at the posterior 2 months. Second, due to insufficient contact tracing data, it was impossible to analyze if there were not more than two cases with the same causation. In South Korea, epidemiological investigations are conducted from 2 days before the onset of symptoms until quarantine, including not only close contacts but also all daily contacts. Therefore, it was impossible to identify the contacts whose transmission duration was longer than the range of investigation or who had not been identified through CCTV footage and credit card records. Third, in our study, we evaluated regions with the highest number of cases in the cluster; however, clusters spread over multiple regions may have differences in the risk factors with these clusters.

By cluster analysis and spatial modeling, we discovered the characteristics of COVID-19 clusters and the risks of COVID-19 clusters. COVID-19 clusters related to medical facilities, workplaces, nursing homes, and religious facilities were frequent, and those related to multilevel marketing, restaurants/business, and religious facilities were larger than others. Clusters over 20 cases were spatially correlated, and the risk factors for the occurrent were lower mean age, male gender, low influenza vaccination coverage, low health screening test receiving rate, and low mean household income.

Likewise, clustering COVID-19 cases should be retrospectively performed and analyzed for effective COVID-19 quarantines. We believe that our results could help control regional risks to predict COVID-19 vigilance and other similar respiratory viruses in the future. The direction and methodology for this regional risk factor analysis may be extended to other nations for effective cluster control and future epidemics by applying the spatial approach to deal with an ongoing communicable disease.
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Background: Persistent coronavirus disease 2019 (COVID-19) symptoms are increasingly well-reported in cohort studies and case series. Given the spread of the pandemic, number of individuals suffering from persistent symptoms, termed ‘long COVID', are significant. However, type and prevalence of symptoms are not well reported using systematic literature reviews.

Objectives: In this scoping review of the literature, we aggregated type and prevalence of symptoms in people with long COVID.

Eligibility Criteria: Original investigations concerning the name and prevalence of symptoms were considered in participants ≥4-weeks post-infection.

Sources of Evidence: Four electronic databases [Medline, Web of Science, Scopus, and the Cochrane Central Register of Controlled Trials (CENTRAL)] were searched.

Methods: A scoping review was conducted using the Arksey and O'Malley framework. Review selection and characterisation was performed by three independent reviewers using pretested forms.

Results: Authors reviewed 2,711 titles and abstracts for inclusion with 152 selected for full-text review. 102 articles were subsequently removed as this did not meet inclusion criteria. Thus, fifty studies were analysed, 34 of which were described as cohort studies or prospective cohort studies, 14 were described as cross-sectional studies, one was described as a case control study, and one was described as a retrospective observational study. In total, >100 symptoms were identified and there was considerable heterogeneity in symptom prevalence and setting of study. Ten studies reported cardiovascular symptoms, four examined pulmonary symptoms, 25 reported respiratory symptoms, 24 reported pain-related symptoms, 21 reported fatigue, 16 reported general infection symptoms, 10 reported symptoms of psychological disorders, nine reported cognitive impairment, 31 reported a sensory impairment, seven reported a dermatological complaint, 11 reported a functional impairment, and 18 reported a symptom which did not fit into any of the above categories.

Conclusion: Most studies report symptoms analogous to those apparent in acute COVID-19 infection (i.e., sensory impairment and respiratory symptoms). Yet, our data suggest a larger spectrum of symptoms, evidenced by >100 reported symptoms. Symptom prevalence varied significantly and was not explained by data collection approaches, study design or other methodological approaches, and may be related to unknown cohort-specific factors.
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INTRODUCTION


Rationale

An unprecedented surge in research following the onset of the severe acute respiratory syndrome coronavirus (SARS-CoV)-2 [also termed Coronavirus-19 (COVID-19)] pandemic means that, despite being a relatively new condition, much is now known about acute COVID-19 presentation and management (1–9). However, as the pandemic developed, it became clear that a significant proportion of patients experienced symptoms which persisted beyond the initial viral infection. Named initially by patients themselves (10), the term long COVID has become the most commonly used phrase to describe the condition and broadly describes individuals who have recovered from acute COVID-19, but experience symptoms which are persistent or very slow to resolve (11). These individuals manage with severe and debilitating symptoms, which are often cyclical in nature with periods of remission, followed by periods of extreme symptom exacerbation (12). Moreover, because long COVID symptoms develop after the viral infection, there have been several calls to redefine recovery from COVID-19 infection as requiring more than the absence of active infection (13). A further complication is that not only are long COVID symptoms disparate from acute COVID-19 symptoms, their severity is unrelated to initial acute infection severity (14).

Long COVID symptoms are not well described, partly because this requires longitudinal tracking of individuals, and the emergence of such evidence will naturally be delayed compared to those of acute symptoms. Nevertheless, some relatively common symptoms have emerged, with effects of long COVID reported to include cardiovascular (15), pulmonary (16), and respiratory symptoms (17, 18), pain of several anatomical locations (17, 19–23), fatigue (24–26), general infection symptoms [e.g., nausea (19), diarrhoea (27), fever (28), etc.], psychological disorders (29), cognitive impairment (30), sensory impairment (31), dermatological complaints (32), and functional impairment (33). Indeed, one of the remarkable aspects of the condition is the wide variety of symptoms associated with it. Furthermore, the prevalence with which different physiological systems are involved appears to vary considerably. For example, prevalence of fatigue in people with long COVID ranges between 53% in Italy (24) and 98% in the UK (34). This divergence may be in part due to study design. For example, if an investigation is conducted in a smell and taste clinic, soon after acute COVID-19 recovery, it is likely a large proportion of participants will present with dysnosmia or dysgeusia [e.g., (35); 100% of participants]. Conversely, if an investigation includes all those recovered from acute COVID-19, months after acute COVID-19 recovery, prevalence of sensory impairment will be significantly less [e.g., (17); 11% of participants]. However, this has not been extensively examined in systematic reviews of the literature to date and therefore warrants further investigation. The two systematic reviews that exist to our knowledge (36, 37) report considerable divergence in results despite similar objectives. Indeed, Iqbal et al. (36) identify multiple flaws in data capture and interpretation, and thus urge caution in application of the meta-analytical findings.

A comprehensive review of long COVID symptoms is important for clinicians to ensure they can support individuals with appropriate care and prescription. As such, it seemed pragmatic to conduct a scoping review in this area to map existing literature in terms of the volume, nature, and characteristics of the primary research (38). We used a scoping review rather than systematic review and meta-analysis because 1) our aim was to characterise symptoms of long COVID as reported in the available literature, rather than pose a specific and focused research question (39), and 2) the wide variations in study designs, inclusion criteria, and sampling meant effective pooling of data was unlikely to be feasible (40). A comprehensive review of long COVID symptoms is an essential tool to guide clinical decision making. However, a standard systematic review requires a strong understanding of the area to which specific research questions can be addressed. Given reports of broad heterogeneity in symptoms, severity, and prevalence, and that clear diagnostic criteria for long COVID are not yet established, our understanding of the development and symptoms of long COVID is not sufficient to develop such a question. As such, a traditional systematic review and meta-analysis would have been premature. Consequently, we elected to undertake a scoping review as the current state of the literature was relatively unknown in terms of methodologies and data reporting. This approach retains the systematic approach to literature searching but aims to map out a new and rapidly developing area where a consensus of findings may be unlikely (39). Using the framework of Arksey and O'Malley, a scoping review aims to use a broad set of search terms and include a wide range of study designs and methods [in contrast to a systematic review (38)]. This approach, however, has the benefit of clarifying key concepts, surveying current data collection approaches, and identifying critical knowledge gaps.



Objectives

We aimed to provide an overview of existing literature concerning long COVID symptoms. Our three specific objectives of this scoping review were to 1) conduct a systematic search of the published literature concerning long COVID symptoms and their prevalence, 2) map characteristics and methodologies used, and 3) provide recommendations for the advancement of the investigative area.




METHODS


Protocol and Registration

The review was conducted and reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for scoping reviews (PRISMA-ScR) guidelines (41) and the five-stage framework outlined in Arksey and O'Malley (38). A review protocol was not published.



Eligibility Criteria

Studies that met the following criteria were included: (1) involvement of human participants; (2) not a review; (3) an investigation which considered participants ≥4-weeks after acute COVID-19 infection (COVID-19 rapid guideline: managing the long-term effects of COVID-19; NICE); (4) employed a study design which was not a case study or case series; (5) published in English; (6) including outcome measures related to (i) symptoms, and (ii) symptom prevalence.



Search Strategy

The search strategy consisted of a combination of free-text and MeSH terms relating to persistent symptoms following COVID infection which were developed through examination of published original literature and review articles. Example search terms for PubMed included: (COVID or COVID-19 OR Sars-Cov-2) AND (long COVID OR persistent symptoms OR post-acute OR post-viral).



Information Sources

Four electronic databases [Medline, Web of Science, Scopus, and the Cochrane Central Register of Controlled Trials (CENTRAL)] were searched to identify original research articles published from the earliest available date up until 5th February 2021. Additional records were identified through reading included studies.



Study Selection and Data Items

Data were extracted by three reviewers (LH, JI, and NS) independently and compared in an unblinded and standardised manner. Once each database search was completed and manuscripts sourced, studies were downloaded into a single reference list with duplicates removed. Titles and abstracts were then screened for eligibility and full texts were only retrieved for studies with symptom prevalence incorporated. Full texts were then assessed using the complete eligibility criteria with all authors confirming inclusion and exclusion. Following this assessment, the same reviewers read the studies and assessed the following: design method, participant characteristics, setting, study duration, and symptoms. Descriptions were extracted with as much detail provided by the authors. Any uncertainty by reviewers was discussed in consensus meetings and resolved by agreement. Data extracted from each study included sample size, group descriptions, study design, and outcome data. The primary outcome variables were defined as symptom type and symptom prevalence.




RESULTS


Study Selection

After the initial database search, 2,852 records were identified (Figure 1). Once duplicates were removed, 2,711 titles and abstracts remained, and titles and abstracts were screened for inclusion resulting in 152 full-text articles being sourced and screened. Of these, 102 were excluded and 50 remained.


[image: Figure 1]
FIGURE 1. Schematic flow diagram describing exclusions of potential studies and final number of studies.




Study Characteristics

Of the 50 studies included, 34 were described as cohort studies or prospective cohort studies, 14 were described as cross-sectional studies, one was described as a case control study, and one was described as a retrospective observational study (Table 1). Where a study had multiple symptoms described, they were extracted separately and grouped by symptom, rather than study (Table 2).


Table 1. General study information of studies concerning long COVID symptoms.
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Table 2. Summary of long COVID symptoms, grouped by category, with prevalence reported in each study and studies listed in order of prevalence for each symptom.
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Symptom Reporting

In total, 108 distinct symptoms were described by authors of the original articles, despite us grouping taste dysfunction, smell dysnfunction, and breathing problems together into three categories. There were 10 studies which reported cardiovascular symptoms, four which examined pulmonary symptoms, 25 which reported respiratory symptoms, 24 which reported pain-related symptoms, 21 which reported on fatigue of some description, 16 which reported general infection symptoms, 10 which reported symptoms of psychological disorders, 9 which reported cognitive impairment, 31 which reported a sensory impairment, seven which reported a dermatological complaint, 11 which reported a functional impairment, and 18 which reported a symptom which did not fit into any of the above categories.

Dyspnoea/breathlessness/shortness of breath/breathing problems (all one category) was the most reported symptom (27 cohorts), with smell dysfunction (26 cohort) second, fatigue/tiredness second (24 cohorts) third. Symptom prevalence varied significantly between studies, often from <10 to >70% (e.g., dyspnoea/breathlessness/shortness of breath/breathing problems, cough, sore throat, chest pain, headache, joint pain/arthralgia, pain or discomfort, fatigue, fever, neurocognitive impairment, smell dysfunction, and taste dysfunction).



Study Location

Of the 50 studies, 37 were from Europe, four from North America, six from Asia, one from South America, one from Africa, and one where the location was unclear. Of the 37 studies from Europe, ten were conducted in Italy, five in France, five in Spain, five in the UK, two in the Netherlands, two in the Netherlands and Belgium, two in Germany, two in Greece, one in Austria, one in Denmark, one in Norway, and one in Ireland.



Study Setting

Of the 50 studies, 27 concerned hospitalised individuals only, 13 were in both hospitalised and non-hospitalised combined, and three were in only non-hospitalised participants. The remaining studies were unclear as to whether participants were included or excluded based on whether they were hospitalised. Of the 27 studies concerning exclusively hospitalised participants, five exclusively studied participants from the ICU only, three were conducted in participants from the general ward only, and 19 that were explicitly in both ICU or general ward patients or were hospitalised but unclear whether to the ICU or general ward. For clarity, two studies had two cohorts (19, 32), and have been considered as individual data sets.




DISCUSSION

This scoping review examined the range of outcomes from studies pertaining to long COVID symptoms, aligned to our primary aim. Firstly, >100 symptoms have been reported by original investigations, which emphasises the diverse nature of long COVID. Secondly, the volume of articles published from 2020 onwards speaks to this rapidly emerging area of research. This review catalogues existing symptom literature, with a view to aiding physicians and healthcare practitioners better understand the range and prevalence of symptoms of long COVID. Moreover, we believe this information can facilitate discussion of research opportunities and issues that need to be addressed in future studies.


Long COVID Symptoms and Their Prevalence

Results of this review support recent observations that long COVID can result in a wide variety of symptoms. From the studies included in this review, we identified more than 100 symptoms. A recent report by Davis et al. (73) similarly detailed over 200 symptoms in an international cohort of long COVID patients. The difference between their data and ours being largely explained by our grouping of similar classifications of symptoms (e.g., we grouped dyspnoea, shortness of breath, breathlessness as a single category). Nevertheless, this work supports the growing view that long COVID is typified by a disparate array of symptoms, across multiple physiological systems, and may often result in individuals experiencing their own idiosyncratic manifestation of the condition.

Unsurprisingly symptoms associated with acute COVID-19 infection appear most frequently in the literature, include sensory alterations, respiratory symptoms, chest pain, headaches, and fever. However, because of their association with acute infection (72, 74), it is difficult to determine the degree to which they occur in long COVID. Indeed, it is reasonable to assume that most studies designed their surveys to reflect acute symptoms. Thus, even though these categories are most commonly associated with long COVID, this may be due, in part at least, to them being the symptoms about which researchers most frequently enquired. Conversely, although not as commonly reported as acute symptoms, this review identified other common symptoms of long COVID, which are less closely aligned to acute COVID-19 infection. These include cognitive impairments, fatigue, neuralgia and myalgic pain, sleep difficulties, mobility impairments, and psychological symptoms (e.g., anxiety and depression). These findings support previous research reports (11, 56, 75), and case studies (76, 77) from which the defining characteristics of long COVID have emerged. It also supports prior work suggesting long COVID is a distinct condition rather than slowly resolving acute COVID-19 and associated symptoms (78).



Heterogeneity in Prevalence

It was noted prevalence of symptoms displayed considerable divergence between investigations. A plausible a priori hypothesis would have been that heterogeneity in symptoms may be due to differences in study protocols or data collection methods (e.g., such as whether inclusion criteria required a prior confirmed COVID-19 test). However, there was limited evidence to support this view. For a variety of symptoms including dyspnoea, cough, sore throat, chest pain, headache, fatigue, and diarrhoea there was no clear pattern that explained observed heterogeneity. Studies reporting a high prevalence included online surveys of individuals self-reporting as having persistent symptoms (19), studies using in person evaluation of only those with a positive COVID-19 test (28) and studies using online surveys of both suspected and confirmed COVID-19 cases (21). Similarly, those reporting low prevalence also included self-reported COVID-19 infection (44) and those with positive PCR tests. Neither were there clear differences in duration of follow-up with similar follow up durations utilised in investigations reporting high [e.g., 74 days (21) −4 months (28)] and low [e.g., 60 days (44) −6 months (31)] prevalence. Taken together, these data suggests that, in these symptoms at least, long COVID is an inherently variable condition. While some symptoms are commonly considered to be associated with the condition (such as fatigue), they are by no means ubiquitous among patients. Practitioners should be aware of the idiosyncratic symptoms and experiences of people with the condition, which in turn will likely require personalised rehabilitation strategies. As an exemplar to emphasise this point, diarrhoea prevalence is a prime example of homogeneity in study characteristics yet heterogeneity in results. The greatest prevalence was reported by Dennis et al. [(28); 59%], and the lowest by Bellan et al. [(29); 1%]. These studies have similar samples sizes (n = 201 vs. n = 238), similar follow-up durations (3 vs. 4 months), similar study design (cohort), both studies considered only confirmed cases of COVID-19, and both studies considered hospitalised participants [Bellan et al (29) considered exclusively hospitalised patients whereas Dennis et al. (28) considered both hospitalised and non-hospitalised] individuals. Both studies were robust in research design, with few difference in methodology, yet divergence in prevalence of diarrhoea was reported.

In addition, it is also worth noting there was no discernible pattern concerning participants who had a confirmed COVID-19 infection vs. those with suspected COVID-19 (but who may not have been tested at the time of infection). This finding is supported by studies which have specifically investigated confirmed vs. suspected cases [e.g., Meys et al. (21)]. Consequently, it may not be necessary in future studies to have a positive COVID-19 test as an inclusion criterion, since the symptom range (and variation) appears to be similar in both confirmed and suspected cases. This is particularly useful finding for researchers and patient groups given that, particularly early in the pandemic, testing was unlikely to have taken place, despite obvious acute symptoms. A caveat to this suggestion is that although this was applicable to those infected with COVID-19 in 2020/2021, this may not be true for 2021/2022 when other viruses (e.g., influenza) may be circulating to a greater extent in the population the addition of a positive test as an inclusion criteiron may be necessary to exclude other potential causes of post-viral symptoms.

Whilst considerable variance between studies was evident, variation within each study in terms of its prevalence rank in Table 2 was small. By this, we mean prevalence rates may be related to some unknown, cohort-specific factor as whole study cohorts were relatively consistent when studies were ranked by their reported symptom prevalence. For example, for the 15 symptoms they have reported, Dennis et al. (28) had the greatest prevalence in eight categories and were in the top three for the remainder. Similarly, Goertz et al. (19) reported on two cohorts (hospitalised and non-hospitalised), and frequently report some of the highest incidence rates for the symptoms they assessed. Conversely, Bellan et al. (29) reported 14 symptoms and for 10 of those they consistently report one of, or the, lowest prevalence rates, (and for two of the remainder they are the only reporting study, so comparisons are unfeasible). It is difficult to speculate from the available data what specific factors are explanatory in this context. Some potential factors include differences in geographic location, treatment algorithms, cohort profile (e.g., existing co-morbidities). However, further longitudinal studies will be required to provide a more comprehensive assessment of risk factors for long COVID.



Study Characteristics and Methodologies

In relation to our second objective, studies included were mostly cohort studies or cross sectional studies, which are both observational studies (79). We chose to report study design as reported by the authors of the original investigation but often these studies utilised the same research design in that several individuals who had recovered from acute COVID-19 were contacted and asked for their symptom at that time point. Thus, we would suggest that in many cases, authors who defined their study as ‘cross sectional' had actually conducted retrospective cohort studies (79).

Follow-up periods ranged from 4 weeks to approximately 6 months. As mentioned previously, it would have been reasonable to speculate a priori that this influenced symptom prevalence as some symptoms may have been evident at 4 weeks but resolved by 6 months. However, follow-up period had little effect on prevalence differences between studies. Conversely, within each cohort, following participants for a greater time course may have influence within study prevalence rates. This is an inherent problem with a single follow-up point, which several of the cohort studies in this review utilised. It is possible that some research groups involved in the articles included in this review will have research projects ongoing, continually detailing symptoms which would permit dissemination of information concerning time course of symptom resolution.

Studies were conducted worldwide (Europe; n = 37, North America; n = 4, Asia; n = 6, South America; n = 1, Africa; n = 1, location unclear; n = 1). Whilst the geographical location of investigations conducted may be of surprise to some because COVID-19 originated in China and therefore the healthcare system of China had greatest potential for follow-up duration, Europe has to date experienced the most absolute number of confirmed cases. This was likely the fact the Chinese government implemented more drastic lockdown measures than did European governments. This likely attenuated virus transmission and is evidenced by China having ~95,000 confirmed cases at the time of writing, whilst the UK has had >7.3 million confirmed cases.

Sample sizes ranged from 12 to 1,939, with 16 studies having n <100. This supports our rationale to scope the literate rather than to meta-analyse the field, as we feel reporting prevalence as a percentage of 19 individuals is not epidemiologically valid [e.g., Woo et al. (30)]. As mentioned previously, it would have been reasonable to speculate a priori that this influenced symptom prevalence but as mentioned above, this was not the case.



Recommendations for the Advancement of the Investigative Area

In relation to our third objective, we believe the investigative area concerning long COVID could be improved by greater methodological detail. As evidenced from Table 1, we were often unable to extract details concerning methods utilised which may have influenced results, and thus interpretations. For example, given the known effect of chronological age on acute COVID-19 severity (1), we believe this information should be present in methods of articles included in this review, although this was not always the case. On the topic of age, there is now some emerging evidence that children may experience similar long-term effects to adults after COVID-19 infection (80–83). Whilst we did not specifically exclude studies on the basis of age, it is evident from Table 1 that few studies were conducted in children. Thus, long COVID in children may be an area for further exploration.

To improve the investigative area in the future, serial longitudinal follow-ups within each cohort would allow for information around time course of symptoms. We believe this would assist physicians better understand the prevalence of symptoms at each relevant time point (e.g., whether sensory dysregulation is typically present at 1 month, 2 months, or 3 months post-acute COVID-19 recovery). However, this may be labour-intensive so remote symptom tracking using mobile technology may prove advantageous in this context. This would alleviate resource commitments associated with data collection but may result in greater time and expense concerning data management and analysis. Finally, and most importantly, precision of reporting follow-up timing, prevalence of comorbidities, and setting (i.e., outpatients' clinic, smell and taste clinic) would all enhance the existing literature base.




CONCLUSIONS

In conclusion, this review catalogued the range and prevalence of symptoms of long COVID. We report the most reported symptoms fell into categories of sensory, respiratory, pain, and fatigue respectively. Prevalence of each symptom varied significantly, but unlikely because of study heterogeneity, and appeared to be related to unknown cohort-specific factors. By this, we mean that study design, participant age, study setting, participant sex, and follow-up duration did not appear to explain differences in symptom prevalence, but instead prevalence differed from one study to another, despite methodological similarities in some instances. It is expected that as the investigative area advances and more is known about the long COVID condition, a regression towards the mean will occur and a better knowledge of symptom prevalence will arise.
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Background: Knowledge on the settings and activities associated with a higher risk of SARS-CoV-2 transmission is essential to inform decision-making. We thus designed a case-control study to identify relevant settings for community transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in Portugal.

Methods: We evaluated 1,088 cases, identified through the national surveillance system, and 787 community controls, recruited using random digit dialing. Sociodemographic characteristics, individual protective measures, and activities or visited settings were obtained through telephone interview. We report sex-, age-, education-, and citizenship-adjusted odds ratios (aOR) with 95% confidence intervals (95% CI).

Results: Household overcrowding (aOR = 1.47; 95% CI 1.14–1.91) and work in senior care (4.99; 1.30–33.08) increased while working remotely decreased the risk of infection (0.30; 0.22–0.42). Going to restaurants/other dining spaces (0.73; 0.59–0.91), grocery stores (0.44; 0.34–0.57) or hair salons (0.51; 0.39–0.66), or the use of public transportation did not present a higher risk of infection (0.98; 0.75–1.29), under existing mitigation strategies. Lower education ( ≤ 4 years vs. tertiary education: 1.79; 1.33–2.42) and no Portuguese citizenship (5.47; 3.43–9.22) were important risk factors.

Conclusions: The utilization of public transportation, restaurants, and commercial spaces was not associated with increased risk of infection, under capacity restrictions, physical distancing, use of masks, and hygiene measures. Overcrowding, foreign citizenship, low education and working on-site were positively associated with SARS-CoV-2 infection.

Keywords: SARS-CoV-2, COVID-19, risk factors, transmission, case-control studies


INTRODUCTION

Before extended worldwide vaccination coverage is achieved, non-pharmaceutical measures remain an essential option to control COVID-19 pandemic in most countries (1). Non-pharmaceutical measures range from recommendations to reduce social contacts to nationwide curfews, partial and full lockdowns, and closure of restaurants, bars, and other non-essential services (2). These restrictive measures contribute for a reduction in the incidence of COVID-19 cases but severely affect social and economic activities (3). The identification of the circumstances and the settings that determine a higher risk of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) transmission can contribute to inform a more precise implementation of protective measures.

Ecological studies identified individuals' socioeconomic status, and population density, overcrowding, and mobility as relevant infection determinants (4–7). Secondary transmission was shown to occur more frequently among cohabitants than with other contacts, suggesting an increased risk of intrafamilial transmission of SARS-CoV-2 (8). Cohabitants sharing rooms and talking for 30 min or more were at higher risk; among non-cohabitants, the exposure to 1 or more COVID-19 cases, talking for 30 min or more, and the use of ride sharing were associated with a higher risk of infection (9).

While contact (direct or through a vehicle) with an infected person is required for transmission to occur, most individuals cannot identify these contacts, making crucial the identification of settings with higher risk of transmission. In the United States (US) a study of 364 cases identified 27% reported contact with at least one person with known SARS-CoV-2 infection and, of those, more than 50% were in family or work settings (10). From those who did not identify any epidemiological link, 44% had been in gatherings with more than 10 people, 22% had used public transportation, 28% worked in a healthcare setting, and 23% had visited a healthcare setting. Also in the US, a study of 154 cases and 160 controls identified a higher risk of infection among customers of restaurants, bars, or cafes (11). The authors identified that non-Hispanic white, highly educated and those who had 1 or more underlying chronic medical conditions were less often diagnosed with SARS-CoV-2 infection (11). Having gatherings at home (with more or <10 people); going to office settings, gyms, or religious gatherings; or using public transportation did not show significant differences between cases and controls (11).

In France, 66.0% of the infected individuals who were not healthcare professionals identified an epidemiological link; among those, 35.0% of the infections occurred at home (12). From the infections occurring outside the home, 33.1% occurred in the family milieu, 28.8% at work, and 20.8% among friends; sharing meals and offices had a central role in transmission. The risk of infection was positively associated with the number of people living in the household, sharing rides, and going to bars, restaurants, and sports studios, while going to shops, using buses or tramways, and working from home reduced the risk of infection (13). Comparing to public employees, industry workers, drivers, health and social sectors' professionals, and senior executives had a higher risk of infection and those working remotely had lower risk (12). Estimates did not take into account the use of individual protective measures nor the potential confounding of education, nationality, or citizenship (13).

Evidence on the settings with the highest risk of SARS-CoV-2 transmission, taking into account the adherence to individual protection measures, is still scarce. We thus aimed at identifying the settings of transmission of SARS-CoV-2 in a country with extensive use of non-pharmacological interventions by comparing a large sample of SARS-CoV-2 cases and community controls in the largest region of Portugal, Lisbon, and Tagus Valley.



MATERIALS AND METHODS


Design

This case-control study was conducted within the Lisbon and Tagus Valley area, comprising one third of the country's population distributed between urban and rural, high and low population density areas.

Cases were individuals with SARS-CoV-2 infection diagnosed using reverse transcription–polymerase chain reaction and reported to the National System of Epidemiological Surveillance during week 39 of 2020 (September 29-October 4). Controls were identified among residents of the same municipalities as cases but with no self-reported prior SARS-CoV-2 infection diagnosis. Controls were selected using random digit dialing, including landline and mobile phone numbers, with frequency matching for sex, age (within 10-year bands), and municipality. Landline numbers were generated assuming the region prefixes as fixed and randomly generating the remaining digits (4–7); we generated up to 99 numbers for each prefix, totalling 61,040 landline numbers. For mobile phone numbers, we used the main operators' prefixes (91, 93, and 96) and generated the remaining digits (7) using a distribution proportional to that observed among cases and assuming that only 10% of these numbers would belong to a resident in the area and among those, a 20% participation rate. We generated a total of 47,600 random mobile numbers, randomly ordered to avoid preferential contact. We tested landline numbers through call attempts; for mobile numbers, a message was sent mentioning the study and informing of a subsequent contact.

We included cases and controls residing in the region during the reference period regardless of their nationality or immigration status. We excluded cases: (1) without a telephone number; (2) institutionalized (e.g., nursing homes, prisons); (3) deceased between the case report and interview dates; and (4) with communication difficulties (language barriers, deafness, serious mental disease, or cognitive impairment) and no proxy available (Figure 1). Telephone numbers from companies or institutions (controls only) were excluded. Additionally, due to the small number of controls aged younger than 18 years successfully recruited (n = 20), only adults were considered.


[image: Figure 1]
FIGURE 1. Flow diagram.




Data Collection

We developed a questionnaire to collect information on social, demographic, and behavioral factors potentially related to SARS-CoV-2 infection. Data were collected between October 2 and November 6, 2020, through a 20-min computer-assisted telephone interview. Proxies (n = 14) were used when eligible participants were unable to answer due to cognitive impairment, deafness, or language barriers. The final sample size included 1,088 cases and 787 controls.



Definition of Variables

We included as dependent variables those related to contextual factors that could increase the risk of transmission of SARS-CoV-2. To assess housing conditions, we analyzed the number of individuals per room, i.e., the number of individuals in the household divided by the number of rooms with area of 4 m2 or more, excluding storage rooms, vestibules, and bathrooms (14). Occupation and professional status can be linked to a higher risk of transmission (13), as such, individuals were classified as unemployed, students, retired, otherwise inactive, or employed. The latter were then classified into economic activity sectors (construction, cleaning, education, healthcare, industry, restaurants, senior care, and other). Because remote work has been implemented as a measure to reduce the risk of infection, we compared those who did and did not work remotely at least 1 day during the reference period; this analysis was restricted to employed and unemployed individuals.

The use of public transportation (tube, bus, train, boat, company transport, and others), restaurants and other dining spaces (coffee shops, bakeries, pastry shops), grocery stores (including supermarkets), other commercial spaces (including shopping malls), hair salons (including aesthetic centres), and gyms (including sports studios) was assessed. History of use was considered present only for individuals staying for at least 15 min during the reference period.

Adherence to individual protection measures was also assessed, including frequency of use of face masks, face shields, and gloves (always or almost always, sometimes, never or almost never) and hand hygiene (<3 times, 3–5 times, six or more times a day, to help participants in capturing their perception of daily frequency of hands hygiene).

Sex, age, municipality, citizenship (with or without Portuguese citizenship), and education level according to the highest level attained (up to 4 years, 6 years, 9 years, 12 years, and tertiary education) were deemed potential confounders.

Furthermore, we collected data regarding previous known contacts with persons who were diagnosed with SARS-CoV-2 infection during the reference period.



Reference Period

For cases, questions referred to the 14 days prior to symptom onset or, in case of asymptomatic individuals, to the 14 days before the date of the first positive sample collection. For controls, the reference period was defined as the 14 days prior to the interview. During field work, further control measures were implemented, starting October 15 (15). These included rules regarding stores' opening times, remote work whenever possible, and limitation of the number of individuals in events, among others. To ensure comparability and avoid bias, all controls interviewed after October 15 had the first 2 weeks of October as the reference period for exposures. As such, the date used to determine the reference period for cases was situated between September 1 and October 4 and for controls between October 2 and October 14.



Analysis

We fitted unconditional logistic regression models to estimate crude and adjusted odds ratios (aOR) and corresponding 95% CIs (95% Confidence Intervals). Analyses were adjusted for sex, age, education level, and citizenship status. We conducted a sensitivity analysis including only individuals without a known contact with SARS-CoV-2 infection cases (10, 11). Adherence to individual protection measures was also described but, due to the high levels of adherence and balance in cases and controls, was not included in the regression models.

Given the low percentage (<1.5%) of missing data (Table 1), a complete case analysis with pairwise deletion was conducted (16, 17). Data were analyzed using R version 4.0.3 (18).


Table 1. Sample characteristics according to sociodemographic aspects, contacts, and spaces among cases of SARS-CoV-2 and controls from the Lisbon and Tagus Valley Region in September and October 2020.
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Ethical and Data Protection Issues

This study was approved by the ethics committees from the institutions involved. Verbal informed consent was obtained from the participants prior to the interview. Guidelines from data protection officers from the institutions involved were also followed.




RESULTS

The characteristics of the 1,088 cases and 787 controls are presented in Table 1. Fifty-eight percent of cases and 62.3% of controls were female. Cases had a mean (SD) age of 44.3 (15.7) years, while controls had a mean (SD) age of 52.9 (16.0) years. Regarding the use of facemasks, 95.7% of cases and 96.2% of controls reported to use them always or almost always. Cases and controls also reported high frequency of hand hygiene (81.5% of cases and 82.2% of controls reported to wash hands/use hand sanitiser six or more times a day).

The risk of infection was 2 to 4 times higher among individuals with lower education level compared with those with tertiary education (Table 2). Participants without Portuguese citizenship had a relative risk of infection of 5.47 (95% CI, 3.43–9.22). Unsurprisingly, the risk of infection among those with previous known contact with a SARS-CoV-2 infection case was particularly high (aOR, 24.76; 95% CI, 16.45–39.18).


Table 2. Risk of infection of SARS-CoV-2 among cases and controls from the Lisbon and Tagus Valley Region in September and October 2020 according to education level, citizenship status, and known contact with a case.
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The results of the main and sensitivity analyses, including and excluding participants with a known contact with a case, are presented in Tables 3, 4, respectively. An increased risk of infection was identified among those living in a house with 1 or more individuals per room (aOR, 1.47; 95% CI, 1.14–1.91) and for individuals working in senior care (aOR, 4.99; 95% CI, 1.30–33.08). A lower risk of infection was identified among those who reported working remotely compared with those working in-office (aOR, 0.30; 95% CI, 0.22–0.42) and among individuals who went to restaurants and other dining spaces (aOR, 0.73; 95% CI, 0.59–0.91), grocery stores (aOR, 0.44; 95% CI, 0.34–0.57), shopping malls/shops (aOR, 0.51; 95% CI, 0.40–0.64), or hair salons/aesthetic centres (aOR, 0.51; 95% CI, 0.39–0.66) at least once during the reference period. We did not find any association with the use of public transportation at least once (aOR, 0.98; 95% CI, 0.75–1.29) or going to the gym at least once (aOR, 1.04; 95% CI, 0.71–1.55).


Table 3. Risk of infection of SARS-CoV-2 among cases and controls from the Lisbon and Tagus Valley Region in September and October 2020.
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Table 4. Risk of infection of SARS-CoV-2 among cases and controls from the Lisbon and Tagus Valley Region in September and October 2020.
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The results for the analysis restricted to those without known contact with a SARS-CoV-2 infection case remained essentially unchanged (Table 4).



DISCUSSION

We identified several settings and activities associated with SARS-CoV-2 infection, including socioeconomic, work, and household-related conditions. Cases more frequently had lower education, no Portuguese citizenship, and lived in crowded households. The use of public transportation, dining places, or other commercial areas was not associated with a higher risk of infection, after adjusting for sex, age, citizenship, and education. We identified a strong protective effect of working remotely.

Our results emphasize the role of social determinants of health in the transmission of infection, as suggested by others (7, 19). Individuals with lower education tend to work in manual jobs, have lower income, and are subject to worse working and housing conditions. They might also present a poorer health literacy. Migrants (defined here as individuals without Portuguese citizenship) may also experience less favorable living and working conditions, namely overcrowding (20), as observed by Hayward et al. (21) in their systematic review about the risk factors for COVID-19 among migrants in high income-countries. Overcrowding increases proximity to others, which results in increased transmission risk from undiagnosed COVID-19 cases but also in important limitations to isolation measures after diagnosis.

Remote work was protective, reducing by 69% the odds of SARS-CoV-2 infection. Galmiche et al. (13) also identified a protective effect of remote work, though of smaller magnitude. There might be some residual confounding as those able to work remotely tend to have better living conditions, and better comply with individual protective measures. On the contrary, by classifying all professionals with at least a day working remotely as remote workers, we might have even underestimated the effect of such a measure.

We identified other work-related risks. In particular, working in senior care as in healthcare was a risk factor for infection. This finding was also reported by Galmiche et al. (12) and might be explained by the higher risk of infection in these settings but also by the higher frequency of testing among those professionals compared with the remaining population.

There was a crude association of public transportation with risk of infection, but it was largely attenuated after adjustment for sex, age, education, and citizenship. These results are in line with a previous ecological study in the same geographical setting, which underlined the role of socioeconomic aspects rather than the use of public transportation (22). Similarly, dining areas or other commercial spaces did not increase the risk of infection, even after adjustment for education or citizenship. While most of our results are in agreement with those from Fisher et al. (11) and Galmiche et al. (13), that is not the case for restaurants and other dining areas. Those studies reported an increased risk among those who dined in a restaurant or were in a bar. Discrepant results might be explained by contextual differences, especially considering the collective and individual protective measures undertaken in each country. First, in Portugal, bars remained closed since the beginning of the pandemic. Second, early on in the pandemic, the government required strict measures, such as the use of masks, physical distancing, environmental hygiene guidelines and limits in the number of persons for public indoor spaces in Portugal. Our results show that most respondents used masks “always and almost always,” which show a high compliance to the individual preventive measures. Another explanation may be residual confounding, as going to restaurants or shops could be a proxy for wealth, which, as abovementioned, has a protective effect against infection.

As such, this study shows that, if incidence rates of SARS-CoV-2 infections, hospitalizations and deaths due to COVID-19 rise, two actions must be taken to limit the control of its transmission. First, it is important to know the population groups where the transmission is occurring and the underlying conditions that may be facilitating it. If needed, the living and working conditions of those in most vulnerable circumstances must be improved, as suggested by the International Labour Organization (23) and the ECDC (24). Second, remote work, physical distancing and mask use in public places as restaurants and bars, commercial spaces and public transports, and intensification of ventilation measures and surfaces' hygiene, must be implemented, as they may contribute for the reduction of the risk of transmission in public settings, while sparing the economic and social side effects of lockdowns. However, it must be stressed that the populations' compliance to distancing and stay-at-home measures tends to decrease through time (25, 26) and, thus, the reintroduction of these measures must be complemented with sensitizing messages and enforcement efforts.

Study limitations need to be considered. The procedure for recruitment of controls might have resulted in selection bias. Controls presented a higher median age, probably due to the fact that older individuals were more prone to answer telephone calls and available to participate in the study during working hours. However, contacts were tried at different hours and during week-ends. The proportion of tertiary education among controls was higher than previously described for the region, and controls consisted of a lower proportion of foreign-born individuals (27, 28). It should be noted that controls were identified from the municipalities with higher incidence of SARS-CoV-2, which are urban municipalities with populations with higher education levels. Nevertheless, these differences might be due to the fact that highly educated individuals were probably more aware of the importance of research thus more willing to participate.

Second, there are potential information biases, including social desirability and recall bias. The former might have occurred in the reporting of preventive behaviors during the reference period, and an inaccurate description of the exposure conditions. This is particularly important for cases who might have overestimated their adherence to preventive behaviors, thus weakening or reversing true associations. This source of bias might have been particularly relevant when reporting the use of face masks or hand hygiene habits, as indicated by high levels of adherence in both cases and controls. Recall bias could have happened, particularly in the later stages of field work, as cases had an average 26 days between the midpoint of the reference period and data collection, while for controls the difference was 16 days. Furthermore, controls might have experienced asymptomatic infection, for which they were not tested, thus being incorrectly assigned as controls instead of cases.

Third, knowledge of the dynamics of transmission is still limited, thus challenging the control of confounding factors. Age, sex, and municipality were considered at the design stage, with age and sex also included in the analysis to avoid residual confounding. Furthermore, we included citizenship and education as confounders. We did not formally consider time in our analysis, as there was a small difference in date used to define the reference period of cases and controls, measures implemented at the national level did not change between these periods.

Fourth, transmission dynamics vary in time and place, according to population characteristics, epidemic activity, measures implemented to control the pandemic, and normalization of the use or non-use of protective behaviors. These aspects should be considered when attempting to generalize these results.

Despite these limitations, our study has several strengths. First, the study design allowed us to obtain estimates of the relative risk as we used incident cases and community controls (29). Second, we obtained all cases through the nationwide official surveillance system, which, by law, demands clinical and laboratory notification of cases, reducing the risk of bias in case selection. Third, we collected detailed information regarding the characteristics of the individuals and the public settings visited by participants during the reference period. Fourth, the sample size allowed comprehensive and robust identification of SARS-CoV-2 individual factors and settings of its transmission.



CONCLUSIONS

Data strongly supports that lower socioeconomic status, including citizenship, and overcrowding increase the risk of infection, while remote working protects against it. Use of public transportation, dining options, and commercial spaces under the implementation of capacity restrictions, physical distancing, use of masks, and surface hygiene is not associated with an increased risk of infection. While public settings did not significantly contribute to the transmission of SARS-CoV-2, work and home were the settings in which infection occurs most frequently, especially among individuals from lower socioeconomic backgrounds. These findings can guide application of fine-tuned non-pharmaceutical measures while vaccine access remains limited.
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Eighteen months into the COVID-19 pandemic, and as the world struggles with global vaccine equity, emerging variants, and the reality that eradication is years away at soonest, we add to notion of “layered defenses” proposing a conceptual model for better understanding the differential applicability and effectiveness of precautions against SARS-CoV-2 transmission. The prevailing adaptation of Reason's Swiss cheese model conceives of all defensive layers as equally protective, when in reality some are more effective than others. Adapting the hierarchy of controls framework from occupational safety provides a better framework for understanding the relative benefit of different hazard control strategies to minimize the spread of SARS-CoV-2.

Keywords: COVID-19, SARS-CoV-2, transmission, hierarchy of controls, layered defenses, layered prevention, PPE


INTRODUCTION

The recent popularity (1) of the application of James Reason's Swiss cheese model of accident causation to COVID-19 transmission falls short in one important regard—the successive “layers” of defense are too easily perceived as equally effective to control the hazard. A preponderance of evidence now demonstrates that this is not the case (2, 3). Inadequacy in defenses and differential risk (e.g., fabric face coverings as compared to filtering respirators, and aerosol “super-spreading” as compared to droplet or fomite transmission) requires a different approach to conceptualizing COVID-19 risk reduction—particularly as COVID-19 continues to devastate the developing world, new and more transmissible variants emerge, vaccines are not yet equitably available across the globe, and eradication of SARS-CoV-2 is decreasingly likely (4). Additionally, framing defensive layers as equally effective may poses challenges to the adoption of more effective mitigation strategies (e.g., vaccination), when the adoption of seemingly equivalent protections may be preferable (5).



THE HIERARCHY OF CONTROLS

The hierarchy of controls is a framework employed in occupational safety and health to better understand the relative effectiveness of different strategies for risk reduction, and to help determine how to implement feasible and effective solutions (6). The model (Figure 1) is represented as an upside-down pyramid, with five categories represented in descending order of effectiveness: elimination, substitution, engineering controls, administrative controls, and personal protective equipment (PPE). And, while developed to better manage exposures to occupational hazards and protect workers, the model has broad applicability in helping healthcare workers, policy makers, and the public better understand the relative effectiveness of strategies to prevent the transmission of an airborne infectious virus like SARS-CoV-2, and the paradigm is increasingly being adopted to conceptualize COVID-19 risk reduction (7, 8). The fundamental idea behind the hierarchy is that, while different hazard controls are effective at minimizing risk, those at the top of the model are more protective than those at the bottom. As in occupational safety and health, employing the most effective methods first and most frequently can best minimize the risk of COVID-19 transmission.


[image: Figure 1]
FIGURE 1. The hierarchy of COVID-19 controls.


Recent revisions to Centers for Disease Control and Prevention guidance on transmission notes “infections with respiratory viruses are principally transmitted through three modes: contact, droplet, and airborne.” (9) Contact or “fomite” transmission occurs through touching an infectious person or a surface or item that is contaminated with virus. Droplet transmission occurs through exposure to virus-containing respiratory droplets directly from an infectious person to a susceptible person at close range. Airborne transmission occurs through exposure to smaller virus-containing droplets and particles that float in the air, are highly concentrated close to the person who exhaled them and can remain suspended in air for many seconds to hours and accumulate in the air of poorly ventilated spaces. A key weakness in early COVID-19 response was in treating these hazards as equivalent; recent research has demonstrated comparatively low risk of contact transmission (10), and the World Health Organization has noted that despite evidence of the survival of SARS-CoV-2 on certain surfaces, no reports have directly demonstrated fomite transmission (11). Emerging evidence, on the other hand, suggests significant risk associated with close-contact transmission over short distances and in poorly ventilated spaces, with airborne transmission making the largest contribution (12, 13). Though protecting against each of these hazards is necessary, currently employed controls are not equally effective against each, and higher-order controls should be prioritized.


Elimination and Substitution

Elimination and substitution, the most effective hazard controls, involve physically removing the hazard and associated risk or substituting the hazard with something less risky. Stay-at-home orders employed early in the pandemic were attempts to eliminate transmission risk in communities. While in principle effective, the dire social, psychological, and economic impacts of “lock-downs” limits their long-term viability and necessitate that they be used only briefly while other measures are put in place. Isolation and quarantine are additional means of eliminating transmission risk from infected or potentially infectious individuals. As a precautionary measure, eliminating unnecessary public outings or gatherings is another effective means of removing the risk of SARS-CoV-2 infection. Similarly, allowing remote work or moving indoor-activities outdoors substitutes the hazards incumbent in in-person activities with less risky alternatives. Vaccines against COVID-19 have proven to be a very effective pharmacologic elimination strategy where available.



Engineering Controls

Engineering controls do not eliminate hazards, but rather isolate individuals from them. Physical barriers separating individuals who must interact at close range are a now very common example of an engineering control. Importantly, however, as they do not eliminate hazards engineering controls must be employed in concert with other controls. Improving the safety of indoor air by increasing ventilation and filtration or employing upper-room germicidal ultraviolet light are as-yet underemployed engineering controls which can further minimize COVID-19 transmission risk (14, 15). Well-designed engineering controls can be highly effective, reducing risk to individuals independent of their own behaviors, and can significantly enhance protection for individuals adherent to administrative controls or employing PPE (16). A key limitation of engineering controls as a community mitigation strategy is that, unlike in industry, it is not always possible to redesign indoor spaces, ventilation systems, and other infrastructure to sufficiently ameliorate the risk of pathogenic transmission. Where engineering controls are able to limit concentrations of indoor respiratory aerosols, however, they are effective in reducing “far-field” airborne transmission of infectious agents like SARS-CoV-2.



Administrative Controls

Administrative controls involve changing individual behaviors via policy or mandate to minimize hazard risk, and are the control most frequently instituted to increase social distancing, and to reduce person-to-person interaction or population density in defined spaces to protect against COVID-19 infection. Policies restricting indoor activities like large gatherings or dining, and organizational-level mandates like remote-work, staggered in-person work schedules, or distance learning are administrative means of minimizing density-attributed risk. Vaccine and mask-mandates are another administrative control, though their effectiveness has been limited by social and political resistance. This illustrates the key weakness of reliance on administrative controls (and the challenge in relying exclusively on them to mitigate transmission risk); compliance is necessary for administrative controls to be effective, and even well-intentioned individuals are prone to slips and lapses in adherence. And, as lessons from patient safety and risk management teach, policies that rely on perfect adherence are inadequate and doomed to fail.



Personal Protective Equipment

The final risk reduction strategy is the employment of PPE, protecting individuals from known hazard exposure using respirators, eye protection, and other individually donned protective items. PPE can reduce risk of hazard and its use has been an essential strategy to limit COVID-19 transmission, though it is necessarily less protective than controls higher in the hierarchy. The effectiveness of PPE as a control is additionally limited as it is reliant on both adequate supply and proper and continuous use. In circumstances where hazards are truly unavoidable, PPE use is critical. In work-settings reliant on PPE for hazard control, regulations mandate additional controls as well. Lay-persons are infrequently trained in the correct use of PPE, and in the current pandemic frequently ill-equipped—non-medical masks and fabric face coverings are not PPE, and wearing a non-medical mask does not eliminate SARS-CoV-2 infection risk to the individual (17).




DISCUSSION

As it is increasingly likely that COVID-19 will remain endemic, as more transmissible variants emerge, and as at our current pace we may not vaccinate people in low-income countries until the end of 2022 or beyond (18), our continued reliance on the least effective controls and our continued treatment of controls as substitutes instead of complements—such as reliance on face-coverings or social distancing, but not both—has limited our ability to keep SARS-CoV2 in-check. The hierarchy of controls is an effective model for understanding both the relative effectiveness of hazard minimization, and that while most strategies are necessary few are sufficient to slow the spread of COVID-19.
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Background: Baricitinib is a Janus kinase (JAK) inhibitor with a broader anti-inflammatory activity than tocilizumab and an antiviral potential although no head-to-head trials are available. The benefits of adding baricitinib to patients with COVID-19 experiencing clinical progression despite the standard of care (SOC), including corticosteroids and tocilizumab, are also unknown.

Methods: A cohort study included microbiologically confirmed COVID-19 hospitalizations. The primary outcome was 28-day mortality. Secondary outcomes were 60- and 90-day mortality, the composite outcome “28-day invasive mechanical ventilation (IMV) or death” and the safety of the combination. Propensity score (PS) matching was used to identify the association between baricitinib use and the outcomes of interest.

Results: Of 1,709 admissions, 994 patients received corticosteroids and tocilizumab and 110 of them received baricitinib after tocilizumab. PS matched 190 (95:95) patients with baricitinib + SOC vs. SOC, of whom 69.5% received remdesivir. No significant effect of baricitinib was observed on 28-day [39 events; adjusted hazard ratio (aHR), 0.76; 95% CI, 0.31–1.86], 60-day (49 events, aHR, 1.17; 95% CI, 0.55–2.52), or 90-day mortality (49 events; aHR, 1.14; 95% CI, 0.53–2.47), or on the composite outcome 28-day IMV/death (aHR, 0.88; 95% CI, 0.45–1.72). Secondary infections during hospitalization were not different between groups (17.9 vs. 10.5%, respectively; p = 0.212) and thromboembolic events were higher with baricitinib (11.6% vs. 3.2%; p = 0.048), but differences vanished after the adjustment [aHR 1.89 (0.31–11.57), p = 0.490].

Conclusion: The addition of baricitinib did not substantially reduce mortality in hospitalized patients with COVID-19 having clinical progression despite the therapy with tocilizumab and corticosteroids. The combination of baricitinib and tocilizumab was not associated with an increased risk of secondary infections or thromboembolic events.

Keywords: baricitinib, mortality, thrombosis, coinfection, COVID-19, SARS-CoV-2, tocilizumab, corticosteroids


INTRODUCTION

Severe COVID-19 is characterized by an imbalanced host response to SARS-CoV-2 infection, resulting in cytokine dysregulation and wide-ranging immuno-inflammatory derangements leading to lung damage and multi-organ dysfunction (1). Therapeutic strategies in this setting are based on a combination of antiviral and primarily immunomodulatory therapy although there is no consensus on the optimal regimen composition (2, 3) and mortality remains unacceptably high (4). Among immune modulators, dexamethasone has been shown to reduce mortality (5) and is currently considered the mainstay of treatment for severe and critical illness (2, 3). Tocilizumab, an interleukin-6 (IL-6) receptor antagonist, improved the survival in hospitalized patients with hypoxia and systemic inflammation and critically ill patients (6–8), and was incorporated into treatment guidelines for severe non-critical and critical disease (3). More recently, the inhibitors of the Janus kinase (JAK) family have also been associated with a decreased risk of mortality (9–11). Baricitinib is a JAK1/2 inhibitor that has emerged as an alternative therapeutic option, mainly for patients requiring high-flow oxygen or non-invasive ventilation (NIV), in whom the drug has shown the most pronounced benefit in reducing mortality and accelerating improvement (2, 3, 9, 10, 12). The mechanism of action of baricitinib includes theoretical advantages over tocilizumab, as baricitinib decreases the concentration of several cytokines and inflammatory mediators involved in the pathogenesis of COVID-19 in addition to IL-6 and has an additional potential antiviral activity (13).

Clinical experience with baricitinib in patients with COVID-19 is limited compared to tocilizumab. To date, no head-to-head trials are available to assess the best anti-cytokine option for patients with severe disease. Furthermore, it is not unusual that patients initially receiving tocilizumab progress to requiring high-flow oxygen, and it is unclear whether sequential therapy with baricitinib could offer additional benefits. A drawback against their combination would be a potential increased risk of severe infections or thrombosis.

We evaluated the impact of baricitinib on the mortality and safety of hospitalized patients with severe COVID-19 and clinical progression despite the therapy with the standard of care (SOC), including tocilizumab and corticosteroids.



METHODS

A longitudinal prospective study was conducted in a cohort of patients hospitalized for COVID-19 between March 10, 2020, and April 30, 2021. Criteria for hospital admission were SARS-CoV-2 infection confirmed trough real time PCR (RT-PCR), abnormal findings on chest x-ray, and/or severity criteria, including oxygen saturation < 94% and CURB-65 ≥ 2. Eligibility criteria for this study included the therapy with corticosteroids during admission and, for patients receiving baricitinib, concomitant therapy with tocilizumab.

Patients were managed according to a predefined diagnostic and therapeutic local protocol approved by the COVID-19 Institutional Committee of Hospital General Universitario de Elche (14). This protocol consisted of the standardized collection of clinical variables and serial blood and nasopharyngeal sampling obtained on admission and every 48 h during the hospital stay for SARS-CoV-2 PCR, serological and laboratory measurements, including the levels of IL-6, ferritin, C-reactive protein (CRP), D-dimer, and neutrophil-to-lymphocyte ratio (NLR). The therapy for COVID-19 was given following regularly updated institutional guidelines. Patients received antimicrobial and/or immunomodulatory therapy containing lopinavir/ritonavir, hydroxychloroquine, azithromycin, interferon-β-1b, or remdesivir ± methylprednisolone (125–250 mg as an intravenous bolus) ± tocilizumab during the first wave (n = 39/994 patients), and dexamethasone (6 mg daily) ± remdesivir ± tocilizumab according to pre-specified criteria (11) during the second wave and third wave (n = 858/994 patients). From December 2020, after the Food and Drugs Administration (FDA) release of an emergency use authorization of baricitinib (15), the drug was added to therapy when patients required high-flow nasal oxygen or NIV after obtaining verbal informed consent. Exclusion criteria for baricitinib use included creatinine clearance < 30 ml/min, absolute lymphocyte count < 0.5 × 109 cells/L, absolute neutrophil count < 1 × 109 cells/L, hemoglobin < 8 g/dl, pregnancy, and the suspicion of bacterial infection as the cause of clinical deterioration.

In addition, antibiotic therapy with azithromycin and ceftriaxone was added when clinical or laboratory data suggested bacterial coinfection, including lobar pulmonary infiltrate of chest x-ray, procalcitonin > 0.5 ng/ml, purulent or hemoptoic sputum or significant bacterial isolation, or positive pneumococcal urinary antigen. All patients received antithrombotic prophylaxis (16) with enoxaparin, 40/60 mg/day subcutaneous (sc) dependent on weight, or 1 mg/kg if the risk factors, including D-dimer > 1.5 μg/L, IL-6 > 40 pg/ml, lymphocytes < 800 × 109 × L, or ferritin ≥1,000 μg/L, were present.

Patients were followed up at months 1, 2, 3, 6, and 12 after discharge. On each visit, their blood samples were taken for routine laboratory tests and biomarkers, a nasopharyngeal swab for SARS-CoV-2 PCR, chest x-ray, and plasma aliquots were drawn and frozen, and they filled a questionnaire.

The main outcome variable was all-cause 28-day mortality. Secondary outcome variables were 60- and 90-day mortality and a composite variable that included 28-day mechanical ventilation or death. The risk of secondary infections and thromboembolic events was also analyzed as secondary safety outcomes. Secondary infections were defined by the clinical diagnosis of an infection occurring after a follow-up initiation of baricitinib and tocilizumab, confirmed with microbial tests.


Statistical Analyses

Descriptive statistics were used to summarize the baseline characteristics of the cohort. Continuous data were reported as medians ± 25th and 75th percentiles (Q1, Q3), and count data were presented along with percentages. Wilcoxon or Student's t-test was used to compare continuous variables, and the chi-squared or Fisher's exact test was used for a categorical variable comparison.

Main analyses were based on time-to-event methods. The follow-up of patients for this analysis started the day of baricitinib initiation for the tocilizumab and baricitinib group, and the day from high-flow oxygen requirement for the tocilizumab group.

Multivariate propensity score (PS) matching the logistic regression model was fitted with a 1:1 ratio among groups to compare patients receiving baricitinib + tocilizumab with patients receiving tocilizumab without baricitinib who required high-flow oxygen through nasal cannula or NIV. Matching variables included the relevant baseline data that might have affected treatment decisions, including sex, age, Charlson comorbidity index, baseline fraction of inspired oxygen, WHO COVID-19 severity ordinal scale, Sequential Organ Failure Assessment (SOFA) score, and Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) estimation of glomerular filtration rate. Standardized mean differences (SMDs) were calculated to examine the balance of a covariate distribution between treatment groups. Because SMD is independent of the unit of measurement, it allows a comparison between variables with different units of measurement. Matched patients were compared for the primary and secondary outcome variables and the safety outcome risk of secondary infection or thromboembolism. To further adjust for the covariates that remained unbalanced between treatment groups after matching, adjusted Cox proportional hazard regression for binomial outcomes or Poisson regression for ordinal outcomes were run. To represent the temporal changes of the levels of the biomarkers, local polynomial regression models were employed using weighted least squares to estimate the performance of each biomarker according to the day of initiation of baricitinib or the day of high-flow oxygen requirement for the tocilizumab group. Differences in temporal trends between biomarkers were analyzed through linear mixed models in which an interaction term of the day of tocilizumab initiation and response was included. Statistical analyses were performed using R software (17).




RESULTS

The study population comprised 1,709 patients who were admitted between March 1, 2020, and March 31, 2021, to Hospital General Universitario de Elche, Spain. Of them, 994 (58.2%) had the information needed for being included in the final study cohort. The reasons for the withdrawal of patients were not receiving either tocilizumab or baricitinib (706 patients) and receiving baricitinib before or without tocilizumab (nine patients) (Supplementary Figure 1). Characteristics of the individuals not included in the analyses and their comparison with those included are shown in Supplementary Table 1.

Death from any cause from hospital admission through day 28 occurred in 74 (7.4%) patients, in 4% during the first wave and in 9.7% during the second wave, and 93 (9.3%) were admitted to the Intensive Care Unit (ICU) during the hospital stay. Non-invasive respiratory support strategies were required in 123 (12%) patients [high-flow nasal oxygen in 109 (11%); continuous positive airway pressure or bilevel NIV in 36 (4%)] and invasive mechanical ventilation (IMV) in 75 (7.5%) patients (Table 1). In 73 (97%) patients on IMV, inotropic support and/or renal replacement therapy techniques were also necessary. All the study patients received at least one dose of tocilizumab and corticosteroids, of whom 268 (27%) received high-dose corticosteroid pulses and 713 (71.7%) received antiviral therapy with remdesivir.


Table 1. Propensity score (PS) analysis.
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A total of 119 (6.6%) patients were treated with baricitinib, of whom 110 received the drug after tocilizumab initiation. Baricitinib was initiated after a median (Q1–Q3) of 3 (1–6) days from admission, the median treatment duration was 14 days, and 104 (96%) patients completed at least 14 days of therapy. In addition to previous corticosteroids and tocilizumab administration, 78% of the patients with baricitinib also received antiviral therapy with remdesivir, and 80% with high-dose corticosteroid pulses.


PS-Matched Patients

After 1:1 PS matching, 95 patients in each group (baricitinib and control groups) were compared for the primary outcome and secondary outcomes. Their baseline characteristics according to the study group before and after PS matching are presented in Table 1. Absolute standardized mean (ASM) differences between the two study groups diminished compared to those previous to propensity matching, and values of p for ASM tests were above 0.05, broadly reflecting the adequate balance between the two groups. Although the difference in hospital length of stay between groups decreased after PS matching, it remained significantly longer in the baricitinib group [median (Q1, Q3); 18 (12, 26) vs. 11 (7, 19) days; p = 0.001]. In the adjusted Poisson regression analysis, baricitinib use was not associated with a significantly different hospital stay [risk ratio (95% CI) 1.05 (0.96–1.14); p = 0.304].

All-cause 28-day mortality rate in baricitinib recipients was 25.2% (24 deaths) compared with 15.7% (15 deaths) in matched controls, with a non-significant difference in the adjusted time-to-death analysis [adjusted hazard ratio (aHR), 0.76; 95% CI, 0.31–1.86]. Time-varying FiO2 (aHR, 1.04; 95% CI, 1.02–1.05; per percentage unit increase), age (aHR, 1.08; 95% CI, 1.03–1.13; per year increase), and WHO ordinal COVID-19 scale category (aHR, 1.85; 95% CI, 1.20–2.87 per category increase) were also associated with mortality in a multivariate analysis. In contrast, remdesivir use showed a trend to lower mortality risk (aHR, 0.48; 95% CI, 0.23–1.02) (Figure 1). In a sensitivity analysis using the severity NIAID ordinal scale instead of the WHO ordinal scale, the results were similar (Supplementary Figure 3).


[image: Figure 1]
FIGURE 1. Predictors for overall 28-day mortality in the multivariate Cox regression model in subjects receiving tocilizumab. aHR, adjusted hazard ratio; WHO, World Health Organization; FiO2, time-varying fraction of inspired oxygen.


Secondary endpoint analyses did neither identify a significant effect of baricitinib. All-cause 60- (aHR, 1.17; 95% CI, 0.55–2.52) and 90-day (aHR, 1.14; 95% CI, 0.53–2.47) mortality or time to the composite outcome 28-day mechanical ventilation or death (aHR, 0.88; 95% CI, 0.45–1.72) were not different between groups in the adjusted analyses (Figure 2). Sensitivity analysis of the PS with a caliper width of 0.2 of the SD of the logit for the 1:1 matching ratio showed similar results (Supplementary Table 2).
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FIGURE 2. Adjusted Cox regression model hazard ratios for the combination of tocilizumab plus baricitinib vs. tocilizumab alone in different study outcomes. Cox regression models were adjusted by sex, age, Charlson comorbidity index, WHO COVID-19 severity ordinal scale, the time-variant fraction of inspired oxygen, and remdesivir use. aHR, adjusted hazard ratio; IMV, invasive mechanical ventilation.


The incidence of secondary coinfections during the COVID-19 hospitalization did not differ between patients receiving baricitinib and the control group [17 (17.9%) vs. 10 (10.5%); p = 0.212; aHR 0.97 (0.26–3.55)]. Supplementary Table 3 shows the secondary infections occurring during the study period. There was a higher number of thromboembolic events (pulmonary thromboembolism and deep venous thrombosis) during hospital admission of patients receiving baricitinib [11 (11.6%) vs. 3 (3.2%); p = 0.048] in the unadjusted analysis. However, after Cox's additional adjustment for age, sex, time-varying FiO2, Charlson comorbidity score, WHO COVID-19 ordinal scale, and remdesivir use, the risk was not different between treatment groups [aHR 1.89 (0.31–11.57), p = 0.490] (Supplementary Figure 2).



Viral RNA Shedding and Biomarker Changes

There were no significant differences in the dynamics of SARS-CoV-2 RT-PCR cycle thresholds obtained from nasopharyngeal swabs between patients receiving combined therapy with baricitinib and tocilizumab and the control group (Figure 3).


[image: Figure 3]
FIGURE 3. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virological changes during a follow-up. SARS-CoV-2 RT-PCR test cycle threshold results were obtained from baseline. RT-PCR, reverse transcriptase-PCR; Ct, cycle threshold.


At baseline, the plasma levels of biomarkers analyzed (inflammation: CRP, ferritin, and IL-6; fibrinolysis: D-dimer) were similar, with the exception of ferritin, which showed higher concentrations in patients receiving baricitinib + tocilizumab. Thereafter, all of them showed a decreasing trend with minor differences in the trajectories between treatment groups and initial small and transient increases in the levels of IL-6 and D-dimer (Figure 4).


[image: Figure 4]
FIGURE 4. Temporal changes in serum levels of biomarkers from baseline. IL-6, interleukin-6.





DISCUSSION

In this cohort study, baricitinib did not show a benefit on mortality when added to SOC therapy, including tocilizumab, corticosteroids, and frequently remdesivir, in hospitalized patients with COVID-19 having clinical progression requiring oxygen delivery through a high-flow device or NIV. No increased incidence of infection or thrombotic phenomena were observed when tocilizumab and baricitinib were sequentially used.

Interleukin-6 receptor antagonists and JAK inhibitors are the immune modulators that, along with corticosteroids, have demonstrated a benefit on the survival in patients with severe COVID-19 (9–11). IL-6 has been shown to play a central role in the immune dysregulation that characterizes COVID-19 pneumonia, in which the levels of this cytokine have been associated with disease severity (18). Tocilizumab is a monoclonal antibody that competitively inhibits IL-6 binding to its receptor, thereby blocking IL-6 signaling and reducing inflammation (6). Baricitinib has a broader anti-cytokine activity than tocilizumab as it has been shown to in vitro decrease SARS-COV-2-specific response mediated by IFN-γ, IL-17, IL-1β, IL-6, TNF-α, IL-4, IL-13, IL-1ra, IL-10, GM-CSF, FGF, IP-10, MCP-1, MIP-1β (13, 19), and the general immune response through a rapid recovery of circulating T- and B-cell frequencies (20). In addition, baricitinib also acts as a potential antiviral drug through the inhibition of clathrin-mediated endocytosis of SARS-CoV-2 into cells (21). In light of this, a sequential combination of baricitinib after tocilizumab therapy could be expected to have an additional beneficial impact. However, we found no advantage of JAK inhibition after IL-6 receptor blockade on the survival of patients. This may suggest a preponderant role of IL-6 over other cytokines in the pathogenesis and outcome of severe COVID-19 (22). Tocilizumab has a prolonged half-life of 11–13 days (23), and the effects on IL-6 are likely to persist when baricitinb is administered. Moreover, the inhibitory effects of baricitinib on interferon-gamma, which has a broad-spectrum antiviral activity at multiple stages (24), might result in a hypothetical negative impact when added to the analogous effects in the defense against viral infections of IL-6 blockade. Another factor potentially contributing to the absence of a benefit with baricitinib could be related to the concurrent therapy with corticosteroids, which have also been shown to increase survival, although baricitinib demonstrated in a randomized trial a reduction in mortality against placebo in patients mostly on corticosteroid therapy (10). While we found no benefit of the addition of baricitinib to a regimen containing tocilizumab and dexamethasone, our study does not allow comparing the effect of baricitinib with that of tocilizumab or dexamethasone in patients with severe COVID-19, as all patients received the SOC including tocilizumab and dexamethasone.

Our study has analyzed the influence of the combination of baricitinib and tocilizumab on viral clearance and found no differences in the trajectory of RT-PCR cycle threshold in comparison with that of tocilizumab as a sole anticytokine agent. Although baricitinib has a potential antiviral effect, the majority of patients in our cohort were also receiving remdesivir, an antiviral drug with demonstrated benefits in COVID-19 (25–27), which could overshadow the effect of baricitinib. Remdesivir use showed a trend to increased survival in our study. Although the use of remdesivir was slightly more frequent in patients receiving baricitinib, the difference was far from statistical significance.

One of the uncertainties raised with the combination of baricitinib and tocilizumab is the hypothetical additive risk of infection (2). Although no contraindication exists for the concomitant use of both drugs, the potential increased risk of infections had been warned, as both agents could mutually enhance their anticytokine activity, leading to impaired innate and adaptive immune responses to viral, parasitic, and bacterial infections (28, 29). Our patients were thoroughly monitored during their hospital stay, with lab tests every other day including biomarkers of infection, and an additional protocol for patients experiencing fever or clinical progression that included further diagnostic tests to exclude opportunistic infections and empirical antimicrobial therapy. While both agents have been linked with an increased risk of infections in patients with rheumatic disease (30–33), clinical trials, and meta-analyses with each drug have not verified a higher frequency of serious infections in patients with COVID-1 (9, 10, 34–36). We neither observed significant differences in the incidence of secondary infections with the combination of baricitinib plus tocilizumab compared to tocilizumab in our cohort even though all patients received additionally corticosteroids. The shorter duration of the immunomodulatory therapy in COVID-19 compared to rheumatic diseases, the frequent use of antibiotics in our cohort, and the fact that the comparator was tocilizumab plus corticosteroids might have contributed to minimizing differences between treatment groups.

We observed a higher incidence of thromboembolic events in patients receiving baricitinib in our study. However, the adjustment for disease severity and the factors associated with thrombosis risk did not confirm a greater risk. COVID-19 is associated with coagulopathy and increased frequency of thrombosis (37), and this was another concern regarding a combined therapy with baricitinib and tocilizumab. Moreover, both agents have been linked with a greater incidence of venous thromboembolism in patients with rheumatoid arthritis (30, 31, 38) although two recent meta-analyses of double-blinded randomized controlled trials with JAK-inhibiting therapies did not confirm an increased risk (39, 40). The analysis of the levels of D-dimer in our cohort did not show significant differences between the two treatment groups. Transient increases and decreases in D-dimer levels have been reported during the therapy with tocilizumab, and the same changes have also been described in patients with COVID-19 (41, 42).

The influence of baricitinib or tocilizumab on inflammation biomarkers had been assessed following the therapy with each drug (13, 14), but the added effects of baricitinib plus tocilizumab on inflammation had not been explored. There were no differences in the levels of neutrophils and lymphocytes between treatment groups and, despite minor differences in the trajectories IL-6, CRP, and ferritin, the magnitude of such differences did neither suggest an overt additive effect of the combination of the anti-cytokine agents on the inflammation biomarkers explored.

The observational nature of this study is a limitation, as residual confounding by baricitinib indication cannot be excluded despite adjustments. Actually, despite the PS matching, potential imbalances due to unmeasured comorbidities and comedications between the two study groups cannot be excluded. Nevertheless, a more exigent matching algorithm for the PS showed similar results. Another limitation is the sample size of this study, which implies that a significant difference between groups could not be excluded for a lower effect size of baricitinib. A strength of this study is the novelty of the information about the additive effect of baricitinib over tocilizumab in patients with disease progression, including the influence of the combination on viral shedding and inflammation/coagulation. This study also contributes to expanding the information about the effects of the triple combination of corticosteroids, tocilizumab, and remdesivir in patients with COVID-19, of which limited data exist to date.

In conclusion, when used in combination, baricitinib did not show additional benefits to tocilizumab, at least of great magnitude, on survival in our cohort of patients with severe COVID-19 undergoing SOC therapy, including corticosteroids and commonly remdesivir. Combined therapy was not associated with an increased risk of infection and probably not with thromboembolic events, although further studies are desirable to confirm our findings.
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Background: Characterization of coronavirus disease 2019 (COVID-19) endotypes may help explain variable clinical presentations and response to treatments. While risk factors for COVID-19 have been described, COVID-19 endotypes have not been elucidated.

Objectives: We sought to identify and describe COVID-19 endotypes of hospitalized patients.

Methods: Consensus clustering (using the ensemble method) of patient age and laboratory values during admission identified endotypes. We analyzed data from 528 patients with COVID-19 who were admitted to telemetry capable beds at Columbia University Irving Medical Center and discharged between March 12 to July 15, 2020.

Results: Four unique endotypes were identified and described by laboratory values, demographics, outcomes, and treatments. Endotypes 1 and 2 were comprised of low numbers of intubated patients (1 and 6%) and exhibited low mortality (1 and 6%), whereas endotypes 3 and 4 included high numbers of intubated patients (72 and 85%) with elevated mortality (21 and 43%). Endotypes 2 and 4 had the most comorbidities. Endotype 1 patients had low levels of inflammatory markers (ferritin, IL-6, CRP, LDH), low infectious markers (WBC, procalcitonin), and low degree of coagulopathy (PTT, PT), while endotype 4 had higher levels of those markers.

Conclusions: Four unique endotypes of hospitalized patients with COVID-19 were identified, which segregated patients based on inflammatory markers, infectious markers, evidence of end-organ dysfunction, comorbidities, and outcomes. High comorbidities did not associate with poor outcome endotypes. Further work is needed to validate these endotypes in other cohorts and to study endotype differences to treatment responses.

Keywords: COVID-19, cluster analysis, endotype, phenotype, machine learning, treatment, survival


INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-COV-2), has demonstrated a wide variety of clinical courses, including asymptomatic carriers (1), mild disease (2), brief hospitalizations (2), prolonged ICU courses (3, 4), and COVID-19 “long-haulers” with prolonged symptoms (5). The spectrum of disease seems broader than the spectrum caused by other respiratory viruses, such as non-SARS-COV-2 coronaviruses. The international scientific community is currently endeavoring to understand the biological constructs that influence the course of disease after COVID-19 infection. Improved understanding of the biological underpinnings of different COVID-19 courses could improve diagnosis, triage, management, and prognosis for patients.

Several patient characteristics are associated with more severe COVID-19 disease or worse outcomes, including older age (3, 6), male sex (3, 6), obesity (7), diabetes mellitus (DM) (8), cardiovascular disease (3, 6), chronic obstructive pulmonary disease (COPD) (9), and chronic kidney disease (CKD) (10). Knowledge of baseline characteristics (including demographics and/or initial laboratory values) can predict hospitalization and mortality (11). There may be a subset of patients with a hyperinflammatory response who are at increased risk of mortality (12, 13).

Understanding endotypes of disease can shed light on biological underpinnings of disease and identify those who are most susceptible. Endotypes are subtypes of a clinical condition which possess distinct functional or pathobiological mechanisms (with an implicit variable likelihood of response to therapies across endotypes). It is envisaged that patients with a specific endotype present themselves within phenotypic clusters of disease, and because of the mechanistic differentiation, show response to specific therapies. Endotypes consist of subsets of the disease itself, rather than biological constructs which may or may not progress to disease (14). This approach has been used to describe subgroups in asthma (15), sepsis (16–19), trauma (20), and acute respiratory distress syndrome (ARDS) (21).

In clinical practice, baseline comorbidities and/or initial lab values do not explain the full range of COVID-19 presentations that are seen. We hypothesize that COVID-19 endotypes identified based on observable characteristics of the entire hospitalization (age and a representation of laboratory values) will reveal unexpected clinical courses and outcomes that defy prediction using classic risk factors. This approach is in contrast to some initial reports of clustering COVID-19 patients including using initial laboratory values and clinical variables collected in the first 24 (22) and 72 h (23); clustering patients by demographics, comorbidity, and maximum laboratory value (24) and using principal component analysis (PCA) and k-means of 18 initial laboratory values resulting in six values used in final analysis (25). Additionally, clusters have been created from initial ICU clinical data for patients with COVID-19 ARDS (26) and from ICU patients using demographics, initial ICU labs, and other clinical variables (27). Finally, there have been descriptions of a hyperinflammatory phenotype identified by initial admission labs (28) or serial labs using cluster analysis of three laboratory values (29).

In this study, we sought to uncover endotypes of the hospitalized COVID-19 patient population using a robust clustering method (consensus clustering of ensemble classification) on patient age and laboratory values over the course of hospital admission. These endotypes were examined for insights into comorbidities, expected clinical courses, and outcomes including intubation, length of stay (LOS), and mortality.



METHODS


Participants

Adults (18 years-old or older) admitted consecutively to a telemetry capable bed at NewYork-Presbyterian Hospital/Columbia University Irving Medical Center were included in the study if they had a positive SARS-COV-2 nasopharyngeal PCR test during their inpatient admission and were discharged between March 12, 2020 to July 15, 2020. Patients with multiple admissions with a positive SARS-COV-2 nasopharyngeal PCR test only had data included from the first admission. If a patient had a positive SARS-COV-2 test (any type) more than 21 days before the admission, the patient was excluded. Patients were identified prospectively for inclusion in the study cohort but had their laboratory information, outcomes, and past medical history retrospectively collected. The collection of clinical data was done before clustering, so the investigators were blinded to endotype at the time of data collection. This study was approved by the Columbia University Institutional Review Board.



Features Used for Clustering

The features that have been shown to be correlated to clinical course or outcomes of COVID-19 were considered. Laboratory values and age were used to identify endotypes (complete list available in Supplementary Material 1). Both the median and the IQR of all lab values for a patient during admission were used as features. Features missing more than 40% of patients were excluded from analysis.



Variables Used to Examine the Resulting Endotypes

Patient disposition was the primary outcome. Intubation status, length of intubation, length of stay, patient age, race, sex, comorbidities, and treatment with medications commonly used with COVID-19 patients were collected (complete list available in Supplementary Material 2).



Statistical Analyses

A schematic presentation of data collection and analysis can be seen in Figure 1. To discover endotypes, we relied on cluster analysis, which generally divides datasets into groups by minimizing the intra-group distance while maximizing the inter-group distance. Instead of using a single clustering algorithm, here we employed ensemble classification (30) by running multiple clustering algorithms (K-mean, Birch, Gaussian Mixture Model, and Agglomerative clustering) and integrating their results. Then, we applied consensus clustering (31) to the results of ensemble classification. Consensus clustering is a robust approach that relies on multiple iterations of the sampled dataset to derive more stable and meaningful clusters and has been widely used to identify biologically meaningful clusters. In our work, the consensus of the ensemble clustering was implemented with 50 bootstraps and 80% of the data.


[image: Figure 1]
FIGURE 1. Data collection and analysis schematic. Patients with positive SARS-COV-2 tests that were discharged between March 12, 2020 to July 15, 2020 were included in the study. Labs during hospitalization (median and IQR) and age were the features used for clustering and endotype discovery. Once endotypes were identified, they were analyzed for differences in demographics, outcomes, comorbidities, and treatments.


The stability of consensus matrices (when cluster number K changed from 2 to 10) were measured by obtaining their cumulative distribution function (CDF) as described by Monti et al. (31). Then for each K value, proportion of increase in area under the CDF (ΔK), Calinski Harabasz score (CH) (32) and Davies Bouldin score (DBS) (33) were calculated and compared to determine the optimal number of clusters. Finally, to visualize the underlying structure of the data, we generated the data dendrograms by applying hierarchical clustering on the consensus matrices. Pseudocode of our clustering approach is provided in Supplementary Material 3.

To compare the differences between endotypes, the Kruskal-Wallis test (34) and Dunn's multiple comparison test (35) were used for continuous variables, and chi-square tests were used for categorical variables. A significant p-value was defined as <0.05. The analysis was performed in MATLAB™ (The Math Works, Inc., Natick, MA) and Python (www.python.org) where we used Opensemble library (36) to perform the consensus clustering.




RESULTS

Five hundred forty-four patients were identified prospectively for inclusion in the study. Sixteen patients were missing all laboratory data and therefore were excluded from analysis, leaving 528 patients in the final cohort. Baseline characteristics of the final cohort, their comorbidities and hospital characterizations are outlined in Table 1. In the study cohort, the median age was 66 (IQR 55-74), 209 (40%) were female, 103 (19.5%) were African American or Black, 1 (0.2%) was American Indian or Alaska Nation, 7 (1.3%) were Asian, 2 (0.4%) were Native Hawaiian or Other Pacific Islander, 179 (33.9%) were other combinations not described, 119 (22.5%) were White, and 117 (22.5%) declined to specify race. In the cohort, 223 (42.2%) were discharged home, 54 (10.2%) were discharged to rehab, 129 (24.4%) were discharged to a skilled nursing facility, 25 (4.7%) were discharged to hospice, and 97 (18.4%) died in the hospital. Comorbid CKD, ESRD, HTN, and DM were higher in endotype 2 and 4. Length of stay was a median of five days in endotype 1, nine days in endotype 2, 41 days in endotype 3 and 37 days in endotype 4. Percent of patients intubated was 1% in endotype 1, 6% in endotype 2, 72% in endotype 3, and 85% in endotype 4.


Table 1. Baseline characteristics of study cohort.
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Endotype Descriptions

Features missing in more than 40% of patients were excluded from further analysis: blood pH, blood pCO2, blood pO2, β-d-Glucan, ionized calcium, and fibrinogen. After considering cluster quality and stability by examining CDF plot, measured ΔK, CH, DBS, and the underlying structure of the data using dendrograms (Supplementary Material 4), we opted for K = 4 which identified four endotypes.

Median values of the clustering features for each of the four endotypes are outlined in Table 2, Supplementary Material 5. All of the features were significantly different over the endotypes except for median bilirubin and age (p > 0.05). Characteristics of the endotypes are outlined in Table 3. Some comorbidities varied significantly across endotypes (i.e., CKD, ESRD, HTN, DM, COPD, heart failure with reduced ejection fraction [HFrEF], and obesity), while others (asthma, hyperlipidemia, HIV infection, history of stroke, heart failure with preserved ejection fraction, and heart failure with unknown EF) did not differ significantly. Treatments differed by endotype (p < 0.05) except for remdesivir and prednisone. Mortality and discharge from hospital rates also varied by endotype (Figure 2). Paired comparisons of characteristics are provided in Supplementary Material 6. A summary of the four endotypes is shown in Figure 3.


Table 2. Selected endotype features.
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Table 3. Endotype characteristics.
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FIGURE 2. Cumulative survival and discharge out of hospital by endotype. For each endotype, the cumulative survival and cumulative discharge of surviving patients from hospital is displayed in days from admission.
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FIGURE 3. Summary of the four endotypes. A summary of the four identified endotypes is shown.


Endotype 1 patients had a median age of 68 years, had the most women (46%), the lowest prevalence of mortality (1%), shortest hospital length-of-stay (median: 5 days), and fewest intubated patients (1%). This endotype had the lowest prevalence of HTN and DM and greatest prevalence of COPD. Endotype 1 patients had the lowest inflammatory markers (ferritin, IL-6, CRP, ESR, LDH), lowest infectious markers (WBC, procalcitonin), and lowest degree of coagulopathy (PT and PTT, but not significantly < endotype 2). Endotype 1 patients received the least of any endotype of the reviewed medications (except for enoxaparin) but overall had similar medication use as endotype 2 (except for hydroxychloroquine and methylprednisolone).

Endotype 2 patients had a median age of 67.5 years, included approximately the cohort average of women (42%), second-lowest mortality (6%), relatively short hospital length-of-stay (median: 9 days), and second-fewest intubations (6%). This patient subgroup had the most comorbidities (CKD, ESRD, HTN, DM, and HFrEF). Endotype 2 patients had similar inflammatory markers to endotype 3 (ferritin, CRP, ESR, and LDH but not IL-6 which was significantly lower than endotype 3), second lowest infectious markers (WBC and procalcitonin, although procalcitonin was not significantly < endotype 3), and second least degree of coagulopathy (PT and PTT, but not significantly more than endotype 1). Endotype 2 patients received less of the reviewed medications than endotypes 3 and 4 except for enoxaparin which was not significantly < endotype 4.

Endotype 3 patients had a median age of 66 years, included approximately the cohort average of women (42%), exhibited a mortality of 21%, had the longest hospital length-of-stay (median: 41 days), and had the second-highest prevalence of intubation (72%). Patients in this endotype had a relatively low number of comorbidities. Endotype 3 patients had similar inflammatory markers as endotype 2 (ferritin, CRP, ESR, and LDH, but not IL-6 which was significantly higher), second-highest infectious markers (WBC and procalcitonin, although procalcitonin was not significantly > endotype 2), and second-highest coagulopathy markers (PT and PTT, but PT was not significantly < endotype 4). Endotype 3 patients received reviewed medications at similar rates as patients in endotype 4 (except for enoxaparin, heparin, and hydrocortisone).

Endotype 4 patients had a median age of 64 years, included the fewest women (27%), greatest degree of mortality (43%), a fairly long hospital length-of-stay (median 37 days), and were the most intubated (85%). This endotype had moderate amounts of CKD and ESRD, higher amounts of HTN, and the most obesity. Endotype 4 patients had the highest inflammatory markers (ferritin, LDH were significantly higher than endotype 3 while IL-6 and CRP were similarly high as endotype 3), highest infectious markers (WBC, procalcitonin), and greatest degree of coagulopathy (PT and PTT, but PT was not significantly > endotype 3). The exception was ESR which was lower than endotypes 2 and 3. Endotype 4 patients received the most of the reviewed medications (except for enoxaparin and hydroxychloroquine). Of the medications, only hydrocortisone and heparin use were significantly more than in endotype 3.




DISCUSSION

Our study has three main findings: first, four distinct groups of patients were identified though consensus clustering of ensemble classification using age and laboratory values over the entire hospitalization as features. The groups as a whole did not vary significantly by age or race but had differences in sex as well as comorbidities. We consider these patient subgroups to comprise endotypes (14) since the data used to segregate them include variables that are indicative of physiologic and inflammatory dysfunction. The endotypes were also treated with differing medications in the hospital. Endotype 1 and 2 exhibited low mortality and short length of stay. However, Endotype 2 had slightly worse outcomes and slightly higher inflammatory and organ damage markers. Endotypes 3 and 4 had more mortality and length of stay, with endotype 4 having a markedly high mortality at 43% and the highest levels markers of inflammation and end-organ dysfunction.

Second, we identified endotypes of COVID-19 patients with widely disparate outcomes that were not expected based on classic risk factors such as age, sex, and preexisting comorbidities (3, 6). We documented patients with lower-risk features who had worse courses than traditionally expected. Endotype 2 had the greatest number of comorbidities overall but a relatively low mortality. Focusing on comorbidities alone would have resulted in misclassification of endotype 2 patients. Along the same lines, endotype 3 had many fewer comorbidities than endotype 2, and yet endotype 3 had significantly worse outcomes. IL-6, d-dimer, and WBC are significantly higher in endotype 3 compared to endotype 2. Further examination of the different endotypes has potential to yield clinical and pathobiological insight into what is driving the vastly different clinical courses experienced by patients with COVID-19.

Third, consensus clustering of ensemble classification (37) supported the previously hypothesized existence of subgroups of COVID-19 manifestations. In part because elevated inflammatory markers such as C-reactive protein, ferritin, and IL-6 were associated with poor outcomes (38, 39), steroids were studied and proven effective at treating severe COVID-19 (5). Patients meeting a proposed criteria for COVID-19-associated hyperinflammatory syndrome (including fever; ferritin and d-dimer elevation; NLR elevation or anemia/thrombocytopenia; LDH or AST elevation; and IL-6, triglyceride, or CRP elevation) were shown recently to have higher risk of requiring mechanical ventilation and higher risk of mortality (13). The endotypes we identified that have higher levels of circulating inflammatory markers have worse outcomes than patient clusters with lower inflammatory markers. This appears to hold true even when patients are intubated, such as in endotypes 3 and 4 in which a higher number of patients were intubated, but where there were notably higher mortality and inflammatory markers in endotype 4. Endotype 4 patients also had notably higher procalcitonin levels, a potential indication that these patients with higher inflammatory markers may have experienced more (or more severe) bacterial infections.

Identification of endotypes has several potential useful functions. Endotypes may point to unique pathobiologic mechanisms of disease that warrant further investigation in each specific subset of patients. Different endotypes may respond differently to treatments and may explain the heterogeneity of disease course. Examining endotypes for differential response to treatments could identify subsets of patients where treatments are beneficial. If endotypes can be identified early in disease course, endotypes can offer prognostic and clinical management information. Future studies will need to validate these endotypes.

There are several limitations to our study. First, this is a single-center study that prospectively collected data from patients admitted to telemetry capable beds. We have not validated the endotypes in the setting of more recent SARS-COV-2 variants. However, in the setting of this fast-moving disease, validation of endotypes in the setting of the most recent variant will continue to be a challenge for any large COVID-19 cohort study. Second, there were some lab variables with a high amount of missing data. These variables were dropped which may have introduced some bias. Third, standard of care treatments for patients with COVID-19 changed over time. The treatments each endotype received may have been changing over time. Dosing data for medications was not available, therefore anticoagulation medications were not classified as prophylactic or therapeutic. Fourth, the admission criteria for patients with COVID-19 may have changed over time.

In conclusion, disease endotypes have the potential to describe a subset of patients that are undergoing shared biologic processes resulting in a similar phenotype of disease and may identify groups of patients with different clinical courses and responses to therapy. However, having certain high or low risk features does not guarantee association with a certain outcome; rather, patients with certain features appear to have one of multiple different clinical courses. In this cohort of patients hospitalized with COVID-19, we identified four unique endotypes of patients by using clustering of laboratory values throughout the hospitalization as well as patient age. The endotypes had differences in inflammatory markers, infectious markers, evidence of end-organ dysfunction, comorbidities, and outcomes. Further work is needed to validate these endotypes in other cohorts and study endotype differences to treatment response.
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Objective: The ongoing coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has led to a worldwide pandemic. Currently, supportive care measures remain the standard of care for severe and critical COVID-19 patients, such as ventilation oxygenation, fluid management and blood purification. In this study, we aimed to evaluate the effects of early blood purification therapy upon severe and/or critical COVID-19 patients.

Patients and Methods: From January 31, 2020 to March 1, 2020, a total 5 patients with COVID-19 (3 critical type cases and 2 severe type cases) received early blood purification treatment in the intensive care unit (ICU) of Affiliated Hospital of Zunyi Medical University. Clinical indexes, including oxygen concentration, blood gas analysis, oxygenation index, and laboratory test as well as disease scores were recorded and analyzed before and after the treatment with blood purification.

Results: Among the 5 patients, 4 were males ranging from 35 to 80 year old (Mean age = 63 ± 17.87). All cases with characteristics of OI <300 mm Hg, decline in lymphocyte (LYMPH)%, boost in lactate dehydrogenase (LDH), troponin T (TNT), B-type brain natriuretic peptide (BNP), interleukin-6 (IL-6) and interferon-alpha (IFN-a), three with high flow nasal cannula (HFNC), two with non-invasive ventilation (NIV) and acute kidney injury (AKI), and one with shock and IV. Blood purification therapy significantly decreased the serum levels of inflammatory cytokine, ameliorated the concomitant symptoms and complications. Finally, one case was discharged from the hospital, 4 cases were transferred to the general ward, and all the 5 cases survived.

Conclusion: Continuous blood purification therapy held promising prospects for alleviating the deteriorative progression of severe and critical types of COVID-19 in the early stage, together with ameliorating the accumulation of inflammatory cytokine and the concomitant symptoms and complications by efficacious immunoadsorption.

Trial Registration: www.chictr.org.cn, Identifier (ChiCTR2000031930).

Keywords: COVID-19, blood purification, inflammatory cytokine storm, hemofiltration, hemodiafiltration


INTRODUCTION

The corona virus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), emerged in late 2019 and has infected tens of millions of people worldwide (1, 2). Patients with COVID-19 manifested various symptoms, including fever, dry cough, headache, pneumothorax, fatigue, nausea, low oxygen saturation, infiltrating ground-glass opacity in lungs, shock, oliguria, and the multiple organ dysfunction syndrome (MODS) (2–5). Severe or critical COVID-19 patients are usually characterized by severe complications, such as pneumonia-associated acute lung injury and acute respiratory distress syndrome (ALI/ARDS), liver injury, cardiac failure and acute kidney injury (AKI), which collectively resulted in poor prognosis and high mortality (3, 5, 6). Inflammatory cytokine storm, characterized by an uncontrolled release of inflammatory mediators, represents a common feature and is suggested to be an important predicter of disease severity for severe or critical COVID-19 patients (7). Therefore, inflammatory cytokines might be a major therapeutic target for severe or critical COVID-19 patients.

To date, comprehensive treatments have been established and optimized for conquering the COVID-19 associated clinical presentations and the concomitant cytokine storm and multiple complications, including antiviral drugs, antibiotics, vaccines, corticosteroids, immunotherapeutics, mesenchymal stem cell- or natural killer cell-based cytotherapy, and supportive therapeutics (8–11). Of them, continuous blood purification administration by continuous venovenous hemofiltration/hemodiafiltration (CVVH/CVVHDF) has been demonstrated with preferable effects in rapid elimination of abnormally elevated proinflammatory cytokines in SARS-CoV-infected patients in 2003, which thus indicates an off-the-shelf strategy for COVID-19 infection (12). However, the systematic and detailed information upon patients with COVID-19 infection and the relevant comorbidities is still far from satisfaction (13). Several studies have reported that blood purification can improve the clinical outcomes of severe or critical COVID-19 patients by decreasing the excess levels of inflammatory cytokines from blood (12, 14–16).

For the purpose, in this study, we enrolled five cases with severe or critical type of COVID-19 infection from the ICU in Affiliated Hospital of Zunyi Medical University and conducted blood purification treatment with the consent of the ethical committee and patients or family members from January 31, 2020 to March 1, 2020. In details, in the beginning of hospitalization stage, the administration of the 5 cases (2 with severe type and 3 with critical type) with coronavirus infection-induced pneumonia was based on the recommended treatment options of the fifth version of diagnosis and treatment scheme for novel coronavirus infection-induced pneumonia by the National Heath Commission of the People's Republic of China. After that, considering the none improvement in oxygenation index (OI) or bilateral lung exudation, the five patients received blood purification treatment according to the multiple disciplinary team (MDT) and the consent of the patients or the family members in Affiliated Hospital of Zunyi Medical University (ethical approval No.: KLL-2020-013) as well as the internationally recognized Declaration of Helsinki. Notably, the severe clinical presentations and rock-ribbed cytokine storm caused by proinflammatory factor in peripheral blood as well as the multiple comorbidities were collectively and efficiently rescued to normal without death. Overall, our findings supported the recommendation for the involvement of blood purification treatment for the comprehensive management of COVID-19 patients.



CASE PRESENTATION


Participants

The five cases with COVID-19 infection, including two with severe type and three with critical type, were definitely confirmed by nucleic acid test (NAT) of SARS-CoV-2 and turned to the intensive care unit (ICU) of Affiliated Hospital of Zunyi Medical University according to the fifth version of diagnosis and treatment scheme for novel coronavirus infection-induced pneumonia by the National Heath Commission of the People's Republic of China. In details, the patients with severe type of COVID-19 infection should satisfy the following criteria including respiratory distress (RR ≥ 30 per min), Pulse oxygen saturation at rest ≤ 93%, or Partial arterial oxygen (PaO2)/ Oxygen concentration ratio ≤ 300 mmHg. As to those with critical type should satisfy the following criteria including respiratory failure and mechanical ventilation, shock, or ICU care for other organ failure. The age of these five patients raged from 35 to 80 year old (63 ± 17.87), of which four were male and one was female (Table 1). Several comorbidities existed in three patients, among them two were diagnosed with diabetes mellitus, and one was with coronary heart disease (CAD), malignant tumor, and chronic obstructive pulmonary disease (COPD) (Table 1). All cases manifested typical symptoms of COVID-19, including cough, fever, headache, fatigued and nausea (Table 1). PiO2/FiO2 ratio in all 5 cases was lower than 300 mmHg and flow oxygen uptake (FNC) was high in three cases. Two cases were performed with non-invasive mechanical ventilation (NIV) and one case with invasive mechanical ventilation (IV). In details, on the one hand, patients with severe COVID-19 infection received oxygen therapy via a nasal catheter or mask, and respiratory distress and/or hypoxemia was assessed in a timely manner; on the other hand, patients received high flow nasal catheter oxygen therapy or non-invasive mechanical ventilation (inhaled oxygen concentration should be as low as 60%) when respiratory distress and/or hypoxemia couldn't be alleviated after standard oxygen therapy. Shock occurred in one patient and pneumothorax occurred in two patients (Table 1). All cases showed high levels of lactate dehydrogenase (LDH), myoglobin (MYO) and B-type brain natriuretic peptide (BNP). Two cases developed acute kidney injury (AKI) (Table 1). The major medication included antiviral, antibiotics, immune globulin, thymalfasin, and hormone (Table 1). Only the 75 year old patients with pseudomonas maltophilia infection identified by microculture of sputum also received continuous 0.3–0.5 ug/kg/h of the positive inotropic drug norepinephrine administration via intravenous pumping during hospitalization. As to the statistical analyses, all the data were analyzed by using the Prism v6.0 software (GraphPad, USA) as we previously reported (17–21). All the data were shown as Mean ± SEM (N = 5 individuals). *, P < 0.05; **, P < 0.01; NS, not significant.


Table 1. Demographic data and clinical features.
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Blood Purification Administration

All patients received blood purification treatment immediately after admitting into ICU according to the multidisciplinary consultation (MDT) and the internationally recognized Declaration of Helsinki as well as the consent of the patients or family members in Affiliated Hospital of Zunyi Medical University (ethical approval No.: KLL-2020-013). As recommended by the aforementioned guidelines, RRT should be initiated immediately after respiratory support therapy if oxygenation didn't improve, or if respiratory parameters increased with lung imaging infiltration and shadow increased within 6 h. During the hospitalization period (7–60 days), the continuous veno-venous hemofiltration/ hemodiafiltration (CVVH/CVVHDF) was performed for 8–16 h per filter using the M100/Oxiris, heparin or citric acid anticoagulant after establishing the femoral vein single-tube double-lumen access. In details, we took advantage of the Prismaflex (Jinbao, China) with the M100/OXIRIS filter (Baxter, USA) and the commercial dialysis (Qingshanlikang, China) and replacement fluid (Chengdu, Qingshanlikang, China) for CRRT, and the pre-diluted mode of CVVH/CVVHDF was conducted during the treatment. During RRT, the setting of blood flow velocity was 150 mL/min, the prescribed dose and ultrafiltration were 25~30 ml/kg.h and 50~200 ml/h, respectively. Blood gas analysis was conducted and the parameters were adjusted every 2 to 4 h. The termination of CRRT was according to the concentration of inflammatory factors after blood purification, respiratory support intensity, chest CT exudation and urine volume. Additionally, 4% Citric acid hydrochloric acid as well as sodium bicarbonate injection (Huiyinbi, China) and 0.9% sodium chloride (Guizhou Kelun, China) was used for in vitro local anticoagulation. For instance, we took advantage of Oxiris if the cases with severe CSS and high respiratory support parameters, while CVVHDF with superiorities in maintaining even running as well as convenience in changing PRISMAFLEX into CVVH, which was unrealizable for CVVH changing into CVVHDF instead. All the CRRT parameters including the blood flow rate, the dialysate rate, the fluid removal rate, and the anticoagulation regimen were set up according to the 2012 version of KDIGO guidelines and the circumstances of each patient rather than the uniform parameters. For example, the blood flow and outflow volume were set as 100–200 ml/min and 20–25 ml/kg/h, respectively. The launch and termination of the following filter of blood purification therapy after the first one was based on the vital signs, respiratory status, oxygenation index, secreted cytokines and lung shadow absorption in imaging of the patients. No adverse effects, such as bleeding, oozing, allergy or shock were observed in the participants during the process of blood purification treatment. Additionally, results of the blood samples were collected and recorded before and after blood purification administration or at six in the morning if in the interval.




RESULTS

The clinical symptoms of all cases were significantly improved after treatment with continuous blood purification. Of note, the typical ground-glass lesion and the inflammatory exudation in both lungs of one case was largely relieved by blood purification administration for one time (Figures 1A,B). The imaging signs were also partly improved in the other 4 cases (Figures 1C,D). The fraction of inspiration O2 (FiO2) and partial pressure of oxygen (pO2) were improved after blood purification treatment (Figure 2A, Table 2, Supplementary Figure 1A). The declined contents of lymphocytes in peripheral blood were elevated to normal level, whereas no significant change was observed in white blood cells (WBC) (Figure 2B, Table 2, Supplementary Figure 1B). Furthermore, the levels of proinflammatory cytokines, including IL-2, IL-4, IL-6, IL-10 were significantly decreased after blood purification treatment (Figure 2C, Table 2, Supplementary Figure 1C).


Table 2. Laboratory indexes before and after blood purification.
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FIGURE 1. Chest radiographs of COVID-19 patients before and after blood purification. (A,B) Representative chest CT manifestation of a 35 year old male patient with severe COVID-19 infection before (A) and after (B) blood purification treatment. This patient was diagnosed with dyspnea (FiO2, 41%, SpO2, 90%) and received HFNC and blood purification via CVVH/CVVHDF for one time. Finally, he was discharged from hospital with negative result of nuclei acid test (NAT). The typical ground-glass lesion as well as the inflammatory exudate in the lung of the case with severe COVID-19 infection before and after blood purification indicated the favorable prognosis. (C,D) Representative chest CT manifestation of a 75 year old male patient with critical COVID-19 infection before (C) and after (D) blood purification treatment. The lung of the patient with infiltrating ground-glass opacity in imaging before blood purification was significantly alleviated after treatment. The patient was diagnosed with ARDS, MODS, COPD and had comorbidities of type II diabetes and CHD. Before and after blood purification, the patient was positive and negative for NAT for SARS-CoV-2 in pharyngeal swabs, nasal swabs, stools and saliva, and turned negative after treatment, respectively.
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FIGURE 2. The variations of clinical parameters before and after blood purification. (A) The variations of FiO2 value, PO2 value, PCO2 value in the patients before and after blood purification treatment. (B) The variations of LYMPH (%), LYMPH and WBC (109/L) in the peripheral blood of the patients before and after blood purification treatment. (C) The variations of proinflammatory cytokines (IL-2, IL-4, IL-6, IL-10, TNF-α, IFN-γ) in the peripheral blood of the patients before and after blood purification treatment. (D) The variations of AST, ALB, and ALT in the patients before and after blood purification treatment. (E) The variations of BNP, TNT, MYO in the patients before and after blood purification treatment. (F) The variations of SCR and BUN in the patients before and after blood purification treatment. The data were shown as violin diagrams. All the data were shown as Mean ± SEM (N = 5 individuals). *P < 0.05; **P < 0.01; NS, not significant”.


Furthermore, the effects of blood purification upon the function of vital organs in severe and critical COVID-19 patients were also evaluated by determining the multifaceted parameters before and after CVVH/CVVHDF. Although a declined trends existed, the change of expression levels of aspartate aminotransferase (AST), albumin (ALB) and alanine transaminase (ALT) showed no statistical differences (P > 0.05) (Figure 2D, Table 2, Supplementary Figure 2A). Also, the expression levels of serum creatinine (SCR) and blood urea nitrogen (BUN) were not changed during blood purification (Figure 2F, Table 2, Supplementary Figure 2B). However, the abnormity of brain natriuretic peptide (BNP), but not the troponin T (TNT) and myocardin (MYO) was improved after blood purification treatment (Figure 2E, Table 2, Supplementary Figure 2C). We calculated the multifaceted disease scores (e.g., APACHE II, SOFA, PSI) and found a significant decrease after blood purification treatment (Table 2). Collectively, these results together with the sharp decrease in multifaceted disease scores (e.g., APACHE II, SOFA, PSI; P < 0.0001) indicated the partial remission in MODS and the multiple comorbidities (Table 2). None of cases suffered from complications of blood purification including transient hypotension, puncture site bleeding, hematoma, peri-catheter thrombosis, air embolism and infection.



DISCUSSION

State-of-the-art renewal has revealed the multidimensional characteristics in epidemiology, clinical manifestation and pathogenesis of COVID-19 infection, which collectively facilitate and accelerate the fundamental and clinical studies upon comprehensive treatment (9, 22–24). Cytokines and endotoxins have been correlated with multiple complications such as acute kidney injury (AKI) and septic shock, which can be effectively removed by blood purification treatment (25). According to the diagnosis and treatment scheme, the blood purification treatment was conducted for all patients with severe or critical COVID-19 infection. Generally, all inpatients with favorable prognosis together with remission in clinical indicators such as hemogram, pulmonary ventilation, inflammatory cytokine secretion and disease score. It is noteworthy that early blood purification administration was beneficial to reduce acute lung injury and acute respiratory distress syndrome (ALI/ARDS), improve respiratory condition, facilitate lung regeneration and repair, and finally ameliorate the outcome of patients with severe and critical COVID-19 infection.

Generally, blood purification-based renal replacement therapy (RRT) can be divided into various subtypes, including continuous renal replacement therapy (CRRT), intermittent hemodialysis (IHD), sustained low efficiency dialysis (SLED) and peritoneal dialysis (PD). Differ from other types of RRT, CRRT including CVVH, continuous veno-venous hemodiafiltration (CVVHDF), continuous veno-venous hemodialysis (CVVHD) and slow continuous ultrafiltration (SCUF) has superiority in accurately controlling the solute and volume in critically ill patients. Due to the variations in removing solute and water, the choice of CRRT should be determined based on the degree of convection, dispersion, substitution fluid and dialysis solution (Supplementary Table 1). In particular, CVVHDF possesses the advantages of CVVH and CVVHD and thus the good scavenging ability for small molecules and macromolecules. Taken together, considering the advantages and limitations of CRRT as well as the high level of proinflammatory factors in patients with severe or critical COVID-19 infection, we finally conducted the application of blood purification-based CVVH/CVVHDF mode. Notably, with the aid of the Prismaflex (Jinbao, China)- and the M100/OXIRIS filter (Baxter, USA)-based blood purification, the patients with severe or critical type of COVID-19 infection were recovered from the cytokine storm syndrome, the typical ground-glass lesion and inflammatory exudate in the lung as well as the long-lasting sepsis and SARS-CoV-2 nucleic acid positive.

Patients with severe or critical COVID-19 infection revealed typical symptoms (e.g., fever, cough, fatigue), lungs with infiltrating ground-glass opacity in imaging, together with multiple complications (e.g., acute kidney injury, liver injury, cardiac failure, ALI/ARDS), and thus the resultant poor prognosis. Despite no uniform conclusion was drawn in current recommendations, our results recommended the immediate involvement of high flow oxygen uptake (HFNC) and blood purification treatment via CVVH/CVVHDF at the advanced phase of severe or critical COVID-19 during the standardized treatment. In details, the aforementioned clinical symptoms and laboratory parameters were largely ameliorated, and in particular, the respiratory deficiency (e.g., OC, OI), proinflammatory factors (e.g., IL-6, IL-10) and the accompanying complications (e.g., AKI, ALI/ARDS). For instance, the abnormally upregulated IL-6 and IL-10 with molecular weights ranging from 10 to 30 KD in all cases as previously reported (24) was efficiently eliminated by the filtration membrane (p < 0.05), which was in line with Lee's artificial liver therapy in rationales upon cytokine storm (3). Our findings were consistent with the recommendation by Dennis and the colleagues in initiating blood purification therapy during the transition of infection and inflammation from mild to the severe and critical with IL-6 increase for over three times (12, 13). Simultaneously, current studies have suggested the importance of comorbidities and the level of oxygenation at the time of admission, which are fundamental to correlate the effectiveness of new therapies or the implementation of others (13).

However, to our knowledge, the potential influence and direct evidence of continuous blood purification upon COVID-19-assoicated comorbidities and the level of oxygenation at the time of admission are largely unknown (13). Herein, based on the detailed information and preliminary outcomes of the interventional study, we found that continuous blood purification was safe and effective for the remission of the patients, which would provide overwhelming new references for the administration of COVID-19-induced pneumonia. Additionally, BNP is the product of synthesis and secretion of ventricular granulosa cells. When volume overload is associated with heart failure, BNP is significantly increased. As to patients with COVID-19 infection and AKI, the excretion function of the kidney and the metabolic pathway of BNP were impaired, and the increase of BNP was more significant. With the aid of blood purification, the excess fluid could be efficiently eliminated to achieve negative volume balance. Consistently, current studies have also indicated the application of the absorbing filter Oxiris in moderate or severe or critically-ill COVID-19 patients with acute respiratory distress syndrome (ARDS), CSS or secondary infections (26–29).

Increasing number of studies reported that blood purification, such as continuous hemofiltration, hemodiafiltration, hemodialysis, hemoabsorption, plasma exchange, was an effective strategy in controlling the inflammatory cytokine storm (25, 30). For example, Nassiri et al. (16) conducted a retrospective study to investigate the effects of extracorporeal hemoadsorption therapy in COVID-19 patients with hyperinflammation and moderate ARDS. They showed that hemoadsorption treatment significantly decreased inflammatory marker plasma concentrations, improved PaO2/FiO2 and organ functions. A case-control, multicenter, prospective study found that blood purification treatment could inhibit the cytokine storm by clearing inflammatory mediators, thus preventing the progress of severe COVID-19 patients and markedly reducing the short-term mortality (31). The national guidelines by the Chinese National Health Commission blood also recommended blood purification for COVID-19 patients with hyperinflammatory response. Consistent with previous studies, this present study showed that the excess inflammatory cytokines were significantly inhibited and the clinical outcomes were improved after blood purification treatment via CVVH/CVVHDF in severe or critical COVID-19. Additionally, radiology examinations of the lung manifestations in patients with COVID-19 infection were not done immediately after every blood purification due to the limitations including transit risk, transit management, isolation and elimination along the way. Instead, the patients were turned to imaging examination after the second or third time of blood purification. Therefore, in this study, we just retrospectively analyzed the data of patients with CVVH/ CVVHDF treatment instead of conducting the comparison with those without blood purification (non-BP treated patients) administration. However, it's interesting to further explore the association between BP and lung manifestations or compare with the control images of non-BP treated patients in future.

Therefore, our study added some evidence for the beneficial effects of early blood purification in severe or critical COVID-19. Meanwhile, considering the single-center observational and comparative study, and the conclusions still require further large-scale confirmation. Besides, it's noteworthy that the potential distinctions among patients with COVID-19-induced pneumonia caused by sexes and ages as well as comorbidities are of equal importance, which are unprocurable for further statistical analysis due to the limitation of sample size in this study. Therefore, prospective, multicenter randomized controlled studies are needed to determine the definitive role of blood purification in controlling inflammatory cytokine storm as well as the mortality in severe and critical COVID-19 patients.

Nevertheless, it's of great importance for clinicians to carry out comprehensive treatment options, including clinical grade vaccines, antiviral drugs (e.g., lopinavir/ritonavir, ribavirin and abidor), antibiotics, cytotherapy (e.g., mesenchymal stem/stromal cells, natural killer cells), anti-inflammatory corticosteroids, immunotherapeutics, Chinese medicine and supportive therapeutics including blood purification (9, 32–35). Overall, on the basis of the retrospective study, we recommended the offhanded implement of CVVH/CVVHDF in case of the occurrence of deteriorated pulmonary ventilation and ground-glass shadows in the lungs to strive for optimal opportunity for treatment as well as alleviate the malignant progression of severe and critical COVID-19 dispense with the long-lasting wait for cytokine examination. Meanwhile, despite the challenge in conducting blood purification, it is feasible to achieve zero infection among medical staffs with the aid of protective measures in the chamber of negative pressure.
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Immunomodulatory and Anti-fibrotic Effects Following the Infusion of Umbilical Cord Mesenchymal Stromal Cells in a Critically Ill Patient With COVID-19 Presenting Lung Fibrosis: A Case Report
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Background: The patients with coronavirus disease 2019 (COVID-19) associated with severe acute respiratory distress syndrome (ARDS) may require prolonged mechanical ventilation which often results in lung fibrosis, thus worsening the prognosis and increasing fatality rates. A mesenchymal stromal cell (MSC) therapy may decrease lung inflammation and accelerate recovery in COVID-19. In this context, some studies have reported the effects of MSC therapy for patients not requiring invasive ventilation or during the first hours of tracheal intubation. However, this is the first case report presenting the reduction of not only lung inflammation but also lung fibrosis in a critically ill long-term mechanically ventilated patient with COVID-19.

Case Presentation: This is a case report of a 30-year-old male patient with COVID-19 under invasive mechanical ventilation for 14 days in the intensive care unit (ICU), who presented progressive clinical deterioration associated with lung fibrosis. The symptoms onset was 35 days before MSC therapy. The patient was treated with allogenic human umbilical-cord derived MSCs [5 × 107 (2 doses 2 days interval)]. No serious adverse events were observed during and after MSC administration. After MSC therapy, PaO2/FiO2 ratio increased, the need for vasoactive drugs reduced, chest CT scan imaging, which initially showed signs of bilateral and peripheral ground-glass, as well as consolidation and fibrosis, improved, and the systemic mediators associated with inflammation decreased. Modulation of the different cell populations in peripheral blood was also observed, such as a reduction in inflammatory monocytes and an increase in the frequency of patrolling monocytes, CD4+ lymphocytes, and type 2 classical dendritic cells (cDC2). The patient was discharged 13 days after the cell therapy.

Conclusions: Mesenchymal stromal cell therapy may be a promising option in critically ill patients with COVID-19 presenting both severe lung inflammation and fibrosis. Further clinical trials could better assess the efficacy of MSC therapy in critically ill patients with COVID-19 with lung fibrosis associated with long-term mechanical ventilation.

Keywords: COVID-19, ARDS, mesenchymal stromal cells (MSCs), cell therapy, immunomodulation, fibrosis


BACKGROUND

SARS-CoV-2 infections present different clinical presentations (1). Severe pneumonia and acute respiratory failure may occur, often requiring long-term hospitalization in the intensive care units (ICUs) and prolonged ventilatory assistance (2). Patients with severe/critical coronavirus disease 2019 (COVID-19) usually present a hyperinflammatory and hypercoagulable state, which may also compromise multiple organs (3). The prognosis of patients with COVID-19 has been associated with age, comorbidities, and duration of mechanical ventilation (4, 5). The latter may result in lung fibrosis, thus, impairing gas exchange and increasing the fatality rates.

To date, few pharmacological measures, such as dexamethasone, have been shown to decrease mortality in mechanically ventilated patients with COVID-19 (6, 7); however, this has not been observed in the critically ill patients with COVID-19 with lung fibrosis associated with long-term mechanical ventilation. Despite significant therapeutic advances with increased knowledge and definition of standard protocols, critical COVID-19 remains a life-threatening disease and novel therapeutic strategies are urgently needed.

The mesenchymal stromal cells (MSCs) have been evaluated in compassionate use or clinical trials to treat COVID-19 pneumonia (8–19). The rationale of this therapy is to direct the immunomodulatory properties of the MSCs to control the hyperinflammatory state and improve respiratory function (20). Most of the protocols, however, included patients with the early-stage disease or shortly after tracheal intubation. Little attention, however, has been given to late-stage critical cases of acute respiratory distress syndrome (ARDS) associated with COVID-19, in which extensive lung damage and fibrosis have already occurred, thus worsening the prognosis and increasing the fatality rates.

In this study, we report a case of a 30-year-old critically ill long-term mechanically ventilated patient with COVID-19 with severe lung inflammation and fibrosis treated with umbilical cord-derived MSCs (UC-MSCs).



CASE PRESENTATION

A 30-year-old male patient with no known comorbidities presented on Jun 6 with myalgia, headache, shortness of breath with moderate efforts at illness day 3, SpO2 > 95%, and a positive test for SARS-CoV-2 by nasopharyngeal reverse transcription (RT)-PCR. At this point, the CT scan showed parenchymal ground-glass opacities in up to 25% of the lung parenchyma. The patient was medicated and discharged, returning at illness day 6 with worsened dyspnea, SpO2 = 88% at ambient air, >50% altered lung parenchyma on CT, being classified as severe (21). He was admitted to the ICU at São Rafael Hospital, Salvador, Brazil, receiving oxygen therapy, bronchodilators, anticoagulant, methylprednisolone (120 mg/day), and antibiotics (ceftriaxone + azithromycin). The patient was treated with high-flow nasal oxygen, a non-rebreathing mask, and required pronation to sustain SpO2, but did not respond, progressing with desaturation, respiratory acidosis, and septic shock, requiring orotracheal intubation on illness day 15, being clinically diagnosed with critical COVID-19. Laboratory testing was consistent with cytokine storm, with reduced lymphocyte counts, increased C-reactive protein (CRP), D-dimer, lactate dehydrogenase (LDH), fibrinogen, and ferritin, along with PaO2/FiO2 < 200. The patient required vasoactive drugs to keep mean arterial pressure above 65 mmHg. On the following days, serial SARS-CoV-2 reverse transcription PCR (RT-PCR) results were persistently positive, and secondary infections with Stenotrophomonas and Klebsiella pneumoniae were detected in the tracheal aspirate, treated with antibiotics. Tracheostomy was performed on Jun 29. The patient presented clinical deterioration on illness day 30 and CT imaging demonstrated radiological worsening with an ARDS pattern, lesions affecting >75% of the lung parenchyma, and foci of interstitial fibrosis. A cell therapy protocol with UC-MSCs was then applied on a compassionate use basis, following informed consent given by the family of the patient.

Mesenchymal stromal cells were obtained from the umbilical cord tissue at a cGMP facility at the Center for Biotechnology and Cell Therapy, São Rafael Hospital, Salvador, Brazil and cryopreserved at passage 3 in 50 ml of a cryopreservation solution containing Plasmalyte, 3% human albumin, and 5% dimethyl sulfoxide (DMSO) and stored in cryobags at <-135°C. The identity of MSC was assessed by flow cytometry (Stemflow Human MSC Analysis kit, BD Biosciences, NJ, USA) and in vitro trilineage differentiation assays (StemPro Osteogenesis and Adipogenesis kits, Thermo Fisher Scientific, MA, USA) (Supplementary Figures 1A–E). Genetic stability was evaluated by G-band karyotype, as previously described (22) (Supplementary Figure 1F). Sterility was evaluated by culture for anaerobic, aerobic bacteria and fungi, endotoxin levels, and mycoplasma test. The potency was evaluated by measuring IDO1 mRNA expression by quantitative reverse transcription PCR (RT-qPCR) after stimulation with IFNγ (Supplementary Figure 2A), as described previously (23). Finally, the product hemocompatibility was tested by evaluating tissue factor (CD142) expression by flow cytometry and by performing thromboelastography (TEG) studies in the citrate blood samples obtained from three different donors, as previously described (Supplementary Figures 2B–D) (24). Finally, the cell viability was checked before cryopreservation, 48 h after, and at the time of infusion, by flow cytometry with 7AAD (BD Biosciences) (Supplementary Figure 2E).

Approximately 30–60 min before the infusions, the patient received 50 mg diphenhydramine to prevent the infusion-related allergy. The cells were thawed in a 37°C water bath and immediately taken to the patient bedside for intravenous infusion, via gravity, over 30–40 min. The patient was followed up by daily clinical evaluations and laboratory testing. The radiological evaluation was performed by serial chest X-rays and CT scans. Additionally, the blood samples were collected on day 1 (pre-infusion), day 3, and day 7 following treatment initiation with MSCs for the evaluation of cytokines and chemokines by Luminex and immune cell populations by flow cytometry (days 1, 3, 7, and 14 following treatment initiation; antibody information in Supplementary Table 1; gating strategy in Supplementary Figures 3, 4). To evaluate the overall profile of biomarkers, an unsupervised hierarchical cluster with the Luminex and flow cytometry assay values was performed using Ward's method. In this analysis, the dendrograms represent the Euclidean distance (inferring degree of similarity). The values were normalized using the Z-score method. To calculate a fold-change, day 1 was used as a reference.

Umbilical cord-derived-mesenchymal stromal cells are characterized according to their ability to adhere to plastic, and high expression (>95%) of CD90, CD105, CD44, and CD73, and low expression (<2%) of CD45, CD34, and CD117 (Supplementary Figure 1E), and also by their in vitro adipogenic, osteogenic, and chondrogenic differentiation, with a normal karyotype (Supplementary Figure 1F) (25).

Two intravenous administrations of UC-MSCs (50 million cells/infusion) were performed at illness days 30 and 32. The infusions were well-tolerated, and no adverse events were observed. The patient showed a rapid improvement in oxygenation, requiring progressively lower levels of vasopressors until hemodynamic stability without vasopressors was achieved 9 days post the UC-MSC infusion. The patient was discharged 13 days after UC-MSC infusion. The variations in PaO2/FiO2, Sequential Organ Failure Assessment (SOFA) score, lymphocyte counts, CRP, ferritin, and D-dimer, along with the dynamic changes seen in chest CT are shown (Figure 1). The control CT scan showed significant absorption of bilateral pulmonary infiltrates, maintaining only retractable opacities.


[image: Figure 1]
FIGURE 1. Evolution of clinical, laboratory, and radiological parameters. (A) Timeline of the duration of patient stays in the intensive care unit (ICU), shown as illness days. OTI, orotracheal intubation; MV, mechanical ventilation; UC-MSC, umbilical cord-derived mesenchymal stromal cells. Arrows represent the time of MSC infusions; respective samples were collected prior to MSC infusion. *Day of orotracheal intubation. (B) Data are represented as single values or mean ± SD of the values of different measurements performed each day. (C) The representative images of chest CT scans were performed at different time points.


To evaluate the possible mechanisms of action of MSCs in the immune cells and soluble mediators, we performed the Luminex and flow cytometry analyses follow cell therapy initiation. An unsupervised hierarchical analysis was performed with Luminex data, and three clusters of plasma biomarkers were established. On the first and second clusters, a slight increase in the plasma cytokine levels was observed on day 3, compared with day 1. On day 7, the levels of most cytokines approached the first measured value (Figures 2A,B). On the third cluster, the increase was more accentuated and was maintained at day 7 (Figure 2A). For each cluster, we performed enrichment analysis on the NCI Nature database. The first was enriched mainly to the regulation of transcription and signaling process in the lymphocytes. The second was enriched with IL-27, calcium, and IL-23 signaling. While the third was enriched to IL-12 signaling events (Figure 2B). The biomarkers that showed the greatest discrepancies (±0.4-fold change) at day 3 were IL-2RA, IL-18, IL-6, and M-CSF (Figure 2C).


[image: Figure 2]
FIGURE 2. Expression profile of cytokines, chemokines, and growth factors by Luminex assay. (A) A heatmap was designed to depict the overall profile of biomarkers among times, according to log10 of Mean Fluorescent Intensity (MFI). A one-way hierarchical cluster analysis (Ward's method) was performed. The dendrograms represent Euclidean distance. (B) Enrichment analysis for each cluster at NCI Nature database. The top four pathways are shown, ranked by the p-value. (C) Interlukin (IL)-2Ra, IL-6, IL-18, and macrophage colony-stimulating factor (M-CSF) showed a higher fold-change (±0.5) of MFI over time. The samples were collected on the day of the first MSC infusion (D1, pre-infusion), the second MSC infusion (D3, pre-infusion), and the 7th day following cell therapy (D7).


The flow cytometry analysis demonstrated that up to 7 days following treatment initiation, classical monocytes (CD14++CD16−) were enriched in the peripheral blood, whereas on day 14, the patrolling monocytes (CD14+CD16++) were the most prevailing monocyte subpopulation (Figure 3A). The substantial alterations of chemokine receptors expression over time post-treatment, with an increase on CCR5+ receptors and decrease of CCR7+ (Figure 3B). Additionally, the degree of monocyte activation was substantially altered following the treatment in the inflammatory monocyte subpopulation, where it is possible to observe a decrease in these activated monocytes on day 3 and day 7, with a subsequent increase on day 14, where the profile is similar to the baseline (Figure 3C). Regarding monocyte polyfunctionality in response to a toll-like receptor-4 (TLR-4) agonist [lipopolysaccharide (LPS), 1 μg/ml], there was a peak of multiple cytokine producer monocytes on day 3, suggesting higher polyfunctional activity in this period (Figures 3D–F).
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FIGURE 3. The classical monocytes (CD14++CD16−) are more prevalent up to 7 days after treatment initiation. (A) The frequency of classical (CD14++CD16−), inflammatory (CD14++CD16+), and patrolling (CD14+CD16+) monocytes (pink, green, and purple, respectively), exhibits the same overall profile until day 7. On day 14, there is an increase in the patrolling monocytes frequency, that exceeds 50% of all the monocyte populations. (B) Observing the frequencies, we notice that CCR5 and CCR7 are the most prevalent markers over time. (C) Median fluorescence intensity of HLD-DR among the monocytes subpopulation over period post-treatment. The assessment of monocyte polyfunctionality following overnight lipopolysaccharide (LPS) stimulation. (D) The frequency of IL-6, TF, TNF-a, and IL-1B expression is shown. (E) The frequencies of cytokine producer subpopulations are shown. (F) A heatmap was designed to depict the overall profile of cytokine producer subpopulation of monocytes overtimes. A one-way hierarchical cluster analysis (Ward's method) was performed. The dendrograms represent Euclidean distance. The samples were collected on the day of the first MSC infusion (D1, pre-infusion), second MSC infusion (D3, pre-infusion), and the 7th and 14th days following cell therapy (D7 and D14).


The frequencies of CD4+ and CD8+ T cells in peripheral blood presented similar changes over time following the MSC treatment initiation. In both cases, there was observed a slight increase at day 3, with progressive reduction at day 7 and day 14 (Figure 4A). The evaluation of differential chemokine receptor expression of CCR6 and CXCR3 on circulating CD4+ lymphocytes revealed higher frequencies of CXCR3−CCR6− (Th2) subpopulation following treatment (Figure 4B). In activated cells, the profile changes and CXCR3+CCR6− are more frequent (Figure 4C). Interestingly, the patient exhibited a reduction in naïve CD4+ T-cells frequencies over time along with the increased frequencies of terminally differentiated CD4+ T cells (Figure 4D). The activated TCD4+ cells were more terminally differentiated and effector on the first day, comparing with the other days (Figure 4E). Of note, the conventional dendritic cells 2 (cDC2) frequency peaked on day 3 after treatment, returning to the basal levels afterward (Figure 4F).
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FIGURE 4. Dynamics of CD4+ T helper subsets and dendritic cells turnover following treatment initiation. (A) Frequencies of CD4+ and CD8+ T Lymphocytes over time. (B) The differential expression of chemokine receptors CCR6 and CXCR3 in CD4 T cells are shown, further indicating the frequencies of Th1 (CXCR3+CCR6−), Th1 Star (CXCR3+CCR6+), Th2 (CXCR3−CCR6−), and Th17 (CXCR3−CCR6+) subpopulations. (C) The differential expression of chemokine receptors CCR6 and CXCR3 in activated CD4 T cells are shown, further indicating the frequencies of Th1 (CXCR3+CCR6−), Th1 Star (CXCR3+CCR6+), Th2 (CXCR3−CCR6−), and Th17 (CXCR3−CCR6+) subpopulations. (D) The frequencies of naïve (CD45+CD27+), central memory (CD45−CD27+), effector (CD45−CD27−) and terminally differentiated cells (CD45+CD27−) are shown, without activation. (E) The frequencies of naïve (CD45+CD27+), central memory (CD45−CD27+), effector (CD45−CD27−), and terminally differentiated cells (CD45−CD27+) are shown in activated (HLA−DR+) cells. (F) Conventional dendritic cells subtype 2 (cDC2) frequencies increased on day 3. The frequency of conventional DC2 (HLA−dr+CD11c+CD141−), plasmacytoid DCs (HLA−dr+CD11c−CD123+), and conventional DC1 (HLA−dr+CD11c+CD141+) (pink, brown and light purple, respectively) are shown. Samples were collected on the day of the 1st MSC infusion (D1, pre-infusion), 2nd MSC infusion (D3, pre-infusion) and on the 7th and 14th days following cell therapy (D7 and D14).




DISCUSSION AND CONCLUSIONS

The MSC-based therapy protocols to treat COVID-19 have been directed mainly to patients with moderate and severe clinical presentations (8–19). Few studies included critically ill patients with COVID-19 under invasive mechanical ventilation (26–28). Although preliminary, the published data suggest that the critically ill patients who presented benefits with the MSC treatment were successfully extubated after receiving MSCs shortly following intubation (28). The results of the first published randomized controlled trials also support enhanced time to recovery and improved survival following the treatment with MSCs in the patients with COVID-19 ARDS of different severity levels, supporting the trends for improved radiological recovery (29, 30). In this study, we report the case of a patient successfully treated with MSCs 14 days after tracheal intubation and invasive mechanical ventilation, in which time association between MSC infusion and amelioration of clinical, oxygenation, and laboratory parameters were observed. Importantly, intravenous administration of UC-MSCs was not associated with serious adverse events. This is particularly important in the context of severe/critical COVID-19, due to a thromboinflammatory state (31).

The initial anti-SARS-CoV-2 response starts with the activation of innate immune cells, which function as antigen presenters and produce type I interferons (32). As the infection progresses and tissue injury increases, an exacerbated inflammatory response, with the high levels of pro-inflammatory mediators is seen (33). Prolonged exposure to a cytokine storm scenario as an expression of the dysregulated immune response, leads to macrophage activation syndrome, induced by interleukin-1β (IL1β) (34), defects in the antigen presentation induced by IL-6, decreased HLA-DR expression in monocytes, CD4+T cell depletion, the rapid spread of the virus, and secondary organ dysfunction (35). Poor innate immune response in severe COVID-19 was recently characterized as immune paralysis, resembling some characteristics of bacterial sepsis (36). Our results demonstrate that, after MSC therapy, the monocytes increased HLA-DR expression and showed an increased ability to respond to TLR4 ligand stimulation. In addition, we observed a marked increase in the frequency of cDC2, accompanied by a transient increase in the serum levels of different cytokines that are involved in antigen presentation, antiviral response, and differentiation of effector CD4+ T cells (37). Interestingly, one of the upregulated pathways found was IL-27 signaling, and dendritic cell-derived IL-27 has been associated with the induction of Treg in lung parenchyma and resolution of immunopathology upon infection with respiratory viruses (38).

After day 3, we observed a reduction in proinflammatory cytokines, and the subset of naïve CD4+ T cells, along with the increased frequencies of the terminally differentiated subset with Th2 markers. Finally, after day 7, we observed an increased frequency of patrolling monocytes, a population involved in the resolution of inflammation and healing (39), which migrates to the lungs, differentiate into CD11c+, resident lung macrophage, and act in a specialized way as effector cells (40). In addition, the patrolling monocytes respond strongly to viruses via the TLR7/8-MEK pathway, producing cytokines, such as TNFα and IL1β, as well as CCL5 and CXCL10 chemokines (41, 42).

In summary, the results of this case report support a potential role for MSC-based therapies not only in the early stages of COVID-19, as has been extensively explored, but also in the advanced stages of critical disease facing clinical deterioration. Administration of UC-MSCs at day 30 of illness, and 14 days after orotracheal intubation, was still safe and associated with a significant change in the clinical course. Further clinical studies with proper design and sample size are required to confirm the efficacy of MSC-based therapies in the advanced stages of severe/critical COVID-19.
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Supplementary Figure 1. Characterization of UC-MSCs. Phase contrast microscopy imaging of UC-MSCs cultured with growth media (A), or exposed to (B) adipogenic, (C) osteogenic or (D) chondrogenic differentiation media. Differentiation was confirmed by Oil red (B), Alizarin red (C) or Alcian Blue (D) staining. (E) Immunophenotype evaluated by flow cytometry analysis for MSC markers CD90, CD44, CD105 and CD73 and a cocktail of negative markers (CD45, CD34 and CD117). Light histograms represent staining with isotype controls. (D) G-band karyotype representative image of normal (46, XX) karyotype.

Supplementary Figure 2. Evaluation of potency, hemocompatibility and cell viability. (A) MSCs were evaluated for IFN-γ-induced IDO1 mRNA expression. (B) Tissue factor (CD142) expression was evaluated by flow cytometry. Light histogram represents staining with isotype control. (C,D) Results of thromboelastography analysis using blood/MSC mixture. The analysis was performed with blood donated from three independent healthy donors. Data are represented as mean SD. INTEM: contact-activated assay to evaluate clot formation via the intrinsic pathway; EXTEM: a tissue-factor activated assay to evaluate clot formation via the Extrinsic pathway. CT: clotting time; CFT: clot formation time; MCF: maximum clot firmness; *P < 0.05. (E) Results of cell viability analysis performed before cryopreservation, 48 h after cryopreservation and at the moment of cell infusion, evaluated by 7AAD flow cytometry assay.

Supplementary Figure 3. Gating strategy displaying the analysis of human monocytes. Peripheral Blood mononuclear cells (PBMCs) were stained using the panel indicated in the method section for quantitative analysis of chemokine receptor expression in monocytes. Samples were gated on monocytes based on SSC-A (complexity) and FSC-A (size) (A), single events (B) HLA-DR+ and DUMP - cells (C), monocyte subtype based on CD14 and CD16 expression (D), CX1CR3 (E), CCR2 (F), CCR7 (G), CCR6 (H), and CCR5 (I) expression.

Supplementary Figure 4. Gating strategy display the analysis of T lymphocytes in regard to memory phenotype and function. Peripheral Blood mononuclear cells (PBMCs) were stained using the panel indicated in the method section for quantitative analysis of memory and function markers in both CD4+ and CD8+ T cells. Samples were gated on monocytes based on SSC-A (complexity) and FSC-A (size) (A), single events (B), CD3+CD45+ cells (T lymphocytes) (C), CD4 and CD8 T cells (D), CXCR3 and CCR6 (T helper subtype) (E), and CD45 and CD27 (memory markers) (F).

Supplementary Table 1. List of antibodies used for the flow cytometry analyses.



ABBREVIATIONS

RT-PCR, reverse transcription PCR; cGMP, current good manufacturing practices.
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Case Report: Neutralization of Autoantibodies Targeting G-Protein-Coupled Receptors Improves Capillary Impairment and Fatigue Symptoms After COVID-19 Infection
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Clinical features of Coronavirus disease 2019 (COVID-19) are caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Acute infection management is a substantial healthcare issue, and the development of long-Covid syndrome (LCS) is extremely challenging for patients and physicians. It is associated with a variety of characteristics as impaired capillary microcirculation, chronic fatigue syndrome (CFS), proinflammatory cytokines, and functional autoantibodies targeting G-protein-coupled receptors (GPCR-AAbs). Here, we present a case report of successful healing of LCS with BC 007 (Berlin Cures, Berlin, Germany), a DNA aptamer drug with a high affinity to GPCR-AAbs that neutralizes these AAbs. A patient with a documented history of glaucoma, recovered from mild COVID-19, but still suffered from CFS, loss of taste, and impaired capillary microcirculation in the macula and peripapillary region. He was positively tested for various targeting GPCR-AAbs. Within 48 h after a single BC 007 treatment, GPCR-AAbs were functionally inactivated and remained inactive during the observation period of 4 weeks. This observation was accompanied by constant improvement of the fatigue symptoms of the patient, taste, and retinal capillary microcirculation. Therefore, the removal of GPCR-AAb might ameliorate the characteristics of the LCD, such as capillary impairment, loss of taste, and CFS.

Keywords: functional GPCR autoantibodies, COVID-19, long-COVID syndrome, chronic fatigue syndrome, BC 007, OCT angiography, glaucoma


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused a pandemic with global healthcare issues. The symptoms during acute infection and even after Coronavirus disease 2019 (COVID-19) and long-Covid-syndrome (LCS) are a challenge for each clinician. Even the clinical feature of LCS summarizes a wide range of symptoms; it can be assumed that diversity of molecular mechanisms is the basis for different clinical characteristics of LCS (e.g., pulmonary restriction, endocarditis, malaise, taste loss, and cognitive impairment). One of these clinical entities might be induced by autoimmune mechanisms, being proposed to be involved during infection and thereafter (1). Since not every patient with COVID-19 disease will suffer from LCS afterward, there might be a genetic susceptibility as the basis for the hyperstimulation of the immune system (2). Activation of mast cells, the release of proinflammatory cytokines, the formation of neutrophil extracellular traps (NETosis), and generation of autoantibodies (AAbs) can occur in this complex immune and autoimmune interplay (3–8). Especially, AAbs targeting G-protein coupled receptors (GPCR-AAbs) were observed in the sera of patients recovered from acute COVID-19, with an apparent link to blood microcirculation (8). Recent studies by noninvasive optical coherence tomography angiography (OCT-A) suggested that even months after COVID-19, ocular capillary microcirculation is impaired (9, 36). We propose that the capillary impairment might be induced in part by the agonistic GPCR-AAb targeting ß2-adrenergic receptor (ß2-AR). This link has already been established in clinical studies for patients with glaucoma (37), which serve now as the basis to identify GPCR-AAbs as a potential therapeutic target in patients with impaired capillary microcirculation after COVID-19. Here, we present a case report of a patient with high levels of GPCR-AAbs, impaired retinal capillary microcirculation, and corresponding clinical symptoms of LCS. The patient was monitored before and after the neutralization of the GPCR-AAbs by a DNA aptamer drug with a high affinity to a GPCR-AAb, namely BC 007.



RESULTS


Case Report

A 59-year old man with a glaucoma history of 17 years suffered from COVID-19 infection two times. No severe symptoms were monitored during both COVID-19 infections regarding the necessity of hospitalization. The first COVID-19 infection occurred on 04/2020. Afterward, no symptoms were recorded by the patient. After a surgical restoration due to sleep apnoe (September 2020), loss of taste occurred, which improved over the next months, yet not reaching normality. It was assumed that the patient suffered from a 2nd COVID-19 infection during the turn of the year with deterioration of the loss of taste and a progressive fatigue syndrome starting on January 2021. Two months later, neurological symptoms arose (brain fog, lack of concentration, and imbalances). In May 2021, it was observed that the Canadian Criteria were 11, Chalder Fatigue Scale was 27, and the Bell Score was 70, limiting the everyday life activities of the patient. In addition, diastolic blood pressure was increased (Figure 1). Being a participant of the Erlanger Glaucoma Registry (EGR, ISSN 2191-5008, CS-2011; NTC00494923) of the Department of Ophthalmology, University of Erlangen-Nürnberg, seropositivity of AAb targeting ß2-AAb has already been known to preexisting for 12 years. After the 1st COVID-19 infection, the preexisting AAb pattern of the patient persisted and additional AAbs targeting Angiontensin-1 receptor (AT-1-AAb), α1-adrenergic receptor (α1-AAb), MAS receptor (MAS-AAb), and muscarinic2-receptor (M2-AAb) were monitored in a cardiomyocyte bioassay. Best-corrected visual acuity (BCVA) was found to be 0.8 (decimal, right eye, RE) and 0.6 (decimal, left eye, LE). Intraocular pressure (IOP) was found to be 13 mm Hg (RE) and 13 mm Hg (LE), respectively, under topical anti-glaucomatous eye drops (Tafluprost 15 μg/ml; once a day). In addition, an Nd:YAG iridotomy, trabeculectomy, and cataract surgery had already been performed on the LE. Optic disc displayed glaucomatous alterations [RE: I, LE: II, classified after Jonas (10, 11)]. The mean defect was found to be 5.6 dB (RE) and 7.0 dB (LE), respectively. Optical coherence tomography–angiography (OCT-A) (Spectralis II OCT-A, Heidelberg Engineering, Heidelberg, Germany) yielded an impaired capillary microcirculation in the macula and peripapillary region compared to normative data (Figures 2A–D). No vaccination against SARS-CoV-2 was done previous a treatment with BC 007. Considering the seropositivity of ß2-AAb, AT-1-AAb, α1-AAb, MAS-AAb, and M2-AAb and their potential link to the impaired retinal microvasculature, together with the patient, we decided to perform an attempt to heal with the aptamer BC 007 (Berlin Cures GmbH, Berlin, Germany). The aim was to (1) eliminate AAbs against GPCR-AAbs, and to (2) improve the impaired capillary microcirculation, measured by OCT-A. In addition, we intended to improve chronic fatigue syndrome (CFS). After and during the infusion of BC 007 (1350 mg in NaCl; for 75 min, supine position), no severe side effects were observed. Seropositivity for ß2-AAb, AT-1-AAb, α1-AAb, MAS-AAb, and M2-AAb was evaluated (Figure 3). Retinal capillary microcirculation was measured by OCT-A as retinal vessel density serves as a correlate for the systemic microcirculation (Figures 2A–D). Chronic fatigue symptoms were assessed by three standardized scores (Canadian Criteria, Chalder Fatigue Scale, and the Bell Score; Figure 4). As early as 2 h after infusion of BC 007, the activity of ß2-AAb, AT-1-AAb, α1-AAb, MAS-AAb, and M2-AAb was reduced and macula and peripapillary vessel density increased. One day after the infusion of BC 007, the GPCR-AAbs were observed to be in the borderline, and after 2 days, no functional activity was observed for all AAbs in the cardiomyocyte bioassay (12). The patient remained seronegative for ß2-AAb, AT-1-AAb, α1-AAb, MAS-AAb, and M2-AAb as long as 4 weeks after the infusion of BC 007 (Figure 3). The improvement of the retinal microcirculation, observed shortly after the infusion of BC 007, was continuously increasing at days 1 and 2 and remained at a constantly increased level in ex ante comparison during the observation period of 4 weeks (Figures 2A–D).
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FIGURE 1. Blood pressure (systolic, diastolic, mmHg) before (A), during (B), and after treatment with BC 007 (C): a reduction of the diastolic blood pressure was observed after the elimination of functional active G-protein-coupled receptor autoantibodies [GPCR-AAb; w-week; dotted line: individual target level of systolic (red) and diastolic (blue) blood pressure].
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FIGURE 2. Measurement of ocular parameters (capillary microcirculation, A–D; intraocular pressure, E): Capillary microcirculation of the macula and peripapillary region, scanned by optical coherence tomography-angiography (OCT-A): vessel density (VD) was monitored in the three layers of the macula (superficial vascular plexus, SVP, A; intermediate capillary plexus, ICP, B; deep capillary plexus, DCP, C) and peripapillary region (D). Vessel density of the macula was reduced after COVID-19 infection compared to the preexisting data of 2018. After treatment with BC 007, the VD increased in all the three layers of the macula and peripapillary region, being stable over at least during the observation period of 4 weeks (gray: range of VD in normal eyes, dotted line: reference level of VD after COVID-19 infection). Data of the left eye are shown as the quality of the OCT-A scans of the right eye were not exploitable due to a hindered fixation of the patient by the presence of cataract. (E) Intraocular pressure (IOP, mmHg; measured by Goldmann applanation tonometry) was monitored before and after treatment with BC 007; reference data of 2018 (EGR, ISSN 2191-5008, CS-2011; NTC00494923) were presented: IOP was reduced after treatment with BC 007, as IOP level was stable, yet without IOP lowering eye drops (antiglaucomatous eyes drop before treatment with BC 007: Tafluprost 15 μg/ml, once a day; after treatment with BC 007: without IOP lowering local therapy); w-week; 1st COVID-19 infection: 04/2020; assumed 2nd COVID-19 infection: turn of the year 2021.
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FIGURE 3. Autoantibodies (AAbs) against G-protein coupled receptors (ß2-AAb, AT-1-AAb, α1-AAb, MAS-AAb, and M2-AAb) before (at the day of infusion, before the treatment, single star) and after treatment with BC 007 [after 2 h (double star), 1 day, 2 days, and 1–4 weeks]: functional activity of the positive and negative chronotrope effect of the different AAbs were reduced even after 2 h and functionally inactive at least over the observation period of 4 weeks (cut-off 1.8 beats/15 s); w-week.
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FIGURE 4. Chronic fatigue syndrome (CFS) was assessed by the Canadian Criteria, Chalder Fatigue Scale, and the Bell Score before and after treatment with BC 007: CFS was reduced after treatment with BC 007, being absent after 4 weeks; the lower is the Canadian Criteria and Chalder Fatigue Scale, the lower is the CFS; the higher the Bell Score, the lower is the CFS; w, week; the range of the scores—Canadian Criteria Score: 0 (best)–34 (worst): Chalder Fatigue Scale: 0 (best)–33 (worst); Bell Score: 100 (best)–0 (worst).


Corresponding to the increased retinal capillary microcirculation, the fatigue symptoms of the patient improved steadily (Figure 4). The brain fog, lack of concentration, and imbalances improved continuously and were absent after 4 weeks. Loss of taste dissolved. As a positive side effect, we observed a lowering of the intraocular pressure (IOP) in both eyes (Figure 2E). The IOP showed a stable follow-up, now without the preexisting topical glaucoma therapy. Actually, during the observation period of 4 weeks, the patient was relieved from anti-glaucomatous medication. In addition to that, previously elevated diastolic blood pressure was lowered (Figure 1).




DISCUSSION

Corona Virus Disease 2019 infection ranked as a pandemic healthcare issue during 2020. In addition to the clinical features during acute SARS-CoV-2 infection (e.g., pulmonary complications, vasculitis, and thromboembolism), patients often suffer from LCS after recovery. Recent studies discussed the involvement of autoimmunity during and after COVID-19 infection. Microthrombosis (immune thrombosis) and the inflammation itself are triggered in this complex pathophysiology (13–15), potentially mediated by several interacting factors (e.g., IL-1 mediated thromboxane B2 release, IL-6, endothelial cell activation, neutrophil extracellular trap (NET) formations (7, 16–18). Different functional active and inactive AAbs were observed in the sera of patients with COVID-19, targeting 52 and 60 kDa SSA/Ro (19) and interferon-α (20). Functionally active (i.e., agonistic) AAbs are of major interest considering their harmful potential, and they were observed in the sera of patients after COVID-19 (8). Surprisingly, each of these GPCR-AAbs (ß2-AAb, AT-1-AAb, α1-AAb, MAS-AAb, and M2-AAb) target vasoactive receptors. A link of ß2-AAb to the retinal microvasculature was recently observed in patients with glaucoma (37). Patients with agonistic ß2-AAb showed an impaired foveal-avascular zone (FAZ, scanned with OCT-A), focusing on the intermediate capillary plexus. There are only two regions in living humans, at which capillary microvessels can be scanned, monitored, and quantified noninvasively: (1) nailfold by microscopy, (2) retina by OCT-A. OCT-A is a novel technique, enabling noninvasive scans of the retinal capillary system with a high resolution (low μm range). Up to now, there is only one OCT-A device available (Spectralis II OCT-A), scanning the region of interest in three microvascular layers. Those microvascular OCT-A scans correlate well with the human anatomy (21). A previous study showed that especially in the intermediate capillary plexus (ICP) and peripapillary region, a significantly decreased vessel density (VD) was observed after COVID-19 compared to healthy eyes (36). In cases of severe COVID-19 during acute infection, the adjacent retinal microvascular layers were impaired as well (SVP, DCP). In addition, these retinal findings were linked to clinical severity markers (e.g., the highest level of D-dimer and the highest level of Glutamat-Pyruvat-Transaminase). Thus, we postulate that the impaired retinal and peripapillary microcirculation can serve as a correlate for the state of the systemic capillary impairment with possibly different focal expression after SARS-CoV-2 infection. We hypothesize that functional vasoactive GPCR-AAbs contribute to the impairment of the microcirculation. In addition, given the role of ß-adrenergic receptors in stimulating IL-6 production (22), it is plausible that the neutralization of GPCR-AAbs might additionally reduce residual IL-6-mediated inflammation if present.

This molecular pathway is certainly not specific to COVID-19. Patients with glaucoma are known to display agonistic ß2-AAb, being linked to the increased IOP (23, 24) as an unspecific immuneapheresis eliminate the functional active ß2-AAb accompanied by a decrease in IOP and/or a number of antiglaucoma eye drops (23). AT-1-AAb was reported previously in sera of patients with malignant hypertension or preeclampsia (25, 26). ß2-AAb and M2-AAb have already been observed in patients with CFS, independent of COVID-19 (27). Thus, we assume that there are various triggers, stimulating the immune system (e.g., inflammation and ischemia) in order to generate GPCR-AAbs. These coexisting factors could be set up as a vicious circle, as GPCR-AAbs have been observed to act particularly in ischemic or inflammatory regions (28). Binding and neutralizing the GPCR-AAbs would be a great option to eliminate their functional activity in diseases with seropositivity of GPCR-AAbs (23).

BC 007 is an aptamer that binds and neutralizes various GPCR-AAbs. It is an unmodified 15-mer DNA-based oligonucleotide (aptamer), consisting of nine guanosine (purine nucleoside), and six thymidine (pyrimidine nucleoside) nucleosides of the following sequence 5′-GGT TGG TGT GGT TGG-3′. It was identified to neutralize a broad spectrum of pathogenic GPCR-AAbs (29, 30). BC 007 is currently in a phase-2 clinical trial for the treatment of heart failure in patients who are seropositive for ß1-AAb. BC 007 has a favorable safety profile and is well-tolerated as an intravenous infusion of up to 1900 mg i.v. over 75 min, as tested in a dose-finding study. A transient anticoagulatory effect (mild-to-moderate increase in PTT, PT, and INR) that normalizes immediately after the end of infusion was an expected side reaction. The attempt of healing with BC 007 was done as the severity of the LCS increased during 5 months after the 2nd COVID-19 infection (i.e., 13 months after the 1st COVID-19 infection). Thus, we assume that the reduction of LCS is due to the effect of BC 007-mediated neutralization of GPCR-AAbs and not due to an infection resolution. Previous in vitro experiments suggested that BC 007 does not bind and neutralize specific anti-SARS CoV-2 antibodies (31). As the patient, presented in this manuscript, was seronegative for specific anti-SARS CoV-2 antibodies previous to the treatment with BC 007, we cannot address this issue.

In conclusion, here, we report a remarkable reversal of an LCS with a variety of characteristics in a patient with seropositivity for GPRC-AAbs by neutralization of these GPCR-AAbs with the aptamer, BC 007. The specific neutralization of the latter improved the impaired retinal capillary microcirculation and chronic fatigue symptoms, arose from LCS. In parallel, loss of taste, imbalances, and brain fog disappeared, and IOP and blood pressure (diastolic) could be lowered.



METHODS


Cardiomyocyte Bioassay

An established sensitive bioassay was used for the detection of the GPCR-AAbs as ELISA yielded a high specificity in animal samples, yet not in human samples (32). Spontaneously, beating rat cardiomyocytes were cultured for 4 days and then used for the experiments as described in detail (33). The beating rate was counted on six selected fields of the culture flask placed on a heated stage of an inverted microscope (37°C) for 15 s. The AAb containing IgG preparation in the sera of the patients was used in a dilution of 1:50. The cardiomyocyte bioassay was incubated with the sera of the patient (for 60 min; dilution of 1:40). The cut-off was found to be 1.8 beats/15 s.



Chronic Fatigue Scores

Chronic fatigue (CF) scores were used as follows: Canadian Criteria, Chalder Fatigue Scale, and the Bell Score. The more are the decrease of the Canadian Criteria and Chalder Fatigue Scale, the merrier is the CF symptoms of the patient. The more is the increase of the Bell Score, the merrier is the CFS symptoms.



Optical Coherence Tomography–Angiography

Retinal vessels density (VD) was scanned with the Heidelberg Spectralis II (Heidelberg Engineering, Heidelberg, Germany). Two anatomical areas of the eye were monitored (scan angle: 15° × 15°; scan size: 2.9 × 2.9 mm; total scan size: 8.41 mm2; diameter of inner ring: 0.8 mm; diameter of the outer ring: 2.9 mm): macula and peripapillary region. By scanning the macula region, a subdivision of the region into three microvascular layers can be done: superficial vascular plexus (SVP, thickness: 80 μm), intermediate capillary plexus (ICP, thickness: 50 μm), and deep capillary plexus (DCP, thickness: 40 μm). Peripapillary microvessels were scanned in one overall layer as provided by the company. The scans were done in the highest commercially available lateral resolution of 5.7 μm/pixel. After manual checking for correct segmentation or artifacts, analysis of the scans was done by the Erlangen-Angio Tool (EA-Tool; version 3.0; Matlab, The MathWorks, Inc., R2017b), enabling quantification of VD with high reproducibility and reliability (34). The EA-Tool (version 3.0) is advanced software, implementing an Anatomical Positioning System (APS, part of Glaucoma Module Premium Edition [GMPE], Heidelberg Engineering, Germany). The APS module enables an exact alignment of OCT-A scans to individual Fovea-to-Bruch's Membrane Opening-Center (FoBMOC) axis of each patient (“APS-ify”). In addition, the advanced EA-Tool (version 3.0) implements the option to analyze peripapillary VD according to the BMO landmarks (BMO-based peripapillary VD), representing the exact border of the optic nerve head. The BMO and APS coordinates were exported by SP-X1902 software (prototype software, Heidelberg Engineering, Heidelberg, Germany) (35).
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University students represent a highly active group in terms of their social activity in the community and in the propagation of information on social media. We aimed to map the knowledge, attitudes, and perceptions of University students in Cyprus about severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and Coronavirus disease 2019 (COVID-19) to guide targeted future measures and information campaigns. We used a cross-sectional online survey targeting all students in conventional, not distance-learning, programs in five major universities in the Republic of Cyprus. Students were invited to participate through the respective Studies and Student Welfare Office of each institution. The survey was made available in English and Greek on REDCap. Participation was voluntary and anonymous. The questionnaire was developed based on a consensus to cover the main factual information directed by official channels toward the general public in Cyprus at the time of the survey. In addition to sociodemographic information (N = 8), the self-administered questionnaire consisted of 19 questions, assessing the knowledge regarding the characteristics of SARS-CoV-2 and COVID-19, infection prevention and control measures (N = 10), perceptions related to COVID-19, for instance, whether strict travel measures are necessary (N = 4), and attitudes toward a hypothetical person infected (N = 2). Furthermore, participants were asked to provide their own assessment of their knowledge about COVID-19 and specifically with regard to the main symptoms and ways of transmission (N = 3). The number of students who completed the survey was 3,641 (41% studying Health/Life Sciences). Amongst them, 68.8% responded correctly to at least 60% of knowledge-related questions. Misconceptions were identified in 30%. Only 29.1% expressed a positive attitude toward a hypothetical person with COVID-19 without projecting judgment (9.2%) or blame (38%). Odds of expressing a positive attitude increased by 18% (95% CI 13–24%; p < 0.001) per unit increase in knowledge. Postgraduate level education was predictive of better knowledge (odds ratio (OR) 1.81; 95% CI 1.34–2.46; p < 0.001 among doctoral students] and positive attitude [OR 1.35; 95% CI 1.01–1.80; p = 0.04). In this study, we show that specific knowledge gaps and misconceptions exist among University students about SARS-CoV-2 and COVID-19 and their prevalence is associated with negative attitudes toward people with COVID-19. Our findings highlight the integrated nature of knowledge and attitude and suggest that improvements to the former could contribute to improvements in the latter.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a novel respiratory infection caused by the severe acute respiratory syndrome Coronavirus-2 (SARS-CoV-2). It quickly spread across the world, making the WHO declare the situation a public health emergency of international concern on January 30, 2020, and a pandemic on March 11, 2020 (1–4).

An important aspect in the attempt to control the spread is to ensure the understanding of the public with regard to the transmission of the virus, the symptoms of the disease, and protective measures. The main symptoms include fever, cough, fatigue, myalgia, nausea, and shortness of breath, which in severe cases may lead to acute respiratory distress syndrome or cardiac injury (5). Severe forms of infection concern mainly people with comorbidities, immunosuppression, and the elderly (6). Transmission of the virus is done mainly through respiratory droplets. Transmission precautions are of critical importance, including physical distancing, wearing of masks, hand hygiene, and respiratory etiquette, particularly considering the longer incubation time of the virus.

The Republic of Cyprus, with a population of 888,000, reported its first two cases of COVID-19 on March 9, 2020. On March 21st, the first death was recorded (7). The government of Cyprus adopted restrictive measures to prevent transmission, including movement prohibitions, compulsory distancing, and self-isolation between March 24, 2020, and May 3, 2020 (8). In addition to the WHO and the European Center for Disease Prevention and Control (ECDC), the main local sources of information for the public were the press releases by the Ministry of Health through the Press and Information Office (8).

More than 38,000 students were enrolled in the tertiary education institutions in the Republic of Cyprus, accounting for nearly 5% of the total population (9). Due to their high social networking and general mobility, students play an important role in the spread of communicable diseases. Students are also known to be highly active in social media platforms and the internet, rendering them an important group when it comes to the propagation of information during crises. Moreover, they are members of families and are therefore potential spreaders of viral infections to vulnerable population groups.

The aim of the current study was to investigate the University students knowledge and perception of SARS-CoV-2 and COVID-19. Identifying misinformation and misperceptions in this group is important in the context of customizing the content of communication material and other information activities. Several studies in the literature have assessed knowledge, attitudes, perceptions, and/or practices related to COVID-19, some directed toward the general population and others toward specific population groups, including University students. Often, studies among University students originate from a single academic institution directed toward its own student body. While findings in such cross-sectional studies are time-bound and can only be understood within the local context, the assessment of knowledge and attitudes of University students is important, especially when originating directly from the institutions involved, which have a responsibility to understand the current level of affairs among their community and thus tailor their educational and community-building efforts accordingly and expand the various channels of communication with the students. Through the COVID-19 interacts partnership across all five major universities in Cyprus, this study was addressed to the nationwide population of University students.



METHODS

This was a cross-sectional, multicenter, web-based survey across the five major universities in the Republic of Cyprus [two state-funded: University of Cyprus (UCY), Cyprus University of Technology (CUT) and three private: European University Cyprus (EUC), University of Nicosia (UNIC), and Frederick University (FrU)]. The self-administered survey was released in English and Greek from March 17 to 31, 2020. Due to the need to gather quick “intelligence” about potential misconceptions and/or problematic attitudes among the student population, as the response to the pandemic in Cyprus was unfolding and the country was entering its first lockdown, it was decided in advance that the survey will remain open for a period of 2 weeks (17–31 March), unless there was a need to extend the survey further due to suboptimal participation. It was constructed, delivered, and managed using REDCap (10), installed in secure servers of UCY, and technically supported by UCY Information and Technology Department to ensure data integrity.

Following institutional approval by participating universities and the Cyprus National Bioethics Committee (approval no. 2020.01.51), a password-protected weblink was forwarded to the institutional email of the potential participants. Inclusion criteria were as follows: the student should (a) be registered at any of the five participating academic institutions, with an active email institutional address; (b) follow a conventional, not distance-learning, program of study, irrespective of the academic field, department, or faculty; (c) give consent, and finally to participate by checking the informed consent opt-in box provided at the beginning of the survey; and (d) respond to the full list of questions in the online questionnaire.

Participation was voluntary and anonymous, after informed consent, provided in the form of a declaration checkbox prior to opting in. Participants could cancel their interaction at any time by exiting the web browser prior to submission. Students were invited to participate through the respective Studies and Student Welfare Office of each institution. A presurvey section included confirmation of the status of the participating student by stating their institutional email. Students enrolled in conventional undergraduate and postgraduate programs were eligible to participate, irrespective of the school/department and the level of study (undergraduate, postgraduate, and doctorate), ensuring a diversity of background and covering a long list of academic subjects offered across these universities. Distance learning students were not included, since the focus was on perceptions among those residing in Cyprus at the early stages of the outbreak. The total number of eligible students invited to participate was 19,176.

The survey questionnaire covered knowledge and practices, self-assessment of their knowledge, perceptions, and attitudes. Due to the topic under investigation (i.e., an epidemic of a new disease with its own special characteristics), the survey did not include previously validated questionnaires or a set of questions, but questions developed by consensus of all study investigators to capture the local experience based on the main factual information directed by official channels toward the general public in Cyprus at the time of the survey. The penultimate draft was pilot-tested by study investigators to provide feedback on the technical aspects, user-friendliness of the interphase, operationality, and handling. Necessary modifications were applied before finalizing the survey.

The questionnaire consisted of 27 questions across four sections: 8 on sociodemographic characteristics and study-related information; 10 on knowledge about the characteristics of SARS-CoV-2 and COVID-19, infection prevention, and control measures; 4 on general perceptions related to COVID-19; 2 on attitudes toward a hypothetical person infected; 1 on self-assessment of the general level of knowledge about COVID-19 and 2 on specific knowledge with regard to the main symptoms and ways of transmission (Survey Questionnaire blueprint, Supplementary Figure 1).

The number of items included in the measurement tools to capture the knowledge of the University students may range in numbers across similar studies; nevertheless, all tools tend to be short, for instance, from 14 items, as in Khasawneh et al. (11) to 23 items as in Lincango-Naranjo (12), covering common areas, such as mode of transmission, virulence, main symptoms, vulnerable groups, and preventative measures. Across studies, items are selected based on the national and international guidelines (WHO, CDC, ECDC), while keeping the questionnaire short. In the case of our study, multiple choice responses with one or several answers (for example, “Which of the following are the vulnerable groups?”) were preferred rather than True vs. False statements, commonly included in other knowledge surveys (for example, “People with chronic diseases are at a higher risk.”) (11, 12).

A “Positive attitude” toward a person infected with COVID-19 was operationalized using two definitions: (a) positive response to statements “doesn't change the way I think about them” and “I will try to support them as much as I can,” irrespective of other statements in the response, and (b) subsample of participants who responded positively to these statements and also negatively to statements, such as “the person has bad self-hygiene” or “they were negligent to self-protect efficiently.” In the questionnaire, students also had to denote whether their “degree is related to Health of Life Sciences e.g., Medicine, Nursing, Pharmacy, Biology, Microbiology, Public Health, etc.” Based on the response, the participants were classified into two groups (Health/Life Sciences vs. the rest) for the purpose of the analysis. Students in Health or Life Science programs were further asked whether epidemic management and Public Health protection were part of their curriculum. Upon submission of the questionnaire, students were presented with an information page with the correct answers to the knowledge questions, based on the WHO guidelines at the time.

Characteristics of the participants are presented in the overall sample and by field of study (Health/Life sciences vs. the rest). Differences in self-assessed knowledge were assessed in parametric (one-way ANOVA and t-test for independent samples) and non-parametric (Kruskal–Wallis) tests according to demographic characteristics and field of study. Differences in knowledge, perception, and attitudes between Health or Life Science students vs. the rest were explored in chi-squared tests. In addition to responses to each individual question, an overall knowledge score with a theoretical range of 0–10 was calculated as the sum of the correct answers (single correct answer or combination of answers, as applicable) assuming equal weight across all 10 questions. Predictors of better knowledge operationalized as continuous and as categorical variables (score of ≥8) were explored in linear and binary logistic stepwise regression models, respectively. All demographic, perception, and attitude variables were considered in the multivariable regression models. Logistic regression models were also used to estimate the odds of a positive attitude toward an infected person by knowledge, perceptions, and sociodemographic variables.



RESULTS

A total of 3,641 complete responses were received (65.5% women, 80.9% bachelors, and 85.6% native Greek speakers); response rate of 19% (Table 1). In total, two-fifths (41.1%) were enrolled in Health or Life Sciences programs. Among those, 61.9% reported that epidemic response was part of their curriculum program. The large sample size ensures high precision in the estimates. For example, precision analysis indicates that percentage responses around 50% are estimated with a margin of error smaller than 2% while for lower (e.g., 5%) and higher (e.g., 90%) percentages, the 95% CI have an even smaller margin of error (<1%). Furthermore, post-hoc power analysis indicates that the study had at least 95% of power to detect differences between comparison groups as statistically significant at the 5% of as little as 0.2 in the case of continuous variables and smaller than 5% of point differences in the case of categorical variables.


Table 1. Sociodemographic characteristics of the participants and self-evaluation of the level of knowledge about new coronavirus/COVID-19 across five universities and according to study program (N = 3,641, listwise complete responses).
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Knowledge About SARS-CoV-2 and COVID-19

Responders assessed their own level of knowledge as relatively high, with a mean of 74.7 (SD 16.8) and median 77 [interquartile range (IQR) 66–85] on a 0–100 scale. Differences in self-assessed knowledge by study program and sociodemographic characteristics are presented in Table 1. Even though statistically significant in many cases due to the large sample, differences were too small to be meaningful and only in the range of 2–3 points on average.

In general, 68.8% of the participants responded correctly (based on the scientific knowledge at that time) to at least six questions, and 20.6% responded correctly to eight or more (Table 2). The highest percentages of correct answers were recorded in questions related to washing hands to reduce the risk of infection (true, 96.8%), the maximum time between infection and presentation of symptoms (2 weeks, 84.0%), and local telephone line to contact authorities (1420, 82.3%). A relatively high percentage of correct answers was also recorded in relation to the global case fatality rate (between 1 and 10%, 73.5%), the protective use of surgical masks by healthy individuals (not true, 71.7%), and availability of preventive medicines or vaccines to reduce risk of infection (not true, 71.2%).


Table 2. Knowledge about symptoms, virus transmission, personal, and public health response by tertiles of self-assessment of knowledge on a 0–100 scale (N = 3,641).
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In the case of symptoms, transmission, and vulnerable groups, knowledge appeared more fragmented. For instance, while the vast majority reported that fever (96.5%) and cough (91.7%) are symptoms of COVID-19, only 8.6% included fatigue in the three main characteristic symptoms. Moreover, a high percentage of responders reported correctly that people over 65 years, with chronic conditions, and immunocompromised have a higher risk of serious illness or death from COVID-19. However, only 38.8% included only these three groups in their answer, since the majority also included incorrectly other groups from the list of options. Similarly, while 89.3% reported viral transmission via droplets and touching the face after contact with the contaminated surfaces (83.3%), only 37.4% included these two options correctly while the majority included other answers incorrectly, with 20.8%, for example, reporting transmission through sexual contact.

A stepwise association between correct answers and self-assessed knowledge or at least a lower percentage among the tertiles who rated their knowledge lower was observed in seven out of 10 questions. Differences were generally small both in questions answered correctly by most participants (e.g., reduced risk of infection by washing hands, 95.2 vs. 97.5 vs. 97.8%, p < 0.001) and in those answered correctly by a smaller percentage (e.g., the transmission of COVID-19, 34.1 vs. 40.3 vs. 38.4%, p = 0.004). Even though there was a systematic pattern of generally better performance by Health or Life Science students, differences were too small to be meaningful (average knowledge score 6.4 (SD 1.6) vs. 6.1 (SD 1.6); p < 0.001).



Perceptions, Beliefs, and Attitudes

There were no significant differences between students in Health and Life Sciences vs. other programs in terms of general perceptions and beliefs (Table 3). In terms of disease spread, the optimism that things will be better in Cyprus compared to Europe was marginally higher among Health & Life Science students (40.1% compared to 35.5% in other programs; p < 0.005). Nevertheless, while 85% reported that their relationship with a person having COVID-19 would not change, 37.6% described this hypothetic person as “negligent to protect themselves efficiently,” and 33.4% did not state that they would “try to support this person as much as they can.” The percentage who expressed a positive attitude without also projecting judgment was only 28–29%, which was surprisingly similar among Health or Life Science and other students.


Table 3. Perceptions, beliefs, and attitudes by study program (N = 3,641) and whether curriculum covered epidemic management (N = 1,496).
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Predictors of Knowledge and Positive Attitude Toward Persons With COVID-19

The self-assessment of students regarding their own knowledge was a predictor of objectively assessed knowledge, after adjusting for sociodemographic factors in multivariable stepwise regression models (Table 4). However, the observed difference across tertiles of perceived knowledge was lower than one additional correct question (b coefficient 0.23 per tertile increase, 95% CI 0.17, 0.29; p < 0.001). Positive attitude toward persons with COVID-19 was also a predictor of higher knowledge score on average (b coefficient 0.26, 95% CI 0.16–0.36) and of the likelihood to answer eight or more questions correctly (OR 1.30, 95% CI 1.10–1.53). The reverse is also true; the odds of expressing a positive attitude increased by 18% (95% CI 13%, 24%) per unit increase in terms of the knowledge score.


Table 4. Predictors of knowledge and positive attitude toward persons with COVID-19 as estimated in stepwise linear and logistic multivariable regression models (N = 3,641).
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The program of study was a predictor of knowledge, with a slightly lower score (−0.28 95% CI 0.39, −0.18) among non-Health/Life Science students who were 27% less likely to respond correctly to eight or more questions (OR 0.73 95% CI 0.62, 0.86). In contrast, Health or Life Sciences students were not more likely to express a positive attitude compared to others.

Men and postgraduate students appeared more likely to respond correctly. However, being a man was associated with lower odds of a positive attitude toward persons with COVID-19 (OR 0.84, 95% CI 0.72–0.98). Other than being more knowledgeable, the postgraduate students were also more likely to express a positive attitude. Being a non-native Greek speaker was associated with a marginally lower knowledge score (−0.16 95% CI −0.30, −0.01) but a higher positive attitude (OR 1.47 95% CI 1.20–1.80). Knowing someone who takes antibiotics preventatively for COVID-19 and not considering travel restrictions necessary were negatively associated with knowledge. In fact, these were among the characteristics with the strongest associations. In terms of “fear,” those who believed the spread in Cyprus would be similar to elsewhere were both more knowledgeable and more likely to express a positive attitude toward an infected person (OR 1.19, 95% CI 1.02–1.38).




DISCUSSION

The current survey collected information on an epidemiologically important population subgroup to evaluate knowledge, perceptions, and attitudes in relation to the COVID-19 pandemic. Students are a socially active population with important implications. The recent resurgence of COVID-19 has been often attributed to the leisure activities of young persons (13). Therefore, findings can be used to tailor and improve the content and quality of the information provided to students, in order to safely maintain their social habits without increasing the risk of SARS-CoV-2 transmission.

Participants assessed their knowledge relatively high, even though gaps (e.g., symptoms and transmission) and misconceptions (e.g., need for protective measures mostly by populations at risk) were identified. While those who assessed their knowledge higher were more likely to respond correctly, the observed differences were small. However, better knowledge was associated with a positive attitude toward persons infected with SARS-CoV-2, while studying at the postgraduate level was a predictor of both knowledge and positive attitude. Interestingly, those who neither underestimated nor overestimated the risk of spread appeared both more knowledgeable and more likely to have a positive attitude.

While Health or Life Science students performed marginally better in terms of knowledge, they were not more likely to express a positive attitude. Only one in the three participants expressed a positive attitude without also projecting any kind of judgment about an infected person. COVID-19-related stigma and reactive behaviors have been documented across the world, with social and health consequences on the recipients of such attitudes (14).

Our study was addressed to all University students across major universities in Cyprus, irrespective of the academic discipline, with one in five students responding to the call. Previous studies among students assessing knowledge and perceptions with regards to COVID-19 often restricted their investigation to a single faculty or University (15–18) or extend their investigation across several universities, with a few exceptions (19–21), often with a focus on students in clinical programs (11, 12, 21–24). Achieved sample sizes vary widely across these studies from as few as 250 to as many as 1,400. While in most cases, sample size exceeds the minimum required based on precision analysis for the estimation of percentages with a 5% margin of error, the representativeness of the sample due to volunteer bias is a common limitation across studies. Studies also differ in focus (i.e., knowledge, attitudes, perceptions, and/or practices) as well as questionnaire content, range, and type of response items (e.g., True/False vs. multiple choice questions), thus, not allowing direct comparisons. Each study should be understood in the local context and timing both in terms of the course of the epidemic as well as the response of the authorities and the role of the media.

Nevertheless, studies denote some common findings. For instance, higher knowledge was associated with a more positive approach toward risks and perceptions related to COVID-19, indicative of higher levels of understanding of risk factors and virulence (19, 20, 23, 24). A median of 6 (out of 10) correct answers was recorded in our survey, which is comparable to or lower than other cohorts (19, 20, 23). Important gaps have been noted in the knowledge of basic modes of transmission. A notable proportion of respondents in several surveys did not recognize respiratory droplets as the main transmission route of the virus (ranging between 8 and 75%, compared to 11% in our study) or did not consider masks (ranging between 10 and 32%, compared to 28% in our study) as an important protective measure (11, 17, 19). It should be noted that at the time of this survey, the use of masks by the general population was not compulsory in Cyprus. Varied awareness of the main symptoms of the disease has also been reported in previous studies. An example here is the triad of fever, cough, and weakness/fatigue, vs. the triad of fever, cough, and shortness of breath, recognized as the most common symptoms of COVID-19 (11, 19, 25) by 8.6 and 63%, respectively.

Certain misconceptions were also detected among our cohort regarding preventive measures of SARS-CoV-2 transmission. In our study, participants were asked if they knew someone who took antibiotics preventatively for COVID-19. Even though <3% of the participants reported positively to this question, this was one of the characteristics with the strongest association with a lower knowledge score. Previous studies which included an antibiotics-related question have also identified that this may have been a common misconception in the early days (16, 18). More importantly, as many as 42% in our study believed that measures should be mostly used by the elderly and populations at risk. This indicates the need to test not only communication messages for consistency but also effect, as the focus to protect the elderly, and the vulnerable groups may inadvertently lead the younger people to underestimate the importance of taking protective measures themselves.

Even though attitudes toward people infected with COVID-19 was not the intended focus that we prioritized of this study, it was notable, based on the data collected, that only one in three respondents adopted both statements tapping on empathy without projecting judgment (i.e., bad self-hygiene) and assigning blame (e.g., negligent). This should also be interpreted in the local context. While reporting in Cyprus may have been largely neutral, focusing on daily updates and the need to adhere to measures, it was not characterized by empathy toward the people affected, and it might have at least indirectly triggered “blame assignment.” Similar studies among University populations do not always include stigma-related questions, thus not allowing direct comparisons. A notable exception is a study by Baniyas et al. (22), where as many as 67% among a sample of 712 medical and Health Science students across universities in the United Arab Emirates reported that infection with the virus is associated with stigma. Similarly, a study of 1,404 students across six medical schools in Jordan found that one in three would prefer to keep it a secret if a family member got infected (11).

In our study, women and postgraduate students were more likely to express a positive attitude, while attitudes of students in Health and Life Science did not differ from those in other programs as also shown by Alzoubi et al. (17). This may not be surprising considering that students in these disciplines do not necessarily have innate levels of empathy (26) or become more empathic during their studies (27), raising questions about the need to strengthen empathy-focused training for future health professionals (28).

To some extent, findings regarding the knowledge of disease symptoms may be attributed to changes in the information provided to the public as the pandemic progressed. For example, 44% of students included pregnant women in the vulnerable groups. Even though pregnant women were not listed in the vulnerable groups by the Ministry of Health, working pregnant women were included in the eligibility list for temporarily suspending their employment and received state funding during the pandemic by the Ministry of Labor. Lastly, some questions may have been difficult for participants to answer correctly (i.e., global fatality rate), due to inconsistent terms used by media.

Certain limitations in this study should be acknowledged. Due to the rapid progress of the pandemic and the need to timely address the issues investigated in this work, a pilot study to pretest the questionnaire for readability and comprehension with the intended audience or a study on student subpopulations was not performed. Nevertheless, the intention was not to develop and validate a composite measurement scale of knowledge for future use but to identify certain misconceptions among the student population regarding distinct but important issues. In fact, opting for multiple-choice questions compared to the common choice of True vs. False, allowed us to explore the range and combinations of responses.

To the best of our knowledge, this is the largest survey to date that assesses knowledge, perceptions, and attitudes of students in relation to COVID-19. Due to the large sample size with national coverage, the study had more than adequate statistical power to detect even small differences among sub-groups. More importantly, including students from all programs, not just clinical programs of study, allowed to assess the extent to which knowledge and attitudes of students in the Health and Life Sciences differ compared to “all others.” Many similar studies with a University student sample either do not explore this information or restrict the survey to medical and other Health Sciences students. The fact that we selected to include only students studying in conventional programs adds further strength to the study, as we sought information only from students whose responses were pertinent to Cyprus.

While the sample represents one in five of all registered students across participating universities, selection (volunteer) bias cannot be excluded. While this may affect the representativeness of the sample, the direction in which it might have affected the results is not clear as students who responded to our call might have been more or less well-informed compared to the overall student community. While the online nature of the survey might have affected the findings in terms of knowledge (e.g., participants could confirm their answers online), it should be noted that relatively large variability was observed, with only 20.6% of the participants responding to eight or more questions correctly while an equally substantial percentage of 15.2% answered correctly only for four or less. Furthermore, while participants regarded themselves as moderately knowledgeable (median 75 on a scale of 0–100, IQR 66–85), the association between self-assessed and actual knowledge was not strong.

The cross-sectional nature of the study does not lend itself to assessing the extent to which knowledge, perceptions, attitudes, and behaviors among the University student population, have changed over time. The study was performed at a point in time when the number of COVID-19 cases in the country was still low. It would be interesting to assess how attitudes of University students toward people infected and affected by COVID-19 have changed since then. A number of studies from Cyprus were identified, albeit with a cross-sectional design. In fact, they tend to restrict their investigation to the knowledge and perceptions of healthcare providers (29) and more recently, attitudes toward COVID-19 vaccines (30, 31). We are not aware of any prospective studies that have tracked knowledge, perceptions, practices, and/or attitudes over time either among the general Greek-Cypriot population or any sub-population groups.

Regarding the practical implications of the study, each University involved in this study actively engaged with its student body with the aim to disseminate up-to-date information using various media and channels, in the form of websites, informational leaflets, fact sheets, FAQ, etc. Furthermore, universities strengthened the direct support offered to the student community at a personal level. This took several forms, such as science cafés, telephone hotlines, or other counseling services. One notable example was the “we are in this together” direct line of the Cyprus University of Technology (32). Even though this was originally conceived as a support service offered to healthcare professionals by the Department of Nursing of the University, records indicated that the majority of calls originated from students and community members.



CONCLUSIONS

The current survey among a large sample of University students denoted specific targets to improve information activities and guidance toward this important population group. Findings highlight the importance of continuous communication, especially as guidance changes, to minimize misunderstandings that may undermine optimal prevention measures in the community. Although future actions should aim to improve knowledge, the various communication channels should be aware of the effect that communication of knowledge may have on shaping attitudes toward infected and affected persons. Factual information and recommendations by international and national authorities have changed during the course of the pandemic, highlighting not only the importance of communication from official channels to cover “what is currently known” but also “what is not known” and how information may still change based on emerging evidence. Other than transparency in the communication, messages, whether originating from regulatory authorities or University channels should also be assessed for their effect. Beyond factual information, communication should tap on empathy and avoid stigma. In Cyprus, while there was some organized community action from institutions and bodies (e.g., Municipalities and Universities), the extent of prosocial behavior at the individual level is not known and should be explored in future studies. Stories of organized community action did not hit the mainstream media to the same extent as elsewhere, while the official media in Cyprus may have inadvertently, at least at the time of this study, triggered “blame assignment.” While entering the first nationwide lockdown and University education moving online, the motivation behind adhering to measures may make little difference if the end goal is to stop the spread of the disease. However, understanding the drivers underpinning attitudes, practices and behaviors is vital when universities are open and social activity resumes. Future studies should focus on other important constructs that mediate the response of the public, such as empathy and compassion toward people affected by COVID-19.
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At the time of sampling (2020/2021), the number of new cases of SARS-CoV-2-positive individuals in the Czech Republic significantly exceeded the numbers in neighboring countries and in the EU. In terms of the number of deaths, the country ranked near the top of the list. Legislative orders required wearing masks indoors, disinfecting surfaces in public places, and limiting the number of people per sales area in commercial spaces. Due to an situation, most schools and shops were closed. The entire country anticipated a total lockdown. To assess the risk to public health regarding SARS-CoV-2 transmission, air and surfaces were sampled in two public places: a post office and a shopping center. Samples were also collected at the COVID-19 unit at the local hospital. Neither air nor surface samples were positive for SARS-CoV-2 virus particles in the post office or shopping center. Positive results were found in the hospital ward, with floors being the most and highest contaminated surface. Based on our results, we believe that public places do not pose a risk in relation to SARS-CoV-2 transmission, especially when epidemiological measures to reduce transmission are followed, such as wearing masks, using disinfectant or limiting the number of customers per retail establishment.
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INTRODUCTION

The SASR-CoV-2 pandemic expanded at the turn of the years 2019 and 2020, erupting from a local outbreak in Wuhan, China to spread across the entire world. The speed with which the virus traveled, combined with the ease of transmission amongst patients with mild symptoms or no symptoms at all, meant that SARS-CoV-2 infected vast numbers of people in a relatively short time. Government and hygienic services in affected countries were nearly helpless to face the virus's rapid spread within the population. A series of implemented protective measures were blindly put in place, primarily focused on restricting the population's movement. This led to the partial or complete lockdown of the commercial sector in most of the affected countries, leaving only the essential stores open. All other segments of the commercial sector remained closed without any prospect of re-opening.

However, different countries' lockdowns in the commercial sector always occurred together with other measures such as school closures, restrictions on travel between regions, cancellations of group sports, mandates for wearing masks, etc. Therefore, it is difficult to evaluate the efficacy of each individual measure. Furthermore, different countries implemented these measures to varying degrees. The main variables in the protective measures' efficacy were the motivation of citizens to adhere to the measures and adapt their behavior accordingly, as well as the impact of the virus variant itself, compounded by the overall epidemiological situation in a particular country.

The retail lockdowns were criticized as ineffective because the number of infections rose despite the retail closures. Various countries reported the same scenario. Retail representatives claimed that stores can easily restrict access and control the compliance with the hygienic measures like face mask wearing, social distancing or surface sanitization. Despite these assurances, stores remained closed, causing massive economic damage to the service and commercial sectors. Never in the past there has been such a massive restriction on the entire running of the country, involving both a restriction on the personal freedom of each individual and a restriction on the country's economy.

To help the decision-making bodies focus on effective preventive and protective measures in suppressing SARS-CoV-2 prevalence in the population, this study examined the screening of internal premises with a high movement of people to determine the risk of infection to patrons and visitors. For the purposes of the study, the central post office in Brno, Czech Republic (population 382,000) and a large shopping center in Olomouc, Czech Republic (population 100,000) were selected. The sampling was performed in the period of the SARS-CoV-2 epidemic when the percentage of positive tests exceeded 30% in the Czech Republic. The samples were taken by surface swabs from the internal environment as well as from the air. To compare the data from the publicly accessible internal premises, similar samples were collected from a local hospital's COVID-19 unit.



MATERIALS AND METHODS


Premises Selection

The study focused on the spread of the SARS-CoV-2 virus in enclosed premises with increased crowds and unavoidable social contact. The first sampling was performed on 17 December 2020 in the evening after 6 p.m. at the central post office in Brno city with a daily turnout of 2,600 people. Sampling was performed during the holiday season when the daily percentage of newly identified cases exceeded 30% (Ministry of Health of Czech Republic; https://onemocneni-aktualne.mzcr.cz/api/v2/covid-19) ending in early January 2021. The second sampling was performed on 17 February 2021 after 6 p.m. in the Šantovka shopping center in Olomouc, in which the supermarket and food court remained open. The samples were taken predominantly from the supermarket, however other places with a higher fluctuation of people were also screened due to movements of visitors through them (Table 1). The sampling was performed when the percentage of newly identified cases remained above 30% (Ministry of Health of the Czech Republic; https://onemocneni-aktualne.mzcr.cz/api/v2/covid-19). A total of over 10,000 people visited the Šantovka shopping center on the day of sampling. Of these 59% were pedestrians and 41% arrived by car. The last sampling was performed on 6 May, 2021 in a hospital unit set up for treatment of patients who tested positive for SARS-CoV-2 (Table 2). The hospital was situated in Blansko district, ~30 km from Brno.


Table 1. Description of the samples collected at the post office and in the shopping center.
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Table 2. Description of the samples collected at the COVID-19 unit.
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Sample Collection

Two types of samples - swabs and air - were gathered in all three locations. Swab samples were taken from surfaces which come into direct contact with people's hands as well as directly from the hands themselves (Table 1). The flocked swabs (FLOQSwabs Genetics, Copan, Italy) were moistened in a 0.9% saline solution and area of ~100 cm2 was wiped. The swab sample was immediately placed into 600 μl of Lysis buffer (EliGene® Viral DNA/RNA FAST Isolation Kit, Elisabeth Pharmacon) diluted to a 1:1 aqueous solution.

The air was sampled by the commercially available air washer LW220 (Beurer, Ulm, Germany). The principle of the air washer is based on the slow turning of a segmented wheel in water. The tank intended for the water was filled with ~4 l of the Lysis buffer (EliGene® Viral DNA/RNA FAST Isolation Kit, Elisabeth Pharmacon) diluted in a 1:1 aqueous solution and the speed of the air flow was set to Maximum. The air washer was able to exchange 60 m3 of air per hour. This volume was determined experimentally by measuring the air flow when the machine was running at the Maximum setting.

The air washer was placed ~1 m above the floor in the location where people gathered. The main entrance door of the post office and the counter area of the supermarket were selected. On the COVID-19 unit, the air washer was placed on the window sill of a room with a covid patient. The operation time of the air washer in all three premises was 12 h, which means that 720 m3 flowed through the washer during each sampling. Afterwards, the remaining liquid for the air washer was collected and transferred into high-volume flasks.



RNA Isolation

The RNA from swab samples was isolated according to the original protocol from EliGene® Viral DNA/RNA FAST Isolation Kit (Elisabeth Pharmacon, Brno, Czech Republic). Two hundred microliters of the suspension with the swab was mixed with the Lysis Buffer with the Solution M added. In this step, 5 μl of internal amplification control (IAC) from the EliGene® COVID-19 CONFIRM RT (Elisabeth Pharmacon) was pipetted into the suspension. The whole volume was loaded onto the column, washed, and eluted to 50 μl of Elution buffer.

The liquid from the air washer was diluted with water to the original volume (4 l). Using a vacuum manifold, four separate spin columns, and special extensions for higher volume processing, a total of 500 ml of the liquid was gradually loaded onto the columns, processing an average of 125 ml per column. IAC was applied to each column in a similar way as the RNA isolation from swabs. The washing and elution to 50 μl was performed according to the manufacturer's recommendation from the EliGene® Viral DNA/RNA FAST Isolation Kit (Elisabeth Pharmacon).



RT-qPCR Analysis

The RT-qPCR analysis was performed by the EliGene® COVID-19 CONFIRM RT (Elisabeth Pharmacon) in total volume of 20 μl with 5 μl of the extracted RNA added. The qPCR protocol comprised an RT step at 55°C for 15 min, followed by the initial denaturation at 95°C for 3 min and 45 cycles of amplification at 95°C for 5 s, 55°C for 15 s, and 67°C for 15 s. The experiments were performed at CFX Touch qPCR (Bio-Rad, Hercules, CA, USA) cycler and the analysis of the results was performed by the CFX Maestro 2.0 software (version 5.0.021.0616).

To estimate an approximate number of viral particles in the samples, a simplified calibration curve was included in each run. According to the declaration of the kit's manufacturer, the positive control from the detection kit contains 103 synthetic DNA molecules of the SARS-CoV-2 targets per microliter. The undiluted and 10× - and 100× -diluted positive controls were used for the construction of the calibration curve in a range 103−101 DNA molecules/μl, i.e., 5 × 103−5 × 101/qPCR reaction. The LOD of the qPCR kit was determined by the manufacturer to be 15 genomic copies per qPCR reaction. Each isolated RNA molecule was processed as a technical triplicate. Samples were considered positive if they presented as positive in at least one repeat.




RESULTS


Analysis of the Central Post-office and Shopping Center Premises

A total of 71 swab samples of various surfaces, including hands of the operators/employees, were collected at the post office and in the shopping center (Table 1). All of them were found to be negative for the presence of SARS-CoV-2 virus. After 12 h of operating, the SARS-CoV-2 was detected neither in liquid from the air washer located at the post-office (n = 1) nor at shopping center (n = 1).



Presence of SARS-CoV-2 in the Environment of the Hospital COVID-19 Unit

Altogether 33 swab samples were collected from different premises within the hospital COVID-19 unit. Eleven samples (33%) were found to be positive for the presence of SARS-CoV-2 (Table 2). The quantity of virus in the positive samples was rather low, in units or tens of viral genomes in qPCR reaction. The quantity was not absolute and served only for the rough estimation of virus particle counts. The floor and various places that come into physical contact with patients' hands were the most contaminated with the virus. Samples taken from the floor or sole were positive for the presence of virus in five cases.

The air in the room with a single patient was found to be negative for the presence of the virus.




DISCUSSION

Today, the potential risk of SARS-CoV-2 transmission through touching fomites is known to be negligible. In the past, a number of studies demonstrated the presence of SARS-CoV-2 virus on surfaces with a higher or lower percentage of positive samples (1–3). As simple RT-qPCR was used in most of them, they could not provide any information about the viability of viral particles or their ability to cause infection. Based on prediction models, the estimated risk of probability of SARS-CoV-2 infection from contaminated surfaces through hands was determined to be low and ranged from <10−5 (2) to 10−6 (4). In fact, the real prevalence would be probably even lower due to voluntary/ordered quarantine of an unknown fraction of positive people and due to people not coughing directly to their hands, factors which the predictive models rely upon to work (4).

In our case, positive samples were not found in the central post office nor in the public area of the mall. Negative results were obtained despite an increase of over 30% of newly identified cases per day in both sampling periods (mid-December 2020 and mid-February 2021) in the Czech Republic. At the time of sampling, the Czech Republic had implemented a requirement for wearing masks in indoor places and the mandatory disinfecting of public places. Both of these factors could have contributed to an inability to detect the virus. Only a few studies focused on monitoring the virus in different facilities others than hospitals. SARS-CoV-2 RNA appeared in 6% of samples in Italian tourist and recreational facilities (3), 8.3% of indoor and outdoor high-touch surfaces in the city of Somerville, Massachusetts (2) and in 12.3% of samples collected from public sites and households with inhabitants who had active, recovered, and negative disease statuses as confirmed by PCR tests (5). Ardura et al. (6) found low positivity only at two out of 20 urban fomites—wood playground slide and sanitizer dispenser, while any positive sample was found out of 368 samples collected from high-touch surfaces from facilities with large amounts of pedestrian traffic (7). Cycle threshold (Ct) values of qPCR positive samples ranged between 34 and 40 (3, 5, 6), which could indicate either a partially degraded RNA or a low viral load. Disinfection using recommended chemicals—particularly ethanol, chlorine-based products or hydrogen peroxide (8)—significantly reduce viral presence on surfaces, which led to the negative qPCR results obtained in previously published papers (9, 10). Recently, concerns have been raised about the futility of disinfecting surfaces in public, non-hospital places (11). In our study, the sampling of public places was always done after 6 p.m. and cleaning and disinfection of surfaces was carried out after the end of sampling. Although disinfection was carried out several times a day in common days, its omission during the experiment should have reduced the degradation of the virus and its RNA and thus increased the probability of virus capture. Despite omitting cleaning and disinfectant use, no positive sample was found. It could therefore be assumed, that the effect of disinfection on spreading the virus could be excluded in our study.

Sampling in the hospital COVID-19 unit revealed positive samples in 40% of surfaces (10 positive from 25). All patients in the rooms were in advanced stage of recovery from SARS-CoV-2 and were qPCR negative, except for one patient (Table 2). Swabs from the end stage of infections are not infrequently negative. Nevertheless, it should be noted that the patients' hands and mouths were swabbed, instead of performing a nasopharyngeal swab, which means that the results could potentially manifest as qPCR-negative results. An air sampling, performed in Room 1, revealed completely negative results. In the study by Ma et al. (12), measurement of exhaled breath condensate in SARS-CoV-2 patients showed a breath emission rate between 105 and 107 virus particles per hour. However, sampling of air in the rooms of these patients showed significantly lower concentrations of SARS-CoV-2 (103 virus particles per hour) and positivity was proven in only one air sample of 26 (3.8%) (12). Positive air sample status varies through different studies from zero (9, 13) to more than 50% positivity (14, 15). Even if viral RNA is shown to be in the air, it says nothing about viability of SARS-CoV-2. The measuring of viable viral particles is usually not carried out or is unsuccessful (16). Nevertheless, demonstration of virions' ability to grow in a plaque assay has been proven. Lednicky et al. (17) found between 6 and 74 TCID50 units of SARS-CoV-2 viral particles per liter of air sampling in COVID-19 rooms in a hospital. Negative results of air sampled in hospitals can be explained by low virus emission, its inactivation by disinfectants, and its dilution or removal by fresh air flow as a common practice in hospital wards (12). Even then, the negative results of the air sample in our case was most probably caused by the patient's favorable condition and qPCR negativity. Any or all of the above-mentioned factors could further support this negative status.

Likewise in air, data on positivity of surface samples taken in hospital rooms with SARS-CoV-2 patients varies from higher (15, 16, 18) to very low or zero incidence (10, 19, 20). After disinfection procedures, which are subject to stricter requirements in hospitals as opposed to non-hospital facilities, the positivity of environmental samples is significantly reduced (18) or completely eliminated (9, 10, 21). In our case, SARS-CoV-2 was detected in all rooms examined, including staff rooms. Except in the room of Patient No. 2, samples from the floor (including shoe soles) were always positive despite regular cleaning and disinfection of rooms. Redmond et al. (18) also described higher contamination in floor samples compared to other high-touch surfaces. The floor is a relatively common SARS-CoV-2 contaminated surfaces in a hospital, primarily in patients' rooms (9, 16, 22). Similar to our case, viral RNA was also found in rooms other than the patients' such as the diagnostic room or the staff room (9, 12). Floor contamination may be related to subsequent contamination of shoes, which could then serve as transmission vectors of the virus (22). The reason for viral positivity on the floor is not fully clear. It could be explained by gravity and air flow causing virus particles on condensate to settle on the ground. Movement of medical staff around the ward can contribute to spreading the virus throughout the floor, including rooms without patients (22). Infrequent cleaning and the use of detergents instead of disinfectants could also play a certain role (18). The potential impact of contaminated cleaning equipment, such as the mop or floor rag, must also be taken into consideration.

The average viral load found in hospital surface swabs ranged from 1 to 56 particles per qPCR reaction (corresponding to 30–1,680 particles per swab). Similar results were obtained by Ma et al. (12) and Guo et al. (22), who estimated surface-borne viral load in hospitals to range from 101 to 103 viruses/cm2 and from 103 to 104 viral particles per swab. The comparison with other similar studies is however complicated due to expressing the results in Ct values (15, 16, 18) instead of counting to average viral particles. Survival of SARS-CoV2 virus on various surfaces for hours up to days was proven by in vitro studies (1, 23). However, high viral titres were used in the initial inoculum (104-107) in those studies, which does not usually reflect the real conditions. Despite evidence of SARS-CoV-2 on the surface, their growth capacity is low (17) and their ability to induce a cytopathic effect is null (24).

We are aware of the limitations of the study, which mainly lie in the one-time sampling. However, the aim of the survey was not to investigate the viability of the virus, but the real risk of potential infection of customers occurring in high concentrations in a given public place. Potential positivity in the case of sampling other public places, such as public transport, could not be refuted. However, both post-office and shopping center belong to very crowded places and moreover they enabled us to examine air comparing to, e.g., public transport.

In addition, the use of disinfectant, which was normally used several times a day, was omitted on the day of sampling in order to reduce the likelihood of degradation of the virus and its RNA and thus increase the likelihood of a positive detection. Nevertheless, no positive sample was detected at the post office or shopping center. Although negative data from both public places were submitted to the authorities, a complete lockdown of the entire country was declared 2 days after second sampling in the shopping center at the end of February. Based on our data, and previously published papers regarding low survival of the virus in the environment, its limited ability to grow in cultures, and low risk of virus transmission from fomites, we believe that closing the stores was not necessary and did not have considerable effect on minimizing the spread of the virus. In addition, compliance with anti-epidemiological regulations such as wearing masks, hand sanitization, controlling the limited number of customers per store, etc., would have been relatively easy to implement and readily observed, especially in the small local stores that were most affected by the lockdown.



CONCLUSIONS

Despite the high incidence of newly-identified SARS-CoV-2 positive cases during the sampling in all three locations, none of the surface samples collected neither at the central post office nor in the shopping mall were positive. These findings could be probably attributed to the obligatory wearing of masks indoors, mandatory disinfection of indoor surfaces, and limited numbers of customers per sales area in the Czech Republic at the time of sampling. As expected, SARS-CoV-2 RNA was found in swabs from a local hospital. Except for patients' rooms, positive swabs were found in all rooms tested, including the staff area, despite regular cleaning and disinfection. It may be speculated that movement of staff through the unit, ineffective cleaning or disinfection procedures, or contaminated cleaning tools are potential vectors of virus transmission throughout the hospital ward.
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Background: The outbreak of novel coronavirus disease 2019 (COVID-19) has led to tremendous individuals visit medical institutions for healthcare services. Public gatherings and close contact in clinics and emergency departments may increase the exposure and cross-infection of COVID-19.

Objectives: The purpose of this study was to develop and deploy an intelligent response system for COVID-19 voice consultation, to provide suggestions of response measures based on actual information of users, and screen COVID-19 suspected cases.

Methods: Based on the requirements analysis of business, user, and function, the physical architecture, system architecture, and core algorithms are designed and implemented. The system operation process is designed according to guidance documents of the National Health Commission and the actual experience of prevention, diagnosis and treatment of COVID-19. Both qualitative (system construction) and quantitative (system application) data from the real-world healthcare service of the system were retrospectively collected and analyzed.

Results: The system realizes the functions, such as remote deployment and operations, fast operation procedure adjustment, and multi-dimensional statistical report capability. The performance of the machine-learning model used to develop the system is better than others, with the lowest Character Error Rate (CER) 8.13%. As of September 24, 2020, the system has received 12,264 times incoming calls and provided a total of 11,788 COVID-19-related consultation services for the public. Approximately 85.2% of the users are from Henan Province and followed by Beijing (2.5%). Of all the incoming calls, China Mobile contributes the largest proportion (66%), while China Unicom and China Telecom are accounted for 23% and 11%. For the time that users access the system, there is a peak period in the morning (08:00–10:00) and afternoon (14:00–16:00), respectively.

Conclusions: The intelligent response system has achieved appreciable practical implementation effects. Our findings reveal that the provision of inquiry services through an intelligent voice consultation system may play a role in optimizing the allocation of healthcare resources, improving the efficiency of medical services, saving medical expenses, and protecting vulnerable groups.

Keywords: intelligent response system, voice consultation, construction, application, COVID-19, China


INTRODUCTION

In late December 2019, a cluster of pneumonia cases caused by a new severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) were firstly reported in Wuhan, Hubei Province, China (1, 2). The viral pneumonia was now officially known as novel coronavirus disease 2019 (COVID-19), which has been confirmed with the characteristic of human-to-human transmission (1, 3, 4). As of February 14, 2021, COVID-19 has extended to almost all of the countries or territories around the world, causing over 108.2 million confirmed COVID-19 patients that includes more than 2.3 million deaths (5). The COVID-19 pandemic has led to a large number of healthy, suspected, or asymptomatic-infected individuals visit medical institutions for diagnosis or treatment, resulting in a shortage of healthcare resources, and lots of people crowd in clinics and emergency departments (6, 7). The public gatherings may increase the infection risk of healthy people and medical staff. The COVID-19 outbreak has also caused a sharp increase in the demand for healthcare consultation services, far exceeding the capacity that medical institutions can bear (8, 9). In terms of the issues, it is necessary to carry out education, publicity, teleconsultation, and intelligent voice inquiry to assist people to take suitable prevention and control actions, such as fever clinic visits, quarantine, or self-isolation observation at home, respectively, according to their actual situations (10–13).

Given the situation of the COVID-19 pandemic, avoiding tremendous population visits to medical institutions and realizing remote healthcare consultation and triage of patients have become the important means to allocate healthcare resources optimally, which can contribute to the control of the pandemic indirectly. To date, one of the imperative tools that have not yet been fully explored is to employ information and communications technologies (ICTs) to support social distancing and quarantine, optimal healthcare delivery, and reduction of exposure and cross-infection for healthcare professionals and COVID-19 patients (14, 15). Intelligent conversational agents and virtual assistants, such as chatbots, wearable devices, voice assistants, and mobile phone applications, have proven their potential to serve as an intermediary in the fight against COVID-19 (14, 16). For example, during the COVID-19 pandemic, emerging voice assistants (e.g., Google Assistant, Apple Siri, and Amazon Alexa) have been adopted as an alternative healthcare delivery modality to mitigate the risk of COVID-19 spread and relieve the stress on the healthcare system (14, 15, 17).

According to the analysis of voice messages of users, an artificial intelligence-based voice consultation system for COVID-19 can automatically identify health consultation questions of users from different distances and then provide specific answers and response opinions (18–20). As the latest application of ICTs, the design and application of intelligent response systems for COVID-19 voice consultation have specific requirements for the development and deployment of relevant information systems (20, 21). Firstly, intelligent speech recognition based on machine learning needs to be accurate enough, and it can continuously self-learn and optimize as new data are imported. Secondly, data transmission quality, request-response speed, and load-carrying capacity of the information system should meet the actual needs of medical services. Thirdly, the system is able to support the full access of mobile phones, computers, and other terminals. Lastly, the system should set up a special security module to protect privacy of users and ensure information security.

Accordingly, to reduce the number of non-essential in-person visits at hospitals, lessening face-to-face contact among the healthy public, COVID-19 patients, and healthcare professionals, preserving already strained medical resources, increasing service capacity of medical institutions to screen suspected cases and deliver healthcare information, and eventually help reduce the spread of COVID-19, this study has developed and deployed an intelligent response system for COVID-19 voice consultation. The system would support the functions of collecting and analyzing information of users through intelligent inquiry and interaction with users, propose suggestions of corresponding mitigation measures based on the actual situations of the users, and screen suspected COVID-19 cases. According to our knowledge, this intelligent response system is one of the first tools developed and applied on a large scale for COVID-19 in China. The findings of the present study may play a helpful role in avoiding the frequent visits of healthy people to fever clinics, improving the utilization efficiency of medical resources, and preventing and controlling the COVID-19 infection among healthy people and medical practitioners.



MATERIALS AND METHODS


Requirements Analysis

This study intends to design an intelligent response system for COVID-19 voice consultation, which can complete user self-assessment. When users access the system, the system will ask questions about the basic information of users. Through natural language processing (NLP) technology, it dynamically adjusts the follow-up questions that need to be confirmed according to the different options selected by the user and then give corresponding response opinions depending on actual situations, which can quickly screen out COVID-19 suspected cases and offer specific suggestions for further actions. Due to the incompleteness of online consultation, the system is not connected to any healthcare systems, once a COVID-19 case is suspected, she/he will be recommended to go to the nearest COVID-19 designated hospital for further confirmation and treatment immediately. To achieve the above functions, according to the requirements analysis of software engineering, the intelligent response system needs to meet the following items.

1. Business requirements: Build an intelligent voice consultation system for COVID-19, users can complete self-assessment by accessing the system. For related workers, the chances of contact with other people should be minimized during the development, deployment, and application stages of the system.

2. User requirements: Users only need to make a phone call to access the system. They can complete a self-assessment about COVID-19 without going to the hospital. Through real-time voice communication, individualized assessment results and suggested response measures are ultimately obtained.

3. Functional requirements:

a) Remote deployment and maintenance: Given the high infectiousness of COVID-19, non-contact should be the first requirement of this system, and remote operation should be achievable at all stages from deployment to application of the system.

b) Accurate speech understanding: Accurate and real-time speech understanding is a key to the successful application of this system. Minor mistakes in speech recognition and understanding may lead to severe errors.

c) The intelligence of the system: Each epidemiological history and personal symptoms of user are different. Using a fixed process in all consultations is not appropriate, the system should be able to dynamically and intelligently adjust its contents based on the subsequent answers of user.

d) Data statistics and analysis: Statistical analysis of data from system logs and routine operation can quickly identify characteristics of users and provide suggestions for improving the consultation framework, and it is also helpful for medical staff to conduct scientific research.



Physical Architecture

To meet the abovementioned requirements, the physical architecture of the system is designed as shown in Figure 1. The physical architecture of the system consists of three modules, the administrator can adjust the operation procedure of system by admin module, and users can access the system by interactive module. The system acquires information, such as symptoms and epidemiological history of users, after establishing a call and collects the information provided by the user through a core module.


[image: Figure 1]
FIGURE 1. Physical architecture diagram.



Admin Module

System administrators can access the system backstage remotely through web and then design and adjust the consultation process and configure the relevant parameters of the system. To realize subdivided medical services, the web server is open with various application programming interfaces (APIs) and can also contact with a hospital information system according to actual business needs.



Core Module

It contains three parts: intelligent voice engine server, load balancing, and storage server. The speech engine completes interactive services, such as speech recognition, synthesis, and understanding. The system dynamically balances services through load balancing, and the recording storage server is used to store recordings of the users.



Interactive Module

Users can directly dial the phone number to access the soft-switching system. The soft-switching system interacts with the core module through the Session Initiation Protocol and transmits the data of the conversation process to the recording storage server simultaneously.




System Architecture

The architecture of the system is shown in Figure 2, which includes four layers.


[image: Figure 2]
FIGURE 2. System architecture.



Basic Communication Layer

This layer adopts a soft-switching system to handle different types of incoming calls. It supports multiple pathways of access, such as telephone, email, short messaging service (SMS), and Web call.



Core Technology Layer

This layer is the core layer of the system. Key technologies, such as automatic speech recognition (ASR), prosody recognition, pragmatic analysis, and syntax analysis are employed, which can work together to achieve multiple rounds of dialogue with the system.



Background Business Layer

The background business layer does not provide services directly to users, but it is open to system administrators to support related business.



Basic Service Layer

This layer is in charge of functions, such as user terminal management, outgoing and incoming call tasks management, call center control, API management, and security module, which provides services directly to users and engineers of system operation.




Sampling Methods

Two samples were used in the present study. Firstly, sampling the voice signal, before training the model, it is necessary to sample the sound wave to convert the analog audio signal into a digital signal, which is convenient for the computer to process. This work was completed by using the following arguments: sample rate 8 kHz, bit depth 16 bit, and bit rate 128 kbps. After sampling the voice signal, Mel-scale frequency cepstral coefficients were employed to sample features of digital signals, which was able to achieve efficient modeling of the principles of the human voice, while reducing feature dimensions. Secondly, sampling the data set of speech recognition training. Before putting the speech recognition system into practical application, one of the biggest challenges is the accent problem. Actually, there are many accents in China, and the accents from different dialect regions are quite different (22). To deal with this problem, through cluster sampling, about 12,000 h of telephone voice conversation were collected from the company-provided voice communication service. The company is a leading voice service provider in China, with various customers from banks, hospitals, universities, and insurance companies, which ensures that the corpus includes various accents in different regions in China. The materials contain both human-to-human calls and human-to-machine calls. Thus, using the corpus to train and develop our models can effectively improve the accuracy of speech recognition and enhance the generalizability of the intelligent response system for COVID-19 voice consultation.



Core Algorithms

The core algorithm of this system is based on multiple rounds of speech recognition. The implementation process of the algorithm is shown in Figure 3. Through speech recognition, prosody analysis, syntactic analysis, semantic analysis, pragmatic analysis, and logical judgment, multiple rounds of dialogue are realized.


[image: Figure 3]
FIGURE 3. Algorithm flowchart.



Speech Recognition

Complete the conversion of speech to text by constructing a speech recognition acoustic model based on long short-term memory (LSTM). Since voice is a typical timing signal, a recurrent neural network (RNN) has strong timing modeling capabilities and therefore is suitable for voice recognition. The LSTM model is a variant of RNN, which has three more gates: forget gate, input gate, and output gate. Compared to traditional RNN, LSTM can process a longer sequence of voice data through the combination of three kinds of controllers and achieve better voice recognition. LSTM has shown state-of-the-art performance on many tasks of speech recognition (23–25). To improve the performance further, we used a variant of LSTM, which is known as Stacked maxout LSTMs (26). The maxout LSTMs architecture is illustrated in Figure 4. In the present study, three maxout LSTM layers were stacked to build the Stacked maxout LSTMs.


[image: Figure 4]
FIGURE 4. The architecture of maxout LSTM network. LSTM, long short-term memory.


Maxout units can summarize a group of spatially neighboring neurons in a lower layer that is capable of achieving the property of local translation invariance. Specifically, output ht from the lower maxout LSTM layer is the input xt of the upper maxout LSTM layer. These Stacked maxout LSTMs networks have the power to combine the multiple levels or representations with flexible use of long-range context. The equations of the maxout LSTM layers are as follows:
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For the equations, σ is the logistic sigmoid function, and i, f, o, a, and c are the input gate, forget gate, output gate, cell input activation, and cell state vectors, respectively, all of which are the same size as the hidden vector h. Wci, Wcf, and Wco are diagonal weight matrices for peephole connections, G is the group size in the maxout unit.



Prosody Recognition

Dividing prosodic structure based on speech and text information, such as accent classification of prosodic words, pitch analysis of phrases at the boundary of prosodic phrases, and classification of tones at the boundary of intonation phrases.



Syntax Analysis

Based on text recognition, text phrase structure classification, short sentence type classification, and sentence category classification are performed.



Semantic Analysis

The information structure of phrases, the semantic inheritance relationship among dialogue rounds, and the topic of dialogue segments are analyzed.



Pragmatic Analysis

Classifying the speech act verbs firstly, and then categorizing the response type of this round of dialogue and confirming whether it is the trigger or response. In the wake of the classification, the adjacent pair category to which this round of dialogue belongs is investigated, and according to the source of the utterance, sentence category, or information structure, the corresponding answer type is determined.



Logical Analysis

Based on the results of the pragmatics analysis and combined with the current logical nodes, the next logical node can be determined, and through speech synthesis technology, a new round of dialogue can be pushed to users.




System Operation Procedure Design

According to the actual experience of prevention, diagnosis, and treatment of COVID-19, and considering the guidance documents of the National Health Commission (27), this study designed the operation procedure of the intelligent response system (Figure 5). Firstly, when the phone call is connected, the system will first introduce itself briefly and then collect relevant symptoms information of the user. Secondly, during the conversation, the system would recognize the keywords said by the user in real time and submit the corresponding questions in a targeted manner based on the actual situation of the user. Finally, the system will provide specific COVID-19 prevention and control measures for users depending on her/his epidemiological history.


[image: Figure 5]
FIGURE 5. Operation procedure of the intelligent response system.


In this system, the epidemiological history includes four types. (1) People who have traveled or contacted history of the outbreak epicenters; (2) people who have been in contact with emerging epidemic areas announced by the government; (3) people who had close contact with suspected or confirmed COVID-19 patient(s); and (4) many people around occurred symptoms, such as fever, fatigue, cough, and sore throat. After completing the consultation, the system will automatically select an appropriate opinion from the four predefined guidelines to recommend to the user. The details of the guidance opinions are summarized in Table 1. In the remainder of this paper, both qualitative (system construction) and quantitative (system application) data from the real-world healthcare service of the system were collected and analyzed retrospectively.


Table 1. Details of the predefined guidance opinions.
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RESULTS

The system has been developed and put into operation since March 31, 2020. People in China can access the intelligent response system by dialing the telephone number 0371-96299.


System Functions
 
Remote Deployment and Operation

With the support of necessary hardware and software environment conditions, this system can be deployed remotely, docking with local telephone lines, and then provides voice consultation services. During the operation of the system, the status of the system can be monitored remotely, and the consultation process mentioned above can also be adjusted remotely, which can avoid on-site operation and maintenance, reduce human contact, and decrease potential exposure of COVID-19.



Fast Operation Procedure Adjustment

The operation procedure of this system can be adjusted quickly and efficiently according to the actual needs, and nodes can be set up based on the original process. Functional modules, such as manual transfer and SMS distribution, can be added in if required, and the remote deployment of each procedure can be completed smoothly.



Multi-Dimensional Statistical Report Capability

The system can realize the statistical analysis of disconnection reasons, the dialogue data, consultation time, and geographical distribution of users. Based on the analysis, administrators can promptly identify and adjust the current existing or newly emerging problems of the system, which can help medical staff understand and count data in relation to COVID-19 well and then take more effective countermeasures.



Effective Protection of User Privacy and Information Security

The security module is located in the basic service layer of the system, which includes the following functions: (1) metadata management: viewing and modifying the information, such as the type, description, security level, and operation authority of each field in the data table; (2) account management: through unified management of user accounts, to make the granularity of permission control as small as possible, meanwhile, set a validity period for the permissions, and automatically recover the permissions when they expire; and (3) log management: recording and auditing the logs of account management operation, permission approval, and data access operation. Based on these functions, the security module can help the system achieves effective protection of user privacy and information security.




Performance Evaluation

To assess the performance of the proposed intelligent response system, 100 h of telephone voice conversation from the 12,000 h corpus were extracted as the test dataset, and the comparisons of speech recognition performances of different models were conducted. The Gaussian Mixture Models and Hidden Markov Models (GMM-HMM) model was selected as the baseline model, while the KALDI toolkit was used to train the GMM-HMM model. The Stacked LSTMs model was chosen as the state-of-the-art model, in which three conventional LSTMs were stacked, and each layer had 750 LSTM cells. In the Stacked maxout LSTMs, three maxout LSTMs were stacked, each layer had the same configurations as Stacked LSTMs. These three models were evaluated based on the same dataset.

Character Error Rate (CER) was employed to evaluate the different models. CER is a typical metric of the performance of the Chinese Speech Recognition System. Through comparing the output character sequence predicted by ASR with the correct reference character sequence, CER can be computed as:

[image: image]

Where S, D, and I are the number of substitutions, deletions, and insertions, respectively, and N is the number of words in the reference.

In terms of the test results listed in Table 2, the performance of the Stacked LSTMs model is much better than the GMM-HMM model. By replacing the input activation units in the Stacked LSTM networks with maxout units, a 2.15% relatively CER reduction can be achieved. It is should be noted that since our test data were extracted from production environments, the same source as the data used to training models, not from standard open datasets, thus the CER values presented were relatively higher than existing studies (28–30). However, according to practical experience, CER <15% is considered acceptable.


Table 2. CER values of different models for speech recognition.
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Application Effect

Since the intelligent response system was launched, the average number of user visits per day was 69 (Figure 6). As of September 24, 2020, the system has received a total of 12,264 times incoming calls, among which 11,788 COVID-19-related voice consultation services were provided for the public.


[image: Figure 6]
FIGURE 6. Trend chart of daily user visits.


The geographical distribution of the incoming calls users was analyzed (Figure 7). Total 85.2% (10,054/11,788) of the users were from Henan Province and followed by Beijing, which was accounting for about 2.5% (303/11,788). In Henan Province, users from Zhengzhou city, the capital of the province, were responsible for about 50% (5,027/10,054) of the total, with the most amount (Figure 8).


[image: Figure 7]
FIGURE 7. Geographical distribution of users.



[image: Figure 8]
FIGURE 8. The proportion of users from the cities in Henan Province.


The proportion of different mobile operators among users was also investigated. There are three major mobile operators in China: China Mobile, China Unicom, and China Telecom. Of all the incoming calls of the system, China Mobile with the largest proportion, and its users were responsible for 66% (7,775/11,788), while China Unicom and China Telecom were accounted for 23% (2,663/11,788) and 11% (1,350/11,788), respectively (Figure 9).


[image: Figure 9]
FIGURE 9. The proportion of users of mobile carriers.


The time distribution that when users access the system for COVID-19-related voice consultation is shown in Figure 10. There was a peak period in the morning (08:00–10:00) and afternoon (14:00–16:00), respectively. Specifically, the peak time in the morning was at 09:00, and the peak in the afternoon was at 15:00.


[image: Figure 10]
FIGURE 10. The number of incoming calls at different times of the day.





DISCUSSION

Based on ASR, text to speech, and NLP technologies, the present study developed and initiated an intelligent response system for COVID-19 voice consultation. The functions, performance, and application effect of the system were then investigated. To the best of our knowledge, this is the first time, from the provincial level real-world practice in China, that the comprehensive account of an intelligent response system for COVID-19 voice consultation was explored. The findings of the current study may provide a helpful reference for further regional, national, and even international actions against the COVID-19 pandemic.

Coronavirus Diesease-2019 is a highly infectious disease, since the officially reported emergence of COVID-19 in Wuhan, China, the epidemic scale has spread rapidly, with cases arising across China and many other countries. As of February 14, 2021, in mainland China, 89,772 confirmed COVID-19 cases were reported across 31 provinces and municipalities, with 4,636 fatalities. The COVID-19 pandemic has sharply increased the demand for medical services and inevitably exceeded the maximum supply of healthcare facilities. In China, the socio-economic development gap between different regions is huge, and the distribution of medical resources is extremely uneven. For example, although 42.65% population of China lives in rural areas, ~80% of medical resources of China are concentrated in urban areas, two-thirds of which are in megacities (31, 32). This geographical inequity of access to medical resources has created relatively poor healthcare services in remote regions. Therefore, during the COVID-19 epidemic, the traditional medical services of Chinese healthcare facilities can hardly meet the needs of the public, especially in remote mountainous or rural areas (33).

The high levels of human-to-human transmission, asymptomatic infection, and long incubation period are the main reasons for the large-scale epidemic of COVID-19 (34, 35). If asymptomatic patients frequently infect others, it could vastly complicate or delay the effectiveness of prevention and control measures in response to COVID-19. Thus, measures, such as tracing and quarantining close contacts as early as possible, isolating confirmed COVID-19 cases timely, and avoiding exposure of healthy people to those infected with SARS-CoV-2 but during the asymptomatic incubation period, have been becoming effective means in the war against COVID-19 (20, 35–37). However, in the time of the COVID-19 epidemic, a large number of people visit a hospital for authoritative diagnosis and treatment, while public gatherings may increase the chance of healthy people and medical staff meeting asymptomatic COVID-19 cases, which is not conducive to effective prevention and control of COVID-19. In terms of the fact that there are no definite antiviral therapies for COVID-19 now, it is crucial to harness global efforts to take mitigation measures and emergency actions across every stage of the epidemic to contain the disease (5, 38, 39). To keep the public calm and quench unnecessary fears, healthcare facilities across the globe are expected to advise the public on what to do to stay away from COVID-19 infection, for example, advise persons experiencing symptoms of fever, dry cough, fatigue, runny nose, and anhelation to seek medical attention promptly (13, 36, 38, 39).

The intelligent response system proposed in the present study can analyze the information about consultation content of users and the response of the system. Then according to the specific situation of the users, the system dynamically provides targeted treatment opinions and action suggestions (Table 1). This may play a helpful role in screening the suspected COVID-19 cases and guiding people to stay at home for self-isolation or go to a fever clinic for further diagnosis and treatment. Healthcare consultation and medical services guidance of the intelligent response system can help to screen and triage healthy people, suspected COVID-19 cases, patients infected with SARS-CoV-2, and advise them to take preventive and control measures, such as self-isolation at home for observation, quarantine at fever clinic, or diagnosis and treatment at COVID-19 designated hospitals, respectively. It is not limited by time and space, which can realize remote triage and crowd diversion, reduce public gatherings, optimize the utilization of medical resources, improve the efficiency and coverage of healthcare services, and protect the public and medical staff from the risk of cross-infection of COVID-19.

Recurrent neural networks are networks with loops in them, allowing information to persist. LSTM is a special kind of RNNs, which can learn long-term dependencies. LSTM was firstly introduced by Hochreiter and Schmidhuber in 1997 and then was further developed and popularized by many researchers (40, 41). LSTMs work tremendously well on a large variety of problems, for many tasks, the performance of LSTM is usually better than the standard RNNs version, and almost all exciting results based on RNNs are achieved with LSTMs (41–43). In the present study, the Stacked maxout LSTMs were employed to develop the intelligent response system, for which the performance is much better than other models (with the lowest CER of 8.13%). Based on machine learning or rule-oriented dialog, intelligent conversational agents and virtual assistants, such as voice assistants and chatbots, enable communications with users via natural language, which may involve multimodal interaction support (e.g., speech, text, and sound). Generally, voice assistants typically achieve their services through a voice interface, which needs voice commands to interact and complete COVID-19-related tasks (e.g., Amazon Alexa); while chatbots primarily engage in multi-turn dialogues through text, for example as Woebot (15, 18, 44). Compared to the human-based system, the intelligent response system based on machine learning can be deployed fast and with a low hardware cost during routine operation. Due to the characteristics of accessibility, availability, and scalability for naturalistic communications with users, intelligent voice assistants have been increasingly becoming popular in the battle with the COVID-19 pandemic around the world (14, 15, 45).

In the current study, the application of the intelligent response system can achieve effective triage of outpatients, reduce public gatherings, and help control the spread of the COVID-19 epidemic. Moreover, with the help of the system, users are able to visit the nearest hospital or fever clinic according to their specific symptoms and receive appropriate diagnosis and treatment in time. These findings are consistent with other similar studies (14, 46, 47). However, compared to the voice assistants discussed in previous studies (e.g., Google Assistant, Apple Siri, and Amazon Alexa), the intelligent response system for COVID-19 voice consultation initiated in the current study has several different characteristics (14, 15, 45). First, the system only needs to be docked with the local telephone line to perform intelligent voice query services, and the response process of the newly deployed system can be adjusted according to local conditions. This is time-saving, fast, and convenient for both service providers and end-users, which is valuable during the COVID-19 pandemic. Second, when enjoying the COVID-19-related voice consultation, users do not need to download and install any client software or applications, thus, the system is relatively user-friendly with no technological proficiency requirement for users (45). Third, the deployment and application of the system are not limited by IT infrastructure, Internet access or speed, costs of hardware or software components, and locations of patients and physicians. Besides, for the operation of the system, training of healthcare professionals, nurses, and users, online assistance for patients, and alterations to integrate within the current healthcare system are not required, which can save manpower and reduce unnecessary contacts or exposure.

Our findings showed that 85.2% of the users are from Henan Province and followed by Beijing (2.5%), while for the time users visited the system, there was a peak period in the morning and afternoon, respectively. By analyzing the time and geographical distribution information of the calls of users, the system can summarize and conclude the characteristics and habits of users, which can help to optimize the allocation of medical resources and improve both the quality of healthcare services and user satisfaction. For instance, 8:00–10:00 am and 2:00–4:00 pm are the peak periods for user visits (Figure 10), during this period, healthcare facilities can meet urgent healthcare consultation needs of users through provisionally increasing service capabilities and efficiency of the intelligent response system.


Strengths and Limitations

As one of the latest applications of artificial intelligence and ICTs in the battle with the COVID-19 epidemic, the intelligent response system for COVID-19 voice consultation proposed in the current study has both social and economic advantages. First, the system can triage and divert relevant healthcare needs of the public, thereby, alleviating the already shortage of medical resources. Second, the voice consultation services of the system can reduce the number of fearful people visiting the hospital, avoid frequent public gatherings in medical institutions, and decrease the exposure and infection risk of healthy individuals and medical staff. Third, based on the system, healthcare facilities can save and optimize the allocation of medical resources, and improve the efficiency, capacity, and quality of their services. Fourth, the system provides COVID-19-related consultation services through telephone and voice, which is appropriate and helpful for those who cannot read or use smartphones, and of course increases the coverage, acceptability, and adherence of the intelligent voice services. In addition, through advising healthy people to stay at home for isolation and observation, in addition to reducing unnecessary consumption of medical resources and the cost of healthcare services, the system can also help users avoid expenses due to hospital visits and related transportation and accommodation. The prevention and control of the COVID-19 pandemic are multifaceted, and the intelligent response system for COVID-19 voice consultation developed and applied in this study can undoubtedly play a helpful role in reducing public gatherings, preserving medical resources, increasing the service capacity of healthcare facilities, and eventually curbing the spread of COVID-19.

Some limitations of the intelligent response system in practical applications also need to be acknowledged. Firstly, the intelligent voice service functions of the system are relatively simple. It can only provide suggestions in relation to the prevention and control measures of COVID-19 based on the consultation and feedback information of users, such as personal precautionary practices, self-monitoring of body temperature at home, fever clinic visits, early detection and quarantine, and COVID-19-designated hospitals treatment, which may hardly meet the additional healthcare needs of the users. Secondly, the system is designed and constructed mainly according to or adapt to the COVID-19 epidemic situations of Henan Province. Thus, the functions and contents of the intelligent voice service may not be perfectly suitable for the prevention and control of COVID-19 in other regions in China. This can be seen from the fact that the healthcare inquiries of the system were mainly concentrated in Henan Province. The plausible phenomenon suggests that to increase the coverage and capacity of the intelligent response system, there is a need to further enrich and improve its services in the future, or do some adaption and adjustment works whenever necessary, according to the actual situations and policies where it is used. Lastly, based on the epidemiological characteristics and personal symptoms, this intelligent response system can complete the preliminary screening of users and then make relevant suggestions and guidance. However, the system only provides information for the reference of users, the COVID-19 prevention and control recommendations are neither belonging to the medical category nor can they replace the hospital doctor's diagnosis and treatment. Further research and practice works are urgently needed to address these limitations.




CONCLUSIONS

Given the general susceptibility, high prevalence, and wide distribution of COVID-19 across the world, substantial and various public health intervention and control measures involving social, economic, and healthcare sectors, especially the vital response arrangements based on the application and analysis of real-world data are continuously warranted. Based on NLP and modern ICTs, the present study designed and deployed an intelligent response system for COVID-19 prevention and control. Through identifying and analyzing the voice information of users, the intelligent response system realized functions, such as user-oriented intelligent inquiry, screening of suspected COVID-19 cases, and targeted recommendations of response measures, which achieved appreciable practical application effects. To further improve the efficiency and quality of prevention, diagnosis, and treatment of COVID-19, in the future, the improvement and application of the system should take the actual medical service activities of clinicians into consideration. For instance, through integrating different function models into the system to promote its versatility and then to increase the capacity of the system in the battle with COVID-19. Generally, in terms of the unprecedented the COVID-19 pandemic, the provision of inquiry services through an intelligent response system in this study plays a valuable role in optimizing the allocation of healthcare resources, improving the efficiency of medical services, saving medical expenses, containing the new pandemic, and protecting vulnerable groups.
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Objectives: To investigate the epidemiological characteristics and infection routes of new cases in order to provide information for preventing COVID-19 resurgence in areas initially under control.

Methods: The information of new symptomatic and asymptomatic patients in Chinese mainland was collected. The location distribution, epidemic course, infection routes and patients' characteristics of outbreaks were described and analyzed.

Results: There were 43 new outbreaks with 3,795 symptomatic patients in Chinese mainland from March 21, 2020 to June 13, 2021. These outbreaks mainly occurred in central, border and coastal port cities. The main infection route of first generation indigenous patients was contact with imported cases and contaminated goods or environments. The infection routes of secondary generation patients mainly included family transmission, indoor social gathering infection, nosocomial infection and other infection routes. Family transmission was the most common infection route, and indoor social gathering was the most important reason for the large-scale outbreaks.

Conclusions: Strengthen the management of imported patients and staff in high-risk posts was the key point to avoid the first generation indigenous patients. Adequate family isolation, prompt management policies for indoor public place and monitor of population at risk of infection were key strategies for preventing COVID-19 resurgence in areas initially under control.

Keywords: COVID-19, epidemiological characteristics, infection route, preventive strategy, indigenous patient


INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic, which began at the end of 2019, has been a worldwide epidemic of infectious disease (1). After effective prevention measures, the epidemic disease has been controlled and there are no new cases in a period of time in some countries (2). However, the COVID-19 pandemic is still prevalent in many countries worldwide (3). Over 170 million cases have been confirmed, and 70 thousand cases were newly diagnosed worldwide every day, which may lead to new epidemics in areas initially under control (4). The COVID-19 pandemic in Chinese mainland has been controlled in March 2020, and few new cases were confirmed for a long time (5). However, there were still 43 small-scale outbreaks caused by imported patients with COVID-19 by June 13, 2021, which lead to 3,795 new symptomatic patients. These new outbreaks revealed that there were still some gaps in the prevention of new pandemics in areas initially under control (6).

Therefore, to understand the epidemiological characteristics and main routes of the new outbreaks of COVID-19 in areas initially under control, we analyzed the epidemiological characteristics and infection routes of the outbreaks in different regions of Chinese mainland in recent 1 year, which will provide the basis for the corresponding preventive strategies.



MATERIALS AND METHODS


Data Sources

The daily new indigenous symptomatic and asymptomatic patients, start date, duration, patient number and clinical subtype were collected from the official documents released by the Health Commission of the People's Republic of China and the provinces (7–18). The information of infection routes was extracted from the epidemiological investigation of the outbreaks in different cities from the Center for Disease Control and Prevention, as well as some public news. There were 43 new outbreaks in Chinese mainland during March 21, 2020 to June 13, 2021, in which 3,795 symptomatic patients were confirmed. Ten outbreaks with the largest number of symptomatic patients, including 3,290 patients (86.7% of all patients), were selected for further analysis (9–18).



Definition of Indigenous Patients

The definitions of first and secondary generation indigenous patients were referred to guidelines for epidemiological investigation of COVID-19 release by the Chinese Center for Disease Control and Prevention (19). The definitions of symptomatic or asymptomatic patients were referred to the COVID-19 prevention and control program (8th edition) released by the National Health Commission of the People's Republic of China (20).

First generation indigenous patients were defined as the earliest symptomatic or asymptomatic patients in the epidemiological investigation of epidemics. According to the occupation of patients, the possible infection sources were investigated, including imported cases, imported goods or related environment contaminated by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).

Second generation indigenous patients were defined as symptomatic or asymptomatic patients contacted with the first generation indigenous patients within 14 days without other potential sources of infection. After identifying the first generation patients, the infection routes of the second generation patients were determined by investigating the contacts with the first generation patients, and were classified into family transmission, indoor social gathering infection (dinner party, wedding banquet, workplace, training class, market, etc.), nosocomial infection and other infection routes. The definitions of other secondary generation of patients were similar.



Epidemiological Analysis

The number of symptomatic and asymptomatic patients, start date, duration and clinical subtype of patients in different epidemics were summarized in the descriptive epidemiological analysis. The numbers of daily symptomatic patients were used to describe the epidemic curves of different outbreaks. Statistical map was used to describe the location distribution of outbreaks, in which the area of the circle was proportional to the number of patients. The infection routes of first and secondary generation patients were extracted and summarized from the epidemiological investigation to identify the key infection routes of patients.




RESULTS


The Courses of New Outbreaks in Chinese Mainland

On March 21, 2020, the first indigenous patient cause by imported patient was reported in Guangzhou, who did not cause further transmission. However, in the past year, there have been some new outbreaks with a large number of indigenous confirmed cases in Harbin, Beijing, Urumqi, Dalian and other cities (Figure 1). In April 2020, an imported patient, who returned to Harbin from America, leaded to an epidemic of 65 symptomatic and 31 asymptomatic patients by contaminated environments, dinner party and nosocomial infection before diagnosis (Table 1). In June and July 2020, there were 335 symptomatic and 31 asymptomatic patients in Beijing, and 92 symptomatic and 97 asymptomatic patients in Dalian, respectively. The source of these two outbreaks was probably the imported cold chain food, and the large-scale outbreaks were caused by family transmission and indoor social gathering. The new indigenous outbreaks also outbroke in other cities between July 2020 and May 2021 (Table 1). Although the infection sources were not yet determined, the outbreaks were all caused by large-scale indoor gatherings (wedding banquet, training class, etc.).


[image: Figure 1]
FIGURE 1. The epidemic curve of new indigenous outbreaks in 10 cities with the largest number of patients in Chinese mainland.



Table 1. Basic information of patients in different outbreaks.
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In May, four outbreaks also occurred in Yingkou, Lu'an, Guangzhou and Shenzhen. Among them, the outbreaks in Yingkou and Lu'an belonged to the same transmission chain, and the source might be cold chain food in Yingkou, resulting in 24 symptomatic and 23 asymptomatic patients in both cities. On May 21, a new indigenous patient was reported in Guangzhou, which leaded to rapid spread of COVID-19 through family transmission and indoor gathering, resulting in fifth generation of transmission and 139 symptomatic cases. On the same day, one indigenous asymptomatic patients was reported in Shenzhen, and four symptomatic and 12 asymptomatic patients were reported in the next few days, who were all employees of an international freighter operation company and their close contacts.



Location Distribution of New Indigenous Outbreaks

By June 13, 2021, 43 new indigenous outbreaks have occurred in Chinese mainland, mainly distributed in central cities, border cities in the inland areas and coastal port cities (Figure 2). The cities can be divided into five categories, including central cities, such as Beijing, Shanghai, Tianjin, Guangzhou, Chengdu and Shenzhen; entry-exit cities during COVID-19 pandemic, such as Shijiazhuang, Harbin, Shenyang; inland border cities, such as Suifenhe, Heihe, Ruili, Manzhouli; coastal port cities, such as Dalian, Yingkou, Qingdao; other cities, such as Suihua, Tonghua, Lu'an and Xingtai. Meanwhile, the large-scale outbreaks were mainly occurred in the cities and seasons with low temperature.


[image: Figure 2]
FIGURE 2. Location distribution of the outbreaks in Chinese mainland. There were two or more outbreaks in some cities.




Infection Routes of First Generation Indigenous Patients

In the new indigenous outbreaks, the infection routes of the first generation patients were mainly direct or indirect contact with imported patients, goods or environments contaminated by SARS-CoV-2. Therefore, the indigenous patient included staff or nearby residents contacted with imported cases in quarantine hotels, families infected by imported cases during home quarantine, and staff contacted with contaminated imported cold chain food or environment of inbound aircraft and freighter.



Infection Routes of Secondary Generation Indigenous Patients

The infection routes of secondary generation patients included family transmission, indoor social gathering infection (dinner party, wedding banquet, workplace, training class, market, etc.), nosocomial infection and other infection routes (Table 2). Family transmission was the most common infection route in secondary generation patients, which occurred in almost all the outbreaks. Indoor social gathering was the most important reason for the large-scale outbreaks. The outbreaks in Suihua and Shijiazhuang, including 1,359 symptomatic and 460 asymptomatic patients, were caused by wedding banquets. The transmissions of COVID-19 caused by dinner party, work place and training class were found in the outbreaks in Beijing, Harbin, Tonghua, Urumqi, and Guangzhou. COVID-19 transmission caused by nosocomial infection was also occurred in hospitals in some cities.


Table 2. Infection routes of outbreaks in five cities.
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DISCUSSION

Prevention of COVID-19 pandemic is the top priority in the world. After the outbreaks have been controlled in some countries or areas, the normal work, life and foreign exchanges should be restored. Therefore, the focus of prevention in these countries was to prevent the resurgence of COVID-19 epidemic due to imported patients. In this study, we analyzed the epidemiological characteristics and infection routes of new indigenous outbreaks in Chinese mainland in recent 1 year after the pandemic in Wuhan was controlled. The results showed that the new indigenous outbreaks mainly occurred in central cities, border cities in the inland areas and coastal port cities. The main infection routes of first generation patients were direct or indirect contact with imported cases, imported goods or related environment contaminated by SARS-CoV-2. The infection routes of the secondary generation patients mainly included family transmission, indoor social gathering infection, nosocomial infection and other infection routes. Although these outbreaks have been controlled in a short time, there were still some gaps in community prevention and nosocomial infection control in new COVID-19 outbreaks.


Prevention of First Generation Patients

The first generation patients were the source of COVID-19 resurgence and the focus of preventive strategies. The first generation patients of 15 outbreaks (34.9% of all 43 outbreaks) were related with imported patients, suggesting the necessity of stricter isolation management of entry personnel (21–25). The criterion for isolation release of entry personnel in Chinese mainland was adjusted from “14-day isolation in quarantine hotel and negative nucleic acid test” to “14-day isolation in quarantine hotel and negative nucleic acid test, followed by 7-day home quarantine and negative nucleic acid test.” Meanwhile, staff in quarantine hotel should keep strict personal protection, health monitoring and regular nucleic acid test according to the guideline for isolation of entry personnel (20). The quarantine hotel should be cleaned and disinfected, and all garbage should be disposed according to the treatment of medical waste. Home quarantine was commonly used in COVID-19 prevention, which was mainly suitable for people who have completed 14-day isolation in quarantine hotel. However, there were several cases of COVID-19 transmission in the period of home quarantine. Therefore, in addition to the current quarantine strategy, we proposed that the following stricter home quarantine standards should be taken: living alone, prohibition of going out, ventilation of the isolation room, regular disinfection and nucleic acid test. Further studies were needed to explore the relationship between the conditions of home quarantine and the risk of disease transmission, so as to avoid the disease transmission during home quarantine, especially the family transmission and the infection of neighbors.

The first generation patients of seven outbreaks (16.3% of all 43 outbreaks) were related with the contaminated imported goods or environments, including cold chain food, container, freighter, aircraft and so on (26–28). Therefore, the imported goods should be strictly sampled, detected, disinfected and traced according to management scheme (20). Meanwhile, in addition to personal protection, vaccination and regular nucleic acid test, we considered that the staff in high-risk posts of infection should be managed in close system, and the staff in low-risk posts should be managed by limiting going out, keeping strict personal protection, recording the travel track during going out and carrying out regular nucleic acid test for their families (29, 30).



Prevention of Secondary Generation Patients

Compared with the first generation patients, the infection routes of secondary generation patients were more diversified, and there were a large number of asymptomatic patients, which increased the difficulty of prevention (31, 32). In the infection routes of the secondary generation patients, the transmission related to indoor social gathering was the key factor of the epidemic size. Large-scale indoor social gathering infection occurred in five outbreaks with the largest number of confirmed patients (Beijing, Shijiazhuang, Urumqi, Suihua, and Tonghua), four of which occurred in rural areas with weak medical condition (33–35). The control of these outbreaks proved that the current preventive strategies should be sufficient to control the transmission of COVID-19. Therefore, we emphasized that shopping mall, farmers' market, school, restaurant and other indoor public place still needed to strictly implement the prevention measures, including disinfection, ventilation, strengthening personnel health monitoring and protection, using COVID-19 screening application and controlling occupant density, even when there was no indigenous outbreaks during the worldwide COVID-19 pandemic. Meanwhile, epidemic investigation, cooperation with community medical organization and web-based trajectory can be used to accurately track close contacts. Especially for rural areas with weak personal protection awareness and medical condition, the policy of registration and health monitoring for returning personnel should be strengthened to detect the potential patients and close contacts (36).

Nucleic acid test was an important method for etiological diagnosis of COVID-19, especially for asymptomatic and atypical patients. However, false negative results were found in some imported patients, indigenous symptomatic and asymptomatic patients before diagnosis. In addition to the low viral load in some patients' nasopharynx, it may also be related with the process of collection and transportation of specimens (37, 38). Therefore, during the collection of nasopharyngeal and throat swabs, we suggested that the staff needed to follow the guideline for SARS-CoV-2 specimen collection and test, with the emphasis on that the samples should be collected from the tonsil and the posterior wall of nasopharyngeal cavity, the wipe times should be enough to collect valid specimens, and the specimens should be sent for inspection under cold chain condition as soon as possible.

In summary, the prevention of new indigenous epidemic in areas initially under control was an important issue during the pandemic of COVID-19. We analyzed the new indigenous outbreaks in Chinese mainland, and found that these outbreaks mainly occurred in central, border and coastal port cities. The first generation patients were mainly infected by contacting imported patients, contaminated goods and environment, and secondary patients were mainly infected through family transmission, indoor social gathering and nosocomial infection. Strengthen the management of imported patients and staff at high-risk of SARS-CoV-2 infection was the key point to avoid the first generation indigenous patients. When the new indigenous epidemic occurred, prompt management of indoor public place and monitoring of population at risk of infection using big data can avoid large-scale epidemic.
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Purpose: In China, the coronavirus disease 2019 (COVID-19) pandemic has been under control and entered the normal prevention and control stage. For medical college students, many studies have analyzed their knowledge, risk perception, and prevention behaviors of COVID-19, but only a few pieces of research explore the content structure of COVID-19 risk perception and the influencing factors. This study measured the students' risk perception of COVID-19 and its dimensions and analyzed the influencing factors of risk perception among them.

Methods: The online questionnaire survey was conducted at Hangzhou Medical College in Zhejiang Province among undergraduates and junior college students. A scale was formulated to precisely measure and analyze the COVID-19 risk perception among medical college students. The factors affecting the COVID-19 risk perception in medical college students were analyzed using the multivariate linear regression model.

Results: A total of 810 medical students participated in the survey. Results show that COVID-19 risk perception among medical college students was divided into four dimensions: perceived health threat, perceived severity, perceived controllability, and perceived infection possibility. The results showed that income, education, major, and COVID-19 knowledge were the important factors affecting the COVID-19 risk perception of medical college students. Related factors have different influences on the various dimensions of COVID-19 risk perception. COVID-19 knowledge was significantly related to all dimensions of risk perception.

Conclusion: This study evaluates the content structure of medical college students' risk perception of COVID-19 precisely and related influencing factors. It is necessary to grasp the risk perception, prevention, and control behaviors of medical college students of different backgrounds, education levels, and majors. Further knowledge training should be conducted for students majoring in clinical medicine, especially the pandemic prevention and control measure training to enhance their sense of security at work.

Keywords: COVID-19, risk perception, college students, influencing factors, cross-sectional study


INTRODUCTION

At the end of 2019, coronavirus disease 2019 (COVID-19) was discovered and has prevailed. It turns out that this infectious disease can pose a severe threat to human health and cause tremendous economic losses. COVID-19 is different from the previous infectious diseases in its extremely strong infectivity, which doubles that of seasonal flu (1). This virus can spread primarily through routes like respiratory droplets and close contact (2). In January 2020, China incorporated COVID-19 into the People's Republic of China Law on the Prevention and Treatment of Infectious Disease as a category B notifiable disease but managed it as a category A infectious disease. It shows that although China designates it as a B-class infectious disease, it pays particular attention to its prevention and control. That is, it is managed as a Class A infectious disease. At present, the COVID-19 pandemic in China has been under control and entered the normal prevention and control stage.

The control of infectious diseases depends on the cooperation of the general population and the improvement of personal protection (3). Related research discovers that risk perception can affect the willingness and motivation of people to take prevention measures (4). Belonging to the psychological category, risk perception emphasizes the perception, and understanding of an individual's various objective external risks (5), which is the foundation of people's response behaviors to emerging public health issues (6). Moreover, it plays a central role in shaping health prevention and control behaviors (7, 8) and is a major predictive factor for preventing and alleviating irrational behaviors. For instance, people with low-risk perception tend to adopt risk-taking behavior or reduce prevention behavior (9).

College students are one of the most active populations in China. In many cases, Chinese colleges teach in large classrooms, and the contact between students is restricted. Chinese colleges are generally located in metropolitan areas, so students have more free time to move to urban areas than workers. In particular, medical college students are the medical reserves who are the most likely to participate in medical behaviors. Therefore, understanding their risk perception will effectively guide them to correctly cope with and prevent secondary hazards induced by improper behavior and response. For example, some studies discovered that the high COVID-19 risk perception in college students increases their depression, anxiety, and pressure (10). However, the experience of great psychological stress will adversely influence the education of medical college students and overall psychological health (11). Some scholars analyze the COVID-19 risk perception and related behaviors among medical college students, like the relationship between risk perception among overseas students and the homecoming behavior (12). Further, some studies analyze the COVID-19 knowledge, risk perception, and prevention behavior of medical college students (knowledge, attitudes, and practices; KAP); for instance, research by medical college students in developed countries like Italy (13), and research by medical college students in developing countries like Egypt (14) and Libya (15).

However, the current research on COVID-19 risk perception among medical college students focuses on analyzing overall COVID-19 risk perception and the KAP. Typically, the measure of risk perception is only manifested by individual problems in the questionnaire rather than systemic measures, and few studies have explored the content and structure of COVID-19 risk perception. Moreover, some studies examine the distribution of COVID-19 knowledge and risk perception among medical college students. But little research directly analyzes the influencing factors of COVID-19 risk perception among medical college students.

Therefore, this study developed a standardized scale to intensively measure the content and structure of COVID-19 risk perception among medical college students, compared the difference in COVID-19 risk perception and its relationship with COVID-19 knowledge, and explored the influencing factors of COVID-19 risk perception among medical college students. The implementation of this study will provide research support for the prevention and control practices of the pandemic in the Chinese universities and other regions in the world. Although concerted efforts are maintaining the pandemic at low levels in China compared to other world areas, the worldwide COVID-19 epidemic is still not over. The pandemic control still should be strengthened in colleges. Therefore, we hope our work will be helpful for the prevention and management of the pandemic among Chinese students and other regions in the world.



MATERIALS AND METHODS


Research Design and Data Source

This study was a cross-sectional study aiming to explore the measuring method of COVID-19 risk perception among medical college students, to evaluate their knowledge, and to analyze the influencing factors. The study population of this article is the medical college students from the Hangzhou Medical College. This study first measured the COVID-19 risk perception level among medical college students in the form of scale (for the detailed development process of this scale, see below “3.1 Measure of COVID-19 risk perception among medical college students”). Second, we analyzed the distribution of each dimension of COVID-19 risk perception among different student populations and examined the association of COVID-19 knowledge with each dimension of risk perception. Finally, a multivariate linear model was adopted to analyze the influencing factors of COVID-19 risk perception among medical college students through the hierarchical regression method.

From June 8 to 28, 2020, a cross-sectional survey was conducted at Hangzhou Medical College of Zhejiang Province. Hangzhou Medical College is the only medical college affiliated with the Healthcare Commission of Zhejiang Province. It has about 7,000 full-time students in 2020. There are 15 undergraduate medical majors (like clinical medicine, preventive medicine, pharmacy, and nursing) together with nine junior medical college majors (such as medical laboratory technology and health information management) for the time being. Notably, it has a profound influence in Zhejiang Province. The anonymous questionnaire (when filling out the questionnaire, respondents' names do not need to be filled in and saved) was established using an online survey platform (Wen Juan Xing, wjx.cn). Then the questionnaire was forwarded through the DingDing app and Wechat app. The participant inclusion criteria, the purpose of the survey, and information confidentiality were stated at the beginning of the questionnaire to obtain participants' informed consent. Participants were asked to fill out the questionnaire after the consent. Participants were encouraged to share the questionnaire with their friends or classmates in the same school. For preventing duplication, one student was just asked to fill in the questionnaire once (each student is set to have only one opportunity to fill in this questionnaire). Therefore, a snowball sampling was used, and a total of 810 valid questionnaires were collected at last (successfully filled out and submitted questionnaires are valid questionnaires, incomplete questionnaires cannot be submitted).



Research Variables and Measures


Dependent Variables and Measures

The COVID-19 risk perception level among medical college students was the dependent variable of this paper, which was measured in the form of a scale. The detailed items are presented in Table 1. Each tested student gave a score for each item based on the subjective degree of agreement, where five points stood for “strongly agree,” four indicated “relatively agree,” three stood for “can't say agree or not,” two represented “slightly disagree,” and one showed “totally disagree.” Later, this study adopted exploratory factor analysis (EFA) to reduce the scale contents' dimensionality. Finally, four dimensions were generated from the COVID-19 risk perception scale, and the sum of all indicators of each dimension was the level of that dimension.


Table 1. Factor analysis for the risk perception of coronavirus disease 2019 (COVID-19).
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Independent Variables

Independent variables were classified into three categories, such as demographic characteristics, major, and COVID-19 knowledge.

Demographic information of students in our questionnaire includes age, sex, education (undergraduate or junior college), student origin (Zhejiang Province or others), and monthly per capita household income.

Major is a category that colleges divide their studies into according to the science division in China, and usually, a college student only has one major. In this article, majors of medical college students were divided into four types based on study faculty, such as clinical medicine, public health, nursing, and medical technology (laboratory technology and imaging technology included).

COVID-19 knowledge topics. For medical college students, their mastery levels of knowledge on COVID-19 were assessed by five single-choice questions, such as “(1) Do asymptomatic COVID-19 carriers show infectivity? (2) How long should the segregation period be after close contact with the patients of COVID-19? (3) For the time being, what is the infectious disease classification grade and management grade of COVID-19? (4) Which is not the main transmission route of COVID-19 found currently? (5) Which disinfection means fail to deactivate COVID-19 efficiently?” The wrong answer was rated as 0 points for every question, and the correct answer as 1 point.




Statistical Methods

The EFA method was utilized for dimensionality reduction analysis of the COVID-19 risk perception scale. In addition, a t-test was used to analyze the differences of each dimension of risk perception between variables, as well as the COVID-19 knowledge.

Each dimension of COVID-19 risk perception among medical college students was used as the dependent variable. The influencing factors of risk perception level among medical college students were analyzed using a multivariate linear regression model. In addition, the hierarchical regression method was used to incorporate the demographic characteristics, major categories, and COVID-19 knowledge variables into the equation step by step to obtain model 1, model 2, and model 3, respectively. Among them, the equation was not significant after incorporating COVID-19 knowledge into the model for the perceived severity dimension, so model 3 was excluded, as shown in Table 4.

When using the multivariate linear regression model, model estimation was performed by the weighted least square method to solve the problem heterogeneity of variance in some models. Meanwhile, the variance inflation factor (VIF) test was employed to detect the collinearity problem. It was found that the VIF value of each model was close to two, suggesting the absence of collinearity problem in the model. Moreover, the autocorrelation problem was detected by the Durbin–Watson test (D–W test). It was discovered that the DW value of each model was close to 2, indicating that there was no autocorrelation.

All statistical tests were two-sided, and p < 0.05 indicated statistical significance. Data were analyzed using R software (version 3.6.3).




RESULTS

A total of 810 medical students participated in the survey, with an average age of 19 years. Approximately 68.69% of them were female. Most of them were from Zhejiang Province (80.12%).


Measure of COVID-19 Risk Perception Among Medical College Students

This study developed a scale to measure the COVID-19 risk perception among medical college students, which contained 12 items, as shown in Table 1.

The EFA method was conducted for the dimensionality reduction analysis of this scale. First of all, the Kaiser–Meyer–Olkin (KMO) test and Bartlett test of sphericity were performed to test whether the data were suitable for factor analysis. KMO was calculated to be 0.796 (>0.5); besides, EFA was validated to be applicable by the Bartlett test of sphericity (χ2: 3,464.209, p < 0.001). Later, EFA was performed on the data, and factors were extracted by principal component analysis (PCA). According to Table 2, all the 12 items were divided into four dimensions, accounting for 68.790% variance. As suggested by item contents and literature (16), dimensions one to four were classified as “perceived health threat,” “perceived severity,” “perceived controllability,” and “perceived infection possibility,” respectively.


Table 2. Univariate analysis of the risk perception of COVID-19 among medical college students with different socio-demographic factors.
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Calculating Cronbach?s alpha coefficient was used to test the reliability of the questionnaire. The Cronbach's alpha coefficient for each dimension is 0.758, 0.764, 0.690, and 0.751. A reliability index ≥0.6 is considered acceptable (17). So, this indicates that the four factors (dimensions) of the COVID-19 risk perception construct are reliable.

The score of each item in each dimension was summarized as the score of that dimension. The median scores of the four COVID-19 risk perception dimensions were 11, 14, 9, and 9 points, respectively. Obviously, the overall levels of perceived health threat and perceived severity were higher.



Differences in COVID-19 Risk Perception Among Medical College Students and the Distribution

Table 2 exhibits the student background characteristics and distribution of each dimension of COVID-19 risk perception. A total of 810 participants were enrolled in the present survey. Among them, 68.89% were female students. Most of them came from Zhejiang Province (80.12%), 58.77% were undergraduates, while ￥2,000–3,999 and ￥4,000–5,999 (27.28 and 27.41%) were the dominant per capita family monthly incomes. As shown in Table 2 from the perspective of the origin of students, students from Zhejiang Province had a higher level of perceived infection possibility than students from other provinces, and the difference was statistically significant. Regarding education level, differences in “perceived severity” and “perceived infection possibility” dimensions between undergraduates and junior college students were statistically significant. Besides, among students with different per capita family monthly incomes, differences in all dimensions of risk perception were statistically significant. Further, there were differences in COVID-19 risk perception among medical college students of different majors, and students of clinical major had a relatively higher level of perceived severity.



COVID-19 Knowledge and Risk Perception Assessment Among Medical College Students

Different from the COVID-19 measuring methods in previous studies, this study measured the COVID-19 risk perception and knowledge levels among medical college students from various dimensions and analyzed the association between the two. After calculation, the median score of the COVID-19 knowledge among the medical college students was three points. Table 3 exhibits the COVID-19 knowledge and distribution of the risk perception dimensions among medical college students. There were differences in the mastering of different knowledge items and COVID-19-related dimension risk perception. For instance, students who understood the infectivity of asymptomatic patients had a higher level of perceived severity. Students who understood the COVID-19 infectious disease grade classification and risk management grade showed lower levels of perceived health threat, perceived controllability, and perception of infection probability, and the differences were statistically significant.


Table 3. Univariate analysis of the risk perception of COVID-19 among college students with different knowledge.
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Influencing Factors of COVID-19 Risk Perception Among Medical College Students

Table 4 presents the multivariate linear regression results of the influencing factors of COVID-19 risk perception among medical college students. Compared with men, women showed a low level of the perceived infection possibility dimension. But after incorporating the COVID-19 knowledge factor into the model, the sex factor was no longer statistically significant. Compared with students in Zhejiang Province, medical college students from other provinces showed low levels of perceived severity and perceived infection possibility. Still, after incorporating the COVID-19 knowledge factor into the model, the influence of the origin of the student factor on the perceived severity was no longer statistically significant. However, its impact on the perceived controllability was still statistically significant.


Table 4. Multiple linear regression of the risk perception of COVID-19 among medical college students.
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From the perspective of education, medical college students at the undergraduate level showed a low level of perceived infection possibility compared with junior college students. But after incorporating the major factor and COVID-19 knowledge factor into the model, the education factor was no longer statistically significant.

The per capita family monthly income was also related to the COVID-19 risk perception among medical college students. Compared with students with the per capita family monthly income below ￥2,000, those with the per capital family monthly income of ￥4,000–5,999 showed low levels of perceived health threat (model 1, model 2, and model 3 in the table), perceived controllability (model 1 and model 2 in the table) and perceived infection possibility (model 1, model 2, and model 3 in the table). After incorporating demographic characteristics, major and COVID-19 knowledge into the equation, and the differences were still statistically significant. However, the influence of the income factor on the perceived severity was not statistically significant.

The perceived severity was associated with the specific major of the students. The student major factor was incorporated into the model. The results suggested that, compared with medical college students of public health major, those of clinical medicine major had a high level of perceived severity, and the difference was of statistical significance.

After incorporating the COVID-19 knowledge factor into the model, it was discovered that this factor was associated with each dimension of the COVID-19 risk perception among medical college students. To be specific, a higher COVID-19 knowledge level indicated the lower levels of perception of pandemic heath threat (model 3), perceived controllability (model 2), and perceived infection possibility (model 3), whereas the higher level of perceived severity (model 3).




DISCUSSION

Research on people's risk perception contributes to control pandemic transmission. Related studies have analyzed the public panic over COVID-19 risk perception (18) and the pandemic-induced uncertainty, alarm, and sadness (19). However, there is little in-depth research on the risk perception among Chinese medical college students. Therefore, it is important to understand the COVID-19 risk perception among Chinese medical college students and the related influencing factors.

This study treated medical college students as the respondents and systemically measured the manifestation of the risk perception concept in the COVID-19 event through scale. Previous related research on the risk perception measure is quite simple. It can be seen that these measures of the risk perception of infectious diseases are too simple, and too few questions cannot measure the internal structure of risk perception. For instance, research on the impact of public risk perceptions on protective behaviors in the United States and South Korea, compiled 4 questions to measure risk perceptions from the perspectives of perception fragility and perception severity (20). Some scholars investigate the risk perception of H1N1 in 2009 among the Australian public by four questions from the perspective of risk severity (21). However, the risk perspective is an abstract psychological concept. The measurement by the few questions cannot reflect the complexity of phenomenon complexity, which is not precise enough and is to the disadvantage of grasping the variable nature (22), with poor stability and effectiveness. Consequently, this study measured the COVID-19 risk perception among medical college students by scale, which partially compensated for the aforementioned drawbacks.

Further, this study measured the COVID-19 risk perception among medical college students from four dimensions and discovered the more complex relationship between the COVID-19 knowledge level and risk perception. Such result is not completely consistent with the result that the higher COVID-19 knowledge level among medical college students is associated with the higher risk perception pointed out in related research (5). These conclusions may not be contrary, since our study further classified the content and dimension of risk perception. In some dimensions, such as the perceived severity dimension, the knowledge level was positively correlated with the risk perception. In other aspects, such as perception of health threat, perceived controllability, and perceived infection possibility, knowledge level was negatively correlated with the risk perception level. Thus, there may be differences between knowledge and risk perception from different risk perception dimensions.

This study suggested that the perceived infection possibility was lower in women, which was consistent with the risk perception research among the Iran medical college students (this may mean that the women in this study were more aware of the importance of COVID-19) (23). Nonetheless, some research discovers that the risk perception in women may be higher, like the risk perception of severe acute respiratory syndrome (SARS) (24) and Middle East respiratory syndrome (25). Such inconsistency is possible because this study further classified COVID-19 risk perception into four dimensions. When not considering knowledge and major, women had a lower level of perception of infectivity. Clearly, the detailed internal dimensions of risk perception should be combined when analyzing the influence of sex on risk perception.

Relevant research suggests that COVID-19 risk perception is related to family income. The higher income is related to the lower perception of death risk because the rich people can afford the disease treatment (26), while those with low incomes are not willing to stay at home since they have to go out to work in the economic recession. Our findings were consistent with these studies, which showed that compared with low-income families, studies from the average and above monthly income families had low levels of the perceived health threat, perceived controllability, and perceived infection possibility. This might be related to the job types of low-income families. According to the studies mentioned above, people with low income have to work in occupations with high exposure risk, which together with the imperfect risk prevention measures, results in a high-risk perception level.

Related research discovers that attainment/education level is related to risk perception (27). This study found that, compared with junior college students, the undergraduates had lower perceived infection possibility when the major factor was not considered. This is inconsistent with related research. For instance, some scholars discover that the lower attainment/education level is related to the lower risk perception (28). This may be caused by inconsistent measuring methods. Unlike other studies that measure the attainment levels of students by grade, this study measured the education level by undergraduates and junior college students. Generally, the attainment level of junior college students is lower than that of undergraduates in China. Indeed, these two methods of measuring attainment levels are somewhat different. Moreover, this study further classified the measures of risk perception contents, which was also an important cause, since this study discovered that education level only affected the perceived infection possibility, but not other dimensions.

Major may be associated with the risk perception. For instance, some studies discover that students of medical majors have lower risk perception levels than those of non-medical majors (29, 30). This study further intensively analyzed the risk perception among students with different majors, such as public health, clinical medicine, medical technology, and nursing. It was discovered that compared with medical college students of public health majors, those of clinical majors had a higher perception of COVID-19 severity. This may be because that the clinic-oriented students get more related knowledge (31). Moreover, as future doctors, clinic-oriented medical college students are more likely to be directly exposed to the medical environment.

Certain limitations should also be noted in this study. First of all, concerning the assessment of COVID-19 knowledge among medical college students, the COVID-19 knowledge topics developed in this study were not enough. Second, in terms of samples, this study only investigated students from one medical college, and the research results might not be powerful to deduce all medical college students. The investigation was quickly completed in a short period when students of all majors were in school due to the upcoming final exam. Therefore, there is a narrow time window for our study. Moreover, some other valuable influencing factors were not incorporated, like the students' physical condition, medical insurance status, psychological characteristics, and social capital, which might be the important factors affecting risk perception. These factors may be incorporated into further research for analysis.

In summary, this study measures the COVID-19 risk perception among medical college students by means of scale and embodies risk perception into different internal dimensions, and also discovered that the related factors have different influences on each dimension of COVID-19 risk perception.

There are some insights for future research regarding this topic. A recommendation for future research is to broaden valuable influencing factors affecting risk perception among medical college students, such as physical condition and medical insurance status of students. In addition, based on the findings of this study, the relationship between different dimensions of COVID-19 risk perception and prevention and control behaviors can be further explored in the future.



CONCLUSIONS AND IMPLICATIONS

This study intensively measures the COVID-19 risk perception and its dimensions among medical college students and analyzes the influencing factors of COVID-19 risk perception. The COVID-19 risk perception can be divided into four dimensions, namely, “perception of pandemic heath threat,” “perceived severity,” “perceived controllability,” and “perceived infection possibility.” The analysis results suggest that income, education level, major, and COVID-19 knowledge are the important factors affecting COVID-19 risk perception among medical college students.

This study further promotes the related academic theoretical research. First, this study measures the COVID-19 risk perception among medical college students by means of scale and embodies risk perception into different internal dimensions, which partially compensates for the drawbacks in relevant research. Because a single measurement index lacks preciseness and measuring stability. Second, this study also discovered that related factors have inconsistent influences on each dimension of COVID-19 risk perception. Consequently, the detailed internal dimensions and related factors of risk perception should be combined for the analysis when analyzing risk perception.

This study also facilitates to promote the pandemic prevention and control practices. We found the pandemic risk perception was associated with the prevention behavior. Therefore, in the future normal pandemic prevention and control process, risk perception and prevention and control behaviors among medical college students of different backgrounds should be grasped. Moreover, further health education training should be carried out. All in all, it is necessary to help these students build a positive attitude toward COVID-19.
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Background: Antibodies against SARS-CoV-2 can be detected by various testing platforms, but a detailed understanding of assay performance is critical.

Methods: We developed and validated a simple enzyme-linked immunosorbent assay (ELISA) to detect IgG binding to the receptor-binding domain (RBD) of SARS-CoV-2, which was then applied for surveillance. ELISA results were compared to a set of complimentary serologic assays using a large panel of clinical research samples.

Results: The RBD ELISA exhibited robust performance in ROC curve analysis (AUC> 0.99; Se = 89%, Sp = 99.3%). Antibodies were detected in 23/353 (6.5%) healthcare workers, 6/9 RT-PCR-confirmed mild COVID-19 cases, and 0/30 non-COVID-19 cases from an ambulatory site. RBD ELISA showed a positive correlation with neutralizing activity (p = <0.0001, R2 = 0.26).

Conclusions: We applied a validated SARS-CoV-2-specific IgG ELISA in multiple contexts and performed orthogonal testing on samples. This study demonstrates the utility of a simple serologic assay for detecting prior SARS-CoV-2 infection, particularly as a tool for efficiently testing large numbers of samples as in population surveillance. Our work also highlights that precise understanding of SARS-CoV-2 infection and immunity at the individual level, particularly with wide availability of vaccination, may be improved by orthogonal testing and/or more complex assays such as multiplex bead assays.

Keywords: SARS-CoV-2, ELISA, antibody response, serology, public health


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) first emerged in Wuhan, China in December 2019 and rapidly spread to cause an unprecedented pandemic (1). Validated sensitive and specific serologic assays are critical tools for evaluating exposure and immunity to emerging infectious diseases. In the context of SARS-CoV-2, there are multiple uses for tests that detect SARS-CoV-2-reactive antibodies. Epidemiologically, serostatus can be used to track the prevalence and incidence of infection in populations and guide decisions on resource allocation and regulations on public activities (2). Furthermore, measures of SARS-CoV-2-specific antibodies are becoming increasingly important to measure the breadth and durability of vaccine responses, especially with the emergence of novel variant strains.

SARS-CoV-2 is a betacoronavirus that is closely related to other recently emerged coronaviruses (CoVs) SARS-CoV and MERS-CoV and more distantly related to ubiquitous alpha and beta. CoV are spherical, enveloped viruses with large single-stranded positive-sense RNA genomes of ~30 kb (3). The surface of CoV is decorated with homotrimers of the spike (S) glycoprotein that mediate host cell infection via the angiotensin-converting enzyme (ACE-2) receptor on respiratory epithelial cells and represent the primary target of neutralizing antibodies (nAb) (4). CoV infection elicits human antibody (Ab) responses to additional structural and non-structural proteins, with the nucleocapsid (N) being used in serologic assays in addition to S-derived antigens (2).

SARS-CoV-2 infection consistently induces an Ab response in most infected people. The sensitivity for detecting SARS-CoV-2 Ab, including IgM and IgG, peaks at ~3 weeks post symptom onset; however, reports on the durability of SARS-CoV-2 Ab have been variable. Some have reported that Ab responses are transient, with a large proportion of seropositive individuals sero-reverting within a few months. However, detailed longitudinal studies of adaptive immunity to SARS-CoV-2 reveal relatively stable Ab responses through at least 6–8 months after infection (5). Vaccine-elicited Ab responses may be different both quantitatively and qualitatively. Thus far, antibody levels have been reported to be stable up to 6 months post-vaccination (6), although models predict waning of protective immunity after 6 months (7).

The literature and the market were flooded with serologic tests for SARS-CoV-2 Abs in the first several months of the pandemic, including tests with a wide range of readouts, antigens employed, performance and reliability (8). Many tests eventually had their FDA emergency use authorization (EUA) revoked due to quality concerns. This created much uncertainty and confusion surrounding the clinical value of Ab testing (9). However, it has been exceedingly clear that understanding humoral immunity to SARS-CoV-2 infection and developing robust serologic assays is a crucial aspect of the public health response to this pandemic, as well as defining the determinants of protective immunity and developing COVID-19 vaccines (10). Serologic tests intended for clinical use are required to comply with regulatory standards, but variability and poor inter-laboratory agreement can still be a problem (11). Non-clinical assays to detect Ab responses that are used for basic or translational research and epidemiologic purposes often have performance that is less rigorously validated or standardized across laboratories—though efforts to address these issues exist (12). Thus, the goals of this study were to (1) develop and validate a simple, sensitive and specific in-house enzyme-linked immunosorbent assay (ELISA), (2) assess the relative performance of the ELISA in comparison to other robust serologic approaches for measuring SARS-CoV-2 immunity, and (3) determine the advantages and limitations for applying a simple serology assay to address specific research questions. Here we describe our process of developing a useful serological tool amidst the dynamic nature of the early months of the pandemic, in the absence of a gold-standard SARS-CoV-2 antibody assay. We discuss important lessons that remain relevant to the ongoing COVID-19 pandemic and that are also generalizable to the public health response for future emerging viral diseases.



MATERIALS AND METHODS


Human Subjects and Biospecimens

Human specimens (Table 1) were collected from different sources. All data and specimens included in this study were obtained and utilized under protocols approved by the appropriate institutional review boards (IRB), and informed consent was obtained. Specimens collected included serum and plasma by phlebotomy. Saliva was collected using Oracol Plus (Malvern Medical, UK) by brushing the gums for ~1–2 min to obtain gingival crevicular fluid (“saliva” hereafter), which is enriched in serum antibodies and preferred for our assay (13). Specimens were transported to the lab and processed within 24 h and stored at −20° or −80°C. Samples were heat inactivated at 60°C for 30 min prior to use in experiments.


Table 1. Characteristics of study population.
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Pre-pandemic Sera

Two groups of sera from frozen archives were used in this study. “Colombian” sera were collected in a cross-sectional cohort of healthy pregnant women presenting to a Labor and Delivery ward in Risaralda, Colombia between December 2017 and April 2019 (Emory IRB# 103255 and 106096). “Traveler” sera were collected pre- and post-travel from healthy US travelers participating in a surveillance study from May 2018—September 2019 (Emory IRB# 103363) or from healthy subjects who were previously diagnosed with travel-related Zika infection and sampled from June 2018 –May 2019 (Emory IRB# 00022371) (14, 15).



COVID-19 Sera

Two groups of patients contributed to this sample set. “Cases” comprise individuals with confirmed SARS-CoV-2 infection by RT-PCR testing, which is the gold standard for diagnosing COVID-19 (acute symptomatic SARS-CoV-2 infection). Subjects in this group were recruited initially from inpatients at Emory University Hospitals beginning in March 2020. In April 2020, confirmed and recovered (convalescent) cases were also recruited at an outpatient research clinic under the same IRB protocol (Emory IRB# 00022371). An “Ambulatory” group comprised patients recruited from an outpatient testing site, all with COVID-19 molecular testing results available (test date range: March 18–June 10, 2020). These participants were symptomatic with mild illness (see Table 1), and these subjects were asymptomatic when convalescent serum was donated (Emory IRB# 110683).



COVID Surveillance Sera

“Surveillance” specimens were obtained and allocated for research use as part of a longitudinal surveillance cohort study of healthcare personnel (The COVID-19 Prevention in Emory Healthcare Personnel (COPE) Study, Emory IRB# 00000505). Baseline enrollment for this study was open May 1, 2020, and completed June 12, 2020 (16). Subjects were healthy at time of enrollment and donated serum and saliva.




Pseudoviruses, Cells, and Key Reagents

Recombinant receptor-binding domain (RBD) protein and the RBD-binding monoclonal antibody CR3022 were used according to previously described protocols (17, 18), as well as SARS-CoV-2 neutralizing monoclonal antibody CC12.1 (19). Plasmids expressing human TMPRSS2 (20), pCMV ΔR8.2, pHR' CMV-Luc (20), and SARS-CoV-2 spike protein (Wuhan-1) were obtained from the Vaccine Research Center at NIAID, NIH (21). Full details for the neutralization assay are in the Supplementary Material.



ELISA

SARS-CoV-2 RBD IgG Thawed serum was used in all ELISA experiments. This assay was developed similarly to previously described protocols (17, 22). Plates were coated with 200 ng/well of recombinant SARS-CoV-2 RBD in phosphate buffered saline (PBS, pH 7.4) at 4°C overnight, then blocked the next morning with 1% BSA (in PBS with 0.05% Tween). A 1:100 dilution of sera in blocking buffer was incubated at 37°C for 1 h and plates washed three times. IgG was detected with goat anti-human IgG conjugated to HRP (1:20,000) at 37°C for 1 h. Plates were developed for 5 min after adding 100 μl o-Phenylenediamine dihydrochloride (OPD) substrate (SIGMA: P8787) with peroxide citrate buffer substrate, and the reaction was stopped with 100 ul 1N HCl. Plates were read immediately at 490 nm. Raw optical density (OD) values were normalized to the absorbance of an internal control [CR3022 mAb used at 2μg/ml (200 ng/well)] and reported as the normalized ratio (NR).

Additional methodology details for the SARS-CoV2 RBD total Ig, IgG3, IgA, IgM, and dried blood spot (DBS) testing are described in the Supplementary Material.



Saliva Luminex Assay

Saliva swabs were collected and transferred directly to the processing lab. Upon receipt at the lab, swabs were centrifuged at 1,500 g for 10 min to separate the sample from the sponge and then heat-inactivated at 60°C for 30 min. Samples were stored frozen at ≤ -20°C prior to testing. Archived saliva samples that had been self-collected with Oracol swabs as part of different research studies before December 2019 were used as pre-pandemic negative controls. Samples were tested using a modified version of a previously described multiplex SARS-CoV-2 immunoassay based on Luminex technology (13). Further details are in the Supplementary Material.



Statistical Analysis
 
ROC Curve for RBD IgG ELISA

ROC curve analysis was performed using PRISM Graphpad version 8.4.3 to determine the optimal threshold for the SARS-CoV-2 RBD IgG ELISA (AUC = 0.994).



Association Between Ig Isotype Levels and Days Post Symptom Onset

Multivariable linear regression analysis was conducted in PRISM to assess the association between Ig subtype OD405 and days post symptom onset when controlling for age and hospitalization status Data transformations were conducted when appropriate to correct for unmet normality and heteroscedasticity assumptions. Interaction and confounding assessment were done to determine the optimal model. Wald p-values and 95% confidence intervals were reported.





RESULTS


Validation of RBD IgG ELISA

To establish a simple serologic assay for SARS-CoV-2-specific IgG detection, an ELISA using an RBD antigen was validated by testing a large set of human sera with known infection status (Table 1). Pre-pandemic sera (n = 140) constituted negative controls, and positive controls were convalescent sera (10–127 days post symptom onset, DPSO; mean 39.8 DPSO; median 38 DPSO) from RT-PCR-confirmed COVID-19 cases (n = 82). The mean normalized ratio (NR) for the Traveler group was 0.05 and for the Colombian group, mean NR was 0.06 (Figure 1A). Thus, the sera from the two cohorts were similarly non-reactive and indicated low background in this assay, with only one of 140 negative controls with a NR >0.2. Sera from convalescent COVID-19 cases showed a mean NR of 0.54, ranging from 0.057 to 0.962 (Figure 1A). The positive control monoclonal antibody (mAb) CR3022, which defined an NR of 1, gave an OD of ~1.5 across multiple plates (data not shown). ROC analysis was conducted to define the cut off that optimized sensitivity and specificity, with priority given to maintaining specificity ≥99% (Figure 1B). A threshold of 0.20 (Sens = 89.0%, Spec = 99.3%) was selected. Percent neutralization was calculated at 1/30 serum dilution and correlated to RBD IgG ELISA normalized ratios (p = <0.0001, R2 = 0.26, Figure 1C).
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FIGURE 1. Development and validation of RBD ELISA to detect human SARS-CoV-2-specific IgG. (A) Positive and negative control specimens were tested by the RBD ELISA. The normalized ration (NR, see methods) is plotted on the y-axis. The horizontal dashed line at NR = 0.2 indicates the assay cut off as determined by ROC curve analysis shown in (B). (C) NR values from the RBD ELISA are plotted (x-axis) against the percent neutralization determined in a screening assay performed at a single dilution (1:30). The screening assay quantifies the amount of pseudovirus infection in the presence of test sera relative to pseudovirus only wells. Values <50% are considered a negative screening test for SARS-CoV-2 neutralizing antibodies.




Application of RBD IgG ELISA in Ambulatory Patients

To test the hypothesis that serologic testing would increase diagnostic sensitivity for mild COVID-19, convalescent (12–124 DPSO) serum was obtained from patients (n = 39) undergoing RT-PCR testing for SARS-CoV-2 infection in an ambulatory clinic. 6/9 (66.7%) RT-PCR-confirmed patients were RBD IgG-positive, and 0/30 (0%) RT-PCR-negative patients tested RBD IgG-positive (Table 2). These results confirm the high performance of molecular diagnostics in symptomatic patients suspected of COVID-19, and we did not identify additional SARS-CoV-2 infections in this small sample set.


Table 2. Convalescent serology testing of ambulatory PUI.
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Application of RBD IgG ELISA for Surveillance

SARS-CoV-2 seroprevalence was determined by RBD ELISA in a cohort of healthcare personnel (HCP) in Atlanta, GA, following baseline enrollment that occurred from May 5 to June 12, 2020. This result of 23/353 RBD ELISA positive [6.5% seroprevalence)] was previously reported (16). The distribution of NR values is shown in Figure 2A. Because many samples had results very close to the cut off, we required samples to test consistently positive on at least two independent runs of the assay to confirm positive status. By these criteria, 23 sera were confirmed as positive of the 45 identified as close to the cut off on a first run. There was variability (mean %CV 23.8%) in ELISA results between multiple test runs (Figure 2B); however, only one sample with a NR of ≥ 0.25 was rejected upon repeat testing. Of note, <2% (7/353) of the HCP cohort reported a positive RT-PCR swab prior to baseline sample collection. Five of the seven participants with a positive RT-PCR tested positive by RBD ELISA. The two that tested negative had a NR of 0.144 and 0.027. Given the number of samples giving an NR close to the assay cut off, we questioned whether sample-intrinsic background signal may be an issue, particularly because lab safety policy required heat inactivation of samples at 60°C rather than the standard 56°C, and concern for this practice in affecting both sensitivity and specificity of serologic assays has been raised. We analyzed 21 samples by running an aliquot that was and was not heat inactivated at 60°C side-by-side on the RBD ELISA. The variation in results was similar to what was observed for testing the same sample on multiple plates, with only a minimal increase in mean NR of 0.115–0.183 (Figure 2C).


[image: Figure 2]
FIGURE 2. Implementation of RBD IgG ELISA for surveillance. (A) The distribution of RBD ELISA results are shown for a cross-sectional sample of 353 healthcare personnel. The dashed line at NR = 0.2 indicates the assay cut off. (B) Run-to-run concordance is shown for samples that initially tested positive by RBD ELISA (n = 45). (C) Paired results in the RBD ELISA are shown for negative control samples which had one aliquot heat inactivated at the indicated temperature (n = 21).




Comparative Performance of RBD ELISA to Alternative Serodiagnostic Assays

In addition to rigorous validation with control specimens, we sought to compare results from the RBD ELISA assay with additional well-established assays. We tested a subset of selected HCP surveillance samples and controls, with the results of the orthogonal testing shown in Table 3 (additional details in Supplementary Material: orthogonal testing). We titrated IgG levels with the same RBD ELISA and examined the correlation among endpoint titer and NR at the 1:100 dilutions. We also performed ELISA testing for total Ig (23) and found good agreement in results. Discrepant results between these two assays typically involved a lower signal in the total Ig assay that was more consistent with multiplex saliva and serum testing. We have previously shown that detection of SARS-CoV-2-specific IgG in saliva on a Luminex platform is robust (~100% accurate) and closely matches results obtained in matched serum run in the same Luminex assay (13). Salivary antibody testing detected SARS-CoV-2 IgG in 15 of 39 of RBD ELISA positive samples giving a positive percent agreement (PPA) of 37.5% (Supplementary Table 2). The PPA between these two assays increased to ~60% when only considering RBD IgG ELISA+ samples with an NR≥0.25. Negative agreement was strong among these two assays (and for all assays). Of 40 samples testing negative in the RBD IgG ELISA (NR <0.2), 37 resulted negative in the saliva assay (NPA=92.5%). NPA agreement increased to 96.3% when considering the 27 samples with RBD IgG ELISA NR <0.18. We also tested sera from this sample set in a distinct Luminex assay that employs in-house SARS-CoV-2 antigens produced in an E. coli expression system. Again, concordance of results was observed for assay positivity as well as relative order of signal magnitude among positive samples (Table 3). Finally, a single dilution (1:30) neutralization screening assay (NSA) was performed to assess whether our binding ELISA test predicted antibody function (Table 3). RBD ELISA testing agreed well with NSA in positive control and COPE samples, particularly at higher NR values. Agreement was more variable in low to intermediate positive samples.


Table 3. Orthogonal testing.
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Association of Antibody Subtypes and Isotypes With Days Post Symptom Onset

We hypothesized that certain immunoglobulin (Ig) subtypes may allow for refining the timing of SARS-CoV-2 infection in cross-sectional surveillance efforts. In addition to IgG, we analyzed IgG3, IgA, and IgM with respect to DPSO while controlling for potential confounders such as severity of illness and patient age (Figure 3). We were not able to assess the presence of an association between DPSO and IgG because normality assumptions could not be met using common data transformations (Figure 3A). No relationship was found between IgG3 OD405 and DPSO after controlling for patient age and hospitalization status (Figure 3B). DPSO was associated with IgM OD (p =0.0027) with no evidence of confounding or effect measure modification by other variables of interest (Figure 3C). There was a significant negative correlation between DPSO and IgA OD (p = < 0.0001). Hospitalization status was a significant effect measure modifier in this relationship (p = 0.0004), with patients with milder disease exhibiting stronger IgA responses in early convalescence that declined over time. Log transformation was used to in the model assessing IgA and DPSO and a square root transformation was used to in the model assessing the relationship with IgG3 and DPSO to correct for unmet normality homoscedasticity assumptions.
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FIGURE 3. Temporal relationships between time of infection and antibody isotypes. Cross-sectional samples were tested by ELISA for the indicated antibody isotype or subtype, and magnitude of signal was plotted (y-axis) against the days post symptom onset (DPSO, x-axis). Samples (n = 100) from RT-PCR-confirmed cases (n = 82) were used in these analyses. A few subjects had a sample from multiple time points available, and these are included as un-linked independent data points for this analysis. All ELISA assays are antigen coating indirect ELISAs using RBD as the antigen. The secondary antibody for IgG detection is conjugated to HRP and the normalized ration (NR) is reported as described in methods (A). The secondary antibodies for IgG3, IgM and IgA use alkaline phosphatase, results reported are mean optical density (OD) of technical replicates (B–D).




Performance of RBD IgG Assay in Different Diagnostic Specimen Types

In a subset of the positive controls (n = 59), we tested for SARS-CoV-2-binding IgG by the RBD ELISA in serum and dried blood spot (DBS) eluate, running matched specimens from the same individual side-by-side on the same ELISA plate. There was a strong linear correlation in NR values for these two specimen types (p < 0.001, R2 = 0.879, Figure 4).
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FIGURE 4. SARS-CoV-2-specific IgG is similarly detected from serum and DBS. Serum (x-axis) and eluate from control DBS (y-axis) were run side-by-side on RBD ELISA plates. Mean OD of technical replicates was plotted on XY scatter graph in Prism and a linear regression analysis was performed. Pearson correlation coefficient and p value are displayed on graph.





DISCUSSION

In this study, we rapidly developed a useful serologic assay during the early months of the ongoing COVID-19 pandemic, which was then applied in unique populations for testing and surveillance. We validated a SARS-CoV-2 RBD IgG ELISA by the traditional approach of control sample testing and ROC curve analysis, which indicated robust performance parameters and a sensitivity of 89% and specificity of 99.3% for samples collected at least 10 days after symptom onset. We also pursued a more extensive examination of performance via orthogonal testing by multiple Ab detection platforms, which generally showed concordant patterns of results.

We noted some variability existed among the different tests, most notably for samples with borderline NR values in the RBD IgG ELISA. Among samples with discrepant RBD ELISA and NSA results, comparing to a third or fourth test platform was typically clarifying. However, there are exceptions, for example, COPE0078 is likely a false positive on the ELISA RBD assay as it has a completely negative NSA and low signal on multiple SARS-CoV-2-specific antigens on the serum Luminex assay. Additional cross-assay comparisons are interesting. For example, COPE0778 is positive right at the cutoff of the RBD IgG ELISA, has low signal in the total Ig and NSA but also tests positive by saliva assay. Interestingly, the serum multiplex reveals low signal for S, RBD, and N, but a strong signal for Orf8, suggesting that a small portion of SARS-CoV-2 infected individuals may exhibit immune-dominance patterns that are not focused on S and N antigens, which could lead to misclassification of SARS-CoV-2 infection status in a small proportion of people by many serologic tests (24). Similarly, COPE0887 exhibits a negative RBD IgG ELISA, a negative NSA and negative testing by saliva assay; however, the serum Luminex assay detected strong reactivity, particularly to N, orf3 and orf8 antigens, with much more modest signal to RBD and S. Others have noted SARS-CoV-2-specific responses to orf3 and orf8 (24, 25), which may enable detection of Ab against SARS-CoV-2 in individuals that do not mount strong responses to the immunodominant S or N antigens, but simple assays based on orf3 or orf8 antigens may not be sufficiently sensitive. Overall, these data indicate convergent results of Ab testing for a high proportion of samples from individuals with prior SARS-CoV-2 infection and lend validity to the simple RBD IgG ELISA as a pragmatic testing approach to determine SAR-CoV-2 immunity.

Serologic testing will remain a critical element of the public health response to the COVID-19 pandemic for the foreseeable future. Robust assays, particularly those linked to functional activity or correlated with immunologic protection as is true for RBD ELISAs (19), are essential for assessing population level prevalence and incidence of SARS-CoV-2 infection, as well as for determining infection endpoints in intervention trials. With the impending FDA full-licensure of current SARS-CoV-2 vaccines and development of novel vaccines, serology, and immune correlates will also be essential to translate laboratory values to clinical relevance. The role of serology in clinical care has been limited to date but may become increasingly important for specific scenarios, such as in patients experiencing post-acute sequelae of SARS-CoV-2 infection (PASC or “long COVID”) who have only mild or completely absent symptoms at the time of initial infection (26). We did not detect cases of false negative SARS-COV-2 molecular testing in our small ambulatory sample set (n = 30), which is consistent with high sensitivity of these assays. However, serology may marginally improve sensitivity for case identification, and this could be most important when certain antigen tests with moderate sensitivity are being used rather than RT-PCR for diagnosing symptomatic individuals (27). Moreover, if SARS-CoV-2 transmission decreases and becomes one of many potential etiologies for prolonged critical respiratory illness, complementing molecular testing with high performing serology tests may clarify diagnoses and impact management. Incorporating multiple Ig subtypes as we have studied to aid in timing the infection could enhance the utility of serologic testing.

Although there are currently numerous SARS-CoV-2 diagnostics available, it is important to acknowledge the heterogeneity of these assays and determine which tests are best implemented in different contexts such as individual infection categorization vs. population-level surveillance. Unfortunately, the diagnostic landscape has been further complicated by distribution of low performing assays, which culminated in the FDA revoking several EUA that had been previously granted (28). Although current diagnostics have described sensitivity and specificity values for known positive and negative cases, there is little data that describes application of ELISA-based SARS-CoV-2 diagnostics in subjects with unknown exposures or in those with intermediate results. Our study extends existing data on use of SARS-CoV-2 Ab tests by examining the RBD IgG ELISA characteristics in a surveillance setting for healthcare workers who were asymptomatic when sampled and in a group of mildly symptomatic patients being tested for COVID-19.

As seen with other pandemics, public health systems in lower and middle-income countries (LMICs) may lack the means to adequately respond to the emergence of SARS-CoV-2 (29). Insufficient capacity for surveillance is one of many concerns for regions in Africa and Latin America (30, 31). Even in wealthier nations, vulnerable and underserved populations have been disproportionately impacted by COVID-19, which is partly attributable to lack of access to diagnostic testing. For example, major outbreaks have occurred in the US corrections system, leading to delayed diagnoses. Several aspects of our work address the challenges of SARS-CoV-2 surveillance and testing, primarily the need for needle-free testing. We increasingly believe that saliva-based assays are an attractive strategy to maximize sampling and access of SARS-CoV-2 Ab testing for public health purposes (13, 32). Furthermore, we show that DBS offers another sampling strategy that exhibits high fidelity to phlebotomy-based specimens and can be utilized in resource poor settings with limited refrigeration or advanced laboratory equipment. Deployment of sampling approaches such as saliva finger stick DBS are both further supported in that these are highly amenable to self-collection and mail-in for analysis by a central lab. Finally, prokaryotic antigen expression systems such as was used here for certain antigens in the serum Luminex assay represent a relatively simple technique that could be established in labs in resource-limited settings if not already available. Interestingly, Luminex has an installation base of >10,000 machines globally, which includes many health centers or government labs in LMICs. Thus, many elements of this study are based on methodologies that are readily scalable to support broad implementation of serologic testing worldwide.

A limitation of our study was the modest sample size of the ambulatory population. These results should be interpreted with caution when generalizing to other patients with mild symptoms. It should also be noted that nearly all the cases used for assay validation were symptomatic. It is not clear how sensitive the assay is in detecting asymptomatic infection. For the longitudinal sample assessments, not all participants enrolled had multiple or consistent time points measured. For the healthcare worker cohort, only a single time point was measured. Prior studies have demonstrated waning antibody levels and even sero-reversion (33). Further analysis is warranted to capture additional time points for kinetic studies. Additionally, we focused mainly on anti-RBD IgG in both sera and saliva. Higher sensitivity and specificity may be gained with a combination of antibody assays that target different components of the SARS-CoV-2 virus. Furthermore, ratios of RBD antibodies to nucleocapsid antibodies may provide further characterization or prediction of illness severity (34). For the DBS analysis, only a limited number of samples were analyzed, with good linear correlation. To describe the sensitivity and specificity of this assay and the relationship with serological findings, further studies with a larger sample size and pre-pandemic controls should be analyzed.

In summary, this study demonstrates the applied utility of simple in-house ELISA testing for SARS-CoV-2-reactive IgG, which could be deployed to labs in most parts of the world. The collaborative process by which we developed, validated, and implemented the assay during the pandemic is a model by which future serologic assays can be designed in the setting of emerging pathogens. Data shown here are also support the idea that access to serologic testing could be expanded by implementing alternative sampling strategies such as saliva or DBS that do not require phlebotomy. Our study also highlights the value of orthogonal testing in defining the true status of a minority of samples with discrepant test results. However, the benefit of single assay approaches—provided the performance is stringently established—will likely outweigh the more complete and accurate assessment of individual sero-status of multi-platform orthogonal testing by offering sufficient accuracy and better throughput at lower cost for meeting demands of testing volume, including in resource-limited settings.
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Community pharmacists expanded their roles and engaged in vaccination services in many countries around the world, but not in Balkan countries. This research aimed to assess the perceptions of pharmacists on involvement in the coronavirus disease (COVID-19) vaccine administration in four Balkan countries (Albania, Bulgaria, Romania, and Serbia). A cross-sectional survey was conducted using an online questionnaire that was distributed to community pharmacists across these countries between February and March 2021. A total of 636 community pharmacists were included in the analysis of the survey. The willingness to administer vaccines for COVID-19 (or other vaccines well established in the practice, like a flu vaccine) in community pharmacies is significantly different among the countries: the pharmacists from Albania were more willing to administer vaccines. The factors associated with the eagerness to vaccinate are almost the same among the countries: the lack of training in the faculty classes and the lack of a special place where to administer vaccines. Additional significant factors were found in Bulgaria (pharmacists from independent pharmacies wanted more than the pharmacists working in chain pharmacies to administer vaccines) and in Serbia (male pharmacists agreed more with administering vaccines than female pharmacists). Further national reforms are needed for adopting the expanding role of community pharmacists.

Keywords: COVID-19, vaccination, training, pharmacists, community pharmacy, Balkan countries


INTRODUCTION

After declaring the new coronavirus disease (COVID-19) as a pandemic on March 11, 2020, WHO requested a collaboration among different countries and healthcare workers even though the global medical system faced multiple challenging novel responsibilities (1). Pharmacists have been involved worldwide in public health during this past year's pandemic through point-of-care testing services and by ensuring medication counseling, access, and optimization (2, 3). They have received greater authority from several governments all around the world to aid overcrowded hospitals (4). Various global studies underlined the importance of community pharmacist role expansion and engagement in vaccination services (5–9), leading to a more valuable and premature public health response that is potentially obtained during a pandemic if community pharmacists expanded their roles and engaged in vaccination services (6, 10).

In all European countries, pharmacists are authorized to provide patient-centered care by medicine optimization and dispensing the prescribed antibiotics and antiviral drugs to prevent infectious threats (11). The role of community pharmacies in vaccination has exceptional success in countries like Argentina, the United States of America, Australia, France, Ireland, Italy, Norway, Poland, Portugal, Switzerland, and United Kingdom, suggesting that pharmacists can play a greater role in improving vaccination coverage (12, 13). The question is if community pharmacists could mitigate public health emergencies such as the COVID-19 pandemic by also ensuring vaccination service. However, to manage vaccination services and ensure occupational safety, community pharmacies require flexibility and clarity in establishing workflows and basic infrastructure (1, 2).

First of all, the involvement of community pharmacists in vaccination services during pandemics may present some advantages as follows. Community pharmacies may offer a low and convenient cost for vaccination, being already prepared for vaccination logistics with multiple strategies for injection/vaccine supply chain management (14–17). They are often conveniently located and do not usually require appointments for vaccination services. This can increase access to vaccines that are medically suggested (18). Pharmacists are also able to combat misinformation, clearly communicate, and assess patient understanding (19), therefore decreasing vaccine hesitancy through persistent education (4) as human skepticism, and hesitancy regarding this unique health intervention deters immunization campaigns (20).

Second, community pharmacists may contribute to the prevention of public health crisis due to role expansion (2, 10). A global survey was conducted last year in over 99 countries and territories by the International Pharmaceutical Federation (FIP) and found that pharmacy-based vaccination services were available in at least 36 countries and territories and were proposed or were in the process of implementation in 16 more countries (21, 22). Among the vaccines administered in pharmacies, the most common was the influenza vaccine, followed by hepatitis B, tetanus, diphtheria, measles, malaria, and shingles vaccine. In the European Union, vaccination administrated in pharmacies is common in 13 European countries, including Greece, Portugal, and Estonia (23).

And thirdly, community pharmacist's involvement in public health services may be increased and improved after following specific training (24). For example, in the United States, pharmacists are trained to administer the vaccines approved by Food and Drug Administration (FDA), based on the Centers for Disease Control and Prevention (CDC) guidelines (5), and they have already improved influenza vaccination rates (2, 4, 10). Accredited workshops regarding best practices in pharmacy-based immunization services were organized in Quebec (Canada) for pharmacists and proved effective in encouraging vaccination and in improving their competencies (20).

Community pharmacist's training may include not only the study of epidemiology, immunology, and proper vaccine delivery, but also the appropriate use of protective equipment, correct vaccine storage and handling, and constant monitorization of the eligible population (10). Although an infectious disease pandemic is still difficult to predict nowadays, wide planning programs and medical staff preparedness could lead to higher psychological resilience among pharmacists (1). Therefore, a solution to overrun the COVID-19 pandemic might be expanding pharmacist's roles as they represent frontline medical professionals, highly responsive to patient's needs (2).

Although in some Balkan countries vaccination in pharmacies is regulated by laws, this is not yet possible in practice due to the lack of implementing procedures. The primary aim of this research is to analyze the perception of community pharmacists from the four Balkan countries (Albania, Bulgaria, Romania, and Serbia) toward vaccination services and the willingness to administer COVID-19 vaccines and other infectious disease vaccines to patients. The second purpose of our research was to identify the common pathways among these selected South-East European countries toward enhancing pharmacist's contributions and roles in vaccination by gathering information about the barriers and benefits to COVID-19 vaccination for community pharmacists.



MATERIALS AND METHODS


Study Design

A cross-sectional survey was conducted using an online, anonymously self-administrated questionnaire that was distributed to community pharmacists across Albania, Bulgaria, Romania, and Serbia between February and March 2021. As dissemination channels, we used pharmacist groups from social media and emails to our former students.

To calculate an appropriate representative sample from the targeted population, we established the margin of error at 5% with 95% confidence level. The number of Albanian community pharmacists is 2,744 (25), so the required sample size is 338. The number of Bulgarian pharmacists registered in the database of the Bulgarian Pharmaceutical Union is 6,605 (26), so the required sample size is 364. The number of Romanian pharmacists registered in the database of Romanian Pharmacists College is 18,093 (27), and the required sample size is 377. The number of Serbian licensed pharmacists is 7,147 (28), so the required sample size is 365.

Only complete surveys were included in the analysis.



Survey Development

The survey was developed based on a deep literature review (29, 30) and the experience of the four countrie's coordinators (KH, MK, AT-S, and IT) who analyzed the structure, content validity, and applicability in the selected countries. The survey consisted of 19 items, including both close-ended questions with predefined answers and open-ended questions. The items were grouped into three sections: the first section was dedicated to the sociodemographic data (age, gender, marital status, specialty, years of experience working as a pharmacist, and community pharmacy characteristics), the second section assessed the perceptions about administering vaccines (Q1–Q8 close-ended questions), and the third section was about barriers and facilitators on vaccine administration in community pharmacies (Q9–Q10 open-ended questions).

A pilot test was conducted on 20 community pharmacists (5 in each country), who were not included in our sample, to assess the clarity, understandability, and relevance of the survey items. The principal investigators of the four countries (Albania, KH; Bulgaria, MK; Romania, AT-S; and Serbia, IT) discussed with the community pharmacists from their countries. Their feedback had helped for face content validity and to obtain the final version of the survey.



Statistical Analysis

All statistical analyses were performed using the GraphPad Prism 9.2.0 software (GraphPad Software, San Diego, CA, USA). Descriptive data were represented by mean with SD, median with an interquartile range for continuous variables, and frequencies with percentages for categorical variables. The Mann–Whitney U and Kruskal–Wallis tests were used to test the differences between the data obtained in participating countries. Univariate and multivariate analyses were performed to find the factors influencing the perception of administering vaccines in community pharmacies, and the adjusted odds ratio (AOR) was calculated. The 95% CI for the odds ratio was assessed for every predictor. The Hosmer and Lemeshow test is used to assess how well the model fits with the data. The results with the value of p < 0.05 were considered as significant.



Ethical Approval

The protocol of this study was based on an online survey to which community pharmacists from every country (Albania, Bulgaria, Romania, and Serbia) answered voluntary, in compliance with European ethical recommendations on the absolute confidentiality of personal data collected in the survey, as well as the anonymity and security of participants (Regulation (EU) 2016/679 on the protection of individuals regarding the processing of personal data). A collaboration agreement was signed and approved by the Ethics Commission of the University of Medicine and Pharmacy of Craiova (No. 18/12.02.2021). All pharmacists provided electronic informed consent, starting with the first question of the survey.




RESULTS

A total of 636 community pharmacists from Albania (n = 109), Bulgaria (n = 168), Romania (n = 171), and Serbia (n = 188) were included in the analysis of the survey. Table 1 presents the sociodemographic characteristics of the respondents. The pharmacists from Albania were younger and less experienced than those from Bulgaria, Romania, or Serbia (age: Albania vs. Bulgaria, p < 0.0001, Albania vs. Romania, p < 0.0001, Albania vs. Serbia, p < 0.0001; experience working as pharmacist: Albania vs. Bulgaria, p = 0.0028, Albania vs. Romania, p = 0.0002, Albania vs. Serbia, p < 0.0001).


Table 1. Sociodemographic characteristics of pharmacists.
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The Kruskal–Wallis test was conducted to compare the willingness to administer vaccines in the community pharmacies of different countries (Albania, Bulgaria, Romania, and Serbia), and a significant difference was found among them, as shown in Table 2. The pharmacists from Albania were significantly more willing to administer vaccines in community pharmacies than those from Bulgaria, Romania, and Serbia (Q2 item: Albania vs. Bulgaria, p < 0.0001, Albania vs. Romania, p < 0.0001, Albania vs. Serbia, p < 0.0001). The same difference between the pharmacist's beliefs was maintained if the vaccines are well established in the practice (like a flu vaccine, Q3 item) or new (like COVID-19 vaccine, Q4 item). The beliefs of pharmacists about how the vaccination service should be paid or free of charge are also significantly different, Romanian pharmacists agreed more than from other countries that this pharmaceutical service must be covered by national health insurance funds (Q5–Q7 items). Most of the pharmacists agreed upon the national health insurance funds should pay the vaccination service provided by the pharmacists in a community pharmacy, regardless of the country (56, 57, 71, and 69% of the pharmacists from Albania, Bulgaria, Romania, and Serbia, respectively).


Table 2. The survey results.
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In accordance with the differences found among the four countries (as presented in Table 2), the binary logistic regression analyses were adjusted for each participating country. According to the binary logistic regression, the factors associated with the willingness to administer vaccination in community pharmacies are almost the same, as given in Tables 3–6.


Table 3. Logistic regression analysis of significant factors associated with the willingness of administering vaccination in the community pharmacies from Albania.
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Table 4. Logistic regression analysis of significant factors associated with the willingness of administering vaccination in the community pharmacies from Bulgaria.
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Table 5. Logistic regression analysis of significant factors associated with the willingness of administering vaccination in the community pharmacies from Romania.
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Table 6. Logistic regression analysis of significant factors associated with the willingness of administering vaccination in the community pharmacies from Serbia.
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Table 3 summarizes the results of the univariate and multivariate analysis to describe the factors associated with the willingness to administrate vaccines in community pharmacies in Albania. Pharmacist's willingness to administer vaccination is related only with the lack of training in the faculty classes and the lack of a special place where to administer vaccines into a community pharmacy.

The community pharmacists from independent Bulgarian pharmacies wanted more than the community pharmacists from chain pharmacies to administer vaccines. Also, the specialist pharmacists agreed more than non-specialist pharmacists to administer vaccines. The most significant factor influencing the willingness to administer vaccines in Bulgaria is the lack of space to do it.

The community pharmacists from Romania considered that it is important for a pharmacy to be located near a hospital. Like Bulgarian pharmacists, the specialist pharmacists from Romania were willing more than non-specialist pharmacists to administer vaccines, but not significant in the multivariate analyses. Pharmacist's willingness to administer vaccination is related only with the lack of training in the faculty classes and the lack of a special place where to administer vaccines into a community pharmacy.

In Serbia, male pharmacists agreed more with administering the vaccines than female pharmacists. The lack of training in the pharmacy faculty classes is the most important factor in the willingness to administer vaccines in the community pharmacies of Serbia.

The answers offered by pharmacists regarding the benefits that would be offered through vaccination services provided in community pharmacies were summarized in Figure 1, and different opinions were collected from country to country. For example, the pharmacists from Albania considered time-saving for patients being a benefit of 28.87%, whereas the pharmacists from Serbia only have 1.65%.


[image: Figure 1]
FIGURE 1. The benefits that would be offered through vaccination services provided in community pharmacies.


The observed barriers to be overcome through vaccination services provided in community pharmacies are condensed and given in Figure 2. Different opinions could be remarked between the analyzed countries: for example, 0.73% from Albanian pharmacists and 18.72% from Bulgarian pharmacists considered increased workload for pharmacists being a barrier that must be overcome if vaccination services will be provided in community pharmacies.
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FIGURE 2. The barriers that must be overcome through vaccination services provided in community pharmacies.




DISCUSSION

Since the emergence of the severe acute respiratory syndrome coronavirus 2 (SARS-COV-2) global pandemic, more than 4 million deaths have been confirmed worldwide and 1.2 million deaths have been declared by WHO in Europe in the last year due to the pandemic (31), requesting coordination between existing health services to faster vaccinate the population in large scale (32–35). European Medicines Agency (EMA) and various national regulatory authorities have approved the clinical use of some vaccines following preclinical trials with promising results on decreasing hospitalization and COVID-19 mortality rates (32, 33, 36). There is an urgent need to reach at least 67% vaccination rates in the shortest possible time to reduce disease severity (32, 33). In this direction, our study is the first research that examined the perceptions of pharmacists in Balkan countries about administering COVID-19 vaccines and other well-established vaccines.

Similar to other countries such as Belgium, Croatia, Germany, Czech Republic, The Netherlands, pharmacists from South-East European countries (Albania, Bulgaria, Romania, and Serbia) ensure proper vaccine storage, dispensing, stock management, and participate in vaccination campaigns as promoters, but are legally not allowed to administer vaccines (32, 37). Nevertheless, in other countries such as Jordan, pharmacists are not the ones who vaccinate, they can only prescribe over-the-counter medications. Despite an urgent need to extend the prescribing role during the COVID-19 pandemic, the opportunity for pharmacists to extend their prescribing authority has not emerged yet (8, 9, 38). On the contrary, community pharmacists in Italy got the legislative approval to administer vaccines such as AstraZeneca and Johnson & Johnson after completing an obligatory training course and only in pharmacies with a specific infrastructure containing areas of reception, administration, and saving patient's data (39). Until the COVID-19 pandemic burst, vaccines were administered in pharmacies in Italy by nursing staff employed especially for vaccine administration and not by pharmacists (34). Even more, in Switzerland, community pharmacists are allowed to vaccinate against influenza, tick-borne encephalitis, or any other disease (including COVID-19 infection) in the different cantons of the country, after obtaining a specialized training certificate. Since 2018, pharmacies in Norway have increased the vaccination coverage rate by administering vaccines to patients older than 12 years entitled to a prescription from a physician. In France, as well as in Portugal, patients without a history of an allergic reaction can independently decide where to get the flu vaccine and can be vaccinated by pharmacists who complete a special training program (34).

Our survey focused upon the pharmacist's perceptions regarding the barriers that pharmacists believe must be overcome for the administration of vaccines and the benefits that would be offered through vaccination services provided in the community pharmacies from the European countries included in our study. More than 67, 68, and 98% of the pharmacists from Romania, Albania, and Bulgaria, who were included in the analysis, offered different thoughts or solutions about the implementation of vaccination services in community pharmacies. Although some of the participants are eager to evolve professionally and need to be seen as a credible healthcare human resource, others are reluctant toward administering vaccines. The lack of training and the lack of a special space for this activity are the most important barriers, similar to other studies (40–42). Therefore, assessing various practices and vaccine delivery possibilities as part of multifaceted pharmaceutical care remains challenging (34, 43, 44).

A Romanian pharmacist considers that vaccination services provided within community pharmacies could “increase the trust of general population in pharmaceutical services, could determine patients to seek more often the professional advice of a pharmacist, and could consequently, gain patients” support for this profession, further leading to legislative changes in its approval. The pharmacists from Albania recall the importance and involvement of pharmacists as first-line professional medical personnel not only during pandemic times but all the time as “the patient is always directed to the pharmacy first and it would be meaningful to administer the vaccine there.” Another Romanian pharmacist concludes that “the only advantage, especially in the pandemic situation, would be the large-scale immunization of the population” as a mitigation strategy.

Most of the Romanian surveyed pharmacists believe that “the legislation on the compartmentalization of the pharmacy must be changed, including a vaccination space” and one pharmacist suggests that “at least a few pharmacies in each city could represent a compromising beginning” in facilitating vaccination services within community pharmacies. Bulgarian pharmacists also think “it would be good for a patient to be able to get vaccines, without being mandatory for all pharmacies,” but after ensuring proper training and education for pharmacists within faculties of pharmacy. Some of the pharmacists proposed to attend special courses for both vaccination and first aid in case of the appearance of vaccine side effects. Pharmacists might be in an impossible position to provide a fast and adequate first aid in case of an adverse reaction, including an anaphylactic shock, while administrating a vaccine, as a pharmacist from Bulgaria confirms. This could imply, as a Romanian pharmacist points out, a “stronger psychological barrier of the patient” and could lower even more their trust toward pharmacist's activity. Another study that included European pharmacist's opinions mentions their lack of training and knowledge of providing clinical procedures and lack of recognition of their expertise as barriers in their pharmaceutical care (39). Pharmacist's roles and preparedness have never been more attractive to take into consideration as part of the interdisciplinary care until now (42, 43). Paudyal et al. (39) also reported the need of some European pharmacists for training regarding the effective use of protective equipment. For example, in Croatia, a novel course about pharmaceutical vaccination services (“Flu-vaccination in Pharmacy Practice”) was introduced in 2021 in the obligatory curriculum of the Faculty of Pharmacy (39). Jacob et al. (44) stated that in the USA, according to a national survey prior to the use of COVID-19 vaccines, most pharmacists would receive (78%) and recommend (81%) a COVID-19 vaccine. In Portugal, every 5 years, pharmacists are obliged to participate in training regarding vaccine delivery (34). The curriculum of the master program at the University of Belgrade—Faculty Pharmacy is adapted to the new and pharmacy services to be implemented and therefore several courses cover the vaccination services. The guidelines for flu vaccination in community pharmacies are prepared by the Pharmaceutical Chamber of Serbia, and the legislative approval is waiting (32). Furthermore, the pharmacists from Bulgaria draw attention to their inability to track all diseases and conditions of patients imposing additional risks for both pharmacists and patients. Some pharmacists from Albania, Romania, and Serbia proposed the idea of “an online platform that could contain the medical history of each patient,” and all health professionals could have access to this platform. Paudyal et al. confirmed the lack of access for pharmacists to patient's clinical records (39). This could also lead to improving the relationship between pharmacists and physicians. Even more, a proper monitorization of a person's health by all health professionals could also reduce risks for pharmacists, as a pharmacist from Bulgaria mentioned: “Vaccination should be tailored to the person's health. Pharmacists do not have access to complete patient information and cannot judge whether a person's vaccination is appropriate for them. Many factors, such as chronic and autoimmune diseases, need to be considered. In addition, pharmacists do not have information on whether the patient has viral diseases such as AIDS and hepatitis, which poses a risk to the health of the pharmacist himself.” A participant from Albania proposed a collaboration between pharmacists and physicians during vaccination, which could ensure medical advice given to community pharmacists when needed but did not expand the answer with possibilities of idea implementation.

Collaboration with healthcare professionals is very important as some Romanian and Bulgarian pharmacists consider that pharmacists should not be confounded with physicians since they have not received vaccination training during faculties. In addition, some of them suggest that vaccination services provided among community pharmacies could increase patient's trust in pharmacist's activity and could meliorate the opinion of the general population about the status of the pharmacists. Dawoud et al. also described the pressure of pharmacists who constantly aim to gain patient's trust (43). One pharmacist even mentioned that a possible “conflict of interests” could appear but did not expand the response. One of the most submitted advantages of providing vaccination services among community pharmacies is represented by a “partial relief in physician's tasks” and consequently “lowering the burden of family doctors,” ensuring time economy for patients and medical staff, consequently with other research studies (42, 46). One of the specialists from Bulgaria believes that administering a vaccine with the help of the pharmacists could ensure “better distribution of people, lack of long queues in front of hospitals, less risk of infection and transmission of the disease, greater choice of the patient where to get the vaccine.” Paudyal et al. conducted a qualitative study among the pharmacists from 16 European countries to identify possible novel actions for pharmacists to provide clinical service during pandemic times and therefore to ensure the recognition of pharmacists as public healthcare providers (39). A pharmacist from Romania also noted that vaccination within community pharmacies could lead to larger vaccine accessibility of patients who would be provided prompt medical services “leading to an improvement in the quality of human life.” The pharmacists from all Balkan countries included in our study agree upon the general mentality of the population and the difficulty of the pharmacist's reposition as first-line health professionals, underlining the need to strengthen the relationship between pharmacists and patients. A generalized tendency of individuals to have superior trust in the doctor's advice has been noted by some pharmacists from different European countries included in the present analysis, consistent with other studies (43, 46, 47). Even more, several other studies confirmed the difficulty of patients to accept the advice provided by a pharmacist (39, 42, 43, 47).

A study conducted by Austin et al. interviewed several community pharmacists and reported that task-focus, a well-organized schedule, shorter shifts, and consistent teamwork rather than an individual increased their ability to cope with pressure and improved their professional practice quality (1). A Romanian pharmacist underlines their overwhelmed position in community pharmacies as they sometimes “feel as they are imposed to volunteer,” due to “multiple extra-specialized tasks, management of sales reports, general accounting activities” as another colleague from the same country mentions. Another Romanian pharmacist complains about “minimum staffing schemes” and underlines their necessity to fulfill “activities anyway far beyond the job description,” while a Bulgarian colleague believes that the possible advantages from vaccination services within community pharmacies “would be only for the doctors if another of their obligations was dropped.” Even more, a great number of Bulgarian pharmacists think that increasing community pharmacist's task will determine an “influx of people in the pharmacies and providing vaccines for them will complicate” even more “their other duties.”

Community pharmacists are already involved in verifying shelves medication stocks, ensuring an uninterrupted supply chain by keeping a constant connection with producers and deposits, and predicting sales through inventories (1, 2, 46, 48), or different interventions and services (49). European pharmacists have already been involved in disease control and prevention of infection in the past year and directly ensured healthcare directed toward patients as a response to the pandemic crisis (39, 42, 43, 46). In Croatia, pharmacists have also been involved in the production of hand sanitizers and online counseling using telemedicine devices (32). To prevent the spread of SARS-COV-2, pharmacists communicated with patients and provided proper explanations about the importance of social distancing and the correct use of protective equipment (39, 41, 43, 48). Most pharmacists from Albania claim the need for higher organizational preparedness, after the lack of educational vaccination programs, consistent with other studies (34, 50). Their colleagues from Bulgaria draw attention to the possibility of increased workload for pharmacists while relieving physician's burden. Moreover, the pharmacists from Romania address legislative barriers with a more commonly mentioned reluctance in comparison to their neighbors. A systematic review conducted by Burson et al. revealed that despite a higher rate of vaccine service acceptance from both pharmacists and patients, legislative and administrative barriers limit the effectiveness of vaccine administration within community pharmacies (50). Even though it did not represent the main focus of their study, Austin et al. underline that all the pharmacists agreed upon the regression of clinical services such as pharmacovigilance or vaccinations during the COVID-19 pandemic lockdown in Canada, possibly due to overloaded work and social distancing recommendations (1). Prescription checkups, management of cleaning protocols, educating patients, and combating fake news due to their communication skills, as well as monitoring medication inventories emphasize multitasking behavior of community pharmacists (1, 39). This behavior has been described, however, as dramatically stressful and can disrupt pharmacy practice (1, 51). Adjustments in the schedule of community pharmacies (32), increasing the number of human resources (43), and prioritizing pharmacovigilance services through interdisciplinary teamwork (41, 43, 50) could minimize fatigue and distress in personnel (39, 43).

Multi-professional care conducted by pharmacists could facilitate their interventions in maintaining vaccine availability, distribution, and storage (10, 43, 45). A study conducted by Gessler et al. underlined that the extension of operation hours could be necessary to manage large crowds and to increase pandemic vaccination rates (10). The pharmacists from all the South-East European countries included in our study claim the necessity “to allocate sufficient time for each patient willing to vaccinate” and to enlarge the pharmaceutical teams, otherwise, there would “be constant queues in front of the work establishments” as an individual from Bulgaria confirms and “other patients will have to wait and will get nervous” as his colleague from Albania appreciates. As a solution, a pharmacist from Bulgaria came with the proposal of booking some hours during the pharmacist's program for vaccination service. Moreover, multiple differences in the perceptions of the participants have been noted as some of them consider “already too many responsibilities” while others comment that “there are many cases when patients themselves have addressed us and asked us to offer such a service [vaccination].”

Pharmacist's role in vaccine logistics is a very important aspect of vaccination success in a community pharmacy, since vaccine supply chain, stock, and storage management have already been established through the pharmaceutical national laws (14–17). The majority of participants agreed on the benefit of avoidance of precarious conditions and temperature fluctuations during transport and improper storage of the vaccine by a patient until the moment of administration if the vaccine was administered in a community pharmacy, consistent with other studies (40–43). Even more, pharmacists also proposed postvaccination counseling services as a possible benefit of vaccination provided by them, confirmed appropriate by researchers and authorities (33, 34, 43).

This study enables pharmacist's perception regarding vaccination within a community pharmacy. One of the strengths of our analysis is represented by the complexity of practice settings and specializations of the participants who completed the survey. Specific barriers and benefits that could appear during vaccination services in community pharmacies have been addressed as the basis for governments to ensure the possibility to gain novel knowledge in European Faculties of Pharmacy.

The limitations of our study include the reduced number of respondents from all the selected countries, being hard to generalize the conclusions. Even more, the average age was rather low, therefore the data cannot be considered to represent elderly pharmacist colleagues. As the survey was conducted during the pandemic, many community pharmacists encountered more workload and worked under new conditions.

Our study could support pharmacist's professional work in public health systems and emergencies and could lead to future policy statements by providing recommendations from current health workers. Even more, WHO asked for collaboration between healthcare professionals. Our survey contributes to gathering data about pharmaceutical practice by reporting specific surveys and experiences. Although still there are legislative barriers and possible deficient reimbursements regarding vaccine administration in community pharmacies also confirmed by other studies (2, 3), targeted education programs among the Faculties of Pharmacy could further integrate pharmacist's efforts in reducing pandemic and natural disaster burden.



CONCLUSIONS

Pharmacist's involvement in vaccination programs is proved as an effective practice for disease prevention and increasing the vaccination rate. Though many countries have implemented such programs as well as appropriate legislative requirements, still there are issues and barriers to the entire usage of pharmacist's knowledge, capacity, and capability in some South-East countries such as Albania, Bulgaria, Romania, and Serbia. Some types of resistance from pharmacists themselves to adopt these new roles to provide such services were demonstrated in Bulgaria, Romania, and Serbia, but not in Albania. The main limitation to the development of the pharmacist's role in vaccination was identified as being the limited access to training opportunities. Our study provides a piece of evidence to influence the pharmacy curricula revision and change. Vaccination training should be integrated into pharmacy education because it could enhance professional opportunities and could increase the recognition of community pharmacists as reliable and trustworthy healthcare professionals.

Also, for having a legal framework for pharmacists, it is necessary to have national regulations that define vaccination activities that pharmacists can operate, specific guidelines, and procedures for every activity that is related to vaccination in community pharmacies. Further policy and educational reforms considering national-based priorities and specifics are needed for a better understanding of and adopting the expanding role of community pharmacists.
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As Coronavirus Disease-2019 (COVID-19) vaccines became available in December 2020, increasingly more surveys were organized to examine the acceptance of vaccination, while most of them were conducted online. This study aimed to explore the difference between online and traditional on-site surveys in terms of COVID-19 vaccine acceptance. From November to December 2020, an online survey (n = 2013) and an on-site survey (n = 4,316) were conducted simultaneously in China. Multivariate logistic regression was used to identify influencing factors of acceptance, and propensity score matching (PSM) was adopted to balance the outcomes. As a result, 90.0% of the online respondents accepted COVID-19 vaccination, while it was only 82.1% in the on-site survey. After applying PSM, the acceptance rate of the on-site survey was declined to 78.6%. The age structure, residence location, education, and health status were observed as important factors in addressing vaccination acceptance, which needed to be specifically considered when designing online surveys.
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INTRODUCTION

Since firstly identified in December 2019, Coronavirus Disease-2019 (COVID-19) has spread globally with a severe situation (1–3). The pandemic has resulted in 177.1 million confirmed cases and 3.8 million deaths worldwide as of June 18, 2021 (2), which might have profound impacts on healthcare systems and public health management mechanisms (4, 5). With debates intensifying about lockdowns around the world, vaccines were regarded as the most effective weapon to effectively control the public health crisis. The research and development of vaccines against COVID-19 have been accelerating at an unprecedented speed. By November 2020, multiple candidate vaccines had been tested in the final stage (6), such as those developed by Pfizer-BioNTech, Oxford-AstraZeneca, Sinopharm, and Sinovac (7, 8). It was announced by the Chinese government on December 31, 2020 that COVID-19 vaccination would be available free of charge for Chinese citizens. This achievement has provided confidence to the global fight against COVID-19, which has also provided strong support to ease the pandemic in China and return to normal economic development.

The success of the vaccination program is dependent on the willingness of the general public to get vaccinated. A small number of studies have surveyed adults to estimate public acceptance of COVID-19 vaccination online during the early period of the pandemic. For example, the acceptance rates could reach around 90% in China, 85% in Brazil, 80% in South Africa and South Korea, which in Russia (55%) and France (60%) were lower (9–13). The pandemic in most countries was still severe with some difficulties in conducting on-site surveys, as the spread rate and infection rate among the countries and regions worldwide have continuously been on the rise. Based on the weekly report of the European Center for Disease Prevention and Control (ECDC) as on October 14, 2021, there have been 238,460,430 reported cases and a total of 4,855,764 deaths recorded in 219 countries, territories, and international conveyance (14, 15). Under this situation, most countries had implemented strict measures to control the pandemic, such as lockdowns, restriction in the movements and gathering, social distancing, and quarantining (16). Currently, with the “second-wave” of COVID-19 cases, some governments have considered and implemented further lockdowns to control the pandemic, such as the USA, Italy, Spain, France, and Australia (17, 18). Due to the recurrence of the COVID-19 pandemic and the restrictions in social distancing, an online survey becomes the most ideal method to survey and obtain vaccination acceptance. Although hit by COVID-19 at the first, China has effectively brought the pandemic under control (19–23). Due to the alleviation of the pandemic by joint efforts of the Chinese government and citizens, large-scale on-site surveys became attainable in China in the last quarter of 2020.

As explained in a previous review, online surveys can be subject to considerable bias. Bias can be resulted from the non-representative nature of the online participants with self-selection under the inevitable volunteer effect (24). Since two important components of survey methodology, sample selection and question validation, are frequently overlooked in online surveys, results generated online may be neither replicable nor robust (25). Due to the social distancing requirement in most countries, conducting online surveys is the most appropriate method during the pandemic, enabled with flexibility, automation, timeliness, and lower cost (26). However, the lack of face-to-face interviewers could become a disadvantage with an accumulation of non-representative or biased responses, which is exactly what traditional on-site surveys could address.

Therefore, this study investigated the differences in individual acceptance generated from an online and an on-site survey toward the COVID-19 vaccination, which were conducted simultaneously in China. This study is the very first survey conducted in China and in the world at the very beginning of vaccination approval and before roll-out in China and globally. The aim of this study was to compare the online and on-site field survey results toward the public acceptance of COVID-19 vaccination, which is also groundbreaking with the first large-scale field survey in China and in the world to investigate the public acceptance toward COVID-19 vaccination. It should be noted that the acceptance rate addressed in this study might be different from the up-to-date acceptance rate after nearly a year of routine vaccination. By examining the results under the two survey methods, we targeted to alert global researchers of the potential biases in online surveys and emphasize the principles of survey research, which should be applied in online surveys. More practically, the appropriate statistical methodology would be suggested in this study to reduce bias and enhance rigor, which could be adjusted to more accurate and close-to-reality results when conducting an online survey during the pandemic.



MATERIALS AND METHODS


Study Design, Population, and Sampling

From November 12, 2020 to December 15, 2020, we simultaneously conducted an online survey and an on-site survey among adult residents living in Mainland China. The cross-sectional anonymous online survey was done on the largest Chinese online survey platform, Wen Juan Xing (Changsha Ranxing Information Technology Co., Ltd., Hunan, China). The sample database of Wen Juan Xing consists of over 2.6 million respondents with confirmed personal information. This allows us to collect authentic and representative samples. A total of 2,013 respondents were enrolled in the online survey after excluding incomplete and invalid questionnaires.

Meanwhile, we conducted a cross-sectional on-site survey in five provinces/municipalities in China, namely, Guangdong, Zhejiang, Hubei, Jilin, and Chongqing. A random sampling method was adopted in the on-site survey, and a total of 4,316 valid questionnaires were collected after quality control and manual check procedures. Samples in the two cross-sectional surveys were merged for analysis. The two surveys were approved by Peking University Institutional Review Board (IRB00001052-20011).



Measures

The online and on-site questionnaires were designed according to a previous study on COVID-19 vaccine acceptance (27) and other studies estimated the acceptance of vaccination against emerging infectious diseases (28–31). Information collected in the questionnaires included (1) socio-demographic characteristics of respondents, such as age, gender, and living residence and (2) acceptance and attitude for COVID-19 vaccination. Most questions were closed-ended and treated as categorical variables. In this study, the primary outcome measure was the acceptance of the COVID-19 vaccination. Based on the question “If a COVID-19 vaccine is successfully developed and approved for using in the future, would you accept the vaccination,” respondents were classified into vaccine accepted group or the refused group in the surveys.



Statistical Analysis

Descriptive statistics were applied to present some baseline characteristics of respondents enrolled in the surveys, in which categorical variables were displayed as frequencies and proportions. The monetary amount used in the questionnaire was Chinese yuan (CNY). We provided an equivalence in the US Dollars (USD) at an exchange rate of 6.52 yuan per dollar in 2021. To identify the influencing factors of vaccine acceptance for different types of surveys, multivariate logistic regressions were conducted between the online and on-site sample, also for the two surveys respectively. The odds ratio (OR) and 95% CI were calculated and reported.

The propensity score matching (PSM) method was used to match “post-randomization” to directly compare the vaccination acceptance in online and on-site surveys. In the present study, the two samples varied in many socio-economic characteristics, therefore, it is difficult to distinguish the impact of survey type from other factors. The PSM proposed by Rosenbaum and Rubin can create a quasi-random process to correct for selection bias (32), providing an alternative for estimating treatment effects when systematic differences between groups are not random (33). The logit model is recommended to estimate the propensity score (34), which was also adopted in the present study by matching 12 covariates, such as age distribution, gender, region, living residence, marital status, education level, employment, household income, household size (the existence of the elderly was separately analyzed), and health status (the prevalence chronic disease was separately analyzed). The common ranges of propensity score and the standardized bias were graphed. A two-sided p-value below 0.05 was considered statistically significant in the present study. All data were analyzed using STATA, version 14.0 (Stata Corp, College Station, TX, USA) with two-tailed tests.




RESULTS


Respondent Characteristics

Table 1 presents the basic characteristics of respondents. In the online survey, a total of 2,013 respondents completed the online questionnaires. Respondents were located in all 31 provincial administrative regions of Mainland China. The majority of them (98.3%) were under 60 years old, although we had tried to include as many participants aged above 60 years old as we could. Among the respondents, 49.0% were female, 72.3% were married, 85.1% were employed, and 65.1% resided in eastern China. For educational level, 34.6% of respondents had a high school and below degree, and 65.4% had an associate or bachelor degree and above. Total 68.0% of the respondents thought their health status were good or very good, and 87.4% of the respondents did not report any chronic diseases. Around half of the respondents (48.6%) had an annual family income of CNY 50,000–150,000 (USD 7,670–23,010). The respondents mainly (60.9%) lived in a family of 3–4 members and 55.0% of them did not live with the elderly.


Table 1. Characteristics of survey respondents and the number of respondents who accepted vaccination.
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In the on-site survey, 4,316 respondents were located in five provincial administrative regions in China, and around half of them (43.4%) were above 60 years old, showing a sample with more senior citizens. Among all respondents, 52.1% were employed, 46.5% lived in central China, and 64.2% lived in urban areas. The majority (69.2%) of respondents had a high school and below degree. Most of them (95.0%) thought their health status was good or very good, and 67.7% did not report any chronic diseases. Most of the respondents (68.5%) had an annual family income of less than CNY 100,000 (USD 15,340). Around one-third of the respondents lived in a family with 1–2 members (31.8%), and 58.2% of the respondents lived with the elderly.



Comparison of Acceptance of COVID-19 Vaccination Between the Two Surveys

Among the 2,013 respondents in the online survey, the proportion of general respondents who accepted COVID-19 vaccination was 90.0%, higher than that of the on-site survey (82.1%). Further comparing demographic characteristics of those who accepted the vaccination, differences were observed as 88.5% of online respondents who accepted to be vaccinated were below 60 years old, but the proportion was 48.2% in the on-site survey. Total 58.4% of online respondents who accepted were located in eastern China, while there were 24.5% in eastern China and 37.7% in central China in the on-site survey. Total 77.6% of online respondents who accepted were employed, but in the on-site survey, 44.5% respondents were employed. The results showed the differences in vaccination acceptance across differentiated demographic locations and socioeconomic characteristics.



Influencing Factors of Vaccine Acceptance Between the Two Surveys

Since the on-site results showed a lower level of acceptance of vaccination, the multivariate logistic regression was then performed between the online survey group and the on-site survey group to identify influencing factors of vaccination acceptance. Data from the online and on-site samples were pooled together in the logistic regression. We also conducted logistic regressions for the online and on-site samples, respectively. The results of regression models are presented in Table 2. The regression of pooled data showed that compared with online respondents, those in the on-site survey had significantly lower vaccine acceptance (OR: 0.49, 95% CI: 0.39–0.63). In addition, those aged above 60 years (OR: 0.73, 95% CI: 0.54–0.98) and considered their health status as normal or poor (OR: 0.58, 95% CI: 0.44–0.75) were less intended to accept vaccination. In contrast, those located in eastern (OR: 1.27, 95% CI: 1.07–1.52) or western China (OR: 2.10, 95% CI: 1.68–2.62), having a bachelor's degree (OR: 1.35, 95% CI: 1.07–1.70) or master's degree or above (OR: 1.78, 95% CI: 0.95, 3.31), having the elderly at home (OR: 1.37, 95% CI: 1.16–1.62), and being unemployed (OR: 1.45, 95% CI: 1.22–1.73) were more likely to accept vaccination. In the logistic regression for the online and on-site sample alone, the household income became a significant influencing factor of vaccination acceptance. In the online survey regression, higher household income ranging from CNY 150,000 to 200,000 (OR: 1.806, 95% CI: 0.971–3.359) and from CNY 200,000 to 300,000 (OR: 2.099, 95% CI: 1.025–4.298) led to stronger intention to be vaccinated. However, in the on-site survey regression results, those with household income from CNY 150,000 to 200,000 (OR: 0.562, 95% CI: 0.398, 0.794) were less intended to be vaccinated.


Table 2. Influencing factors of vaccine acceptance in the pooled, online, and on-site samples.
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The Adjusted Acceptance and Influencing Factors Under PSM

Table 3 presents the adjusted results generated from the PSM using the nearest neighbor matching method among respondents in the online and on-site surveys. Before matching these two samples, the unmatched vaccine acceptance was 90.0% for the online survey and 82.1% for the on-site survey, showing a difference of 7.9%. In the PSM analysis, the individuals in the control group (the on-site sample) with the smallest difference in propensity score from those in the treatment group (the online sample) were compared. Controlled individuals were identified according to the information of treated individuals, and all treated individuals were paired successfully, so their information could be fully used.


Table 3. The results of propensity score matching using a nearest neighbor matching method.
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After conducting PSM, the vaccination acceptance of the on-site survey was declined to 78.6%, with the difference increasing to 11.4% compared with the online survey. The average treatment effect for the treated (ATT) value was significant at a 5% significance level, indicating a difference in vaccination acceptance between the two surveys. Table 4 and Figure 1 show the common range of observed values under PSM. Of the 6,307 observations, 1,182 were not within the common range (off support), and the remaining 5,125 were within the common range (on support). Table 5 demonstrates the Propensity Score Testing (PSTEST) results, which examined whether the matched results could balance the differences of the values and checked whether there was a significant difference in the matched covariates between the two survey groups. For respondents who aged from 31 to 60 years, obtained high school or master and above degrees, being with annual household income more than CNY 50,000, with household size more than 2, not living with the elderly at home, with normal or poor health status, and without any chronic diseases, significant differences existed among these factors between the online and on-site survey groups. Figure 2 denotes the standardized bias across the covariates according to Table 4.


Table 4. The common support for domain hypothesis testing under propensity score matching.
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FIGURE 1. The common range of propensity scores.



Table 5. PSTEST results to examine whether the matched results could balance the differences of covariates under online and on-site surveys.
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[image: Figure 2]
FIGURE 2. The standardized bias across covariates.





DISCUSSION

To examine the public acceptance of COVID-19 vaccination in China and its differences under two survey methodologies, online and on-site surveys were conducted simultaneously during the well-contained phase of the pandemic (before the approval of COVID-19 vaccines). The present study revealed that the acceptance rate of COVID-19 vaccination among Chinese adults was as high as 90.0% in the online survey, demonstrating a minor reduction compared with the rate in the severe epidemic phase (91.9% in March 2020) (9). Meanwhile, the acceptance rate of vaccination was lower at 82.1% in the on-site survey. The difference suggested that even in the same phase of the pandemic using the same questionnaire questions, different survey methods could generate varied acceptance rates of vaccination. To interpret the difference in vaccination acceptance between the two surveys, several influencing factors should be considered, such as the demographic characteristics and self-perception of health status. According to the PSM results, the matched results indicated that the on-site acceptance rate declined to 78.6%, with an additional 3.5% in the acceptance gap compared to the online survey. A systematic difference in major outcomes and influencing factors indicated that different types of surveys could address discrepant results from the differentiated sampling and investigation measures.

Since survey techniques are widely used to explore human behaviors (35), they are frequently adopted in social and psychological research studies. By comparison, online surveys could be rapidly deployed and completed by respondents, particularly when disseminated via social media, web-based platforms, or where an incentive is offered for completion (36). Minimum cost would be incurred in online surveys because the questionnaire delivery and response can be completed automatically, reducing the payments to face-to-face investigators. Besides, the online survey could make it easier to understand complex or lengthy questions, which also avoid the complex process of coding and data cleaning to decrease data entry errors (25, 36, 37). However, the lack of an on-site interviewer can be a disadvantage in closed-ended online surveys, as respondents could not be clarified of unfamiliar or ambiguous terms in questionnaires (36). Moreover, the accumulation of biased or non-representative responses is also a drawback of the online surveys as those who lacked Internet access would not be captured, such as the elderly, those with lower income, or reside in remote rural areas (37, 38). For example, in the present study, the vaccination acceptance was higher among those aged below 60 years old in the online survey, compared with the on-site survey. After applying the PSM analysis, we deduced that the lack of access to web-based platforms might result in a lower level of participation of the elderly, further causing the bias of higher vaccination acceptance in the online survey.

During the pandemic in most countries, although the online survey is one of the few choices to conduct public investigations given the limitation of social distancing, self-administered online questionnaires are actually not a very useful tool for approaching illiterate or non-literate populations or those who cannot proficiently use technologies. In contrast, on-site surveys could effectively assign the sample by different regions and populations based on the socioeconomic development and specific research purposes, supporting to collect more representative responses. The potential sample bias could also be addressed by conducting on-site surveys, which could decline the possibility of over-representation to a particular viewpoint and the survey fraud (e.g., duplicate responses, false information, or deliberately exaggerated responses) (37, 39, 40). In the present study, PSM analysis results showed that the on-site vaccination acceptance rate was dropped to 78.6% after matching, with significant biases in factors, such as age, household income, household size, and health status. It indicates that systematic differences caused by the online investigation approach actually existed in evaluating public acceptance of COVID-19 vaccination, and its influencing factors were converged to a higher level of acceptance. The virtual-high results might further mislead the authority that most Chinese citizens were highly willing to get vaccinated, which is contrary to the fact that the Chinese government still needs to raise public awareness and acceptance toward COVID-19 vaccination.

Currently, it is not convenient to conduct on-site surveys in other countries, so most research groups implemented online surveys rather than on-site ones to collect public acceptance of COVID-19 vaccination. Since we conducted the surveys during the well-contained phase of the pandemic in China where the pandemic was effectively controlled, we were able to implement an on-site survey across five provinces/municipalities and compare the online and on-site results in terms of vaccine acceptance. Although PSM analysis may not completely solve the endogenous problem, it can effectively alleviate the deviation caused by self-selection. It can be illustrated from the survey and PSM results that the systematic difference of vaccine acceptance existed in the two types of surveys, but the difference gap was relatively small (90.0% compared with 78.6%).

Compared with other countries, even in the well-contained phase, the acceptance of vaccination in China remained higher. Studies reported that public acceptance of COVID-19 vaccination ranged from 62 to 80% in some European countries, among which Denmark and the UK had the highest acceptance (80%), while France (58.9–62%) and Italy (59%) had the lowest. While in Asian countries, the acceptance rates were relatively higher, as 79.8% in South Korea, 67–93.3% in Indonesia, and 94.3% in Malaysia (10–13, 41–45). Based on our findings, since an online survey might address the relatively higher acceptance rate of COVID-19 vaccination, it is possible that the real public acceptance of COVID-19 vaccination in those countries is lower than the reported survey results. Therefore, specific population groups are suggested to be considered in the online surveys to improve the representativeness of the study sample, by either combing with on-site interviews to reach specific population groups, or adjusting the outcomes through statistical approaches, such as PSM (37). Additionally, online questionnaires are recommended to improve the explicit delivery with some interpretations for key questions (36, 37, 40) and set duplicated questions to check for internal consistency. Encouraging the participants by giving specific incentives could be effective to improve the quality of online surveys, especially when the targeted participants have no or low level of income.

For limitations of this study, firstly, our study did not stratify the sample size by urban and rural areas of western China in the on-site survey, while geographic locations will inevitably affect the vaccination acceptance. It is due to that in western China, we conducted the on-site survey in Chongqing, most part of which is urban area with higher vaccination acceptance compared with rural areas. However, in central and eastern China, we conducted the survey in both urban and rural areas. This could explain why the acceptance rate in the western area was higher in the present study. Secondly, we did not conduct on-site surveys in all 31 provincial administrative regions as done in an online survey, but we collected samples from eastern, central, and western China in both the surveys, which help to minimize the deviations caused by geographical location differences. Thirdly, there was a gap in a sample size of the online (n = 2,013) and on-site survey (n = 4,316), but we have tried our best to collect data during the exact same time period for the two surveys, with sample size for each was over 2,000. This was due to some objective restrictions in the web-based survey method. According to Couper, web-based surveys present challenges particularly in sampling, coverage, non-response, and measurement errors (46). Without offering a paper-based questionnaire, a small but potentially important group of populations who did not have access to the Internet or did not receive the notification of online questionnaires would likely be missing with potentially biased estimates in the results (47). Fourthly, based on the fact that there were more senior participants in the on-site survey compared with the online survey, the selection bias within the results would possibly mislead the analysis for public acceptance of vaccination. To minimize the bias, we adjusted the results by applying the PSM methodology to estimate treatment effects when the systematic differences between the two surveys were not random, and all treated individuals were paired successfully.



CONCLUSION

This study simultaneously conducted the online and on-site survey toward the acceptance of COVID-19 vaccination among the Chinese population during the well-contained phase of the pandemic, which was the first large-scale on-site survey of COVID-19 vaccination acceptance and the first study to compare the simultaneous online and on-site results, both in China and in the world. From our study, a 7.9% gap was reported between the results of online and on-site surveys in a public acceptance rate of COVID-19 vaccination, and the gap became larger to 11.4% after PSM adjusting. Besides, multivariate logistic regression was conducted with the variables of age-distribution, region, education, employment status, household income, household size, and health status, which would affect vaccination acceptance. During the pandemic, it is not convenient to conduct on-site surveys in other countries, so most research groups implemented online surveys rather than on-site ones. Therefore, based on the findings of our study, statistical approaches could help to reduce the biases and enhance the rigor of online survey results to make them closer to the results generated from the on-site field survey. However, although statistical approaches could be applied to adjust the online survey results, we still recommend global researchers to combine online surveys with some small-scaled on-site surveys to ensure the capture of valid responsiveness and appropriate sample stratification.
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Introduction: Case investigation and contact tracing are important tools to limit the spread of SARS-CoV-2, particularly when implemented efficiently. Our objective was to evaluate participation in and timeliness of COVID-19 contact tracing and whether these measures changed over time.

Methods: We retrospectively assessed COVID-19 case investigation and contact tracing surveillance data from the Washington State centralized program for August 1–31, 2020 and October 1–31, 2020. We combined SARS-CoV-2 testing reports with contact tracing data to compare completeness, reporting of contacts, and program timeliness.

Results: For August and October respectively, 4,600 (of 12,521) and 2,166 (of 16,269) individuals with COVID-19 were referred to the state program for case investigation. Investigators called 100% of referred individuals; 65% (August) and 76% (October) were interviewed. Of individuals interviewed, 33% reported contacts in August and 45% in October, with only mild variation by age, sex, race/ethnicity, and urbanicity. In August, 992 individuals with COVID-19 reported a total of 2,584 contacts (mean, 2.6), and in October, 739 individuals reported 2,218 contacts (mean, 3.0). Among contacts, 86% and 78% participated in interviews for August and October. The median time elapsed from specimen collection to contact interview was 4 days in August and 3 days in October, and from symptom onset to contact interview was 7 days in August and 6 days in October.

Conclusions: While contact tracing improved with time, the proportion of individuals disclosing contacts remained below 50% and differed minimally by demographic characteristics. The longest time interval occurred between symptom onset and test result notification. Improving elicitation of contacts and timeliness of contact tracing may further decrease SARS-CoV-2 transmission.

Keywords: COVID-19, contact tracing, case investigation, public health, surveillance


INTRODUCTION

Case investigation and contact tracing are important tools to limit the spread of SARS-CoV-2, the virus causing coronavirus disease 2019 (COVID-19) (1). Efficient and timely case investigation and contact tracing, including isolating cases, identifying and quarantining contacts, and arranging testing for those contacts, can prevent ongoing transmission (2–5). Early isolation and/or quarantine can reduce SARS-CoV-2 transmission not only for symptomatic contacts, but also for contacts who develop asymptomatic infection when they might be unaware that they can transmit infection. Previous studies modeling contact tracing have demonstrated the importance of contact tracing coverage and quarantine and isolation rates and minimizing delays in testing symptomatic individuals (2–4).

With the rapid rise in COVID-19 infections, health departments swiftly expanded their contact tracing workforces, including recruiting staff who normally serve in other roles or staff without prior public health experience (6). Effective contact tracing requires staff trained in interviewing and rapport building, among other critical skills (7). Engagement and participation by individuals with COVID-19 and their contacts are also key factors. Health departments across the United States (US) have reported substantial challenges with individual engagement in the contact tracing process and significant variation in rates of contact disclosure (8–11). Underreporting of close contacts limits the effectiveness of contact tracing (5).

We previously found that lack of reporting of contacts was a significant barrier to contact tracing in central Washington, as nearly 70% of individuals with COVID-19 interviewed reported no close contacts (12). In this study, we broadened the geographic and demographic scope to include all individuals with COVID-19 investigated by the Washington State community contact tracing program during the study period. Our objective was to evaluate participation in contact tracing by individuals with COVID-19 and their contacts, how participation varied by demographic group, contact tracing timeliness, and the change in each of these measures over time.



METHODS

We retrospectively evaluated COVID-19 community case investigation and contact tracing surveillance data from Washington State for August 1–31, 2020 and October 1–31, 2020. Date ranges were chosen because case counts for Washington State were relatively stable during these periods (7-day rolling case averages were 728 and 989 on August 1 and October 31, 2020, respectively), prior to a sharp increase in cases during November 2020 (13).

In Washington State, some local health jurisdictions conduct all contact tracing locally, others primarily rely on the state program, and a third group uses the state contact tracing program for overflow capacity; jurisdictions can move between these categories depending on their capacity to conduct contact tracing at a given time. This study gathered data, including total COVID-19 case counts, only from jurisdictions that fell into the latter two groups. All cases referred to the state program came from local health jurisdictions directly, with each jurisdiction separately deciding which cases (and how many) to refer to the state program. Cases were defined as individuals with a positive SARS-CoV-2 nucleic acid amplification test (NAAT) or antigen test. Close contacts (hereafter “contacts”) were defined as individuals who had been within 6 feet of a person with COVID-19 for at least 15 minutes. Individuals diagnosed with COVID-19 were eligible for inclusion if they: (1) resided in Washington; (2) were referred to the state-run community case investigation and contact tracing program; (3) had a first positive test collected within the analysis period; and (4) had an available phone number. Individuals were excluded if contact tracing was done by the local health district, or if they resided in a long-term care facility or correctional/detention facility, since contact tracing at these facilities was handled by a separate team. Outreach to cases and contacts was conducted via telephone and text message. Before being classified as not having responded to phone calls, individuals diagnosed with COVID-19 received at least three phone calls, and contacts received at least two phone calls, with text message reminders following each. When reached, contact tracing staff conducted structured interviews with individuals with COVID-19 and their contacts, shared information about how to prevent the spread of COVID-19, and connected individuals to additional support services as needed (14).

SARS-CoV-2 NAAT and antigen testing data were collected from the Washington Disease Reporting System, the state's notifiable diseases surveillance system, and combined with case investigation and contact tracing surveillance data (stored in a separate database). We assessed demographic information, including urbanicity (defined using US Department of Agriculture Economic Research Service rural-urban commuting area codes, where values 1–3, 4–6, and 7 and above were considered metropolitan, micropolitan, and small town/rural, respectively) (15). We also evaluated completeness of initiating case investigation and contact tracing, participation in interviews by individuals with COVID-19 and contacts, the proportion of individuals naming contacts, and the median number of days and interquartile range (IQR) between each stage of the case investigation and contact tracing process. Measures for August and October were compared. We hypothesized that contact tracing performance measures would improve from August to October but sought to evaluate whether performance measures either improved or worsened. Chi-squared tests were performed for selected categorical variables and two-tailed t-tests for mean values comparing between months, with a statistical significance threshold of p-value < 0.05. Analyses were performed using R version 4.0.3 (R Foundation for Statistical Computing; Vienna, Austria).



RESULTS

The jurisdictions in Washington State that referred cases to the state contact tracing program recorded 12,521 cases of COVID-19 during August 1–31, 2020 and 16,269 during October 1–31, 2020 (Table 1). Of those, 4,600 (37%) and 2,166 (13%) cases in August and October, respectively, were referred to the state-run community case investigation and contact tracing program for investigation. Case and contact demographics are described in Table 1.


Table 1. Demographic information for individuals with COVID-19 and contacts—Washington State, August and October 2020.

[image: Table 1]

Case investigators attempted to contact 100% of referred cases during both months (Table 2). In August, 65% of individuals with COVID-19 participated in case interviews, 12% refused interview, 19% did not answer contact attempts, and 3% had a non-working phone number. In October, 76% of individuals with COVID-19 participated in case interviews, 7% refused interview, 16% did not answer contact attempts, and 1% had a non-working phone number.


Table 2. Completeness of and participation in COVID-19 case investigation and contact tracing—Washington State, August and October 2020.
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Table 3 displays the proportion of individuals with COVID-19 interviewed who reported contacts. Of individuals interviewed, 33% reported contacts in August and 45% in October. Stratified by urbanicity for August, the proportion reporting contacts was 33% for metropolitan residents, 35% for micropolitan residents, and 33% for rural residents in August. This increased to 43% for metropolitan residents, 53% for micropolitan residents, and 57% for rural residents in October. Stratified by race/ethnicity for August, 34% of Hispanic individuals, 37% of non-Hispanic White individuals, 25% of non-Hispanic Black individuals, and 26% of individuals of other or unknown race/ethnicity reported contacts. For October, this increased to 46% of Hispanic individuals, 48% of non-Hispanic White individuals, and 34% of non-Hispanic Black individuals, and 40% of individuals of other or unknown race/ethnicity. The proportion of individuals reporting contacts improved across all age and birth sex categories from August to October.


Table 3. Reporting of contacts by individuals with COVID-19—Washington State, August and October 2020.
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Overall, 992 individuals with COVID-19 reported 2,584 contacts (mean 2.6 contacts per person; median 2 contacts, IQR 1–3) in August, and 739 individuals with COVID-19 reported 2,218 contacts (mean 3.0 contacts per person; median 2 contacts, IQR 1–4) in October (Table 2). Eighty percent of reported contacts were household contacts in August, decreasing to 74% in October (Table 1). Of all contacts reported, 86 and 78% participated in contact tracing interviews for August and October, respectively (Table 2).

Regarding timeliness of contact tracing, the median interval from case symptom onset to specimen collection was 3 days (IQR 1–5) for August and 2 days (IQR 1–5) for October. Specimen collection to when the positive result was received by the state department of health (hereafter referred to as “state notification of a positive result”) was 2 days (IQR 2–3) for August and 2 days (IQR 1–2) for October; from state notification of a positive result to case interview, 1 day (IQR 1–2) for both months (Table 4). A median of 0 days (IQR 0–0 for August, 0–1 for October) elapsed between case interview and contact interview (i.e., most contacts were interviewed the same day they were reported as a contact) for both months. Overall, the median duration from specimen collection to contact interview was 4 days (IQR 3–5) in August and 3 days (IQR 2–4) in October and from case symptom onset to contact interview was 7 days (IQR 5–10) in August and 6 days (IQR 4–8) in October.


Table 4. Case investigation and contact tracing timeliness measures—Washington State, August and October 2020.
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DISCUSSION

From August to October 2020, the proportion of individuals with COVID-19 who were interviewed increased from 65 to 76%, and among individuals interviewed, those reporting contacts increased from 33 to 45%. More than 75% of contacts participated in an interview during both analysis periods, likely because most contacts were household members. Staff reached cases and contacts efficiently, reaching most individuals with COVID-19 within 1 day of state notification of a positive result and reaching contacts on the same day that an individual with COVID-19 disclosed their information. The longest time intervals occurred between case symptom onset to specimen collection and specimen collection to state notification of a positive result.

Effective contact tracing is predicated on completeness (tracing as many contacts as possible) and timeliness (reaching contacts as quickly as possible following exposure), among other factors. One recent COVID-19 modeling study suggested that contact tracing occurring within 4.5 days of exposure could achieve at least a 60% reduction in transmission (16). It also predicted minimal benefits in transmission reduction when contacts are reached more than 6.5 days after first exposure. While date of first exposure to an individual with COVID-19 was not available in our study, the delay between case symptom onset to contact interview (i.e., when the contact is first notified of their exposure and need to quarantine) suggests that at least some contacts may not be reached soon enough for contact tracing to effectively reduce onward transmission. For contact tracing programs facing delays from symptom onset to SARS-CoV-2 testing (the longest step of this analysis), continuing to emphasize the importance of seeking testing as soon as potential COVID-19 symptoms develop, especially for unvaccinated individuals, may be beneficial.

There are multiple potential reasons for the increased participation in case interviews and elicitation of contacts through contact tracing observed over time. First, while the overall COVID-19 case count for Washington remained relatively stable from August through October, the absolute number of cases referred to the state program decreased by over 50%, likely due to multiple factors. For example, local health jurisdictions expanded contact tracing capacity as the pandemic progressed, and universities initiated contact tracing programs as the school year began in the early fall. Both may have contributed to a decreased reliance on the state program to handle similar caseloads, potentially facilitating more time for state case investigators to spend conducting case interviews. Second, this may reflect increasing contact tracer proficiency. In September, the Washington State Department of Health began the transition to a permanent contractor workforce for case investigation and contact tracing. This transition to a more stable workforce may have facilitated trusting and supportive connections with individuals with COVID-19.

Though participation in the contact tracing process improved, the high proportion of individuals that did not report any contacts remains a major barrier to effective contact tracing. Across various US jurisdictions, published data on the proportion of cases not naming contacts ranged from 35 to 83% (8–12). Publicly available COVID-19 dashboards from Maryland and New Jersey indicate similar variability, 18 and 60%, respectively (17, 18). One public opinion survey found that 41% of US adults would not be likely to participate in contact tracing and nearly 30% would not feel comfortable sharing information about contacts (19). Participation in contact tracing and reporting of contacts are voluntary in the US (20, 21). Prior studies of other infectious diseases indicate wide variability among the proportion of cases reporting contacts (HIV, 31–61%; syphilis 42%; tuberculosis, 76–91%) (22–27).

While the true number of contacts per individual with COVID-19 in Washington is unknown, only 27% of Washington state households consist of one person living alone, and the average household size is 2.5 (28). Thus, the low proportion of individuals reporting contacts likely reflects underreporting. Among potential explanations for underreporting of contacts, contact tracing exclusively via telephone outreach might limit rapport building and trust of individuals with COVID-19. At a societal level, trust in all levels of government has decreased as the pandemic has progressed, and contact tracers may be seen as representing the government (29). Concerns about data privacy and misuse and naming family or friends as contacts may also discourage reporting (30). Although underreporting is most likely, community mitigation efforts may have decreased the number of individuals with contacts and the mean number of contacts per individual with COVID-19. For example, Washington State implemented recommendations for when K-12 schools should consider remote learning and a county-by-county phased reopening plan that included limits on workplace occupancy, size of gatherings, and recreation (31, 32).

In our study, elicitation of contacts improved over time across all demographic groups. There was mild variation by race/ethnicity across time, with non-Hispanic Black individuals reporting contacts at the lowest levels for August and October, and by urbanicity, as individuals residing in metropolitan areas reported contacts at lower rates during October. Small town and rural residents accounted for the largest absolute increase in contact reporting rates through October, with a 24 percentage-point increase. Reporting of contacts did not differ substantially by age and sex. Strategies to improve contact tracing may require tailoring outreach and implementation to the unique concerns of each community.

Approaches to overcome barriers to contact tracing and improving trust and engagement include (1) culturally appropriate and locally tailored messaging that raises awareness and encourages participation, (2) partnering with trusted community and health care organizations to spread key messages, (3) incentivizing participation, and (4) providing ongoing training to contact tracers (1, 33). Additionally, strengthening social and financial protections for individuals who contract COVID-19 or who must quarantine as a contact could reduce financial hardship and promote greater participation in contact tracing (1, 34, 35).

This study is subject to a few limitations. First, given the scope of the programmatic data collected, we cannot assess why individuals did not participate in interviews or report contacts, limiting insight into potential barriers to effective contact tracing. Additionally, we cannot evaluate whether individuals isolated or quarantined, limiting greater insight into the impact of case investigation and contact tracing, or whether contacts subsequently tested positive for SARS-CoV-2. Third, date of symptom onset was missing for 38% of cases referred to the state, primarily among individuals who could not be reached for case investigation, and thus timeliness measures from symptom onset to other endpoints do not include those individuals for whom symptom onset date was missing. Race/ethnicity data was also missing for 28% and 23% of individuals in August and October, respectively, which may limit comparisons across racial/ethnic groups. Finally, these data only represent cases investigated by the Washington State Department of Health centralized program and do not include cases investigated by local jurisdictions, which may limit the generalizability of our conclusions.

This study demonstrates that while contact tracing improved during a period of stable COVID-19 case counts, the proportion of individuals disclosing contacts remained below 50%, with minimal differences by demographic characteristics. The contact tracing program efficiently reached individuals with COVID-19 and their contacts for interview, but the longest time interval occurred between symptom onset and state notification of a positive result. Improving elicitation of contacts and the timeliness of contact tracing may further decrease SARS-CoV-2 transmission.
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Background: Efficient healthcare based on prognostic variables in hospitalised patients with COVID-19 could reduce the risk of complications and death. Recently, soluble urokinase Plasminogen Activator Receptor (suPAR) was shown to predict respiratory failure, kidney injury, and clinical outcome in patients with SARS-CoV-2 infection. The aim of this study was to investigate the value of suPAR as a prognostic tool, in comparison with other variables, regarding disease severity and length of hospital stay in patients with COVID-19.

Patients and Methods: Individuals hospitalised with COVID-19 (40 males, 20 females; median age 57.5 years) with a median symptom duration of 10 days and matched, healthy controls (n = 30) were included. Admission levels of suPAR were measured in serum by enzyme-linked immunosorbent assay. Blood cell counts, C-reactive protein (CRP) levels, lactate dehydrogenase (LDH), plasma creatinine and estimated glomerular filtration rates were analysed and oxygen demand, level of care and length of hospitalisation recorded.

Results: Patients had significantly higher suPAR levels compared to controls (P < 0.001). Levels were higher in severely/critically (median 6.6 ng/mL) compared with moderately ill patients (median 5.0 ng/mL; P = 0.002). In addition, suPAR levels correlated with length of hospitalisation (rho = 0.35; P = 0.006). Besides suPAR, LDH, CRP, neutrophil count, neutrophil-to-monocyte and neutrophil-to-lymphocyte ratio, body mass index and chronic renal failure were discriminators of COVID-19 severity and/or predictors of length of hospitalisation.

Conclusion: Admission levels of suPAR were higher in patients who developed severe/critical COVID-19 and associated with length of hospital stay. In addition, we showed that suPAR functioned as an independent predictor of COVID-19 disease severity.

Keywords: suPAR, COVID-19, biomarker, disease severity, respiratory failure, length of hospital stay


INTRODUCTION

The ongoing pandemic caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused extensive morbidity and deaths, which has entailed an enormous burden on the healthcare system worldwide. The SARS-CoV-2 can cause an asymptomatic to severe coronavirus disease 2019 (COVID-19), and when severe has serious impact primarily on the lungs, but also on several other organs (1–3). Pneumonia with subsequent respiratory failure may develop already within the first week after disease onset (4–6), leading to hospitalisation of patients in need of oxygen supplementation or with multiple organ dysfunction. At this stage of the infection, it is difficult to predict which patients will need intensified oxygen supplementation, either as high-flow nasal oxygen therapy (HFNOT), continuous positive airway pressure (CPAP) therapy, or mechanical ventilation, and to estimate the length of hospital stay. Prognostic markers are essential for identifying patients at risk of developing severe COVID-19, so that appropriate care interventions can be offered prophylactically or at least at an early stage of the disease. Certain blood-based biomarkers, such as lymphocyte, neutrophil and platelet counts, neutrophil-to-monocyte ratio (NMR), neutrophil-to-lymphocyte ratio (NLR), D-dimer, interleukin-6, C-reactive protein (CRP) levels and lactate dehydrogenase (LDH) may discriminate between severe and non-severe COVID-19 (4, 7, 8). Another biomarker, the soluble urokinase plasminogen activator receptor (suPAR), has been shown to be significantly elevated in patients with COVID-19 (9), and stands out as a predictor of overall disease severity and outcome (10–15) and in particular of severe respiratory failure (16), and acute kidney injury (17) due to SARS-CoV-2 infection.

The cell-bound urokinase-type plasminogen activator receptor (uPAR) is found on various cell types such as endothelial cells and activated neutrophils and is upregulated at sites of inflammation and tissue remodelling (18, 19). Apart from urokinase plasminogen activator (uPA, also known as urokinase), uPAR interacts and cooperates with many ligands and receptors, primarily integrins, to facilitate intracellular signalling, cell migration, cell adhesion and tissue remodelling (20). Soluble uPAR (suPAR) results from proteolytic cleavage of uPAR (21), and has gained increased interest as circulating levels are found to reflect severity and prognosticate outcome of several malignant (22–26), autoimmune (27–30) and infectious diseases (31–37). Additionally, suPAR is used in triaging of patients in acute care settings to early predict clinical deterioration due to suspected bacterial infections (38–42).

As suPAR has only recently been suggested to predict the outcome of COVID-19, and its significance in hospitalised patients with different disease severity is not yet fully understood, we conducted this prospective cohort study with the aim to evaluate whether suPAR, in comparison to established blood-based immune mediators, may prognosticate respiratory failure and length of hospital stay in adult patients with SARS-CoV-2 infection.



MATERIALS AND METHODS


Study Design and Participants

This study was part of a prospective, observational cohort study, implemented during August 2020 to May 2021, involving consecutive adult patients with COVID-19, who were assessed for their eligibility of inclusion as soon as possible following admittance to the Department of Infectious Diseases at the Vrinnevi Hospital, Norrköping, Sweden. Inclusion criteria were age >18 years, ability to give informed consent and with a current diagnosis of COVID-19, as verified by Abbott Real Time SARS-CoV-2 or Alinity m SARS-CoV-2 assays (Abbott, Solna, Sweden) using nasopharyngeal or throat swab specimens, performed at the Clinical Microbiology Laboratory, Linköping University Hospital, Sweden.

Healthy, SARS-CoV-2 RNA negative controls, verified by an in-house RealTime quantitative PCR performed as previously described (43), were matched to the patients regarding age and sex and were only used for comparison of suPAR levels. They consisted of health care workers at the Vrinnevi Hospital (n = 17) and blood donors (n = 13) at the Department of Clinical Immunology and Transfusion medicine, Linköping University Hospital, Sweden.



Clinical Characteristics of Patients, Disease Severity Classification and Biochemical Variables

At inclusion, patients were asked by a questionnaire about the duration of COVID-19-associated symptoms and smoking habits. Digital medical records were reviewed with respect to various factors: presence of cardiovascular disease (CVD, including hypertension), chronic pulmonary disease (asthma, chronic obstructive pulmonary disease, pulmonary fibrosis or other chronic illnesses affecting the lungs), chronic renal failure (CRF), diabetes, current medication, date of confirmed SARS-CoV-2 infection, immunosuppression (disease and/or current medical treatment that suppress the immune system), length of hospital stay, highest level of care received, maximum need of oxygen supplementation (<5 L/min or HFNOT/CPAP/mechanical ventilation), need of renal dialysis, and lastly, COVID-19 related medication (anticoagulants, remdesivir and/or dexamethasone).

In the patient cohort of hospitalised patients, COVID-19 severity was classified according to the National Institute of Health (44) and approximated with respect to the highest level of care (pandemic department, intermediate or intensive care unit) and the maximum oxygen need as mild (pandemic department, no oxygen supplementation), moderate (pandemic department, oxygen supplementation <5 L/min), severe (pandemic department or intermediate care unit, oxygen need ≥5 L/min supplemented by HFNOT or CPAP) and critical illness (intensive care unit, with or without mechanical ventilation). Because only a few patients were classified as mild and critical, respectively, two groups of disease severity (mild/moderate and severe/critical) were used in analyses throughout this study.

Patients were analysed for baseline haemoglobin, blood cell counts (platelets, leukocytes, monocytes, lymphocytes, neutrophils, eosinophils, and basophils), CRP, LDH, sodium, potassium and plasma creatinine at the Clinical Chemistry Unit, Vrinnevi Hospital, Norrköping. The estimated glomerular filtration rate (eGFR) was calculated using the MDRD 4-variable equation (45). An eGFR of >90 mL/min/1,73 m2 was not further specified and was given the value of 100 mL/min/1,73 m2. Body mass index (BMI), the neutrophil-to-monocyte (NMR) and neutrophil-to-lymphocyte ratios (NLR) were calculated.



SuPAR Analysis

Serum from patients and controls was prepared from venous whole blood, drawn at study inclusion, and stored at −80°C until analysis. Serum suPAR was measured in duplicates by the clinically validated suPARnostic ELISA kit (Virogates, Birkerød, Denmark) according to the manufacturer's instructions. In brief, samples, standards and controls were mixed with peroxidase conjugated anti-suPAR antibodies and thereafter transferred to a 96-well plate, precoated with anti-suPAR antibodies. After 1 h of incubation in room temperature and subsequent washing of the plate, 3',3',5',5'-tetramethylbenzidine was added. The reaction was stopped after 20 min of incubation by the addition of sulphuric acid, and the absorbance was measured at 450 nm with 650 nm as reference wavelength, in an absorbance reader (SpectraMax ABS Plus from Molecular Devices, LCC, San Jose, CA, USA) and analysed using Softmax Pro 7 (Molecular Devices, LCC). The curve controls, accompanied with the ELISA kit, were within range in all assays. Serum samples with optical density values above the range of the standard curve were diluted 1:5 and re-run. The mean coefficient of variation between duplicates was 6.1% (range 0.1–25.8%).



Statistical Analysis

suPAR was not normally distributed and hence, non-parametric tests were generally used. Mann-Whitney U-test was always used when two groups were compared, and Spearman's correlation was used for all correlation analyses. χ2 test with Fisher's exact method was used for categorical data. Kruskal Wallis with Dunn's multiple comparison was used when more than two groups were compared. For linear regression analysis, the dependent variable (length of hospital stay) was log-transformed prior to analysis to achieve a normal distribution. Values below limit of quantitation were given half the value of the limit. A two-sided P-value ≤ 0.05 was considered significant. IBM SPSS Statistics, version 23 was used for statistical calculations. GraphPad Prism 9.1.2 software (GraphPad, La Jolla, CA, USA) was used for the graphical illustrations.



Ethical Considerations

Oral and written informed consent was obtained from all participants. The study protocol was approved by the Swedish Ethical Review Authority (Decision number 2020–02580).




RESULTS


Characteristics of Patients and Controls

Sixty hospitalised patients (40 males [67%], median age 57.5 years [range 23–91]) with confirmed COVID-19 constituted the patient cohort. The median age among the controls was 56 years (range 31–69) and 66% (n = 20) were males. Five individuals were above 75 years of age, as the very old patients to a large extent had confusion and or dementia or were unable to participate for other reasons.

Fifty-seven percent (n = 34) were ever smokers and 25% (n = 15) had chronic pulmonary disease. CVD, including hypertension, was present in 57% (n = 34) of the patients, diabetes in 25% (n = 15) and the median BMI was 30 (range 22–45). Seven (12%) patients had CRF, whereof one received intermittent haemodialysis (Table 1). Acute renal failure (including those with acute on CRF) was observed in ten (17%) patients at inclusion, and two needed continuous renal replacement therapy at the intensive care unit (Table 1). Eight (13%) patients were considered immunocompromised, whereof one had acute myeloid leukaemia and another two multiple myeloma receiving cytostatic treatment, respectively, one had newly diagnosed chronic lymphatic leukaemia without active treatment, two had undergone kidney transplantation and were treated with cyclosporine and mycophenolate mofetil and two had spondyloarthritis receiving treatment with tumour necrosis factor inhibitors (adalimumab and etanercept, respectively) (Table 1). The median symptom duration at inclusion was 10 days (range 2–30) and the median length of hospital stay one week (2–54 days). The length of hospital stay was considered a surrogate measure of disease severity, and since the maximum length of stay in discharged patients was 54 days, the deceased patients were given a fictive stay of 55 days to avoid bias. All patients received, according to current recommendations, anticoagulant therapy (low molecular weight heparin or continued with direct acting oral anticoagulants or warfarin) at admission to hospital. At study inclusion, 23 (38%) patients received or had previously received the antiviral treatment remdesivir (200 mg day 1, followed by 100 mg once daily for 5–10 days) and 38 (63%) were prescribed either oral or intravenous dexamethasone (6 mg once daily for up to 10 days), betamethasone (4 mg once daily for 5 days) or prednisolone (30 mg per day for 5 days) (Table 1).


Table 1. Clinical characteristics of and biochemical variables in the patient cohort.
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Baseline blood cell counts, CRP levels, LDH, sodium, potassium, plasma creatinine, eGFR, BMI, NMR and NLR in the patient cohort are presented in Table 1.



Classification of COVID-19 Severity

COVID-19 severity was classified as mild in six (10%), moderate in 25 (42%), severe in 21 (35%) and critical in 8 patients (13%), of whom all eight needed intensive care (seven males, one female; median length of stay 9 days [1–24]), whereof four (7%) males received mechanical ventilation (median 13.5 days, range 2–21). One of the critically ill, mechanically ventilated patients had a kidney transplant. Two (3%) male patients needed continuous renal replacement therapy at the intensive care unit. Two male patients deceased during the hospital stay, whereof one had acute myeloid leukaemia and the other had CVD, obesity, and diabetes. The former patient was treated at an intermediate care unit (8 days) and the other received intensive care (22 days) with mechanical ventilation and continuous renal replacement therapy.



SuPAR in Relation to Patient Characteristics and Biochemical Variables

The COVID-19 patients had significantly higher baseline suPAR levels (median 5.9, IQR 4.8–7.9) compared to the matched controls (median 2.44, IQR 1.66–3.02, P < 0.001; Figure 1A). Among patients, suPAR was correlated with age (P > 0.001, rho = 0.42) and length of hospital stay (P = 0.006, rho = 0.35) but not with BMI, or symptom duration. Significantly higher suPAR levels were found among patients with CRF (P < 0.001) and CVD (P = 0.043) compared to patients without the respective disorders. Furthermore, patients treated with remdesivir had higher suPAR levels (P = 0.03) compared to patients without remdesivir. Higher suPAR levels were also found among patients with corticosteroid treatment (P = 0.006). For this reason, patients were also stratified based on CVD and/or CRF (Figure 1B), remdesivir treatment (Figure 1C) and corticosteroid treatment (Figure 1D) for comparison with the healthy controls. This analysis revealed that all patient subgroups had significantly higher suPAR levels in comparison with the healthy control group (Figures 1B–D).
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FIGURE 1. Soluble urokinase plasminogen activator receptor (suPAR) levels in controls and patients hospitalised with COVID-19. suPAR serum concentration was compared between individuals hospitalised with COVID-19 and healthy age- and sex-matched controls (A). COVID-19 patients were also stratified based on comorbidities (B) and treatments (C,D) of importance for suPAR levels and thereafter compared with the control group. Bars and error bars show median and inter quartile range. Dots represent individual values. suPAR, soluble urokinase plasminogen activator receptor; CVD, cardiovascular disease; CRF, chronic renal failure.


No statistically significant differences in suPAR levels were found among the patients considering biological sex, smoking habits, immunosuppressive disorders, presence of chronic pulmonary disease, or diabetes.

Biochemical factors that correlated significantly with suPAR levels were plasma creatinine (P = 0.008, rho = 0.34) and eGFR (P = 0.012, rho = −0.32). No correlation was found with CRP levels, LDH, haemoglobin, blood cell counts, NMR, NLR, or electrolytes.



SuPAR, and Other Biochemical and Clinical Variables in Association With Length of Hospital Stay

The length of hospitalisation significantly associated with suPAR levels (P = 0.006, rho = 0.35), LDH (P < 0.001, rho = 0.55), lymphocyte count (P = 0.008, rho =−0.34), CRP (P = 0.017, rho = 0.31) and NLR (P = 0.030, rho = 0.28) (Figures 2A–E), respectively. No correlation was found between length of hospital stay and other immune cell counts, sodium, potassium, plasma creatinine, or eGFR (not shown). Among the clinical variables, only CRF was significantly associated with length of hospital stay (P = 0.002; Figure 2F). Remdesivir treated patients had significantly longer hospital stay (median 8 days, range 3–54, P = 0.004), whereas no significant difference in length of hospital stay was found dependent on corticosteroid treatment.


[image: Figure 2]
FIGURE 2. Correlations and associations of biochemical and clinical variables with length of hospital stay. The correlation between the length of the hospital stay and biochemical (A–E) and clinical variables (F) were examined. Deceased patients (n = 2) were given a fictive length of stay of 55 days to avoid bias. P-value and Spearman's correlation coefficient (rho) is given for each correlation analysis. P-value from Mann-Whitney U-test is given for CFR. Please observe that axes display a logarithmic scale. suPAR, soluble urokinase plasminogen activator receptor; LDH, lactate dehydrogenase; CRP, C-reactive protein; NLR, neutrophil-to-lymphocyte ratio.




Predictors of Length of Hospital Stay in a Multiple Linear Regression

A linear regression model with stepwise analysis revealed that none of the potential confounders (age, eGFR, corticosteroid and remdesivir treatment) abolished the association of suPAR with length of hospital stay (P = 0.004). Only remdesivir treatment remained significant (P = 0.007) in the regression model together with suPAR (not shown).

To create an optimised model for prediction of length of hospital stay, all biochemical variables (LDH, suPAR, lymphocyte count, CRP and NLR) that were significantly associated with this outcome variable were attested by linear regression. In the analysis including the lymphocyte count (Table 2, Model 1), only suPAR (P = 0.001) remained an independent variable, whereas LDH, lymphocyte count and CRP were excluded from the model (Table 2). A linear regression model with stepwise analysis of suPAR, NLR, LDH and CRP proved suPAR (P = 0.003) and NLR (P = 0.022) to be significantly associated with length of hospital stay, while LDH and CRP were excluded from the model (Table 2, Model 2).


Table 2. Biochemical variables associated with length of hospital stay (10log) in stepwise linear regression analyses.
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Among clinical variables, CRF and remdesivir treatment had a significant positive correlation with length of hospital stay. A linear regression model including suPAR, CFR and remdesivir abolished the association of suPAR with length of hospitalisation. Although none of the other clinical variables were significantly associated with suPAR, age, BMI and male sex are known risk factors of hospitalisation and development of severe COVID-19 (46). Hence, these three variables were tested together with suPAR and NLR but did not remain significant in the stepwise analysis.

COVID-19 severity was also tested together with suPAR to reveal if the association of suPAR and length of hospital stay was dependent on the disease severity. This linear regression analysis revealed that both COVID-19 severity (P = 0.002) and suPAR levels (P = 0.013) are positively associated with the length of hospital stay.



SuPAR and Its Association With COVID-19 Severity

The association of suPAR and other biochemical and clinical variables with COVID-19 severity was tested by comparison of the mild/moderate disease group of patients (n = 31) with the group of severely/critically ill patients (n = 29). suPAR, LDH, NLR, NMR, neutrophil count, and CRP were found to be significantly increased in the severe/critical group of patients, compared with the mild/moderate group (Figures 3A–F). Among clinical variables, only BMI was significantly different between the two severity groups (Figure 3G). Age, symptom duration, haemoglobin, cell counts (platelets, leukocytes, lymphocytes, monocytes, eosinophils, basophils), sodium, potassium, plasma creatinine and eGFR were not significantly different between the two severity groups (not shown).
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FIGURE 3. Biochemical (A–F) and clinical (BMI; G) variables, which are significantly increased in COVID-19 patients with severe/critical compared with mild/moderate illness. Bars and error bars represent median values and inter quartile range, respectively. Circles and squares represent individual values. BMI, body mass index; CRP, C-reactive protein; LDH, lactate dehydrogenase; NLR, neutrophil-to-lymphocyte ratio; NMR, neutrophil-to-monocyte ratio; suPAR, soluble urokinase plasminogen activator receptor.


χ2 tests for binary variables (sex, current/previous smoking status, presence of CVD, chronic pulmonary disease, diabetes, CRF or remdesivir treatment) in relation to COVID-19 severity did not reveal any statistically significant associations. Corticosteroid treated patients were significantly overrepresented in the severe/critical group of patients (P = 0.003, not shown).



Predictors of COVID-19 Severity Evaluated by a Logistic Regression Analysis

Baseline variables associated with COVID-19 severity were combined in a stepwise logistic regression model (forward: conditional) to evaluate suPAR in relation to the other variables (Table 3). Due to the interrelationship between neutrophil count, NLR and NMR, only NLR was tested together with suPAR, LDH, CRP and BMI. suPAR levels or predicted probabilities from the optimised regression model were thereafter used to create receiver operator characteristics (ROC) curves for each model, where AUC was calculated (Table 3, Figure 4). An optimal suPAR cut-off at 5.9 ng/mL was achieved at a specificity of 71% and a sensitivity of 72%.


Table 3. Binary logistic regressions for the outcome of severe/critical COVID-19 disease (versus mild/moderate disease).
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FIGURE 4. Receiver operating characteristic (ROC) curve and area under curve (AUC) for prediction of COVID-19 severity. AUC for suPAR based prediction of COVID-19 severity (A) and AUC for predicted probabilities from the optimised model with suPAR, BMI and NLR (B).




SuPAR Based Stratification in Relation to COVID-19 Severity

Based on previous research (47) and guidelines from the manufacturer of the suPAR ELISA, a suPAR of <4 ng/mL supports patient discharge whereas >6 ng/mL supports hospitalisation. Hence, our patients were stratified into three groups based on suPAR levels: low (<4 ng/m), medium (4–6 ng/mL) and high (>6 ng/mL). The frequency of patients with mild/moderate and severe/critical illness was significantly different between the suPAR stratification groups (P = 0.004) with none of the severely/critically ill patients having low suPAR levels (Figure 5). Furthermore, a higher frequency of severely/critically ill patients was found in the group of high suPAR compared to mild/moderately ill (Figure 5). The two deceased patients had a baseline suPAR within the group of medium and high suPAR levels, respectively.


[image: Figure 5]
FIGURE 5. Frequencies of patients with mild/moderate and severe/critical illness within different suPAR level intervals. Patients were stratified into three suPAR level groups according to manufacturer's recommendations. A χ2 test revealed asymmetric distribution of patients with different disease severity. suPAR, soluble urokinase plasminogen activator receptor.





DISCUSSION

The present study confirms but also contributes with new knowledge of suPAR as an independent predictor of organ damage, in this case pneumonia with respiratory failure, and length of hospital stay for patients with different severity of COVID-19 in a Swedish setting. suPAR was significantly elevated at inclusion in patients who later developed severe or critical illness with increased oxygen demand and subsequently had a longer stay at the hospital. The length of hospital stay in this cohort of COVID-19 patients was mainly determined by the need for oxygen supplementation with gradual phasing out and not the need for rehabilitation, since rehabilitation primarily was carried out at another department. Our results are consistent with previous studies (16, 47), but to our knowledge, suPAR has previously not been shown to independently reflect the cohesive length of hospital stay.

Nevertheless, suPAR has previously been shown to correlate with a prolonged stay at hospital due to other serious conditions with excessive inflammation, such as cardiac surgery, pneumonia in children, and burn injuries (48–50). Besides this, the significance of elevated suPAR levels in viral infections such as human immunodeficiency virus, hepatitis B virus, hepatitis C virus, and hantavirus, has been established before the SARS-CoV-2 pandemic. Like its importance in COVID-19, elevated suPAR was demonstrated to significantly correlate with severity and mortality in these conditions (51–55).

The concentration of suPAR in sera correlated with the degree of COVID-19 severity, which has been shown previously (47). In SARS-CoV-2 infected individuals with low admission levels of suPAR (<4 ng/ml), the risk of needing mechanical ventilation and the 14-day mortality was almost non-existent, while levels between 4–6 ng/ml and especially >6 ng/ml were associated with a significantly increased risk. Similar outcomes of stratification of suPAR levels in relation to COVID-19 disease classification were obtained in this study. Interestingly, the cut-off level for severe/critical disease obtained from our study population (5.9 ng/mL) was very close to the manufacturer's cut-off level for the recommendation of hospitalisation (6 ng/mL).

The study cohort reflects the well described characteristics of hospitalised patients with COVID-19, with a male dominance, middle-aged and older individuals, presence of co-morbidities such as CVD, chronic pulmonary disease, obesity, and diabetes (56–58). Although these conditions are known risk factors for severe COVID-19, somewhat surprisingly, we did not find a significant association of co-morbidities, besides obesity, with disease severity. This is partly explained by the limited number of patients in each group. Approximately one tenth of the cohort had an immunosuppressive disorder, whereof two patients became critically ill and one with a newly diagnosed haematological malignancy deceased during the hospital stay. These findings are consistent with prior observations indicating a relatively low risk, compared to the general population, of severe COVID-19 due to immunosuppression (59–63). However, since not all patients with COVID-19 at the hospital were included in this study, definite conclusions cannot be drawn from the proportion of immunosuppressed relative to immunocompetent patients in the cohort. Most of the patients were classified as moderately to severely ill, i.e., needed non-invasive ventilation support mainly in the form of HFNOT. All of them received dexamethasone to reduce the inflammation in the lungs. Sixty percent of the patients were already prescribed corticosteroids at inclusion, which might have influenced the suPAR levels. In fact, corticosteroids have a suppressive effect on suPAR (21, 64). However, among patients in this study, suPAR levels were higher in corticosteroid treated patients, probably indicating dexamethasone treatment as a surrogate marker of severe disease. Similarly, suPAR levels were higher in patients who received remdesivir at inclusion, reflecting severe inflammation and lung involvement of COVID-19 in these patients already early in the course of the disease. Remdesivir treatment was, however, not associated with disease severity, but rather with length of hospital stay. A similar association was in fact made in studies by Anderson et al. (65) and Spinner et al. (66), in which length of hospital stay was shown to be affected by remdesivir treatment and a peak in discharge rates was observed upon completion of the intravenous therapy, suggesting that physicians actually delayed discharge to complete treatment. The small cohort in this study does not allow any definite conclusions to be drawn regarding possible beneficial effects of remdesivir on disease severity.

The main strengths of the study were the prospective design, the well-characterised patient cohort, and that the assessment of clinical variables and review of medical records in all patients was done by one, experienced infectious disease specialist (J.S.). However, some limitations deserve to be mentioned. The range of symptom duration was wide, explained by the fact that some patients were initially receiving care at another pandemic department at the hospital and were not included until they were transferred to the Department of Infectious Diseases. Many elderly patients were excluded because of acute or chronic cognitive impairment, which resulted in a relatively limited study population. For practical reasons, only Swedish and English-speaking patients were included, which might have ruled out patients known to have an increased risk of developing severe COVID-19 (67, 68).



CONCLUSIONS

We show that suPAR is an independent predictor for the development of severe COVID-19 in patients in need of hospital care and supplemental oxygen therapy, and it helps to predict the length of hospital stay and thereby provide support for prioritisation of the care level before the patient's condition deteriorates. Studies on suPAR kinetics during hospital stay and the effect of immunosuppressive therapies on suPAR levels may further clarify the significance of this biomarker in hospitalised patients with SARS-CoV-2 infection.
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In January 2021, the Chilean city of Concepción experienced a second wave of coronavirus 2019 (COVID-19) while in early April 2021, the entire country faced the same situation. This outbreak generated the need to modify and validate a method for detecting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in saliva, thereby expanding the capacity and versatility of testing for COVID-19. This study was conducted in February 2021 in the Chilean city of Concepción during which time, the town was under total quarantine. The study participants were mostly symptomatic (87.4%), not hospitalized, and attended care centers because of their health status rather than being asked by the researchers. People coming to the health center in Concepción to be tested for COVID-19 (via reverse transcriptase polymerase chain reaction [RT-PCR]) from a specimen of nasopharyngeal swab (NPS) were then invited to participate in this study. A total of 131 participants agreed to sign an informed consent and to provide saliva and NPS specimens to validate a method in terms of sensitivity, specificity, and statistical analysis of the cycle threshold (Ct) values from the RT-PCR. Calculations pertaining to the 127 participants who were ultimately included in the analysis showed sensitivity and specificity at 94.34% (95% CI: 84.34–98.82%) and 98.65% (95% CI: 92.70–99.97%), respectively. The saliva specimen showed a performance comparable to NPS as demonstrated by the diagnostic parameters. This RT-PCR method from the saliva specimen is a highly sensitive and specific alternative compared to the reference methodology, which uses the NPS specimen. This modified and validated method is intended for use in the in vitro diagnosis of SARS-CoV-2, which provides health authorities in Chile and local laboratories with a real testing alternative to RT-PCR from NPS.

Keywords: SARS-CoV-2, saliva, validation, RT-PCR, detection


INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome CoV-2 (SARS-CoV-2), was first reported in December 2019 in Wuhan, China. The WHO subsequently declared it as a pandemic in March 2020 (1). Despite mitigation measures, the number of infected SARS-CoV-2 cases in Chile has increased dramatically since the beginning of the spread. From April 1, 2021 to April 14, 2021, a mean of 6,895 daily cases in Chile was detected, a positivity of 11.38%, and a mean of 93.8 daily deaths was reported (2). Given the national contingency, emergency vaccines have been approved for emergency use, focusing on health workers, chronically ill patients, and the elderly, reaching 4,815,079 people under the guidance of a complete vaccination scheme as of April 14 2021 (3).

The rapid spread of this disease is related to its highly infectious nature. It has been suggested that the disease is transmitted through saliva droplets and nasal discharge (4). The real-time reverse transcriptase polymerase chain reaction (RT-PCR) assay for SARS-CoV-2 using upper and lower respiratory tract specimens of the nasopharyngeal swab (NPS) is used as the reference technique for diagnosing COVID-19 (5). Although NPS is the most widely used biological specimen for the diagnosis of SARS-CoV-2, it has some limitations related to specimen collection and the safety of the healthcare workers. In this regard, the use of saliva samples for COVID-19 diagnosis and monitoring is emerging as a promising alternative to NPS for COVID-19. Saliva collection is a non-invasive method with the possibility of self-collection, thus circumventing the limitations associated with the use of NPS (6, 7).

Saliva has previously been shown to be useful for the detection of other respiratory viruses, such as influenza and human metapneumovirus and has comparable sensitivity/specificity in agreement with the NPS test (8). Regarding COVID-19 infection, in vitro analysis of RNA-sequencing (RNA-seq) profiles from four public and consensus datasets revealed the expression of the angiotensin converting enzyme 2 (ACE2) receptor in human granular cells in salivary glands (9). For this reason, saliva has been considered for use in the diagnosis of COVID-19 (10). The presence of SARS-CoV-2 in saliva could be related to different sources, such as viral entry into the oral cavity from the lower/upper respiratory tract (11) or by the release of viral particles into the oral cavity through the salivary ducts of infected salivary glands (12). We applied a cohort selection of cross-sectional study design (13) to Chilean study participants to validate a method using RT-PCR for RNA detection from SARS-CoV-2 virus in saliva specimens.



METHODS


Study Design, Participants, and Sampling

The study obtained the authorization of the Scientific Ethics Committee of the Health Service of Concepción, Chile Number 20-01-02. Study subjects (men and women) between 11 and 77 years old who voluntarily agreed to sign an informed consent were included. Parents or legal guardians for volunteers under the age of 18 signed the informed consent. Patients were considered enrolled upon signing the informed consent.

A cohort-selection of cross-sectional study to assess diagnostic accuracy was used to validate a method using RT-PCR for genetically detecting the SARS-CoV-2 virus from saliva (candidate methodology herein refers to the use of raw saliva) and NPS as reference methodology specimens. This study was undertaken in the context of a performance evaluation of a Phase I in vitro diagnostic test as an exploratory manner. The objective was to obtain the first approximation of the diagnostic capacity of the new method (14) rather than making a field test using asymptomatic patients.



Specimen Collection

Paired specimens of NPS and saliva were collected from symptomatic and asymptomatic individuals and from people who were in close contact with COVID-19 confirmed cases or who were clinically suspicious at the Multi-specialized Guillermo Grant Benavente Hospital (HGGB) and three Family Health Centers (FHCs) in the Chilean city of Concepción. First, the saliva specimen was obtained by means of self-sampling by the patient, who deposited a volume between 1 and 2 ml of saliva into a sterile nuclease-free 15 ml centrifuge tube. At least 30 min before sampling, each patient followed several specific guidelines: (1) no ingested food or liquids, except water; (2) no gum chewing; (3) no smoking or use of any type of mouth spray; and (4) no teeth brushing, no mouthwash, or dental floss. In addition, the participant had to remove cosmetic products, such as lip balms, and/or creams, when applicable. Once they provided the saliva specimen, the authorized healthcare workers performed the NPS specimen collection from each participant. All specimens were transported and maintained between 2 and 8°C until use within 24 h of collection after which they were stored at −20°C after the RNA isolation step (Supplementary Figure 1).



Pretreatment of Saliva Specimens

The raw saliva and saliva samples diluted in a transport medium consisting of phosphate-buffered saline 1X (PBS-1X) were analyzed. This was done in order to determine if there is any statistical difference between the use of a raw saliva sample compared with a diluted one and compared against NPS. Raw saliva was diluted in the ratio of 1:1 by the addition of an equal volume of PBS-1X pH 7.4 without calcium/magnesium (Gibco by Thermo Fisher Scientific, MA, USA) into another tube and vortexed at full speed for 1 min and then both samples, the raw and diluted saliva, were centrifuged at 1,500 × g for 5 min to separate large debris (raw saliva and diluted saliva). Each specimen was labeled as “Saliva” or “Saliva + PBS.” The Saliva + PBS was included to evaluate the effect of dilution with this sample transport medium on the final results, both qualitatively and in terms of cycle threshold (Ct) values.



Viral RNA Isolation

The RNA was isolated from a volume of 300 μl sample from the top fraction of each tube containing Saliva, Saliva + PBS, or NPS using the ExiPrep 96 Viral DNA/RNA Kit and the automated system ExiPrep™ 96 Lite (BIONEER, Daejeon, South Korea). Purified RNA was eluted in a final volume of 100 μl and used immediately or stored at −20°C until use.



RT-PCR Procedure

All samples were screened using the TaqMan™ 2019-nCoV Assay Kit v1 (Applied Biosystems, CA, USA). RT-PCR assays and analysis were performed following the instructions of the manufacturer using the 7,500 Fast Real-Time PCR System thermocycler (Applied Biosystems, CA, USA). Briefly, the conditions of the thermal profile followed several specific steps: (1) 50°C for 5 min; (2) 95°C for 30 s; (3) 40 cycles at 95°C for 3 s, and (4) 60°C for 30 s. According to the instructions of the manufacturer in N-target, the Ct value <37 or two replicates with Ct values of 38 were considered positive; Ct values >39 were considered negative. An endogenous internal control (IC) was included in all reactions using primers and probe specifically directed at Human RnaseP-gene obtained from TaqManTM 2019-nCoV Assay Kit v1. Furthermore, positive, negative, and nontemplate controls were included in each run. According to the instructions of the manufacturer, IC at Ct value <40 was considered positive. A Ct value <30 in the positive control and no Ct values in negative and nontemplate controls were considered to validate runs.



Quality Assurance of the Results

An IC was included in all the reactions using primers and a probe to Human RnaseP-gene was obtained from TaqManTM 2019-nCoV Assay Kit v1.



Statistical Analysis

A 2 × 2 table was used in the assessment of diagnostic accuracy. Measures of diagnostic accuracy and the corresponding 95% of exact binomial CI (Clopper–Pearson intervals) were estimated (15). The Ct values were characterized using descriptive analyses, scatterplots, correlations, histograms, density charts, and P–P and boxplots. Also, CIs for the mean of the Ct values were estimated, and t-tests for paired data were used to compare Ct means between NPS, Saliva, and Saliva + PBS specimens. Bias and limits of agreement were estimated. A Bland–Altman plot was also constructed to assess the magnitude of disagreement (16). The data were analyzed with R (www.r-project.org) and R-Studio (www.rstudio.com).




RESULTS

To analytically validate the use of saliva as a SARS-CoV-2 detection sample using RT-PCR, a total of 127 NPS and saliva samples were collected from the Chilean study participants (Table 1, Figure 1). Of these, 53 were positive and 74 were negative according to the RT-PCR results of the NPS samples, and 51 were positive and 76 were negative using the saliva sample (Supplementary Table 1).


Table 1. Demographic characteristics of the participants.
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FIGURE 1. Flow of participants.


The performance of the Saliva method, with raw saliva was evaluated considering the following seven parameters: (1) sensitivity; (2) specificity; (3) positive predictive value (PPV); (4) negative predictive value (NPV); (5) positive likelihood ratio (PLR); (6) negative likelihood ratio (NLR); and (7) the Kappa value according to the criteria established by Landis and Koch (17) as shown in Table 2.


Table 2. Estimated diagnostic parameters with 95% CI.
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These data indicate that the saliva methodology detected 94.34% (95% CI: 84.34–98.82%) of the patients with COVID-19 and 98.65% (95% CI: 92.70–99.97%) of the patients without COVID-19. PPV and NPV values were 98.94% (95% CI: 89.55–99.95%) and 96.05% (95% CI: 88.89–99.18%), respectively (Table 2). The population prevalence of COVID-19 was not considered for the PPV and NPV estimations in this study. PLR was estimated at 69.81, and Cohen's kappa coefficient was estimated to measure the agreement between categorical variables. Contrary to a simple agreement of percentage between categories, this statistic considers the agreement that would be expected by chance. The kappa value was estimated at 0.9349 (95% CI: 0.8721–0.9977), which can be interpreted as almost perfect agreement according to the criteria established by Landis and Koch (17).

Descriptive statistics were used to summarize Ct values from NPS, Saliva, and Saliva + PBS (Supplementary Table 2). The mean and median Ct values for NPS were 23.51 and 22.84, respectively, which were higher than the mean and median Ct values for both Saliva (29.20 and 29.26) and Saliva + PBS (29.61 and 29.68). Furthermore, the minimum Ct value was lower for NPS (12.98) compared to Saliva (19.60) and Saliva + PBS (19.84), but maximum Ct values were similar, resulting in a wider Ct range for NPS. Coefficients of skewness and kurtosis were calculated at near 0 for NPS, Saliva, and Saliva + PBS, which may suggest that the data distribution of Ct values is symmetrical and possibly corresponds to the normal distribution. To determine whether an empirical correlation between specimens existed, a bivariate analysis was performed between Ct values from NPS and Saliva specimens (Supplementary Figure 2); from this figure, a low correlation of 0.47 could be identified between NPS and Saliva (Supplementary Figure 2A) and between NPS and Saliva + PBS with a correlation of 0.51 (Supplementary Figure 2B). However, a high correlation of 0.94 could be observed between Saliva and Saliva + PBS (Supplementary Figure 2C).

Density charts from NPS, Saliva, and Saliva + PBS specimens are shown in Figure 2 as an illustrative approach to better understand the Ct value distribution. Higher Ct values were detected in Saliva and Saliva + PBS compared to NPS (Figures 3A,B), and there was no significant difference between the Ct comparison of Saliva and Saliva + PBS (Figure 3C). As previously mentioned, density characteristics are similar for NPS and Saliva specimens, suggesting that the probabilistic distribution of Ct values corresponds to the normal distribution.
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FIGURE 2. Density chart for cycle threshold (Ct) values from nasopharyngeal swab (NPS) and Saliva specimens (A); NPS and Saliva + phosphate-buffered saline (PBS) specimens (B); Saliva and Saliva + PBS specimens (C). This plot compares Ct value distributions by means of smoothed density estimates (kernel density estimates).
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FIGURE 3. Boxplot for paired Ct values between NPS and Saliva (A); NPS and Saliva + PBS (B); and Saliva and Saliva + PBS (C). Chart shows Ct values (black dots) obtained from NPS, Saliva and Saliva + PBS specimens paired with each other (gray lines) for each participant, along with boxplot and median marked as solid black line within each box.


To check the normality assumptions for the corresponding Ct values, P–P plots were constructed for each paired-positive dataset, considering that they are less sensitive to deviations in the tails and that differences in the middle are more detectable (Supplementary Figure 3). The Shapiro–Wilk test, which helps in the detection of a normal distribution, was used for each NPS, Saliva, and Saliva + PBS sample dataset with paired-positive matrix results (Supplementary Table 3). The points from the NPS datasets that are deviated from the theoretical diagonal line in the middle section, indicate a possible deviation from the normal distribution (Supplementary Figure 3). However, the Shapiro–Wilk test results indicate that with a 95% CI, the hypothesis stating that sample datasets coming from a population that has a normal distribution cannot be rejected. To assess the Ct value distribution and quartiles, a boxplot is shown in Supplementary Figure 4. In general, Ct values for Saliva and Saliva + PBS specimens are higher than those for NPS specimens. Also, the median, marked at the center of each box, indicates a symmetrical distribution, a finding that further supports the previous descriptive analysis.

Paired t-tests were used to determine whether there was a statistically significant difference in the mean of Ct values between NPS and Saliva specimens. The null hypothesis of or the mean difference between paired specimens was rejected for NPS vs. Saliva, NPS vs. Saliva + PBS, and Saliva vs. Saliva + PBS, considering a 95% CI. Although no mean difference was expected between Saliva and Saliva + PBS according to previous analyses, the paired t-test was significant. Conditioning this parametric test as a paired test that directly affected the estimated p-value, an independent t-test would have given a nonsignificant result (t: −0.6045; p-value: 0.547). Although Ct values between Saliva and Saliva + PBS seemed similar among previous analyses, paired specimens had a difference of over 10% in Ct value, which might explain the significant paired t-test result (Figure 3, Supplementary Table 4).

Descriptive statistics were used to summarize the difference in Ct values between NPS, Saliva, and Saliva + PBS (Supplementary Table 5). The range was lower in the difference between Saliva and Saliva + PBS compared to other differences, indicating that Ct values were similar. The mean and median along with the coefficient of skewness and kurtosis indicate a possible normal distribution for the difference between NPS and Saliva in addition to NPS and Saliva + PBS. Nevertheless, normal distribution characteristics were not observed for the difference between Saliva and Saliva + PBS for which the coefficients of skewness and kurtosis lie further from the referential value of 0.

Histogram and density charts for Ct value difference were analyzed to carry out an agreement analysis based on a comparison method proposed by Altman and Bland (16) (Supplementary Figure 5. A Gaussian-shaped distribution was seen for the difference between NPS and Saliva in addition to the difference between NPS and Saliva + PBS but slightly skewed to the right (Supplementary Figures 5A,B). A large deviation from the normal distribution can be seen for the difference between Saliva and Saliva + PBS, which was also mentioned in the descriptive analysis (Supplementary Figure 5C). P–P plots and the Shapiro–Wilk test were assessed to check normality assumptions for Ct value differences (Supplementary Figure 6, Supplementary Table 6). Density plots (Supplementary Figure 5C) suggest a large deviation from the normal distribution for the difference between Saliva and Saliva + PBS. Points deviate in both extremes and the middle section of the plot; they also transcend confidence bands. The Shapiro–Wilk test concurred with P-P plot interpretations. The results indicate statistical significance (W: 0.8102; p-value: 1.521*10−6) for Ct value difference between Saliva and Saliva + PBS. In other words, with a 95% CI, the null hypothesis, stating that the Ct value difference comes from a population with a normal distribution, was rejected. The median was toward the upper part of the box for the Ct value difference between NPS and Saliva and for NPS and Saliva + PBS, which suggests a slight deviation from normal distribution characteristics (Supplementary Figure 7). The Ct value difference between Saliva and Saliva + PBS was concentrated within a small range, and atypical data points were also identified (marked as atypical beyond calculated boxplot “whiskers”). This extreme value data might contribute to the non-normal distribution results mentioned from the P–P plot and Shapiro–Wilk test (Supplementary Figure 5C).

To estimate whether both the methods, NPS and Saliva were equivalent and, hence, interchangeable, an agreement analysis was performed. Since the differences between NPS and Saliva, and between NPS and Saliva + PBS proved to be normally distributed according to the previous analyses, agreement parameters and CIs were estimated following the method of statistical comparison proposed by Altman and Bland (18) as shown in Supplementary Figures 8, 9, Supplementary Tables 7, 8. For Bland–Altman plots, limits of agreement are estimated based on the assumption that the differences are normally distributed. Essentially, these plots do not indicate whether the agreement is suitable for one method or the other but rather quantifies the bias (estimated by the mean difference) and a range of agreement.



DISCUSSION

The COVID pandemic is an ongoing public health crisis. At the request of the Ministry of Health from Chile, our laboratory validated a new methodology for the detection of SARS-CoV-2. The use of saliva has several advantages compared to the collection of NPS, such as the reduction of contact with healthcare workers and the low use of consumables; also, it causes less discomfort to patients. This report validated the RT-PCR methodology from saliva, producing a sensitivity and specificity of 94.34 and 98.65%, respectively. This method provides an excellent alternative to an NPS SARS-CoV-2 detection. The Saliva method of detection is already being implemented in various regions of our country.

Previous reports, where the authors compared saliva and NPS to SARS-CoV-2 detection by RT-PCR, on the date of this study execution showed considerable differences between their results, finding highly variable sensitivity and specificity percentages in the range of 31–100% and 70.33–100%, respectively (7, 19–25). The candidate method (RT-PCR using saliva) validated in this study was performed in parallel with the reference methodology (RT-PCR using NPS) from the moment of specimen collection, which contributes important value to the comparison between the two. In addition, each specimen of NPS, Saliva, and Saliva + PBS was processed during a period lasting <24 h from collection.

Previously, it has been described that there are changes in the detection of the virus using Saliva + PBS and Saliva, for which the present study characterized the effect of the transport medium in the detection of SARS-CoV-2 employing the analysis of Ct by RT-PCR (26, 27). Diagnostic parameters were calculated based on 53 positive and 74 negative NPS specimens. Performance from the candidate methodology was evaluated with a sensitivity and specificity of 94.34% (95% CI: 84.34–98.82%) and 98.65% (95% CI: 92.70–99.97%), which is very similar to previous reports (24, 25, 28–31). The calculated PPV and NPV values imply that 1.96% of the positive saliva (raw) results were false positives and that 3.95% of negative saliva results were false negatives (Supplementary Tables 1, 2). The calculated PLR value implies that it is 70 times more likely for an infected patient (positive NPS patient) to obtain a positive saliva result than a patient who does not have the disease (negative NPS patient) to obtain the same result. Furthermore, NLR was estimated at 0.06, meaning that a negative saliva result is 0.06 times less likely in infected patients than in patients without the disease. In other words, a negative saliva result is 16.7 (1/0.06) times more likely in patients without the disease than in the infected patients (Table 2). Another way to interpret this result is to express that one false negative for approximately 17 true negative results will be found. Only one false positive and three false negatives were detected (Supplementary Table 1). In the case of the false positive, the replicates yielded Ct values in the range of 33.24–33.45 in Saliva and 34.22–34.64 in Saliva + PBS. A similar disagreement was previously reported; participants were tested positive for SARS-CoV-2 in Saliva and not in NPS (30). One of the limitations of this study was that the three participants who were negative for Saliva and positive for NPS could not be resampled. We hypothesized that the three specimens, having CT with a mean at 33.05 (31.41–36.05) in the NPS had a low viral load at the nasopharyngeal and undetectable viral load in the saliva level. However, the methods presented here had a high correlation.

Previous reports have described that the viral load of SARS-CoV-2 in saliva is lower than in the NPS (24, 25, 32). These reports suggest that a lower viral load is expected in saliva than in NPS even when studies that present opposite results have been reported in which the Ct values are lower than those obtained from NPS (33). In our study, comprising 127 participants, 53 (41.73%) were positive from the NPS specimen with a mean of 23.51 ± 5.93 for the Ct values, 51 (40.16%) were positive from saliva with a mean of 29.20 ± 4.39) for the Ct values, and 50 (39.37%) were positive in the Saliva + PBS group with a mean of 29.61 ± 4.44 for the Ct values. Despite the differences in Ct, the diagnostic capacity of our method allows us to identify people infected with the virus.

Furthermore, Ct values were analyzed regarding variation, distribution, and agreement characteristics among specimens. A descriptive summary of Ct values suggests that the mean and median values were lower for the Ct values of NPS rather than for Saliva or Saliva + PBS. The coefficients of skewness and kurtosis also suggest that the distribution of Ct values was symmetric for all three specimens. Sample datasets with paired-positive matrix results were analyzed using density charts and P-P plots to check for a hypothesized normal distribution. The Shapiro–Wilk test complemented the previous analyses, and significant results were obtained, indicating that each sample dataset is normally distributed with a 95% CI. Paired t-tests suggest statistically significant mean differences between NPS and Saliva (t: −8.367; p-value: 5.282*10−11), NPS and Saliva + PBS (t: −9.902; p-value: 3.495*10−13), and Saliva and Saliva + PBS (t: −2.564; p-value: 1.346*10−2). The significant results from the paired t-test between Saliva and Saliva + PBS might have been affected by four paired specimens with a Ct value difference >10%. The Bland–Altman agreement analysis was performed between NPS and Saliva and also between NPS and Saliva + PBS. This analysis was not carried out for the Ct value difference between Saliva and Saliva + PBS because it was neither considered as a part of the main objective of this article nor did it comply with normal distribution assumptions. The Bland–Altman plot showed biases of −6.18 and −6.85 units for the difference between NPS and Saliva, and NPS and Saliva + PBS, respectively, suggesting that Saliva Ct values were on average, 6.18 and 6.85 units >NPS Ct values. Bias was considered significant for both paired comparisons, a finding that agrees with significant paired t-test results. No trends or patterns were observed between Ct value difference and specimen means, which indicates that differences between paired specimens do not appear to have been affected by the magnitude of Ct values.

As previously mentioned, paired statistical analyses indicate differences in Ct values among NPS, Saliva, and Saliva + PBS. A statistically significant paired t-test also suggests that Ct values between relatively similar specimens (Saliva and Saliva + PBS) were different. However, four paired specimens might have affected the test sensitivity within the compared dataset. Agreement analysis between specimens also supports paired differences among Ct values. Although a quantitative approach used for method comparison strongly suggests differences in specimen Ct values, the qualitative analysis seems to indicate that diagnostic interpretations are highly similar between the candidate (saliva) and the reference method. Sensitivity and specificity diagnostic values were considered relevant to conclude that similar categorical test results can be obtained from both methodologies despite quantitative Ct value statistical differences between specimens.

It is important to be cautious and carry out a preliminary study to apply this methodology in the active search for cases of the asymptomatic population. Here, only 15 (11.8%) participants did not present symptoms related to COVID-19 at the time of sampling, all being negative in both NPS and Saliva. In addition, the date of the onset of symptoms in participants who did present symptoms associated with COVID-19 is not available in this study, which is also a limitation to be considered in future research.

On the other hand, using the saliva specimen has several advantages, among them; non-invasive compared to NPS, reduces the risk of transmission for the health personnel who take the NPS specimen, since the saliva collection is self-sampled by the patients. For self-sampling purposes, it is easier to obtain a reliable saliva specimen than a nasopharyngeal specimen; the easy collection allows for sampling in children and the elderly who are particularly anxious. It allows to carry out tests for the early detection of COVID-19 without causing physical discomfort to patients (34).

These findings allowed us to assert that the validated methodology for detecting SARS-CoV-2 in saliva presents a similar performance to the method from NPS, and healthcare centers can be used in patients who require a COVID-19 diagnosis. Furthermore, this work serves as a reference for implementing RT-PCR in saliva in the care centers of the public healthcare network at the suggestion of the Ministry of Health from Chile.
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The description of the epidemiological indicators of SARS-CoV-2 (COVID-19), such as the mortality rate (MR), the case fatality rate (CFR), and the attack rate (AR), as well as the geographical distribution and daily case reports, are used to evaluate the impact that this virus has had within the Colombian Army and its health system. As military forces around the world represent the force that defends sovereignty, independence, the integrity of the national territory, and the constitutional order, while maintaining migration controls in blocked border areas during this critical pandemic times, they must carry out strict epidemiological surveillance to control the situation among the servicemen. Up to date, the Colombian Army has faced a very high attack rate (AR = 8.55%) due, among others, to living conditions where active military personnel share bedrooms, bathrooms, and dining facilities, which facilitate the spread of the virus. However, being a mainly young and healthy population, the MR was 1.82 deaths/1,000 ha, while the CFR = 2.13% indexes consistently low if compared with those values reported for the national population. In addition, the effectiveness of vaccination is shown in daily cases of COVID-19, where, for the third peak, the active military population presented a decrease of positive patients compared to the dynamics of national transmission and the total population of the military forces (active, retired, and beneficiaries).

Keywords: SARS-CoV-2, molecular and antigen diagnostic tests, epidemiology, military forces, Colombia, mortality rate, case fatality rate, attack rate


INTRODUCTION

COVID-19, the disease caused by the SARS-CoV-2 virus that first emerged in the city of Wuhan, Hubei Province—China, was declared a public health emergency of international concern on January 30, 2020, after 18 countries besides China reported a total of 98 cases of the novel coronavirus. On March 11, 2020, the World Health Organization proclaimed the COVID-19 a pandemic due to the rapid levels of propagation and the severity of the disease caused by the SARS-CoV-2 virus (1). In Colombia, the first COVID-19 confirmed case was reported on March 6, 2020, in a Colombian citizen returning from Italy (2). Since then, and due to the rapid and evolving situation of transmission, the Colombian government declared a whole-wide-country lockdown on March 22 that lasted until May 25 (3) to later become flexible and selective.

Inside the military forces, the Colombian Army through its health directorate issued guidelines and epidemiological alerts (4), according to other governments (5), foreign military strategies (6, 7) as well as the country's epidemiological situation (8, 9), to all the military and tactic units. Alongside, the Reference and Research Laboratory of the Army's Health Directorate was conditioned and nationally certified to respond to the diagnostic needs of the rapidly evolving pandemic on April 27. Since then, this laboratory has processed nationwide patient samples from the army, navy, and air force troops together with their immediate families, the military hospital patients, and retired military, being of paramount relevance for the country's military forces.

According to the operational health office from the Army's Health Directorate, the first reported case of COVID-19 was a retired military at Ibagué, Tolima, on March 15, 2020, followed by an active-duty soldier infected in Bogotá with a positive diagnostic test on March 23, 2020. Since then, and until June 30, 2021, dates defined in this study, we have constantly diagnosed and carried out an epidemiological follow-up on patients, and, herein, we aim to estimate the epidemiological indicators of SARS-CoV-2, determine the geographic distribution and demographic outlook of confirmed cases, and report the daily SARS-CoV-2 cases by test date in the Colombian Army Health System.



METHODS


Ethics Statement

This study was done following the Declaration of Helsinki and its later amendments. The Research Ethics Committee of the Universidad del Rosario, Bogotá, approved the research study subjected to this publication under Act DVO005-1508-CV1400 of April 8, 2021. This committee is governed by the legal and ethical guidelines of Colombia through resolutions 8,430 from 1993 and 2,378 from 2008 of the Health and Social Protection Ministry.

The data of the patients were anonymized to obtain all epidemiological indicators (Dataset S1). The patients provided oral and written informed consent.



Molecular and Serological Tests

To obtain a positive diagnosis for SARS-CoV-2 by Real-Time Reverse Transcription Polymerase Chain Reaction (RT-qPCR), oropharyngeal and nasopharyngeal sampling was done by placing a swab into a viral transportation medium LABG&M (Microgen Ltd., Colombia). Ribonucleic acid (RNA) was extracted automatically using the ab-Aid Virus RNA Extraction kit (Xiamen Zeesan Biotech Co., Ltd, China) and Lab-Aid 824s Nucleic Acid Extraction System (Xiamen Zeesan Biotech Co., Ltd, China), following the manufacturer's recommendations to obtain 100 μL as final elution of RNA.

Five molecular markers (target genes included E, RdRP, S, and N, in addition to the RP-IC as an exogenous internal control) were amplified in a multiplex RT-qPCR using the Allplex™ SARS-CoV-2 assay (Seegene Inc, Republic of Korea), following the manufacturer's instructions with a CFX96™ Real-Time PCR detection system (Bio-Rad Laboratories, USA). Real-time data analysis was performed using the Seegene SARS-CoV-2 Viewer Software version 3.

Besides, rapid antigen tests STANDARDTM Q COVID-19 Ag Test (SD Biosensor Inc., Republic of Korea) allowed the diagnosis of positive patients as per the kit insert.



Mapping and Graphics of Dataset

All graphical representations were performed in Tableau software v. 2021.3 (10), while mapping of the geographic distribution of COVID-19 cases was done in Mapbox © OpenStreetMap contributors, licensed under the Open Data Commons Open Database License (ODbL) by the Open Street Map Foundation (OSMF) using a Colombian departments layer.

The entire dataset of patients was obtained from a cross between the SARS-CoV-2 molecular diagnosis database of the Army's Health Directorate and the external network database SisMuestras COVID- 19 (https://apps.ins.gov.co/sismuestras) managed by the National Institute of Health of the Ministry of Health and Social Protection of Colombia, which contains all the patients reported as positive in other healthcare establishments outside the Colombian Army health department.




RESULTS

Since the Army's Health Directorate laboratory was endorsed to carry out the diagnosis, a total of 111,735 RT-qPCR tests have been performed in 15 months of surveillance for all the military health subsystems, which comprise all servicemen, their immediate families (beneficiaries), and retired military. Of them, a total of 41,953 samples were reported positive.

Up to June 30, 2021, a total of 44,219 cases had been diagnosed inside the Army, concerning all active, their beneficiaries, and retired populations (Table 1). Of those, 23,817 cases in servicemen corresponded to the 14.46% of the active Army troops.


Table 1. Number of SARS-CoV-2 confirmed infections in Colombia's Army Health System.

[image: Table 1]

To this date, of the total army cases, 43,028 of the patients have recovered, and, sadly, 943 have died from COVID-19-related complications, of which 55.78% occurred in retirees, 37.54% in the beneficiaries' group, and only 6.68% in the active personnel. Thus, establishing a mortality rate MR = [number of deaths/total army health system population] * 1,000 ha = 1.82 deaths per thousand individuals and a case fatality rate or CFR = [number of deaths/number of confirmed positive cases] * 100 = 2.13%, whereas Colombia's CFR is 2.5%. However, when demographics are considered the mean age of cases among the army health system is 34-year-old, being the age groups of 20–29 and 30–39 years, the most affected ones. Accordingly, the male population is the most affected one with 75.6% of the cases (Figure 1).


[image: Figure 1]
FIGURE 1. SARS-CoV-2 cases by age and sex in Colombian Army.


Up to this point, a proper attack rate of COVID-19 inside the army could not be calculated due to the lack of reports from mild and asymptomatic cases without positive tests results and the absence of a complete serological dataset. Nonetheless, an attack rate, AR = [number of confirmed positive cases/total army health system population] * 100 = 8.55% was obtained regarding only the confirmed cases among the army.

From the total army health system-infected population, 27.4% of the cases were reported in Colombia's capital district, Bogota. Followed by departments: Antioquia (7.7%), Cundinamarca (6.4%), Valle del Cauca (5.6%), and Santander (5.5%). The 47.4% of cases left were confirmed among the remaining 28 departments (Figure 2). Only 13 cases were reported among military personnel on active duty outside the country.


[image: Figure 2]
FIGURE 2. Geographic distribution and the total number of confirmed SARS-CoV-2 cases among the Colombian Army Health System by the department.


Figure 3 (blue) shows the behavior of the active COVID-19 cases from March 2020 through June 2021 among the army health system (servicemen, their immediate families, and retired military included). It properly depicts the situation presented in the country. From February to May 2021, the lowest number of cases was seen inside the active military personnel, mirroring the national behavior of the disease in Colombia, but unfortunately giving way to the third most important and deadly peak in the country where the military population, as well as the army's health system beneficiaries, suffered the burden of the disease. However, it can be observed that the third peak into the epidemiological curve was less intense, and the valleys were more prolonged among active-duty personnel (Figure 3, green).


[image: Figure 3]
FIGURE 3. Daily SARS-CoV-2 cases by test date in the Colombian Army Health System, from March 2020 to June 2021. In blue is the whole Army health system population; in green, active-duty personnel.




DISCUSSION

The Colombian army force seems to be the most affected one, among the three military forces. However, it must be considered that the army represents 80% of the total military forces' population, with 164,692 militaries, followed by the navy, with 30,426 (15%), and the air force, with 9,591 (5%) men, explaining the higher number of cases. As expected, the army's retired personnel, as well as the beneficiaries, played an important role in the number of cases presented. Yet, the epidemiological behavior of their infections is a clear representation of the country's situation as has been reported by the Ministry of Health and Social Protection through the National Institute of Health (11).

All the data hereby presented can be explained by the constitutional mission and protective duties of the military institution. Among Colombian government's first response to the pandemic, international border crossings with neighboring countries, such as Brazil, Ecuador, and Venezuela, were closed and secured by deploying military personnel, who become greatly exposed to the virus as occurred with outbreaks in Ipiales (Nariño), Leticia (Amazonas), and Arauca (Arauca) into the Colombian Army according to data of the Reference and Research Laboratory into the Army's Health Directorate. Furthermore, antinarcotic and counterinsurgency actions continued to be carried out during the health crisis, exposing those present in the scenes of the military operations.

Although an exact attack rate of COVID-19 in the army health system could not be obtained, it, clearly, must be higher than the 8.55% reported for the confirmed cases (12). One must take into that active military personnel lives quartered in military forts or deploys in groups across the country, allowing rapid transmission of the virus in comparison with an incidence and prevalence of COVID-19 in studies with civil people (13). Opposite, the age range of the troops sets the personnel in a low-risk group to develop severe forms of the disease, explaining the lower fatality rate if compared to the one presented by the civil Colombian population. This was consistent with other military epidemiological surveillance studies conducted in countries of our region, such as Bolivia, Brazil, and the USA (13–15).

Among the positive infection events that were reported in military personnel outside the country, one must highlight the case of three officials who got infected while on service at the Sinai Peninsula before their immediate return to the country after a year and a half of deployment. They completed the quarantine in Egypt, but the other 126 militaries from the platoon with negative results returned to the country on April 6, 2021. By April 22, all the returnees tested positive for SARS-CoV-2. Due to the rapid onset of the infection in this military personnel, a study was carried out, and it was determined that the SARS-CoV-2 lineage B.1.1.7, also known as the variant of concern Alpha, was responsible for these infections (16).

At last, the observed epidemiological curve differences between the active military personnel (Figure 3, green) and the total army health system population (Figure 3, blue) are most likely due to the priority vaccination program authorized by the Ministry of Health and Social Protection of Colombia. By June 2021, the start month of the greatest peak in Colombia, more than 20.3% of the active military population had completed their vaccination scheme, and 57% had, at least, one dose, according to reports of the Operational Health office of the Army's Health Directorate, serving as evidence of vaccination effectiveness and motivation for those who have not yet received the vaccine.

Concerning the herd immunity threshold, records of the Operational Health office of the Army's Health Directorate showed 65.8% of the active military personnel had a complete vaccination scheme, up to October 22, 2021, meaning that on-duty personnel of the army are above 80.26% of collective immunity if considered the 14.46% of confirmed positive patients for COVID-19. In contrast, at the same date, only 33.11% of the beneficiary and retired personnel of the Colombian Army had completed the vaccination plan, so it is estimated that they have not reached yet the herd immunity threshold.

This study presents some limitations, depicting the real situation of COVID-19 inside Colombia's military forces, considering the clinical manifestations of the disease. Even though some of the results from the molecular tests hereby reported were performed during sentinel surveillance studies, most of the asymptomatic carriers lacking a diagnosis did not enter the dataset of COVID-19 army patients, while the patients with reinfections and/or viral persistence that corresponded to <0.1% (17) were included as new individuals within the dataset, leading to some deviations in our epidemiological indicators.

In conclusion, COVID-19 management has been challenging around the world, and the situation inside the Colombian Military Forces has not been the exception. Outbreaks management inside military forts proved to be demanding due to the great number of people gathered in limited accommodations and the troops' way of life. However, the actions and guidelines provided by the Army's Health Directorate demonstrated to be effective with only a few outbreaks of concern across the country. On-time detection of cases and rapid reaction approaches were possible—thanks to the labor of the Army's Reference and Research Laboratory, which provided opportune and accurate results, without relaying the diagnosis in external laboratories already at their maximum capacity. These timely results served as a solid base for decision-making committees and epidemiological surveillance in the force.
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Background: The ongoing coronavirus disease-19 (COVID-19) pandemic (caused by an infection with severe acute respiratory syndrome (SARS)-coronavirus (CoV-2) has put a burden on the medical community and society at large. Efforts to reduce the disease burden and mortality over the course of the pandemic have focused on research to rapidly determine age-stratified seroepidemiologic surveys, a centralized research program to fast-track the most promising rapid diagnostics and serologic assays, and the testing of potential anti-viral agents, immunologic therapies, and vaccine candidates. Despite the lack of official recognition for the role of nutrition in the fight against COVID-19 infection, multiple groups proposed zinc supplementation as an adjuvant for the management of participants.

Method: In an ambulatory, interventional, prospective, single-blind study, we evaluated the effectiveness of zinc supplementation in the prevention and mitigation of COVID-19 in two similar participant groups. In Clinic A (n = 104) participants were randomized to receive 10 mg, 25 mg, or 50 mg zinc picolinate daily, and Clinic B control participants paired according to their demographics and clinical parameters (n = 96). All participants were compared based on demographics, clinical comorbidities, blood counts, renal functions, vitamin D levels, and their development of symptomatic COVID-19 infection.

Results: Symptomatic COVID-19 infection was significantly higher among the control group participants (N = 9, 10.4%) than the treatment participants (N = 2, 1.9%), p = 0.015. The unadjusted odds ratio indicates that symptomatic COVID-19 infection was 5.93 [95% CI: 1.51, 39.26] higher in the control group, p < 0.01. Controlling for co-morbidities, individuals in the control group were 7.38 (95% CI: 1.80, 50.28) times more likely to develop symptomatic COVID-19 infection as compared with individuals in the treatment group (p < 0.01). For every-one unit increase in the number of co-morbidities, the likelihood of developing symptomatic COVID-19 infection increased 1.57 (95% CI: 1.16, 2.19) (p = 0.01).

Discussion: The findings from our study suggest that zinc supplementation in all three doses (10, 25, and 50 mg) may be an effective prophylaxis of symptomatic COVID-19 and may mitigate the severity of COVID-19 infection.

Conclusion: Zinc is a relatively inexpensive mineral nutrient that is an effective prophylactic agent to prevent and mitigate the potentially deadly symptomatic SARS-CoV-2 infection. As the COVID-19 pandemic continues with a lag in vaccinations in some regions and the continued emergence of dangerously infectious variants of SARS-CoV-2, it is important to replicate our data in other populations and locations and to engage public health and nutrition services on the emergent need to use zinc supplantation or fortification of staple foods in the prevention and mitigation of COVID-19 infection severity.

Keywords: COVID-19, zinc, morbidity and mortality, comorbidities, treatment


INTRODUCTION

The ongoing coronavirus disease-19 (COVID-19) pandemic (caused by an infection with severe acute respiratory syndrome (SARS)-coronavirus (CoV)-2) has put a strain on the medical community and society at large, as it has spread at a rapid pace globally (1). The pandemic has progressed since it was first identified as an epidemic of a new illness and manifested initially as pneumonia secondary to a novel coronavirus in December 2019 in Wuhan, China (2).

The infection ranges symptomatically among individuals from asymptomatic to milder symptomatology that includes fever, sore throat, cough, lung infections, and in more severe manifestations of the illness, acute respiratory distress syndrome (ARDS), sepsis, and death. The most reported co-morbidities including hypertension, diabetes, chronic obstructive pulmonary disease (COPD), obesity, and cardiovascular diseases, have been shown to put participants with COVID-19 infection at greater risk of severe adverse events and death (3). As many as 50 percent of participants have been reported to have at least one of these co-morbidities when admitted to hospital with COVID-19 infection.

Over the course of 2020 and into 2021, the World Health Organization (WHO) and the Centers for Disease Control and Prevention (CDC) aimed to prioritize research to rapidly determine age-stratified seroepidemiologic surveys, establish a centralized research program to fast-track the most promising rapid diagnostics and serologic assays, and the testing of potential anti-viral agents, immunologic therapies, and vaccine candidates (1). Despite the lack of official recognition for the role of nutrition in the prevention and mitigation of COVID-19 infection, multiple research and clinical groups proposed zinc supplementation as an adjuvant for the management of participants (4).

During the previous coronavirus pandemic of SARS and its aftermath, zinc supplementation was found to play an important role in the reproduction of SARS through its inhibition (in vitro) of the SARS CoV-1 RNA (5, 6). Furthermore, during the current COVID-19 pandemic, zinc has been identified as a clinical marker whose deficiency manifested clinically as hypozincemia and was strongly associated with serious complications including ARDS and increased mortality (4). Some researchers proposed to study the role of zinc supplementation in the prophylaxis of COVID-19 infection, but data has not been published on its effectiveness (7). Although the availability of effective vaccines against COVID-19 infection have started to ease the devastating effects of SARS-CoV-2 in some regions of the developed world, socio-economic and political issues and the lack of public health and technological infrastructure in most of the world have yet to resolve the ongoing pandemic, which is negatively impacting Latin America, the Caribbean, Asia, and Africa due to limited access to vaccination (2, 8, 9). As such, in May 2020, we proposed to evaluate the prophylactic effects of oral supplementation with zinc in out-patients in a community where SARS CoV-2 was circulating and COVID-19 infection was prevalent at a level of least 100 cases per 100,000 population.



METHODS

Participants enrolled in University Health Care (UHC) ambulatory primary care centers in Hialeah, Florida (FL) were recruited for the study group to be treated prophylactically with orally administered zinc. We initially designed a double-blind type of study using placebo capsules identical to the zinc capsules for two sets of participants selected at random from the volunteers who accepted our announcement. However, most participants in the internal medicine clinic were already taking a zinc supplement on the advice of their attending physician, AG. It was unethical to ask participants to stop taking zinc during the 2020 peaks of the pandemic at a time when the mineral supplement was already being promoted as being helpful against COVID-19 infection. Instead, we decided to study the dose of zinc necessary to prevent or mitigate COVID-19 infection from participants in AG's clinic, hereafter labeled Clinic A, who were willing to be randomized to one of three daily dose regimens: 10, 25, or 50 mg. A diagram was posted in the clinic visible to all participants attending the primary care UHC centers in Hialeah, FL illustrating the invitation to become participants in the COVID-19 prevention and mitigation clinical study (Figure 1). The controls would be participants from the adjacent UHC clinic (Clinic B) where zinc was not routinely used or recommended by their attending physicians. The study was open to all participants in the center, and a few of the clinic B participants participated in the randomized zinc dose treated group. Participants, 50–84 years of age, were recruited because individuals who acquired COVID-19 infection in this age range had the most likely emergence of complications leading to hospitalization and death (2). Exclusion criteria included taking zinc-containing supplements other than a multi-vitamin such as Centrum for adults, living outside the area of Miami-Dade and Broward counties, unable to follow instructions or dementia, taking immunosuppressive agents in the context of having had a transplant, diagnosis of rheumatoid arthritis or inflammatory arthritis, diagnosis of a terminal illness or hospice care, cirrhosis of the liver, hemodialysis being required on a chronic basis, human immunodeficiency virus disease, housebound persons, individuals known to have a history of intolerance to oral zinc supplements, and lastly having a positive test for having had or having SARSCoV-2 infection as demonstrated by a baseline laboratory test done in all Clinic A participants through a blood sample submitted to a clinical reference laboratory for SARS-CoV-2 IgG, IgM, or IgA antibodies in their serum.


[image: Figure 1]
FIGURE 1. Promotional flier.


Participants who were routinely seen in Clinic A who accepted to participate in the clinical study were randomized to receive 10, 25, or 50 mg oral zinc picolinate daily, specially compounded for this study from pharmaceutical grade product. Unrestricted randomization using a list of random assignments generated by a computer was employed, with supplement dosages masked to the participant. Participants were monitored by telemedicine every 2–3 weeks to collect data on the zinc supplement tolerance and monitor the symptoms of all participants enrolled in the study. All participants in the treated group were reminded during these telemedicine sessions not to take their zinc supplements with iron or calcium supplements. This guideline had been instructed at the outset to prevent issues with the intestinal absorption of zinc and was stressed in the inform consent document, which was reviewed and signed by all participants in the treated group. The process of refinement of the control participants is outlines in Figure 2.


[image: Figure 2]
FIGURE 2. Clinic B: Flowchart of control participants.


Permission was obtained from the medical attending in Clinic B and in January, 2021, we reviewed the electronic health records (HER) of their panel of participants from which we found 206 participants who had been active, seen a physician and had blood work done in the last 6 months and had none of the exclusion criteria noted above for Clinic A except for the presence or absence of SARS-CoV-2 antibodies in serum because Clinic B participants were not routinely assessed for these tests. The process of refinement of the control participants is outlines in Figure 3. Participants from Clinic B outside the ages 50–84 years or with any of the exclusion criteria listed above for Clinic A participants were discarded without further consideration. From the 206 controls obtained in this manner, 96 participants were further selected on their demographics and laboratory studies to be paired with the Clinic A recruited participants in the study. All participants from Clinic A and Clinic B had routine visits to the clinic during the study that involved participation in a COVID-19 questionnaire about the presence or absence of symptoms suggestive of COVID-19 infection and checked for compliance on precautions to avoid contagion with regards to physical distancing and appropriate use of antimicrobial gel and face masks. Baseline zinc levels were not available for participants from Clinic B. Both Clinic A and Clinic B participants share the same front desk at our Hialeah centers where the COVID-19 questionnaires were and are routinely administered to all participants during the pandemic when they were equally monitored and reminded of all recommended measures to avoid the COVID-19 contagion.


[image: Figure 3]
FIGURE 3. Clinic B: Flowchart control participants.



Sample Size

We tested a superiority hypothesis or the use of Zinc in an ambulatory setting will results in a 20% or greater percentage of non-infected COVID-19 patients. All subject assessments will be measured by improvement of scores from baseline to end of treatment.


Primary Endpoints

Part A:

Ho: H0 = πc – πt = 10%

Ha: Ha = πc – πt ≥ 10%

Where

πc are the percentage of non-infected patients for the control group

πt are the percentage of non-infected patients for the treatment group.

We operationalized the percentage of symptomatic Covid-19 for the treatment vs. the control group as a dichotomous outcome variable (symptomatic yes vs. symptomatic no). The sample-size estimate was based on exact tests with actual levels of significance and power. In a two-arm study with P0 (unacceptable response rate) = 10%, P1 (response rate that is desirable) = 90%, specified α = 5% and power = 80%, the A'Hern approach yielded a minimum of n = 30 per arm.




Statistical Methods

After the data were cleaned, we examined the distribution and dispersion of data through descriptive numerical summaries and graphical tools. Bivariate analysis using either a Fisher's Exact test or a Wilcoxon test was conducted between the independent variable group (treatment vs. control) and the dependent variables symptomatic Covid-19 (yes vs. no), race (white vs. other), gender, age (yrs.), body mass index (BMI, kg/m2), cardiovascular disease (yes vs. no), diabetes (yes vs. no), chronic obstructive lung disease [COPD] (yes vs. no), chronic renal failure (yes vs. no), recent cancer (yes vs. no), alcohol use (yes vs. no), coffee use (yes vs. no), tobacco use (yes vs. no), white blood cell count (WBC, 1000/mcL), hemoglobin (Hgb, g/dL), platelet count (1000/mcL), HgbA1c (%), creatin (cr, mg/dL), blood urea nitrogen (BUN, mg/dL), estimated glomerular filtration rate (eGFR), albumin (Alb, g/dL), vitamin D levels (ng/mL), and the number of co-morbidities. Logistic regression modeling was employed to look for associations between the dependent variable, symptomatic COVID (yes vs. no), the independent variable group (treatment vs. control) and other study variables. Model fit was tested using AIC, and to see if the data met the assumption of collinearity, we calculated VIF for each predictor. Mean values are presented with corresponding standard deviations. All hypothesis testing was carried out at the 5 percent (two-sided) significance level a priori. All subsequent statistical tests were conducted post-hoc. Missing data was deleted in all statistical analysis. P-values were rounded to three decimal places. P-values <0.001 were reported as <0.001 in tables. P-values >0.999 were reported as >0.999. R (version 4.2.0) statistical package was used for descriptive calculations, group comparisons, and regression modeling.




RESULTS

All 129 participants who initially agreed to participate in the study received their allotted bottle of zinc supplements within 5 days of signing up. Initial laboratory studies were not available until days later, at which time five participants were informed of having had asymptomatic SARS-CoV-2 infection and thus removed from further analysis. Within 1 week of having been accepted into the study, seven participants signed out from the study because of fears and concerns raised by their immediate family and children after they read the informed consent document previously signed by the participants. One hundred seventeen participants were then officially followed post-randomization. During the first 4 weeks of monitoring, five participants experienced intolerable side effects; two had headaches potentially attributable to zinc supplementation (one on 25 mg, and the other on 50 mg zinc picolinate), three participants experienced gastrointestinal symptoms including nausea and constipation and refused to take the zinc supplement (two participants on 25 mg and one participant on 50 mg zinc picolinate). One hundred twelve participants were available for analysis after the study).

Participants from Clinic A treated with oral zinc picolinate and control participants from Clinic B were statistically equivalent in their demographics, as well as in their prevalence of obesity, diabetes mellitus, and hypertension (Table 1). Both groups of participants resided in Miami-Dade and Broward counties in Southern Florida and were followed for their primary care in one of the two managed care ambulatory medical centers of UHC. Most of the participants in our study were Hispanic, as the geographic area where they reside has a population of 95 percent Hispanic. As noted earlier, a double-blind study could not be performed for ethical reasons because most participants in Clinic A had been on zinc supplementation and taking them off their zinc supplement was not appropriate or acceptable.


Table 1. Bivariate categorical comparisons.
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A total of 200 participants were enrolled in the study (treatment = 104, control = 96). Overall, the median age was 74 (IQR: 69–79), 90 percent were Hispanic white, 62 percent were female, and the median BMI was 28.50 (IQR: 25.57–32.15). Participants in the study from Clinic A had 3.47 ± 0.83 encounters during the time of the study from August 2020 until January 2021. Participants from Clinic B whose records were selected as controls for the study had 3.08 +/−1.60 encounters where they were equally monitored and reminded of all recommended measures to avoid the COVID-19 contagion. Treated and control participants also had statistically equivalent hematologic and clinical chemistry parameters (Table 2). In addition, the participants who were paired from Clinic B (n = 96) had a vitamin D serum level comparable from the treated participants. All participants in Clinic A had a pre-study and a post-study laboratory test for SARS-CoV-2 IgG antibodies. Two participants from Clinic A also had a positive SARS-CoV-2 IgG antibody test corresponding to those two individuals who had symptomatic COVID-19 infection.


Table 2. Bivariate continuous comparisons.
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Fisher's exact test revealed that the experimental group 1.92% (N = 2) had significantly fewer symptomatic COVID-19 infections than the control group 10.42% (N = 10) (95% CI: 1.20, 56.61) (p = 0.01). Statistical analysis between the experimental and control also revealed group differences for the variables age and chronic obstructive lung disease–Tables 1, 2 (p < 0.05). Specifically, the treatment group was older (Median difference = 3 years, [95% CI: 1.26, 4.00, p = 0.003]), and had more COPD (Percentage difference = 15.41%, [95% CI: 0.09,29.20, p = 0.033]). No difference in COVID-19 symptomology was found between the different dosage groups. No participant receiving 10 mg of zinc developed COVID-19 symptoms; meanwhile, one participant each in the 25 mg and 50 mg zinc picolinate daily groups reported COVID-19 symptoms.

Of the two participants who developed COVID-19 infection, they had mild symptoms–cough, sore throat, low-grade fever, and generalized malaise. Both participants were managed in the outpatient service via telemedicine without complications. In the control group, there were nine cases of symptomatic COVID-19 infection, and three participants required hospital admission for severe hypoxemia, and one of these hospitalized participants died.

Based on clinical judgment and the statistical results, we created six logistic regression models. Model fit was tested using the Akaike information criterion (AIC) and likelihood ratio tests (LR). To ascertain if the models met the assumption of collinearity, we calculated a variance inflation factor (VIF) for each predictor. For our study, a VIF of 1 indicated no correlation among the kth predictor and the remaining predictor variables. The general rule of thumb is that VIFs exceeding 4 warrant further investigation, while VIFs exceeding 10 are signs of serious multicollinearity requiring correction.

• Base Model: Experimental group

• Model 1: Experimental group + number of comorbidities

• Model 2: Experimental group + number of comorbidities + age

• Model 3: Experimental group + number of comorbidities + age + BMI

• Model 4: Experimental group + number of comorbidities + age + BMI + COPD

• Model 5: Experimental group + number of comorbidities + age + BMI + COPD + gender + vitamin D levels.

AIC values increased by model (adding additional predictors); however, LR tests indicted no significant difference between the models. Meaning no significant reduction in residual deviance and higher AIC values. No VIF was larger than our threshold of 4, in fact, all were close to one.

Results from the logistic regression models–Table 3 and Figure 4–revealed.

• Base Model: Individuals in the control group were 5.93 (95% CI: 1.51, 39.26) times more likely to develop symptomatic COVID-19 infection as compared with individuals in the treatment group (p = 0.01).

• Model 1: Controlling for co-morbidities, individuals in the control group were 7.38 (95% CI: 1.80, 50.28) times more likely to develop symptomatic COVID-19 infection as compared with individuals in the treatment group (p < 0.01). For every-one unit increase in the number of co-morbidities, the likelihood of developing symptomatic COVID-19 infection increased 1.57 (95% CI: 1.16, 2.19) (p = 0.01).

• Model 2: Controlling for comorbidities and age, individuals in the control group were 6.89 (95% CI: 1.67, 47.08) times more likely to develop symptomatic COVID-19 infection as compared with individuals in the treatment group (p = 0.01). For every-one unit increase in the number of co-morbidities, the likelihood of developing symptomatic COVID-19 infection increased 1.60 (95% CI: 1.20, 2.38) (p = 0.01).

• Model 3: Controlling for comorbidities, age, and BMI, individuals in the control group were 6.92 (95% CI: 1.68, 47.39) times more likely to develop symptomatic COVID-19 infection as compared with individuals in the treatment group (p = 0.02). For every-one unit increase in the number of co-morbidities, the likelihood of developing symptomatic COVID-19 infection increased 1.64 (95% CI: 1.19, 2.36) (p < 0.01).

• Model 4: Controlling for comorbidities, age, BMI, and COPD, individuals in the control group were 6.31 (95% CI: 1.50, 43.55) times more likely to develop symptomatic COVID-19 infection as compared with the treatment group (p = 0.02). For every-one unit increase in the number of co-morbidities, the likelihood of developing symptomatic COVID-19 infection increased 1.67 (95% CI: 1.22, 2.42; p < 0.01).

• Model 5: Controlling for comorbidities, age, BMI, COPD, gender and vitamin D levels, individuals in the control group were 6.09 (95% CI: 1.45, 42.12) times more likely to develop symptomatic COVID-19 infection as compared with the treatment group (p = 0.03). For every-one unit increase in the number of co-morbidities, the likelihood of developing symptomatic COVID-19 infection increased 1.68 (95% CI: 1.22, 2.43; p < 0.01).


Table 3. Logistic regression model results.
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FIGURE 4. Predicted probability of developing symptomatic COVID-19 based on comorbidities.




DISCUSSION

This study found that zinc supplement was associated with a reduced risk in developing symptomatic COVID-19. Controlling for co-morbidities, individuals in the treatment group were also less likely to develop symptomatic COVID-19 infection as compared with individuals in the control group. Additionally, it was found that co-morbidities, regardless of groups, increased the likelihood of developing symptomatic COVID-19 infection. The findings from our study suggest that zinc supplementation may be an effective prophylaxis of symptomatic COVID-19 and may mitigate the severity of COVID-19 infection.

It is important to note that these data should not be interpreted to support the use of oral zinc in participants with symptomatic COVID-19 infection admitted to the hospital or the ICU. The latter will likely need close monitoring of their zinc status and appropriate intravenous supplementation (10). We and others have used intravenous zinc in the past in participants with HIV disease successfully (11, 12).

COVID-19 is a disease with a wide clinical spectrum that ranges from asymptomatic carriers to symptoms such as fever, sore throat, cough, lung infections, and in severe cases, ARDS, sepsis, and death (4). As many as 50 percent of participants admitted to hospital have been reported having at least one comorbidity, and ~70 percent of participants who require intensive care unit (ICU) care have been observed to have co-morbidities. The common comorbidities that have been identified that places participants at a greater propensity for serious complications and death have been obesity, diabetes, COPD, cardiovascular diseases including hypertension, malignancies, and human immunodeficiency virus disease (HIV). Participants with HIV were not included in our study because HIV disease is widely known to be associated with zinc deficiency and our participants with HIV are followed closely to keep their zinc nutritional status as optimal as possible.

In terms of demographics, an analysis of our patient population, revealed that the control participants were slightly younger than the zinc treated participants. Since SARS-CoV-2 tends to affect older individuals more severely, this minor difference in our two study groups places the zinc treated participants from Clinic A presumably at a greater risk of acquiring COVID-19 infection and suffering its serious adverse events or even death as compared with the paired control participants from Clinic B (Table 1). Still, the results revealed that after adjusting for age the observed protective effects from zinc picolonate supplementation remained significant. This is contrary to what may have been expected if the effect of zinc supplementation was not appreciably in favor of the treated group. Participants treated with zinc prophylactically faired significantly better statistically than those who did not take zinc-Table 1.

Vitamin D has been recognized as an important immune system active agent whose deficiency is associated with acquiring SARS-CoV-2 and serious or fatal outcomes from COVID-19 (12). In the paring of participants from Clinic B to our treated participants from Clinic A, we used not only the exclusion criteria noted above for the study but also the vitamin D status of participants. We were fortunate to find that Clinic B participants had their vitamin D levels updated regularly. Unfortunately, none of the Clinic B participants had ever had their zinc levels measured because it is not a laboratory test routinely conducted in primary care. However, the deleterious effects of vitamin D deficiency on participants with COVID-19 have been known and demonstrated to be an important factor associated with greater risk of hospitalization and mortality, particularly in Hispanic participants (8). Having paired our controls to our treated participants for vitamin D status allows us to concentrate on the role of zinc in the prevention of SARS-CoV2 infection in our mostly Hispanic population.

When controls and treated participants were compared by gender and history of cardiovascular disease (CVD), both groups were essentially equal. The presence of diabetes in both groups was slightly higher in the control group (44.8 percent) as compared with the treated group (36.5%). This is an area where the control group would have been expected to do worse than the treated group. Meanwhile, the HgbA1c level in both groups was similar at 7.16 percent in the treated group and 7.11 percent in the control group.

Chronic kidney disease (CKD) III or IV was present in 19.2 percent of the treated participants and 9.4 percent of the controls. This parameter would also place the treated participants at greater theoretical odds of having COVID-19 infection as compared with the control group. In addition, when both groups were compared in terms of their laboratory determinations for serum creatinine, both groups were fairly similar. This suggests that the CKD burden in the treated group was larger than in the control participants; however, the results demonstrate that the treated participants faired statistically better than the controls despite the increased burden of this illness. It should also be discussed here that the fact that the renal functions of both groups were found to be not significantly different suggests that both clinics under independently practicing physicians had coded properly the issue of CKD in their participants. However, Clinic A had more CKD III and IV, not on hemodialysis, than Clinic B.

In terms of chronic obstructive lung disease (COPD), the treated and control groups were populated by 52.9 percent and 37.5 percent of individuals with COPD. When all of these factors and others summarized in Table 1 were compared, we concluded that both groups were essentially similar, with the caveat that older age, CKD, and COPD were more prevalent among the treated participants, which should have placed them at a greater theoretical risk of developing COVID-19 infection and making them also theoretically more prone to COVID-19 infection complications and at increased mortality risk. The one area where the controls had a slightly higher, but not statistically significant number of individuals at a greater theoretical risk for COVID-19 was in the area of diabetes mellitus. Still, the HgA1c levels of both groups were essentially equivalent. Therefore, both treated and control groups can be declared similar but with a propensity of the treated group to be at a slightly higher risk of COVID-19 infection. This very fine difference between the groups gives the results of the study a greater significance, as the treated group did appreciably and statistically better than the control group in terms of their protection against COVID-19 infection and its complications.

In the developed world, it may be useful at this time to offer those individuals who for whatever reason have refused to undergo vaccination against COVID-19 and recommended to them to consider taking in a disciplined manner a supplement of 10 mg or 25 mg zinc daily. Most participants should be able to tolerate well 10 mg daily zinc picolinate, but without specific data, we feel those participants with co-morbidities known to be associated with severe COVID-19 infection or increased risk of mortality to use 25 mg daily. Further data on this recommendation is needed. It is felt that in each of these settings, individuals will be well-served in terms of their protection against the dangerous contagion when they are prophylactically suspended with oral zinc supplementation. Perhaps for some individuals who also refuse to take an oral supplement daily, some modification of their diet to include sufficient zinc to at least meet the RDA at 11 mg for men and 8 mg for women should be considered strongly.

Relatedly, we have witnessed lower vaccine efficacy against SARS-CoV-2 variants. Initial research showed that dose vaccine effectiveness against the alpha variant for hospitalization was 69.4% for the BNT162b2 (Pfizer) vaccine and 76.7% for the ChAdOx1 nCoV-19 (Oxford–AstraZeneca) vaccine (13). Recent research on the effectiveness after one dose of the Pfizer vaccine showed it was lower among persons with the delta variant-−30.7%. With the Oxford-AstraZenca vaccine, the effectiveness after one dose was 48.7% (14). Zinc supplements deserve consideration here as well because of additional benefits they provide for upper respiratory tract infections (15).

All participants in Clinic A had a pre-study and a post-study laboratory blood test for SARS-CoV-2 IgG antibodies. We found that no participants in Clinic A on zinc supplements had asymptomatic COVID-19 infection. None of the 104 participants in the treated group who were asymptomatic had a positive test for SARS-CoV2 IgG antibodies in their serum. The two individuals who did have a positive SARS-CoV-2 IgG antibody were the two who had symptomatic COVID-19 infection, and were treated in the outpatient service after they tested positive for SARS-CoV-2 antigen via a nasal swab test in the community. This has a very valuable epidemiologic perspective since, if our findings are replicated at other locations and in additional populations, oral zinc supplementation even at 10 mg daily may be beneficial in the prevention of the spread of the contagion from asymptomatic individuals to susceptible hosts during the COVID-19 pandemic.

SARS-CoV-2 has been known to affect the immune response resulting from its presence in the human body (16). It is important to highlight that the role of zinc in the human immune response encompasses activity in the innate and acquired immune responses, cell-mediated immunity, and also humoral B-cell mediated immunity (17).

Participants who are severely zinc-deficient suffer from lymphopenia, a decreased CD4/CD8 ratio, decreased natural killer (NK) cell activity, and increased monocytic cytotoxicity (18, 19). Correction of zinc nutritional status resolves all these abnormalities in the human immune response. Our study was not designed to determine the precise mechanism of action through which zinc affords prevention to our participants. However, because all treatment groups, 10 mg, 25 mg, and 50 mg, seemed to fare equally well in terms of protection against SARS-CoV-2 when compared with untreated participants, it is possible to speculate that the effect through which zinc helped our treated participants did not require to fully replenish their zinc nutritional status (18, 19). Along this line of reasoning, zinc can be thought of as being able to be a modulator of immune functions, a modifier of the interaction of SARS- CoV-2 with a host factor such as an angiotensin-converting enzyme (ACE)-2 receptor, or the integrity of the epidermal tight junctions, or even an agent capable of acting in the microbiome. These three modalities of action of zinc may be invoked as possible sites where the mineral exerts its protective effect in terms of the prevention of SARS-CoV-2 infection. Furthermore, zinc has been known to serve as a modulator of various immune functions including T cell interactions and functions and cytokine production.

However, with regards to the cytokine response to SARS-CoV-2, it has been proposed that a cytokine release, or also referred to as “cytokine storm,” is the pathophysiologic mechanism underlying the progression of COVID-19 infection from a relatively benign to a severe illness, which can result in significant morbidity and mortality. Therefore, the role of zinc in the therapeutics of COVID-19 is not addressed in this study but needs to be systemically approached to abate the morbidity and improved the mortality of these participants. In this context, it has been postulated that zinc could be a needed factor for the proper cytokine functions. This hypothesis applies more to the use of zinc in the therapeutics of COVID-19 infection, but the replenishment of zinc would be intuitively more difficult to achieve if a deficiency exists, to begin with.

The antiviral properties of zinc are virus-specific, but it appears that zinc ion availability plays a significant role in the antiviral efficacy of zinc (15). Additionally, the literature shows the importance of Zn as an essential mineral immunomodulator with relevant antiviral activity in the body (20). In terms of the ACE-2 receptor, it has been known that SARS-CoV-2 utilizes ACE-2 receptors found at the surface of the host cells to get inside the host cell. ACE-2 is a zinc metalloenzyme and in certain comorbidities are associated with a strong ACE-2 receptor expression and higher release of proprotein convertase that enhances the viral entry into the host cells (6). Meanwhile, zinc ions are capable of downregulating the response (21). As a result, it is plausible to suggest that zinc supplementation in relatively low doses may protect against COVID-19 infection by the downregulation of the ACE-2 enzyme and receptor through, which SARS-CoV-2 gains entry into our patient's host cells. In addition, zinc is active within the microbiome and gastrointestinal tract. Therefore, it can be hypothesized that the prevention of symptomatic infection with SARS-CoV-2 may be mediated through this pathway (22). The precise mechanism involved will require further specific studies in all of these complex areas of zinc physiology and SARS-CoV-2 pathophysiology.

Zinc deficiency is not uncommon since according to HANES III from 35 to 45% of American adults 60 years or older have a zinc deficiency (23). It has been proposed that the higher mortality associated with COVID-19 infection among elderly participants may be related to undiagnosed zinc deficiency (21). Elderly participants are prone to zinc deficiency due to the presence of chronic diseases and potentially due to the consumption of zinc-deficient diets. The dietary intake of zinc is deficient among 52 percent of elderly men and 34 percent of elderly women (22). This is understood in the context for the treatment of COVID-19 infection. Recent research found that the zinc status of COVID-19 patients did not exhibit a significant role in development of anosmia and/or hyposmia or disease severity; nevertheless, zinc therapy may play a significant role in shortening the duration of smell recovery in patients without affecting the total recovery duration from COVID-19 (24, 25).

We have performed a study in our UHC Hialeah participants recently and found by looking at 24-h dietary recalls that women consume 7.01 +/- 2.61 mg Zn daily less than the zinc RDA for women (23).

Two out of three of the women consume a zinc-deficient diet. Men did not fare much better having 4 out of 5 individuals consuming less than the RDA for men (26). The men consumed 9.72 +/−5.9 mg Zn daily. The best sources of dietary zinc in the American diet are beef, crustaceans, some beans, poultry, and fortified cereals (9). It is known that ageusia and dysgeusia, symptoms that have been reported infrequently among COVID-19 participants, have been known to be associated with zinc deficiency for more than 30 years (23).

The public in general, at least in the United States, is not always well-informed on the role of zinc in their immune system functions. In addition, primary care providers are not generally well-versed in evaluating zinc deficiency and may be unsure about its management. Furthermore, zinc levels in the components of blood have not always correlated with a total scarcity of this trace mineral. Earlier concerns about variations in zinc levels in blood were better understood when it was found that serum zinc levels are 16 percent greater than plasma zinc levels (4). This is due to the release of intracellular zinc from erythrocytes and platelets in the process of clotting. In addition, the hour of sampling blood for zinc determinations should be the same days because there is a diurnal variation in the level of zinc in the blood (26). Plasma zinc levels can be 67 percent lower in the early evening when compared to the levels determined at 08:00 h (16, 27, 28). Some commercial laboratories make no distinction between plasma or serum zinc determinations. Furthermore, a rather wide range of “normal” plasma zinc levels are reported which are not in agreement with the recommendations from the nutrition literature suggesting a range from 80 mcg to 135 mcg in plasma for humans (4).


Limitations

Our study has limitations. Most of the participants included in the study were Hispanic, and caution must be exercised in extrapolating our data to other ethnic groups without first attempting to duplicate our findings. Other limitations include no adata about control subjects' zinc level or vaccination status was collected and relevant comorbidities. In addition, all our participants receive primary care in a single medical ambulatory center. As such, a multi-center, double-blind study is warranted to validate our findings and determine if they can be extrapolated to other locations and populations. Currently, it remains ethical to withhold COVID-19 vaccination where it is available. Meanwhile, it may be possible in certain communities where COVID-19 vaccination is not widely available, to evaluate the effect of zinc supplementation in relatively low doses and follow unvaccinated participants for at least 6 months to determine if indeed the protection we have reported can be replicated. In addition, such a double-blind study may be proposed ethically in locations in Latin America, the Caribbean, Southern Africa, or Asia where the prospects for vaccination remained limited.




CONCLUSION

Overall, zinc supplementation must be further studied as our data suggests that it can be used to protect populations that are now vulnerable to succumb to SARS-CoV-2, including those participants with multiple co-morbidities. Zinc deficiency is a co-morbidity that places participants infected with SARS-CoV-2 at greater statistical risk of having complications. Our data also suggest that individuals using zinc, even in low doses, were protected from developing asymptomatic COVID or acquiring COVID from close relatives who had been symptomatically affected by the virus. Furthermore, participants who took their zinc supplement daily and who did not develop relatively mild cases of COVID-19 did not have evidence in their blood of having had asymptomatic SARS-CoV-2 infection. Since it is now imperative to replicate our findings in other populations and locations, it is necessary to seek support to demonstrate the positive role of oral zinc supplementation in the prevention of COVID-19. assess the zinc nutritional status by, measuring the plasma zinc level when possible, and heed attention to the zinc content of dietary intake in various populations including Hispanics in other locations in the US, non-Hispanics, and African-American communities to improve our ability to control the COVID-19 pandemic. The effect of zinc supplementation should also be important for individual health care workers, school administrators, teachers, students, and participants in long-term care nursing facilities among others. These arguments are also important to heed in the battle against COVID-19 infection globally since the prophylactic use of zinc orally to prevent or mitigate COVID-19 symptomatology may assist individuals in countries where the vaccine has lagged behind Europe and North America.
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Background: The ongoing COVID-19 pandemic is a global health crisis caused by the spread of SARS-CoV-2. Establishing links between known cases is crucial for the containment of COVID-19. In the healthcare setting, the ability to rapidly identify potential healthcare-associated COVID-19 clusters is critical for healthcare worker and patient safety. Increasing sequencing technology accessibility has allowed routine clinical diagnostic laboratories to sequence SARS-CoV-2 in clinical samples. However, these laboratories often lack specialized informatics skills required for sequence analysis. Therefore, an on-site, intuitive sequence analysis tool that enables clinical laboratory users to analyze multiple genomes and derive clinically relevant information within an actionable timeframe is needed.

Results: We propose CalmBelt, an integrated framework for on-site whole genome characterization and outbreak tracking. Nanopore sequencing technology enables on-site sequencing and construction of draft genomes for multiple SARS-CoV-2 samples within 12 h. CalmBelt's interactive interface allows users to analyse multiple SARS-CoV-2 genomes by utilizing whole genome information, collection date, and additional information such as predefined potential clusters from epidemiological investigations. CalmBelt also integrates established SARS-CoV-2 nomenclature assignments, GISAID clades and PANGO lineages, allowing users to visualize relatedness between samples together with the nomenclatures. We demonstrated multiple use cases including investigation of potential hospital transmission, mining transmission patterns in a large outbreak, and monitoring possible diagnostic-escape.

Conclusions: This paper presents an on-site rapid framework for SARS-CoV-2 whole genome characterization. CalmBelt interactive web application allows non-technical users, such as routine clinical laboratory users in hospitals to determine SARS-CoV-2 variants of concern, as well as investigate the presence of potential transmission clusters. The framework is designed to be compatible with routine usage in clinical laboratories as it only requires readily available sample data, and generates information that impacts immediate infection control mitigations.

Keywords: SARS-CoV-2, whole genome sequencing, outbreak tracking, nanopore sequencing, web application


INTRODUCTION

The ongoing coronavirus disease (COVID-19) pandemic, caused by the betacoronavirus SARS-CoV-2, is a rapidly evolving global health crisis. As of 13th September 2021, more than 224 million cases of COVID-19 resulting in more than 4.6 million deaths have occurred worldwide (1, 2). In Singapore, 71,687 COVID-19 cases have been identified since the beginning of the pandemic (3). The aggressive contact tracing and quarantine efforts had helped to reduce the spread of SARS-CoV-2 in Singapore (4).

The sequencing of SARS-CoV-2 from clinical samples is crucial for the understanding and control of SARS-CoV-2. Genomic surveillance of SARS-CoV-2 enables the detection and close monitoring of emergent variants which may be associated with increased transmissibility or disease severity, or which may impair the effectiveness of current vaccines, diagnostic methods, therapeutics, and public health control strategies. Emerging SARS-CoV-2 variants are closely monitored by WHO (5) and various health authorities (6, 7), emphasizing the importance of genomic surveillance. Additionally, whole-genome comparative analysis of SARS-CoV-2 from clinical samples provides valuable transmission information to guide clustering of linked COVID-19 cases (8). This is particularly useful where epidemiological data alone is insufficient to link cases due to human and circumstantial factors. Clustering of linked cases facilitates the use of contact tracing and quarantine measures to limit the spread of SARS-CoV-2.

Since the first SARS-CoV-2 whole-genome sequences were made available on the sequence repository GISAID (9) in January 2020, over 3.4 million SARS-CoV-2 sequences have been shared from around the world. The availability of low cost handheld sequencers, such as Oxford Nanopore Technologies (ONT) (10), has significantly lowered entry and sequencing costs, allowing many laboratories to sequence SARS-CoV-2 from clinical samples. These laboratories can share and analyse the SARS-CoV-2 whole-genome sequences at the regional and population level via GISAID (9) and genomic analytic platforms such as Nextstrain (8), allowing large-scale pathogen evolution tracking.

However, barriers remain in place that limit the ability of these sentinel laboratories to obtain meaningful analysis of small sets of locally sequenced SARS-CoV-2 genomes for the purposes of local outbreak investigations. One key barrier is that diagnostic laboratories often lack specialized informatics skills for the analysis of whole-genome sequence data. This results in delays to analysis of the data thus obtained.

Another barrier in place is that the PANGO lineage nomenclature (11) currently used for the classification of SARS-CoV-2 outbreaks does not provide the resolution required for local outbreak investigations. The PANGO lineage assigned to a SARS-CoV-2 whole-genome sequence is based on a large phylogenetic tree of SARS-CoV-2 genomes. As it is not practical to rebuild the large phylogenetic tree whenever new genomes become available, the new genomes are classified into different subtrees (lineages) according to the prediction from a machine learning model, which has been regularly trained to predict lineage using whole genome information. However, the performance of the machine learning model (decision tree) is not perfect, with a macro-average precision of 91.66% and a recall of 91.51% across 778 pre-defined PANGO lineages (11, 12). Additionally, some pre-defined sets of mutations (decision tree rules) for classifying PANGO lineages are limited. For instance, only 79 genomic loci [with 12 mutations (13)] were chosen by the decision tree for classifying lineage B.1.617.2 (14).

To address these barriers, we propose CalmBelt, an integrated framework for on-site whole-genome characterization and outbreak tracking. Compared to existing analytic frameworks such as GISAID and Nextstrain (8, 9), CalmBelt addresses the issue of resolution required for local outbreak investigations by using data driven analysis based on whole-genome sequence and sample collection information as an alternative strategy to the pre-defined phylogenetic tree and machine learning model of the PANGO lineage. Furthermore, unlike available command-line bioinformatics tools (11, 15–17), CalmBelt provides an easy-to-use platform for sentinel clinical diagnostic laboratories to analyse whole-genome sequences on-site, as soon as they become available. The intuitive design of CalmBelt allows users to integrate sample collection date and pre-defined epidemiological data together with whole-genome sequence data. With just a few clicks, CalmBelt can provide a customized visualization of genome relatedness together with the established SARS-CoV-2 nomenclature of GISAID clades and PANGO lineages for each whole-genome sequence. Therefore, CalmBelt allows users to preliminarily and rapidly interrogate the locally generated set of whole-genome sequence data, negating the biohazard risks and delay associated with SARS-CoV-2 sample transfer, or delay associated with submission to a curated database such as GISAID (9).

We demonstrate the deployment of CalmBelt in a hospital diagnostic laboratory, where ONT minION (10) was used to generate SARS-CoV-2 whole-genome sequences from clinical samples on-site. CalmBelt enabled actionable information to be generated within 12 h following the detection of SARS-CoV-2 in a clinical sample. This ability to rapidly sequence and analyse SARS-CoV-2 whole-genome data enabled the swift implementation of local infection control measures, which are particularly important in suspected healthcare-associated transmission clusters.



MATERIALS AND METHODS


On-Site SARS-CoV-2 Genome Sequencing

Nasopharyngeal swab samples were routinely tested using the Cepheid Xpert Xpress SARS-CoV-2 assay or the Roche cobas SARS-CoV-2 test. The routine diagnostic tests were performed in a CAP-accredited laboratory in a tertiary hospital, in biosafety level 2 plus containment. In brief, laboratory personnel in full PPE (18) performed all sample processing and chemical inactivation within a biosafety cabinet. All nasopharyngeal swabs were chemically inactivated (19, 20) for 30 min prior to transfer to the GeneXpert Infinity (Cepheid) in biosafety level 2 containment, or cobas 6800 System (Roche) in biosafety level 2 plus containment, for the SARS-CoV-2 tests. Remnant clinical samples found to be positive for SARS-CoV-2 RNA, with a Ct value of <31 were subjected to an additional round of chemical inactivation (19, 20) within the biosafety cabinet within biosafety level 2 plus containment, in the same laboratory. Total nucleic acid extraction of the chemically inactivated remnant samples were performed using the NucliSENS easyMag (bioMerieux) platform. The resultant total nucleic acid extract was used for downstream RT-PCR, and sequencing on ONT MinION in accordance with the ARTIC protocol v3 (21), within the same laboratory, in biosafety level 2 containment. A maximum of 25 clinical samples was sequenced on an ONT MinION sequencer in a single run. The laboratory has the capability to obtain SARS-CoV-2 sequence data from 50 clinical samples with two available ONT MinION setups. RAMPART protocol (22) was used to monitor the depth of coverage for each sample and to construct a draft genome. A previously sequenced clinical sample and a negative control (no template control) were included as positive and negative controls in every run.



SARS-CoV-2 Genome Data

SARS-CoV-2 genomes collected in Singapore were obtained from GISAID (3,406 genomes as of 30 June 2021; Supplementary File 1). Genomes data collected from non-human hosts and environment were discarded. Missing collection dates were imputed with the first date of the respective month. Clade and lineage information were also downloaded from GISAID, where the clade the trends were calculated based on rolling average (7 days). Specific information of 99 de-identified positive cases used in the case studies was collected in Singapore General Hospital between January to August 2020 (Supplementary File 2).



Identifying Mutation

Each SARS-CoV-2 genome obtained from on-site sequencing or GISAID was aligned to the standard SARS-CoV-2 reference genome (NC_045512.2) (23), using blastn. The alignment output in XML format was used for identifying single nucleotide polymorphisms (SNPs), insertion and deletion (Indels) with respect to the nucleotide position of the reference genome. For the genomes with multiple alignment blocks, the priority for identifying SNPs and Indels in the overlapping region was given to the longer alignment block.



Visualization of Overall Trends

To visualize the overall trends within a country, we employ two different types; a 2D scatter plot via tSNE (24) and an interactive dendrogram. We begin by calculating nucleotide diversity at each position using
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where xi is a frequency of each nucleotide and [image: image].

We then choose top 50 positions with highest diversity and positions that are predefined in GISAID (25). The high diversity positions were then used for calculating hamming distance among all 3,406 genomes for tSNE and dendrogram plots. For tSNE plot, we also applied k-means clustering, where k was set to 8, which is equal to the number lineages predefined by WHO.



Outbreak Tracking Using Whole-Genome Information

For outbreak tracking, users can input multiple SARS-CoV-2 genomes (the maximum number of input genomes ≤200) obtained from the on-site sequencing platform. The input file should be in fasta format, where each input file contains one genome. The file name must follow SampleID_dd-mm-yyyy_GroupName.fasta, which consists of sampling identifier, collection date and predefined group name such as a location.

Each input genome is aligned to the SARS-CoV-2 reference genome using blastn, and GISAID clade is reported (25) (Supplementary File 3). A standard lineage identification model (version 3.1.15) was installed for predicting PANGO lineage of each input genome (11), in line with the nomenclature used worldwide. CalmBelt also alerts users when the breadth of coverage is <95%, allowing users to carefully analyse low-quality genome data.

To construct a phylogenetic tree of the input genomes, we followed the steps used for determining PANGO lineage by using these specific options “mafft –retree 2 concat.fasta > concat.mafft” and “iqtree2 -s concat.mafft -m GTR+G” (11). Similar to Nextstrain, we applied TreeTime (26) to generate time stamped phylogenies (Nextstrain's transmission tree) of the input genomes. To generate a similarity tree of the input genomes, whole-genome alignment information from blastn was used for calculating normalized hamming distance, and UPGMA clustering was applied on the distance matrix. In addition, as the hierarchical clustering process could introduce ambiguity for a large number of closely related genomes, a heatmap of distance matrix was also displayed to provide a quantitative measure of relatedness (i.e., number of different nucleotide positions).

An interactive similarity tree is drawn based on the whole-genome distance matrix alongside the collection date. Each node is colored according to the group name. Within the interactive tree, CalmBelt reports a subset of mutations and amino acid changes (with respect to blastn result). In the case that there are <3 nucleotides (i.e., frameshift mutations) to translate for an amino acid, the amino acid is marked as “X.” A full list of mutations is reported in a downloadable table. Monthly statistics of each PANGO lineage or sublineage in each country is also provided.



Inspecting Changes Within the Genomic Region of Interest

We implemented a portal where users can inspect specific genomic regions and mutations of interest of the genomes (3,406 genomes from GISAID) that have been processed in the previous step. Once users input the region of interest, SNPs and Indels are reported in multiple interactive charts. The charts display both nucleotide and amino acid changes that occurred in each month. To inspect concurrent mutations or variants of concerns, the portal reports the number of occurrences based on a list of mutations from users. These features are useful for detecting diagnostic-escape by inspecting primer binding sites and inspecting concurrent mutations.



Software and Packages

For implementing CalmBelt and analyses, we used multiple Python packages including pandas 1.1.3, matplotlib 3.3.2, numpy 1.19.2, scipy 1.5.2, seaborn 0.11.0, plotly 4.14.3, ray 1.1.0, sklearn 0.23.2, biopython 1.78, dash 1.19.0. Additional software packages include Blastn 2.6 (15), Pango 3.1.7 (11), Mafft (–retree 2) (16), IQTREE-2 (-m GTR+G) (17), and TreeTime (26). CalmBelt's source code and an installation guideline are available at https://github.com/BioML-CM/CalmBelt. The demo version and example data is available at https://calmbelt-demo.mtms.dev.




RESULTS


Whole Genome Characterization and Clustering for Outbreak Investigation

Nasopharyngeal swab samples were routinely tested using the Cepheid Xpert Xpress SARS-CoV-2 assay or the Roche cobas SARS-CoV-2 test. Samples found to be positive for SARS-CoV-2 RNA, with a Ct value of <31 were subjected to total nucleic acid extraction using the NucliSENS easyMag (bioMerieux) platform. The total nucleic acid extract was used for downstream RT-PCR, and sequencing on ONT MinION in accordance with the ARTIC protocol v3 (21). RAMPART protocol (22) was used to monitor the depth of coverage for each sample and to construct a draft genome (Methods; Figure 1A).


[image: Figure 1]
FIGURE 1. CalmBelt overview. (A) On-site sequencing protocol based on the Nanopore sequencing platform and ARCTIC protocol for sequencing and generating draft genomes. (B) Rapid analysis pipeline. Multiple SARS-CoV-2 genomes are aligned to the reference genome. A distance matrix calculated based on whole-genome alignment is used for hierarchical clustering. CalmBelt automatically generates an interactive tree capturing whole genome similarity, collection date (x-axis) and case information (color).


Once the draft genome became available, Users dragged and dropped the SARS-CoV-2 genome files into the analysis interface (Figure 1B). Multiple genomes from on-site sequencing were aligned to the reference genome. ClamBelt then identified mutations, calculated whole genome similarity, and constructed multiple trees for transmission tracking (Methods). As the number of mutations per genome continued to increase (~2–3 mutations per month; Supplementary Figure 1), CalmBelt only visualized a subset of mutations while providing the downloadable full list of mutations.

The similarity tree captures hierarchical clustering results based on the whole genome similarity. The x-axis represents collection date, and colors represent case-specific information such as locations, as defined by the users. CalmBelt integrates existing nomenclatures including GISAID clade (9, 25) and PANGO lineages (12, 27). For each case, comprehensive information including mutations at nucleotide- and amino acid-level can be displayed interactively.

As highlighted in the Nextstrain web portal (28), “copying mistakes” that accumulate in the genome could facilitate tracking of transmission routes and dynamics, while a phylogenetic tree could infer locations of each case. CalmBelt therefore visualizes multiple types of trees, as well as a distance matrix capturing pairwise distance between SARS-CoV-2 genomes, to provide multiple perspectives for epidemiology units (Figure 1B; Supplementary Figure 2).

Besides, CalmBelt analyzed overall statistics for a large set of 3,406 genomes from Singapore (Figure 2, Methods). Users can inspect the statistics based on genomic information in terms of GISAID clade, which captures the trends at the beginning of the pandemic, and the newly defined PANGO lineage name according to WHO (Figure 2A). For example, we observed a clear dominant clade from April 2020 to September 2020, corresponding to the foreign worker dormitory outbreak in Singapore (29). Apart from the period of dormitory outbreak, the trends we observed in the Singapore data are more similar to the trend observed across countries in Asia compared to the trends observed in other continents, in line with geographical information (Supplementary Figures 3, 4).


[image: Figure 2]
FIGURE 2. Statistics of SARS-CoV-2 genomes in Singapore (January 2020–June 2021). (A) A time series presenting proportion of different clades based on GISAID criteria and the newly defined lineage name according to WHO. (B) Nucleotide diversity across SARS-CoV-2 genomic loci (C,D) T-SNE plots visualize clusters of SAR-CoV2 genomes, where the distances are based on high diversity loci (E,F) Dendrograms present different SAR-CoV2 genome along with collection date and lineage information.


Similar to Nextstrain (8), nucleotide diversity was calculated for each genome position. We observed various mutation rates across different genes (Figure 2B). While mutations in the S gene, which encodes the Spike protein (30) is of particular interest due to its role in infectivity and vaccine efficacy, other genes (e.g., E gene, N gene) are monitored as they are commonly used as diagnostic targets (31). We note that CalmBelt shows information from all genomes without subsampling, a pre-processing step used in Nextstrain.

Genomic loci with high diversity were used for visualization (Figures 2C–F). Overlaying PANGO lineage information onto the 2D visualization, we observed multiple clusters that have the same lineage name (Figures 2C,E). We found that clustering based on high diversity genomic loci could capture the foreign worker dormitory outbreak (C2; Figures 2D,F) and distinguished Delta (B.1.617.2) into three different clusters (C0, C3, C5) that spreaded at distinct time periods, suggesting different sources of the outbreak even though all cases were annotated as Delta based on the newly assigned PANGO lineage.



Investigating Healthcare-Associated SARS-CoV-2 Transmission

Four healthcare workers working in the same institution were found to be positive for SARS-CoV-2 within a short span of time. There were concerns of healthcare-associated/occupationally acquired SARS-CoV-2 infections among the healthcare workers. Therefore, on-site sequencing was performed for 4 healthcare workers' samples, along with 6 samples from the community and 2 samples from dormitory residents. A similar pattern was observed across different types of trees (Figures 3A,B, Methods). The similarity and transmission trees had the added advantage of capturing temporal relationships based on collection date information, which are useful adjuncts in outbreak investigations. Based on CalmBeIt's outputs, it was concluded that sequences from the four de-identified healthcare workers belonged to different clusters, suggesting that SARS-CoV-2 transmission did not occur in the healthcare or occupational setting in this instance.


[image: Figure 3]
FIGURE 3. Relationship of 12 SARS-CoV-2 genomes observed in the community (C), healthcare workers (H), and dormitory residents (D). (A) A similarity tree is based on a combination of whole genome similarity and collection date. (B) A phylogenetic tree based on multiple sequence alignment and a predefined mutation rate model (Mafft and IQ-TREE2), where ** indicate zero distance.


To enhance the ability to identify potential sources of epidemiologically unlinked cases, CalmBelt allows users to query for statistics of a given PANGO lineage in different countries for a specific month. For example, in March 2020, B.6.6 was widespread in Cambodia (2/19, 10.53%), Singapore (36/381, 9.45%) and Malaysia (5/56, 8.93%) (Supplementary Figure 5). This information will allow users to identify potential links for further epidemiological investigations.



Mining Transmission Patterns in a Large Outbreak

We inspected 89 randomly selected, de-identified positive cases from the foreign worker dormitory outbreak in Singapore between April to August 2020. Using CalmBelt's interactive tree, we observed two main clusters (Figure 4). In the first cluster (orange color; left), the majority of the cases were from a single dormitory (D8), two cases were from D10 and one case was from D9. However, there are 5 cases from D8 in the second cluster, suggesting that there were at least two sources of the infection in D8. In the second cluster (mixed colors; right), cases from many dormitories were observed. Cases from the same dormitory tend to form a cluster, highlighting the spread of the SARS-CoV-2 virus within each dormitory. In addition, we observed multiple small clusters in some dormitories (e.g., within D2, S53 + S74 + S128, S136 + S137, S129 + S130 + S77, S157 + S132), which may suggest multiple sources and routes of transmission within D2.


[image: Figure 4]
FIGURE 4. A genome similarity tree shows the relationship among 89 randomly selected, de-identified positive cases which were labeled to be from dormitory residents. These positive cases were detected from 12 dormitories (D1–D12) from the foreign worker dormitory outbreak in Singapore (April–August 2020). Each data point represents a positive case, and colors represent different, de-identified dormitories.


While PANGO lineages are meant to delineate outbreaks, in the setting of a rapidly disseminating local outbreaks, the resolution offered by PANGO lineage assignment alone is likely to be insufficient. For example, in the case of this large-scale dormitory outbreak, the majority of the cases (73%) were annotated as B.6.6. CalmBelt was able to capture whole genome similarity and increased the resolution, thereby delineating possible clusters within each dormitory.



Monitoring Possible Diagnostic-Escape

CalmBelt can be used to monitor genomic mutations and allow users to investigate genomic regions of interest. As a use case, we selected three genomic regions in the N gene, based on PCR primers used for the detection of N gene [US-CDC-N1 to N3 (32); Figure 5A]. We found that mutations occurred in <5% of Singapore sequences (18 out of 598 and 6 out of 401) in the regions primed by US-CDC-N1 and US-CDC-N3. However, for the region primed by US-CDC-N2, we observed a higher percentage (19%) of Singapore sequences that harbor a mutation at position 29,179. This tool therefore allows users to monitor for emerging diagnostic escapes, based on the local laboratories' primer sequences and relevant regional SARS-CoV-2 sequence data.


[image: Figure 5]
FIGURE 5. Inspecting mutations in a specific region for each month. (A) Mutation frequencies of three genomic regions in the N gene (PCR primers US-CDC-N1 to N3). (B–D) CalmBelt reports the number of cases for each amino acid change (missense mutation) according to user input. (D) Number of cases harboring co-occurrence amino acid changes (L452R and P681R in S gene).


As the number of mutations per genome continued to accumulate, ~2–3 new mutations emerged per month (Supplementary Figure 1). CalmBelt allows users to input a custom list of mutations and reports the number of cases where each mutation is present. For example, we added a list of mutations occurring in B.1.617.2 lineage or Delta (13) including variants of biological significance S:P681R and S:L452R which are associate with viral infectivity and reduction in antibody neutralization in the presence of other mutations in S gene (33, 34) (Figure 5B). Alternatively, users can input a protein name and a range of amino acid loci (Figure 5C). CalmBelt also allows users to input a specific set of mutations to observe the co-occurring frequency in each month (Figure 5D). In our example, we found that the co-occurrence of two variants (S:P681R and S:L452R) is well-preserved, which suggests biological significance that warrants further investigations (35).




DISCUSSION

We present CalmBelt, a streamlined framework for on-site sequencing and analysis of SARS-CoV-2 genomes for outbreak tracking (Figures 1, 2). Using the nanopore sequencing platform, we initiated sequencing on-site within the hospital diagnostic laboratory once clinical samples were found to be positive by routine RT-PCR testing. While nanopore technologies have significantly improved accessibility to sequencing capability, the ability to analyze sequence data within an actionable time frame remains a challenge for many hospital laboratories. CalmBelt was developed to close this gap by allowing typical diagnostic laboratory users with no formal bioinformatic training to analyze whole genome sequence data to facilitate outbreak investigations and control in the healthcare settings.

When CalmBelt was fully incorporated into the diagnostic laboratory's workflow, <24 h was required from nasopharyngeal swab sample receipt to CalmBelt outputs. This was achieved by the use of a routine RT-PCR diagnostic test with rapid turnaround time (Cepheid Xpert Xpress SARS-CoV-2 assay), as well as a workflow that initiated downstream processing for nanopore sequencing as soon as the sample was found to be positive for SARS-CoV-2. Calmbelt could generate an online report capturing relatedness of the samples analyzed, within 24 h of sample arrival in the laboratory, which is a timeframe compatible with infection control mitigations in the healthcare setting (Figures 3, 4).

The repeated, rapid emergence of SARS-CoV-2 variants necessitates constant vigilance against variants that may escape routine diagnostic detection by commonly used RT-PCR assays (31, 36). To that end, CalmBelt was designed to help users monitor for mutations in primer-binding sites, which is an important safeguard against plausible diagnostic-escapes (Figure 5). The curated genomes in the GISAID SARS-CoV-2 database provides a great resource for us to gather mutation information within a specific country and across the globe, allowing us to track mutation patterns in certain genomic regions to monitor plausible diagnostic-escape (31). Even when proprietary primer sequences are used in commercial RT-PCR assays, CalmBelt allows mutations in the targeted gene(s) to be monitored by the users, and questions can be raised to assay manufacturers if any unusual trends are observed.

A major criticism of the nanopore platform has been the suboptimal sequencing accuracy. Using the improved ARCTIC protocol (21), we were able to obtain high accuracy genomes from most of the samples. Various recent studies similarly reported the successful use of nanopore platforms to obtain SARS-CoV-2 whole-genome sequences (10, 37, 38), and thousands of SARS-CoV-2 genomes submitted to GISAID were derived solely from nanopore sequencing. This demonstrates that the nanopore platform is able to generate adequately accurate SARS-CoV-2 sequence data for real-time downstream analyses. Given the small footprint, relatively low setup cost, nanopore will continue to play an important role in democratizing access to sequencing.

The B.1.617.2 (Delta) variant has rapidly become the dominant variant in Singapore by mid 2021. To delineate outbreak clusters among cases infected with B.1.617.2, CalmBelt was designed to achieve a higher resolution than the widely used PANGO lineage. Besides the suboptimal performance of the machine learning model for PANGO lineage prediction, as the number of accumulated mutations in SARS-CoV-2 genomes is growing (39, 40), a single large phylogenetic tree could lose the resolution of retrospective cases (Figure 4) as well as recent cases, where most cases are identified as Delta despite coming from different community clusters (8).

Several web applications for SARS-CoV-2 sequence analyses, such as Nextstrain (9), Audacity, PrimerChecker (9) and CoVariants (41), have been recently developed. However, none of these tools (except Nextstrain) focus on integrating custom user input and sample collection dates to create a specialized report for outbreak investigations and control mitigations in the healthcare settings. With the availability of nanopore sequencing technologies, sentinel clinical diagnostic laboratories performing routine SARS-CoV-2 RT-PCR testing are in the position to generate SARS-CoV-2 sequence data most rapidly and seamlessly from clinical samples and contribute to rapid local outbreak response. By integrating rapid diagnostic testing, on-site nanopore sequencing and intuitive genome analysis afforded by CalmBelt, we were able to generate outbreak reports from clinical samples within a day. In the event of sensitive clusters, such as hospitals, senior care homes and schools, the quick availability of such reports will complement manual contact tracing and contribute to faster and better control of spread among vulnerable or unvaccinated populations.

Although the use of the nanopore platform and easy-to-use informatic tools such as CalmBelt have made SARS-CoV-2 sequencing and analysis increasingly accessible, hurdles remain for large scale implementation. The consumable and manpower cost continue to be a challenge in resource-limited settings, as clinical diagnostic laboratories are generally designed and budgeted based on large-volume routine testing. While the COVID-19 pandemic might have accelerated the capital investment and development of molecular diagnostics in routine clinical laboratories, manpower well-versed in the sequence data interpretation and application may constrain implementation. Therefore, further development and human capital and sequencing laboratory setups are necessary to encourage large scale implementation of SARS-CoV-2 sequencing.

While the data presented in this paper is tailored to SARS-CoV-2 genome analysis, our bioinformatic workflow can be easily adapted for other viruses where the sequencing workflow can follow ARTIC network protocols (21). This versatility allows users deploying CalmBelt to build preparedness and resilience for outbreaks and pandemics beyond the current COVID-19 pandemic. Our strategy also demonstrated the feasibility of a rapid whole-genome sequencing framework in the healthcare setting, paving the way for further applications of rapid sequencing technologies in the clinical diagnostics.
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Supplementary Figure 5. Statistics of B.6.6 lineage across different countries between March to May 2020.
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During the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic, providing safe in-person schooling has been a dynamic process balancing evolving community disease burden, scientific information, and local regulatory requirements with the mandate for education. Considerations include the health risks of SARS-CoV-2 infection and its post-acute sequelae, the impact of remote learning or periods of quarantine on education and well-being of children, and the contribution of schools to viral circulation in the community. The risk for infections that may occur within schools is related to the incidence of SARS-CoV-2 infections within the local community. Thus, persistent suppression of viral circulation in the community through effective public health measures including vaccination is critical to in-person schooling. Evidence suggests that the likelihood of transmission of SARS-CoV-2 within schools can be minimized if mitigation strategies are rationally combined. This article reviews evidence-based approaches and practices for the continual operation of in-person schooling.

Keywords: COVID-19, SARS-CoV-2, education, vaccination, post-acute sequelae of SARS-CoV-2 infection (PASC), pediatric inflammatory multisystem syndrome temporally associated with SARS-CoV-2 (PIMS-TS), multisystem inflammatory syndrome in children (MIS-C)


INTRODUCTION

The impact of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic on a generation of children can be anticipated to be extensive and long-lasting. In addition to the health consequences of coronavirus disease 2019 (COVID-19), the economic repercussions have brought financial insecurity to families and communities. Indeed, pre-existing social and health disparities has disproportionally affected many communities. School closures to reduce the number of person-to-person contacts and viral spread in the population (1) have caused prolonged interruptions to in-person learning and affected children's education and well-being. The benefit of formal education also is in the social, emotional, and behavioral dimensions that are difficult to replace in a distance learning environment. Therefore, enabling continuous in-person education is a central goal within the public health response to the pandemic.

Operating schools for in-person learning requires a dynamic approach as community spread fluctuates and more transmissible (and potentially more virulent) strains emerge (2–4). Key concerns include health risks to members of the school community and their families; disruption of learning, social, emotional and physical well-being associated with school closures, remote or hybrid learning, and quarantine periods; and the potential contribution of schools to sustaining viral spread in the population.



HEALTH CONCERNS RELATED TO IN-PERSON LEARNING

COVID-19 is predicted to evolve into an endemic disease in regions with infection and vaccination rates that confer inadequate protective population-level immunity (5, 6). Recurrent outbreaks among those who are not yet or are no longer immune are characteristic of many infectious diseases, including the common cold or influenza. Akin to their role in the infection dynamics of these seasonal respiratory infections, schools may become reservoirs of SARS-CoV-2 due to their dense social setting if sufficient protective measures are not taken to limit the propagation of natural infections among susceptible individuals (7). Vaccination against SARS-CoV-2 markedly lessens, if not eliminates, most health concerns associated with in-person schooling for adults and children who are immunized—even in regions where highly transmissible viral variants predominate (8–14). However, those in a school community who are not yet eligible for vaccination, who have not had an opportunity to be vaccinated, or who choose to delay or forgo vaccination remain at risk.

The susceptibility of unvaccinated school-aged children to SARS-CoV-2 infection and this population's likelihood of spreading the virus has been widely discussed since lower rates of reported infections in children than adults were noted (15). However, the cause of this age-based disparity is likely multifactorial. Hypotheses include decreased exposure (16), missed asymptomatic cases (17), and a lower biological susceptibility to being infected (15, 18, 19). The interplay of these factors may contribute to heterogeneity in reports on pediatric susceptibility to SARS-CoV-2 infection. While some contact tracing studies estimated a reduced infection risk of children and adolescents (15, 20–24), others found no difference when compared with adults (25, 26). Similarly, although some seroprevalence studies found SARS-CoV-2 antibodies as a marker of past infection in fewer children than adults, others observed no or only small effects of age (27). Additionally, evidence of potential differences in the risk of SARS-CoV-2 infection between younger and older school-aged children are not uniformly supported and may relate more to study design than age-dependent biology (15, 20–26). For example, a large surveillance testing study in Austria found no differences in the infection rates among 6–10 and 11–14 year olds, suggesting that primary and middle school students have similar risks of infection (28).

There is more clarity regarding children's ability to spread the virus. Minor age-based differences between nasopharyngeal viral loads exist, but they do not suggest that children are substantially less infectious than adults (29). Indeed, data from India provide evidence that children and adolescents of all ages are effective transmitters of the disease (30). This is supported by reports of increased prevalence of SARS-CoV-2 in children, particularly among adolescents. For example, during the second pandemic wave in the UK (November 2020), the highest prevalence of SARS-CoV-2 positive tests was obtained from adolescents who attended school (31). This was in the context of the more transmissible virus variant Alpha (B.1.1.7) (31). When the highly transmissible Delta (B.1.617.2) variant began to spread in the British population (June 2021), this age group again showed the highest infection rate in the population (32) and it appeared that some case clusters were associated with schools (4). Similarly, a rapid increase of infections and hospitalizations in children and adolescents was observed in the U.S. when Delta began to spread in July 2021 (14, 33). By October 2021 ~25% of newly reported COVID-19 infections occurred in children under the age of 18 years, an age group that makes up 22 % of the population in the U.S. (34). These findings are in accordance with a contact tracing study that saw the highest probability of transmission among students aged 10–19 years (35). Because of our evolving understanding of how susceptible to infection with increasingly transmissible virus variants children are and how they contribute to the spread of SARS-CoV-2, schools should not rely on an assumed natural protection of (and by) children. Mitigation plans for all age groups continue to be necessary to curb the spread of virus variants in schools.

While the age dependency of infection risk is controversial, there is strong evidence that children who are infected with SARS-CoV-2 have a substantially lower risk of severe outcomes than adults. Most are diagnosed with asymptomatic or minimally symptomatic infections (36–41) or experience a mild form of respiratory disease that will typically resolve within a week or two (25, 42–46). Increasing evidence suggests that the airway epithelium of children may have a better ability to sense infection with SARS-CoV-2 and may mount a more pronounced immune response than adults, resulting in faster viral clearance (47–49). However, even in mild cases, individuals can experience persistent symptoms for weeks following a SARS-CoV-2 infection. These prolonged post-acute sequelae of SARS-CoV-2 infection, referred to as “PASC” or “long-COVID,” have only begun to be studied in children. As in adults, symptoms include fatigue, dyspnea, chest pain, cardiac palpitations, myalgia, gastrointestinal issues, headache, anosmia, and issues with memory and concentration (50, 51). Preliminary studies suggest that the most common persistent symptoms in children are fatigue and cough, although longstanding insomnia, headache, and pain were also frequently reported (52–54). One study found that ~40 % of children diagnosed with COVID-19 reported at least one persistent symptom 2 months post infection (55). Another study estimated that 10% of children may still experience symptoms 3 months post infection (56). In a large, matched cohort study, the incidence rate of health problems was ~30% higher in the COVID-19 cohort than in matched controls at least 3 months after infection (57). Symptoms including fatigue, cough, throat or chest pain, headache, fever, and abdominal pain occurred 1.45 to 2.28 times more frequently in the COVID-19 than in the control cohort. Another study that focused on severely ill children that were hospitalized with COVID-19 estimated that 25% may experience persistent symptoms 5 months post discharge with higher risk in those with pre-existing allergic diseases. Some symptoms persisted even longer (58). The impact of this persistent symptomatology on academic participation and performance is still to be determined.

Despite its overall rarity, children can become severely ill with COVID-19 (59, 60) and just as in adults, racial, ethnic, and socioeconomic disparity in disease severity is evident (25, 61). Exact rates of severe disease are difficult to estimate because of the large number of undetected infections and prophylactic admission to hospitals, which result in an overestimate in unadjusted health statistics of COVID-19 severity (17). Considering these limitations, a reported cumulative (October 2021) hospitalization rate of 0.8% of all laboratory confirmed infections in the pediatric U.S. population represents a conservative estimate of the rate of severe disease (62). Notably, over one quarter had a pre-existing condition such as obesity, type I diabetes, asthma, and neurodevelopmental disorders (63). Youths (12–17 years) and young children (0–4 years) were ~2–3 times more frequently hospitalized than 5–11 year old children (64). Approximately one in four children admitted to a hospital in the U.S. received intensive care (14, 65). In Germany where the hospitalization rate of 1–17 year olds with a documented SARS-CoV-2 infection has also been ~1%, it was determined that between 1% and 10% of children admitted to a hospital received intensive care (66).

A rare, severe, delayed consequence of COVID-19 is multisystem inflammatory syndrome in children (MIS-C), also referred to as pediatric inflammatory multisystem syndrome temporally associated with SARS-CoV-2 (PIMS-TS) (67–73). MIS-C is characterized by persistent fever and systemic inflammation, involving at least two organs (i.e., lungs, heart, kidneys, skin, blood, gastrointestinal tract, and brain), weeks after infection with SARS-CoV-2. As of November, 2021, the Centers for Disease Control and Prevention (CDC) report a median age of 9 years (interquartile range 5–13 years) for MIS-C in the U.S. (74). Initial estimates suggest an MIS-C incidence of ~2 per 100,000 children and adolescents in the U.S. population during the first year of the pandemic (68) before the number of infected children rose steeply when the Delta variant began to spread. During the same period (pre Delta) ~3,500 COVID-19 infections per 100,000 children and adolescents were laboratory confirmed (34). Because the number of total infections including undetected infections can be expected to be markedly higher (17), a rough estimate might be that between 1 in 1,000 and 1 in 10,000 infected children and adolescents have developed MIS-C in the U.S.. An analysis of MIS-C reports in seven U.S. states during the first months of the pandemic estimated that ~3 in 10,000 infected children developed MIS-C (75, 76). German registry data found rates of 7 in 1,000 and 4 in 10,000 for 1–10 and 12–17 year old children and youths with documented infections suggesting that the case rate is similar in both regions (66). Emerging data indicates that while many children with MIS-C require intensive care, most recover fully or with minimal residual functional impairment (70). However, as of November, 2021, the CDC's national registry lists 46 deaths among 5,217 patients (~0.9 %) meeting the MIS-C case definition (75).

An infection fatality rate (IFR) can be estimated as a risk for death among infected individuals. This value accounts for both laboratory confirmed and imputed undetected infections. The IFR of the H1N1 pandemic 2009 influenza is estimated to be <1 in 100,000 infected school-aged children (77, 78), and the fatality rate of measles may approximate 1–2 in 1,000 infected school-aged children (79). In school-aged children with SARS-CoV-2, an IFR of 1–3 in 100,000 has been estimated (80, 81). The IFR may be higher in children under the age of 4 years (80, 81). In comparison, the estimated IFR for adults aged 35 to 44 years ranges from 40 to 75 in 100,000 infected persons and the IFR for adults aged 65 to 74 years ranges from 1,075 to 1,670 in 100,000 infected persons (80).

At the population level, COVID-19 ranked among the 10 leading causes of death among U.S. children throughout most of 2021 (82). A mortality rate of ~0.2 in 100,000 children has been attributed to COVID-19 during the first year of the pandemic (83, 84). Children aged 3–10 had the lowest COVID-19 related mortality (85). Notably, the COVID-19 related mortality was about two-fold higher than the typical mortality rate of influenza in school-aged children in prior years (range 0.10–0.13 in 100,000) (85, 86). However, comparison of COVID-19 related mortality with historical influenza data is complicated, because COVID-19 deaths occurred despite unprecedented protective public health measures. There were 144 to 198 annual pediatric influenza deaths in the U.S. in the 3 years prior to the 2020/21 season (October to May), during which only one influenza-related pediatric death occurred (87). This suggests that the public health measures instituted, including school closures and hybrid learning, may have had broad impact on reducing the transmission of other viruses. In contrast to the isolated pediatric death from influenza in the 2020/21 season, over 220 pediatric COVID-19 deaths were reported in the U.S. during the same time (34, 62). These observations highlight inherent differences in infection dynamics between these two diseases.

As public health mitigation measures are lifted in increasingly vaccinated populations, it remains unclear how this will impact COVID-19 related morbidity and mortality in school age children. Additionally, there is an unmet need to understand the frequency and severity of PASC in children. The emergence of more transmissible (and potentially more virulent) variants may also affect disease burden in the pediatric population. Moreover, the ethical considerations regarding phasing out protective measures for children who are age-eligible but remain unvaccinated are different from those in the adult population. Because of these evolving uncertainties, protecting students should remain a priority, even when many adults and age-eligible students have been immunized.



IMPACT OF SCHOOL CLOSURES, REMOTE OR HYBRID LEARNING, AND QUARANTINE PERIODS

Since the beginning of the pandemic, education has rotated between remote and in-person learning. However, even when in-person learning was offered quarantine and isolation periods for COVID-19 infections and exposures affected as many as 20% of students during pandemic waves in both Spain and China (3, 88, 89). Shifts between modes of learning have led to negative social, emotional, educational, and physical consequences not only through reduced physical presence in school buildings, but also through loss of essential services for children provided by schools (90–92). Many receive their main source of nutrition in schools. For others school is a place of refuge and protection. For example, child maltreatment was underreported by an estimated 27% in the U.S. during the pandemic, likely because it went unnoticed or unreported due to lack of face-to-face interactions with teachers or other school personnel during school closures and remote programs (93). Many schools were unable to provide mental and behavioral health services to students while working remotely, which may have contributed to under recognition of child maltreatment and more generally increases in stress and anxiety (94, 95).

The impact of the extended school closures during the pandemic remains to be fully appreciated, but students in the Netherlands showed little progress while learning from home during the first lockdown (96). In the U.S., it was projected that students would have ~40–50% of the learning gains in mathematics and 60–70% of the learning gains in reading relative to a typical school year, although the top third of students may have been impacted less (97). Learning loss was reported to be more prevalent for students of color and for socioeconomically disadvantaged students (96, 98). Moreover, students with disabilities were less likely to have had access to educational support (99).

Despite being a necessary public health response to the pandemic, even limited quarantine measures and temporary school closures in response to infections and outbreaks in the school community can have negative consequences— perhaps most for children of working parents. Remote learning may disadvantage students further if the household is not digitally competent (88). Academic outcomes are thought to be similarly affected by transitions to distance learning as they are by absenteeism (100). Home confinement for just 8–10 days can measurably impair emotion regulation and increase symptoms of anxiety and depression (101). Increased screen time can negatively affect sleep patterns and limit exercise, which impacts both physical and mental health (102). Perhaps most fundamentally, interruptions to daily in-person interactions with classmates, and a network of caring adults may potentially cause damaging isolation-related effects such as anxiety and depression (101, 103). Disadvantaged children, such as refugees, migrants, and those with cognitive and/or physical disabilities are likely to have faced greater exclusion from learning (104). Therefore, minimizing disruption of continuous in-person learning by encouraging vaccination and implementing proactive infection control measures that identify potentially infected individuals early and limit the likelihood of spread is a central goal of school operation plans.



SCHOOLS AND COMMUNITY SPREAD

At its peak, COVID-19-related school closures, which were based on the response plans to influenza pandemics, affected an estimated 1.5 billion or 90% of the world's learners (105, 106). Estimating the contribution of specific interventions to overall mitigation during countrywide general lockdowns is challenging. However, retrospective modeling analyses suggest that schools may have played an important role in disseminating infections into the population during the initial wave of SARS-CoV-2 before mitigation measures were implemented (1, 16, 107). Indeed, large viral outbreaks among students and teachers, which spread to family members and other close contacts outside of school, have been documented when preventive measures were insufficient or were insufficiently followed (38, 108–112).

Early in the pandemic, in person schooling was associated with increased rates of infection (113). In Sweden, family members of students and teachers who were physically present in school buildings had higher rates of infections than family members of students and teachers who engaged in remote learning (113). As our experiences evolved, it was found that the risk for in-school transmission correlated with community exposure risk (109, 114–121). National and regional contact tracing and surveillance data collected in Europe, Australia, and Singapore during periods of low viral circulation (summer/fall 2020) found that clusters of cases or documented outbreaks were infrequent despite variable degrees of mitigation measures (109, 114–121). Most infections appeared to have been acquired outside of school. Employees were found to be at a higher risk of seeding SARS-CoV-2 infections than children in U.K. schools (114). Random COVID-19 testing among Austrian school students and staff showed that the number of infections detected in schools increased with the surging incidence of infections in the broader community (28). Similarly, widened viral circulation in a region coincided with a growing number of outbreaks in Australian schools (122). Conversely, an increasing vaccination rate in the adult population was associated with a substantial decrease in cases in children and teenagers in Israel before they became age-eligible for vaccination (123). This direct relationship between the infection dynamics in schools and the surrounding population highlights the importance for safe school operation of reducing the infections in the community.

The question of how much in-person learning contributed to the dissemination of infections into the regional population is difficult to address. Two analyses of German incidence data found that SARS-CoV-2 transmission in the population decreased following school reopening after the summer break 2020 under conditions of low baseline viral circulation. This was hypothesized to relate to reduced travel as the summer break ended and more widespread adoption of infection mitigation behaviors by the population (124, 125). In Michigan and Washington, a temporal association between re-opening schools (fall 2020) and infections in the broader population was observed only in regions with high baseline infection activity (126). Where incidence rates were low prior to the begin of in-person learning, no increase in viral transmission in the population was observed (126, 127). Similar observations were made in schools in Sicily (128). Moreover, a nationwide analysis showed no evidence of increased hospitalizations for COVD-19 in U.S. regions with low baseline disease activity where schools re-opened for hybrid or full in-person learning (129). However, an impact of in-person schooling could not be excluded in counties with high baseline disease activity (129). Indeed, a more recent nationwide analysis of U.S. counties found an overall increase of new COVID-19 cases and deaths in communities in temporal association with school opening from April to December, 2020 (130). In counties where teaching resumed in-person but without a mask mandate in schools, the rise in case numbers and deaths was steeper and more pronounced than in counties where masks were required (130).

Overall, these data suggest that the infection dynamics in schools and in the surrounding population are in dynamic equilibrium (Figure 1). This illustrates the importance of continued suppression of viral transmission in the broader population while the vaccination rate increases through effective public health measures such as mask wearing and limits on social gatherings. Adults play a particular role in the infection of children with ~70% of pediatric cases being secondary to an adult case (131). However, young children are not yet age-eligible for vaccination in many regions in the world, or supply shortages limit availability of the SARS-CoV-2 vaccines for those who are eligible. Therefore, the interplay between community spread and outbreaks in schools supports a strategy of prioritizing older adults for vaccination where supply is limited, not only because they are most at risk but because mitigating their role in community spread can also be expected to render in-person learning safer (123). However, this still requires mitigation of transmission within schools to minimize the risk of larger outbreaks. Adults bare the greater responsibility to monitor their actions within the community to prevent the spread of SARS-CoV-2 among children (132).
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FIGURE 1. Infection dynamics in schools. Multiple factors and mitigation measures (in blue) modify the probabilities of (P1) infection of students or teachers outside of school, (P2) the import of infection into school, (P3) the spread among students and teachers, (P4) development of prolonged post-acute sequelae of SARS-CoV-2 infection (“long COVID”), (P5) progression to severe acute COVID-19, and (P6) development of multisystem inflammatory syndrome in children (MIS-C), also referred to as pediatric inflammatory multisystem syndrome temporally associated with SARS-CoV-2 (PIMS-TS). Viral circulation in the regional population is a key determinant of infection risk of students and teachers. Secondary transmission within schools can amplify infections in the regional population.


Emerging evidence suggests that mitigation measures in schools are effective in maintaining low levels of SARS-CoV-2 transmission among students and teachers (secondary transmission) (133, 134). A study in primary schools, nurseries, and kindergartens in Germany determined that asymptomatic spread among these age groups was low when mitigation measures including mask wearing, and classroom ventilation were appropriately applied (135). An Australian study in schools that practiced hand hygiene, physical distancing, reduced mixing of students and reduced after-school activities, but not mask wearing or enhanced classroom ventilation or filtration, found 1 secondary infection case per 9 infectious students who attended school (15). A German analysis of contact tracing data in schools with a 50% reduction of classroom occupancy through hybrid learning, regular room ventilation, limited contacts between cohorts, exclusion with minimal symptoms, but no mask wearing and no distancing in classrooms estimated a frequency of 1 secondary case per 12 infectious students who attended school (136). A report on Norwegian schools that used similar mitigation measures but no masking in classrooms, found no secondary cases among 13 students who attended school while considered infectious (120). A study conducted in Wisconsin observed 1 secondary case per 20 infectious students in schools that consistently practiced mask wearing, had cohort sizes of ≤ 20 students, limited contacts between cohorts, but had no symptom screening program (137). Similarly, school districts in North Carolina detected 1 secondary infection per 24 community-acquired infections in schools that practiced mask wearing, physical distancing, hand hygiene, and reduced cohort mixing (138). Collectively, these studies which were conducted before the Delta variant became dominant, indicate that instituting basic mitigation strategies can enable in-person schooling with a low risk of secondary SARS-CoV-2 transmission. However, the impact of more transmissible virus variants such as Delta remains less understood and can be expected to require additional preventive measures.



SYNERGISTIC RISK MITIGATION IN SCHOOLS

Presently, no single intervention, including vaccination, completely prevents viral transmission. However, combined mitigation strategies may be synergistically beneficial (133, 139–141). In safety research this concept of risk management is sometimes described as the “Swiss Cheese Model”, where multiple defensive layers are combined with the understanding that each individual layer has holes. The combination of multiple layers provides safety through redundancy (142). Evidence based choices need to be made as to which mitigation strategies to combine to adapt to changing risk levels and maximize learning.


Reducing the Risk of Infections Being Brought Into the School

Given the association between cases in schools with burden of disease in the community, the most effective approach to enable safe in-person learning is to focus on broader public health measures that suppress viral spread in the population (Figure 1). The SARS-CoV-2 vaccines are effective in preventing severe disease and reduce the likelihood of infection and transmission of the virus (123, 143). As such, widespread vaccination of the eligible population is a potent tool in reducing viral spread in the unvaccinated, younger population. Household members are the primary source of infection of school-aged children, and extracurricular activities are a source of infection among adolescents (131, 140, 144). Thus, the entire community of those who interact with unvaccinated children can contribute significantly to protecting schools by getting vaccinated.

Daily symptom-based surveillance combined with aggressive diagnostic testing for COVID-19 infections is effective in reducing the likelihood of having infectious students in schools (140, 145). As many symptomatic students who are infected with SARS-CoV-2 present with mild symptoms, such as rhinorrhea, cough, sore throat, or headache (146), there should be a low threshold for diagnostic COVID-19 testing. Additionally, daily health screening affords the opportunity to gain insights into the overall risk profile of the larger school community including household members by asking about potential contacts of students with symptomatic or laboratory confirmed infected persons.

Silent transmission by individuals who have not yet developed symptoms (“presymptomatic”) or who will never notice symptoms (“persistently asymptomatic”) contribute to the difficulty in containing the pandemic. Surveillance testing approaches in schools are used for identifying pre- / asymptomatic persons who are carrying the virus (147). Most reliable and sensitive diagnostic tests detect the SARS-CoV-2 genome using reverse transcriptase polymerase chain reaction (RT-PCR) (148, 149). Comparative studies suggest that saliva based diagnostic testing accuracy may be similar to that of nasopharyngeal swabs (150). However, slow turn-around times to results of tests based on nucleic acid amplification may not allow for timely isolation of an infected person who has no symptoms. Rapid antigen tests detect viral proteins in a sample of either saliva or a swab of the nose or throat using a lateral flow method similar to pregnancy tests. These tests provide an opportunity to identify pre- or asymptomatic carriers in real-time (151). Although they are generally less sensitive than RT-PCR tests, rapid antigen tests are effective for detecting individuals with high viral loads who would be considered presently infectious (149, 152–154). Saliva-based rapid tests are easy to perform at home or in school, but their sensitivity appears to be substantially lower than those that use nasal swabs (155, 156). Concerns related to surveillance testing include both false negative (the test is reported as negative, but the virus is present) and false positive (the test is reported as positive, but the virus is not present) results (157). The consequences of a false positive test (i.e., unnecessary isolation) can be limited by confirmatory testing using RT-PCR. Regular, for example weekly or more frequent testing reduces the impact of false negative test results (158, 159). Importantly, given the time course of viral load in throat and nose, the sensitivity of the test is less important for effective surveillance testing than the frequency of testing and turnaround time of result reporting (158).

While limited studies have systematically examined surveillance testing in schools, even a testing frequency as low as every 2 weeks appears to provide some balance to the false negative vs. false positive detection rate among students (160, 161). However, because a school wide testing-based surveillance system can identify some, but not all pre- / asymptomatic individuals, even frequent testing should not be relied on as the only strategy to enable in-person schooling. Additionally, school wide testing-based surveillance is not feasible everywhere considering the complex logistics and the costs, particularly in less affluent regions. Despite these hurdles, nationwide surveillance testing for schools has been successfully implemented in many countries, (162, 163), and is being planned or piloted in others (164–166).

An approach to reducing disruptions of learning when COVID-19 positive individuals have been identified in schools is to quarantine only close unvaccinated contacts, i.e., immediate classroom neighbors of students presumed infectious, instead of quarantining all of the unvaccinated students in a learning cohort. Typically, this is combined with proactive COVID-19 testing among the cohort. Another approach is to allow even close unvaccinated contacts of a student presumed infectious to remain in the classroom but require them to test frequently (“test-to-stay”). Currently, there is little empirical data in support of either approach. However, computational simulation suggests that only quarantining close contacts of an infected student rather than the entire class cohort, would not be predicted to increase the probability of large outbreaks in a school as long as SARS-CoV-2 infections in the school community are infrequent and adequate mitigation procedures are in place (i.e., face masks, ventilation, distancing where possible) (161, 167).

In addition to limiting individual health risks by decreasing the likelihood of illness, hospitalization, and death (8–14), COVID-19 vaccines provide a potent additional layer of protection for the school community by reducing the likelihood of infection. For example, the mRNA BNT162b2 COVID-19 vaccine (Pfizer-BioNTech, Comirnaty) has been estimated to reduce the risk of infection with the Delta variant by approximatively four-fold in adults and 10-fold in adolescents (13, 168). Although breakthrough infections can occur in vaccinated individuals (169), emerging evidence suggests that their infectiousness even with the Delta variant might be reduced (170). However, this effect declines with time and so a third (booster) vaccine dose may be needed. A recent study performed in Sweden observed that immunization extended protection from infection to family members who are not vaccinated (171). For example, 2 immunized family members reduced the infection risk for the non-immune family members by 75 to 86%, whereas 3 immunized family members reduced the infection risk for the non-immunized family members by 91% to 94%. Therefore, it can be expected that the likelihood of COVID-19 outbreaks will decline substantially in increasingly vaccinated school communities (i.e., teachers, staff, students, families).



Reducing the Risk of Transmission Within Schools

SARS-CoV-2 is spread through liquid particles that are generated by expiratory activities such as breathing, speaking, coughing, and sneezing (172). Liquid particles vary in size by orders of magnitude, ranging from larger droplets to smaller particles dispersed as aerosols. Large droplets (e.g., >50–100 μm) can settle quickly out of the air onto surfaces, so that individuals who are farther away from the droplet source are less likely to inhale them. Viral transmission by large exhaled droplets and secreted respiratory fluids is the basis for physical distancing and hand hygiene recommendations. While 1.8 m (6 foot) separation in classrooms was recommended for U.S. school reopening in fall 2020 and 1.5 m (5 foot) for European schools, more recent observational data suggest that a 0.9 m (3 foot) separation may be sufficient when students are seated and wear facemasks in classrooms (173). The impact of more transmissible variants on distancing requirements remains to be determined. Incorporating instruction on handwashing into the curriculum generally reduces the transmission of infectious diseases in schools (174). Antibacterial adjuvants to soap do not have greater efficacy at preventing infection and may be associated with antibiotic resistance (175). Hand sanitizers are an alternative, but they are not considered as effective as hand washing (176) and are an ingestion risk (177).

Unlike droplets, aerosols (e.g., 10−4 to 10 μm) can stay airborne for hours or until the air is exchanged (178). The risk for virus transmission while outdoors is much lower than indoors because moving air disperses and dilutes aerosol concentrations quickly (179). An important component of mitigation measures targeting indoor air quality is to reduce the release of aerosols by wearing facemasks and by limiting activities indoors that produce high concentrations of aerosols, such as shouting, singing, gym exercise, playing of wind instruments, or having large numbers of students in a classroom (180–183). Well-fitted face masks worn over mouth and nose effectively reduce viral transmission by reducing both emission and inhalation of viral particles (184, 185). Guidance surrounding what age groups should be wearing masks varies (186), but in the U.S., masking is generally recommended for children over 2 years old (187, 188) whereas the World Health Organization (WHO) recommends masks for children over 5 years old (189). A recent study in France found that while many mild inconveniences were reported by parents of children wearing masks, overall, children tend to tolerate them well (190). While wearing face masks does not impair the respiratory function of children (186), even in those as young as 2 years old (191), they reduce the capability to recognize emotional expressions and some mask types can impair speech intelligibility (192–194). Adults interacting with children should be aware of these limitations and compensate where possible. In how far the impact of facemasks on visual and auditory cues may affect language development in young children has not yet been systematically examined.

Additionally, ventilation and filtration strategies can remove virus particles from the air. The effectiveness of ventilation by opening windows or expelling indoor air with fans can be monitored by measuring CO2 levels as a proxy of the cumulative expiratory activity by the occupants (195), which has been a strategy considered by school authorities in Ireland (196). To supplement ventilation, or when it is not practical, air filtration systems should be used. Coronaviruses are found associated with water vapors, proteins, and salts in aerosolized particles often >1.0 μm, which can be effectively removed by filtration (19). Filters for heating, ventilation, and air conditioning (HVAC) systems with a minimum efficiency reporting value (MERV) of 13 have been suggested as a potential air purifying strategy in schools (197, 198). Standalone portable air cleaners that have high efficiency particulate air (HEPA) filters, which are capable of filtering 0.3 μm particles at 99.97% efficiency can supplement or replace centrally located filters (199). Schools that implemented measures to improve ventilation by keeping windows and doors open or using fans had a 35% lower incidence and schools that combined ventilation with filtration had a 48% lower incidence than schools that did not focus on indoor air quality (133).

For most respiratory viruses, the risk of infection depends on the number of viral particles a person inhales, or the viral inhaled dose, which is a function of breathing rate, inhaled concentration, and time of exposure (200). The dose of viral exposure may be proportional to the severity COVID-19 (201–204). It is plausible that prevention of transmission in schools is due to multiple layers of mitigation synergistically minimizing the viral dose students and teachers are exposed to rather than by eliminating exposure entirely.



Limiting the Size of Potential School Outbreaks

Many of the infections in a population are spread by a disproportionately small number of people (205). Studies estimate that only 10–20% of coronavirus patients are responsible for 80% of all new infections of the early virus strains (206, 207). While more transmissible strains may spread more widely, outbreaks of viruses with such a hyperdispersed distribution are often driven by super-spreading events. Many super-spreading events involve crowded indoor places, loud speaking or singing, and inadequate use of protective measures such as face masks and physical distancing. The distribution of the sizes of reported outbreaks in schools reflects such a hyperdispersed distribution. Often, no or few new secondary infections are observed following exposures in school, while larger or very larger outbreaks are less frequent (167, 208). Banning larger group gatherings is a practice that avoids super-spreading and is highly effective in suppressing viral spread (1). Avoiding student mixing by creating protective (classroom) cohorts may allow clusters of infection to be more easily contained through limited quarantine measures. However, while this is feasible in early childhood, elementary and middle schools, a typical high school rotation structure creates much more complex networks of person-to-person contacts, which are predicted to result in a higher risk of outbreaks (161). Indeed, a study in Catalonia which was conducted in schools that practiced cohorting found that the secondary attack rates were higher in high school students than in preschool students (208). However, even in situations where protective cohorts are difficult to implement, a focus on limiting longer and closer interactions to members of the same group of individuals whenever feasible may still provide some benefit (209).

Alternating (“hybrid”) in-school and remote-learning models reduce the size of the protective cohort. Computational modeling suggests that weekly rotations (i.e., 5 days in school, 5 days remote) or groups of students rotating 2–3 days in school every week limit the number of contacts between students and teachers to reduce the likelihood of transmission events in schools (161, 210). Existing out-of-school social networks among students may guide such cohort formation and lead to a more effective reduction of contacts (211). However, whether these predictions translate into measurable effects on secondary cases in schools remains to be tested. At the population level, no difference in the incidence rates between hybrid and full in-person learning were apparent in Michigan (126). Therefore, limiting the educational benefit of full in-person instruction by implementing hybrid models should be weighed carefully against mitigating measures such as mask wearing, maximizing distance between individuals and room ventilation / air filtration. Since reduction of in-school time may disadvantage younger students disproportionately, this mitigation tool should be reserved primarily for older middle and high school students.




CONCLUDING REMARKS

Societies have struggled worldwide to balance the obligation to provide quality education with minimizing the infection risk. However, the role of the broader community in preventing infections in schools has been a largely neglected consideration. To protect the school communities, there must be a collective acceptance for continuing general public health measures such as wearing masks in dense social settings, limiting contacts, activities with elevated risks of viral spread, and to avail of vaccination and testing. While the risk of severe illness and death related to COVID-19 are low in school-aged children, it is not negligible, and marked uncertainties regarding the long-term sequelae exist. The role of school in community spread and the negative impact of disruptions to in-person schooling by quarantine measures remain strong arguments to focus on protecting schools. Children deserve safe access to education. To achieve this, schools need a dynamic mitigation plan (Figure 1), community investment in public health measures, and the systematic collection of data to assess which strategies are most effective.
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Background: Many parts of the world that succeeded in suppressing epidemic coronavirus spread in 2020 have been caught out by recent changes in the transmission dynamics of SARS-CoV-2. Australia's early success in suppressing COVID-19 resulted in lengthy periods without community transmission. However, a slow vaccine rollout leaves this geographically isolated population vulnerable to leakage of new variants from quarantine, which requires internal travel restrictions, disruptive lockdowns, contact tracing and testing surges.

Methods: To assist long term sustainment of limited public health resources, we sought a method of continuous, real-time COVID-19 risk monitoring that could be used to alert non-specialists to the level of epidemic risk on a sub-national scale. After an exploratory data assessment, we selected four COVID-19 metrics used by public health in their periodic threat assessments, applied a business continuity matrix and derived a numeric indicator; the COVID-19 Risk Estimate (CRE), to generate a daily spot CRE, a 3 day net rise and a seven day rolling average. We used open source data updated daily from all Australian states and territories to monitor the CRE for over a year.

Results: Upper and lower CRE thresholds were established for the CRE seven day rolling average, corresponding to risk of sustained and potential outbreak propagation, respectively. These CRE thresholds were used in a real-time map of Australian COVID-19 risk estimate distribution by state and territory.

Conclusions: The CRE toolkit we developed complements other COVID-19 risk management techniques and provides an early indication of emerging threats to business continuity.

Keywords: COVID-19, SARS-CoV-2, epidemic risk, health threat assessment, health intelligence, community transmission, delta variant


INTRODUCTION

Australia's recent experience with COVID demonstrates how complex disease control becomes during pandemic decline. Australia's early emergence from the first wave of the COVID-19 pandemic gave public health authorities reason to hope for disease elimination, but slow vaccine rollout and the emergence of new SARS-CoV-2 variants have dented that early confidence. The struggle to maintain low COVID prevalence with the limited range of interventions that worked in 2020 has become increasingly challenging. The indicators used to chart epidemic activity during the first pandemic wave were supplemented with other less familiar metrics that communicate subtle changes in the local transmission risk. The national growth factor, originally promoted as a summary of Australia's progress against COVID-19 (1), did not capture differences in COVID-19 epidemiology between Australian states and territories, where pandemic response is delivered. As the first Australian pandemic wave eased we took a strategic look at pandemic response planning (2), and recognised the need for a predictive estimate of COVID risk to guide state-level pandemic responses. We took continuously reported data from each state and territory, and subjected it to multidimensional analysis to achieve a contemporaneous measure of risk. In this account we report our experience generating actionable COVID risk estimates continuously for over a year during the gradual decline of the national COVID epidemic, with interruptions by state-wide and multi-state outbreaks.



METHODS

Data source and exploratory data analysis. [The process used to develop the COVID-19 Risk Estimate is shown in a flow diagram (Figure 1)]. Active case data from each Australian state and territory were collated and updated daily on the COVID LIVE website. Conventional epidemic curves were plotted for the entire Australian population and by sub-national jurisdictions (states and territories, Figure 2). Shown on this scale, the active case data from other states and territories appeared trivial by comparison, despite small numbers of community cases being a driver of continued transmission. Exploratory data analysis (EDA) of the principal epidemiological indicators used by public health and other epidemic response agencies, identified three additional critical information requirements: the number of active cases in the community with an unknown source, the number of days since last community transmission and the number of tests performed. These four COVID Critical Information Requirements (CIRs) were then plotted individually against a time axis (Figure 3). These four metrics were reported daily on COVID LIVE since they first became available, but required expert insight to interpret and convert them into a call to public health action.
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FIGURE 1. COVID-19 Risk Estimate (CRE) development flow chart: CIR, Critical Information Request.
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FIGURE 2. Laboratory-confirmed COVID-19 cases, in Australia (left) and by state and territory (right). VIC, Victoria; NSW, New South Wales; WA, Western Australia; SA, South Australia; QLD, Queensland; TAS, Tasmania; ACT, Australian Capital Territory; NT, Northern Territory.
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FIGURE 3. COVID-19 critical information, Western Australia. Laboratory-confirmed COVID-19 cases in Western Australia(WA) (top left); active community cases in WA (top right); interval in days since last community case in WA (bottom left); total RT-PCR tests for SARS-CoV-2 conducted in WA each 24 h (bottom right).


COVID-19 risk estimate calculation. We incorporated the above metrics into a measurement of COVID risk at state or territory level to monitor trends in COVID risk and, where possible, trigger more detailed data analysis to detect emerging threats. In order to do this we drew on risk assessment methods used in health planning, business risk management and security intelligence to calculate a COVID risk estimate. These metrics were used to populate a daily strength/weakness/opportunity/threat matrix. The allocation of critical variables to this matrix was; days since last community case (strength: DSLCC), number of active cases (weakness: AC), number of tests per day (opportunities: TPD), and the number of active cases in the community with an unknown source (threats: ACUS). To reduce the large discrepancy between axes, these four different metrics were converted to logarithmic values, using the convention that all values <1 were rendered as 1. The calculation was:
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The basic or “spot” COVID Risk Estimate (CREspot) was then used to generate a net 3 day difference (TDR) and a seven-day rolling average to smooth out short-lived artefactual variations due to weekend testing and reporting fluctuations (Figure 4).


[image: Figure 4]
FIGURE 4. CRE iterations, Western Australia. Daily (spot) CRE in WA showing swinging variations due in part to reporting breaks over weekends (top); nett 3-day rise in CRE (TDR) showing effect of weekend reporting artefact (middle); 7 day rolling average CRE in WA with irregular fluctuation independent of weekend reporting artefact (bottom).




RESULTS

As the first pandemic wave ebbed in every state and territory the seven day rolling average of the COVID risk estimate (SDRA) fell sharply (Figure 5). However, the SDRA decline eased in Victoria sooner than in any other Australian jurisdiction. The Victorian CRE seven day rolling average increased after an oscillating series of small waves before conversion to a sustained, rapid escalation in the weeks prior to the resurgence of COVID-19 in Melbourne. Examination of the active case and active community case metrics during this period in Victoria showed persistent active cases in the community and only short periods since last known community transmission. This allowed the setting of SDRA thresholds for the upper limit of low and of medium risk CRE zones (Figure 6). The medium to high risk transition threshold was placed at the point where the sum total of public health controls was insufficient to contain a sustained rise in active cases. The low to medium transition threshold was set at the point where small clusters of active cases could occur in the community without propagation of an epidemic. The CRE range between these two thresholds represented a zone of medium risk in which the active case number could stabilise, oscillate, continue upwards or fall depending on the computed product of the four CIR inputs. We noted that Western Australia hovered around the low to medium threshold for most of the period despite very little community transmission, underlining the value of sustained public health controls. The national map of upper (red), middle (orange) and lower (green) CRE range (Figure 7) on 1st May, June and July shows a fluctuating CRE status in this series of snapshots, that captures the emergence of the SARS-CoV-2 Delta variant in June and July 2021. The state and territory SDRA plots show a sharp upward trend in affected states and territories (Figure 7B), with the similar starting CRE baselines predicting the need for swift, decisive intervention as seen in the effective short, hard lockdown in Western Australia compared with a more gradual introduction but prolonged control measures in New South Wales.


[image: Figure 5]
FIGURE 5. Australian CRE 7 day rolling averages. The all-Australia seven day rolling average CRE shows an overall decline (left) since the start of the pandemic with the exception of a peak around the 200 day mark, largely due to the Victorian second wave (right, blue).
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FIGURE 6. Victoria and New South Wales' second wave. The large outbreak in Victoria during 2020 was preceded by a failure to sustain a declining CRE after the first pandemic wave, a high and fluctuating SDRA baseline (top). This allowed setting lower (orange) and upper (red) thresholds which indicate the point at which outbreaks may propagate, and the higher point above which they will rapidly get out of control, respectively. Application of the same thresholds to the New South Wales SDRA and case data plot show that the same principle applies, even though the total number of cases is much lower.
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FIGURE 7. Sequential national snapshots of Australian CRE status. Green (low risk) and orange (medium risk, between lower orange and upper red SDRA thresholds) rating by Australian state and territory on 1st May (left), 1st June (middle) and 1st July (right) show fluctuating CRE status in part due to the recent arrival of the SARS-CoV-2 Delta variant during this period. The corresponding SDRA CRE trend plots by state and territory up to 1st July, 2021 (bottom) show rising CRE baselines in most States and Territories. In New South Wales, Queensland, and Western Australia the CRE (SDRA) had been above the potential propagation threshold for weeks. Noting that the dissemination of the Bondi cluster (NSW) of the Delta variant to other States, the similar pattern to the early stages of the Victorian outbreak suggest a missed opportunity for decisive intervention.




DISCUSSION

The Australian CRE data has proved useful as a COVID surveillance tool since the early months of the pandemic. During this period, COVID community transmission has gone into overall decline, with notable exceptions. The lower and upper risk thresholds appear to have held up after the introduction of the national vaccination programme, possibly due to low vaccine uptake and therefore limited impact on transmission. Though public health surveillance, contact tracing, testing and tiered controls have been effective at suppressing COVID throughout Australia, there have been sporadic case clusters linked to leakage from quarantine hotels, fuelled by waning public concern as case numbers fall. Sustaining a high level of vigilance for such a long time requires a concentration of effort, better achieved when a continuously reporting risk estimate method such as our CRE refreshes every state and territory risk estimates daily. For example, the mobile SARS-CoV-2 reverse transcriptase polymerase chain reaction assay method PathWest Laboratory Medicine developed in Western Australia (3) cannot be held in a continual state of high readiness. However, the mobile laboratory can be placed on short-notice, high readiness when the State's CRE crosses the lower threshold, so that deployment can be swift when community transmission demands mobilisation of a surge response.

Emerging variants of concern challenge early diagnosis, effective vaccination and place a heavy burden on scarce hospital resources such as critical care (4). Computational modelling methods have been used for health resource allocation in high prevalence settings where the hospital system in threated with overload (5, 6). This data-driven approach is attractive both for its generation of an evidence base for public health decision-making, and its visualisation tools. Although these big data methods have been applied at a subnational level they are driven by the needs of high COVID prevalence settings. In Australia, the generally low prevalence and pressing need to mount an effective public health response early mean that case numbers are low, while COVID susceptibility and complacency are high. Recently published machine learning methods show promise for short term forecasting of cumulative case load, but only the high prevalence country data was analysed (7). In the present study, access to consistent, open source data stratified at state and territory level prevented more granular analysis e.g., at local government area or postcode level.

The rate of CRE decline eased in Victoria and changed to a wavering baseline pattern before public recognition of the second wave. The extensive disease control interventions required by the Victorian Health Department took many weeks to bring the epidemic under control (8). The subsequent increase in days since last community transmission, increased tests, and reduced active cases, appear as a plummeting CRE. In those states and territories at or below the low to medium CRE threshold, successful disease control has been possible with short-lived lockdown periods, contact tracing and increased testing. Noting this, we were able to use the CRE status of Western Australia to predict the success of a recent snap lockdown (in July, 2021), despite the vulnerability of a state population that previously experienced a full year without community transmission. The propagation of a Delta variant outbreak from Bondi in New South Wales to other states and territories occurred against a CRE repeatedly above the lower (potential propagation) threshold and rapidly spread to other jurisdictions with similar CRE. The New South Wales CRE trend in the preceding weeks followed a similar pattern to Victoria in the lead up to their large 2020 outbreak, as public health authorities stepped up control measures, against an expanding COVID outbreak. The contrast between New South Wales' measured escalation of public health restrictions, and other affected states that quickly introduced lockdowns, appears to be a missed opportunity to deal with this outbreak at source. However, the CRE is not a sophisticated mathematic modelling method. Its principal use is to provide triggers and warnings that prompt a closer look at the available data, so that opportunities for effective early intervention are not missed. For this reason, we believe the CRE is best seen as a form of contemporaneous or real-time operational health intelligence whose immediacy and accessibility help non-expert users to avoid complacency, miss emergency planning opportunities and improve targeted preparedness.

The slow uptake of COVID vaccines in Australia adds further complexity to the epidemiology of pandemic decline in major conurbations and regional centres. A high level of vaccine hesitancy was not helped by promotion campaigns that were geographically disconnected from pandemic response delivery and slowly reactive to major surges. Mobilising public support for increased restrictions was and hampered by political considerations. There is an argument for presenting the seven day rolling CRE average with the upper and lower action thresholds, as a publicly accessible risk rating tool, and aligning the CRE thresholds with the Australian government's hierarchy of controls (eliminate risks; substitute, isolate or reduce the hazard through engineering controls; reduce exposure through administrative controls; use personal protective equipment) (9).

As the world exploits the current range of vaccines to accelerate pandemic decline, we are faced with complex and ambiguous COVID-19 epidemiology. New variants of concern can be blamed for some of this, and may dictate future modification of the CRE toolkit when consistent data reporting is achieved. Experience in low COVID-prevalence countries, such as Australia, provides useful insight into how to monitor, assess and manage residual COVID risk. The Australian COVID Risk Estimate method we developed for local use has the potential to generate timely risk estimate data outside Australia. The CRE seven day rolling average is particularly well suited to public communication of risk, and the net 3 day differential may prove a useful adjunct when mobilising public health emergency responses.
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A catastrophic fourth wave of the COVID-19 pandemic in Romania raised international concern due to a rapid surge in the number of infections and the high associated mortality. A country of approximately 19 million inhabitants, Romania recorded close to 20,000 daily infections, with more than 500 daily deaths, by mid-October 2021 (1). Consequently, the WHO sent experts to Romania to evaluate the ongoing situation, including the status of the COVID-19 vaccination campaign, and to help with an action plan. Here, we provide explanations for this dramatic reality using information from previously published academic analyses, the authors' personal involvement in the Romanian COVID-19 mitigation efforts, and press articles which describe the evolution of the pandemic in Romania.

Similar to other EU countries, COVID-19 vaccines (both mRNA- and adenovirus-based) have been widely available to Romanians (2). Vaccination began on 27 December 2020, after emergency use authorization was granted by the European Medicines Agency (2). At the time, national surveys were indicating that only around 30% of Romanians would be willing to receive a vaccine against COVID-19. During the first few months, the vaccination campaign progressed as planned, but then it stalled. By the surge of the fourth wave, only ≈30% of Romanians were fully immunized, one of the lowest COVID-19 vaccination coverages in Europe, and the main reason for this epidemiological crisis (1). The factors driving this failure are multiple and intricate: (a) economic and social, with incomplete implementation of prevention measures and premature relaxation of restrictions, politically-driven and unsupported by the progress of the vaccination campaign; (b) insufficient support for the vaccination campaign, which was not linked to other preventive actions, lacked appropriate funding and resources, and only received minimal backing from top governmental authorities (3); (c) a hyper-politicization of COVID-19 public health measures, in the context of two rounds of general and local elections, plus internal elections in several major political parties, which resulted in a triumphalist rather than realistic assessment of the epidemic, inducing a false sense of security in the general public (4); (d) Chronic governmental instability, which, even prior to the pandemic, severely eroded people's trust in state authorities: over the last 6 years alone, Romania had eight prime ministers (average tenure: 273 days) and ten health ministers (average tenure: 218 days) (5); (e) in March 2020, the then newly-appointed government implemented severe restrictions during the lockdown and state of emergency (including mandatory hospitalization of asymptomatic cases), leading to a general uproar and constant transgressions of the prevention rules (6); (f) insufficient testing and tracking, resulting in disease underdiagnosis and incorrect assessments of the prevalence levels in the population, and of the main routes of viral spread (2); (g) throughout the pandemic, under the pretext of presenting “balanced viewpoints”, major news outlets generously featured representatives of the anti-vaccine movement and conspiracy theory advocates almost on a daily basis (7); (h) a high proportion of healthcare professionals refused vaccination (8); (i) the lack of administrative and judicial sanctions for perpetrators of misinformation, particularly those with academic credentials and medical degrees, contributed to a general mistrust of epidemic control measures that was deeply embedded in public perception; (j) relatedly, there was an absence of systematic consultations with major stakeholders in society, particularly academics and religious institutions and faith-based communities (9). As >80% of Romanians adhere to the Romanian Orthodox Church (ROC), harnessing the influence of the ROC could have greatly enhanced the outcomes of public health measures. However, throughout the pandemic, few, if any, consultations between state authorities and ROC representatives occurred, often leading to mixed responses (9). Indeed, very few influential bishops publicly endorsed vaccination.

As an overall result, public trust was catastrophically eroded, with the consequence that Romania entered the fourth epidemic wave with no restrictions, an insufficiently vaccinated population, and a completely divided society. In addition to these factors, some chronic deficiencies relating to both medical and socio-political factors contributed to this perfect storm. First, Romania has the lowest healthcare GDP expenditure per capita in the EU, and the healthcare system was severely underprepared for the pandemic (6). Second, political instability led to multiple inconsistencies in healthcare policies, including the absence of a legislative framework for vaccinations (10). This instability is also reflected in the education sector, which was also subject to multiple reforms over the last 30 years, with unavoidable consequences on public education. Furthermore, emigration of educated professionals has been massive and constant over the last 30 years (11). Altogether, these factors contribute to one of the lowest vaccination coverages for vaccine-preventable diseases in Europe, with recurrent outbreaks such as the severe measles epidemic of 2016 (6, 10).

By the time COVID-19 vaccines became available, all these issues had remained unaddressed, while realistic and balanced public debates on the benefits of a successful vaccination campaign were long overdue (2). As such, any attempts to reach the necessary vaccination coverage were severely hindered.

The catastrophic fourth wave of the COVID-19 pandemic in Romania tragically illustrates the impending need to address vaccine hesitancy in the general population, as well as preparing the healthcare system to successfully respond to a national emergency.

One of the masterpieces of the new wave of Romanian cinema is called Too Late. Indeed, in Romania, the fourth wave of the COVID-19 pandemic has generated a tragedy that the country acknowledged, sadly, too late.
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Repeated testing of a population is critical for limiting the spread of the SARS-CoV-2 virus and for the safe reopening of educational institutions such as kindergarten—grade 12 (K-12) schools and colleges. Many screening efforts utilize the CDC RT-PCR based assay which targets two regions of the novel Coronavirus nucleocapsid gene. The standard approach of testing each person individually, however, poses a financial burden to these institutions and is therefore a barrier to using testing for re-opening. Pooling samples from multiple individuals into a single test is an attractive alternate approach that promises significant cost savings—however the specificity and sensitivity of such approaches needs to be assessed prior to deployment. To this end, we conducted a pilot study to evaluate the feasibility of analyzing samples in pools of eight by the established RT-PCR assay. Participants (1,576) were recruited from amongst the Tufts University community undergoing regular screening. Each volunteer provided two swabs, one analyzed separately and the other in a pool of eight. Because the positivity rate was very low, we spiked approximately half of the pools with laboratory-generated swabs produced from known positive cases outside the Tufts testing program. The results of pooled tests had 100% correspondence with those of their respective individual tests. We conclude that pooling eight samples does not negatively impact the specificity or sensitivity of the RT-PCR assay and suggest that this approach can be utilized by institutions seeking to reduce surveillance costs.

Keywords: pooled testing methodology, COVID-19, SARS-CoV-2, RT-PCR assay, screening


INTRODUCTION

Shutdowns resulting from an effort to control the ongoing COVID-19 pandemic have had a detrimental effect on the education of K-12 school children, especially those in at-risk socioeconomic groups and those with special needs (1, 2). For example, clinicians note significant weight gains and precipitation of anxiety disorders during COVID-19 (3). Educational attainment is an important predictor of future health, mental state, and socio-economic outcomes (4). Returning children to school in a safe and affordable way is a high priority. In addition to appropriate safety precautions like social distancing and mask wearing, testing of all individuals in a population at regular intervals can reduce transmission via early detection of asymptomatic or pre-symptomatic infectious viral carriers who can be a source of transmission.

Along with limited laboratory equipment, reagents, and resources, the cost of repeated individual testing presents a substantial challenge. One potentially more efficient testing strategy is sample pooling, a broadly developed mathematics subfield wherein samples from individuals are grouped together and tested as a single unit with a single output. Pooled testing can reduce the number of tests performed by a factor of the pool size, reducing cost as well as laboratory throughput demands. The simplest form of pooling is known as Dorfman or two-stage hierarchical pooling (5). By this method, each pool contains a set number of samples. Each sample is tested once as part of a pool, and again as an individual test only if the pool tests positive. Other, more complex methods assign a single sample to more than one pool to better predict positive samples, thus reducing the number of individual retests necessary (6–8). Dorfman pooling for SARS-CoV-2 RT-PCR testing has been shown to be effective at the level of eight samples per group (9).

The CDC-approved, commonly used diagnostic test for SARS-CoV-2 infection employs reverse transcription-polymerase chain reaction (RT-PCR) to detect viral RNA present in mucosal samples immersed in a liquid buffer (10). Sample pooling has been proposed and validated by a number of groups, with the pooling step performed at various points in the diagnostic workflow e.g. (1) extracting RNA from multiple swabs in a single container, (2) combining extracted RNA into a single container for cDNA synthesis, or (3) pooling the cDNA after production on an individual basis. Benefits of pooling later in the process include equal amounts of input per subject and rapid retesting of positive pools if individual samples are stored. However, the earlier pooling occurs in the process the greater cost-savings in reagents. Additionally, direct pooling of individual swabs into a single tube can be done at the site of testing, effectively saving time, labor, and materials. Because of the financial benefits, the Food and Drug Administration (FDA) has already issued the first Emergency Use Authorization (EUA) for pooled testing of SARS-CoV-2 for pools of up to 4 samples (11).

Importantly, for SARS-CoV-2 pooled testing there are several variables including sampling site, swab storage (wet or dry), pool size and timing of pooling (before or after RNA extraction) each of which may affect the reliability of the assay. Although others have established pooled testing using smaller pools or wet storage [e.g., (9, 12–16)], it is critical to validate each specific method in its entirety, especially when dealing with life-threatening illnesses. Recently, the Broad Institute has established a clinical laboratory to perform RT-PCR from RNA extracted from anterior nares dry swabs. Here, we present a proof-of-concept pilot study intended to validate the efficacy of pooled SARS-CoV-2 testing of up to 8 dry swabs when compared with individual testing.



METHODS

This study was reviewed and approved by the Institutional Review Board of Tufts University (STUDY00000979: Pooled Testing). Written informed consent was obtained from all participants. Eligibility criteria included being a member of the Tufts University faculty, staff, or student populations as outlined by risk of exposure to COVID-19 (https://coronavirus.tufts.edu/testing-at-tufts), ages 18–100.

Tufts University has implemented a comprehensive COVID-19 testing program to enable the safe return of students to campus. Students, faculty, staff, and researchers are required to test 1–2 times per week depending on their residential arrangement, frequency and nature of campus use, interactions with each other, and exposure to patients or the general public.

For this program, individuals reported to various testing locations and self-swab their anterior nares with a single sterile soft-tip swab (Puritan Medical Products LLC) which is then deposited into a prelabelled plain vacutainer (Beckton Dickinson). Samples were couriered to the Broad Institute 4–6 times per day and analyzed by the established CDC RT-PCR assay with fluorescent detection (FAM-labeled probes) (11). This test uses primer/probe sets developed by the CDC that target two viral gene targets in the Nucleocapsid gene of SARS-CoV-2, N1 and N2, and an internal control gene, RNase P (RP).

In September and October of 2020, we obtained 2,032 samples from members of the Tufts University community undergoing routine screening. Individuals were not restricted from participating in the study multiple times. Upon arrival at the testing site, participants were provided with two swabs and instructed to swab one per nostril and deposit each in a separate vacutainer. The method of collection was the dry swab method described elsewhere (11). At the end of each study day, one sample per individual was sent for regular individual testing while the other was processed for pooled testing. For pooling, individual samples were removed from their vacutainer and placed in a 50 mL Falcon tube (Thermo Fischer Scientific) and shipped to the lab dry. Upon receipt at the laboratory, tubes were de-capped and guanidinium thiocyanate lysis buffer added −5 ml for pooled tubes and 1 ml for individual tubes. After shaking tubes on orbital shaker for 15 min, 50 μl of swab buffer (for both pooled and individual tests) underwent bead-based RNA extraction using the MagMax Viral extraction kit (Thermo Fisher Scientific). qPCR was performed using TaqPath qPCR mix (Thermo Fisher) on Quant Studio 7 (Thermo Fisher) instrument. A test is deemed “invalid” if there is no signal (>40 Ct) for either the RP human assay or the N1/N2 targets. A test is called “negative” when the RP Human target is detected (<40 Ct) and no Covid targets are detected (>40 Ct).

The limit of detection for the RT-PCR assay is 60 copies per reaction (17) which equates to 50 μl of a 1,200 copy/ml swab solution. Thus, to generate a 1,200 copy/ml solution in 1 ml (individual testing) the swab would need to provide 1,200 viral copies. To generate the same concentration (1,200/ml) in a 5 ml solution (pooled testing) the positive swab would need to have 6,000 copies. The CDC has determined that mutations present in available SARS Cov-2 sequences as of 6 Jun 2021 (including the B.1.1.519 variant) are not predicted to reduce the sensitivity or specificity of the primer/probe set (10).

One hundred and fifty-eight pools were processed as groups of eight samples. Eleven of these pools were made up of seven community samples plus an additional sample obtained from individuals under investigation based on a previous positive SARS-CoV-2 RT-PCR test. Of these 11 samples, only two were positive in this study. The remaining nine were likely cases of prior infection. Another 114 pools were made up of seven community samples plus an eighth laboratory-generated positive sample prepared by the Broad Institute as described in their EUA (11). Briefly, these samples were generated by re-suspending nasal swab material from known positive cases and pipetting it onto new swabs as previously described (18). Approximately 102,164 copies of the virus were pipetted on to each swab and allowed to air dry. One laboratory-generated positive swab was added to each Falcon tube containing the seven community samples and the pools were processed in 5 ml of buffer as described above. Because 50 μl of the buffer is used for RNA extraction it is estimated that approximately 1,022 viral copies went into the extraction. When considering the N2 amplicon, our spiked samples returned a Ct of 29.4 ± 0.7 (N = 105). For real-world positives, the Ct values range from 9.0 to 39.5, although approximately two-thirds have a Ct below 28. We therefore conclude that the amount of virus spiked onto our lab generated positives is physiologically relevant and indeed lower than the majority of real-world samples.

All samples were analyzed within 24 h of collection.



RESULTS

For this study, we selected eight samples per pool for financial and logistical reasons. Financially, the cost and efficiency of various pooling ratios changes as a function of the percent positivity in the population (Figure 1). A pool size of eight was the most cost effective per person for positivity rates ranging from 2.22 to 2.86%. At positivity rates lower than 2.22% it is still cost-effective when compared with pools of 9–10 (at a positivity rate of 0.00%, a pool of 8 costs $5.00/person while a pool of 10 costs $4.00/person). Large pool sizes are more efficient and cost effective at lower community positivity rates, but the larger the pool, the more rapidly it increased the cost as the percent positivity increased (Figure 1). It is critical that the pool size is flexible to accommodate varying positivity rates in the population. To ease scalability and adoption, it was also important in this study to (1) minimize the operational transition from individual to pooled testing, and (2) pool samples at the site of collection using standardly available materials. Because of these factors, including limitations of rehydration volumes and tube sizes, we did not consider pools larger than 10.


[image: Figure 1]
FIGURE 1. Cost of individual vs. pooled testing. Cost per person of testing as a function of the percent positivity of the population tested. This model assumes an individual test cost of $25 and a pooled test cost of $40 due to additional processing steps required. Red line: individual testing, maroon line: pool size of 4, blue line: pool size of 6, gray line: pool size of 8, green line: pool size of 10, orange line: pool size of 16. Equation for pooled testing: ($40/pool size) + (% positivity × pool size × $25).


Over 3 weeks we collected 2,032 pairs of samples from 1,576 students, faculty, and staff already subject to regular COVID-19 surveillance testing at Tufts University (Figure 2). Of these, 1,973 samples came back negative (Figure 3). Of the eleven samples taken from individuals under investigation due to possible SARS-CoV-2 exposure, only a single individual was responsible for the two positive samples from our community-based sampling. The study was originally designed to assess sensitivity by collecting only natural positive cases. However, the very low positivity rate within the Tufts community made it impossible to obtain our target number of pools with at least one positive within a reasonable period of time. Thus, to obtain sufficient positive pools we implemented the artificial spiking protocol described in the methods, wherein pools of seven swabs obtained from community members were supplemented with an additional swab generated from known positive samples prior to RNA extraction. In testing individual samples, we observed a collection failure rate of 2.36% (48 samples) (Figure 3). Of these, 24 samples were discarded due to a single laboratory cataloging error, four were lost on site, eleven were discarded due to improper collection methods (excessive material on the swab, swab inverted, or contamination with blood), and nine produced an invalid RT-PCR result, likely due to a lack of RNA present. For unknown reasons, one of the laboratory-generated spiked samples also produced an invalid RT-PCR result.


[image: Figure 2]
FIGURE 2. Pooled pilot study timeline. Two thousand and thirty-two pairs of samples were collected over a 3-week period. Two thousand and twenty-one of those pairs were collected from the Tufts University community (blue). The other 11 pairs were collected from individuals under investigation and in quarantine due to possible exposure to SARS-CoV-2 (red). During the third week of the study, the low positivity rate in the Tufts community necessitated the inclusion of laboratory-generated positive samples (gray).
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FIGURE 3. Individual sample results of SARS-CoV-2 RT-PCR testing. Of the 2,032 community-sourced and 114 laboratory-generated pairs of samples, one sample from each pair was tested as an individual using the established SARS-CoV-2 RT-PCR testing protocol. Eleven of the sample pairs were collected from individuals under investigation and in quarantine due to possible exposure to SARS-CoV-2 (red and maroon).


To evaluate the efficacy of pooling samples, results of the individual samples were compared with results of their respective pools (Table 1). While 272 sample pools were prepared and successfully analyzed, data from 32 pools was discarded due to a failed individual assay for one or more of the paired samples in the pool as described above. Thus, data for a total of 240 pools were included−133 with samples of unknown SARS-CoV-2 status and 107 spiked with a known positive. We observed 100% congruency between the approaches; all pools containing a swab whose individual counterpart had tested positive also tested positive and all pools for which individual samples were all negative also tested negative.


Table 1. Comparison of pooled with individual sample results.
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For both pooled and individual assays, samples were deemed negative when the Ct value for the N1 and N2 amplicons were >40 and the human RP gene was <40. For the 107 positive pools (105 spiked +2 natural) the Ct values for the N1 and N2 amplicons ranged from 27.6 to 30.5 (Mean = 29.0 ± 0.06) and 28.1 to 32.2 (Mean = 29.4 ± 0.07), respectively. When assayed individually, these positive samples returned Ct values of 26.5–28.2 (Mean = 27.5 ± 0.04) and 26.9–29.5 (Mean = 28.0 ± 0.1) for the N1 and N2 amplicons, respectively. The average Ct values of positive samples were on average 1.4 and 1.5 cycles higher for the pooled samples compared to the matching individual sample, for N1 and N2, respectively—which is to be expected because the pooled samples are rehydrated in larger volume of buffer than individual samples (5 vs. 1 ml) while the same volume (50 μl) of solution is used for the assay in both cases and mimics observations from other studies (19).



DISCUSSION

Pooled sample testing is an effective strategy to reduce the cost of regular screening testing during pandemics. We conducted a pilot study to evaluate the validity of pooling anterior nasal swabs for the detection of SARS-CoV-2 by RT-PCR. While others have validated pooling of “wet swabs” (14–16) this is the first evaluation of pooled testing using eight dry swabs. Dry swabbing presents a substantial benefit over wet by saving reagents, thus saving money as well as reducing vulnerability to the supply-chain issues that have interfered with testing capacity during the COVID-19 pandemic.

Potential concerns with pooled testing include the dilution of sample resulting in false negatives and the accumulation of contaminants resulting in false positives. We observed a 100% congruence between the results of the pooled and individual analyses—indicating that there is no loss of specificity or sensitivity when performing SARS-CoV-2 screening from pools of eight dry swabs compared to individual analyses. Given that the clinical specificity and sensitivity of the CDC's 2019-nCoV Real-Time RT-PCR Diagnostic Panel are 100% (13/13; 95% CI: 77.2–100%) and 100% (104/104; 95% CI: 96.4–100%) (10), respectively, this provides high confidence in identifying all positive individuals using pooling.

One clear limitation of the current study was the reliance of laboratory-generated positives due to the low positivity rate in our population. Although our positive spike was generated from a high titer clinical sample, our study could have further benefitted from using spikes with varying viral loads as opposed to a single concentration.

A recent publication by members of the Broad Institute established a reduction in sensitivity that is roughly linear with the log of the dilution factor employed by simulating pooling under varying population prevalence, pool size, and population size (18). Specific recommendations for pooled testing from the FDA have only recently become available (20), and further investigation is necessary to evaluate its efficacy for specific circumstances. For this study, we selected eight samples per pool for logistical and financial reasons described above. Our protocol has a limit of 10 samples because it calls for rehydrating swabs as a pool. This minimizes labor costs since all subsequent steps can follow the established semi-automatic individual testing workflow. Crone et al. (21) also validated pools of 8 and 10 and estimated savings of 28–90% on each of the reagents and consumables used in the assay. Other groups have successfully performed pooling with similar numbers of samples but utilized wet storage of swabs (8, 14–16). Bogere et al. (22) also validated pooling of 10 samples in Uganda and discuss the necessity of sample pooling in their country where testing needs far exceed individual testing capacity. Technically it appears possible to use even larger pool sizes, especially if samples are hydrated individually and then aliquots of those individual suspensions are combined, as opposed to our approach (which uses fewer tubes) of hydrating them together. Indeed, known positives are reported to be detectable in pools of 50 (23) and 100 (7). However, as we have shown the cost of large pool sizes increases rapidly with percent positivity because of retesting. One potentially more cost-effective approach would be to have a three-tiered strategy (24), involving larger then smaller pools followed by individual testing, but that would require more labor and/or a customized automated workflow.

One clear drawback of pooled testing is that all individuals in positive pools need to be retested to identify the positive individual. A few approaches can be used to facilitate this: individuals from the positive pools can be asked to return for retesting or every individual provides two samples with the second swab stored for retesting. The former approach places the burden on individuals to return for retesting. Of course, having positive individuals return to testing sites increases the risk for transmission at the site and potentially during their commute—especially if the individual is relying on public or shared transport. Enhanced safety, distancing and cleaning measures, and potentially the use of separate dedicated retesting areas or sites, may mitigate some of this increased risk. A key element to retesting is that all individuals in a positive pool should be treated as potentially positive and should therefore employ appropriate quarantine measures. Importantly, retesting should be performed as soon as possible after the original test to further limit transmission but also to release negative individuals from quarantine in a timely fashion. We suggest that retesting be performed with a rapid antigen testing method, preferably in concert with a confirmatory PCR test, to obtain the infection status of individuals as soon as possible. It must be emphasized that the feasibility of the return visit approach diminishes with increasing disease prevalence due to increasing risk of transmission as well as increased logistical and financial burden of repeat testing. The latter approach of collecting two swabs (and storing one for retesting) places the burden on the screening organization to store and retrieve samples and requires substantial amounts of additional supplies to collect those samples. The benefits of this approach are that retesting can likely occur much faster and positive individuals are not required to return to the testing site—both factors that would likely reduce the risk for transmission. Despite the potential risks, we prefer the return visit approach because many institutions simply would not have the capacity to safely preserve and retrieve second swabs for retesting—but only when case rates remain sufficiently low so that the cost-benefits outweigh the potential risks associated with return visits.

We performed a cost-benefit analysis to better understand the potential savings that could be realized through pooled testing. Although fewer samples are processed, additional handling is required to prepare and process the pooled samples. Based on a sample pool size of eight and costs of $25 and $40 for individual and pooled tests, respectively, we estimate that savings from using a pooled method of testing vs. individual testing would exist for positivity rates under 10% ($19.88 in savings at 0.01% positivity).

It is worth noting that our observation of a low rate of improper test collection (absence of RNA on the swab, excessive material on the swab, swab inverted) among volunteers who collected their own samples (self-swab). In settings where a trained professional is collecting samples, we expect the rate to decrease dramatically. However, when individuals self-swab it will be impossible to detect individuals with repeat errors in collection methods e.g., those who are not swabbing appropriately because the other samples in the pool will mask it. Therefore, education of self-swabbing subjects will be critical.

A lack of in-person education deprives children of educational and well as social development (1, 25). Maintaining in-person school attendance during the COVID-19 pandemic will rely on early identification and containment of infectious individuals. We have validated a pooled Covid-19 testing method in a population consisting of University students, faculty, and staff with a minimum age of 18 years. The pooling method we present here is a simple, scalable way to reduce the cost of regular surveillance screening. Assuming that nasal sampling can be performed appropriately, especially amongst younger students, the method is likely also suitable for kindergarten−12th grade schools as well.
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Although health behavior theories indicate that fear is effective in activating preventive behaviors, the question of whether COVID-19 severity moderates the association between fear of COVID-19 and preventive behaviors remains unclear. The present study investigated the association between the fear of COVID-19 and preventive behaviors during the COVID-19 community outbreak of two severity levels in Taiwan. Data were obtained regarding the fear of COVID-19 and practice of preventive behaviors from 139 older people (mean age = 71.73 years; 30.2% men) through in-person interviews during a mild COVID-19 outbreak period (baseline assessment). Data from 126 of the 139 participants were obtained again through a telephone interview during a severe COVID-19 outbreak period (follow-up assessment). A significant increase in the fear of COVID-19 (d = 0.39, p < 0.001) and a decrease in preventive behaviors (d = 0.63, p < 0.001) were found in the follow-up assessment. The association between fear of COVID-19 and preventive behaviors was not significant at baseline (r = −0.07, p > 0.05) but became significant at the follow-up assessment (r = 0.32, p < 0.001). The severity of a COVID-19 outbreak may alter older people's psychological status and related behaviors.

Keywords: behavior, COVID-19, fear, geriatric, psychological distress


INTRODUCTION

Since late 2019 and early 2020, the increasing global spread of the novel coronavirus disease 2019 (COVID-19) has adversely affected various aspects of individuals' lives including public health, finances, and caregiving burden (1–4). Therefore, health behaviors, particularly behaviors to prevent COVID-19 infection, have become crucial for governments to efficiently control the spread of COVID-19 (5, 6). In particular, prior to the development of effective vaccines to promote herd immunity in the community (7–9), engaging in preventive behaviors is the most efficient way to reduce the transmission rate of infectious diseases including COVID-19 (10–12).

Through government policies, preventive COVID-19 behaviors can be implemented at community (i.e., authorized policies) and individual (i.e., citizens' practice) levels (11). For example, many countries have applied spatial distancing measures (e.g., “lockdowns,” quarantining) to reduce COVID-19 transmission (13–15). Such policies have demonstrated promising results in COVID-19 infection control because the infection rate was lower in countries that launched early preventive policies (e.g., Taiwan) such as border control and quarantine (11, 16, 17). Moreover, the citizens of countries that have more effectively controlled the COVID-19 pandemic exhibited more satisfactory psychological health outcomes (16). However, depending only on government measures to suppress COVID-19 infection is difficult given the longevity of the pandemic (i.e., the COVID-19 pandemic has already lasted for more than 18 months at the time of writing). Therefore, healthcare providers should identify potential factors associated with individuals' preventive behaviors at different severity levels of COVID-19 outbreak to help fight against the long-lasting COVID-19 pandemic.

The present study particularly focused on the preventive COVID-19 behaviors among older people for the following reasons. First, empirical evidence shows that compared with young adults, older people have a higher COVID-19 mortality rate (18). For instance, people older than 70 years were reported to have a COVID-19 mortality rate of 12.8% in Italy and 8.0% in China (18). The high mortality rate among older people with COVID-19 infection can be attributed to their chronic diseases such as diabetes mellitus, cancer, and cardiovascular disease (18, 19). Moreover, being overweight and obese have also been associated with more severe consequences among individuals with COVID-19 infection (14, 20). Second, because of the adverse outcomes of COVID-19 infection, older people may have poorer psychological health, including an increased incidence of stress and anxiety (21, 22). Psychological health is a crucial issue among older people because studies have reported that older people commonly have depression, anxiety, and stress, even during non-pandemic periods (23–25). Furthermore, poor psychological health among older people may cause various negative health outcomes (26, 27). On the other hand, a considerable proportion of population in any community (especially in developed countries) are elderly. Neglecting their health may threaten health of whole community and increase healthcare expenditure including the costs of hospitalization and treatment that may impose an avoidable pressure on health system. Therefore, understanding older people's preventive COVID-19 behaviors is of extreme importance because such behaviors may reduce their risk of COVID-19 infection and consequently protects them from physical and psychological health outcomes resulting after infection. Also, it prevents unnecessary stress on healthcare system as well as expensive treatment.

In the literature, three key psychological factors associated with older people's preventive COVID-19 behaviors were identified: perceived infectability, fear of COVID-19, and trust in COVID-19 information sources (28–32). Literature concerning health behavior theories such as the health belief model (29), fear drive model (30), and protection motivation theory (32) help emphasize the roles of perceived infectability and fear of COVID-19 in individuals' compliance with preventive COVID-19 behaviors. These theories indicate that perceived infectability may induce individuals' fear, leading them to engage in behaviors to cope with the fear (e.g., preventive behaviors, information searching behavior, and paying attention to COVID-19 news to cope with the fear of COVID-19). These models have been widely studied during the COVID-19 pandemic and reported to be effective in explaining a number of preventive COVID-19 behaviors (28, 33, 34). Moreover, trust in COVID-19 information may increase individuals' engagement in preventive behaviors because such information increases their awareness and instructs individuals in how to practice preventive behaviors and also contributes to understanding the severity of the problem as well as their susceptibility toward infection (35, 36).

Although perceived infectability, fear of COVID-19, and trust in COVID-19 information have been determined to be factors contributing to preventive COVID-19 behaviors (33, 34), no analytic study has examined their association during the pandemic period at different levels of COVID-19 severity. Therefore, such information can be beneficial for different stakeholders (including government policymakers and healthcare providers) to plan and implement the most effective measures for improving and maintaining preventive COVID-19 behaviors among older people. In the present study, a sample of older people residing in Taipei City, Taiwan, was recruited to examine associations among perceived infectability, fear of COVID-19, trust in COVID-19 information, and preventive COVID-19 behaviors because this sample experienced different levels of COVID-19 severity over a one-year time span.

The Taiwanese government applied universal policies early for controlling COVID-19 infection including providing instant information on COVID-19 through different platforms, implementing early border control, and encouraging the community to engage in preventive behaviors. This early reaction helped Taiwanese citizens have a near normal life for more than one year when other countries were experiencing considerable life changes such as lockdowns and prohibition of outdoor activities (37). However, this situation substantially changed in Taiwan, especially in Taipei City, when a severe community outbreak occurred in early May 2021. According to the Taiwan Centers for Disease Control, 441 confirmed COVID-19 cases and 7 COVID-19 deaths occurred in the period between January 1, 2020, and May 28, 2020 (https://www.cdc.gov.tw/En; accessed 28 May 2020). The number of confirmed COVID-19 cases substantially increased after May 2021: the number of confirmed COVID-19 cases was 10,846 and that of COVID-19 deaths was 438 in the period between May 18, 2021, and June 14, 2021 (https://www.cdc.gov.tw/En; accessed 15 June 2021). Moreover, on May 1, 2021, the total number of confirmed COVID-19 cases was 1,132 and that of COVID-19 deaths was 12 (https://www.cdc.gov.tw/En; accessed 1 May 2021). Figure 1 presents the different levels of COVID-19 severity in Taipei, Taiwan, during the two time periods. Moreover, Wenshan District, wherein all participants included in the present study resided, had the second most severe community outbreak among all districts in Taipei.
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FIGURE 1. COVID-19 severity in Taipei in the time periods of two surveys (without community outbreak: from March 20, 2020, to May 15, 2020; with community outbreak: from May 18, 2021, to June 14, 2021).


By conducting a baseline survey during the period with a low level of COVID-19 severity and a follow-up survey during the period with a high level of COVID-19 severity, the present study examined changes in the following factors: perceived COVID-19 infectability, fear of COVID-19, trust in COVID-19 information, paying attention to COVID-19 news, COVID-19 information searching behavior, and preventive behaviors. Moreover, the associations among these factors were hypothesized as follows (Figure 2): Hypothesis 1: Perceived infectability would be positively associated with the fear of COVID-19. Hypothesis 2: Fear of COVID-19 would be positively associated with paying attention to COVID-19 news. Hypothesis 3: Fear of COVID-19 would be positively associated with COVID-19 news searching behavior. Hypothesis 4: Fear of COVID-19 would be positively associated with preventive COVID-19 behaviors. Hypothesis 5: Trust in COVID-19 information would be positively associated with preventive COVID-19 behaviors.


[image: Figure 2]
FIGURE 2. Proposed model for testing.




METHODS


Participants and Study Procedure

The following inclusion criteria were used at baseline to define eligible participants: (1) aged 60 years and above, (2) having the cognitive ability to understand questions used in the present study, (3) having the ability to communicate in Mandarin or Taiwanese, and (4) voluntary willingness to participate in the study. Older outpatients with a disability (e.g., severe mental illness and cognitive impairments) that prevented them from completing the present study's survey questions were excluded.

Regarding the recruitment procedure, baseline data were collected from April 20, 2020, to May 15, 2020. Follow-up data were collected from May 18, 2021, to June 14, 2021. In particular, participants were first approached at the outpatient clinic of one medical center in Wenshan District, Taipei, Taiwan, for baseline measurements. Older outpatients in the medical center were provided information regarding the present study when they visited and consulted a physician in the medical center. The aims of the present study were clearly explained to the patients before they agreed to participate in the study. All participants provided written informed consent before they began completing surveys through in-person interviews in a private room. One year later (i.e., May 2021), a sudden and aggressive community outbreak of COVID-19 occurred in Taipei (before the outbreak [December 1, 2019 to May 14, 2021]: rolling seven-day average of daily new cases = 0 to 1.6; total cases = 22; after the outbreak [May 15, 2021 to June 14, 2021]: rolling seven-day average of daily new cases = 13.7 to 230.4; total cases = 3,953; 38). Moreover, the control policy to minimize the spread of COVID-19 during the outbreak period included the following 11 points: (1) individuals engaging in outdoor activities should wear a mask and fines will be applied to those who do not wear a mask; (2) entertainment and leisure facilities should be closed and fines will be applied to those who open any entertainment and leisure facilities; (3) restaurants cannot provide dine-in services, and all meals should take-out only; (4) marriage ceremonies cannot have banquets; (5) closure of all religion facilities (e.g., temples); (6) closure of all education facilities (including kindergarten and primary schools); (7) prohibition of social gatherings of more than five people indoors and 10 people outdoors (with the exception of family members); (8) self-monitoring of health status; (9) application of spatial distancing in public agencies and business companies; (10) working from home where possible; and (11) increasing use of disinfection and sanitation in public areas and public transportation.

The participants were contacted again to complete surveys via telephone interviews by the same research team for obtaining follow-up measurements. Before the participants participated in the telephone interview, they were informed of the study purpose and their participation-related rights again. All the participants in the follow-up survey provided informed consent to participate in the study. The study was approved by the Ethical Committee of Taipei Medical University (registered number: TMU-JIRB N202005044).



Measures
 
Demographics and Participants' Characteristics

Data were collected regarding the participants' demographic characteristics, namely age, sex, height, weight, and educational status. In addition, data were collected from participants regarding the following comorbidities: hypertension, diabetes mellitus, heart disease, renal disease, stroke, dementia, depression, and cancer.



COVID-19-Related Behaviors

Three types of COVID-19-related behaviors were assessed: preventive COVID-19 behaviors, COVID-19 news searching behavior, and paying attention to COVID-19 news. Three COVID-19 preventive behaviors were assessed, namely handwashing, avoiding touching the face, and covering the mouth when sneezing, on a five-point Likert scale (1 = rarely; 5 = always). Moreover, the three items shared the same item stem (i.e., “Because of the COVID-19 pandemic, …”) to clearly link the three behaviors with preventive COVID-19 behaviors. More specifically, the item descriptions were “Because of the COVID-19 pandemic, how often do you use sanitizer or soap to carefully clean your hands,” “Because of the COVID-19 pandemic, how often do you pay attention not to touch your eyes, nose, and mouth,” and “Because of the COVID-19 pandemic, how often do you use elbow or handkerchief to cover your mouth and nose when you sneeze or cough.” These three behaviors were recommended by the World Health Organization (WHO) as key preventive behaviors to avoid COVID-19 infection when the WHO first announced the pandemic (38). A higher score indicates a higher level of engagement in preventive COVID-19 behaviors. The preventive COVID-19 behavior score is computed by summing the three item scores and dividing the total by 3. To assess COVID-19 news searching behavior, a single item was used (i.e., “Have you eagerly search COVID-19 news”) that was rated on a five-point Likert scale (1 = rarely; 5 = always). To assess paying attention to COVID-19 news, a single item was used (i.e., “Have you paid attention to the COVID-19 news”) that was rated on a five-point Likert scale (1 = do not care at all; 5 = care a lot).



Fear of COVID-19

The seven-item Fear of COVID-19 Scale (FCV-19S) was used to assess the fear of COVID-19. All items are rated on a 5-point Likert scale (1 = strongly disagree; 5 = strongly agree). A higher score indicates a greater fear of COVID-19. The FCV-19S has been shown to have satisfactory psychometric properties across countries in different continents (16, 39) including Taiwan (28, 38). The fear of COVID-19 score is computed by summing the scores obtained for the seven items in the FCV-19S and dividing the total by 7.



Trust in COVID-19 Information

The six-item Believing in COVID-19 Information Scale (BCIS) was used to assess individuals' trust in COVID-19 information. All items are rated on a five-point Likert scale (1 = do not believe at all; 5 = totally believe). A higher score indicates a higher level of trust in COVID-19 information. The BCIS has been shown to have satisfactory psychometric properties in the Taiwanese population (28, 38). The score for trust in COVID-19 information is computed by summing the scores for the six items in the BCIS and dividing the total by 6.



Perceived Infectability

To assess perceived risk of COVID-19 infectability, a single item was used (i.e., “How large the chance that you think you will get COVID-19 infection”) that was rated on a five-point Likert scale (1 = very low; 5 = very high).




Data Analysis

The participants' demographic characteristics were first analyzed using descriptive statistics (i.e., means and frequencies). Paired t-tests together with Cohen's d were used to examine differences in preventive COVID-19 behaviors, COVID-19 news searching behavior, paying attention to COVID-19 news, fear of COVID-19, trust in COVID-19 information, and perceived infectability between the two assessments (i.e., baseline measures before the community outbreak and one-year follow-up, which occurred after the community outbreak). Cohen's d was used to examine the effect of the differences between baseline and follow-up assessments, where small, moderate, and large effects were assigned values of 0.2, 0.5, and 0.8, respectively (40). Pearson's correlation coefficients were calculated to examine the bivariate association between the studied variables for the baseline and follow-up assessments, respectively.

Regarding the proposed model (Figure 2), structural equation modeling (SEM) was used to examine the fit between the proposed model and data. In particular, two SEM models were constructed; one model used the baseline data, whereas another model used the follow-up data. All the studied variables (perceived infectability, fear of COVID-19, trust in COVID-19 information, paying attention to COVID-19 news, COVID-19 news searching behavior, and preventive COVID-19 behaviors) were treated as observed variables to satisfy the principle of parsimony. Moreover, both SEM models were adjusted for age, sex, educational status, body mass index, and comorbidities. Age, sex, educational status, body mass index, and comorbidities were all controlled for because prior evidence has indicated that these factors are likely to be associated with perceived infectability or fear of COVID-19 (23, 41, 42). The SEM models were estimated using diagonally weighted least squares and evaluated using the following fit statistics: (i) non-significant χ2; (ii) comparative fit index (CFI) > 0.9; (iii) Tucker–Lewis index (TLI) > 0.9, (iv) root mean square error of approximation (RMSEA) < 0.08; and (v) standardized root mean square residual (SRMR) < 0.08 (43, 44). R software with the Lavaan package (45) was used to conduct SEM. The remaining statistical analyses were performed using IBM SPSS 24.0 (IBM Corp., Armonk, NY, USA).




RESULTS

Table 1 lists the participants' characteristics. A total of 139 older people (mean age = 71.73 years; 30.2% men) participated in the baseline assessment and 126 of them (mean age = 71.30 years; 30.2% men) participated in the follow-up assessment. Thirteen older people were lost to follow-up due to different reasons including death, moving, and unwillingness to participate in the follow-up assessment. However, the characteristics of 126 participants in the follow-up assessment were similar to those of the 139 participants in the baseline assessment (Table 1). Moreover, Little's missing completely at random test showed that the studied variables, namely COVID-19-related behaviors, fear of COVID-19, trust in COVID-19 information, and perceived infectability, were missing completely at random (χ2= 53.65, df = 54, p = 0.49).


Table 1. Participants' characteristics.
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Table 2 presents the participants' psychological and behavioral changes. The participants exhibited significantly increased fear of COVID-19 (d = 0.39, p < 0.001), trust in COVID-19 information (d = 0.76, p < 0.001), COVID-19 news searching behavior (d = 0.75, p < 0.001), and perceived infectability (d = 0.51, p < 0.001) in the follow-up assessment than they did in the baseline assessment. By contrast, the participants had significantly reduced their preventive COVID-19 behaviors (d = 0.63, p < 0.001) and paying attention to COVID-19 news (d = 0.25, p = 0.007).


Table 2. Psychological and behavioral changes before and after community outbreak (n = 126).
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Table 3 lists the correlation coefficients between the studied variables at two time points (i.e., before and after the community outbreak in Taiwan). Among the variables assessed before the community outbreak, paying attention to COVID-19 news was significantly associated with trust in COVID-19 information (r = 0.28, p < 0.01) and COVID-19 news searching behavior (r = 0.23, p < 0.01); preventive COVID-19 behaviors were significantly associated with perceived infectability (r = 0.40, p < 0.001) and COVID-19 news searching behavior (r = −0.17, p < 0.05); and COVID-19 news searching behavior was significantly associated with perceived infectability (r = 0.28, p < 0.01). Among the variables assessed after the community outbreak, fear of COVID-19 was significantly associated with paying attention to COVID-19 news, preventive COVID-19 behaviors, COVID-19 news searching behavior, and perceived infectability (r = 0.25 to 0.49, p < 0.01), and trust in COVID-19 information was significantly associated with preventive COVID-19 behaviors (r = 0.30, p < 0.01).


Table 3. Correlation coefficients between studied variables before (n = 139) and after (n = 126) the community outbreak.
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The proposed model in the present study was not supported using baseline data (p of χ2 test = 0.011, CFI = 0.74, TLI = 0.18, RMSEA = 0.091, SRMR = 0.056). The path coefficients were not significant except for the path between perceived infectability and fear of COVID-19 in the proposed model when it was fitted with baseline data (Figure 3A). However, the proposed model showed a satisfactory fit with follow-up data (p of χ2 test = 0.53, CFI = 1.00, TLI = 1.03, RMSEA = 0.000, SRMR = 0.038). Moreover, all path coefficients (i.e., perceived infectability to fear of COVID-19; fear of COVID-19 to paying attention to COVID-19 news, COVID-19 news searching behavior, and preventive COVID-19 behaviors; and trust in COVID-19 information to preventive COVID-19 behaviors) were significant in the proposed model when it was fitted with follow-up data (Figure 3B).


[image: Figure 3]
FIGURE 3. Results of the proposed model at two time points. Age, sex, education, body mass index, and comorbidities were controlled in the model. (A) Results from baseline measures examined before the outbreak (April 20, 2020, to May 15, 2020); (B) Results from follow-up measures assessed after the outbreak (May 18, 2021, to June 14, 2021). *p < 0.05; **p < 0.01; ***p < 0.001.




DISCUSSION

To the best of our knowledge, the present study is the first to examine associations among perceived infectability, fear of COVID-19, trust in COVID-19 information, and COVID-19-related behaviors (i.e., paying attention to COVID-19 news, COVID-19 news searching behavior, and preventive COVID-19 behaviors) in two extremely different levels of COVID-19 severity among older people. The results of the present study showed that perceived infectability was significantly and positively associated with the fear of COVID-19. Moreover, fear of COVID-19 was positively associated with COVID-19-related behaviors during the period of severe COVID-19 community outbreak but not during the period of mild COVID-19 community outbreak. Similarly, trust in COVID-19 information was positively associated with preventive COVID-19 behaviors during the period of severe COVID-19 community outbreak but not during the period of mild COVID-19 community outbreak. The findings supported all the hypotheses for the period with severe COVID-19 community outbreak but only Hypothesis 1 for the period with mild COVID-19 community outbreak. Moreover, increased levels of fear of COVID-19, trust in COVID-19 information, COVID-19 news searching behavior, and perceived infectability were observed during the period of severe COVID-19 community outbreak. By contrast, the levels of paying attention to COVID-19 news and preventive COVID-19 behaviors decreased during the period of severe COVID-19 community outbreak.

The increased levels of perceived infectability, fear of COVID-19, trust in COVID-19 information, and COVID-19 news searching behavior can be explained by the increased severity of the COVID-19 outbreak in Taiwan. The substantial increase in confirmed COVID-19 cases and deaths during May and June 2021 (confirmed cases increased from 1,132 on May 1, 2021 to 10,846 on June 14, 2021; deaths increased from 12 to 438 during this period) likely scared residents, especially older people who can develop severe health problems due to COVID-19 infection (18, 19). By contrast, decreased levels of preventive behaviors and paying attention to COVID-19 news were observed among older people. This finding may be explained by behavioral fatigue (46, 47). The present sample showed relatively high scores in paying attention to COVID-19 news (4.18 of 5) and preventive COVID-19 behaviors (4.79 of 5) during the baseline survey. Therefore, they might have not been able to maintain such high levels of behavior over a year. Future studies should explore the effects of and mechanisms underlying behavioral fatigue to assist older people in maintaining their preventive behaviors.

The proposed model with five hypotheses was supported by data collected at follow-up but not by data collected at baseline. This finding indicates that prior theories (e.g., the health belief model, protection motivation model, and fear drive model) (28–32) could be used to explain COVID-19 prevention among older people. Preventive behaviors may not be induced or triggered when older people's fear is low. Prior evidence regarding the effectiveness of fear on individuals' preventive COVID-19 behaviors depends on relatively high levels of fear (5, 6, 9, 34). Moreover, the follow-up data showed a higher level of fear than the baseline data. Therefore, the findings suggest that older people should have some level of fear to engage in preventive behaviors. However, additional empirical evidence is required to corroborate such a postulation.

The findings of the present study has some implications. First, healthcare providers and policymakers should develop potential strategies to prevent older people from feeling fatigue in practicing preventive behaviors. It will be a long time before the COVID-19 pandemic is fully under control. Given the COVID-19 pandemic may last for a long period, maintaining preventive COVID-19 behaviors will be crucial before the pandemic is under control. Therefore, strategies are needed to prevent behavioral fatigue among older people. Second, healthcare providers and policymakers should monitor the fear levels among older citizens and apply fear appeals when necessary to increase their engagement in preventive behaviors (48–50). More specifically, fear appeals emphasize the potential danger and harm for health and may facilitate the adherence of preventive COVID-19 behaviors among older people (50, 51) although it should be noted that fear may increase due to the information provided (52, 53). Therefore, when fear is low, the government should disseminate accurate information regarding the negative consequences of becoming infected with COVID-19 to increase older people's awareness and attention to aid compliance and facilitate preventive behaviors. However, such information should be accompanied by information stating that preventive COVID-19 behaviors can significantly decrease their chances of getting COVID-19 infection which would minimize panic and/or high levels of psychological distress. Moreover, the government may need to implement a mental health campaign to help older people cope with their psychological distress concerning the potentially fatal consequences of COVID-19. Another implication of the study relates to planning health education interventions using fear-based theories/model to increase observance of preventive strategies among older adults. Indeed, since the level of fear and the sense of infectability may be significantly be associated with adherence to preventive measures, based on the present study's findings, using such interventions may include positive impacts on behavioral compliance in this population.

This study has some limitations that should be addressed. First, the modest number of recruited participants were all older outpatients from a medical center, indicating that they had health-seeking behaviors. Therefore, the participants might have had a higher level of engagement in preventive behaviors during the pandemic. Consequently, the present findings cannot be generalized to all older people, especially those who do not have health-seeking behavior. Second, the measures were assessed using different methods in the two surveys. The baseline survey was conducted utilizing in-person interviews whereas the follow-up survey was conducted utilizing telephonic interviews. However, given that the period of the follow-up survey was during a severe community outbreak and unnecessary in-person contact was prohibited, a telephone interview was one of the few methods that could be adopted to obtain survey data. Nevertheless, the present study used the same interviewers to administer both surveys to reduce potential rater bias during the two periods of data collection. Third, some psychological constructs in the present study were assessed using a single-item measure. These constructs may have poorer psychometric properties (e.g., low internal validity and reliability with inconsistent outcomes between the baseline and follow-up measures in the present study) than those assessed using multiple items (54). However, given that the target population in the present study was older people seeking medical services, a practical and strategic decision was taken by the research team to reduce the length of the survey to minimize the burden for this specific population. Finally, the preventive COVID-19 behaviors assessed in the present study may no longer be the best preventive indicators (e.g., many governments have suggested wearing a mask to be a good preventive COVID-19 behavior; also, the development of effective vaccines means that vaccination uptake is an important preventive COVID-19 behavior (55); however, these were not assessed in the present study). Therefore, in order to align the follow-up measures with the baseline measures, the present study did not include these latest preventive behaviors for data analyses.



CONCLUSION

The findings of the present study demonstrated that the severity of a COVID-19 outbreak may alter older people's psychological status and related behaviors. Fear of COVID-19, trust in COVID-19 information, and COVID-19 news searching behavior were particularly increased. However, because of behavioral fatigue, older people's preventive COVID-19 behaviors and their paying attention to COVID-19 news were decreased in the severe COVID-19 outbreak period. Moreover, the association between preventive COVID-19 behaviors and fear of COVID-19 was observed only when the older people had some level of fear. Based on the findings, governments and healthcare providers may need to develop efficient methods specifically for older people to prevent behavioral fatigue until the pandemic is fully controlled. Replication of this study in a situation that older adults are vaccinated against COVID-19 throughout the community may indicate how such controlling strategies may affect the process of interaction between fear and behavioral aspects of prevention in this population.
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Introduction: With the increased emergence of SARS-CoV-2 variants, the impact on schools and preschools remains a matter of debate. To ensure that schools and preschools are kept open safely, the identification of factors influencing the extent of outbreaks is of importance.

Aim: To monitor dynamics of COVID-19 infections in schools and preschools and identify factors influencing the extent of outbreaks.

Methods: In this prospective observational study we analyzed routine surveillance data of Mecklenburg-Western Pomerania, Germany, from calendar week (CW) 32, 2020 to CW19, 2021 regarding SARS-CoV-2 infection events in schools and preschools considering changes in infection control measures over time. A multivariate linear regression model was fitted to evaluate factors influencing the number of students, teachers and staff tested positive following index cases in schools and preschools. Due to an existing multicollinearity in the common multivariate regression model between the variables “face mask obligation for children” and “face mask obligation for adults”, two further separate regression models were set up (Multivariate Model Adults and Multivariate Model Children).

Results: We observed a significant increase in secondary cases in preschools in the first quarter of 2021 (CW8 to CW15, 2021), and simultaneously a decrease in secondary cases in schools. In multivariate regression analysis, the strongest predictor of the extent of the outbreaks was the teacher/ caregiver mask obligation (B = −1.9; 95% CI: −2.9 to −1.0; p < 0.001). Furthermore, adult index cases (adult only or child+adult combinations) increased the likelihood of secondary cases (B = 1.3; 95% CI: 0.9 to 1.8; p < 0.001). The face mask obligation for children also showed a significant reduction in the number of secondary cases (B = −0.6; 95% CI: −0.9 to −0.2; p = 0.004.

Conclusion: The present study indicates that outbreak events at schools and preschools are effectively contained by an obligation for adults and children to wear face masks.

Keywords: schools and pre-schools, routine surveillance data, control measures, multivariate regression analysis, SARS-CoV-2 infections


INTRODUCTION

Since the emergence of the coronavirus SARS-CoV-2 and the subsequent global COVID-19 pandemic, the role of children and adolescents, and in particular the role of schools and pre-schools in the infection process remains unclear. Preliminary results suggest that children younger than 10–14 years have a lower susceptibility to SARS-CoV-2 infection compared to adults (1–4). In addition, children have lower rates of severe COVID-19 courses compared to other age groups and present fewer and milder symptoms compared to adults (5–7).

Although the closure of general and private schools, as well as pre-schools, has become a common approach in containing the COVID-19 pandemic, the contribution of school and pre-school openings to the dynamics of the pandemic is unclear. On the one hand, it has been shown that schools play a rather minor role in virus spreading and that infections occurring in schools largely reflect the incidence of the surrounding area (8, 9). On the other hand, it has been shown that school closures can have a significant effect on the trend reversal of case numbers (10, 11). Nevertheless, early modeling studies of COVID-19 suggested that school closures alone would prevent only 2–4% of overall COVID-19-associated deaths (12). Children and adolescents represent a vulnerable group that is particularly at risk due to the social deprivation and constraints imposed by school closures, with consequent negative physical, psychological, and educational effects (13, 14).

To date, there is only insufficient evidence to definitively rule out schools as a source of infection. It remains undisputed that children and adolescents can be infected with SARS-CoV-2 and can spread the infection possibly as asymptomatic carriers. However, studies in schools suggest that infections are predominantly brought into schools by adults and that a child-to-child transmission in schools is rare and probably not the primary cause of SARS-CoV-2 infections in children collectives (15, 16). An analysis of laboratory-confirmed COVID-19 cases in children and adolescents in Germany from January to August 2020 showed that affected schools had few cases per outbreak and that older age groups were affected more frequently (17). Actual COVID-19 outbreaks in schools, i.e., infection events with more than one person infected are rare (8, 17).

Because new virus variants with altered infection dynamics emerge, it is crucial to closely monitor infection events in schools and pre-schools. In a study by Loenenbach et al. children and adolescents showed a comparable secondary attack rate (SAR) upon infections with SARS-CoV-2 variant B.1.1.7 to adults, with consequent evidence for increased susceptibility and infectiousness of the viral mutant in children and adolescents (18). In addition, the delta variant of SARS-CoV-2 is spreading rapidly worldwide. Analyses of self-administered RT-PCR swab samples tested for SARS-CoV-2 positivity as well as viral genome sequencing suggest that children may be infected with the delta variant of the virus more frequently than adults (19, 20). In the absence of pre-existing conditions, however, there is currently no evidence of a higher risk of severe disease progression in this age group. Nevertheless, there is some evidence suggesting that a relevant proportion of children may experience long-term effects similar to adults after clinical COVID-19 infection (Long COVID) (21).

The aim of this prospective observational study was to monitor the dynamics of infection events at schools and pre-schools, taking into account the hygiene regulations in force in Mecklenburg-Western Pomerania at the time, and to identify factors influencing the extent of outbreaks.



METHODS

The following evaluations are based on data from the routine surveillance of the State Office for Health and Social Affairs Mecklenburg-Western Pomerania (Landesamtes für Gesundheit und Soziales M-V, LAGuS). We analyzed information of school-related infections from calendar week (CW) 32 in 2020 to CW 19 in 2021 at general and private schools and pre-schools. Local health offices identified school-related cases through contact tracing and reported them to the LAGuS. All vocational schools were excluded due to the special regulations with regard to hygiene measures and heterogeneity compared to the other types of schools. The primary objective of the study was to investigate the dynamics of COVID-19 infections in schools and pre-schools in dependence on pandemic-related changes in hygiene measures and to investigate the influence of hygiene measures on the extent of outbreaks. The ethics committee at the University Medical Center Rostock gave a positive vote on this study (Registration Number: A2020-0090).


Study Population

Cases with SARS-CoV-2 positive results were identified by laboratory-based RT-PCR testing. Then, the positive test results were forwarded to the LAGuS by physicians or laboratory staff. Federal health authorities categorized the infections as index or secondary cases by identifying contact persons and the onset of symptoms. Furthermore, infected individuals were indicated as children or adults. The number of infections that occurred at each school/pre-school were listed according to the respective CW.

Information on the affected institution for this study were provided by the LAGuS. These included name and location, the number of infections among adults and children, their classification into index and secondary cases as well as the prescribed measures. The information was anonymized and did not convey personal data. In a few cases, it was either not possible to identify the first person infected, or infection events occurred simultaneously, so two individuals may be listed as the index case.

An infection event in schools/pre-schools was defined by the LAGuS as one person tested positive by PCR testing (index case) and, in temporal (maximum 10 days) and spatial relation (same institution) to this, the occurrence of another person tested positive by PCR testing (secondary case). The R-factor (R-F) was calculated by dividing the number of secondary cases by the number of index cases.



Infection Control Measures and Timeline

Hygiene measures applicable in Mecklenburg-Western Pomerania were listed on the basis of the information letters and corona ordinances issued by the Ministry of Education, Science and Culture and the Ministry of Social Affairs, Integration and Equality in collaboration with the LAGuS (22, 23). The applicable hygiene measures were documented chronologically by date for schools and pre-schools (Table 1).


Table 1. Applicable hygiene measures in schools (Ministry of Education, Science and Culture) and pre-schools (Ministry of Social Affairs, Integration and Equality) in Mecklenburg-Western Pomerania comparing phase 1 with phase 3.
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To capture the impact of hygiene measures, we divided infection events throughout the school year 2020/2021 into four phases. In phase 1, both schools and pre-schools were open on a regular basis and in usual operation, subject to conditions such as maintaining a minimum distance of 1.5 m, wherever possible. In the second phase, schools and pre-schools were closed. In the third phase, schools and pre-schools were gradually opened with modified hygiene measures, depending on the local incidence levels (see Table 1). In the fourth phase, there was another lockdown. During the lockdown, schools and pre-schools were primarily closed. Pupils were instructed from the distance to self-study at home. Emergency care was provided for children from pre-school until 6th grade, if parents could prove to have system-relevant jobs (such as hospital employees, etc.) and were not able to organize other forms of childcare. Furthermore, all graduating classes were allowed to be taught in presence in the school building.

The study period was divided into the following time phases depending on the infection control measures in place:






Statistical Analysis

Continuous variables were reported as median (range), and categorical data as counts and percentages. In addition, the mean value per infection event was reported for the following variables: overall cases, index cases, secondary cases, index cases children, index cases adults, secondary cases children and secondary cases adults. Univariate analysis for categorical variables was performed by using Chi2-test or Fisher's exact-test and for continuous variables with Student's t-Test or Mann-Whitney-U test depending on the normal distribution (tested with Shapiro-Wilk test). To evaluate the impact of associated variables on the number of secondary cases, a multivariate analysis was conducted.

For multivariate analysis a common linear regression model was set up with the number of secondary cases as the dependent variable and as independent variables the total number of index cases, type of index case [Child (1)/Adult (2)/Child + Adult (3)], Mask obligation for adults [No (0)/Yes, conditionally (1)/Yes, everywhere in school building/pre-school (2)], mask obligation for children {No (0)/[No/Yes, conditionally (1)]/Yes, conditionally (2)/Yes, everywhere in the school building/pre-school (3)} and setting [school (0)/pre-school (1)]. For the variable “affected person as index case,” it occurred that more than one person was documented as an index case. This means that it was not possible to distinguish which person was infected first, e.g., because symptoms occurred simultaneously or two outbreaks occurred at the same time. When a child and an adult were documented as index cases, they were assigned to the “child + adult” category. With respect to the variables “face mask mandatory for adults” and “face mask mandatory for children,” “Yes, under certain circumstances” was selected if the mask obligation existed only under certain circumstances but not during the entire time spent in the school building/pre-school (Table 1). For schools, for example, this applies if there was no mask obligation during lessons and in pre-schools if there was no mask obligation for adults during pedagogical work with the children. Furthermore, the “No/Yes, conditionally” category was applied when the school consisted of a primary and secondary part, due to different applicable hygiene measures for children among different age groups. Time and location were considered by CW and county of the school/pre-school and were dummy-coded in the model to avoid temporal and spatial associations. Due to multicollinearity between the variables mask obligation for children and mask obligation for adults, two further multivariate linear regression models were set up, whereby in the “Multivariate Model Adults” the mask obligation for children was not taken into account and in the “Multivariate Model Children” the mask obligation for adults was not considered. Regression coefficients (B) are presented with 95% confidence intervals (CI). The goodness of fit of the model was determined using R2 and the corrected R2. Cohen's f2 was calculated with the formula f2 = [corrected R2/(1-corrected R2)].

A p-value < 0.05 was considered statistically significant. Statistical analysis was performed using IBM SPSS Statistics version 27. The figures were created using Microsoft® Excel (Microsoft® Excel for Mac, Version 16.51 (21071101).




RESULTS


Hygiene Measures in Schools and Pre-schools

The specifications for hygiene measures to contain the COVID-19 pandemic in schools and pre-schools were continually adapted and changed throughout the study period from August 2020 until May 2021. Since schools and pre-schools were open in phase 1 and phase 3, we particularly compared the hygiene measures in those periods. Table 1 provides an overview of the hygiene measures that were in place in schools and pre-schools during each phase. General hygiene measures such as keeping a minimum distance (at least 1.5 m), proper coughing, sneezing and thorough hand washing, wearing a mask and frequent ventilation were persistent throughout the study period and are therefore neglected in the overview.

Regulations differed between schools and pre-schools in Mecklenburg-Western Pomerania, particularly regarding the obligation to wear a mask covering mouth and nose. A differentiation between staff (educators and teachers) and children is relevant. Face masks became mandatory on school grounds and within school buildings at the 4th of August 2020. Defined exceptions applied, e.g., during lessons; for pupils from 1st til 4th grade; if a distance of at least 1.5-m was kept or while drinking and eating.

The mask obligation during lessons was introduced for teachers at schools on 16th of December 2020, whereas this obligation for children was issued 8th of January 2021. Children in pre-schools were not required to wear a mask at any time of our study period. Educators in pre-schools are exempt from the mask requirement during their pedagogical work with children.

Other hygiene measures, such as maintaining the 1.5 m minimum distance, building defined cohorts, and offering vaccination to staff members, did not differ between the settings in the respective phases.



Infection Events in Schools

A total of 956 infection events occurred during the study period, of which n = 43 infection events were excluded from the analyses because they occurred at vocational schools. Of the included n = 913 infections, n = 475 occurred in schools and n = 438 in pre-schools. A summary of the total number of SARS-CoV-2 cases at schools and pre-schools during the study period is provided in Figure 1.


[image: Figure 1]
FIGURE 1. Total number of SARS-CoV-2 cases at schools and pre-schools in the study period (week 32/20–19/21) divided into the different phases of infection control measures in Mecklenburg-Western Pomerania.


In phases 1 (CW32-CW51, 2020) and 3 (CW8–CW15, 2021), the schools were open under different restrictions (Table 2). In phase 1, a total of n = 189 schools were affected by at least one infection. A total of n = 225 index cases and n = 236 secondary cases were identified (R-F = 1.05). Most frequently regional schools (n = 67) were affected, followed by elementary schools (n = 41) and integrated/cooperative, comprehensive schools (n = 35), grammar schools (n = 30), or special schools (n = 15).


Table 2. Infection incidence in schools in Mecklenburg-Western Pomerania subdivided by time phases depending on infection control measures in place, N = 475.
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In phase 3 (CW8-CW15 2021, open schools), a comparable number of schools was affected (n = 179) as in phase 1, but the incidence shifted to younger school cohorts (elementary schools n = 70, regional Schools n = 46, grammar schools n = 24, integrated/cooperative, comprehensive schools n = 24, special schools n = 14. A total of n = 211 index and n = 70 secondary cases (R-F = 0.33) were identified in phase 3.

In both phases 1 and 3, children were identified more frequently as index cases (phase 1: n = 160 and phase 3: n = 161) compared to adults (phase 1: n = 40 and phase 3: n = 32). The number of secondary cases caused by the index case “child only” was also comparable in both phases (phase 1: R-F = 0.26 and phase 3: R-F = 0.33), whereby children became infected more frequently (phase 1: R-F = 0.19 and phase 3: R-F = 0.27) than adults (phase 1: R-F = 0.07, and phase 3: R-F = 0.06).

Differences in the two phases became evident when considering the index case “adult only” and the resulting secondary infections. In total, n = 40 adults were identified as index cases in phase 1 and n = 32 in phase 3. These infections resulted in a total of 179 secondary infections (R-F = 4.48) in phase 1 and 15 secondary infections in phase 3 (R-F = 0.47, p = 0.002). Just as in the case of “child only” as index, more children (phase 1: R-F = 3.93 and phase 3: R-F = 0.34, p = 0.001) than adults (phase 1: R-F = 0.55 and phase 3: R-F = 0.13) became infected by positive adults.

With comparable numbers of affected schools and index cases, the number of subsequent cases decreases significantly from phase 1 to phase 3. This becomes particularly obvious when looking at the transmission from adults to children. An average of 2.44 cases was reported per infection event in phase 1, of these n = 1.19 were classified as index cases and n = 1.25 as secondary cases. In phase 3, an average of 1.57 cases occurred per infection event, of which 1.18 were index cases and 0.39 were secondary cases (p = 0.046).



Infection Events in Pre-schools

An overview of the COVID-19 infection events at pre-schools subdivided into phases during the study period is given in Table 3.


Table 3. Infection incidence in pre-schools in Mecklenburg-Western Pomerania subdivided into phases subdivided by time phases depending on infection control measures in place, N = 438.
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In phase 1, n = 84 infection events occurred overall in pre-schools, with n = 90 index cases leading to n = 47 secondary cases (R-F = 0.52). Whereas, in phase 3 n = 201 infection events occurred, whereby n = 237 index cases led to n = 372 secondary cases (R-F = 1.57). Comparing phase 1 to phase 3 (pre-schools were open), significantly more cases overall occurred in phase 3 with significantly more secondary cases (p = 0.002; p = 0.007). When comparing the two phases, there were no significant differences in the distribution between children and adults as index cases. In terms of secondary cases, significantly more children were affected in phase 3 compared to phase 1 (p < 0.001), whereas no differences were seen in adults (p = 0.120).

If the index case was a child, there were no differences in the number of secondary cases and the individuals affected between the two phases. In the first phase infections in children in pre-schools caused an average of 0.49 secondary cases and the corresponding number in the third phase was 0.51 secondary cases.

If the index case was an adult, there were significantly more secondary cases in the 3rd phase compared to the first phase (1st phase, R-F = 0.58; 3rd phase R-F = 2.81; p < 0.001), with more secondary cases among adults (p = 0.008), as well as among children (p < 0.001). Infections in adults in pre-schools caused an average of 0.42 secondary cases in adults and 0.17 secondary cases in children in the first phase, whereas infections in adults in the third phase caused 1.07 secondary cases in adults and 1.75 secondary cases in children. Accordingly, in the third phase the probability of transmission of adults as index case was five times higher compared to children.



Impact of Hygiene Measures in Schools and Pre-schools on Extent of Outbreak Occurrence

To examine the impact of hygiene measures on the magnitude of outbreak occurrence, a linear regression model was set up with the number of total secondary cases per infection event as the dependent variable. The linear regression model is presented in Table 4. The wearing of face masks by children and adults was included in the model, as these hygiene measures differed between schools and pre-schools.


Table 4. Linear regression models with dependent variable number of secondary cases, N = 913.
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In univariate analysis, mandatory masking of adults (B = −0.9; p < 0.001) and mandatory masking of children (B = −0.3; p < 0.001) each resulted in a significant reduction in the number of secondary cases. An increasing number of index cases leads to an increase in secondary cases (B = 0.5; p = 0.008). Infections of adults and adults + children as index cases were positively associated with more secondary cases (B = 1.5; p < 0.001) (Table 4).

Due to an existing multicollinearity in the common multivariate regression model between the variables face mask obligation for children and face mask obligation for adults, two further separate regression models were set up (Table 4, Multivariate Model Adults and Multivariate Model Children). Requiring adults and children to wear masks significantly reduced the likelihood of secondary cases (Model Adults: B = −1.9; p < 0.001; Model Children: B = −0.6; p = 0.004) and having an adult or child+adult as index case increased the likelihood of secondary cases (B = 1.3; p < 0.001); Model Adults: R2 = 0.152, corrected R2 = 0.106; Model Children: R2 = 0.145, corrected R2 = 0.099. Cohens f2 = 0.12 (Model Adults) and Cohens f2 = 0.11 (Model Children) represent a small effect size of the multivariate linear regression models.




DISCUSSION

Due to the highly dynamic nature of the COVID-19 pandemic, especially during the winter season in 2020/2021, and due to the simultaneous start of COVID-19 vaccination, there were repeated adjustments of Corona hygiene regulations for schools and pre-schools in Mecklenburg-Western Pomerania, Germany. This prospective observational study aimed to map the dynamic changes in infection events at schools and pre-schools and to highlight factors influencing the extent of an outbreak while taking hygiene measures into account.

To date, several studies provide evidence that schools are not drivers of the pandemic, but may contribute to the reduction of the reproduction number, depending on other hygiene measures in the population (24–26). Consistent with others, our data from schools and pre-schools in Mecklenburg-Western Pomerania suggest that the risk of a COVID-19 outbreak in these institutions increases if the index case is an adult (26).

In schools, outbreaks with secondary cases occurred more frequently in the first phase, whereas outbreaks in pre-schools occurred more frequently in the third phase. A recently published study by Loenenbach et al. provides preliminary evidence that as SARS-CoV-2 variant B.1.1.7 has become more widespread; the susceptibility and infectivity of children and adolescents has increased (18). Similar data are shown in the REACT_r12 study in England (19) and in a study from Scotland (20). The delta variant (B.1.617.2) of SARS-CoV-2 is spreading rapidly worldwide, and as of the end of June 2021, is the dominant virus variant in Germany, accounting for 59% of the total in Germany (27). Initial studies indicate that children were more likely to be infected with the delta variant of the virus than adults (19, 20). An increased risk of severe disease progression was not observed. As with the previous variants, the risk of severe disease progression in children and adolescents without previous illness is very low.

We could observe a comparable trend in pre-schools, but not in schools. However, an increase in infection cases in elementary schools in phase 3 suggests a shift of infections toward the age group <12. It should be emphasized that there were comprehensive adaptations of hygiene concepts in schools e.g., incidence-dependent alternating lessons, as well as an obligation to wear face masks during lessons in the third phase—possibly reducing outbreak events. On the other hand, voluntary point-of-care (PoC) testing has been implemented in schools since 03/21, increasing the likelihood of detecting asymptomatic cases. Mandatory PoC testing at schools did not begin until the end of April 2021, CW17. No mandatory PoC testing was conducted in pre-schools. In our study, we did not see an increase in the number of cases in schools since March 2021. In both schools and pre-schools, symptomatic children and adults had to stay at home. In Mecklenburg-Western Pomerania, both teachers and pedagogical staff were offered vaccinations from the beginning of March 2021. However, the acceptance rate of the offers cannot be verified as there is no consistent vaccination surveillance in Germany.

Interestingly, the strongest predictor of the extent of the outbreak in our study was found to be the teacher/caregiver mask obligation. Furthermore, requiring children to wear masks may also reduce the number of secondary cases. The existing multicollinearity between the variables face mask obligation for children and face mask obligation for adults in the multivariate regression model leads to the fact that not both variables should be considered in one regression model, and even after separation into two regression models, the estimates should be considered with caution since estimates for children may be at least partially explained by adult mask-wearing and vice-versa. Nevertheless, since adults were more often the index case, adult mask-wearing is particularly effective. Of course, children wearing face masks reduces the risk of infection and consequently the number of secondary cases, but mask-wearing is not recommended in young children under 6 years of age, as they cannot use it properly.

When comparing the hygiene measures between schools and pre-schools, an important difference emerges. In pre-schools, masks were not mandatory at any time during the educational work, i.e., the interaction between staff and child. Other hygiene measures were largely comparable between schools and pre-schools. The implementation of hygiene measures following the regulations can only be assumed here. As part of another project, we carried out school inspections, whereby we monitor infection events at schools and the compliance to hygiene regulations. In these inspections we have so far not been able to detect any gross violations (unpublished data). An analysis by Philipps et al. showed that outbreak size in pre-schools and primary schools may be reduced by smaller group sizes and grouping of siblings (28).

It is important to highlight that the temporal subdivision of the phases is simplified and the containment measures were heterogeneous and complex, depending on the incidence of each county, especially in the 3rd phase (school and pre-school opened). Therefore, time and location were included as potential confounders in our model. Another important aspect is, that further to the different age distribution of children in schools and pre-schools, the staff-child interactions are not comparable between these two settings. Therefore, univariate analyses of the infection events were performed separately and in the multivariate regression model the setting (school/pre-school) was considered.

Nevertheless, the presented data on the incidence of infections in pre-schools in the third phase is of concern and should receive more focus in the public debate—especially in light of the fact that new virus mutations may lead to altered transmission and infectiousness in children and adolescents.

In our opinion, a mask requirement for caregivers in pre-schools should be considered. For example, instead of medical masks, colorful fabric masks could be recommended to make children feel more comfortable. The educational work could be impaired by such a measure, yet mouth-nose covering is one effective preventive method to contain the COVID-19 pandemic (29, 30). Given that educational professionals and teaching staff in Germany have been prioritized for vaccination, a reduction in the incidence of infection in schools and pre-schools can be assumed. However, verification of vaccination status is not permissible, so that a mask requirement should be reconsidered.

Limitations of this study are especially the insufficient information on SARS-CoV-2 positive tested persons at schools and pre-schools, such as demographics, medical history, number of contact persons and symptoms since illness onset to further specify the factors influencing the extent of the outbreaks. Furthermore, it must be emphasized that contact persons of infected persons have not been tested consistently, but have often been quarantined based on contact only, so that the number of SARS-CoV-2 positive cases may be underestimated. In particular, children and adolescents are often asymptomatic, so that cases may go undetected. As mentioned above, the temporal breakdown into phases is simplified and based on the guidelines of the state of Mecklenburg-Western Pomerania, Germany. Furthermore, during phase 1 the hygiene measures were partly different at one school, for example, primary school students did not have to wear a mask, whereas secondary school students had to wear a mask e.g., in the corridors and during breaks. This was therefore considered in the multivariate analysis.

With the start of the new school year 2021/2022, children and adolescents will be among the age groups with the lowest vaccination coverage for COVID-19. Therefore, in the absence of strict adherence to hygiene measures, a concentrated spread of COVID-19, including outbreaks, might be expected in these age groups.

In principle, however, it can be assumed that the established hygiene rules (distance, frequent handwashing, wearing a mask) will also protect against new variants of SARS-CoV-2. Due to the possible increased susceptibility of children, these measures must be implemented even more consistently, especially in the age group <12 years. A focus should therefore be placed on effective protection concepts in pre-school and elementary school settings and in after-school care centers.

In conclusion, the dynamics of infection events differ between schools and pre-schools over time. Considering the respective applicable hygiene measures in schools and pre-schools in the study region, as well as temporal and spatial factors, the present study indicates that outbreak events at pre-schools and schools are particularly potentiated when an adult is the index case. Thus, an obligation for adults to wear face masks might be an important measure to contain outbreaks, particularly in pre-schools during educational work.
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Personal protective behaviors of healthcare workers (HCWs) and dynamic changes in them are known to play a major role in the hospital transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). In this study, 1,499 HCWs in Chinese hospitals completed an online survey about their knowledge on SARS-CoV-2 transmission and their personal protective behaviors before and after coronavirus disease 2019 (COVID-19) vaccination. Of all the respondents, 89% were vaccinated at the time of the survey and 96% believed that the vaccine was effective or highly effective. Further, 88% of the vaccinated HCWs expressed that they would get revaccinated if the vaccination failed. Compared with HCWs with a lower education level, those with a higher education level had less fear of being infected with SARS-CoV-2 and reported a lower negative impact of the pandemic on how they treated patients. Physicians and nurses were willing to believe that short-range airborne and long-range fomite are possible transmission routes. HCWs with a higher education level had a better knowledge of COVID-19 but worse personal protective behaviors. The fact that HCWs with a longer work experience had worse personal protective behaviors showed that HCWs gradually relax their personal protective behaviors over time. Moreover, vaccination reduced the negative effects of the COVID-19 pandemic on how the HCWs treated patients. Importantly, the survey revealed that after vaccination, HCWs in China did not relax their personal protective behaviors, and it may bring a low potential risk for following waves of variant virus (e.g., delta).

Keywords: COVID-19, healthcare worker (HCW), personal protective behavior, vaccination, transmission route, mask, hand hygiene, indoor ventilation


INTRODUCTION

Sustained and adequate personal protective behaviors have been instrumental in tackling the coronavirus disease 2019 (COVID-19) pandemic (1, 2). As of the end of November, 2021, more than 250 million people have been infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causal pathogen, and over 5.1 million have died from the infection (https://covid19.who.int/).

Most cases of transmission have occurred between people in indoor settings, and personal protective behaviors has played a major role in transmission (3). Following a record-breaking speed in vaccine development, multiple COVID-19 vaccines have become available (4). As of August 12, 2021, more than 4.4 billion vaccine doses had been administered worldwide (https://covid19.who.int/). However, it remains unclear whether people change their personal protective behaviors against COVID-19 after being vaccinated.

Compared with the general public, healthcare workers (HCWs) are more vulnerable to COVID-19 infection during the ongoing pandemic because of frequent contacts with confirmed patients and a higher risk of meeting potentially infected patients (5). In China, 4.4% of all COVID-19 cases were in HCWs (6). In the USA, 9,282 HCWs were infected with SARS-CoV-2 from February 12 to April 9, 2020, which constituted 19% of the total infected cases in the country at that time (7). In the early phase of the pandemic, up to 10% of HCWs in some countries were infected with SARS-CoV-2 (8). Compared with the general public, HCWs have maintained a higher level of perceived risk and worry about the COVID-19 crisis and better adherence to personal preventive practices (9).

Because of their high susceptibility to infection, it is strongly recommended that HCWs should take sufficient protective equipment to minimize the infection risk (10). Mask and gloves wearing were primary suggested for risk reduction of HCWs and the use of a mask by the infected was very effective (11). Except for sufficient personal protective equipment, HCWs are prioritized for vaccination (12). Studies have evaluated the efficacy of vaccines (13) and the role of vaccination in the prevention and control of both COVID-19 and influenza in hospital settings (14). However, no study has investigated the changes in the personal protective behaviors of HCWs before and after vaccination. For example, it remains unclear whether, after vaccination, HCWs continue taking all precautions while treating patients or relax their preventive measures. The latter case may greatly increase their susceptibility to the newer variants of the virus (e.g., alpha and delta) given that the efficacy of current vaccines against newer variants is potentially low (15). Therefore, understanding post-vaccination changes in the protective behaviors of HCWs is crucial.

In this study, we performed an online survey of HCWs in China to understand the levels of their COVID-19 transmission knowledge and personal protective behaviors. We also analyzed changes in their personal protective behaviors after vaccination. The results are expected to inform COVID-19 prevention and control efforts at hospitals.



METHODS


Participants and Procedures

An online survey was conducted in HCWs from Chinese hospitals on June 19 and 20, 2021. All of the respondents were at work in a hospital at the time of the survey and completed the survey within that day. Vaccinated respondents were asked to answer 34 questions, whereas non-vaccinated respondents were asked to answer 27 questions. A questionnaire was considered invalid if the respondent submitted all responses within 2 min, the answer to the test question “Please select the third option” was wrong, or the respondent was not an HCW. Of the 1,742 collected questionnaires, 243 were invalid. Thus, the remaining 1,499 valid questionnaires were analyzed.

The survey was conducted using a professional software application named Wenjuanxing (www.wjx.cn) and distributed to HCWs through several communication groups on WeChat, the most widely used messaging and social media app in China. Some HCWs were directly recruited in these communication groups, who further disseminated the online questionnaire to their colleagues to complete the survey. The survey took approximately 5 min to complete, and the respondents received CNY 10 after successfully submitting a valid questionnaire. This survey was approved by the Ethics Committee of Beijing University of Technology (HS202111001).



Scope of the Survey Questions

The survey included questions about demographic information, non-individual COVID-19 prevention and control measures adopted in their hospitals, knowledge about COVID-19, and changes in personal protective behaviors after vaccination. The following demographic data were collected: gender, age, education level, annual income, occupation in the hospital (physician, nurse, administrative staff, cleaner, and others), province of the workplace, department in the hospital [high-risk departments include respiratory, ophthalmology and otorhinolaryngology, anesthesiology, infectious disease, general, and ICU departments (16, 17)], hospital classification (as per the 3-tier system—with 3 being the highest level—adopted by the Ministry of Health; each level is subdivided into grades A, B, and C in the following order [highest to lowest]: 3A+, 3A, 3B, 3C, 2A, 2B, 2C, 1A, 1B, 1C, and <1C), years of work experience, and vaccination status. No question soliciting information of personal identification was included in the questionnaire. The non-individual COVID-19 prevention measures (in the hospitals) solicited by the questions included convenience of hand washing, indoor ventilation in the workplace, and guidelines for COVID-19 prevention and control in the hospital and department. Knowledge about COVID-19 solicited by the questions included vaccination efficacy, possible SARS-CoV-2 transmission routes, intention to be revaccinated in case of vaccination failure, and changes in protective behaviors due to outbreaks in other cities. Personal protective behaviors before and after vaccination solicited by the questions included the hand washing frequency, desk surface cleaning, air disinfection, wearing protective gear in the hospital, paying attention to indoor ventilation, fear of contracting COVID-19, and negative impact of the pandemic on how they treated patients.

At the time point (June 30, 2021) of questionnaire distribution, there were 91,846 cumulative reported COVID-19 cases and 124 confirmed new infected cases (both local and imported) within the past week (June 24 to 30, 2021) (Supplementary Figure 1). The COVID-19 pandemic almost kept the stable (26.1 ± 29.9 daily new reported cases) after the vaccination since January 1, 2021, and majority of the infected were imported cases. Therefore, we considered that there is no serious influence on personal protective behavior of HCWs by the infection at that time.



Data Analysis

The descriptive statistics of the HCW's protective behaviors are presented as means, medians, and frequencies. When processing the data, we first validated the normality of distribution. If the data were normally distributed, the independent samples t-test was used to calculate correlations between two factors. Otherwise, the Kruskal–Wallis test was used. Wilcoxon's two-sample t-test was used for correlation analyses of changes in protective behaviors due to vaccination. All of the statistical analyses were performed using SPSS 26.0 (IBM). A two-tailed p-value < 0.05 was considered to indicate statistical significance. Only the factors significantly correlated with the dependent variables were analyzed in this study.




RESULTS

Of the 1,499 respondents who submitted valid questionnaires, 1,124 (75%) were female. More than 43% (646/1,499) of the respondents were 26 to 35 years old. More than 80% (1,247/1,499) of respondents were from Beijing, Guangdong, Hubei, and Anhui provinces (Figure 1). Nearly 90% (1,334/1,499) of the respondents had a Bachelor's/college or higher degree from a university or junior college. One-third of the respondents earned < 50,000 CNY (7,825 USD) per year, and one-third earned more than 100,000 CNY (15,650 USD) per year. Of all 1,499 respondents, 42, 30, 9, 2, 2, and 15% were nurses, physicians, administrative, cleaning personnel, technician, and other occupations, respectively. Because of large number of administrative and possible vulnerable occupation of cleaning personnel, we only considered physicians, nurses, administrative, and cleaning personnel when analyzing the behavior by occupation. For physicians and nurses, 22% (334/1,499) worked in high-risk departments during the pandemic. Around half of the respondents (726/1,497) had a work experience of <10 years, and 89% of 1,499 respondents were vaccinated (at least received one dose). The demographic information of the 1,499 respondents is provided in Supplementary Table 1, Figure 1.


[image: Figure 1]
FIGURE 1. Spatial distribution of the respondents.



Vaccination Rates

Of all the respondents, 88.9% (1,332/1,499) were vaccinated at the time of the survey (Table 1). Vaccination was significantly associated with gender, age, annual income, and province. Male HCWs had a higher vaccination rate (92.8%, 348/375) than female HCWs (87.5%, 984/1,124). HCWs aged 26–35 years had the lowest vaccination rate (84.4%, 545/646). HCWs in high-urbanization areas, i.e., Beijing [urbanization rate (UR) = 86.5%] and Guangdong (UR = 70.7%), had a higher mean vaccination rate (92.5%, 467/505) than those in low-urbanization areas (mean vaccination rate of 87.2%, 647/742), i.e., Hubei (UR = 60.3%) and Anhui (UR = 54.7%). No significant association was observed between the vaccination rate and other factors including education, occupation, annual income, years of work experience, hospital classification, and hospital departments.


Table 1. Distribution of vaccination rates among healthcare workers by demographic characteristics.
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Personal Protective Behaviors

HCWs washed their hands, cleaned their desk surface, and disinfected the indoor air an average of 12.24, 2.81, and 2.44 times per day, respectively (Table 2). More than half (53.0%, 706/1,332) of the HCWs paid an extreme high level of attention to indoor ventilation, whereas, none of them paid very little attention. HCWs who reported a higher frequency of hand washing were significantly more likely to report higher frequencies of surface disinfection (p <0.001) and air disinfection (p < 0.001). Male HCWs washed their hands an average of 10.33 times per day during the pandemic, a value 9.1% lower than the average frequency among female HCWs (11.36 times per day). Younger HCWs aged <35 years had a higher frequency of air disinfection (2.60 times per day), but a lower frequency of hand washing (11.82 times per day) and paid less attention to indoor ventilation, in comparison with HCWs aged over 35 years (hand washing: 12.78 times per day; air disinfection: 2.24 times per day). Nurses washed their hands an average of 15.33 times per day, which was 34.9% higher than the average frequency among physicians (11.36 times per day). HCWs who had a longer work experience washed their hands more frequently and paid more attention to indoor ventilation, but less frequently disinfected the indoor air. HCWs who worked in lower-level hospitals (Grade 1 and lower) had the worst personal protective behavior (Supplementary Table 2). Frequencies of surface and air disinfection were 31 and 36% higher, respectively, among HCWs who worked in high-risk departments than among those who worked in other departments.


Table 2. Distribution of personal protective behaviors among healthcare workers by demographic characteristics.
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During the pandemic, 92.7, 50.8, 17.3, 15.0, 11.4, and 8.1% of 1,499 HCWs wore surgical masks, gloves, N95 respirator, protective clothing, face shield, and goggles, respectively, during most of their time in hospitals (Supplementary Table 3). Personal protective behaviors in the hospitals were not associated with gender. Younger HCWs (≤ 25 years) adopted a higher level of protective measures than older HCWs (>25 years). More physicians (18.2%, 83/455) wore N95 respirators than nurses (12.0%, 75/624) during the pandemic. HCWs with a longer work experience adopted a lower level of protective measures. Only 87.9% (236/268) and 45.2% (121/268) of the HCWs who worked in lower-level hospitals (Grade 1 and lower) wore surgical masks and gloves most of time during the pandemic (Supplementary Table 3). HCWs who worked in high-risk departments had a 2-time higher use rate of N95 respirators, face shields, protective clothing, and goggles than those worked in other departments.

Only 9.3% (139/1,499) of the HCWs reported that they had no fear of being infected in the hospital, and only 5.1% (76/1,499) reported that they treated the patients as usual during the pandemic (Table 3). Younger HCWs were more easily influenced by the pandemic. Compared with HCWs with a lower education level, those with a higher education level had less fear of being infected and reported a lower negative impact of the pandemic on how they treated patients. Cleaners reported the most fear of being infected, whereas administrative staff showed the least fear of being infected because they never needed to meet the patients directly. Physicians were less afraid of being infected than nurses. Other factors including gender, years of work experience, hospital classification, and departments showed no significant correlation with the HCW's fear of being infected or with the negative impact of the pandemic on how they treated patients.


Table 3. Distribution of healthcare worker's fear of being infected with SARS-CoV-2 and negative impact of the COVID-19 pandemic on how they treated patients, by demographic characteristics.
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In hospitals where the convenience of facilities for hand washing was highest, HCWs washed their hands an average of 13.0 times per day, which is 20% more than the average frequency in other hospitals (10.8 times per day). Compared with the facilities for hand washing, HCWs were more dissatisfied with the indoor ventilation in their hospitals (Figures 2A,B). Nearly 97% (433/447) of the HCWs working in high-risk departments reported that their departments had specific guidelines on COVID-19 prevention and control measures; this percentage was significantly higher than that in other departments (91%, 961/1,052) (Figure 2C).


[image: Figure 2]
FIGURE 2. Analysis of COVID-19 prevention and control guidelines at Chinese hospitals. Healthcare worker's satisfaction with the (A) convenience of facilities for hand washing, (B) ventilation of indoor spaces, and (C) specific guidelines on COVID-19 prevention and control in the department.




Personal Knowledge of COVID-19

Of 1,499 respondents, HCWs believed that the large-droplet (98.0%), short-range airborne (91.7%), short-range fomite (e.g., handshaking) (66.5%), and fecal–oral routes (50.5%) were the four main transmission routes of SARS-CoV-2 (Figure 3). Only 20.0% of the HCWs believed that long-range airborne was a dominant transmission route of SARS-CoV-2. The data provided in Supplementary Table 4 show that more female HCWs than male HCWs believed that short-range fomite was a possible transmission route. Compared with HCWs with a lower education level, those with a higher education level were more willing to believe that large-droplet, short-range airborne, and long-range fomite are possible transmission routes. Compared with other administrative staff and cleaners, physicians and nurses were more willing to believe that short-range airborne and long-range fomite were possible transmission routes. No significant correlation was found between the departmental risk classification and the HCW's understanding of the possible transmission routes of COVID-19.


[image: Figure 3]
FIGURE 3. Percentages of healthcare workers who consider different routes to be likely for SARS-CoV-2 transmission.


As shown in Table 4, 95.9% (1,438/1,499) of the HCWs believed that the vaccine was effective or highly effective, and 88.1% (1,173/1,332) of the vaccinated HCWs expressed that they would get revaccinated if the current vaccination failed. Additionally, 60.2% (902/1,499) of the HCWs indicated that outbreaks in other cities would influence their personal protective behaviors. HCWs with a higher education level and a higher annual income more readily questioned the efficacy of the vaccine and were more easily influenced by outbreaks in other cities compared with their counterparts. All of the cleaners (100%) expressed that they would get revaccinated in case of vaccination failure. The HCWs who worked in higher-level hospitals and high-risk departments more readily questioned the efficacy of vaccine than their counterparts. No significant correlation was found between personal beliefs about COVID-19 and other factors including gender, age, and years of work experience.


Table 4. Distribution of healthcare worker's personal beliefs about COVID-19 by personal and hospital attributes.
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Changes in Personal Protective Behaviors Against COVID-19 After Vaccination

We found that the HCWs did not relax their personal protective behaviors, including hand washing, surface cleaning, air disinfection, and attention to indoor ventilation, after vaccination (Table 5). In fact, the HCW's frequencies of hand washing, desk cleaning, and air disinfection increased by an average of 2.5, 0.4, and 8.3%, respectively, after vaccination. The detailed relationship between personal protective behaviors and different population groups (physician, nurse, administrative, cleaner) was shown in Supplementary Table 5. They also paid more attention to indoor ventilation after vaccination. More HCWs wore N95 respirators (24.9% more), face shields (28.1% more), and goggles (21.0% more) after vaccination. No matter what type of HCWs is, vaccination not only eased COVID-19-related fears but also eliminated worry in some HCWs (Supplementary Tables 5, 6). Only 9.5% (127/1,332) of the HCWs expressed that they had no fear of being infected before vaccination, but this percentage increased to 13.5% (180/1,332) after vaccination. Moreover, 21.5% (286/1,332) of the HCWs reported that the pandemic had a large (“more” + “very much”) negative impact on how they treated patients before vaccination, but this percentage decreased to 8.6% (115/1,332) after vaccination.


Table 5. Personal protective behaviors of healthcare workers before and after vaccination (n = 1,332).
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DISCUSSION

During the ongoing COVID-19 pandemic, HCWs have been the most susceptible group to COVID-19 because of their high rate of contact with both confirmed patients and potentially infected individuals. To prevent the spread of infection, HCWs in many countries adopted the highest level of personal protective measures (e.g., wearing N95 respirators, face shields, gloves, and goggles) (18). When developing efficient COVID-19 control plans, hospitals benefit from knowledge about HCW's personal protective behaviors, their understanding of COVID-19 transmission routes, and changes in their protective behaviors after vaccination.

HCWs have more knowledge about COVID-19 than the general public. Close-contact transmission routes, including both large-droplet and short-range airborne transmission, are considered as the most important routes of SARS-CoV-2 transmission (19, 20). Of these, the short-range inhalation route is the predominant route (21). Although the surface touch (i.e., fomite) and large-droplet routes might also play a role in transmission, their contribution is mostly considered insignificant (22).

Knowledge about COVID-19 is a direct determinant of personal protective behaviors. In our study, 98.0 and 91.8% of 1,499 HCWs believed that large-droplet and short-range airborne transmission, respectively, were possible SARS-CoV-2 transmission routes. Although some studies of indoor outbreaks have shown that long-range airborne transmission is a dominant route, especially in settings with poor ventilation (23, 24), only 20.0% (300/1,499) of the HCWs believed that this was a possible route of SARS-CoV-2 transmission. Accumulating evidence has demonstrated that fomite transmission plays an insignificant role in SARS-CoV-2 transmission (25, 26); however, 66.5% (997/1,499) and 43.0% (645/1,499) of that HCWs believed that SARS-CoV-2 could be transmitted via the short-range and long-range fomite routes, respectively. No gender differences were identified with respect to knowledge about possible transmission routes, consistent with the findings of studies in other countries (27).

Most of the HCWs believed close contact to be a dominant factor in SARS-CoV-2 transmission; consistently with this, 98.7% (1,480/1,499) of the HCWs wore surgical masks or N95 respirators in hospitals, despite the lack of a serious pandemic situation in China at the time of the survey. Our study found that compared with female HCWs, male HCWs had a higher vaccination rate (92.8%, 348/375) but a lower hand washing rate. Studies in other countries have shown that the level of precautionary behavior during COVID-19 pandemic is higher among women than among men (28), but we found no such gender difference among HCWs in hospitals. As of July 12, 2021, the World Health Organization recommends that “vaccinated persons should continue to adhere to public health and social measures and IPC measures. Targeted continuous masking should be implemented in clinical areas of health facilities in areas with known or suspected sporadic transmission.” (29). Similarly, the National Health Commission (30) recommends the use of N95 masks in similar situations.

In addition to the perceived severity of COVID-19, vaccination coverage and efficiency are important considerations driving the stringency of COVID-19 prevention and control measures. After vaccination, the restriction of physical distancing has been found to be relaxed by 36% to 78% (31). As of the end of November, 2021, a total of 7.4 billion vaccine doses have been administered (https://covid19.who.int/). HCWs have been the first-priority group for vaccination in many countries (32). The vaccination coverage of HCWs in England was 89% on February 5, 2021 (33). As of March 2021, the COVID-19 vaccination coverage of healthcare personnel working in long-term care facilities in the United States was highest among physicians (75.1%) and lowest among aides (45.6%) (34). Our survey in Chinese HCWs revealed that 91.6% (417/455) of the physicians and 88.0% (549/624) of the nurses were vaccinated (as of the end of June 2021), and 95.9% (1,438/1,499) of the HCWs believed that the vaccine was effective or highly effective. High confidence among HCWs in vaccination efficacy is important to minimize the negative impact of the pandemic on the HCW's treatment of patients. The average prevalence of COVID-19 vaccination hesitancy in HCWs worldwide has been reported to be 22.5% (35). In comparison, our study showed that only 13.0% (195/1,499) of the HCWs in China's hospitals had no intention to be vaccinated. Furthermore, more female HCWs, individuals with a larger median age, and those with higher number of years of working experiences, intended to accept the COVID-19 (36). However, our results identified no association between the intention to revaccinate in case of vaccination failure and personal attributes of gender and age. Specifically, nurses had a stronger intention to get revaccinated in case of vaccination failure than physicians. In previous studies, 36, 75, 76, and 70% of HCWs in the United States, France, Belgium, and Canada, respectively, reported willingness to take a vaccine as soon as it became available (12, 37). A strong intention to get vaccinated is important for the reduction of infection risks during future waves of COVID-19. In the United States, the vaccination rate was found to be almost exactly inverse to the education level of healthcare staff (38), which was consistent with our findings.

Recently, some SARS-CoV-2 variants (e.g., alpha and delta) have emerged and spread rapidly, and these variants have become the main sources of COVID-19 cases in many countries (e.g., India). If vaccination leads people to relax their protective behaviors, new waves of infection could emerge as the current vaccines may be less effective against such variants (15).

The most important finding of our study is that there is no significant relaxation of personal protective behaviors among Chinese HCWs after vaccination. Our survey was performed on June 30, 2021, just before a new wave of COVID-19 infection in China that could possibly be traced to airport cleaners infected while cleaning a Russian flight cabin on July 10, 2021 (39). Since February 2021, the local transmission of COVID-19 in China had mostly been well controlled (Supplementary Figure 1). However, since July 20, 2021, the infection has spread to more than a dozen provinces, regions, and municipalities (40). China had largely managed to keep imported infections from causing major local outbreaks since the country successfully controlled the domestic spread of SARS-CoV-2 during the first phase of the pandemic. Our previous study showed that university students in China relaxed their personal protective behaviors after vaccination (41). In contrast, this study revealed that the personal protective behaviors of HCWs were sustained after vaccination. Such sustained protective behaviors among HCWs would likely facilitate the reduction of infection risks in hospitals facing the recent new surge of infection from Nanjing to elsewhere in China (40). Although our study revealed sustained personal protective behaviors among Chinese HCWs, it appears that loopholes still exist as a large COVID-19 outbreak occurred in Zhengzhou's Sixth People's Hospital in late July (42).

This study has some limitations. First, the survey could have been affected by response bias because we relied on self-reported data. Second, our data presented may be subject to some confounding factors, but we did not give a comprehensive analysis on confounding factors because of large amount of combinations of parameters. In this study, almost all parameters collected from the questionnaires are independent, and we only analyzed the relationship between each demographic data and personal protective behaviors. Third, personal protective behavior after vaccination may depends on the pandemic situation, which could have led to error. Finally, the number of respondents of cleaner and administrative is limited, which may lower the accuracy of the result for these two types of population.



CONCLUSION

Our survey revealed that 89% of the 1,499 Chinese HCWs included in our study had been vaccinated and that 87% of the 1,332vaccinated HCWs expressed that they would get revaccinated in case of vaccination failure. They believed that the large-droplet and short-range airborne routes were the two most likely SARS-CoV-2 transmission routes. Furthermore, the HCWs retained their personal protective behaviors after vaccination. This behavior would facilitate the reduction of infection risks during future waves of COVID-19 due to variants (e.g., delta) in hospitals.
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The devastating effects of COVID-19 globally have been described in every form of media, with an estimated 252 million cases and over five million deaths (1). Countries around the globe have gone to battle with this organism and faced a heavy toll.

Those who fared better prioritised early diagnostic testing, effective border controls, infection control, and support for the sick and those required to isolate. For the most part, however, while vaccines were being developed we relied on lockdowns and similar quarantine-type approaches as the primary means of stopping transmission of the virus. More alarmingly, we acted as if we had little understanding of airborne transmission of pathogens. Politicians have claimed credit for vaccine success but have dodged responsibility for the early failures and the detrimental effects of isolation on mental health especially for children and adolescents.

Currently, vaccination (in tandem with other strategies) offers the greatest hope for reducing transmission of the virus and high vaccination rates have been achieved in high-income countries such as the USA, UK, countries of the European Union, Israel, etc. Low- and middle-income countries (LMICs), however, have low vaccination rates due to limited vaccine availability. Many LMICs are relying on vaccine supplies through the COVAX facility (COVID-19 vaccines global access) led by the World Health Organisation, GAVI and CEPI (the Coalition for Epidemic Preparedness and Innovations) which has pledged to vaccinate a modest 20% of the population of each LMIC. Specific challenges to vaccination in LMICs, including inadequate cold chain and storage, vaccine hesitancy, and poor transport infrastructure, have all been recognised, but these are irrelevant if there are no vaccines to transport and use.

Although modest efforts to provide free vaccines to LMICs have been made by the USA, UK and others (2), the current strategy is rife with inequity. As of November 15, 2021, 4.1 billion people have received a dose of COVID-19 vaccine (about 53.5% of the world's population). Seventy-five percent of the shots have gone to people in high- and upper-middle-income countries, while <1% has gone to low-income countries (3). As a result, COVID-19 is in danger of becoming an endemic disease of LMICs like tuberculosis (TB). Sadly, as travel restrictions ease, new variants from areas with high transmission will continue to spread, including variants causing serious illness in the non-vaccinated proportion of the population and the wider population if vaccine-escape mutants emerge. Since airborne diseases know no borders, the lack of political will to support vaccination in LMICs is both a scientific blind spot and a moral failure. It also forces us to ask if there are other lessons that we have failed to learn and implement that would reduce the global COVID burden?

Sadly, there is much we should have learned from control efforts for another airborne respiratory disease: tuberculosis. Like COVID-19, TB is mainly transmitted from person to person in the communities where people live and work through droplets and aerosols in the air. For both, more than 40% of people do not exhibit symptoms in the early stages of the disease, which results in more transmission, disease, and death. And while TB does not yet have a highly effective vaccine, it has been curable since the late 1940s. In high-income countries, rates of TB were brought down in the 1960s and 70s using a highly effective strategy: search actively and early for new cases in households and communities in order to stop disease transmission; treat all forms of the disease rapidly, correctly, and with support for the sick; and prevent disease through preventive therapy and infection control (4).

While the search-treat-prevent approach is the bedrock of any airborne epidemic control strategy (5) TB remains the biggest infectious killer of adults, causing the deaths of over 1.5 million people a year and remains the main reason people living with HIV die.

In the divergence between good and bad practises that we have seen for TB and COVID-19, there is much to learn. Sadly, the search-treat-prevent approach did not inform the immediate strategy for addressing COVID-19 transmission for many countries. We lost an opportunity to strengthen the response to COVID-19, forcing reliance on lockdowns as the principle transmission mitigation strategy, and ironically detection and treatment of other diseases, including TB, were compromised. TB notifications dropped by almost 25%, representing the loss of a decade of progress (6).

The first lesson we learned is that it is easy to underestimate the speed with which airborne infections can spread and multiply. What is clear from the history of COVID-19 was the lack of political and health management understanding that cases of an airborne disease might start small in number but can rapidly escalate geometrically to overwhelm health systems. The hubris of those used to seeing small additional increments in patients coming to health facilities as reflective of the amount of disease in the community (e.g., numbers in A&E, number of patients with cancer, etc.) led to poor outcomes, as even short delays in essential measures to limit transmission of the virus cost thousands of lives. Sadly, similar errors were repeated in subsequent waves in the UK, the US, and elsewhere.

The second lesson involves the importance of sufficient diagnostic capacity to identify the infected and sick (see Table 1). TB was overcome in most high-income countries because of the focus on finding cases before widespread transmission could occur. With COVID-19, some countries seemed to have forgotten this important lesson initially. The SARS-CoV-2 genome sequence was available to laboratories at the beginning of 2020. This enabled the early development of diagnostics—including quantitative PCR assays and a variety of high and low throughput assays—and expansion of local and regional laboratory capacity to conduct rapid testing. And while some countries like Germany, South Korea, and Taiwan made wide-spread testing an early priority before the virus became endemic in the community, many others, like the UK and the US, relied initially on clinical symptoms and exposure history as their main metric for disease. Since 40–60% of cases are asymptomatic, it meant that many patients and health care staff were not recognised as having COVID-19. In the UK, patients were discharged from acute hospitals to care homes and community health facilities, seeding the virus amongst those at highest risk, and contributing to an estimated 35,000 excess deaths in the first 2 months of the pandemic in 2020 alone (7). Similarly, care home staff were not prioritised for screening.


Table 1. Summary of key areas where TB and COVID 19 strategies may be of mutual relevance.
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Politicians seemed initially unaware that diagnosis required devices and chemicals, largely made overseas, not just computer modelling. Initially different hospitals and clinical laboratories were competing for the limited global pool of relevant reagents and other materiel particularly for the viral RNA extraction stage for PCR testing. They were also not aware that once the virus moved from small clusters into the community, it became necessary to build systems capable of screening large numbers of people in communities and sharing information about transmission hotspots. This took a long time to happen, and was exacerbated in the UK and elsewhere by a desire to support private sector involvement at the cost of smaller-scale academic and research centres who offered immediate help. The dearth of testing resulted in unintended consequences: for example, where diagnostic capacity for COVID-19 was not expanded, existing molecular diagnostic systems had to be redirected out of immediate necessity, leading to reduced diagnosis of other deadly diseases like TB (8, 9).

Nevertheless, as we emerge from COVID-19, there is an opportunity to expand the use of high throughput platforms for community screening of COVID-19, TB and other deadly respiratory pathogens. Thankfully, the demand for COVID-19 screening encouraged the development of new assays, including point-of-care tests and some low-throughput rapid-turnaround assays. These types of tests helped with infection control in high density institutional settings, especially when coupled with some smart independent thinking leaders who protected the vulnerable early on. A good example was evidenced by outcomes at the Leonard Cheshire care homes in the UK, where early isolation led to only 15 deaths among 2,500 disabled people, far fewer than most other care organisations (10).

The third lesson involves understanding how COVID-19 and TB are both linked to poverty in ways that affect transmission and outcomes (11). The COVID-19 pandemic exacerbated poverty globally, with an additional 88–115 million people pushed into extreme poverty in 2020, and as many as 150 million by 2021 (11). TB has taught us that with infectious diseases it is critical to treat as many people in the communities where they live and work. For this to happen, sick people must be given adequate social and financial support so that they are able to isolate. TB services worldwide have learned how to deliver care to, and monitor, patients in their homes. These lessons were learnt late in the UK and the US, not only compromising the effectiveness of isolation and lockdowns, but putting many vulnerable people at risk.

The fourth lesson is that without investment in prevention, it is difficult to stop airborne epidemics. For TB, we have had preventive/prophylactic strategies that can prevent transmission. Engineering controls that can reduce transmission of viruses and bacteria in public spaces—such as upper room UV-C germicidal air disinfection and improved ventilation (12)—were deployed too late to stop the spread of COVID-19. In many cases, these tools were not deployed at all.

If there is any silver lining in the COVID-19 debacle it is the fifth lesson: that with the right political will, we can develop rapid new diagnostics [and understand their limitations (13)], therapies, and vaccines (e.g., mRNA vaccines). Many of the interventions around COVID-19 allowed health systems to rapidly bring different interventions to scale, overcoming years of health system inertia. Countries and communities have invested in data management systems capable of identifying disease hotspots and sharing information quickly, as well as community clinics and strategies capable of rapidly diagnosing disease and providing care. With so much investment, this infrastructure must not be seen as transient, but as the basis of a more comprehensive form of care delivery for both infectious and chronic diseases.

We have learnt that we must seriously rethink health care delivery globally. COVID-19 exposed inequalities, corruption, and incompetence around the globe and highlighted weaknesses in health system capacity to diagnose and deliver care in the communities where people live and work. This happened almost everywhere, most notably in high-income countries that were thought to be better prepared, like the UK and USA. Some countries (e.g., South Korea, New Zealand, Taiwan, and Germany) drew on their years of experience with TB, and very sensibly built on their existing public health control capacity. They retained key lessons from their TB experience—e.g., the need for rapid diagnosis and identification of at-risk populations, linking people to local care-providers, supporting people who need to be isolated. Others developed alternate systems—like the “Track and Trace” program in the UK—that were expensive, poorly linked to care delivery and did not seem to mitigate unnecessary deaths (14).

We learnt a long time ago that diseases know no borders, and that disease elimination requires a commitment to equity—in diagnostic and therapeutic access, and care delivery. Every infection is a chance for mutation and the creation of variants. While vaccines now offer hope for preventing or at least reducing transmission (as well as mitigating the severity of diseases), this can only happen if they are available to all and are linked to strengthening our community-based systems to search, treat and prevent. Let us not lose the opportunity to put an end to our current pandemics and prevent the next one.
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Background: SARS-CoV-2 antigen assays offer a rapid mean to diagnose and isolate infected individuals. However, their utility in population-level screening is unknown.

Objectives: The performance of two antigen tests in detecting SARS-CoV-2 was assessed among individuals randomly selected in the community.

Study Design: A prospective study that performed head-to-head comparison of two SARS-CoV-2 antigen assays. Individuals were recruited during community SARS-CoV-2 screening over 10 working days. Demographic and clinical data were collected. Standard Q COVID-19 Ag test, a point-of-care chromatographic assay, was conducted immediately, and then the sample was transported to the virology laboratory to perform PCR and the LIAISON SARS-CoV-2 Ag chemiluminesence immunoassay.

Results: respiratory samples from 991 individuals were collected, and 62 were positive by PCR. Inconclusive PCR results were observed in 19 samples and were excluded. The median age of participants was 40.2 years (IQR 32.3–47.8), and 932 (94%) were males. Most (77.4%) of infections were asymptomatic. The sensitivity and the specificity of the LIAISON assay were 43.3% (95%CI 30.6–56.8) and 99.9% (95%CI 99.3–100). The Standard Q assay had lower sensitivity (30.6%, 95%CI 19.6–43.7) but similar specificity (98.8%, 95%CI, 97.8–99.4). Similarly, the LIAISON assay had higher positive predictive value (96.3%, 95%CI 81–99.9% vs. 63.3%, 95%CI, 43.9–80.1%). Both assays performed better in symptomatic patients and among samples with a low-cycle threshold (Ct < 25).

Conclusion: In our setting of random community surveillance, rapid antigen testing of nasopharyngeal swabs by either LIAISON SARS-CoV-2 Ag (DiaSorin) or Standard Q COVID-19 Ag (SD Biosensor) was less sensitive to detecting SARS-CoV-2 than the TaqPath COVID-19 RT-PCR.
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INTRODUCTION

Severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) caused a pandemic of respiratory illness, coronavirus disease 2019 (COVID-19), which exerted unprecedented pressure on healthcare systems around the world as well as on global economy (1, 2). Public health measures that include universal masking, early detection of infected individuals, isolation, and contact tracing have been the mainstay preventive strategy. Despite the immunization efforts, delays in vaccination role out, and emergence of novel variants leads to continued transmission and increase in COVID-19-related morbidity and mortality.

Polymerase chain reaction has been the gold-standard diagnostic method for SARS-CoV-2 infection (3). However, it is expensive, has a relative long turn-around-time, and require special laboratory set-up with fixed laboratory capacity. The need for larger test capacity and rapid case identification lead to the adoption of a point-of-care (POC) rapid antigen test in some screening programs (4). The test is cheap, rapid, easy to use, and does not require a laboratory setting (5). These factors allow the rapid antigen testing to overcome several logistical hurdles with mass SARS-CoV-2 testing. However, variation in test performance when used in different settings has been raised (3, 4, 6, 7).

Since the beginning of the pandemic and to better estimate disease activity and SARS-CoV-2 transmission, the Department of Public Health (Ministry of Health, Kuwait) conducted random community screening. Here, we assessed the performance of two antigen tests in detecting SARS-CoV-2 among individuals who were randomly selected in the community by the screening program.



METHODS


Study Population and Selection

Individuals identified by the national COVID-19 random screening program conducted by the Public Health Department, Ministry of Health, were approached to participate in the study. The program includes testing units that approach household selected randomly using the Public Authority for the Civil Information (PACI) residential-units database. One individual per household is typically tested. The first consecutive ninety individuals were recruited into the study per day by a single testing unit over 10 days between May 24 and August 12, 2021. The recruitment days were determined by the working schedule of the testing units and the availability of the rapid antigen tests. The participating individuals were asked to fill a short questionnaire about the presence of respiratory symptoms, preexisting comorbidities, previous SARS-CoV-2 infection, and history of COVID-19 vaccination.



Sample Collection and Transfer

Using polyester-tipped 3-dimentionally printed swabs, nasopharyngeal samples were collected by trained healthcare workers following a standard sample procurement procedure (8, 9). Two swabs were collected, one from each nostril, from each participating individual. One swab will be used for the point-of-care rapid on-site rapid antigen testing, while the second swab is used for the laboratory-based assays. Collected samples intended for laboratory-based tests were stored at a site and transported at 2–8°C immediately to the Jaber Innovation Laboratory at Jaber Alahmad Hospital and were processed within 12 h. If sample testing was expected to be delayed beyond 48 h, it was frozen at −70°C until processing. A single freeze-thaw cycle was allowed for PCR testing and the chemiluminescence-based assay according to the manufacturer's recommendations.



SARS-CoV-2 Antigen Tests

Two SARS-CoV-2 antigen tests were used on each sample. Standard Q COVID-19 Ag test (SD Biosensor, Gyeonggi-do, Republic of Korea) is a POC chromatographic immunoassay that was performed by trained personnel immediately after sample collection. After obtaining the sample, the swab was placed in a supplied extraction buffer tube. It was then stirred five times and removed while squeezing the tube. Three drops of the solution were placed in the specimen well of the test device. After between 15 and 30 min, the result will be read and verified by two personnel. The card is read in a well-lit area, and the presence of any line at both the test and control marks was considered positive. If the control line was absent, the test was considered invalid and the sample was excluded from the analysis.

The second assay was the LIAISON SARS-CoV-2 Ag (DiaSorin, Saluggia, Italy), which is a laboratory-based chemiluminescence immunoassay (CLIA). One milliliter of the universal transport media containing the sample swab was mixed with an inactivation buffer following the manufacturer's recommendation. Assay procedure was performed using LIAISON® XL, a fully automated chemiluminescence analyzer. Both antigen assays that were used in this study detect the viral nuceleocapsid protein. Sample storage and processing were done according to the manufacturer's protocols.



Nucleic Acid Extraction and Amplification Test

Sample extraction and nucleic acid purification were performed using the MagMAX™ kits and KingFisher Flex system (Thermofisher, MA, USA) and the virus DNA/RNA Extraction Kit using the Purifier HT extractor (Genfine, Beijing, China). SARS-CoV-2 RT-PCR was performed on extracted specimens, targeting the ORF, N, and S genes using the TaqPath™ COVID-19 RT PCR kit (Applied Biosystems, Bleiswijk, the Netherlands) using the Quant Studio 5 PCR system (Thermofisher, MA, USA). Result interpretations followed the manufacturer's recommendation. An inconclusive result was called when a single gene target was positive. RNA extraction and PCR were repeated in all inconclusive samples to confirm the result.



Statistical Analysis

Demographic and clinical data were analyzed using descriptive statistics. Diagnostic performance of antigen assays with the corresponding 95% CI was calculated with PCR as the reference standard test. Result agreement was assessed using Cohen's kappa coefficient. Sensitivity analyses were done by restricting a positive result to individuals with a low-cycle threshold (Ct) value by PCR and to symptomatic individuals only. Low Ct value was considered in a sample with a value <25 in any of the targeted genes. All analyses were performed using STATA/IC 16 (STATA Corp, Texas).



Ethics

The study protocol was approved by the Standing Committee for Coordination of Health and Medical Research (Ethics Review Committee) at the Ministry of Health (MOH) of Kuwait (reference No. 1566/2020).




RESULTS

During the study period, 991 individuals agreed to participate in the study. A single PCR target was detected in 19 samples, was confirmed with repeat testing, and was excluded from the analysis (Figure 1). Of those sample, 15 had amplification of the N gene only, three were ORF gene positive, and one sample was S gene positive. In addition, one sample had a failed control and was excluded from Standard QAg test analysis. Also, 75 samples were excluded from the LIAISON SARS-CoV-2 Ag assay performance analysis (two samples failed controls, 73 were not done due to shortage of testing kits).


[image: Figure 1]
FIGURE 1. A flow diagram of the study population.


The median age of the participants was 40.2 years (IQR 32.3–47.8), and 932 (94%) were males. The high proportions of males can be attributed to the inclusion of low-skilled worker residential areas during the study period. Sixty-three subjects had preexisting medical conditions; of which, diabetes (53.9%) and hypertension (38.1%) were the most common conditions (Table 1). Quarter of individuals were fully or partially vaccinated against SARS-CoV-2, and 28 had previous infection. Minority of the participants (n = 30, 3%) had respiratory symptoms at the time of sample collection.


Table 1. Demographic and clinical data of the study population.
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Sixty-two individuals (6.2%) had PCR-confirmed SARS-CoV-2 infection. Of those, 48 were asymptomatically infected. Median cycle threshold (Ct) was 22.6, 25.7, and 29.4 for S, ORF, and N genes, respectively. Patients with symptomatic COVID-19 had lower Ct values (19.9 for S gene, 19.1 for ORF gene, and 20.1 for N gene). Ct value of <25 in any of the gene targets was observed in 33 infected individuals.

All respiratory samples collected were tested using the chromatographic Standard Q assay. The control failed for one sample and was excluded from the analysis. Concordant results were observed in 94.4% of the samples and resulted in a fair agreement (Cohen's kappa 0.39). The assay was highly specific (98.8%, 95% CI, 97.8–99.4), but the sensitivity was low (30.6%, 95% CI, 19.6–43.7) (Table 2). On the other hand, LIAISON antigen detection had a moderate agreement (Cohen's kappa 0.58) with 96.1% of results being concordant. When compared to the Standard Q test, it was more sensitive (43.3%, 95% CI, 30.6–56.8) and specific (99.9%, 95% CI, 99.3–100). In addition, the LIAISON assay had higher positive predictive value (PPV) (96.3%; 95% CI, 81–99.9 vs. 63.3%; 95% CI, 43.9–80.1%).


Table 2. Characteristics of the (A) LIAISON SARS-CoV-2 Ag assay and (B) Standard Q antigen assays in the detection of SARS-CoV-2.
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Both assays performed better in symptomatic individuals and samples with low Ct values. The sensitivity of the LIAISON assay increased to 78.8% (95% CI, 61.1–91%) and 88.9% (95% CI, 51.8–99.7) when the analysis was limited to samples with low Ct value and symptomatic patients, respectively. Among the same subgroups, the PPV increased to 96.3% (95% CI, 81–99.9%) and 100% (95% CI, 63.1–100%). Similarly, the sensitivity of the Standard Qassay increased to 54.5% (95% CI, 36.4–71.9%) and 77.8% (95% CI, 40–97.2%) in a sample with low Ct value and symptomatic individuals. The PPV increased to 60% (95% CI, 40.6–77.3) and 87.5% (95% CI, 47.3–99.7%) (Appendix).



DISCUSSION

In community surveillance, an antigen detection test was less sensitive to detecting SARS-CoV-2. When compared to PCR, the chromatographic POC immunoassay (Standard Q) and CLIA (LIAISON) had a sensitivity of 30.1 and 45.6%, respectively. The performance of both assays improved with higher viral load as evident by Ct value and having symptomatic infection. Also, we found that using an antigen test for surveillance purposes may miss more than half of PCR-confirmed cases.

Antigen detection is highly dependent on the viral load in the specimen. We found that the sensitivity of both immunoassays is higher in symptomatic individuals and positive samples with low Ct value. In a University SARS-CoV-2 screening program, the positive agreement between Standard QAg test and PCR increased from 57.1 to 95.8% when the Ct value cutoff was decreased from 33 to 23 (3). These findings are in line with studies assessed by the analytical sensitivity of rapid antigen tests. The limit of detection of commercially available rapid antigen tests ranged between a Ct value equivalent of 18.4–30 (6, 10, 11). PCR can remain positive for a considerable period of time beyond the infectivity period (12). In a community screening program, the impact of missing individuals who are infected with low viral load is unknown. Also, preanalytical factors that may lead to lower viral load (e.g., sample collection technique, storage condition, delays in processing) may result in a false negative result.

In this study, we found that the automated CLIA-based LIAISON SARS-CoV-2 Ag assay had higher sensitivity with comparable specificity compared to the Standard QPOC chromatographic immunoassay. Also, the positive predictive value was higher in the CLIA (96.3 vs. 63.3%). Several factors can contribute to this discrepancy. One reason is that lateral flow assays, in general, have a higher lower limit of detection compared to other serological methods (13). Also, manufacturing technique and selection of assay design and material may greatly affect the test sensitivity (14). Furthermore, low viral load or poor analyte binding can result in a faint test line and may lead to poor result read-out. Lastly, the Food and Drug Administration listed cross-contamination and non-adherence to the manufacturer's instruction as the main contributor to false results (15). However, in this study, the Standard Qassay was performed immediately after interviewing each individual participant. In addition, all healthcare professionals received appropriate training in techniques to avoid cross contamination, importance of waiting the specified time before reading the result, and worked using the POC test in pairs.

This prospective study has few limitations. First, due to the design of the data collection form, the duration of symptoms was not consistently collected, resulting in significant missing data. However, the Ct value can be used as an indirect measure of the viral load and, hence, the duration of illness. Also, the samples were collected mostly during the beginning of a COVID-19 wave. This resulted in relatively low prevalence, which may greatly affect the predictive value of the tests. Yet, this finding may highlight the need for PCR confirmation in settings with low SARS-CoV-2 transmission. Also, this study adds to the growing evidence of the performance of different rapid SARS-CoV-2 antigen detections, especially in the community setting. In settings with low SARS-CoV-2 activity, the proportion of false negative results is high, and a negative test may warrant PCR confirmation.
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There is a need for treatments to reduce coronavirus disease 2019 (COVID-19) mortality. Alpha-2 adrenergic receptor (α2 AR) agonists can dampen immune cell and inflammatory responses as well as improve oxygenation through physiologic respiratory parameters. Therefore, α2 AR agonists may be effective in reducing mortality related to hyperinflammation and acute respiratory failure in COVID-19. Dexmedetomidine (DEX) is an α2 AR agonist used for sedation. We performed a retrospective analysis of adults at Rush University System for Health hospitals between March 1, 2020 and July 30, 2020 with COVID-19 requiring invasive mechanical ventilation and sedation (n = 214). We evaluated the association of DEX use and 28-day mortality from time of intubation. Overall, 28-day mortality in the cohort receiving DEX was 27.0% as compared to 64.5% in the cohort that did not receive DEX (relative risk reduction 58.2%; 95% CI 42.4–69.6). Use of DEX was associated with reduced 28-day mortality on multivariable Cox regression analysis (aHR 0.19; 95% CI 0.10–0.33; p < 0.001). Adjusting for time-varying exposure to DEX also demonstrated that DEX was associated with reduced 28-day mortality (aHR 0.51; 95% CI 0.28–0.95; p = 0.03). Earlier DEX use, initiated <3.4 days from intubation, was associated with reduced 28-day mortality (aHR 0.25; 95% CI 0.13–0.50; p < 0.001) while later DEX use was not (aHR 0.64; 95% CI 0.27–1.50; p = 0.30). These results suggest an α2 AR agonist might reduce mortality in patients with COVID-19. Randomized controlled trials are needed to confirm this observation.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused over 5.3 million deaths worldwide to date (1). Severe complications of COVID-19 include acute respiratory failure and multi-organ dysfunction. Causes of severe COVID-19 complications and death include a hyperimmune response precipitating cytokine storm and hypoxemia caused by pulmonary dysfunction (2). An initial trigger of this hyperimmune response and pulmonary dysfunction is infection of lung alveolar cells, vascular endothelial cells, as well as other cell types with SARS-CoV-2 with further viral replication within cells and subsequent cell death (3–5). Dead cell debris and viral components bind to pattern recognition receptors (PRRs) of innate immune cells, triggering immune cell recruitment and activity. These activated immune cells can subsequently cause damage to host tissue through mechanisms such as release of reactive oxygen species (ROS) or cytokine production and release, causing further immune cell activation as well as organ and vascular dysfunction. With absence of clearance of infection, a perpetual dysregulated immune response can occur resulting in cytokine storm (3, 4).

Severe COVID-19 complications are closely linked to a hyperinflammatory state. For this reason, treatments that suppress the immune system and inflammation such as but not limited to corticosteroids, interleukin-6 (IL-6) inhibitors, and Janus kinase (JAK) inhibitors have been studied as treatments to improve COVID-19 outcomes (6–8). The strongest current evidence demonstrate corticosteroids reduce COVID-19 mortality (9, 10). Corticosteroids have broad immunosuppressive effects on both the innate and adaptive immune response. While the immunosuppressive benefits of corticosteroids have proven a mortality benefit to patients with moderate to severe COVID-19 illness (9, 10), there are concerns that such a broad immunosuppressant could delay viral clearance. Corticosteroids have delayed viral clearance in patients with novel coronavirus infections such as severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS), leading to concerns of delayed viral clearance in COVID-19 (11–13); there have been heterogenous reports as to whether this is the case for COVID-19 (14, 15). A limitation of corticosteroids is that their use provides no benefit and potential harm to patients with less severe COVID-19 not requiring supplemental oxygen (9), which may be due to the broad immunosuppressive actions of corticosteroids as well as other associated side effects.

Overall, corticosteroids, while beneficial at the right time and dose, may be a double-edged sword in COVID-19, and alternative or adjunct immunomodulatory agents may be of value for treating patients with COVID-19. A relatively new development in the understanding of the immune response and inflammation is the role that catecholamines and catecholamine receptors, such as the alpha-1 adrenergic receptor (α1 AR) and alpha-2 adrenergic receptor (α2 AR), play in immune cell activity and inflammatory cytokine production. Staedtke et al. (16) demonstrated that either suppression of catecholamine (norepinephrine and epinephrine) synthesis or suppression of catecholamine signaling with an α1 AR antagonist reduced inflammatory cytokine production and inflammatory injury and improved survival in mouse models of cytokine storm. These findings were hypothesized to be applicable to COVID-19 treatment (17), and, indeed, retrospective cohort analysis demonstrated that use of an α1 AR antagonist was associated with up to a 74% relative risk reduction for death in patients hospitalized with COVID-19 (18). A clinical trial is underway to further investigate these findings: ClinicalTrials.gov Identifier: NCT04365257.

As opposed to catecholamine signaling at the α1 AR receptor, stimulation of the α2 AR receptor serves as a negative feedback regulator of catecholamine release, subsequently decreasing catecholamine mediated signaling (19–23). Therefore, an α2 AR agonist may function similarly to an α1 AR antagonist by suppressing catecholamine signaling. The potential of suppression of the sympathetic nervous system, catecholamine signaling, or specifically α2 AR agonism to reduce COVID-19 mortality has been discussed (24–26).

Aside from suppression of catecholamine release, α2 AR agonists have other potential direct immunomodulatory effects such as maintaining endothelial junction integrity and attenuating microcirculatory derangements, as well as reducing immune cell recruitment and activity at the site of an inflammatory stimulus (27–30); our own preliminary animal data support these findings and demonstrate a substantially diminished localization of immune cell activity to a local inflammatory stimulus in response to an α2 AR agonist (unpublished). Furthermore, α2 AR agonists have been reported to suppress inflammatory cytokine production and provide organ protection (blood vessels, heart, brain, kidney) through anti-inflammatory and sympatholytic activities (28, 29). An α2 AR agonist (clonidine) reduced lung edema and improved survival in a murine viral (influenza A) lethal infection model (31). Aside from immunomodulatory properties of α2 AR agonists, other reported benefits of α2 AR agonists include reduced agitation and improved ventilator compliance, improved respiratory mechanics, as well as enhanced hypoxic pulmonary vasoconstriction and improvement in ventilation / perfusion ratio (25, 26, 32–35). Others have reviewed the mechanisms of and hypothesized on the potential therapeutic benefit of using an α2 AR agonist, such as dexmedetomidine (DEX) or clonidine, to mitigate COVID-19 morbidity and mortality (24–26). Clinical trials are currently underway investigating α2 AR agonist use in COVID-19 outcomes and immunomodulation: ClinicalTrials.gov Identifiers: NCT04413864 and NCT04358627.

There are currently approved clinical indications for use of α2 AR agonists, such as clonidine (e.g., hypertension), tizanidine (spasticity), and DEX (e.g., sedation). At Rush University System for Health (RUSH) hospitals, DEX is often used as a sedative for patients in the ICU receiving invasive mechanical ventilation, including in critically ill patients with COVID-19. Due to this specific usage of the α2 AR agonist DEX, we investigated the association of DEX use and mortality outcomes in critically ill patients with COVID-19 on retrospective analysis. Because DEX is predominately employed as an ICU sedative, and has an FDA approved indication for use in intubated and mechanically ventilated patients (36), we further restricted our patient population to patients receiving sedation for invasive mechanical ventilation.



MATERIALS AND METHODS


Data Sources

Data was collected from electronic medical records (EMRs) of RUSH hospitals: Rush University Medical Center; Rush Copley Medical Center; and Rush Oak Park Hospital. Deidentified data was collected from the EMRs by the Rush Bioinformatics and Biostatistics Core. This study received expedited approval by the Institutional Review Board at Rush University Medical Center. All authors analyzed the data.



Study Population

We identified patients admitted at RUSH hospitals from March 1, 2020 to July 30, 2020. Patients were included if they were of adult age (≥18), had a diagnosis of COVID-19, had acute respiratory distress syndrome or related diagnosis, and received intubation and sedation. We excluded patients that had a diagnosis of autoimmune disease or if tocilizumab was administered during hospital admission; these patients were excluded because a number of patients with COVID-19 were trialed early in the pandemic with tocilizumab, and both autoimmune disease or associated prescribed medications or tocilizumab can alter the immune system and immune response. Corticosteroids were not excluded because within the majority of time of the study period, there were no standard practices or guidelines for using this medication in the study population at RUSH hospitals. Early in the COVID-19 pandemic, there was no clear indication to provide early corticosteroid treatment at the time of oxygen support or invasive mechanical ventilation to reduce mortality. Our analysis was conducted between March 1, 2020 and July 30, 2020. Based on emerging randomized controlled trials (RCTs) reporting a mortality benefit of corticosteroid use (9, 10), it was only from July 2020 onward that early corticosteroid treatment became standard practice at RUSH hospitals. Patients meeting criteria were separated based on use of α2 AR agonist dexmedetomidine (DEX group) or patients that did not receive dexmedetomidine (No DEX group).



Study End Points

We assessed 28-day mortality between the DEX and No DEX groups from the start time of intubation. Our primary tool to assess 28-day mortality was multivariable Cox proportional hazards regression. Within this Cox regression model, DEX and covariates chosen a priori based on greatest potential influence on mortality were included. Covariates besides DEX included the following: (i) age at hospital admission; (ii) body mass index (BMI) at hospital admission; (iii) modified Charlson Comorbidity Index (mCCI) at hospital admission; (iv) partial pressure of arterial oxygen to the fraction of inspired oxygen (Pao2/FIo2) at intubation; (v) modified sequential organ failure assessment (mSOFA) at intubation; vi) corticosteroid use; vii) prone positioning use. The mCCI was calculated as described by Quan et al. (37). The Pao2/FIo2 and mSOFA were calculated as the worst value over 24 h from time of intubation (38). In the mSOFA score calculation, the nervous system SOFA component score was removed, since patients in this study were assessed while under sedation. In addition, 28-day mortality between the DEX and No DEX groups using multivariable Cox proportional hazards regression accounting for time varying exposure to the drug under investigation (DEX) from time of intubation adjusting for immortal time bias was performed as previously described (12); covariates addressed above, chosen a priori for potential influence on mortality, were also included.



Statistical Analysis

For continuous variables, independent samples t-tests were performed. For each continuous variable, a Levene's test for equality of variances was performed. With significance on Levene's test for heterogeneity of variances, a Mann-Whitney U test was performed. Continuous variable data are displayed as mean ± 95% confidence interval (CI). Categorical variables were assessed with a Pearson's chi-squared test. If any expected count in a 2 x 2 table was <5, a Fisher's exact test was performed. Categorical variables are displayed as counts and calculated as percentage within the group. We used p < 0.05 as the threshold for significance.

Mortality outcomes for DEX use and other covariates were evaluated with adjusted hazard ratios (aHR) with respective 95% CI and p < 0.05 for significance. Simple imputation using the mean of the immediate preceding and succeeding most severe value over 24 h was used for missing values for Pao2/FIo2 and mSOFA scores within the 24 h time period of interest (intubation) (38–40). A complete case analysis was performed (41). All analyses were performed using SPSS version 27.




RESULTS


Baseline Characteristics

From March 1, 2020 to July 30, 2020, a total of 214 patients met criteria for the analysis. A total of 152 patients were in the DEX group. The remaining patients (n = 62) were in the No DEX group. Patient demographic characteristics and comorbidities at hospital admission were evaluated between groups (Table 1). Age was similar between the DEX and No DEX group (60.1 vs. 59.1 years; p = 0.83). Gender, race, and ethnicity were similar between groups. Within the DEX group, there was a higher proportion of patients with hypertension (78.9 vs. 61.3%; p = 0.008) and coronary artery disease (23.0 vs. 11.3%; p = 0.05). Active cancer and types of chronic respiratory disease, immunosuppression, kidney disease, liver disease, and metabolic disease were similar between groups. BMI was similar in the DEX group and No DEX group (33.5 vs. 34.7 kg/m2; p = 0.36). The mCCI trended higher (worse) but was not statistically significant in the DEX group vs. No DEX group (2.5 vs. 1.8; p = 0.07) (Table 1).


Table 1. Patient baseline characteristics at hospital admission.
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ICU Variables

The Pao2/FIo2 ratios and mSOFA scores were evaluated at the start time of intubation (Table 2). Pao2/FIo2 values were similar between the DEX Group and No DEX Group at time of intubation (132.7 vs. 122.8 mmHg; p = 0.40). The mSOFA scores were similar between the DEX Group and No DEX Group at time of intubation (8.0 vs. 8.3; p = 0.55). The DEX group had a higher proportion use of sedative midazolam (77.0 vs. 50.0%; p < 0.001), lorazepam (65.1 vs. 21.0%; p < 0.001), and ketamine (30.9 vs. 9.7%; p = 0.001) (Table 2). However, the DEX group had a similar proportion of sedative propofol use (96.1 vs. 88.7%; p = 0.06) and similar proportion use of any gamma-aminobutyric acid (GABA) receptor ligand sedative (98.7 vs. 100%; p > 0.999) as compared to the No DEX group. Analgesic opioid use was similar between the DEX and No DEX group (94.1 vs. 91.9%; p = 0.55) (Table 2). Patients in the DEX group received DEX infusion on average for a duration of 7.5 days (95% CI 6.5–8.5).


Table 2. ICU variables.
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The proportion of any corticosteroid use was similar between the DEX and No DEX Group (55.9 vs. 46.8%; p = 0.22) (Table 2). With regard to specific corticosteroids, dexamethasone use was higher in the DEX group (19.1 vs. 6.5%; p = 0.02). However, the DEX group as compared to the No DEX Group had a similar proportion use of methylprednisolone (20.4 vs. 19.4%; p = 0.86), hydrocortisone (27.6 vs. 22.6%; p = 0.45), and prednisone (11.2 vs. 8.1%; p = 0.50) (Table 2).

The DEX group had a higher proportion of patients receiving remdesivir (19.1 vs. 6.5%; p = 0.02), any antibiotic (91.4 vs. 80.6%; p = 0.03), any vasopressor (93.4 vs. 72.6%; p < 0.001), and prone positioning (65.1 vs. 38.7%; p < 0.001) (Table 2). The use of antibiotic azithromycin, which has been tested as a COVID-19 therapeutic, was similar between groups (30.3% DEX vs. 37.1% No DEX; p = 0.33). Between DEX vs. No DEX groups, there was similar use of hydroxychloroquine (34.2 vs. 33.9%; p = 0.96), any anticoagulant (94.1 vs. 88.7%; p = 0.25), inhaled nitric oxide (3.9 vs. 3.2%; p > 0.999), paralytic medication (69.7 vs. 67.7%; p = 0.77), renal replacement therapy (2.0 vs. 1.6%; p > 0.999), and extracorporeal membrane oxygenation (3.3 vs. 0%; p = 0.32) (Table 2). Standard protocols at RUSH hospitals included the ABCDEF bundle for optimizing patient recovery and outcomes (42, 43) and use of sequential compression device boots for deep vein thrombosis prophylaxis.



Mortality Outcomes

From start time of intubation, 28-day mortality in the cohort receiving DEX was 27.0% as compared to 64.5% in the cohort that did not receive DEX (relative risk reduction 58.2%; 95% CI 42.4–69.6). The use of DEX was associated with reduced 28-day mortality on multivariable Cox regression analysis from time of intubation (aHR 0.19; 95% CI, 0.10–0.33; p < 0.001). The use of DEX was also associated with reduced 28-day mortality on unadjusted univariate Cox regression analysis from time of intubation (HR 0.25; 95% CI 0.16-0.39; p < 0.001).

DEX was often started days post intubation (mean 4.0 days, median 3.4 days) (Figure 1A). Multivariable Cox regression assessing for 28-day mortality from time of intubation adjusting for time varying exposure to DEX revealed that DEX use was associated with reduced mortality (aHR 0.51; 95% CI 0.28–0.95; p = 0.03). Given the median start time of DEX at 3.4 days, we assessed DEX use prior to and after 3.4 days with DEX as a time varying covariate. There was a significant reduction in mortality in patients who received DEX prior to 3.4 days (aHR 0.25, 95% CI 0.13–0.50, p < 0.001). However, there was no significant associated reduction in mortality in patients that received DEX after 3.4 days from intubation (aHR 0.64, 95% CI 0.27–1.50, p = 0.30) (Figure 1B). As comparison, univariable Cox regression assessing for 28-day mortality from time of intubation adjusting for time varying exposure to DEX also demonstrated that DEX use was associated with reduced mortality (aHR 0.56; 95% CI 0.35–0.91; p = 0.02). In all primary adjusted and unadjusted analyses performed, DEX use was associated with reduced 28-day mortality from time of intubation (Table 3).
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FIGURE 1. Dexmedetomidine start day from time of intubation and multivariable Cox regression assessing 28-day mortality from time of intubation accounting for time-varying exposure to dexmedetomidine. (A) Time to dexmedetomidine use from time of intubation. Day 0 includes patients already on dexmedetomidine prior to intubation. (B) Multivariable Cox regression assessing 28-day mortality from time of intubation accounting for dexmedetomidine as a time-varying covariate. Cut-off for dexmedetomidine start time from intubation included early start time (<3.4 days), later start time (>3.4 days), and all patients in the dexmedetomidine group (any time initiation of dexmedetomidine from intubation).



Table 3. 28-day mortality from time of intubation.
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Within multivariable Cox regression analyses, age and mSOFA score at time of intubation were associated with increased risk of mortality (Supplementary Tables 1–8). Any corticosteroid use was also associated with increased risk of mortality (Supplementary Tables 1, 2); however, in a separate analysis, dexamethasone use was associated with reduced mortality (Supplementary Tables 5, 6). Replacement of any corticosteroid use with dexamethasone in multivariable Cox regression demonstrated that DEX use was associated with reduced mortality when DEX was treated as a categorical variable (aHR 0.18; 95% CI 0.10–0.34; p < 0.001) or as a time-varying covariate when DEX was initiated at <3.4 days from intubation (aHR 0.26; 95% CI 0.13–0.52; p < 0.001) but not associated with reduced mortality when DEX was initiated > 3.4 days from intubation (aHR 0.69; 95% CI 0.29–1.64; p = 0.40) or when assessed at all time points when DEX was treated as a time varying covariate (aHR 0.57; 95% CI 0.31−1.06; p = 0.07) (Supplementary Tables 5–8).




DISCUSSION

We performed a retrospective analysis to assess mortality associated with α2 AR agonist use in patients with COVID-19. To achieve this objective, we evaluated use of DEX (an ICU sedative) in critically ill patients with COVID-19 requiring sedation and invasive mechanical ventilation. DEX use was associated with reduced 28-day mortality from time of intubation on all primary multivariable and univariable Cox regression analyses. Furthermore, initiation of DEX use <3.4 days from time of intubation was associated with reduced mortality, while later initiation of DEX was not associated with reduced mortality.

In multivariable Cox regression analyses, we adjusted for covariates that could have influenced mortality outcomes (age, BMI, mCCI, Pao2/FIo2, mSOFA, prone positioning, and corticosteroid use). Furthermore, we adjusted for time varying exposure to DEX and accounted for immortal time bias. Adjusting for confounding immortal time bias can significantly influence the association of the drug of interest with mortality as compared to unadjusted analyses (12).

Since initiation of our analysis, there have been recent reports on the use of α2 AR agonist use in COVID-19 outcomes. In one case series, early administration of α2 AR agonist clonidine appeared to mitigate progression of moderate to severe COVID-19, when provided before or at the time of requirement of oxygenation or hospitalization (44). Intriguingly, the authors chose clonidine for the dual purpose of its anti-hypertensive effects and immunomodulatory effects. A potential benefit of clonidine or even lower dose DEX use would be that these drugs at lower doses only mildly sedate patient (minimal effect on patient awareness) and could potentially be given to patients with COVID-19 not requiring oxygenation or hospitalization. Given that there is no benefit and potential harm in providing patients with immunosuppressive corticosteroids prior to oxygenation requirements in COVID-19 (9), an α2 AR agonist could potentially be used as an immunomodulator in the earlier stages of COVID-19—prior to requirement of oxygenation—where corticosteroids have been ineffective (9).

A recent retrospective study analyzed patients over 12 h following initiation of DEX administration; patients receiving DEX had improvement in oxygenation (Pao2/FIo2 ratio) over the 12 h assessment time period (45). Similarly, in a case report, a patient was found to have gradually worsening hypoxemia on non-invasive ventilation, and intubation was strongly considered; however the patient was trialed on DEX and subsequent of improvement oxygenation followed without need for intubation; the authors hypothesized this may be due to behavior changes (agitation to calm) or physiologic changes induced by the drug (46); outside of the potential immunomodulator benefits of DEX, it is relevant to consider DEX may be helping to improve oxygenation through other modalities such as reduced agitation and increased ventilator compliance as well as improvement in respiratory mechanics, enhanced hypoxic pulmonary vasoconstriction and improvement in ventilation / perfusion ratio (25, 26, 32–35).

Other recent studies in combination with ours suggest that α2 AR agonist use when administered around the time of or prior to hospitalization and oxygen requirement or around the time of invasive mechanical ventilation may provide outcome benefits for patients with COVID-19. We found patients receiving DEX closer to the time of intubation had improved associated mortality outcomes as compared to later DEX use. Once SARS-CoV-2 virus gains entry into host cells, it begins eliciting local inflammation. This can contribute to local organ damage and dysfunction. Local infection and inflammation can propagate, and a systemic hyperinflammatory response can result, causing further organ damage and dysfunction (4). After organ damage from sustained inflammation and immune cell response, injury can be irreversible. Optimal initiation of an α2 AR agonist may be before or at the time of invasive mechanical ventilation, in an attempt to prevent immune mediated organ dysfunction and irreversible organ damage.

Steroids such as dexamethasone, methylprednisolone, and hydrocortisone have been investigated in RCTs, and these trials overall have demonstrated improved mortality outcomes when steroids are used as an immunosuppressant for COVID-19 treatment (9, 10). However, within the majority of time of our analysis, a standard protocol for corticosteroid use in COVID-19 was not in place. During the majority of the study period (March 1, 2020 to July 30, 2020), corticosteroid use initiated at the time of oxygenation or invasive mechanical ventilation was controversial due to concerns of suppressed viral clearance, and use of corticosteroids was variable for COVID-19 patients. Corticosteroids are also employed for the management of hypotension and vasopressor dependent shock in the critical care setting (47), which would be associated with increased risk of mortality. The associated increased risk of mortality with any corticosteroid use in our study could be reflective of management of more severe course of COVID-19. However, starting in July 2020, strong evidence demonstrated corticosteroid use (dexamethasone) initiated at the time of requirement of oxygen support or invasive mechanical ventilation improved mortality outcomes (9), and patients at RUSH hospitals began being treated based on these guidelines. In this study, 19.1% of patients in the DEX group received dexamethasone as compared to 6.5% of patients in the No DEX group (p = 0.02). Dexamethasone use was associated with reduced mortality and did influence the association of mortality benefit of DEX in some of our multivariable analyses. Our results demonstrated DEX use within 3.4 days from time of intubation is associated with reduced mortality when dexamethasone use was specifically incorporated in the multivariable Cox regression model. However, studies performed after July 2020 would be able to assess a greater number of patients receiving continuous corticosteroids initiated between the time of initiation of oxygen support and invasive mechanical ventilation for COVID-19.

While no results have been posted to date, current clinical trials (ClinicalTrials.Gov) may provide further insight into use of DEX initiation from the start of non-invasive ventilation (NCT04358627) or in patients that have been intubated (NCT04413864) on COVID-19 outcomes and inflammation. These results and additional studies should be of high importance to evaluate α2 AR agonists and their potential to limit COVID-19 disease severity and potentially mortality. Furthermore, as discussed in the introduction, since α2 AR agonists may share overlap in function as an immunomodulator as compared to α1 AR antagonists, insights from the clinical trial investigating an α1 AR antagonist in the potential to reduce COVID-19 mortality (NCT04365257) may be applicable.

Our current study is limited in being retrospective, which prevents standardization of treatment between groups. Our assessment was restricted to a single hospital system with a limited number of patients (n = 214). Use of DEX varies between hospital systems, and our current analysis was restricted to RUSH hospitals. Further retrospective studies expanded to other hospital systems as well as results from RCTs are needed to evaluate DEX and potential to reduce COVID-19 mortality. A strength of this analysis includes adjustment for confounders not only with multivariable Cox regression but also with evaluation of the drug of interest (DEX) as a time-varying covariate (12); this has been described as an important assessment in COVID-19 mortality outcomes that is often not implemented (48). Regardless, more study results are urgently needed to evaluate the potential impact of α2 AR agonists on COVID-19 mortality as currently addressed.

In summary, use of α2 AR agonist DEX was associated with lower mortality in critically ill patients with COVID-19 requiring invasive mechanical ventilation at RUSH hospitals on retrospective analysis. The associated mortality benefit of DEX appeared to be related to earlier use closer to the time of intubation as opposed to later use. The use of an α2 AR agonist might be an important pharmacologic agent in patients with COVID-19 to reduce mortality. While limited studies, including ours, report benefits using α2 AR agonists, such as DEX and clonidine, in COVID-19 outcomes, larger retrospective analyses expanded to other hospital systems and RCTs are needed to further explore these findings.
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Background: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) antigen (Ag) tests have been widely employed to identify patients for a rapid diagnosis and pandemic control. Rapid lateral-flow techniques are currently the most used, but automated technologies have emerged as another viable alternative to molecular methods. We aimed to evaluate the analytical performance of the DiaSorin Liaison SARS-CoV-2 Ag test in asymptomatic population and close contacts, for its use as a tool in pandemic control efforts.

Material and Methods: A retrospective study was conducted. A total of 861 samples were included, 291 (34%) were positive for SARS-CoV-2 with cycle threshold (Ct) <40, and 570 (66%) were negative.

Results: A strong correlation was observed between reverse transcriptase-PCR (RT-PCR) Ct and Ag 50% Tissue Culture Infectious Dose per milliliter (TCID50/ml; r = 0.6486; p < 0.0001) and all RT-PCR negative samples tested negative for the 200 TCID50/ml SARS-Cov-2 Ag cutoff, i.e., a specificity of 100% was reached (95% CI: 99.4–100.0%). Samples with <25 Ct and/or >106 extrapolated copies/ml were reached a sensitivity of 100% (95% IC 97.0–100.0%). For intermediate viral loads (>105 extrapolated copies/ml or <30 Ct), the sensitivity value still exceeded 80%. As with other Ag methods, samples between 30 and 40 Ct could not be detected with a reliable sensitivity.

Conclusions: The LIAISON® SARS-CoV-2 Ag assay displays an acceptable sensitivity and a very high specificity that is useful for detecting the presence of SARS-CoV-2 in nasal swabs (NPS) of asymptomatic population or to regular monitoring of risk groups in controlled settings. Additionally, the flexibility in processing different samples and in the sampling preparation process makes this test an option for its use in high throughput laboratories. Automated tests may facilitate result reporting and yield consistent data, while avoiding some of the pitfalls of rapid lateral-flow techniques, such as observer variability.

Keywords: antigen detection, chemiluminescence, COVID-19 infection, asymptomatic patients, monitoring population


INTRODUCTION

Since the Coronavirus Disease-2019 (COVID-19) pandemic has emerged, efforts in its control have been focused on the development of high-sensitivity diagnostic tools and rapid systems for more afford able strategies.

The European Center for Disease Control (ECDC) in its document of November 19, 2020 “Options for the use of rapid antigen (Ag) tests for COVID-19 in the EU/EEA and the UK” indicates the need to implement policies and rapid systems of detection in certain settings where there is a high risk of transmission, such as social healthcare centers or hospital settings. The use of rapid Ag tests is appropriate in high-prevalence settings when a positive result is likely to indicate true infection and in low-prevalence settings to quickly identify highly infectious cases (1).

Given the different rapid Ag-detection tests on the market, only those that meet the WHO criteria of sensitivity (S) ≥80% and specificity (E) ≥97% and that have undergone independent validation studies (2) should be used for diagnostic purposes. Likewise, this document refers to the possibility of using these tests to monitor trends in the incidence of diseases in communities and particularly among healthcare workers (HCWs) in case of outbreaks or in areas of high community transmission where the positive and negative predictive values (NPVs) of Ag detection are enough to allow effective control policies. Rapid Ag tests were mostly developed in lateral flow devices to obtain quick results, having some limitations, such as inter-observer variability between readers or false-positive results (3). Other technologies have been developed by high throughput laboratories, minimizing reader bias and claiming to provide more consistent results than lateral flow techniques.

Antigen tests identify the presence of the nucleocapsid Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Ag, which is usually detectable in samples from the upper respiratory tract during the acute phase of infection. These tests do not have an amplification step, so their analytical detection limits are higher than PCR. Nonetheless, SARS-CoV-2 has an exponential growth in infected patients, so even with initial low viral loads; it is possible that in just a few hours, the viral levels reach the detection thresholds of Ag tests. This pattern of viral load kinetics could explain why repeated population screenings with Ag tests may lead to effective detection policies. Taking into account these criteria, some authors state that Ag-detection tests used frequently can still have a high sensitivity to detect carriers or infected patients without the need to meet the analytical limit of detection of the PCR as the reference test (4).

Several authors have evaluated Ag-detection tests as a screening method for a symptomatic population obtaining very good results in terms of sensitivity and specificity (5). Also, when the risk of contracting COVID-19 is lower, such as for asymptomatic individuals in low prevalence settings, the high NPVs of the Ag-detection rapid diagnostic tests (Ag-RDTs) could be useful to rule out infection. In any case, it is important to know the limitations of these tests when the option is to scale up for community and healthcare policies (6).

The option to test asymptomatic individuals has been considered to ensure a safe environment in certain settings, such as hospitals or schools (6), due to their low incidence rates. This strategy could also be boosted with the weekly performance of these tests.

Recently, the DiaSorin company has launched a SARS-CoV-2 Ag sandwich-type direct chemiluminescence immunoassay (CLIA) for a quantitative determination of SARS-CoV-2 nucleocapsid protein Ag in nasal (NS) or nasopharyngeal swabs (NPS). The final reaction consists of the emission of a light signal, giving rise to relative light units (RLU) that are directly proportional to the concentration of SARS-CoV-2 viral Ag present in the samples. Automation allows greater performance and control of the entire analytical and post-analytical process of the sample. This technology could be applied in those settings with low incidence even in an asymptomatic population or to trace COVID-19 contacts for a faster result than using PCR.

We aimed to evaluate the capacity of the LIAISON® SARS-CoV-2 Ag assay in comparison with the reference technique used for the diagnosis of SARS-CoV-2 infection (Allplex™ SARS-CoV-2 Assay, Seegene, Seoul, Korea).



MATERIALS AND METHODS


Study Design

This retrospective study was approved by the Ethics Committee of the Germans Trias i Pujol Hospital, Badalona, Spain: PI-21-096. The study enrolled 861 asymptomatic individuals from primary healthcare centers of the Metro Nord health administrative region of Catalonia during the month of January 2021. NS specimens from these 861 individuals were collected in 3 ml Universal Transport Media (UTM) or Viral Transport Media (VTM).

The aim of this study was to assess the analytical performance of the SARS-CoV-2 Ag-detection test in asymptomatic individuals who were contacts of positive patients and in healthcare workers undergoing repeated screenings.

Asymptomatic population was defined as patients with a definitive molecular diagnosis of COVID-19 positive without presenting symptoms, such as fever, cough, myalgia, or other symptoms related to COVID-19.

Close contacts were defined as a person who has spent more than 15 consecutive minutes with the positive case at a distance closer than 2 m, within 48 h of the person getting symptoms or testing positive for SARS-CoV-2.



Laboratory Methods

Nasal specimens were processed by reverse transcription-PCR (RT-PCR; Allplex™ SARS-CoV-2 Assay, Seegene, Seoul, Korea) according to the instructions of the manufacturer. A total of 1,000 μl of these samples were pipetted into a tube containing 1 ml of Liaison SARS-CoV-2 sample inactivation buffer for virus inactivation. The tubes were kept at room temperature for 120 min before testing. This procedure was performed on a type II biological safety cabinet. The quantification of SARS-CoV-2 Ag was determined using the Liaison SARS-CoV-2 Ag assay on the Liaison XL platform according to the instructions of the manufacturer. SARS-CoV-2 concentrations are expressed as 50% tissue culture infectious doses per milliliter (TCID50/ml). The Liaison XL instrument directly calculates SARS-CoV-2 viral concentrations from 22 up to 105 TCID50/ml. The specimens with ≥200 TCID50/ml values are considered positive, results <200 TCID50/ml are considered negative. In a previous iteration of the test, results between ≥100 and <200 TCID50/ml were classified as equivocal. To facilitate comparisons with other authors, results have been presented with both cutoffs.

For absolute quantification based on RT-PCR cycle threshold (Ct) values, a standard curve was built using 1/2 serial dilutions of a SARS-CoV-2 RNA (Amplirun® Coronavirus RNA Control, catalog ref. MBC090, Vircell Microbiologists, Granada, Spain) in a range of concentrations from 1,400,000 copies/ml to 684 copies/ml. The measurements were made in different CFX instruments, by different technicians, and on the same day to account for the inherent variability of PCRs. The resulting standard curve was used to extrapolate the viral load of each sample (in copies/ml) from their respective Ct.



Statistical Analysis

Concordance between results obtained for Liaison SARS-CoV-2 Ag assay and RT-PCR was established using the Spearman correlation index. In addition, NPV, positive predictive value (PPV), and positive and negative likelihood ratio (LR+, LR−) were calculated. These data were obtained with an estimated incidence of 1% according to Government Data supplied in January 2021 with RT-PCR results (Ct < 30 and Ct < 40; Tables 1A,B). The RT-PCR was used as a gold standard for the assessment of sensitivity and specificity. Statistical analyses were performed using SPSS v20 and MedCalc V19.0.6.


Table 1. Sensitivity, specificity, negative predictive value, positive predictive value, and positive likelihood ratio for LIAISON® SARS-CoV-2 antigen assay and (A) RT-PCR (Ct <30) and (B) RT-PCR (Ct <40) for the different cutoffs (200 TCID50/ml; 100 TCID50/ml).
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RESULTS

A total of 861 samples were analyzed, being 616 (72%) from female individuals, with an age distribution ranging from 1 to 94 years old (median: 44 years old). There were a total of 87 samples from patients younger than 15 years old that were included in the analysis. Two hundred and ninety-one samples (34%) were positive for SARS-CoV-2, with Ct < 40 (49 samples with a Ct < 20, 113 in a range of 20–30 Ct, and 129 in a range of 30–40 Ct; Figure 1). RT-PCR result distribution and Ag results are summarized in Table 2.


[image: Figure 1]
FIGURE 1. STARD diagram. STARD, standards for the reporting of diagnostic accuracy studies.



Table 2. Sample distribution according to Ct and Ag results by using two different cutoffs >200 TCID50/ml and >100 TCID50/ml previously classified as undetermined cutoffs as described by the manufacturer (100–199 TCID50/ml).

[image: Table 2]

A strong correlation was observed between RT-PCR and Ct and Ag TCID50/ml (r = 0.6486; p < 0.0001; Figure 2). Significant differences were observed between Ct in Ag positive and Ag negative samples with median values of 21 [interquartile range, IQR: 18–24] and 34 [IQR: 32–36], respectively.


[image: Figure 2]
FIGURE 2. (A) Ag TCID50/ml represented against RT-PCR Ct and (B) RT-PCR Ct represented against antigen negative (<200 TCID50/ml) and positive (>200 TCID50/ml) results. Ct, cycle threshold; Ag, antigen; TCID, Tissue Culture Infectious Dose per milliliter.


All RT-PCR negative samples were tested negative for the 200 TCID50/ml cutoff SARS-CoV-2 Ag with a specificity of 100% (95% CI: 99.4–100.0%). If we consider the gray zone cutoff of 100–199 TCID50/ml previously proposed by the manufacturer, the specificity was 99.3% (95% CI: 98.2–99.8%). Classification differences between both cutoffs were observed only in the 25–35 Ct range. Both thresholds detected all samples with Ct < 25 and were not able to detect any sample with Ct > 35. Adjusted sensitivities for different Ct and extrapolated copies/ml are listed in Table 3. Ct-Copies extrapolation was performed using the following equation: Copies/ml = 1014·e(−0.709Ct).


Table 3. Antigen determination sensitivity according to both TCID50/ml cutoff adjusted for (a) different Ct and (b) extrapolated copies/ml.
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DISCUSSION

One of the goals of clinical microbiology is to develop new tools for accurate diagnostic. In this sense, the COVID pandemic was a cornerstone for the introduction of molecular and new approaches for the diagnosis of infectious diseases in most clinical microbiology laboratories. The rapidity in results, such as the one offered by rapid Ag devices, is mandatory to manage the isolation of patients and to create a safe environment for healthcare workers. However, a shorter diagnosis time must not significantly reduce the ability to perform a correct diagnosis.

Rapid Ag devices, such as lateral flow tests, have many advantages but sometimes fail to detect viral Ags in specimens from which the virus was isolated and therefore pose a risk of misdiagnosing infected people. The limit of detection of Ag-RDTs could be 10,000-fold lower than those of nucleic acid amplification tests (NAATs) (7) but could be sufficient on high viral load specimens (defined as samples with real-time RT-PCR Ct values <25). Ct values do not lineally correlate with viral load and are dependent on the technique and equipment used. Moreover, it is not possible to predict viral transmissibility based only on Ct values at the individual level and results could overlap between symptomatic and asymptomatic non-spreader groups (8).

Our data suggest that for samples with a Ct value lower than 25 or >106 extrapolated copies per ml, the Liaison Ag test displays a 100% of sensitivity and specificity with the currently recommended cutoff (200 TCID50/ml). Even with lower viral loads (>105 extrapolated copies or <30 Ct), the sensitivity value is still >80% (84.08%). If the previously recommended undetermined cutoff of 100–200 TCID50/ml is used, a slightly better sensitivity is obtained (93.63%) for samples >105 copies or <30 (91.36%) Ct, with a still high specificity of 99.3%. These data are similar to other groups who also study the performance of this technology (9, 10) but with a higher number of samples analyzed, strengthening our results.

Despite lower sensitivity compared to molecular testing, it has been postulated that Ag tests may serve as a better indicator of viral infectivity (11) and that even the increase in Ag quantitation is related to lower Ct. In this sense, the LIAISON® SARS-CoV-2 Ag assay could serve as an indicator to the evolution to the infection due to it being a quantitative technology, but more clinical and analytical studies are required to prove this hypothesis.

Likelihood ratio is used to assess how good a diagnostic test is and to help in selecting an appropriate diagnostic test. It is better than S (Sensitivity) or E (Especificity) because it is less likely to change with the prevalence of the disorder. With a 200 TCID50/ml cutoff, the LR+ is not calculable because it would have to be divided by zero, since we have not had false positives. In any case, it can be seen that the LR+ is very good in all cases and excellent at the 200 cutoff. LR– at Ct <40 is poor with both cutoffs. On the other hand, if we take 30 Ct as a cutoff point, the LR– becomes good or very good at 200 and 100 (0.54 and 0.46, respectively).

The PPV with a 200 cutoff is 100%, but on the other hand, the PPV with a cutoff of 100 is 43% or 56% depending on the Ct. Therefore, it seems clear that 200 cutoff is better for the accuracy of the test and is now the cutoff established by DiaSorin as the reference cutoff. The 100 cutoff still could be useful in populations with high suspicion of COVID-19 or high incidence rates, maintaining an indeterminate zone as a marker of follow-up.

Based on our results, values between 100 and 199 TCID50/ml, which could be considered equivocal, must be carefully regarded depending on clinical symptoms and the timing of possible exposure. It would be recommended that patients with equivocal results underwent several follow-up determinations to definitively rule out SARS-CoV-2 infection. As NS, oropharyngeal swabs, or even saliva samples (10) are useful for Chemiluminescence assays (CLIAs); this is a strength for an easy way for sampling and therefore, patient's adherence.

Chemiluminescence assays are commonly used in highly automated instruments and are known for their high sensitivity and practicability compared to other immunological assays (12). So, CLIA should be considered for diagnostics and control efforts in the COVID-19 pandemic. More advantages of the automated CLIA technology are the multiple types of specimens (13) and the sampling procedure. The option to deliver the sample preparation tube in the sampling settings allows saving time because while the specimens are being sent to central laboratories, the inactivation process is already taking place. This fact is not only useful for reducing time to results but also to reduce a hand-on time for the laboratory technicians, to avoid relabeling tubes, to allow a more automated process compared to other molecular systems, and to reduce the biohazard risk in laboratories. Additionally, notification of the new COVID-19 diagnostics to Public Health Authorities could also be automatic and, hence more efficient than with the lateral flow devices. Pandemic control efforts will be safer with these samples traceability. According to other authors (3), this technology could be useful in settings where controlled groups are identified and where there is a low incidence of COVID-19 infections. In these cases, a repeated sampling weekly is a cheaper and faster alternative for monitoring than molecular tests.

This study has several limitations. Firstly, our study populations are asymptomatic patients in whom the evolution of the infection is unknown, and it might be a problem because we do not work with homogeneous specimens. Additionally, some subjects develop symptoms a few days after the test, and we were not able to record this information, so some information about symptoms is not well-documented. In addition, we used frozen samples and freeze-thaw cycles may affect the integrity (14) of the N protein and hence, modify some results because small ice crystals could modify their structure, and additionally, ice could alter the concentration of proteins.

In addition, the pediatric population was included in the analysis despite it was suggested that children could be facilitators in the spread of SARS-CoV2 infection because many affected children might be asymptomatic (15) but several studies demonstrated that the frequency of asymptomatic SARS-CoV-2 carriers was similar among children and adults (16).

Lastly, the study was performed in January, so we do not know the accuracy of this test with new variants of concern; despite data demonstrate that the SARS-CoV-2 proteome is slowly accumulating mutations, fortunately (17).

In conclusion, LIAISON® SARS-CoV-2 Ag is a good alternative for diagnostic purposes for symptomatic individuals but also in close contact and asymptomatic patients. The good agreement with RT-PCR and its high specificity makes it an ideal choice as a diagnostic tool in controlled low-incidence settings. The easiness in sample management and processing is a strength for choosing LIAISON® SARS-CoV-2 Ag in the COVID-19 diagnostic algorithms.
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It is a joke in Britain to say that the War Office is always preparing for the last war. But this is probably true of other departments and of other countries …

Winston S. Churchill (1)


INTRODUCTION

As of December 12, 2021, 5.3 million deaths had been reported worldwide due to the coronavirus disease COVID-19, which is caused by severe acute respiratory syndrome coronavirus (SARS-CoV)-2 (2). The effects of infection with this virus range from asymptomatic infection to “ground-glass” pneumonia with lower airway collapse, which can result in life-threatening complications (3). Previous studies of SARS-CoV infections have shaped current medical opinion on the important features of COVID-19 pathogenesis, including viral entry, replication, and migration down the respiratory tract, resulting in airway epithelium damage, diverse immune responses, inflammation, hypoxia, and acute respiratory distress syndrome (4).

For other SARS-CoVs, the receptor for SARS-CoV-2 on the host cell surface is angiotensin-converting enzyme 2 (ACE2) (5); this enzyme reduces the local and circulating levels of angiotensin II (Ang II), which is produced by angiotensin-converting enzyme (ACE) and is a major part of the renin–angiotensin–aldosterone system and is involved in blood pressure regulation (6).

This article discusses the involvement of ACE2, Ang II, and SARS-CoV-2 in the pathogenesis of lung damage in COVID-19. Based on these considerations, it proposes prophylactic measures that could maintain the lungs' capacity for dilation, redox, and metabolic functions to protect against high-risk SARS-CoV-2 infection.



SARS-COV-2 PATHOPHYSIOLOGY AND ANG II

Early studies of SARS-CoV found that its receptor, ACE2, has a protective role in acute lung failure in vivo, as opposed to ACE (7). Moreover, experimental SARS-CoV infections of wild-type mice resulted in reduced ACE2 protein expression in the lungs, and the decreased Ace2 gene expression in knockout mice resulted in low infectivity of SARS-CoV (8). Similar to other virus-receptor interactions, when SARS-CoVs interact with ACE2 to gain entry into cells, they are endocytosed with the virus, and this loss of ACE2 from the cell surface results in increased levels of local and circulating Ang II (9). Since ACE2 is found not only in nasal and alveolar epithelial cells but also in the smooth muscle and endothelial cells of the airways (10, 11), the increased local production of Ang II may have a profound constrictive effect on the microvasculature and distant bronchioles. In particular, Ang II targets smooth muscle cells in the vascular wall, causing internalization and degradation of membrane potassium channels (12) and inducing vasoconstriction by activating angiotensin II receptor type 1 (13).

SARS-CoV-2 has a greater binding affinity for ACE2 than other SARS-CoVs (14, 15). Indeed, SARS-CoV-2 can severely inhibit ACE2 activity and reduce Ang II consumption, resulting in abnormally high levels of Ang II in the airways (16–18), impairing metabolic homeostasis in smooth muscle cells (19), and inducing pulmonary vasoconstriction (20). Such Ang II-induced pulmonary vasoconstriction also occurs in hypoxia and can be restored by concomitant upregulation of ACE2 (21). Transcriptome analyses after Ang II infusion in vivo have revealed upregulation of genes involved in metabolism, whereas genes that are protective against oxidative stress were downregulated (22). Thus, vaso- and bronchoconstriction resulting from transient virus-induced Ang II elevation in distal airways might precede epithelial damage and immune responses in the initial phase of the infection. The virus-induced increase in Ang II in infected lungs is probably a key local event that promotes the contraction of arterioles and cartilage-free terminal bronchioles, resulting in lower airway collapse, pulmonary hypoxia, microcirculation reduction, impaired airway cell metabolism, and diffuse alveolar damage.

Ang II triggers a vicious cycle of pathogenesis in the lungs, as vasoconstriction decreases its subsequent elimination. In particular, SARS-CoV-2-induced downregulation of ACE2 impairs Ang II clearance and may aggravate lung damage (23). Of note, plasma levels of ACE2 and Ang II do not correlate with the clinical outcomes in patients with COVID-19 (24); thus, the concentration of Ang II in the circulation is not a reliable indicator of its local concentration in the lower airways where Ang II-induced vasoconstriction may reduce the pulmonary microcirculation.

Distinctive from immunological resistance to infection, another component of the host defense response against pathogens is tolerance, which depends on the ability of the body to regulate the production, repair and avoidance of the damage accumulated during an infection (25). In line with this concept, the initiation and severity of lung pathology due to a rapid virus-mediated increase in local Ang II levels may depend on the innate capacity of the lungs to mitigate vasoconstriction by increasing dilation as well as increasing redox and metabolic functions. Infected individuals with poor pulmonary, cardiovascular, and metabolic conditions may thus suffer from greater vascular resistance in the airway periphery, thereby reducing the ventilation–perfusion properties of the lungs and causing severe COVID-19 complications. This might explain the lower tolerance with the greater severity and mortality observed in COVID-19 patients with comorbidities (26).



UNCERTAIN EFFICACY OF CURRENT COVID-19 THERAPEUTICS AND PREVENTION

The first strategies developed by the World Health Organization and national health care authorities included oxygen support and antibiotic treatments for patients and public health measures to reduce community transmission (27). The numerous treatments being studied include off-label antiviral drugs and drugs that combat hypoxemia and coagulation disorders, in addition to immunomodulatory and anti-inflammatory therapies using convalescent plasma, glucocorticoids, and anticytokines (28, 29). Studies using ACE inhibitors or Ang II type 1 receptor blockers and/or delivering recombinant ACE2 to the lungs have been initiated in hospitalized patients with COVID-19 (30). Moreover, there has been an unprecedented international effort by private and public institutions to develop vaccines against SARS-CoV-2 (31). Recent systemic reviews have reported that adenovirus vectors and mRNA vaccines are 65–95% effective at preventing SARS-CoV-2 infection after full vaccination (32, 33).

On October 15, 2020, the world's largest randomized controlled trial on COVID-19 therapeutics found that the previously recommended remdesivir, hydroxychloroquine, lopinavir/ritonavir, and interferon regimens had little or no effect on overall mortality, initiation of ventilation, or improved prognosis of COVID-19 among hospitalized patients (34). The effects of convalescent plasma, glucocorticoids, antibiotics, anticoagulants, and other previously repurposed drugs were also insignificant (35, 36). The use of ACE inhibitors or Ang II type 1 receptor blockers had no clear association with COVID-19 incidence and all-cause mortality; they may be protective for patients with hypertension (37, 38). Social distancing and seasonality still have a greater influence on infection rates than vaccination, and new virus variants threaten renewed outbreaks. The UK, Germany, and Canada, for example, are facing a new wave of SARS-CoV-2 infection despite having some of the highest vaccination rates and strict ongoing lockdown restrictions (39). To date, no agents have proven effective at preventing SARS-CoV-2 infection (40, 41).



A NOVEL STRATEGY FOR COVID-19 MANAGEMENT

In a pilot study, 99 health care workers at a COVID-19 hospital were treated prophylactically with an aerosol containing glutathione, potassium, and inosine at low doses for 14 days to promote lung function (42). The rationale for this combination of drugs was that glutathione decreases smooth muscle contraction (43) and induces bronchodilation by increasing membrane hyperpolarization via potassium channels (44); extracellular potassium increases blood flow in the lungs, thus improving vasodilation (45); and inosine boosts adenosine triphosphate generation, thus protecting cells from hypoxia (46). The study found 78% efficacy (i.e., relative risk reduction in the test group compared to a control group) of this pathogenesis-based prophylaxis against SARS-CoV-2 infection. Only five participants reported mild and transient adverse effects.

The efficacy and safety of these low-dose compounds when delivered to the lung as an aerosol (47, 48) suggests the potential of this prophylactic strategy to prevent SARS-CoV-2 infection and to fight against COVID-19 by directly promoting lung capacity for dilation, as well as redox and metabolic functions. Amelioration of the initial virus-induced, Ang II-triggered pathology in the small airways by this or similar inhaled dilatation and antihypoxic therapies might appreciably prevent the occurrence and/or severity of the disease.

Furthermore, numerous available well-tolerated medications, such as β2–adrenergic agonists, phosphodiesterase III inhibitors, and superoxide dismutase, might be repurposed to better manage the disease. The potential of this tolerance-targeted prophylaxis to defend against the disease and to improve treatment would be unaffected by mutations in the virus, as the proposed agents are not antiviral per se but are intended to break the initial vicious cycle of COVID-19 pathogenesis triggered by SARS-CoV-2 entry and replication.
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Background: SARS-CoV-2 has resulted in a global pandemic since its outbreak in Wuhan, 2019. Virus transmission primarily occurs through close contact, respiratory droplets, and aerosol particles. However, since SARS-CoV-2 has been detected in fecal and rectal samples from infected individuals, the fecal-oral route has been suggested as another potential route of transmission. This study aimed to investigate the prevalence and clinical implications of rectal SARS-CoV-2 shedding in Danish COVID-19 patients.

Methods: Hospitalized and non-hospitalized adults and children who were recently tested with a pharyngeal COVID-19 test, were included in the study. A rectal swab was collected from all participants. Hospitalized adults and COVID-19 positive children were followed with both pharyngeal and rectal swabs until two consecutive negative results were obtained. RT-qPCR targeting the envelope gene was used to detect SARS-CoV-2 in the samples. Demographic, medical, and biochemical information was obtained through questionnaires and medical records.

Results: Twenty-eight of 52 (53.8%) COVID-19 positive adults and children were positive for SARS-CoV-2 in rectal swabs. Seven of the rectal positive participants were followed for more than 6 days. Two of these (28.6%) continued to test positive in their rectal swabs for up to 29 days after the pharyngeal swabs had turned negative. Hospitalized rectal positive and rectal negative adults were comparable regarding demographic, medical, and biochemical information. Furthermore, no difference was observed in the severity of the disease among the two groups.

Conclusions: We provided evidence of rectal SARS-CoV-2 shedding in Danish COVID-19 patients. The clinical importance of rectal SARS-CoV-2 shedding appears to be minimal.

Keywords: COVID-19, SARS-CoV-2, rectal shedding, viral shedding, feces


INTRODUCTION

In December 2019, an outbreak with the novel coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), occurred (1, 2). Since then, the virus has resulted in a global pandemic and has infected more than 240 million individuals and led to more than four and a half million deaths (3, 4). SARS-CoV-2 causes coronavirus disease 2019 (COVID-19) (1) characterized by diverse clinical manifestations ranging from asymptomatic to critical with multiple organ failure (5–7). Common symptoms include fever, cough, and fatigue, but symptoms such as dyspnea, headache, and gastrointestinal symptoms are also reported (8–10). Children often experience a milder course of COVID-19 compared to adults (5), where they often present asymptomatic or with symptoms such as fever and/or cough (11, 12).

SARS-CoV-2 is primarily transmitted from person to person through close contact, respiratory droplets, and aerosol particles (13–22). However, another mode of transmission being suggested is the fecal-oral transmission (23–27). The fecal-oral transmission is of particular interest as the angiotensin-converting enzyme 2 receptor that SARS-CoV-2 utilizes to enter the host cells (28) is highly expressed in the gastrointestinal system (29–31). In addition, several studies have confirmed the presence of SARS-CoV-2 in feces and rectal swabs from individuals infected with SARS-CoV-2. Studies have furthermore shown that some individuals continue to shed virus in the intestines after shedding in the respiratory tract has stopped (25, 27, 32). The infectious potential of fecal SARS-CoV-2 is, however, still unknown, and only a few studies have been able to isolate active SARS-CoV-2 from fecal samples (24, 26). Most of the studies investigating SARS-CoV-2 in feces or rectal swabs have been conducted in China, and to the authors' knowledge, no study has investigated it in a North European population.

Therefore, we aimed to investigate the proportion of COVID-19 patients in Denmark who shed SARS-CoV-2 from the intestines. Furthermore, we aimed to investigate the possible correlation between rectal shedding of SARS-CoV-2 and the severity of the disease.



MATERIALS AND METHODS


Study Participants

From the 12th of June 2020 to the 28th of February 2021, hospitalized and non-hospitalized participants were included in the study. Adult hospitalized patients with suspicion of or confirmed COVID-19 infection (by pharyngeal testing) were recruited from the pandemic units at North Denmark Regional Hospital and Aalborg University Hospital. Hospitalized and non-hospitalized children with suspicion of or confirmed COVID-19 infection (by pharyngeal testing) were recruited from the departments of pediatrics at North Denmark Regional Hospital and Aalborg University Hospital. Non-hospitalized children were further recruited through advertisements on social media. Lastly, non-hospitalized adults who had been tested with a pharyngeal swab as a part of the national COVID-19 surveillance program were recruited from the COVID-19 test centers at North Denmark Regional Hospital and through advertisements on social media. Non-hospitalized adults were tested for a variety of reasons, including COVID-19 symptoms, close contact with infected individuals, prior to an appointment at the doctor or hospital, traveling, work, etc. (Supplementary Table 3). The inclusion criterium in the study was a recent pharyngeal swab as a part of the national COVID-19 surveillance program.



Study Design

From the hospitalized adults and children, daily pharyngeal and rectal or fecal swabs were collected (henceforth referred to as rectal swabs). If either the pharyngeal or rectal swabs at discharge were positive for SARS-CoV-2 by reverse transcription-quantitative polymerase chain reaction (RT-qPCR), the participants were asked to continue the pharyngeal and rectal swab collection at home. Sample collection proceeded until two consecutive negative pharyngeal and rectal swabs were obtained.

Non-hospitalized participants only delivered a single rectal swab in addition to their pharyngeal swab. However, from the non-hospitalized children who tested positive for SARS-CoV-2 in either the pharyngeal or rectal swab, both sample types continued to be collected until two consecutive negative tests were obtained. This was to get a better representation of rectal SARS-CoV-2 shedding in children, since they often experience a mild disease course, and rarely are admitted to the hospital.



Data Collection

Demographic information, including age, gender, height, weight, smoking status, alcohol consumption, occupation, and symptoms, was collected from questionnaires, while clinical and biochemical information was collected from medical records. In addition, questionnaires concerning present symptoms were collected at each sample collection. Study data were collected and managed using REDCap electronic data capture tools hosted at the North Denmark Region (33, 34).



Sample Collection and SARS-CoV-2 Testing

Pharyngeal and rectal samples were collected using FLOQSwabs and stored in 1x phosphate-buffered saline at 5°C (short term) or −20°C (long term). Rectal swabs collected at the homes of participants were delivered within 72 h to the laboratory and were subsequently stored at 5°C (short term) or −20°C (long term). RNA was extracted with the use of the QIAamp Viral RNA Mini Kit (Qiagen, Cat. No. 52906) automated on a QIAcube (QIAGEN) according to the manufacturer's protocol. The presence of SARS-CoV-2 was detected by RT-qPCR with primers and probes targeting the envelope gene of SARS-CoV-2 (LightMix Modular SARS-CoV (COVID-19) E-gene, Roche, Cat. No 53-0776-96) using the qRT-PCR Brilliant III Probe Master Mix (Agilent, Cat. No. 600884). The thermocycling settings were as follows; initial reverse transcription for 5 min at 55°C, followed by 5 min at 95°C, 45 cycles of 5 s at 95°C, 22 s at 60°C, and 15 s at 72°C, and a final elongation step for 30 s at 40°C. Each sample was analyzed in duplicates. Two positive controls (a pool of RNA from previous patients tested positive for SARS-CoV-2 and an RNA positive control enclosed with the LightMix Modular SARS-CoV (COVID-19) E-gene, Roche kit), were included on each plate together with three no template controls. A sample was assessed as positive when at least one of the duplicates had a Ct-value <40.



Statistical Analysis

Data analyses were performed using R version 4.0.5 (35) with RStudio IDE (36). For numeric data, normal distribution and variances were assessed using Shapiro-Wilk's test and Bartlett's test, respectively. Normal distributed data were compared using Student's t-test, whereas non-parametric data were compared using the Mann-Whitney-Wilcoxon test. Categorical data were compared using the two proportion z test or the chi-square test. A p-value < 0.05 was regarded as significant for all the statistical tests.



Ethics Approval

The study was approved by the North Denmark Region Committee on Health Research Ethics (N-20200036) and reported to the Danish Data Protection Agency. Informed written consent was obtained from all participants and the legal guardians of the children.




RESULTS


Prevalence of SARS-CoV-2 Rectal Shedding

In total, 219 non-hospitalized and 55 hospitalized participants were included in the study. Among the 219 non-hospitalized participants, 10 were positive for SARS-CoV-2 in the pharyngeal swabs (4.6%), and of these five were positive in the rectal swabs (50.0%) (Table 1). The non-hospitalized participants encompassed 211 adults and eight children. Of the 211 adults, nine were positive for SARS-CoV-2 in the pharyngeal swabs (4.3%), and of these four were positive for SARS-CoV-2 in the rectal swabs (44.4%). Of the eight children, one child was positive in both the pharyngeal and rectal swabs. Among the 55 hospitalized participants, 42 were positive for SARS-CoV-2 in the pharyngeal swabs (76.4%), and of these 23 were positive in the rectal swabs (54.8%) (Table 1). The hospitalized participants encompassed 52 adults and three children. Of the 52 adults, 41 were positive for SARS-CoV-2 in the pharyngeal swabs (78.8%). Thus 11 of the hospitalized adults turned out not to be infected with SARS-CoV-2. Of the 41 pharyngeal positive adults, 22 were positive for SARS-CoV-2 in the rectal swabs as well (53.7%). Of the three children, one child was positive both in the pharyngeal and rectal swabs. Rectal SARS-CoV-2 was not detected in any of the pharyngeal negative participants (Supplementary Tables 1–3). The pharyngeal positive and negative hospitalized adults were comparable regarding demographic and clinical characteristics (Supplementary Table 1). Demographic and clinical data for children and non-hospitalized adults are shown in Supplementary Tables 2, 3.


Table 1. Outline of the participants in the study.

[image: Table 1]



Hospitalized Adult COVID-19 Patients With and Without Rectal Shedding of SARS-CoV-2

The hospitalized rectal positive and rectal negative adult COVID-19 patients were comparable regarding demographics, clinical characteristics, information from admission, vital signs, laboratory findings, and radiologic findings (Tables 2–4). No difference was seen in the severity of the disease between the two groups based on the WHO clinical progression score (37) and admission to the intensive care unit (Table 3; Supplementary Table 4).


Table 2. Demographic and clinical characteristics of hospitalized COVID-19 adult patients with positive and negative rectal swabs, respectively.
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Table 3. Information from admission of COVID-19 adult patients with positive and negative rectal swabs, respectively.
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Table 4. Vital signs, laboratory findings, and radiologic findings of hospitalized COVID-19 adult patients with positive and negative rectal swabs, respectively.
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Duration of SARS-CoV-2 Rectal Shedding Among Adults and Children

The mean duration of rectal positivity until two consecutive negative rectal swabs was 13.7 days. The longest duration of rectal SARS-CoV-2 shedding was 45 days from inclusion (Figure 1). Two of seven participants (28.6%), who were followed for more than 6 days, continued to test positive in their rectal swabs after their pharyngeal swabs turned negative up to 29 days after testing (Figure 1). Ct-values ranged from 20.29 to 39.76 in the pharyngeal swabs and 20.56–39.14 in the rectal swabs (Figure 1; Supplementary Figure 1). In most participants, Ct-values were higher for the rectal swabs compared to the pharyngeal swabs, which may indicate a lower viral load in the rectal swabs. However, in patient 3, 10, and 12, Ct-values were lower for the rectal swabs. Patient 1, 2, 5, 6, and 9 were finalized in the study before a negative conversion of the samples was obtained due to discharge or transfer to other departments (Figure 1). No correlation was seen between the presence of SARS-CoV-2 in rectal swabs and the experience of gastrointestinal symptoms (Figure 1).


[image: Figure 1]
FIGURE 1. Pharyngeal and rectal swab results from COVID-19 patients followed for more than 6 days. In the rows with pharyngeal and rectal swabs, a gray circle ([image: yes]) illustrates a positive result, a transparent circle ([image: yes]) illustrates a negative result, and a half-filled circle ([image: yes]) illustrates an inconclusive result, where only one of the duplicates was positive. In the rows with respiratory and gastrointestinal symptoms, a gray circle ([image: yes]) illustrates the presence of the symptoms, and a transparent circle ([image: yes]) illustrates that the symptoms were not experienced. Children are marked by *. The light blue area marks the period where the pharyngeal swabs were positive, while the light green area marks the period where the rectal swabs were positive. Respiratory symptoms include cough, sore throat, sneeze, dyspnea, and colored sputum. Gastrointestinal symptoms include nausea, vomit, stomach ache, and diarrhea.





DISCUSSION

Rectal shedding of SARS-CoV-2 was observed in 28 of 52 (53.8%) COVID-19 positive adults and children with a duration of up to 45 days from inclusion. Notably, prolonged rectal shedding after negative conversion of pharyngeal swabs was only observed in two of seven (28.6%) COVID-19 positive adults and children, who were followed for more than 6 days. The rectal shedding proceeded up to 29 days after the pharyngeal shedding had stopped. The hospitalized adult rectal positive patients and rectal negative patients were comparable regarding demographic, medical, and biochemical information.

In previous studies, prolonged rectal shedding after negative conversion of respiratory samples has been observed in up to 78.0% of the COVID-19 patients (25, 27, 38), whereas we only observed this for two of our patients. This discrepancy may be explained by several factors; first, we were not able to follow all our patients until a negative conversion of pharyngeal and rectal swabs occurred, leading to a likely underestimation of prolonged rectal shedding. Second, there may be changes or differences in treatment strategies between countries and over time, which could have an impact on rectal SARS-CoV-2 shedding. For instance, antiviral treatment has been shown to be positively correlated with the presence of SARS-CoV-2 in feces (25). We did not, however, in our study observe any correlation between antiviral treatment and duration or prevalence of rectal shedding. Finally, we included patients at very different time points during their disease course, making it difficult to completely map out when rectal SARS-CoV-2 was predominantly present.

There has been an ongoing debate on whether rectal SARS-CoV-2 shedding is linked to disease severity. Our study showed no correlation, which is in line with the results of Chen et al. (27). Another study (39), however, showed a positive correlation between rectal shedding and disease severity. The discrepancy between the studies may be related to the different parameters used to assess the severity of the disease. Therefore, a definitive correlation between rectal shedding of SARS-CoV-2 and disease severity has not yet been established, but it appears that SARS-CoV-2 can be present in the intestines without necessarily affecting the severity of the disease. This is supported by the high Ct-values for the rectal swabs compared with the pharyngeal swabs, which may indicate a low viral load in the rectal swabs. Notably, Ct-values are not equivalent to viral load but are only an indicator, as the Ct-values are also affected by the procedure of the sample collection. However, it is still unknown whether the presence of SARS-CoV-2 in the intestines has long-term consequences for the infected individuals, such as an influence on the gut function or the immune responses. Overall, the clinical importance of rectal SARS-CoV-2 shedding remains unknown, and future studies investigating the possible long-term consequences are needed.

Although SARS-CoV-2 has been detected in the intestines of infected individuals, the infectious potential continues to be undetermined. A few studies have been able to isolate active SARS-CoV-2 from the feces of infected individuals (24, 26) and observe active viral replication in rectal tissues (40). Therefore, evidence suggests that the virus is actively replicating in the intestines and is not just non-infectious leftovers from the respiratory tract. However, evidence of replication in the intestines is not synonymous with the virus from feces being infectious. Zang et al. (41) showed that SARS-CoV-2 could be inactivated in vitro by simulated colonic fluid. Thus, the virus may be inactivated relatively fast when released to the intestinal lumen, and the infectious risk of the virus from feces may be of little concern.

Despite the uncertainty concerning the clinical importance and infectious potential of rectal SARS-CoV-2 shedding, the observation of rectal shedding has proven advantageous in SARS-CoV-2 testing of sewage samples, where it is possible to monitor potential outbreaks of infection in the community (42).

There are some limitations in our study that need to be addressed. First, a fraction of the rectal samples was collected by the participants themselves, leading to the risk of incorrect collection. However, to compensate for this, thorough instructions were given before sample collection. Another limitation is that participants were included at different stages in their disease course, which may have had an impact on the number of rectal positive participants identified. Nonetheless, no correlation was observed between the time of inclusion and the rectal positivity. In addition, not all participants were followed until two consecutive negative pharyngeal and rectal swabs were obtained. Furthermore, the patients with the most severe disease course may have been incapable of giving consent and could therefore not be included in the study, which may have affected the study's results. Finally, the number of COVID-19 positive participants in each group was low and investigating a larger cohort would provide more information about the duration of rectal shedding, as well as its clinical significance.

Nonetheless, the present study has strengths. First, we applied regular collection of both pharyngeal and rectal samples with parallel reporting of symptoms. Furthermore, we obtained detailed demographic and clinical information about the individual participants through questionnaires and medical records.

In conclusion, this study provided evidence of rectal SARS-CoV-2 shedding in Danish COVID-19 patients. However, as opposed to previous studies, we only observed prolonged rectal shedding in a few COVID-19 patients. The clinical importance of rectal SARS-CoV-2 shedding appears to be minimal, however, long-term consequences and the infectious potential of rectal shedding remain to be determined.
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Introduction: The best way to mitigate an outbreak besides mass vaccination is via early detection and isolation of infected cases. As such, a rapid, cost-effective test for the early detection of COVID-19 is required.

Methods: The study included 4,183 mildly symptomatic patients. A nasal and nasopharyngeal sample obtained from each patient was analyzed to determine the diagnostic ability of the rapid antigen detection test (RADT, nasal swab) in comparison with the current gold-standard (RT-PCR, nasopharyngeal swab).

Results: The calculated sensitivity and specificity of the RADT was 82.1 and 99.1%, respectively. Kappa's coefficient of agreement between the RADT and RT-PCR was 0.859 (p < 0.001). Stratified analysis showed that the sensitivity of the RADT improved significantly when lowering the cut-off RT-PCR Ct value to 24.

Conclusion: Our study's results support the potential use of nasal swab RADT as a screening tool in mildly symptomatic patients, especially in patients with higher viral loads.

Keywords: SARS-CoV-2 (2019-nCoV), nasopharyngeal swabs, nasal swab, rapid antigen detection test, RT-PCR, viral diagnostic, COVID-19


INTRODUCTION

Since December 2019, the number of Coronavirus disease 2019 (COVID-19) confirmed cases has been rising rapidly despite the efforts to limit its spread (1, 2). The World Health Organization (WHO) declared COVID-19 to be a pandemic on March 12, 2020 (2). To date, the total number of cases worldwide has exceeded 120 million, with over 2.5 million deaths (3). The National COVID-19 Taskforce in Bahrain has been working diligently to confine this disease's spread since the start of the pandemic. Bahrain has had more than 140,000 COVID-19 cases, afflicting about 8% of the population (4).

One of the most effective ways to mitigate a viral outbreak in the absence of population-wide vaccination is the efficient detection of cases early enough to take the necessary precautions that could halt its spread to contacts and allow for the adequate management of high-risk patients. However, this is difficult to achieve in the absence of a readily available, rapid, and cost-effective test with sufficiently high specificity and sensitivity for early detection of COVID-19 infected patients in the general population (5–8).

Until now, nasopharyngeal Real-Time Polymerase Chain Reaction (RT-PCR) is the gold standard diagnostic test for COVID-19 (5–8). RT-PCR has multiple limitations, including delayed availability of results and the need for specialized laboratory equipment as well as specialized technicians (1, 5, 6, 8). As a result, the number of tests performed per day is restricted by these limitations, risking delaying the appropriate management of positive cases. Therefore, other diagnostic techniques are needed to limit the virus's spread and effectively monitor the degree of COVID-19 infection in the population (1, 5, 6, 8). Current literature explores the possibility of using point-of-care rapid antigen tests as a cost-effective and simple modality that has been used effectively with other viruses such as Influenza and respiratory syncytial virus (RSV) (9). However, the studies report an overall low sensitivity and high specificity compared to RT-PCR (1, 5, 6, 8).

Our study explores nasal swabs' diagnostic performance as they do not require a skilled professional, are less time consuming, and cause less discomfort. Furthermore, nasal swabs—which are routinely used in microbiology labs with no risk of supply disruption—have been validated as an alternative procedure to collect nasal secretions, with nearly equivalent detection abilities to nasopharyngeal swabs (10). Nasopharyngeal swabs however are the reference sampling method for the detection of SARS-COV-2 as per the World Health Organization (11). We aim to demonstrate the efficacy of nasal antigen tests in mildly symptomatic cases. This would provide a simple, reliable test that might eliminate negative cases with a certain level of confidence. Implementation of such tests will reduce the workload on healthcare professionals and institutions, as these tests can be done at clinics or home and facilitate reopening and relaxing nationwide restrictions.



OBJECTIVE

To determine the nasal swab antigen test's accuracy in detecting SARS-COV-2 compared to nasopharyngeal RT-PCR in mildly symptomatic individuals.



METHODS


Study Population

The study involved 4,183 mild symptomatic individuals. Definition of “mildly symptomatic” individuals followed Bahrain's protocol (12). It included fever (<38°C), loss of taste or smell, flu-like symptoms, sore throat, gastrointestinal symptoms, myalgia, and fatigue. The study participants were referred to the national testing center's symptomatic hall at the Bahrain International Exhibition and Convention Center.



Setting

All testing was conducted in the symptomatic hall in the National Testing Centre at the Exhibition Centre in Manama, Bahrain.



Study Design

We conducted a cross-sectional study to determine the diagnostic performance of the rapid antigen test compared to RT-PCR. Two swabs were taken from each individual, one nasal swab for the antigen test and one nasopharyngeal swab for the RT-PCR. For rapid antigen test, Abbott panbio COVID-19 antigen rapid test device (Abbott Rapid Diagnostic Jena GmbH, Jena, Germany) to detect SARS-CoV-2 nucleocapsid protein was used. The contained membrane strip is pre-coated with immobilized anti-SARS-CoV-2 antibody on the test line and mouse monoclonal anti-chicken IgY on the control line (13). The nasopharyngeal samples for RT-PCR were transferred to a viral transport media immediately after collection and transported to a COVID-19 laboratory for testing. The RT-PCR test was conducted using Thermo Fisher Scientific (Waltham, MA) TaqPath 1-Step RT-qPCR Master Mix, CG on the Applied Biosystems (Foster City, CA) 7500 Fast Dx RealTime PCR Instrument. The assay used followed the WHO protocol and targeted the E gene. If the E gene was detected, the sample was then confirmed by RdRP and N genes (14). The E gene Ct value was reported and used in this study. Ct values >40 were considered negative. Positive (virus-like particles of SARS-CoV-2 and RNase P) and negative (RNase-free Water) controls were included for quality control purposes.



Sample Collection

All samples were collected by a trained healthcare professional in the national testing center. The nasal samples were collected using the nasopharyngeal swab provided with the RADT kit from both nostrils. Based on the CDC guidelines, the patient's head was tilted back by 70°. The swab was inserted approximately 2 cm into the nostril while gently rotating it, rolling it several times before removing it. The swab tip was placed in the buffer fluid inside the extraction tube, with 5-drops of extracted specimen dispensed onto the specimen well (S) on the device. Results were read after 15 min.

The nasopharyngeal samples used for RT-PCR were collected through both nostrils from the nasopharynx using a nasopharyngeal swab. The nasopharyngeal swab was inserted into the nostril parallel to the palate until resistance was encountered, or the depth was equivalent to the distance of the nose from the ear. The swab was rolled and rubbed gently, left in place for multiple seconds, then removed slowly while rotating it and placed into the transport tube (15).



Participants

• Inclusion criteria:

° Suspected COVID-19 cases with mild symptoms [defined by Bahrain's protocol (12)] presenting to the testing center.

• Exclusion criteria:

° Suspected cases with severe symptoms

° Any asymptomatic suspected case



Data Handling and Statistical Analysis

Antigen test results and RT-PCR result with the corresponding Ct value were collected for all mildly symptomatic cases. The antigen's diagnostic performance was assessed using sensitivity, specificity, positive predictive value, negative predictive value, and respective 95% Confidence interval. Agreement between nasopharyngeal RT-PCR and nasal antigen tests was assessed using kappa coefficient of agreement. The Ct value of identified and missed cases by antigen tests were summarized using median and interquartile range. Ct Value of identified and missed cases were compared using a two sample t-test. All p-values were two-sided, and P < 0.05 was considered significant. Data collection was performed through a live google sheet and extracted to Microsoft Excel 2016. Statistical analysis was performed using STATA (16).



Ethical Considerations

Ethical and research approval was obtained from the National COVID-19 Research and Ethics Committee (approval code: CRT-COVID-2020-088). All methods and analysis of data were approved by the National COVID-19 Research and Ethics Committee and carried out according to the local guideline and ethical guidelines of the Declaration of Helsinki 1975. Written Informed consent was waived by the Research and Ethical Committee for this study due to the absence of any patient identifying information.




RESULTS

A total of 4,183 mild symptomatic cases were tested by RT-PCR (using a nasopharyngeal sample) and by antigen test (using a nasal sample). 56.5% of the cases were males, and 43.5% were females. The mean age of the tested population was 30.9 years (± 14.5 years). Days from symptom onset ranged from 0 to 14 with a median of 2 (IQR 1–3). Table 1 summarizes the demographics of the tested cohort. 17.5% (733/4,183) of the population tested positive by RT-PCR; no equivocal results were reported. Using the antigen test, 15.1% were positive, while the remaining tested negative, and none of the tests were equivocal.


Table 1. Demographics and clinical features of studied sample.
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Out of the 733 confirmed RT-PCR cases, the antigen test accurately diagnosed 632 cases (82.1%). One hundred and thirty five cases were falsely negative by the antigen test, and 30 cases were reported as false positive. Table 2 is a contingency table showing the RT-PCR and Antigen test results. Using nasopharyngeal RT-PCR as the gold standard test for diagnosis of SARS-CoV-2, the rapid antigen test showed a sensitivity of 82.1% (95% CI 79.2–84.8%) and a specificity of 99.1% (95% CI 98.8–99.4%). With the prevalence of COVID-19 being 17.5% within the tested population, the antigen test had a positive predictive value (PPV) of 95.3% and a negative predictive value (NPV) of 96.3%. Agreement analysis between the nasopharyngeal RT-PCR and the nasal antigen test showed 85.9% observed agreement (κ coefficient = 0.859, p < 0.001). Table 3 summarizes the diagnostic performance of the antigen test.


Table 2. 2 × 2 table showing the PCR and Antigen test results.
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Table 3. Assessment of the diagnostic accuracy of the antigen test.
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Confirmed cases had a median Ct value of 22 (IQR 20–24.1). Cases detected by the antigen test had a median Ct value of 22 (IQR 2–24) and a mean of 22.1 (95% CI 21.9–22.4). Cases missed by the antigen test had a median Ct value of 25 (IQR 22–28) and a mean of 25.1 (95% CI 24.3–25.8). The mean Ct value difference between the false negative and the true positive cases was statistically significant (t-score 9.2, p < 0.001). The median Ct values and their corresponding interquartile ranges are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Box plot of PCR Ct value and Antigen test result.


To control for time since symptom onset as a confounder, we performed a stratified analysis to assess the significance of time since onset of symptoms on the antigen test's diagnostic performance. Cases with symptom onset within 5 days showed a modest improvement in the diagnostic performance with a sensitivity of 82.4%, specificity of 99.3%, and a Kappa coefficient of 0.865. This was almost similar to cases with symptom onset within 7 days, as shown in Table 4. Additionally, a secondary analysis was conducted after excluding cases with Ct values more than or equal to 30 and Ct more than 24. The sensitivity increased to 84.5 and 87.9%, respectively. In contrast, specificity for both cutoff Ct values was 99.1%. Moreover, after excluding cases with Ct value > 24 and restricting symptoms onset to within 5 and 7 days, there was a significant increase in sensitivities up to 89.5 and 89.3%, respectively.


Table 4. The effect of symptoms onset time and Ct values on the diagnostic performance.
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As a follow-up, cases that tested negative by the antigen test and tested positive by the RT-PCR were asked to repeat the antigen test within 72 h. Nineteen out of 135 responded, and 73.7% were positive on the repeated antigen test. Three of the 30 cases tested positive by the antigen test but negative by RT-PCR were tested again within 72 h. One case tested negative, while two remained positive and tested positive by repeat RT-PCR.



DISCUSSION

The RT-PCR has been a very accurate test to diagnose all kinds of infectious diseases. It provides results faster than cultures, and its use for early diagnosis by infectious disease specialists has been very popular (17). During the pandemic, the RT-PCR test was the only accurate test available to diagnose infected individuals (18). RT-PCR is a very sensitive test for SARS-CoV-2, and this sensitivity had improved within a few months into the pandemic. Some RT-PCR machines detect down to ten viral RNA copies μl−1 (19). Despite the RT-PCR test's high sensitivity, it has multiple limitations that hold back the efforts in battling this pandemic with reopening plans in motion worldwide. Numerous studies showed that RT-PCR was sometimes positive in patients with a corresponding negative culture test for SARS-CoV-2, which indicates that these patients were not infectious (8, 20). This has led to the isolation of people who are noninfectious and halted reopening measures. Another limitation is that it requires healthcare professionals to collect the swab and specialized labs and specialists to analyze and interpret the result (5, 6).

As the pandemic necessitated mass testing, the turnaround time extended and required average 2–3 days in many countries (21, 22). This time limitation has kept Bahrain under-armed when fighting the pandemic. One of the main steps to mitigate this outbreak's spread is to have an accurate test that will detect infectious individuals who pose a public health risk and report results quickly. The test should also be easy to perform by the general population and repeat multiple times whenever necessary. This will reduce the workload on healthcare professionals as well as smoothen the reopening process. The use of the nasopharyngeal swab is a limiting factor in terms of ease and frequency of testing because it is invasive, uncomfortable, and aerosolizing (23). For similar reasons, the Centers for Disease Control and Prevention (CDC) permitted self-sampling via nasal swabs to compensate for the shortage of healthcare workers and the escalation of COVID 19 cases (24). Furthermore, the CDC, along with several studies, have illustrated that supervised nasal swabs were quite as effective as nasopharyngeal swabs in detecting SARS-CoV-2 (17, 25).

The antigen test used in our study demonstrates that it can be a good test to be used in this context. The nasal antigen test had a significant agreement correlation of 85% with the nasopharyngeal RT-PCR in the studied population. The mild to moderate symptomatic population represents most COVID-19 cases; 81% as reported by a Chinese cohort (26). Hence targeting this population was our priority when investigating a newer test like RADT. Additionally, we excluded asymptomatic patients as the scope of this study focused on the appropriateness of RADT and the factors that might impact its performance in symptomatic individuals. In cases where patients present with severe disease, the RT-PCR test should continue to be used as having a definite result is necessary.

Our study's rapid antigen detection test (RADT) had a very high specificity of 99.3%. The test also had a high predictive value within a population with an 18% prevalence of COVID-19. The sensitivity of the test was 82.1% when compared to the RT-PCR test. Despite the antigen test having lower sensitivity, it was done using a nasal and not a nasopharyngeal sample. Moreover, RT-PCR's diagnostic accuracy can never be fairly compared to the rapid point of care antigen test as the detection method is different.

Our study's findings regarding the rapid antigen test's diagnostic performance match the data in the current literature to a certain extent. For example, a review of nine studies involving 7 different brands of rapid antigen tests reported that all studies demonstrate very high specificities. The pooled specificity was 99% (95% CI 98–100%), similar to our test's specificity (99.2%). However, the reported pooled sensitivity was 49% (95% CI 28–70), much lower than our test's sensitivity (81.3%). However, a wide range of sensitivities was reported across the studies, ranging from 0 to 94% (27). Few high-quality studies showed that some tests, such as the Bioeasy 2019-nCov Ag Fluorescence Rapid Test Kit, had a relatively high pooled sensitivity of 82.3%, which is close to our test's sensitivity (28).

Multiple studies reported either low sensitivities, such as 30 and 50%, or low Cohen's kappa coefficient of agreement, while in our study, the reported sensitivity was 81.3% (5, 7, 29). All of the studies mentioned above were using different commercial antigen tests and different swabs (nasopharyngeal swabs and nasal swabs). Moreover, most of the studies did not specify the severity of symptoms within the study population. The studies that reported very high sensitivities of the rapid antigen test usually involved patients who were either in the emergency department or hospitalized. Such patients are usually more symptomatic, hence have a higher viral load. As a result, the reported sensitivities were higher compared to patients with milder symptoms (30–33).

Our study's cases missed by the antigen test had higher Ct Value than those detected by the antigen test. The mean Ct value for the missed cases was 25.1. Bullard et al. described that viral cultures fail when the time from symptom onset exceeds 8 days and/or the Ct value exceeded 24 (34). When we excluded cases above the Ct value of 24, the sensitivity improved to 87.9% with an agreement rate (kappa coefficient) of 89.2 between nasal antigen test and nasopharyngeal RT-PCR. The accuracy improved further when symptom onset was restricted to 7 days and cases above Ct of 24 were excluded. The agreement coefficient reached 91.3% and sensitivity reached 89.3% without affecting specificity. This finding was also reported by Bayona et. al in a meta-analysis conducted on multiple RADT, which demonstrated that the sensitivity of the RADT was higher when performed in patients early in the disease (0–7 days) compared to tests performed late in the disease (8–14 days). The study also showed that the reduction of the Ct value from ≤ 40 to ≤ 30 increased the sensitivity of the rapid antigen test from 68 to 98%. One of the studies included in the meta-analysis showed that the sensitivity improved to 82.2% in patients with higher viral loads (Ct value < 25) (7). In addition, the median Ct value of antigen test negative cases was higher and significantly different from positive cases (7). The antigen test's sensitivity significantly improves when cases with high Ct values (30–40) were removed from the analysis (27, 35), and this was also proven by our study. Rapid antigen tests were sensitive enough to detect cases of early symptomatic cases with a high viral load, which likely account for a significant proportion of transmissions. This early detection can enable rapid isolation of cases with rapid initiation of contact tracing (36).

To implement the use of point of care (POC) rapid antigen testing in clinics as well as by the public, we need to improve the efficacy of the test by testing and implementing a scheme that would limit the number of false-negative cases, especially in symptomatic patients. We believe that increasing the frequency of the test can improve its diagnostic accuracy. As seen in the sample of 22 patients who had false results by the antigen test in our study, the repeated test showed accurate results in 77% of the repeated test. Additionally, since cases with higher viral loads are better detected by the RADT, repeating the test after a few days to allow the viral load to increase may be considered. Similarly, as per the European CDC, repeating the test 2–4 days after a confirmed contact tests negative would decrease the chances of a false negative (36). We have proposed an algorithm that can further improve the diagnostic accuracy of the test in symptomatic patients:

1. The RADT must not be used if more than 7 days have passed since symptoms onset or if the patient has severe symptoms.

2. If the RADT was negative, the individual should self-isolate until a true-negative is confirmed by RT-PCR within 24 h. In cases where an RT-PCR test may not be feasible, a repeat RADT may be considered after 24–48 h.

3. If the RADT was positive, the individual must self-isolate until an RT-PCR is performed soon after to confirm the diagnosis.

This algorithm however should be examined to understand the value of repeating an antigen test in those cases. Moreover, the time frame to repeat the RADT has to be investigated, to better identify an appropriate time range to improve the efficacy of the scheme. It is important to note that this algorithm for symptomatic patients leans on the side of caution, as RT-PCR remains the gold standard for COVID-19 diagnosis. The conduction of a RADT test allows for rapid at-home testing, eliminating the risk of transmission posed when a symptomatic individual visits a healthcare facility to get an RT-PCR test. It would allow for self-isolation while providing the medical taskforce more time to act and arrange an RT-PCR test for the patient. As such, the definition of mild symptoms must be clearly understood by the public. If a person had severe symptoms or was a high-risk individual (close contact), they must perform an RT-PCR first as these are higher risk populations that require a more accurate diagnosis. Antigen tests can thus be used in addition to RT-PCR as part of the testing strategies for COVID-19. The use of antigen tests can potentially decrease the use of RT-PCR tests.

In the case of mass screening of asymptomatic individuals with no known exposure (low pre-test probability), a negative RADT test, especially one followed by another negative RADT test a few days later, may suffice for a confirmation. In such cases, following every negative RADT test with a confirmatory RT-PCR would be counterproductive to the aim of easy and rapid mass screening. This recommendation is also in accordance with the US CDC's guidelines for a negative RADT in a population with a low pre-test probability (asymptomatic and no known exposure) (37).

Given the high specificity shown by the RADT, we believe that it can be adequately used in asymptomatic individuals who are not close contacts. The RADT can be used in different settings (gatherings, schools, and workplaces) to conduct frequent monitoring of the population and help in identifying cases early to prevent an outbreak. However, its diagnostic accuracy in these settings has to be examined to determine its efficacy.

The study has several strengths. The large sample size and the comparison of nasal swabs tested by RADT to Nasopharyngeal samples tested by RT-PCR are the two main unique strengths of this study. Moreover, the use of a single large testing center allowed standardization and increased quality in sample and data collection. All nasopharyngeal samples were transported and tested in a single lab using the same kits and machines and hence standardizing the results and Ct values. Our study provides novel data from the Eastern Mediterranean Health Region, contributing to the reproducibility and generalizability of current and future studies, and any upcoming meta-analyses.

The study has its limitations, the nasal sample was collected using nasopharyngeal swabs. Nasopharyngeal swabs are flexible and smaller and hence are more difficult to collect nasal samples. Therefore, this could have underestimated the results of the study. Furthermore, although it is of great value to compare nasopharyngeal RT-PCR to nasal RADT, the comparison of antigen tests to RT-PCR cannot be fairly deduced as the method differs; ideally, nasal swabs for both diagnostic modalities would be tested for Ct value accuracy. Additionally, both the RADT and RT-PCR tests were conducted by healthcare professionals, which was done to ensure standardization and limit bias; however, as a result, the demonstrated diagnostic strength of nasal RADT tests cannot be transferred to its use by unskilled professionals with full confidence. It remains a non-technical skill however, and as such the data should not defer in any significant way. Moreover, the participants' clinical symptoms were not collected, and there were significant amounts of missing data on time from symptom onset. This had led to a decrease in sample size when testing different models based on the restriction of time from symptom onset. This can either under or overestimate the results for the restricted models. Only a small number of cases agreed to have a repeated test after a discrepancy in RT-PCR and RADT results. The timing of the repeat test ranged from 24 to 72 h and wasn't standardized due to logistical difficulties.



CONCLUSION

The sensitivity of rapid antigen tests is affected by numerous factors including the viral load, the onset of symptoms, route of sample collection, and the circumstances in which it was used. The results of the diagnostic assessment of nasal swabs in the RADT used in our study are promising regarding the potential benefit of using them as a screening tool in mildly symptomatic patients. The diagnostic ability was especially high in cases with a high viral load. Further investigations ought to be performed to test the algorithms/protocols of repeated testing using RADT to further improve its diagnostic ability. More research is required to assess the ability of the RADT to screen large populations with low disease prevalence. RT-PCR test is the gold standard test for COVID-19, but the RADT can be used in addition to RT-PCR as part of the testing strategies for COVID-19.
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The COVID-19 has wreaked havoc upon the world with over 248 million confirmed cases and a death toll of over 5 million. It is alarming that the United States contributes over 18% of these confirmed cases and 14% of the deaths. Researchers have proposed many forecasting models to predict the spread of COVID-19 at the national, state, and county levels. However, due to the large variety in the mitigation policies adopted by various state and local governments; and unpredictable social events during the pandemic, it is incredibly challenging to develop models that can provide accurate long-term forecasting for disease spread. In this paper, to address such a challenge, we introduce a new multi-period curve fitting model to give a short-term prediction of the COVID-19 spread in Metropolitan Statistical Areas (MSA) within the United States. Since most counties/cities within a single MSA usually adopt similar mitigation strategies, this allows us to substantially diminish the variety in adopted mitigation strategies within an MSA. At the same time, the multi-period framework enables us to incorporate the impact of significant social events and mitigation strategies in the model. We also propose a simple heuristic to estimate the COVID-19 fatality based on our spread prediction. Numerical experiments show that the proposed multi-period curve model achieves reasonably high accuracy in the prediction of the confirmed cases and fatality.
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1. INTRODUCTION

The outbreak of novel coronavirus disease 2019 or the COVID-19 started in Wuhan, Hubei Province in China in late December 2029 (1). The first case for COVID-19 in the United States was reported on January 20, 2020, which was associated with travel (2). The New York Health Department classifies the start of the outbreak in New York City (NYC) as the date of the first laboratory-confirmed case (February 29, 2020) (3). The spread of the virus contained through mid of March 2020; it then spread rapidly due to travel-associated importations, large gatherings, introductions into high-risk workplaces and densely populated areas, and cryptic transmission resulting from limited testing and asymptomatic and presymptomatic spread (4). By the end of March 2020, New York City had become the epicenter of COVID-19 in the U.S. with 75,922 confirmed cases and 2,356 deaths, and the virus was spreading across all the states (5). U.S. states, territories, and jurisdictions began implementing various mitigation policies in March 2020, such as stay-at-home orders (SAHOs) or lockdowns and social distancing to slow down the spread of COVID-19. Note that in the U.S., each state or jurisdiction has the authority to enact its laws and policies to protect the public's health, and there exists a large variety in the types and their issuing time (6). By the first week of April 2020, mandatory SAHOs were issued for all the states in the US (6). The implementation of mitigation policies such as SAHOs and lockdowns helped to substantially slow down the spread of the virus (7, 8). However, these policies also had a significant side effect on the economy (9) and the mental health of people (10). Besides the tremendous threat to public health and well-being, the COVID-19 and the implemented mitigation policies also had catastrophic consequences on the economy. As observed in (11), the unemployment rate in the U.S. increased from 3.8% in February 2020 to 14.7% in April 2020, and the overall cumulative financial cost is estimated to be over $16 trillion (12). As the U.S. started to reopen its economy in May 2020, the unemployment rate started to decrease gradually and now stands at 4.8% in September 2021 (11).

Due to economic concerns, many jurisdictions rolled back the SAHO restrictions from the first week of May 2020 to reopen regional businesses. We call this the “reopening phase.” A detailed timeline in imposition and rollback of these SAHOs from different U.S states and territories is given in Figure 1. Following the ease of SAHOs and reopening, there were also massive gatherings and protests in many cities across the country starting from the last week of May 2020. This led to the so-called “Summer Surge” of COVID-19 cases between the first week of June to the third week of July 2020 (13). With the help of mandatory masking (14, 15) and social distancing restrictions (7) in counties with a high surge, the new cases started to decrease till the first week of September 2020. After that, the U.S. saw the fall 2020 surge of COVID-19 cases, which is attributed to the reopening of restaurants, bars, educational institutions, and workplaces, 2020 US presidential elections, massive gathering and protesting, along with non-adherence to strict social distancing and masking guidelines (7, 13, 16–18). This fall surge lasted till mid of January 2021. We saw a decline in new confirmed cases until the middle of June 2021, attributed to the mass vaccination and natural immunity developed among the people infected and recovered from COVID-19. A recent surge in the COVID-19 cases was seen starting in the mid of June 2021, attributed to large gatherings, vaccine reluctance, non-adherence to masking, and the more infectious delta variant of the COVID-19. This surge lasted till the first week of September after which the cases started to decline as vaccination rates started to pick up. Up to date, the U.S has seen over 46 million confirmed cases and 0.76 million deaths (2).


[image: Figure 1]
FIGURE 1. *Including the type of stay-at-home order implemented, to whom it applied, and the period for which it was in place. †Jurisdictions that did not issue any orders requiring or recommending persons to stay home during the observation period were not included in this figure. Jurisdictions without any orders were American Samoa, Arkansas, Connecticut, Nebraska, North Dakota, and Wyoming. COVID-19, coronavirus disease 2019; CNMI, Northern Mariana Islands. Type and duration of COVID-19 state and territorial stay-at-home orders, by jurisdiction—United States, March 1–May 31, 2020 (6).


Experts from various fields have been studying different issues related to the COVID-19 because of its impact on both public health and the economy. One of the most important topics is forecasting the spread of the COVID-19, which can inform governments at different levels to form responsive policies. Many forecasting models have been proposed in the literature to predict the confirmed cases and deaths at country, state, or county level (8, 19–23). The U.S. Center for Disease Control (CDC) has listed and compared the performance of over 50 forecasting models (24). Friedman et al. (25) compares the accuracy of different forecasting models for COVID-19 to point out that there are many challenges in accurately predicting the spread of COVID-19. The lack of highly accurate forecasting models is also observed by Kreps and Kirner (26). They further speculate that the limited data may be a significant cause for the relatively poor performance of the forecasting method. Jewell et al. (27) point out that since the situation in the pandemic is continuously changing, it is impossible to have accurate long-term forecasting. Eker (28) cautions that most of the COVID-19 models lack a thorough validation and clear communication of their uncertainties. Ioannidis et al. (29) consider lack of incorporation of epidemiological features and consideration of a few dimensions of the problem at hand are among many other factors resulting in accurate COVID-19 forecasts.

Most forecasting models for the spread of infectious diseases can be classified into 3 groups based on the underlying methodology (30). The first group includes the basic Susceptible, Infected and Recovered (SIT) model and the elaborated Susceptible, Exposed, Infected and Recovered (SEIR) model for epidemiology. The SIR model, introduced by Ronald Ross et al. (31), divides a population into 3 groups: Susceptible, Infected, and Recovered, while the SEIR model assumes a significant incubation period during which individuals have been infected but are not yet infectious (called the exposed phase) and, divides a population into 4 groups: Susceptible, Exposed, Infected, and Recovered (32). These models then apply a set of non-linear ordinary differential equations (ODEs) to describe how each group in the underlying population changes in response to each other, using assumptions about the disease process, social interactions, public health policies, and others (30–32). Draugelis et al. (20) at Penn Medicine modified the SIR model to develop the COVID-19 hospital impact model for epidemics (CHIME). The CHIME model allows users to vary inputs and assumptions and is applicable during the period before a region's peak infections. Atkeson et al. (33) also used the SIR model to forecast different COVID-19 scenarios and study the impact of mitigation strategies on the COVID-19 death toll. Ferguson et al. (22) adopted a variant of the SEIR model to study the impact of non-pharmaceutical interventions (NPIs) in reducing the mortality and health care demand from COVID-19. Under an unmitigated scenario, their model predicted 2.2 million deaths in the U.S. Li et al. (8, 34) extended the standard SEIR model with additional features like under detection and differentiated government intervention to forecast infections, hospitalizations, and deaths from COVID-19 across the U.S. and the world.

The second group consists of agent-based simulation models (ABMs) (35), which allow agents to interact with other agents and the environment via creating a simulated community to show the interactions and the resulting spread of disease among individuals in the simulated community. These models take into consideration the assumptions and rules about the individuals' movement and mixing patterns, other behaviors and risks, and the health interventions and policies in place (30, 36). Alessandro et al. (19) extended the agent-based model to the individual-based, stochastic, and spatial epidemic model to study the spatiotemporal COVID-19 spread. Their model forecasts the infections in social distancing and unmitigated scenarios. Erik (37) proposed an agent-based model to evaluate the COVID-19 transmission risks in facilities and proposed testing of possible scenarios to reduce transmission risks.

The third group consists of curve-fitting/extrapolation models, which construct a curve or a mathematical function that best fits the epidemic by looking at the current status and then extrapolating the likely future epidemic path. This epidemic path is drawn from experiences in other locations and/or assumptions about the population, transmission, and public health policies in place (30). The COVID-19 research team at Los Alamos National Laboratory (LANL) (21) used a curve fitting technique to forecast the COVID-19 confirmed cases and deaths. Although their technique does not explicitly model the intervention effect, it assumes that interventions will be implemented and adjust the spread growth rate accordingly. The Institute for Health Metrics and Evaluation (IHME) (23, 38) proposed a curve-fitting model that considered disease spread in different geographies and extrapolated a prediction. IHME used this model between March 26 and the end of April.

Some other models use the combination of these methods or others. For instance, the IHME introduced a hybrid curve fitting and epidemiological compartment model and hybrid mortality spline and epidemiological compartment model, which have been in use since early May (23). Liu et al. (39) simulated the COVID-19 spread dynamics through a combined model of SEIR and network model and estimated the effectiveness of the intervention policies on the epidemic peak postpone and mitigation.

In addition to the intensive study on forecasting the spread of the COVID-19, several experts have explored the association between socioeconomic features and demographic characteristics on spread and mortality from COVID-19. Placio et al. (40) established that for Miami Dade county the COVID-19 infection is associated with economically disadvantaged population and shows no association with racial/ethnic distribution. Bhowmik et al. (41) found a significant association of demographics, mobility, and health indicators with COVID-19 hospitalization and ICU usage. Bhowmik and Eluru (41) also developed a model framework to evaluate the impact of mobility on transmission rates in the county while accommodating county-specific features. Iyanda et al. (42) established that the case fatality ratio in the rural counties, and in people of color is higher than the national rate highlighting the health disparities in these groups.

The are many limitations of the forecasting models proposed for the COVID-19 due to underlying assumptions and uncertainties (25–28, 30, 43). For example, Dandekar et al. (44) discussed the limitations of the parametric methods in the Differential Equations Lead to Predictions of Hospitalizations and Infections (DELPHI) model developed by Li et al. (8, 34). Marsland et al. (43) observe that the SIR models based on differential equations usually ignore the complicated clustering and spatial distribution structures of the individuals. In contrast, curve-fitting models such as the LANL model (21) usually lack explainable underlying mechanics. Friedman et al. (25) highlight the importance and difficulty of long-term forecasting and designate the critical role of mitigation policies in accurate forecasting. However, they also pointed out the problem of building the framework, which includes both the underlying prediction model and the quantification of the mitigation policies. Notably, they mentioned the limitations of directly forecasting fatality numbers. Jewell et al. (27) point out the importance of developing epidemiological models to evaluate the effectiveness of various intervention policies and discussed the hardness and limited exigency of long-term prediction accuracy.

In addition to the above challenges, we note that forecasting models that make projections at the state level may not capture the effect of different intervention policies because of their non-uniformity in the counties. For example, in Texas, even after the state government lifted the SAHO and started reopening from the first week of May 2020, hot-spot counties such as Harris and Tarrant extended the county-level SAHOs until the second week of June 2020. Therefore, it is essential to incorporate such information into the forecasting model. Moreover, as discussed earlier, demographic and socioeconomic conditions and the medical service systems in a region impact the spread and mortality from COVID-19 (40–42, 45, 46). Therefore, it is essential to incorporate such information in the development of forecasting models. To address the above challenges, we propose a multi-period curve-fitting model that predicts the COVID-19 spread at the MSA level. An MSA consists of the core area that contains a substantial population nucleus, together with adjacent communities that have a high degree of economic and social integration with that core (47). Consequentially, the impact of intervention policies in 1 county is seen in other counties as well1. In the U.S. (48), 365 MSAs account for 85% of the US population and over 80% of confirmed cases and deaths from COVID-19.

In this paper, we propose to develop a multi-period framework for the COVID-19 spread for MSAs to deal with the continuously changing dynamic in the COVID-19 spread, where the breaking points between different periods are selected corresponding to the government decisions concerning intervention policies and reopening. To deal with the continuously changing dynamic in the COVID-19 spread, we introduce a multi-period framework where the breaking points between different periods are selected corresponding to the government decisions concerning intervention policies and reopening.



2. MATERIALS AND METHODS

In this section, we describe the data collation and correction and the proposed multi-period curve fitting model for the COVID-19 spread.


2.1. Data Collection and Correction

In this subsection, we describes the data collected on the COVID-19 spread, interventions made, and geographical units used in this paper. In the sub-subsection 2.1.1, we describe the data collected on the spread of COVID-19 at the state and the county level, the interventions made by the state and local governments to slow down the spread of COVID-19 and, the MSA level data. In the sub-subsection 2.1.2, we describe our data correction and smoothing algorithms to remove noise/outliers from the data.


2.1.1. Data Collected From Different Sources

In this subsection, we discuss the data collected from different sources. In the U.S., various state and local government agencies record COVID-19 disease spread and mortality data. The COVID-19 data repository by the Center for Systems Science and Engineering at Johns Hopkins University (JHU) gathers COVID-19 data from the U.S. and across the world (5). We use the time series data for positive cases and deaths for COVID-19 at the county level in this study. This data is reported for 3261 counties from 58 different states and territories in the U.S.

As discussed in section 1, interventions made by state and local governments play a critical role in slowing the spread of COVID-19 (7). We use the interventions data from (6, 49) to collect information on non-essential business closure, large gatherings ban, school and restaurant closure, and stay at home orders. This information is critical in the selection of turning points in our spread forecasting model for COVID-19.

An MSA consists of the core area that contains a substantial population nucleus, together with the adjacent communities that have a high degree of economic and social integration with that core (47). The U.S. Office of Management and Budget (OMB) delineates MSAs according to published standards (48). These delineation files provide information on counties included in an MSA. For example, the “Houston-Sugar Land-Baytown, TX MSA” has Austin, Brazoria, Chambers, Fort Bend, Galveston, Harris, Liberty, Montgomery, San Jacinto, Waller counties. We also create an acronym for the MSA based on the most significant city it includes. We use these delineation files to aggregate the county level data (5) to the MSA level. For predicting the spread and mortality of COVID-19, we select the top 30 MSAs based on population size.



2.1.2. Data Correction and Smoothing

In this subsection, we discuss the errors and noise in the COIVD-19 spread data and introduce the data correction and smoothing methods to remove these errors. The noise in the COVID-19 spread data (5) is due to 2 types of errors. Type-1 errors are from data reporting, and type-2 errors are caused by backlogging of the test results reported.

Type-1 errors occur because of 2 reasons. First, when more recent days data is updated but the preceding days' data is not updated. For example, Santa Barbara County, California, reported 2,742 cumulative positive cases on June 26, 2020, and 2,712 cases on June 27, 2020, which gives a negative increase in the cumulative positive cases. It happens due to a data update applied on June 27, but the preceding days' data is not updated. We use an iterative approach to fix this error to include the data correction applied on June 27 to the preceding dates without changing the cumulative positive cases (see proposed Algorithm 1). Second, due to reporting schedules, such as some counties not reporting data on weekends. For example, Riverside County, California, does not convey any data over the weekend (Saturday & Sunday). The data smoothing algorithm imputes the consecutive zero value occurrences by taking average with the first non-zero value after successive zeros. We also address the significant fluctuation issues by taking average days where the differences exceed a certain threshold (see proposed Algorithm 2).


Algorithm 1: Data correction algorithm

[image: Algorithm 1]


Algorithm 2: Data smoothing algorithm

[image: Algorithm 2]

Type-2 errors occur when a large number of backlogged test results are reported on the same day. Such errors do not follow any pattern and are hard to fix. We use a manual approach to correct such errors based on the reports provided by the county and state health departments. In our approach, based on these reports, we redistribute the backlogged cases.

We note that the 7-day moving average has been widely used to smooth the fluctuation in the daily COVID-19 data. For example, CDC utilizes 7-day moving average new cases (the current day plus 6 preceding days) on their website (2) to smooth expected variations in daily counts. Our method is slightly different from CDC's method because we add 3 preceding days and 3 successive days to calculate the average. The smoothed data by our central moving average method reflects more the current trend, while CDC's backward moving average method represents more past day's trend.




2.2. Multi-Period Model to Predict COVID-19 Spread

In this subsection, we introduce a new multi-period curve-fitting model to estimate the daily new confirmed cases for COVID-19. In the sub-subsection 2.2.1, we discuss 4 significant waves of the COVID-19 spread in the U.S. since 2020: the spring surge from mid-March to mid-May, the summer surge from mid-June to Mid August, the fall surge from mid-September to mid-January, 2021 and the recent surge starting from mid-June, 2021. We divide the progressions of the pandemic curve into 4 periods and discuss the selection of breaking points. In the sub-subsection 2.2.2, we propose several different predictor functions adapted from some well-known probability distributions for our new curve fitting model. In the sub-subsection 2.2.3, we propose a novel curve fitting model using a convex combination of different predictor functions to characterize the spread of COVID-19 in these multiple periods and capture the dynamics in each pandemic period. We also propose a simple heuristic in sub-subsection 2.2.4 to estimate the fatality based on our spread prediction.


2.2.1. Selection of the Periods

As discussed in the sub-subsection 1, many models have been proposed in the literature to predict the COVID-19 spread (8, 19–23). However, as observed in (25–28, 30, 43, 45, 46), most of these models have various limitations that affect their performance. Particularly, Friedman et al. (25) and Jewell et al. (27) highlight the importance of incorporating the mitigation policies in the development of forecasting model and point out the difficulty in accurate long-term forecasting.

To address the challenges pointed out in (25) and (27), in this subsection, we propose to incorporate the mitigation policies into the curve-fitting model by introducing the breaking points that represent the date at which the adoption, implementation, or easing of mitigation policies show impact on the spread of the COVID-19.

To start, we mention that the selection of the breaking points is nontrivial. Due to some delay effect, the impact of mitigation policies or social events will be manifested in the empirical data about 2 weeks later. Based on such an observation, we propose to select the breaking points via combining the date of implementation and easing of the mitigation policies and the date when the empirical data reaches a local minimum. The breaking points based on the mitigation policies and social events used in our work are selected as follows.

1. Breaking point 0 ([image: image]): March 12, 2020. The initial breaking point is selected around the starting date of the COVID-19 outbreak in the spring when many states and cities started to close public schools and implement mitigation policies. This is also when the daily positive cases reach 2% of the maximum daily positive cases in period 1.

2. Breaking point 1 ([image: image]): June 30, 2020. The date is about 3 weeks after the last massive gathering and protesting in many cities across the country, and most states started reopening the business with different capacity restrictions.

3. Breaking point 2 ([image: image]): October 8, 2020. This date is chosen between the beginning of the fall semester in schools and election day.

4. Breaking point 3 ([image: image]): July 1, 2021. This date is chosen at the ease of mitigation policies after massive COVID-19 vaccination.

We also choose other breaking points [image: image], [image: image], and [image: image] based on the local minimums in the empirical data in a certain neighborhood of the selected breaking points [image: image], [image: image], and [image: image] based on mitigation policies and social events. Our model's starting point T0 is the first breaking point [image: image] because only sporadic cases occur before that, and the prediction model's end date T4 is August 14, 2021.



2.2.2. Selection of the Predictor Function

In this sub-subsection, we describe how to select a suitable predictor function to characterize the spread of the virus in each period. The selection of a suitable predictor function that epitomizes the pandemic spread pattern plays an essential role in developing the forecasting models. As observed in (26), even minor changes in the assumptions and the empirical data can lead to significant differences in projections based on some exponential function.

One possible way to find predictors in this family is to examine some well-known probability density functions (PDFs) which have a diminishing exponential term. We consider only PDFs satisfying the uni-modal characteristics and generalize the selected PDF by adding additional parameters to construct the corresponding predictor function. In this way, we derive several predictor functions. and apply them to the optimization model (6a). Particularly, for i = 1, 2, 3, 4 and t = Ti−1, Ti−1 + 1, ⋯ , Ti, the following predictor functions are used in our experiments:

• Weibull distribution PDF:

[image: image]

• Log-logistic distribution PDF:

[image: image]

• Lévy distribution PDF:

[image: image]

• Log-normal distribution PDF:

[image: image]

Note that in some cases there are no spread spikes in either the first or second period. To characterize the spread in such a scenario, we propose to utilize the spline function below:

[image: image]

where Ti denotes the end of period i and the start of period i + 1, ci0, ci1, ci2, ci3 are the polynomial parameters of period i to be decided later on.

We remark to the reader that no single predictor function can perfectly characterize the spread of COVID-19 in all MSAs. Therefore, in the next subsection, we will propose a novel curve-fitting model, which uses the convex combination of several predictor functions to characterize the empirical curvature.



2.2.3. Curve Fitting Model

In this sub-subsection, we present our novel curve fitting model for a multi-period estimation framework. Let y(t) be the confirmed daily cases at time t and τ be a tolerance criterion. Let J = {1, 2, 3, 4, 5} be the index set of predictor functions (1–5). Then, we propose to solve the following optimization model to identify the parameters in model (1–5) and corresponding coefficients [image: image].

[image: image]

The last 3 quadratic terms are added in the objective function to ensure that the breaking points T1, T2, and T3 are not far away from the selected breaking points [image: image], [image: image], and [image: image] based on the mitigation policies and social events. The mu factor μ balances the fitting and the mitigation policies. The constraint (6b) ensures the smoothness of the obtained curvature, and the constraint (6c) ensures that the 3 breaking points T1, T2, and T3 are within a particular neighborhood of [image: image], [image: image], and [image: image], respectively. The convex combination of predictor functions is characterized by the constraint (6d).

The optimization model (6a) can be solved using a brute-force search algorithm because the constraint (6c) guarantees finiteness of feasible Ti, i = 1, 2, 3. The details are described in Algorithm 3.


Algorithm 3: Brute force search framework

[image: Algorithm 3]


In Algorithm 3, for fixed breaking dates Ti, i = 0, 1, 2, 3, 4, we use the Algorithm 4 to find a stationary solution.


Algorithm 4: Curve fitting subroutine

[image: Algorithm 4]

In our experiments, we solve the problem (6a) by implementing Algorithms 3, 4 using the nonlinear solver in software Mathematica 12 on a Windows 10 machine equipped with a six-core Intel CPU.

Based on the fitted curve, under the assumption that the future spread pattern will follow our fitted curve, we make a short-term prediction of the future spread.



2.2.4. Heuristic to Estimate COVID-19 Fatality

In this section, we propose a heuristic method to estimate the fatality from the COVID-19. We point out that as observed in several existing works (50–52), various reasons such as the medical resource operation improvement and treatment experiences accumulation may have decreased the fatality rate in the later periods of the pandemic. Inspired by such an observation, we propose to estimate fatality by incorporating the fatality rate in our heuristic. In the proposed heuristic, we first compute the instantaneous fatality rate (IFR), defined as the cumulative death toll in the most recent 2 weeks divided by the cumulative confirmed cases in 2 weeks, 10 days prior to it. We remark that the choice of the 2-week period is used to smooth the fluctuation in the reported data. At the same time, the 10 days lag is used based on some empirical studies (53–56) which shows that, on average, hospitalized COVID-19 patients stayed in the hospital for 10 to 12 days. Next, we simply multiply the IFR with the positive cases to give us the fatality estimation.





3. RESULTS

In this section, we describe the design of experiments and results for the proposed multi-period curve fitting model and the heuristic. To compare the performance of our model and proposed heuristic with existing models, we implement the model at the national level. In subsection 3.1, we discuss the implementation of the proposed framework and heuristic at the U.S. level, and in subsection 3.2 we do this implementation for the MSAs.


3.1. National Level

In this subsection, we implement the proposed curve-fitting model to analyze the COVID-19 spread at the national level. Figure 2 shows the actual and fitted curve for the national level spread data. The fitted curve gives us a short-term forecast of daily new confirmed cases for up to 1 week.


[image: Figure 2]
FIGURE 2. Daily confirmed cases and fitted curve for the U.S.


Next, we use our heuristic method to estimate the fatality from the predicted spread. Figure 3 shows the IFR in the U.S. We multiply the IFR with the confirmed cases to get an estimate of the fatality in the next 10 days.


[image: Figure 3]
FIGURE 3. Instantaneous fatality rate for the U.S.


To validate the numerical results from the curve-fitting model with that of other forecasting models in the literature, we predict the MMWR Week-33 spread and fatality by using the reported data till 1, 2, 3, or 4 weeks ago in (MMWR week 32, 31, 20, and 29, respectively). The week notation used by Morbidity and Mortality Weekly Report (MMWR) by CDC starts on a Sunday and ends on a Saturday. For example, MMWR Week-33 is from 8/15/2021 to 8/21/2021. We compare the fatality prediction based on our heuristic with the other forecasting models from the literature using the data collected by The Reich Lab at UMass-Amherst (57). As one can see from Table 1, the accuracy for estimated fatality from the heuristic is ranked second when compared with other models.


Table 1. Comparison with fatality forecasting models.

[image: Table 1]



3.2. MSA Level

As discussed earlier, there is greater uniformity in the mitigation policies implemented at counties within a single MSA. However, there is a large variety in the mitigation policies implemented across MSAs, which leads to different patterns in the spread of COVID-19 in different MSAs. To develop accurate forecasting models for the COIVD-19 spread in MSAs, we first divide the MSAs into 4 groups or classes and then develop a 3-period forecasting model for the spread of COVID-19 in MSAs within each group.

We classify the MSAs into 4 classes based on the spread patterns in the first 2 periods as follows.

C.1: MSAs with notable spread spike in the first period and no spread spikes in the second period;

C.2: MSAs with notable spread spikes in both the first period and the second period;

C.3: MSAs without notable spread spikes in both the first period and the second period;

C.4: MSAs without notable spread spikes in the first period and a notable spike in the second period.

The spread of COVID-19 in the top 30 MSAs within the U.S. and their associated classes are shown in Figure 4.


[image: Figure 4]
FIGURE 4. MSA classes based on spread patterns, (A) is Class-1, (B) is Class-2, (C) is Class-3, and (D) is Class-4.


Next, we describe the forecasting for MSAs in each group using the 3-period framework as discussed in the subsection 2.2. Since, the spread of the virus may be very different in various MSAs, we identify the breaking points between 2 consecutive periods in a single MSA based on the mitigation policies adopted in that MSA. The weekly projection for spread or new positive cases for MMWR Week-33 is listed in Table 2.


Table 2. Spread and fatality forecast for top 30 MSAs.

[image: Table 2]

To forecast the fatality in each scenario we use our proposed heuristic and multiply the projected positive cases with the IFR. The instantaneous fatality rates of the top 30 MSAs are shown in the Figure 5. The weekly fatality projection for MMWR Week-33 is listed in Table 23. We remark that most of the 1-week projection errors are within a 10% margin of error. Moreover, this simple projection model achieves high accuracy in the MSAs where the fatality rates do not show large variation recently.


[image: Figure 5]
FIGURE 5. MSA fatality rates.





4. DISCUSSION

In this paper, we proposed a new framework to study the COVID-19 pandemic and introduced a multi-period model to forecast the confirmed cases and deaths from COVID-19 at the national, state, and MSA level. The multi period curve fitting model allows us to incorporate the impact from significant social events and mitigation strategies in the model by selection of turning points.

We also introduced a new approach of forecasting the weekly fatality using the spread forecasts and instantaneous fatality rates. The results show that the proposed forecasting model can predict the confirmed cases and death toll with reasonable accuracy. For national-level fatality forecast, the model is ranked second when compared with other fatality forecasting models from the literature.

There are many areas of interest for future research. First, it will be of interest to investigate whether the proposed multi-period model can be adapted to forecast the spread of other infectious diseases such as flu by combining the disease-specific data with intervention policies. Second, it will be interesting to see the impact of socioeconomic and demographic features and intervention policies on the spread and fatality in metropolitans. This will help in understanding why certain MSAs performed better than others in the fight against the COVID-19 pandemic.
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FOOTNOTES

1We point out that in some states such as New York where a single MSA dominates the COVID-19 spread and mortality, the issue of non-uniformity in the intervention policies is not a concern. However, in states where there exist multiple MSAs with similar populations and various intervention policies, the non-uniformity issue will become a concern.

2Operation shows that we update data between t1 and t2 by the average during this interval.

3We note that the MSAs from Florida are removed from the analysis as the daily data is not reported for recent weeks.
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Introduction: SARS-CoV-2 is fundamentally a respiratory pathogen with a wide spectrum of symptoms. The COVID-19 related pancreatitis is less considered than other clinical features. The purpose is to describe two cases of pancreatitis associated with COVID-19.

Methodology: Patients' demographics, clinical features, laboratory, and instrumental findings were collected.

Results: Two patients admitted to the hospital were diagnosed with COVID-19 and severe acute pancreatitis, according to the Atlanta criteria. Other causes of acute pancreatitis were excluded. Treatment included broad-spectrum antibiotics, proton pump inhibitors, and low molecular weight heparin. Steroids, oxygen, antifungal treatment, and pain killers were administered when appropriate. Both patients were asymptomatic, with normal vital parameters and blood exams, and were discharged in a good condition.

Conclusion: It is recommendable to include lipase and amylase on laboratory routine tests in order to evaluate the need for the abdominal CT-scan and specific therapy before hospital admission of the patients with COVID-19 related life-threatening acute pancreatitis.

Keywords: COVID-19, SARS-CoV-2, severe pancreatitis, angiotensin-converting enzyme, acute


INTRODUCTION

SARS-CoV-2 is fundamentally a respiratory pathogen with a wide spectrum of clinical features (1–5). Moreover, it can affect a few extra-pulmonary sights counting gastrointestinal tract, especially hepatocellular damage (6, 7). Angiotensin-converting enzyme-2 (ACE-2) receptor and transmembrane serine protease 2 (TMPRSS2), the section receptor for the causative coronavirus SARS-CoV-2 is more co-expressed within the gastrointestinal tract, hepatocyte, and cholangiocytes comparable to the respiratory mucosa. The presence of these receptors enables the passage of the virus into the tissue and causes coordinated tissue damage (8). This finding suggests how pancreatic injury may occur during COVID-19 and sporadic cases of COVID-19 related acute pancreatitis have been reported in the literature (9–13). However, the COVID-19 related pancreas involvement is less considered than other clinical features. Herein, we report two cases of COVID-19 with gastrointestinal symptoms as a clinical presentation of acute pancreatitis and mild respiratory involvement.



CASE 1

A 42-year-old man referred to the Emergency Department with a 3 days history of severe stabbing abdominal pain in the epigastric region with radiation to the back with frequent nausea and vomiting. The patient denied any other symptoms and epidemiological link with SARS-CoV-2 positive patients. He had no history of addiction, alcoholism, or medication. He was completely healthy a weak before admission, without any comorbidities. The patient had the following vital signs: heart rate 86 beats/min, blood pressure 140/100 mm/Hg and temperature 36.4°C, and O2 saturation 98% on room air. The abdomen was soft, mildly distended with severe epigastric tenderness and rebound tenderness. Laboratory workups showed high lipase (2,384 U/l) and amylase (416 U/l), elevated C reactive protein (CRP) (29 mg/dl), total bilirubin (2.28 mg/dl), glucose (131 mg/dl), D-dimer (0.97 mg/l), the blood count showed normal count of white blood cells (WBC) but increased neutrophils (83%) and decreased lymphocytes (10%) (Table 1). Ultrasound examination showed volumetric increase and hypo-echogenicity of the head of pancreas without gallbladder and Wirsung duct abnormalities. The patient underwent chest and abdomen computed tomography (CT) scan that revealed widespread bronchiectasis and signs of peri-bronchial and subpleural effusions in the posterior segment of the right lower lobe. In addition, CT revealed volumetric increase of the pancreatic gland with edema and irregular and poorly defined glandular contours, thickening of the retroperitoneal bands and mesenteric structures, presence of modest effusion both in the retroperitoneal space and in the peritoneal cavity, numerous enlarged reactive lymph nodes. No biliary ducts alterations or gallbladder stones were found. According to the hospital protocol, nasal and throat swabs were taken and polymerase chain reaction assay (PCR) showed positive result for SARS-CoV-2. According to the modified Atlanta criteria, the patient was diagnosed with severe pancreatitis and was admitted to the Infectious Diseases Department of the Sassari University Hospital, Sardinia, Italy.


Table 1. Laboratory findings of two patients with COVID-19 related acute pancreatitis.
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Serology tests for Coxsackie virus, Epstein-Barr virus (EBV), and Cytomegalovirus (CMV) were negative. Patient was treated with broad-spectrum antibiotic (piperacillin/tazobactam 4.5 g 3x daily), low molecular weight heparin at prophylactic dose (4,000 UI/daily), proton pump inhibitor (pantoprazole 40 mg/daily), and painkillers when necessary. Patient did not need any ventilation support, PaO2/FiO2 ratio remained above 400 mmHg without need for O2 during hospital stay.

One week after the admission, PCR of the nasal and throat swab was repeated, and result came back as positive for SARS-CoV-2. After 31 days of hospital stay, the patient was discharged as asymptomatic, with normal vital parameters and blood exams, but the PCR for SARS-CoV-2 was still positive at discharge. The patient underwent to home isolation till negativity, which occurred 1 month after the discharge.



CASE 2

A 70-years-old man, with history of diabetes and chronic kidneys injury on dialysis, was admitted to a primary care hospital with a 10 days history of abdominal pain and dyspnea. Patient was febrile (38.5°C), hypotensive (blood pressure 90/60 mmHg), with 91% O2 saturation. The patient had no history of addiction, alcoholism, or medication. Blood gas analysis showed mild ARDS type 1, with PaO2/FiO2 ratio 268 mmHg. No alterations were found in electrocardiography, troponin, and cardiological examinations, but biochemical laboratory findings were suggestive for pancreatitis. Laboratory findings are summarized in Table 1. The patient underwent chest and abdomen CT scan that revealed bilateral interstitial pneumonia compatible with COVID-19 (lung score = 5), edematous pancreas with blurred and edematous margins, widespread imbibition of peripancreatic adipose tissue, and anterior renal bands inflammatory suffusion. Biliary ducts, Wirsung, and gallbladder did not show alterations or stones. Given the respiratory situation and the lung CT-scan, PCR on nasopharyngeal swab for SARS-CoV-2 was performed and results came back as positive. The patient was transferred to the Infectious Diseases Department of the Sassari University Hospital, Sardinia, Italy.

Serology tests for Coxsackie virus, EBV, and CMV were negative. Treatment included broad-spectrum antibiotic (piperacillin/tazobactam 4.5 g 3x daily), caspofungin (Ostrosky-Zeichner score indicative for high risk of invasive candidiasis) (14), low molecular weight heparin at prophylactic dose (4,000 UI/daily), proton pump inhibitor (pantoprazole 40 mg/daily), dexamethasone 6 mg/daily for 10 days, and O2 supplement. Insulin dosage was adapted according to glycemia and 3 times weekly dialysis was also prosecuted. Remdesivir was not administrated in according to the national guidelines, due to the kidneys' injury. The patient was discharged after 40 days, in good health condition, normalized biochemical laboratory parameters, good oxygen saturation and negative PCR test for SARS-CoV-2.



DISCUSSION

Viral pancreatitis has been well-described in the literature, most commonly related to mumps, measles, coxsackie, EBV, CMV, and Hepatitis-A virus (HAV) (15). As reported by Brickman and Spinelli, COVID-19 clinical features may include pancreatitis (16, 17). Acute pancreatitis in COVID-19 could occur due to the direct cytopathic effect of local SARS-CoV-2 replication or indirectly, by the viral-induced immune response (18). Literature shows that 17% of patients with severe COVID-19 have pancreatic injury with high serum lipase and amylase levels, while 7% of them had imaging findings compatible with pancreatitis (19). In the literature, onset of the COVID-19 related pancreatitis is usually late. Hadi described a case of three patients from the same family, hospitalized due to the COVID-19 related acute pancreatitis (10). Anand et al. reported a case of a 59-year-old woman with COVID-19, who had acute pancreatitis immediately after hospital admission due to the COVID-19 related bacterial pneumonia (12).

Our patients presented acute pancreatitis as onset of COVID-19 symptoms: severe acute pancreatitis in according with the Atlanta criteria (abdominal pain, increased serum lipase level to greater than 3 times the upper limit of normal value and confirmed acute pancreatitis on CT-scan) (20).

Concurring to the present findings, the acute abdomen is one of the appearances of COVID-19 infection, and different causes such as acute pancreatitis should be on the list of differential diagnoses. Timely diagnosis may have a noteworthy effect on the patient's treatment. It is recommendable to include lipase and amylase on laboratory routine test in order to evaluate need for the abdominal CT-scan and specific therapy before hospital admission of the patients with COVID-19 related life-threatening acute pancreatitis.



LIMITATIONS OF THE STUDY

Some limitations should be acknowledged in regard of our study. First of all, it is retrospective and limited to two cases. More studies with large sample size and prospective construction are needed to confirm our data. For now, COVID-19 as the cause of acute pancreatitis has not been established yet due to insufficient evidence (11). In Italy, the most prevalent cause of acute pancreatitis is the biliary tract obstruction (21). CT scan is described as a method with variable accuracy when evaluating choledocholithiasis, with sensitivity and specificity in a range of 60–87% and a of 97–100%, respectively (22, 23). Furthermore, microlithiasis remains one of the causes of biliary pancreatitis and should be evaluated either by magnetic resonance cholangiopancreatography (MRCP) or endoscopic ultrasound (EUS), given the CT scans' lower accuracy. However, the use of MRCP and EUS among patients with diffusive infectious diseases is limited in our center for security reasons.



STRENGTH OF THE STUDY

Although some limitations were present, the diagnosis of acute pancreatitis in both cases was established using a complete set of data, including clinical features, laboratory findings and imaging with CT scan.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

VF, RB, AD, AB, and SB designed the manuscript and wrote the first draft. IM,DJ, CP, VL, and GM did review of the literature. SR, SK, and GS did critical revision of the manuscript. All authors contributed to manuscript conceiving, drafting, and approved the final version.



FUNDING

This work was supported by awards from the Canadian Institutes of Health Research (CIHR OV2−170357), Research Nova Scotia, Atlantic Genome/Genome Canada, Li-Ka Shing Foundation, and Dalhousie Medical Research Foundation (DJ). DJ was a recipient of a Canada Research Chair in Translational Vaccinology and Inflammation.



REFERENCES

 1. Vaira LA, Hopkins C, Salzano G, Petrocelli M, Melis A, Cucurullo M, et al. Olfactory and gustatory function impairment in COVID-19 patients: Italian objective multicentre-study. Head Neck. (2020) 42:1560–9. doi: 10.1002/hed.26269

 2. De Vito A, Geremia N, Fiore V, Princic E, Babudieri S, Madeddu G. Clinical features, laboratory findings and predictors of death in hospitalized patients with COVID-19 in Sardinia, Italy. Eur Rev Med Pharmacol. Sci. (2020) 24:7861–8. doi: 10.26355/eurrev_202007_22291

 3. Geremia N, De Vito A, Gunnella S, Fiore V, Princic E, Panu Napodano C, et al. A case of vasculitis-like skin eruption associated with COVID-19. Infect Dis Clin Pract. (2020) 6:e30−1. doi: 10.1097/IPC.0000000000000952 

 4. Fiore V, De Vito A, Fanelli C, Geremia N, Princic E, Nivoli A, et al. Mood reactive disorders among COVID-19 inpatients: experience from a monocentric cohort. Med Princ Pract. (2021) 30:550–6. doi: 10.1159/000518490

 5. De Vito A, Fiore V, Princic E, Geremia N, Panu Napodano CM, Muredda AA, et al. Predictors of infection, symptoms development, and mortality in people with SARS-CoV-2 living in retirement nursing homes. PLoS ONE. (2021) 16:e0248009. doi: 10.1371/journal.pone.0248009

 6. Liu F, Long X, Zhang B, Zhang W, Chen X, Zhang Z. ACE2 expression in pancreas may cause pancreatic damage after SARS-CoV-2 infection. Clin Gastroenterol Hepatol. (2020) 18:2128–30. doi: 10.1016/j.cgh.2020.04.040

 7. De Vito A, Geremia N, Princic E, Fanelli C, Panu Napodano CM, Muredda AA, et al. Does Angiotensin II receptor blockers increase the risk of SARS-CoV-2 infection? A real-life experience. Eur Rev Med Pharmacol Sci. (2021) 25:523–6. doi: 10.26355/eurrev_202101_24424

 8. Scialo F, Daniele A, Amato F, Pastore L, Matera MG, Cazzola M, et al. ACE2: the major cell entry receptor for SARS-CoV-2. Lung. (2020) 198:867. doi: 10.1007/s00408-020-00408-4

 9. Mukherjee R, Smith A, Sutton R. Covid-19-related pancreatic injury. Br J Surg. (2020) 107:e190. doi: 10.1002/bjs.11645

 10. Hadi A, Werge M, Kristiansen KT, Pedersen UG, Karstensen JG, Novovic S, et al. Coronavirus Disease-19 (COVID-19) associated with severe acute pancreatitis: case report on three family members. Pancreatology. (2020) 20:665–7. doi: 10.1016/j.pan.2020.04.021

 11. de-Madaria E, Capurso G. COVID-19 and acute pancreatitis: examining the causality. Nat Rev Gastroenterol Hepatol. (2021) 18:3–4. doi: 10.1038/s41575-020-00389-y

 12. Anand ER, Major C, Pickering O, Nelson M. Acute pancreatitis in a COVID-19 patient. Br J Surg. (2020) 107:e182. doi: 10.1002/bjs.11657

 13. Lakshmanan S, Malik A. Acute pancreatitis in mild COVID-19 infection. Cureus. (2020) 12:e9886. doi: 10.7759/cureus.9886

 14. Ostrosky-Zeichner L, Sable C, Sobel J, Alexander BG, Donowitz G, Kan V, et al. Multicenter retrospective development and validation of a clinical prediction rule for nosocomial invasive candidiasis in the intensive care setting. Eur J Microbiol Infect Dis. (2007) 26:271–6. doi: 10.1007/s10096-007-0270-z

 15. Kottanattu L, Lava SAG, Helbling R, Simonetti GD, Bianchetti MG, Milani GP. Pancreatitis and cholecystitis in primary acute symptomatic Epstein-Bar Virus infection - systematic review of the literature. J Clin Virol. (2016) 82:51–5. doi: 10.1016/j.jcv.2016.06.017

 16. Brickman S, Denysova V, Menzal H, Dori G. Acute pancreatitis in a 61 year-old man with COVID-19. Can Med Assoc J. (2020) 192:E858–9. doi: 10.1503/cmaj.201029

 17. Spinelli A, Pellino G, Danese S. Author response to: Covid-19-related pancreatic injury. Br J Surg. (2020) 107:e191. doi: 10.1002/bjs.11648

 18. Aloysius MM, Thatti A, Gupta A, Sharma N, Bansal P, Goyal H. Madaria COVID-19 presenting as acute pancreatitis. Pancreatology. (2020) 20:1026–7. doi: 10.1016/j.pan.2020.05.003

 19. Wang F, Wang H, Fan J, Zhang Y, Wang H, Zhao Q. Pancreatic injury patterns in patients with COVID-19 pneumonia. Gastroenterology. (2020) 159:367–70. doi: 10.1053/j.gastro.2020.03.055

 20. Banks PA, Bollen TL, Dervenis C, Gooszen HG, Johnson CD, Sarr MG, et al. Acute Pancreatitis Classification Working Group. Classification of acute pancreatitis 2012: revision of the Atlanta classification and definition by international consensus. Gut. (2012) 62:102–11. doi: 10.1136/gutjnl-2012-302779

 21. Castoldi L, De Rai P, Zerbi A, Frulloni L, Uomo G, Gabbrielli A, et al. Long term outcome of acute pancreatitis in Italy: results of a multicentre study. Dig Liver Dis. (2013) 45:827–32. doi: 10.1016/j.dld.2013.03.012

 22. Cabada Giadás T, Sarría Octavio de Toledo L, Martínez-Berganza Asensio MT, Cozcolluela Cabrejas R, Alberdi Ibáñez I, Alvarez López A, et al. Helical CT cholangiography in the evaluation of the biliary tract: application to the diagnosis of choledocholithiasis. Abdom Imaging. (2002) 27:61–70. doi: 10.1007/s00261-001-0043-6

 23. Jiménez Cuenca I, del Olmo Martínez L, Pérez Homs M. Helical CT without contrast in choledocholithiasis diagnosis. Eur Radiol. (2001) 11:197–201. doi: 10.1007/s003300000609

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Fiore, Beretta, De Vito, Barac, Maida, Joeseph Kelvin, Piu, Lai, Madeddu, Rubino, Stevanovic, Korica and Babudieri. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 18 January 2022
doi: 10.3389/fpubh.2021.768867






[image: image2]

Trends and Factors Associated With Risk Perception, Anxiety, and Behavior From the Early Outbreak Period to the Controlled Period of COVID-19 Epidemic: Four Cross-Sectional Online Surveys in China in 2020

Bei Liu1, Hanyu Liu1, Bingfeng Han1, Tianshuo Zhao1, Tao Sun2, Xiaodong Tan3 and Fuqiang Cui1*


1Department of Laboratorial Science and Technology & Vaccine Research Center, School of Public Health, Peking University, Beijing, China

2Department of Health Policy and Management, School of Medicine, Hangzhou Normal University, Hangzhou, China

3Department of Occupational and Environmental Health, School of Public Health, Wuhan University, Wuhan, China

Edited by:
Zisis Kozlakidis, International Agency for Research on Cancer (IARC), France

Reviewed by:
Oana Sandulescu, Carol Davila University of Medicine and Pharmacy, Romania
 Jie Wu, Zhejiang University, China

*Correspondence: Fuqiang Cui, cuifuq@126.com

Specialty section: This article was submitted to Infectious Diseases - Surveillance, Prevention and Treatment, a section of the journal Frontiers in Public Health

Received: 01 September 2021
 Accepted: 16 November 2021
 Published: 18 January 2022

Citation: Liu B, Liu H, Han B, Zhao T, Sun T, Tan X and Cui F (2022) Trends and Factors Associated With Risk Perception, Anxiety, and Behavior From the Early Outbreak Period to the Controlled Period of COVID-19 Epidemic: Four Cross-Sectional Online Surveys in China in 2020. Front. Public Health 9:768867. doi: 10.3389/fpubh.2021.768867



Background: The first wave of the COVID-19 epidemic in China was brought under with 3 months—from mid-January 2020 to the end of March 2020. Less studies examined dynamic psychological effect and behaviors during COVID-19 pandemic. This study aims to examine perceived risk, anxiety, and behavioral response of the general public related to the outbreak of COVID-19 in four cross-sectional surveys conducted throughout China.

Methods: In 2020, four cross-sectional, population-based online survey were conducted from January 28 to February 3, from February 10 to 12, from February 20 to 22, and from March 1 to 10, respectively. Convenience sampling was used for easy recruiting survey participants under the long-term impact of the COVID-19 epidemic. The four independent online questionnaires were sent from the same approach (WeChat and MicroBlog), and anyone who receives the questionnaire on the Internet or mobile phone and meets the inclusion criteria could fill in it. The same questionnaires repeatedly used in the four surveys. Socio-demographic information and individual protective practice were collected and the state-trait anxiety inventory (STAI) was used for measuring anxiety. Propensity score matching was used to adjust for differences in baseline characteristics among the four surveys. Wilcoxon signed ranks test was used to compare people's perceived risk, anxiety and protective behaviors changes in four stages. General linear model was used to identify associations between some demographic factors and perceived risk, anxiety scores, and protective behaviors.

Results: The proportion of high perceived risk has dropped from 24.7 to 4.7%. The proportion of severe anxiety has declined from 12.2 to 1.2%. The proportion of people wore masks when they went out has increased from 97.0 to 98.3%. Women were more likely to develop anxiety (OR = 1.5, 95%CI: 1.4–1.6) and more positively adopted recommended behaviors (OR = 2.1, 95%CI: 1.3–3.4) than men. People at age 30–39 years, with high-degree education, with married status, and accompanied with poor self-rated health status were prone to have higher risk perception and anxiety. Perceived risk was significantly associated with anxiety over the entire periods. Anxiety levels had stronger associations with adoption of protective behaviors (wearing mask and avoiding crowed place) in the early epidemic periods than in the late epidemic periods.

Conclusions: The levels of perceived risk and anxiety showed a trend of rising first and then falling. Gradually upward trend on initiative preventive behaviors including wearing mask and avoiding visiting crowded places also was observed through scanning data at four stages. People at age 30–39 years, with high-degree education, and accompanied with poor self-rated health status were prone to have higher risk perception and anxiety. Our findings showed that people simultaneously presented both high-level risk perception and anxiety across the four wave surveys, leading to their positive self-prevention and protective behavior.

Keywords: COVID-19 pandemic, anxiety, perceived risk, protective behavior, cross-sectional study design


INTRODUCTION

The COVID-19 pandemic has created an unprecedented crisis (1). The first wave of the COVID-19 epidemic in China was brought under control with 3 months—from mid-January 2020 (when human-to-human transmission of COVID-19 was confirmed) to the end of March 2020 (2). COVID-19 was recognized as a Class B infectious disease by National Health Commission, and was treated as a Class A infectious disease for prevention and control on January 20, 2020. The World Health Organization (WHO) declared it a Public Health Emergency of International Concern on January 30, 2020 (3). Based on the number of confirmed COVID-19 cases in China, we roughly divided the epidemic into four periods: the early outbreak period, the rising period, the falling period and the controlled period. As of January 28, 2020 (when the first-round survey started), COVID-19 infection caused 5,974 cases in Mainland China. By February 10, 2020, the epidemic dramatically expanded, 40,171 cases have been reported (when the second-round survey started). When the third-round survey was conducted on February 20, 2020, 54,965 cases were reported. And 80,026 cases have been reported in Mainland China as of March 1, 2020 (when the fourth-round survey started). At that time in our fourth-round survey, the epidemic was relatively under control, and there was a downward trend in the number of new cases per day. By end of October 2021, more than 273 million confirmed COVID-19 cases were detected in 216 countries, territories, and areas and more than 4.84 million deaths have been reported (4) (see Supplementary Appendix 1 for detailed timeline).

The COVID-19 pandemic has yielded a series of undesirable effects on all aspects of society, including physical health and mental health (5, 6). According to stage theory, risk perception acts as a trigger for precautionary action (7, 8). Previous studies suggested that people with higher risk perceptions were more likely to take comprehensive precautionary measures against infection (9, 10). The China National Health Commission released eight versions of the new coronavirus pneumonia prevention and control protocol (11), and published guidelines for public prevention of coronavirus including minimizing outings, wearing masks, keeping hands clean, and avoiding crowded places (12). Accordingly, risk perception also affects public psychology states (13). During an outbreak of an infectious disease, individuals often change their behavior to reduce their risk of infection. Previous studies found that risk perceptions of infection can be predictors of a range of preventive behaviors during an emergency pandemic (14, 15). The levels of risk perception of infection greatly influence emotional concern involving anxiety and subsequent preventive behaviors. Recognizing the significance of these differences may be beneficial in developing practical interventions when attempting to motivate particular groups to practice preventive measures during outbreaks. Although risk perception of infection can be a predictor of preventive behaviors, excessive risk perception can increase the likelihood of negative affective (e.g., anxiety and panic) occurring (16, 17). Emotional anxiety can potentially contribute to “emotional contagion” between groups during a time of collective concern. It is important to understand the individual factors that predict anxiety to avoid the occurrence of clinically significant anxiety. Moreover, there exists a strong correlation between family and friends' response to outbreak and personal preventive behaviors, underlining the herd behavior of individuals (18). Therefore, there is a particular need to examine the differences of risk perception, emotional anxiety, and behavior response over time during the pandemic.

Although previous studies revealed that anxiety was strongly associated with demographic factors and the perceived risk (19, 20), these studies consisted of single, cross-sectional surveys, and did not account for the time scale effects during COVID-19 pandemic. In addition, the COVID-19 pandemic brings a new challenge to public emergency management, demanding consideration of not only the traditional cognitive estimates of risk but of the significant role emotional anxiety plays in predicting behavioral outcomes with the time scale effects (21–23).

In this study we aimed to examine the risk perception, anxiety, and behavioral response related to the COVID-19 pandemic in the general Chinese population. The aims of this study were (1) to identify trends over time in perceived risk, anxiety, and behavior response and (2) to assess factors significantly associated with perceived risk, anxiety, and behavioral response (e.g., preventive measures such as wearing mask and avoiding visiting crowded places).



MATERIALS AND METHODS


Study Population

Four cross-sectional, population-based, online surveys were conducted, the first survey (S1) was from January 28 to February 3, 2020, the second survey (S2) was from February 10 to 12, 2020, the third survey (S3) was from February 20 to 22, 2020, and the fourth survey (S4) was from March 1 to 10, 2020. They were open online questionnaires for the people (1) aged ≥18 years, (2) resides in China, (3) willing to respond, (4) able to complete the questionnaire by mobile phone or computer. We use PASS (Power Analysis and Sample Size, Version: 15.0.5, NCSS Statistical Software, United States) to calculate the necessary sample size on the basis of an expected minimal change of 5% in people's attention to the epidemic, psychological effect, and individual prevention practice with α: 0.05 and β: 0.20. In this study, 1,047 participants at most were required. Considering a possible dropout rate of 20%, at least 1,309 participants in total (see Supplementary Appendix 2). The study overview is summarized in Figure 1.
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FIGURE 1. The study overview.




Online Questionnaire

We designed a structured Chinese questionnaire and collected data on Wenjuanxing, an online platform that provides functions equivalent to Amazon Mechanical Turk. Convenience sampling was used for easy recruiting survey participants under the long-term impact of the COVID-19 epidemic. The four independent online questionnaires were sent from the same approach (WeChat and MicroBlog), and anyone who receives the questionnaire on the Internet or mobile phone and meets the inclusion criteria could fill in it. After a large number of questionnaires were collected, some samples were excluded according to the exclusion criteria. The same questionnaires repeatedly used in the four surveys, mainly including the following information: (1) socio-demographic information of respondents; (2) frequency of attention to COVID-19; (3) practices of preventive measures against COVID-19, including wearing masks, keeping physical distance, personal hygiene practices, and keeping the indoor and living environment clean; (4) anxiety toward COVID-19; and (5) perceived risks. The questionnaire consisted of 25 questions on average and could be completed in 3–5 min.


Socio-Demographic Variables

Demographic information collected included age, sex, marriage, education, occupation, area, family members, and residence. Variables related to COVID-19 contact history included close contact with an individual with confirmed COVID-19, indirect contact with an individual with confirmed COVID-19 and contact with an individual with suspected COVID-19 or infected materials.



Frequency of Attention to COVID-19

Respondents expressed their degree of concern about the situation related to COVID-19 by one-item: “To what extent are you concerned about the current COVID-19-linked situation?” A five points Likert-type scale were used to ascertain the frequency of attention to COVID-19 (from 1 to 5, 1 = never, 2 = little, 3 = sometimes, 4 = often, and 5 = always).



Preventive Measures

COVID-19 preventive measures practices included wearing masks, avoiding crowded places, personal hygiene practices, and keeping the indoor and living environment clean were measured with dichotomous variables. Questions were scored “1 point” (yes) or “0 points” (no).



Anxiety Toward COVID-19

Participants' anxiety was measured via a five-item short form of the State Scale of the Spielberger state-trait anxiety inventory (STAIS-5) (24) and modified for Chinese Context. Participants answered on a four-point scale (0–3 points) for each item. The total anxiety score was divided into normal (0–6), mild anxiety (7–9), moderate anxiety (10–13), severe anxiety (14, 15). Someone scoring ≥14 on the STAIS-5 was considered potentially clinically anxious.



Risk Perception

Perceived risk was assessed based on previous studies conducted among the general population (25), with one item: “How likely do you think it is that you will get COVID-19?” Risks were divided into five categories: 1 = no risk, 2 = low risk, 3 = medium risk, 4 = high risk, 5 = extremely high risk.



Subjective Health Status

Subjective health status was measured via one item: “How would you define your health status?” Health status was divided into four categories: 1 = unhealthy, 2 = ordinary, 3 = good healthy, 4 = very healthy.




Data Management and Statistical Analysis

We used SPSS (version 20.0, IBM Corp, Armonk, NY) and STATA (version 15.1, Stata Corp LLC, College Station, Texas, USA) for data cleaning and statistical analysis. Categorical variables were expressed as absolute and relative frequencies. Perceived risk scores, anxiety scores, and measure practices scores were age-standardized using the China population in 2019 and the direct standardization method. Propensity score matching was used to adjust for differences in baseline characteristics among the four surveys. Matching was performed with the use of a 1:1 matching protocol without replacement (greedy–matching algorithm), with a caliper width equal to 0.2 of the standard deviation of the logit of the propensity score. In the matched cohort, paired comparisons were performed with the use of McNemar's test for binary variables. Wilcoxon signed ranks test was used to compare perceived risk score, anxiety score, and preventive measures score changes in four stages. General linear model was used to analyze associations between socio-demographic factors and perceived risk, anxiety scores, and preventive measures. Odds ratio (OR) and their 95% confidence intervals (CI) were calculated as estimates of the correlations. All p-values were two-sided and p < 0.05 was considered statistically significant.



Quality Control

We monitored the progress of the survey daily. After the deadline, we checked the accuracy of data, and excluded the questionnaires if (1) the age range was below 18; (2) the answering time was <150 s; or if there were (3) logical contradictions between the answers to the questionnaire. All data were checked for consistency by two research members.



Ethical Approval

This study was approved as ethically exempt by the Peking University Health Science Center Ethics Committee (IRB00001052). All subjects participated in the surveys voluntarily, and the information in the database was completely de-identified.




RESULTS


Study Participants and Characteristics

Eleven thousand one hundred thirty-eight individuals participated in S1. Among these, 1,374 were excluded due to out of age range or incomplete questionnaire, and the effective rate was 87.7% (9,764/11,138). Three thousand five hundred ninety-seven individuals participated in S2. Among these, 315 were excluded due to out of age range or incomplete questionnaire, and the effective rate was 91.2% (3,282/3,597). Four thousand four hundred and fifty individuals participated in S3. Among these, 331 were excluded due to answering without serious consideration or out of age range or incomplete questionnaire, and the effective rate was 92.6% (4,119/4,450). One thousand nine hundred thirty-eight individuals in S4. Among these, 269 were excluded due to answering without consideration or out of age range or incomplete questionnaire, and the effective rate was 86.1% (1,669/1,938). The total effective rate was 89.2% (18,834/21,123).

The participants covered 30 provincial administrative regions in Mainland China. Six thousand four hundred and ninety-one (34.5%) respondents were male; 5,648 (30.0%) respondents were younger than 30 years old; 15,459 (82.2%) respondents were with bachelor's degree or above; 5,617 (29.8%) were unmarried; and 2,223 (11.8%) were from Wuhan city (Table 1).


Table 1. Baseline characteristics of participants in four online surveys.
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Time-Trends in Perceived Risk, Anxiety and Measures Taken

In S1, 97.0% of people (3,238/9,764) paid daily attention to the epidemic. But in S4, the proportion of people who paid daily attention to it had dropped to 88.5% (1,477/1,669). The change was statistically significant (P < 0.0001). The proportion of high perceived risk has decreased significantly from 24.7% inS2 to 4.7% in S3 (P < 0.0001). Similarly, the proportion of severe anxiety has declined from 12.2% in S2 to 1.2% in S3 (P < 0.0001). The proportion of people wore masks when they went out and hand hygiene has increased from S1 to S4 (from 97.0 to 98.3% for wearing mask, from 91.3 to 96% for hand hygiene), and the increase is statistically significant (P = 0.0034 for wearing mask, P < 0.001 for hand hygiene). The proportion of avoiding crowded places has declined from 98.5% in S1 to 94.4% in S4 (P < 0.0001) (Table 2).


Table 2. Trends over time in perceived risk, anxiety and preventive measures.

[image: Table 2]



Region Difference in Perceived Risk, Anxiety, and Preventive Measures

In east region, with the change of time and epidemic, the level of perceived risk showed a first rising and then decline trend (P < 0.001). Similarly, the level of anxiety from S1 to S2 mainly revealed an upward trend, and the level of the anxiety showed a downward trend from S2 to S3 (P < 0.001). The preventive measures score showed a trend of being relatively stable and then slightly increased (P < 0.001).

In central region, with the change of time and epidemic, the level of perceived risk showed a first rising and then decline trend (P < 0.001). Similarly, the level of anxiety from S1 to S2 mainly revealed an upward trend, and the level of the anxiety showed a downward trend from S2 to S3 (P < 0.001). The preventive measures score showed a trend of being relatively stable and then slightly increased (P < 0.001).

In west region, with the change of time and epidemic, the level of perceived risk showed a first rising and then decline trend (P < 0.001). Similarly, the level of anxiety from S1 to S2 mainly revealed an upward trend, and the level of the anxiety showed a downward trend from S2 to S3 (P < 0.001). The preventive measures score showed a trend of being relatively stable and then slightly increased (P < 0.001) (Table 3).


Table 3. Region difference in perceived risk, anxiety and preventive measures.
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Factors Associated With Perceived Risk, Anxiety, and Preventive Measures

Generalized linear models were performed to identify factors significantly associated with (1) perceived risk, (2) anxiety, (3) behavior in wearing mask, and (4) avoiding visiting crowded places. In this regression analysis variables of the survey in four periods (S1, S2, S3, and S4) were included.

The general linear model illustrated that women had a higher perceived risk than men for S1 (OR = 1.3, 95% CI: 1.2–1.4) (Figure 2A). Compared to those <30 years, those aged 40–49 years and those >50 years had a lower perceived risk (OR = 0.6, 95% CI: 0.6–0.7). In S3 (Figure 2C), compared to very healthy people, people who were unhealthy had a higher perceived risk about the outbreak (OR = 8.5, 95% CI 3.8–19.4).
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FIGURE 2. Factors associated with perceived risk, anxiety, and preventive measures. (A) Odds ratios comparing with different characteristics the rate of perceived risk, anxiety, and preventive measures on S1. (B) Odds ratios comparing with different characteristics the rate of perceived risk, anxiety, and preventive measures on S2. (C) Odds ratios comparing with different characteristics the rate of perceived risk, anxiety, and preventive measures on S3. (D) Odds ratios comparing with different characteristics the rate of perceived risk, anxiety, and preventive measures on S4.


Over the entire period, women, younger people, those with a bachelor's degree and above, and those with poor health status were more likely to experience anxiety. Women were more likely to experience anxiety compared to men (OR = 1.5, 95% CI: 1.4–1.6) (S1, Figure 2A). The most anxiety prone group was younger people under 30 years of age. In S4, those over 50 years of age were more likely to experience anxiety compared to those under 30 years of age (OR = 4.2, 95% CI: 1.7–10.5). In S2, compared to people with a junior high school and below education, people with a bachelor's degree or ≥master's degree were more likely to be anxious about the outbreak (OR = 1.7, 95% CI: 1.1–2.5; OR = 2.0, 95% CI: 1.2–3.4, respectively) (Figure 2B). In S3, people with poor health status were more likely to experience anxiety (OR = 3.0, 95% CI: 2.3–4.0) (Figure 2C).

In S1, compared to men, women were more likely to wear masks (OR = 2.0, 95% CI: 1.6–2.5) (Figure 2A) and avoid crowded places (OR = 2.1, 95% CI: 1.3–3.4) (Figure 2D). People ≥30 years of age were more likely to wear masks compared to those under 30 years of age (OR = 2.2, 95% CI: 1.7–2.9 for those aged 30–39 years; OR = 2.3, 95% CI: 1.7–3.2 for those aged 40–49 years) (Figure 2A). In S4, people ≥30 years of age were more likely to avoid crowded places compared to those under 30 years of age (OR = 2.3, 95% CI: 1.3–4.1 for those aged 30–39 years; OR = 2.5, 95% CI: 1.3–4.6 for those aged 40–49 years; and OR = 2.7, 95% CI: 1.4–5.1 for those aged ≥50 years) (Figure 2D). In S1, compared to people with a ≤ junior high school education, people with a bachelor's degree or ≥master's degree were more likely to wear mask (OR = 4.1, 95% CI: 2.7–6.1 for bachelor's degree; OR = 4.7, 95% CI: 2.9–7.5 for master's degree or above) (Figure 2A). In S4, compared to people with a ≤ junior high school education, people with a bachelor's degree or ≥master's degree were more likely to avoid crowded places (OR = 3.4, 95% CI: 1.5–7.9 for bachelor's degree; OR = 3.5, 95% CI: 1.4–8.7 for master's degree or above) (Figure 2D).



Anxiety-Behavioral Associations Across Different COVID-19 Epidemic Periods

Figure 3 shows forest plots describing the association between state anxiety with risk perception, wearing mask, or avoiding visiting crowded places for the four surveys. Figure 3A shows that state anxiety was significantly associated with perceived risk in S1, S2, S3, and S4. The association is consistently positive and statistically significant across the four surveys. After adjusting for age, sex, education, the overall OR is 2.0 (95% CI: 1.82–2.27) (P < 0.001). Figure 3B shows that state anxiety was not significantly associated with wearing mask in S1, S2, S3, and S4. After adjustment for age, sex, education, the overall OR is 1.0 (95% CI: 0.8–1.1.1). Figure 3C shows that state anxiety was significantly associated with avoiding visiting crowded places in S1 and S3. After adjustment for age, sex, education, the overall OR is 1.8 (95% CI: 1.6–1.9) (P < 0.01).
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FIGURE 3. Anxiety-behavioral associations across different COVID-19 epidemic periods. (A) The association of perceived risk and anxiety in S1, S2, S3, and S4. (B) The association of wearing mask and anxiety in S1, S2, S3, and S4. (C) The association of avoided visiting crowded places and anxiety in S1, S2, S3, and S4.





DISCUSSION

The COVID-19 pandemic presented health, economic, and social lost (26). We performed four cross-sectional surveys during the pandemic. The studies covered the entire phase of the COVID-19 pandemic in China. At the early outbreak phase, we found that participants experienced varying degrees of anxiety. The degree of anxiety was reduced as the outbreak became effectively controlled. The result was consistent with those reported during the SARS and H1N1 outbreak (19, 27). The risk perception significantly decreased from the early outbreak period to the under controlled period; however, people were likely to wear mask and avoid visiting crowded places. While previous studies were mainly conducted in early pandemic periods (28, 29), this study examined affective-behavioral associations across the entire wave of the COVID-19 outbreak in China and found that the association between anxiety and adoption of protective behaviors were consistently strong and positive across the different pandemic periods in China.

This study found a decreasing trend over four study periods in the level of perceived risk and presence of anxiety and an increasing trend in preventive behaviors including wearing mask and avoiding visiting crowded places. Moreover, there is no difference among the East, Central, and West in China in these measures. The findings indicate that the level of perceived risk and presence of anxiety were gradually alleviated over time. These trends may be correlated with increased cognitive awareness toward the COVID-19 pandemic or with China's effective prevention and control measures and high-level trust between the public, government and scientists. As Figure 1 and Table 2 shows, the variation in trends of the outcomes were correlated with time, but not with newly confirmed cases.

This study demonstrated that in the early stage of the outbreak, women had a higher level of risk perception than men as supported by the literatures (30, 31). One possible reason is that women are more sensitive to the risk of COVID-19 and more easily influenced by the environment. Our findings showed that women were more likely to experience anxiety than men, which was consistent with a survey in England and in Spain in March 2020. The reason may be that there were a greater number of sources of pressure for women compared to men such as having to do unpaid work caring for children and dependent relatives. Women are more emotionally vulnerable to the effects of COVID-19 than men (32). Another finding of this study showed that females preferred to take positive preventive measures including wearing mask and avoiding visiting crowded places. Similar finding on Qatari general population was also reported during the COVID-19 pandemic (33). The findings suggested there were gender differences in the precautionary behaviors to avoid contagion, indicating that women more likely than men to adopt recommended behaviors and were more likely to practice social distancing and adopt protective behaviors.

Considering age, the results showed that people younger than 30 years were more likely to have higher levels of risk perception compared to the other age groups in the early stage and peak of the epidemic. A similar study supported our findings and found that one in three U.S. young adults reported clinical cut-off symptoms of panic, anxiety as well as depression (34). As a worldwide stressor, the COVID-19 pandemic created an uncertain environment in that there was not a foreseeable endpoint to the pandemic, and relative followed effects included various domains (e.g., financial, relational, and health). Young adults were more likely to understand these effects, which contributed to higher mental issues, due to higher overall exposure to information through multiple information channels including social media and office media (35). Moreover, first-time and inaccurate information aggravated an already-fragile psychological balance of younger adults (36), causing immense fear and uncertainty, and in turn leading to greater risk perception and anxiety. As young adults tend to timely obtain more information and resource through online channels, demonstrate higher perception than other. At same time, they prefer to spread the messages to other family member to prevent their family from the infection of COVID-19. One Romania study found that many young parents prohibited their children to carry out educational and recreational activities because of excessive concern for COVID-19 infection (37). Another Egypt study found that healthcare workers had lacked confidence to protect themselves and their families during the COVID-19 pandemic due to wider social networks and professional information resources (38). These findings is consistent with the findings of previous studies (39–41), but contrary to a Portuguese study that reported older individuals have a higher risk perception for mental disorders in the state of emergency (42). Meanwhile, we found that persons of greater age were more likely to have positive preventive behavior such as wearing masks and avoiding visiting crowded places. In China, central and local governments have been implementing strict regulations that people must wear facial masks in a public space (43). Meanwhile, Chinese people were prone to consciously practice precautionary behaviors, especially the middle aged and the elderly groups who were warned that they were at the greatest risk of COVID-19 related mortality. At the controlled stage of the COVID-19 outbreak, the Chinese government still encourage people to take enhanced personal protective measures, including wearing mask and avoiding crowded places.

Among factors influencing risk perception, psychological response, and preventive measures, people with higher levels of education were more likely to have higher level of risk perception and experience anxiety. Higher-level educated people were more likely to adopt preventive measures like wearing masks or avoiding crowded places. A study from Saudi Arabia reported similar results; higher-level educated participants were more likely to adopt protective practices (44). The results could be interpreted by assuming that risk perception as well as risk communication about disease severity appear to increase the chances of successfully implementing protective measures. However, the overwhelming amount of negative information and the overuse of mass media in communicating the pandemic might contribute to “media storms” and “infodemics” in response to COVID-19 (45), leading to overreaction, unwarranted public fear, and an overly pessimistic feeling in the perceived current risk (46).

Our findings showed that people who had a poor self-rated health status had higher perceived risk about the outbreak as well as higher anxiety levels; a good self-rated health status was not associated with practicing protective behaviors. Similar findings were seen in other studies (46, 47). As vulnerable populations in the current pandemic, the general consensus was that patients with multiple comorbidities are at higher risk of COVID-19 mortality than those healthy people (48, 49). Therefore, if they confirmed themselves to have comorbidities, they also are more likely to consider themselves to have a high risk for COVID-19 infection and more vulnerable to the development of mental disease, such as anxiety and depression (50). This finding suggests that health authorities should pay particular attention to those with poor health status and should provide enough resources for psychological support and interventions. The results of this study can be used to guide the development of strategies targeting preventive measures in vulnerable populations with a higher risk of mental health.

Our findings showed that people simultaneously presented with both high-level risk perception and anxiety across the four surveys, leading to positive prevention behavior of avoiding visiting crowded places. With a consistent finding, a similar study found that higher perceived COVID-19 risk predicted greater mental problem (51). A significant negative correlation between preventive behaviors and risk perception was also shown in Iranian study (52). As a foremost recommended prevention measure, avoiding visiting crowded places is a key part of decreasing the spread of COVID-19 (53). The anxious people prefer to wear masks to protect others and themselves (54). The findings of this study have significant public health implications in that they strengthen the classification of psychological and behavior interventions for an effective response to the pandemic.



LIMITATIONS

Some limitations in the current study must be acknowledged. First, a convenience sample was adopted to collect data, which increased the potential for sampling bias. Second, the cross-sectional study cannot effectively and precisely judge the causal relationship between the variables. Moreover, four cross-sectional surveys were not equivalent to a longitudinal study. Third, the data were collected from self-reports from participants by means of an online survey, which is likely to introduce information bias from social desirability or negative affection. Fourth, several single-item tools in this study were used for collecting the data in order to abbreviate survey material and potentially increase response rates, but this may have reduced the validity and reliability of the measurements; therefore, a widely used measurement tool should be adopted in the future.



CONCLUSIONS

The levels of perceived risk and anxiety showed a trend of rising first and then falling, indicating that psychological and mental issues caused by the COVID-19 pandemic gradually subsided over time. Additionally, the proportion of people practicing preventive behaviors such as wearing a mask and avoiding visiting crowded places also increased over the four survey periods, indicating that these behaviors gradually became a conscious habit. Women were more likely to experience anxiety, adopt recommended preventive behaviors, and practice social distancing than men. People aged <30 years, with high-degree education, or with poor self-rated health status were more likely to have higher risk perception and more likely to experience anxiety. Additionally, they also were more likely to practice positive preventive behaviors. Our findings showed that people simultaneously presented both high-level risk perception and anxiety across the four surveys, leading to their positive self-prevention and protective behavior. The findings contribute to the suggestion that health authorities and policy-makers should pay particular attention to those who are vulnerable and provide support and interventions related to psychological and mental health. The results in the current study can be used to guide the development of preventive strategies in vulnerable populations with a higher perceived risk of psychological and mental health.
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Objective: The objective of this study was to analyze the feasibility and acceptance of a non-invasive, daily and proactive screening program for SARS-CoV-2 infection employing serial saliva testing, in combination with a digital questionnaire among healthcare providers (HCPs) in a multi-professional setting.

Design: This was a prospective cohort study involving HCPs from different units at a single tertiary care center, over a pilot phase of 4 weeks during the first wave of the COVID-19 pandemic from April 18th to June 6th, 2020.

Setting: Pediatric tertiary patient care units, Comprehensive Center for Pediatrics, Medical University of Vienna.

Subjects: HCPs from different units, including physicians, nurses, midwives, and administrative staff (with patient contact) were considered eligible for the study. Study participants were working in different settings in our center at varying levels of risk exposure.

Interventions: Saliva collection from mouth gargle and electronic symptom and exposure monitoring (eSEM) was performed by participants at the onset of each regular clinical shift (day or night shift), using an anonymous ID for matching the results.

Measurements: RT-PCR of all saliva samples, eSEM, as well as feasibility and acceptance thereof.

Results: Two hundred and seventy-five volunteers collected 1,865 saliva samples and responded 1,378 times in the eSEM during a 4-week period. 1,331 (96.7%) responses were that the testing was feasible and acceptable. The most common severe symptom during the 4-week period mentioned by HCPs was headache, reported 54 times (3.9%). Two SARS-CoV-2 positive samples—one of them being associated with symptoms—were identified. The acceptance rate among HCPs was 96.6%.

Conclusion: Serial saliva screening was a well-accepted and feasible method for monitoring SARS-CoV-2 infectious state in health care professionals. Combination of regular SARS-CoV-2 tests with sequential saliva collection and storage could potentially represent a highly efficient strategy to identify and trace virus positive staff for employee and patient safety.

Keywords: COVID-19, healthcare provider, saliva, SARS-CoV-2, screening


INTRODUCTION

Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) infections as well as many other concomitant health care issues caused by the coronavirus disease 2019 (COVID-19) pandemic pose a burden on healthcare systems worldwide (1). High rates of asymptomatic carriers (2, 3) and limited large scale screening capacities display imminent risks for healthcare providers due to (i) healthcare professionals (HCPs) being quarantined for symptomatic infections or contact to SARS-CoV-2 positive individuals, and (ii) exposure of vulnerable patient cohorts at risk for severe forms of COVID-19 to asymptomatic carriers (HCPs and patients).

The limited availability of testing material in combination with a high patient volume lead to restricted screening capacities for HCPs during the ongoing COVID-19 pandemic (4, 5). The effectiveness of novel screening approaches to reduce subclinical SARS-CoV-2 infection at healthcare facilities is a matter of ongoing research (6, 7). Implementation of a practical screening method with self-performed material collection, in combination with digital assessment tools, could increase patient and staff safety via early detection of possibly infected but asymptomatic carriers.

The current gold-standard to detect SARS-CoV-2 in humans is real-time reverse transcription polymerase chain reaction (RT-PCR) (8, 9). Samples are most commonly collected via nasopharyngeal or oropharyngeal swabs. These methods are well-established among primary and tertiary care centers, as well as COVID-19 testing centers. Nevertheless, the invasive nature of sampling imposes discomfort and limited acceptance, especially in long-term screening programs (10).

Recent studies have explored the use of saliva as a potential material for detecting SARS-CoV-2 instead of using naso- and oropharyngeal swabs, appearing to overcome limiting factors of the current swab techniques. The use of saliva for SARS-CoV-2 screening shows benefits regarding the acceptance and comfort of the screened individuals, as well as optimization of healthcare resources (11–15). Saliva has proven to be comparable to the common swab techniques, with numerous studies (16–19) describing high sensitivity and specificity for the detection of SARS-CoV-2 by RT-PCR.

In the present study, we evaluated the feasibility and acceptance of a non-invasive screening program for SARS-CoV-2 infection, using daily saliva collection with consecutive RT-PCR analysis, in combination with a digital questionnaire among HCPs in an interdisciplinary tertiary care center. We hypothesized that the combination of regular SARS-CoV-2 PCR tests with serial saliva collection could represent a highly efficient strategy to identify and trace virus positive staff for employee and patient safety and that this program might be a well-accepted and low-resource screening strategy for early detection of SARS-CoV-2 outbreaks in a healthcare setting.



MATERIALS AND METHODS


Study Design

The current study was a prospective cohort study for the collection of serial saliva samples in order to detect SARS-CoV-2 infection in HCPs from differently exposed units in a single tertiary care center, in combination with a digital questionnaire for thorough symptom screening, over a pilot phase of 4 weeks during the first wave of the COVID-19 pandemic in Austria (i.e., April 18th to June 6th, 2020).



Aims of the Study

The primary endpoints of the study were feasibility and acceptance of daily proactive non-invasive screening for SARS-CoV-2 infections, as measured by electronic symptom and exposure monitoring (eSEM), as well as the number of SARS-CoV-2 positive saliva samples. Secondary endpoints were to establish a digital tool to assess individual symptoms on a daily basis, to characterize the most common symptoms exhibited by HCPs working in a pediatric tertiary care center during the first wave of the COVID-19 pandemic.



Participants

All HCPs (i.e., physicians, nurses, midwives, administrative staff with patient contact) were invited to participate in the study. Inclusion criteria were employment at the Comprehensive Center for Pediatrics (CCP) of the Medical University of Vienna, which integrates the largest perinatal center in Austria. Study participants were working in different hospital settings with different risk exposition, as follows: (i) low risk exposition (e.g., intensive care), (ii) intermediate risk exposition (e.g., contact with non-febrile or asymptomatic patients), (iii) high risk exposition (e.g., contact with febrile or symptomatic patients). All participants gave written informed consent for the use of their anonymized data and sample collection for further analysis. The study was approved by the local institutional review board (IRB number: 1344/2020) and the local data protection committee.



Setting

Data of all study participants were anonymized to non-retractable study IDs. Animal and plant names were used as ID mnemonics for participants to increase identification and adherence to the study. Baseline characteristics (sex, age in decades, weight) were collected at study entry. Saliva collection and eSEM were performed by participants at the start of each regular clinical shift (day or night shift) using the initial anonymous ID for matching of the results. As the stability of SARS-CoV-2 RNA in saliva is already proven (20) and the emphasis of this study was to prove feasibility and acceptance of the new sampling method, the decision was made to include not only early morning saliva samples but also nocturnal samples. Instructions for saliva collection were easily accessible at a central study point in each participating unit. Participants were informed not to eat, drink, or consume water right before sampling.



Material and Storage

Saliva samples from mouth gargle were collected in 2 ml tubes through a regular 200 μl pipette tip being able to pass saliva but incompatible with mucous sputum probes. Samples were collected at the same day and stored at −80°C for further processing and common analysis after the study period, i.e., the extraction of the SARS-CoV-2 RNA as described in 2.6 RNA isolation and quantification.



RNA Isolation and Quantification

Coronavirus SARS-CoV-2 RNA was extracted from nasopharyngeal as well as saliva samples using the Perkin Elmer Chemagic 360 system (chemagic™ Viral DNA/RNA 300 Kit, Perkin Elmer, Waltham, Massachusetts, United States). RT-PCR was carried out on a Roche Lightcycler 480II platform using primer/probes according to the protocol published by Corman et al. (21). To be conform to the ethical and data protection presets defined at study inception, analyses were performed after the phase of sample collection. In this preliminary study, nasopharyngeal RT-PCR was mandatory for all HCPs on a weekly basis and as a prove of concept, all collected saliva samples were additionally analyzed by RT-PCR. As shown in Figure 1, the concept of this study in a real-world setting is that the additionally stored saliva samples will only be tested for backward tracing and prevention of future infections if the weekly nasopharyngeal RT-PCR is positive.


[image: Figure 1]
FIGURE 1. Schematic overview of the basic study concept.




Electronic Symptom and Exposure Monitoring (eSEM)

Acceptance of screening, individual symptoms (e.g., fever, coughing), and exposure (e.g., the number of extramural activities) were retrieved anonymously on a daily basis at the beginning of regular clinical shifts. Participants were asked to complete a digital questionnaire using SurveyMonkey (www.surveymonkey.com, SurveyMonkey, San Mateo, California, USA), which was accessible on mobile phone or computer. Collected data was immediately linked to the anonymous study-ID and date of data entry. Information on the routine SARS-CoV-2 PCR testing state, which was performed on a weekly basis by every HCP according to local hospital guidelines, was retrieved from all participants for the preceding 2 weeks, again linked with the anonymous study-ID.

The questionnaire consisted of 15 questions. A total of eight questions was designed to assess information about acceptance of the studied screening method on a 3-Point-Likert-Scale by assessing the degree of discomfort imposed by the daily sampling technique (“no problem for me,” “a little uncomfortable,” “uncomfortable”), the occurrence of individual symptoms on a 3-Point-Likert-Scale (“yes,” “a little,” “no”), one question assessed the occurrence of fever on a 3-Point-Likert-Scale (“yes, measured,” “yes, feels like it,” “no”), four questions retrieved dichotomous (“yes,” “no”) information on SARS-CoV-2 exposure, and one question was designed to assess frequency of risk mobility for necessary supplies (groceries) on three different levels (“ <2 times per week,” “3–5 times per week,” “>5 times per week”).



Statistical Analyses

Categorical variables were calculated using absolute and relative frequencies. Continuous variables were either calculated as mean and standard deviation (SD), or as median and interquartile range (IQR), depending on data distribution. Per convention, the level of significance was set at p < 0.05 (two-sided). Data were analyzed using SPSS version 26.0 (IBM Corp., Armonk, NY).




RESULTS

During a period of 4 weeks, we were able to collect a total of 1,865 saliva samples from 275 participants. On average, 6.78 saliva samples were collected from each HCP. Two hundred and forty-nine participants (90.5%) provided voluntary epidemiologic information including sex, profession, and risk profile. 203 (81.5%) participants were female. 45.0% (112/249) were categorized as nursing staff, 34.1% (85/249) as medical doctors and 20.9% (52/249) as administrative staff. 64.3% (160/249) were non-smokers, 19.3% (48/249) active and 16.1% (40/249) former smokers. 4.0% (10/249) stated an existing lung disease, 2.0% (5/249) diabetes mellitus (Figure 2).


[image: Figure 2]
FIGURE 2. Overview of participant characteristics.



Primary Outcome

To evaluate feasibility and acceptance, we asked participants if they were comfortable with this kind of daily routine testing. 1,331 (96.6%) responses out of 1,378 in total were that the testing was “no problem,” 42 (3.0%) were that it was only “slightly uncomfortable” and only five (0.4%) expressed that the procedure felt “uncomfortable” (Table 1). All saliva samples were analyzed by RT-PCR in bulk after collection of all samples. Two detected (0.1%) samples were positive for SARS-CoV-2 in the RT-PCR, however the CT value was >35 in both cases. As every sample was marked with the study ID and date, it was possible to trace the two samples. One participant did not show any symptoms in eSEM, while the other participant reported muscle ache in the eSEM 10 days after the positive sample. Due to the low number of positive samples, intended statistical analyses and comparisons with self-declared symptom questionnaires were not performed. As every sample was marked with the study ID and date, it was possible to trace the two samples.


Table 1. Electronic symptom score data.

[image: Table 1]

Saliva sampling took ~90 s, the questionnaire around 30 seconds.



Secondary Outcomes

We received a total of 1,378 eSEM responses. The detailed results are displayed in Table 1.


Self-Declared Symptoms

The most common severe symptom mentioned by HCPs was headache, reported by 54 responses (3.9%).

Only two responses (0.1%) reported fever above 37.5°C and one reported to feel fever without measurement during the 4-week period. Three (0.2%) responses reported severe dyspnea, while 16 (1.2%) reported mild dyspnea. Eight responses (0.6%) reported severe cough and 44 (3.2%) mild coughing symptoms. Rhinitis was also a common symptom with 32 responses (2.3%) indicating heavy rhinitis-associated symptoms and 110 responses (8.0%) declaring mild cold symptoms.



Exposure

Forty-seven (3.4%) responses reported symptoms such as headache, coughing, and fever in housemates, during the study period.

Three responses (0.2%) reported to live with a quarantined housemate for 2 weeks due to exposure to a COVID-19 positive individual.

Most answers reporting symptoms in the questionnaire [623/1,378 (45.2%)] stated that necessary items were purchased more than 5 times per week, whereas 248 (18.0%) reported purchasing necessary items <2 times per week and 507 (36.8%) reported a 3–5 times grocery shopping routine per week.




Screening Costs

Screening material was based on availability despite logistic burdens during the pandemic, and consisted of 2 ml tubes, 2 μl pipet tips and 10 ml vials of NaCl 0.9%. The raw material costs for saliva screening material remained below the targeted 0.5 €/ sample.




DISCUSSION

This prospective cohort study analyzed feasibility of a new methodology for longitudinal SARS-CoV-2 screening of asymptomatic staff at pediatric and obstetric tertiary care units with self-collected saliva samples combined with a digital symptom and scoring tool, during the first wave of the COVID-19 pandemic.

The establishment of an economically justifiable and well-accepted strategy for screening of HCPs, as presented by the tools evaluated in this study, represent methods capable of optimizing ongoing screening regimes for an easy improvement of temporal infection detection and staff safety.

While many healthcare providers established screening strategies for HCPs, economic and organizational burdens commonly impede “screen as you work” monitoring schemes. Thus, HCPs are commonly screened on a weekly basis. Since the development of rapid antigen tests, allowing test results within 15–20 min, many screening regimens use PCR testing as second line testing despite markedly lower sensitivity of rapid antigen tests (22, 23). While sensitivity of SARS-CoV-2 detection in asymptomatic individuals is a challenge for all sampling techniques, saliva sampling has also been reported to be more sensitive than nasopharyngeal or nasal swabs (24). Saliva sampling should follow standardized protocol, but at the time of initiation of the study, no such protocol was available since this method was fairly new.

Our proposed non-invasive serial screening approach was easily implemented and highly accepted among HCPs participating in this study, where 96.6% felt comfortable with regular saliva screening and daily digital symptom scoring.

Based on the high technical and financial feasibility, we propose a testing strategy based on serial saliva sampling as performed in this study: In the case of positive testing or proven infection status of an HCP, stored samples of the previous working days could be tested retrospectively to identify the first day of SARS-CoV-2 positivity at work. As shown in Figure 3, HCP1 develops minor symptoms on day (d) 1 but is negative in the regular weekly screening. On d3, infection of another HCP at work occurs. On d7, HCP1 is tested positive and quarantined. Daily collected saliva samples are analyzed to identify the first day with a positive sample to help backtracing of other contacts. HCP2 becomes infected by HCP1 on d3, reaching contagiousness around d5. Saliva samples prove negativity at d4 and prevents isolation of contacts on this day. Positivity could be shown on d5, preventing future infections by immediate isolation based on analysis of stored saliva samples. HCP3 has non-contagious contact to HCP1 on d1, with no further close contacts. Due to negativity of HCP1 at d1, lack of contact and analysis of stored saliva samples, quarantine is prevented and HCP3 can continue working. HCP4 would have had future contacts to HCP1 and HCP2. Potential infection was prevented by quarantine of HCP1 based on weekly routine screenings and by isolation of HCP2 based on infection backtracing in stored saliva samples. A retrospective screening of all contact HCPs of the same unit would be possible in a fast and efficient manner without the need for post-hoc recruitment of potentially contagious individuals for retesting. Further, questionnaire data of the index HCP and contact HCPs could facilitate the determination of symptom onset and retrospective evaluation of clusters or outbreaks in single units or across different departments. Thus, the proposed screening strategy could serve in addition to established screening programs to allow tracing of SARS-CoV-2 positivity in health care settings to limit the risk of spreading as well as HCP quarantine.


[image: Figure 3]
FIGURE 3. Schematic depiction of a saliva-based screening strategy for healthcare professionals.


In this pilot study, saliva collection, electronic monitoring and retrospective analyses were performed on a voluntary basis to evaluate feasibility and acceptance among HCPs. Participation rates have been estimated around 50–75 %, motivation was very high among the participating division. However, an exact number of participation and refusal rate could not be included due to first, the mandatory anonymous study design which does not allow to work on stuff lists, and second, numerous staff rotations due to preparation for the pandemics hindered to calculate a reliable, absolute count of HCPs being in charge at participating divisions. While analyzing 1,865 individual saliva samples from 275 participants, only two participants had samples positive for SARS-CoV-2 by PCR, whereas we have received a total of 216 responses indicating to suffer from fever, severe or mild dyspnea, severe cough or mild coughing symptoms, heavy rhinitis, or mild cold symptoms. HCPs are not only exposed to SARS-CoV-2 but, especially, in pediatrics, to multiple other infectious conditions. The number of positive PCR tests was low, as the total number of Austrian numbers stayed on a very low level as this was the first country in Europe undergoing a total lockdown. The low numbers are in line with the lack of reports on positive result in the—obligatory—weekly nasal swab testing for all HCPs. Further, no cluster developed during that wave in our clinic. Thus, we are very sure, that the HCPs reporting mild symptoms did not suffer from COVID 19 and results might have been differently a few months later or especially nowadays. These surprisingly low positive results in our study are moreover in line with a recently published study from the Netherlands, where a total of 1,796 HCPs from three different hospitals were screened with RT-PCR from naso- and oropharyngeal swabs during the first wave of the COVID-19 pandemic, resulting in a SARS-CoV-2 positivity rate of 5% (25). Furthermore, several recently published studies on seroprevalence of SARS-CoV-2 antibodies among HCPs confirm these finding (26, 27). In one study, conducted during May and July 2020, only 0–17% of pediatric HCPs displayed IgG against SARS-CoV-2, with a seroprevalence of <2% in continental Europe, in comparison to 17% in the United Kingdom. The respective multi-center study was also performed in our hospital, with 0% of participants having IgG antibodies, which could explain the low rate of positive PCR results in our study. As recently discussed by Goldblatt et al., such results may originate from successful health care facility mitigation measurements, or may stem from lower nosocomial exposure and/or lower transmission rates of SARS-CoV-2 from infected children to adults (26). A total of five out of 1,378 (0.4%) responses by participants expressed uncomfortableness with this procedure. The discomfort reported 5 times during the study period could not be further analyzed due to data protection regulations, therefore, not knowing whether the mentioned responses were entered from the same individual or if the same HCP reported “no problem” when being previously tested. Communication with the participants in general revealed that the salty taste of the saline solution was negatively perceived a few times. Since participation in this study was voluntary, our results might be biased by the use and acceptance of the program by generally more digital-native participants. Therefore, general acceptance rates might be lower, especially regarding the digital symptom scoring system. Though, digital symptom scoring has proven to be of great value, especially when gain of knowledge about SARS-CoV-2 is crucial to keep up with current dynamics in the worldwide pandemic and to adapt screening management in real time (28).

The most severe symptom reported was suffering from headache, but due to privacy guidelines, we have not been able to identify the individuals reporting this symptom, therefore we were not able to ask the affected HCPs for a specific reason, e.g., chronic migraine. According to recent studies about acceptability of saliva sampling, as already mentioned in the introduction, and in our study 96.7 % indicating that this testing was feasibly and acceptable, the reason for the reported headache is not likely to be associated with the testing method.

Most interestingly, almost half (45.2%) of HCPs displayed risky exposure behavior by leaving their home more than five times per week for necessary supplies, while 18.0% stated to do this <2 times per week only. This is important since it should lead health care organizations to promote prudence among their HCPs regarding mitigation measures especially outside the healthcare setting. Evidence for these suggestions comes from an international study where multiple exposures of HCPs outside the healthcare setting were strongly associated with SARS-CoV-2 infection (29).

Regarding the economic advantage of this testing technique, storage is probably the most critical position in this approach, as high numbers of samples are collected. Thus, this approach relies on the availability of a storage facility. With limiting the number of days of conservation to 14 and use of small sampling tubes such as 1 ml tubes, the costs are around 20 cents to 1 euro per sample. Compared to the costs of increased number of HCPs in quarantine or nonselective RT-PCR screening approaches, we see a huge advantage in the given approach. Furthermore, we would propose to use this broadly accepted saliva sampling in a “store and trace” approach to reduce costs while still having an effective approach. This is especially important as internationally regular PCR are increasing as well as costs, respectively.

Since it remains unclear if transmission of SARS-CoV-2 can be reduced or prohibited by the recently approved SARS-CoV-2 vaccine (30), routine testing of HCPs and patients for SARS-CoV-2 will remain an important aspect of infection control, especially in the care of high-risk patient groups. Additionally, with upcoming new variants of the Coronavirus SARS-CoV-2 spreading even faster than the original virus the number of cases in Austria and also worldwide are currently still rising and the contact tracing is completely overworked. Furthermore, non-selective RT-PCR tests from all healthcare providers are performed on a regular basis, which is very cost-intensive. If RT-PCR testing would be decreased from 2-3 times a week to one time a week and daily saliva samples would be stored and only analyzed if RT-PCR from a nasal swab is positive, this would allow for a concrete back tracing and quarantine as well as additional RT-PCR sampling of saliva samples of all contact persons. In light of this, our proposed approach of routine SARS-CoV-2 screening of saliva conjointly with digital symptom tracking remains a potentially useful tool for identification and tracing of virus positive staff throughout the further course of this pandemic. Prospective screening was highly accepted by HCPs, with a complete acceptance rate of 96.6%, and could be safely implemented with easily available consumables, and can be done by HCPs themselves.



CONCLUSION

Serial saliva screening is a feasible, well-accepted and convenient method for monitoring of SARS-CoV-2 infections in HCPs. Combination of regular SARS-CoV-2 tests with sequential saliva collection and storage could represent a highly efficient strategy to identify and trace virus positive staff with subsequent reduction of staff and patient exposure as well as need for quarantines and sick leave, potentially limiting the impact of COVID-19 on stressed health care systems.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Local Institutional Review Board (IRB number: 1344/2020) and local data protection committee of the Medical University of Vienna. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

AR and MW conceptualized and designed the study and drafted the initial manuscript. AR, MW, AF, MH, WK, RS, JS, FE, BG, HS, PS, MH, and FS designed the data collection instruments, collected data, carried out the initial analyses, and reviewed and revised the manuscript. SG-P, HK, PP, CA, and AB helped interpreting the results and reviewed and revised the manuscript. All authors approved the final manuscript as submitted and agree to be accountable for all aspects of the work.



FUNDING

This study was funded with support from the Comprehensive Center for Pediatrics (CCP) Starter Grant and the Scientific Fund of the Mayor of Vienna (Project ID: COVID029).



ACKNOWLEDGMENTS

The authors appreciate the critical review and help with the study of C. Male-Dressler, F. Stiegner, K. Fuchs, D. Reisinger, R. Gaupmann, P. Espina, M. Beichl, and L. Wisgrill.



REFERENCES

 1. Wang Y, Wang Y, Chen Y, Qin Q. Unique epidemiological and clinical features of the emerging 2019 novel coronavirus pneumonia (COVID-19) implicate special control measures. J Med Virol. (2020) 92:568–76. doi: 10.1002/jmv.25748

 2. Cascella M, Rajnik M, Cuomo A, Dulebohn SC, Di Napoli R. Features, Evaluation, and Treatment of Coronavirus. StatPearls. Treasure Island, FL: StatPearls Publishing LLC (2020). 

 3. Field Briefing: Diamond Princess COVID-19 Cases. Available online at: https://www.niid.go.jp/niid/en/2019-ncov-e/9417-covid-dp-fe-02.html (accessed November 30, 2021). 

 4. Iacobucci G. Covid-19: UK government calls on industry to help boost testing capacity to 25 000 people a day. BMJ. (2020) 368:m1118. doi: 10.1136/bmj.m1118

 5. Reusken C, Broberg EK, Haagmans B, Meijer A, Corman VM, Papa A, et al. Laboratory readiness and response for novel coronavirus (2019-nCoV) in expert laboratories in 30 EU/EEA countries, January 2020. Euro Surveill. (2020) 25:2000082. doi: 10.2807/1560-7917.ES.2020.25.6.2000082

 6. Wu J, Liu J, Li S, Peng Z, Xiao Z, Wang X, et al. Detection and analysis of nucleic acid in various biological samples of COVID-19 patients. Travel Med Infect Dis. (2020) 37:101673. doi: 10.1016/j.tmaid.2020.101673

 7. Chow FW, Chan TT, Tam AR, Zhao S, Yao W, Fung J, et al. A rapid, simple, inexpensive, and mobile colorimetric assay COVID-19-LAMP for mass on-site screening of COVID-19. Int J Mol Sci. (2020) 21:5380. doi: 10.3390/ijms21155380

 8. Li X, Geng M, Peng Y, Meng L, Lu S. Molecular immune pathogenesis and diagnosis of COVID-19. J Pharm Anal. (2020) 10:102–8. doi: 10.1016/j.jpha.2020.03.001

 9. Udugama B, Kadhiresan P, Kozlowski HN, Malekjahani A, Osborne M, Li VYC, et al. Diagnosing COVID-19: the disease and tools for detection. ACS Nano. (2020) 14:3822–35. doi: 10.1021/acsnano.0c02624

 10. Kandel C, Zheng J, McCready J, Serbanescu MA, Racher H, Desaulnier M, et al. Detection of SARS-CoV-2 from saliva as compared to nasopharyngeal swabs in outpatients. Viruses. (2020) 12:1314. doi: 10.3390/v12111314

 11. To KK, Tsang OT, Yip CC, Chan KH, Wu TC, Chan JM, et al. Consistent detection of 2019 novel coronavirus in saliva. Clin Infect Dis. (2020) 71:841–3. doi: 10.1093/cid/ciaa149

 12. Nagura-Ikeda M, Imai K, Tabata S, Miyoshi K, Murahara N, Mizuno T, et al. Clinical evaluation of self-collected saliva by quantitative reverse transcription-PCR (RT-qPCR), direct RT-qPCR, reverse transcription-loop-mediated isothermal amplification, and a rapid antigen test to diagnose COVID-19. J Clin Microbiol. (2020) 58:e01438–20. doi: 10.1128/JCM.01438-20

 13. Yoon JG, Yoon J, Song JY, Yoon SY, Lim CS, Seong H, et al. Clinical significance of a high SARS-CoV-2 viral load in the saliva. J Korean Med Sci. (2020) 35:e195. doi: 10.3346/jkms.2020.35.e195

 14. Rao M, Rashid FA, Sabri F, Jamil NN, Zain R, Hashim R, et al. Comparing nasopharyngeal swab and early morning saliva for the identification of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Clin Infect Dis. (2021) 72:e352–6. doi: 10.1093/cid/ciaa1156

 15. Azzi L, Carcano G, Gianfagna F, Grossi P, Gasperina DD, Genoni A, et al. Saliva is a reliable tool to detect SARS-CoV-2. J Infect. (2020) 81:e45–50. doi: 10.1016/j.jinf.2020.04.005

 16. Altawalah H, AlHuraish F, Alkandari WA, Ezzikouri S. Saliva specimens for detection of severe acute respiratory syndrome coronavirus 2 in Kuwait: a cross-sectional study. J Clin Virol. (2020) 132:104652. doi: 10.1016/j.jcv.2020.104652

 17. Vaz SN, Santana DS, Netto EM, Pedroso C, Wang WK, Santos FDA, et al. Saliva is a reliable, non-invasive specimen for SARS-CoV-2 detection. Braz J Infect Dis. (2020) 24:422–7. doi: 10.1016/j.bjid.2020.08.001

 18. Pasomsub E, Watcharananan SP, Boonyawat K, Janchompoo P, Wongtabtim G, Suksuwan W, et al. Saliva sample as a non-invasive specimen for the diagnosis of coronavirus disease 2019: a cross-sectional study. Clin Microbiol Infect. (2021) 27:285.e1–4. doi: 10.1016/j.cmi.2020.05.001

 19. Yokota I, Shane PY, Okada K, Unoki Y, Yang Y, Inao T, et al. Mass screening of asymptomatic persons for SARS-CoV-2 using saliva. Clin Infect Dis. (2020) 73:e559–e565. doi: 10.1101/2020.08.13.20174078 

 20. Ott I, Strine M, Watkins A, Boot M, Kalinich C, Harden C, et al. Stability of SARS-CoV-2 RNA in nonsupplemented saliva. Emerg Infect Dis J. (2021) 27:1146. doi: 10.3201/eid2704.204199

 21. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DK, et al. Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro Surveill. (2020) 25(3). doi: 10.2807/1560-7917.ES.2020.25.3.2000045

 22. Krüttgen A, Cornelissen CG, Dreher M, Hornef MW, Imöhl M, Kleines M. Comparison of the SARS-CoV-2 Rapid antigen test to the real star Sars-CoV-2 RT PCR kit. J Virol Methods. (2021) 288:114024. doi: 10.1016/j.jviromet.2020.114024

 23. Kohmer N, Toptan T, Pallas C, Karaca O, Pfeiffer A, Westhaus S, et al. The comparative clinical performance of four SARS-CoV-2 rapid antigen tests and their correlation to infectivity in vitro. J Clin Med. (2021) 10:328. doi: 10.3390/jcm10020328

 24. Teo AKJ, Choudhury Y, Tan IB, Cher CY, Chew SH, Wan ZY, et al. Saliva is more sensitive than nasopharyngeal or nasal swabs for diagnosis of asymptomatic and mild COVID-19 infection. Sci Rep. (2021) 11:3134. doi: 10.1038/s41598-021-82787-z

 25. Sikkema RS, Pas SD, Nieuwenhuijse DF, O'Toole Á, Verweij J, van der Linden A, et al. COVID-19 in health-care workers in three hospitals in the south of the Netherlands: a cross-sectional study. Lancet Infect Dis. (2020) 20:1273–80. doi: 10.1016/S1473-3099(20)30527-2

 26. Goldblatt D, Johnson M, Falup-Pecurariu O, Ivaskeviciene I, Spoulou V, Tamm E, et al. Cross-sectional prevalence of SARS-CoV-2 antibodies in healthcare workers in paediatric facilities in eight countries. J Hosp Infect. (2021) 110:60–6. doi: 10.1016/j.jhin.2020.12.019

 27. Jeremias A, Nguyen J, Levine J, Pollack S, Engellenner W, Thakore A, et al. Prevalence of SARS-CoV-2 infection among health care workers in a tertiary community hospital. JAMA Intern Med. (2020) 180:1707–9. doi: 10.1001/jamainternmed.2020.4214

 28. Menni C, Valdes AM, Freidin MB, Sudre CH, Nguyen LH, Drew DA, et al. Real-time tracking of self-reported symptoms to predict potential COVID-19. Nat Med. (2020) 26:1037–40. doi: 10.1038/s41591-020-0916-2

 29. Lentz RJ, Colt H, Chen H, Cordovilla R, Popevic S, Tahura S, et al. Assessing coronavirus disease 2019 (COVID-19) transmission to healthcare personnel: the global ACT-HCP case-control study. Infect Control Hosp Epidemiol. (2021) 42:381–7. doi: 10.1017/ice.2020.455

 30. Rubin EJ, Longo DL. SARS-CoV-2 vaccination - an ounce (actually, much less) of prevention. N Engl J Med. (2020) 383:2677–8. doi: 10.1056/NEJMe2034717

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Raimann, Farr, Huscsava, Krois, Strassl, Schellnegger, Eibensteiner, Göschl, Schned, Steinbauer, Hetzmannseder, Stiegner, Greber-Platzer, Kiss, Plener, Aufricht, Berger and Wagner. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 27 January 2022
doi: 10.3389/fpubh.2022.817749






[image: image2]

Analyzing COVID-19 Vaccination Behavior Using an SEIRM/V Epidemic Model With Awareness Decay

Chao Zuo*, Fenping Zhu and Yuting Ling

School of Management Engineering and E-Commerce, Zhejiang Gongshang University, Hangzhou, China

Edited by:
Zisis Kozlakidis, International Agency for Research on Cancer (IARC), France

Reviewed by:
Kazuki Kuga, Kyushu University, Japan
 Wenbin Zheng, Second Affiliated Hospital of Shantou University Medical College, China

*Correspondence: Chao Zuo, chaozuo1982@gmail.com

Specialty section: This article was submitted to Infectious Diseases - Surveillance, Prevention and Treatment, a section of the journal Frontiers in Public Health

Received: 18 November 2021
 Accepted: 03 January 2022
 Published: 27 January 2022

Citation: Zuo C, Zhu F and Ling Y (2022) Analyzing COVID-19 Vaccination Behavior Using an SEIRM/V Epidemic Model With Awareness Decay. Front. Public Health 10:817749. doi: 10.3389/fpubh.2022.817749



Information awareness about COVID-19 spread through multiple channels can stimulate individuals to vaccinate to protect themselves and reduce the infection rate. However, the awareness individuals may lose competency over time due to the decreasing quality of the information and fading of awareness. This paper introduces awareness programs, which can not only change people from unaware to aware state, but also from aware to unaware state. Then an SEIRM/V mathematical model is derived to study the influence of awareness programs on individual vaccination behavior. We evaluate the dynamical evolution of the system model and perform the numerical simulation, and examine the effects of awareness transformation based on the COVID-19 vaccination case in China. The results show that awareness spread through various information sources is positively associated with epidemic containment while awareness fading negatively correlates with vaccination coverage.
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INTRODUCTION

Currently, the novel coronavirus disease (COVID-19) is spreading globally as a huge health hazard and causing widespread public concern (1, 2). Information awareness of COVID-19 can stimulate individuals to adopt spontaneous protective behaviors, such as washing hands, wearing masks, social distancing, vaccination, etc., which plays a very important role in controlling disease outbreaks (3, 4). Therefore, the development of formal models to research the mutual effect between disease transmission and information-aware behavioral responses is receiving increasing attention (5, 6).

In modeling the effects of awareness on the dissemination of epidemic and its control, there are two notable approaches been used to include information awareness into the framework of the epidemic model. The first approach, usually represented by an exponential function, is to directly combine the impact of information into the transmission rate of the epidemic, which in turn reduces disease transmission as a result of disease awareness. For example, Zuo et al. (7) proposed a two-layer UAU-SIR (unaware-aware-unaware/susceptible-infected-recovered) model with neighbor behavior on multiplex networks to study the mutual effect between epidemics dissemination and awareness diffusion, and examined the impact of these intervening measures ground on modeling of the awareness-infectious disease and the data of COVID-19 transmission case. Zhao et al. (8) developed a SEIR/V-UA (susceptible–vaccinated–exposed–infected–recovered with unaware–aware) model to explore the joint impact of the awareness diffusion and epidemic transmission, and verified the model through the Monte Carlo (MC) method and numerical simulation on the scale-free networks. Li et al. (9) studied the impact of global and the local awareness on the dynamics of an SIR epidemic, and validated the infection rate and network degree distribution determine the scale of the effect. Ye et al. (10) proposed a heterogeneous disease-information-behavior propagation model to study how various types of individuals (overreacting vs. underreacting) affect the epidemic outbreak and the prevalence of protective behavior, and performed the numerical simulation to research the impact of the different on the epidemic. The second approach is to develop a separate compartment representing the level of epidemic awareness within the population. Hence, transitions between the classes of unaware and aware individuals within the population depend on the level of awareness in circulation. For example, Teslya et al. (11) established a deterministic compartmental model to study COVID-19 propagation in a population stratified by epidemic status (aware and unaware), and conducted sensitivity analyses in regard to the time delay from diagnosis to isolation of infected individuals. Misra et al. (12) proposed a susceptible–infected–susceptible (SIS) model to explore the influence of awareness programs actuated by the media on the diffusion of epidemic, and found the awareness prompts some susceptible to quarantine themselves (12). Saha et al. (13) proposed an SEIRS compartmental model on COVID19 transmission which explains the impact of information about appropriate preventive measures on an individual's behavioral response. Agaba et al. (14) proposed a susceptible–infected–recovered–susceptible (SIRS) with time-delayed model to research the effect of awareness information on vaccination, and analyzed the feasibility and stability analysis of disease-free and endemic equilibria, as well as the conditions for endemic steady-state Hopf bifurcation. Zhou et al. (15) introduced a dynamic compartmental model incorporating the awareness programs as a separate compartment to study the interplay between disease spreading and the media reports, and found media report can be regarded as an efficient way to alleviate the COVID-19 transmission during the primary stage of an outbreak. Obviously, awareness spread through multiple channels can provoke individuals to adopt spontaneous protective behaviors to reduce their chances of becoming infected.

Recently, many countries enter epidemic controlled normalization process with no significant declining COVID-19 cases, the widespread use of COVID-19 vaccines is the most effective way prevent substantial morbidity and mortality (16). Information awareness can influence an individual's vaccination decisions on whether or not to be vaccinated can play a critical role in achieving sufficient and sustained vaccination coverage (17–19). However, awareness individuals may lose competency (self-protection) over time due to the decreasing quality of the information and fading of awareness. For example, China, where the first case of COVID-19 was detected on Dec. 31, 2019, has entered a “controlled normalization process” after 1 year with strict measures. Some individuals thought ‘not many people contract the disease, so the chances are low for me too’, they didn't think they need injecting vaccines again to protect themselves to be unawareness individuals, resulting in the low vaccination rates in mid-February, 2021.

Motivated by the above considerations, we introduce the awareness programs that people not only alter their state from unaware to aware, but also from aware to unaware state, and propose a compartmental model to analyze the influence of awareness programs on individual vaccination behavior.

This paper is organized as follows. Section Model derives the model. Section Basic Reproduction Number and Possible Equilibria deduces the basic reproduction number and possible equilibria. Section Numerical Simulation presents the numerical simulations and analyze the decision behavior of COVID-19 vaccines and epidemic size. Section Conclusion shows the conclusions.



MODEL

The total population N individuals are separated into seven compartments (SEIRM/V), including unaware-susceptible (Su), aware-susceptible (Sa), infectious without symptoms (or exposed E), infectious with symptoms (or infected I), recovered (R) and vaccinated (V), M(t) shows the accumulated density of awareness programs driven by information sources, which consists of three parts, as shown in Figure 1. The α represents the rate of awareness arising from the aware neighbors (e.g., local prevalence), α0 is the response intensity of awareness programs on the number of new cases detected, and λ is the waning rate of information due to the decreasing quality of the information. Unaware individuals develop into aware at the awareness transmission rate ηM, if s/he is in possession of disease-related awareness from global epidemic information η and M(t), and aware individuals become unaware with probability δ, representing that an individual would lose alertness of the disease with time. Each unaware-susceptible become exposed at the disease transmission rate β. Aware-susceptible may become exposed at the rate kβ, where 1-k defines the degree to which intermediate protection measures taken with awareness to decrease the possibility of infection, while aware-susceptible could develop into vaccinated individuals (V) to be protected with probability ε. Then by passing through potential and incubation periods in which the rate from the exposed state to infected state is γ, clinical characteristics of the undiagnosed infected cases, begin to appear and enter them into the confirmed infected compartment (I). Confirmed infected persons might recuperate from COVID-19 and enter into the recovered compartment (R) with the recovery rates of μ. Furthermore, it is supposed that the individuals lose their immunity against the epidemic after a period of time 1/ρ. See more detailed definitions of variables and parameters listed in Table 1.


[image: Figure 1]
FIGURE 1. Schematic of SEIRM/V dynamics in multilayer networks.



Table 1. Description and baseline values of the parameters of model (1).

[image: Table 1]

The evolution of individuals through the SEIRM/V model with awareness programs driven vaccination is modeled with the next set of ordinary differential equations:

[image: image]

where Su(0) > 0, Sa(0) ≥ 0, V(0) ≥ 0, E(0) ≥ 0, I(0) ≥ 0, R(0) ≥ 0, M(0) ≥ 0, is the initial conditions.

For the analysis of model (1), we need the region of attraction (24) which is given by the set:

[image: image]

where [image: image]



BASIC REPRODUCTION NUMBER AND POSSIBLE EQUILIBRIA

The above model system (1) has two non-negative equilibria:

(i) Disease free equilibrium E1(N, 0, 0, 0, 0, 0, 0)

(ii) Disease free equilibrium [image: image]

We derive the basic reproduction number R0 for the epidemic model using the next-generation method (25). We define two matrices, F and Q, where F (for the emerging infection terms) is the pertinent non-negative matrix and Q (for the residual transfer terms) is the non-singular M-matrix, are given, respectively, by

[image: image]

The control reproduction number, represented by RV, is then provided by [image: image], where ρ is the spectral radius of the matrix FQ−1. It follows that

[image: image]

Where [image: image] is the basic reproduction number lack of vaccination. The quantity RV gauges the average number of new infections attribute to a typical infectious individual among some susceptible individuals who are vaccinated (26, 27). It is worth mentioning that the threshold quantityRV < 1, since [image: image]. Both R0 and RV serve to measure the severity of an epidemic.

The Jacobian matrix corresponding to the system (1) as shown below,

[image: image]

We calculated the Jacobian matrix at E1 and get its corresponding characteristic equation to establish the local stability of the infection-free equilibrium:

[image: image]

[image: image]

It is obvious that both eigenvalues L1, L2 and L4 are negative, while the third and the fifth conditions L3, L5 is negative if and only if

[image: image]

Moreover, the Jacobian matrix at E2 and get its corresponding characteristic equation:

[image: image]
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It is accessible that both eigenvalues L1, L2 and L3 are negative while the fourth conditions L4 is negative if and only if

[image: image]

Hence, the infection-free equilibrium E1 and E2 is locally asymptotically stable when RV <1. What is noteworthy is that the awareness growth rate α0 related to the reported confirmed number of infections does not affect the stability of the disease-free steady state. And the causes are as follows: in the neighborhood of the disease-free steady state, if RV < 1, the number of confirmed infected individuals would tend zero, thus its contribution to the growth of awareness arising from the newly confirmed cases reducing to zero, and therefore, it would have no further influence on the stability of E1 and E2.

We further explore the impact on the control reproduction number RV when the parameters variation, see Figure 2. In each subgraph, a line existed to illustrates where RV crosses the unity. If those parameter values in the graph is below the line, the epidemic can be extinct and where it is beyond the indicator line, the disease can continue to exist (28). It can be observed that RV is raising for parameters β, λ, δ and ε, while it is decreasing for parameters α, η and μ. Therefore, the disease can be retarded or even removed by controlling the parameters so that RV locates beneath unity.


[image: Figure 2]
FIGURE 2. The control reproduction number RV for model (1) (solid lines) for the relevant model with vaccination according to parameters λ, δ, ε, β, α, η, and μ.




NUMERICAL SIMULATION

The formerly described model is researched via MC simulations. Considering that vaccine is imperfect and the individuals would lose their immunity against the epidemic after a period of time, we perform simulation on Erdos–Rényi (ER) network with 1,000 nodes and the average degree with <k> = 4. Besides, the nodes whose initial condition is set to be 2% are infected. The rules of iterative coupling dynamic processes are updated in parallel until they converge to the steady state. To evaluate the effect of epidemic spreading, we let ρX (X = S, A, E, I, R, V) present the fraction of the Su, Sa, E, I, R, V component in the total nodes.

First, we evaluate the influence of globe epidemic information η on epidemic spreading. Figure 3 displays the evolution of ρI(t) and ρV(t) for four typical η = 0.02, 0.2, 0.5, and 0.8, correspondingly. We find that the peak of ρI(t) reduces with the increase of η from Figure 3A. People with elevated levels of awareness will be capable of slowing down or stopping the spread of an epidemic by reducing the infectivity and susceptibility of aware individuals. From Figure 3B we notice that the final vaccinated density ρV(t) will depend on η when the epidemic spreading ends, while, when the epidemic spreading is under way, ρV(∞) decreases with the increase of η in the case of relatively larger η. Here we know that the impact of global information always limited even with stronger η. The above result can be account as follows: for larger η, there will be more globe epidemic information appears in the media and thus results in more individuals covered by the awareness during the outbreak. On this occasion, it is accessible for a person to notice its infected neighbors and then get vaccinated. However, individuals can obtain overload information from global news coverage as the government put a higher value on epidemic control. Then, some may not feel the need to self-protection against COVID-19 because they rely heavily on implementation of the series government measures on COVID-19 such as temporary measures to limit and delay the infection rates in COVID-19 through voluntarily isolating, social distancing, wearing masks, taking vaccination.


[image: Figure 3]
FIGURE 3. (A) The fraction of infected for various η with α = 0.3, α0 = 0.2, δ = 0.1. (B) The fraction of vaccinated for various η with α = 0.3, α0 = 0.2, δ = 0.1. (C) The fraction of aware for various η with α = 0.3, α0 = 0.2, δ = 0.1. (D) The fraction of recovered for various η with α = 0.3, α0 = 0.2, δ = 0.1.


Meanwhile, we explore the impact of various η on the fraction of aware/recovered individuals as in Figures 3C,D. It is clear that the fraction of aware individuals increases and the fraction of recovered individuals decreases, with the increase of η. Because, individuals should take some protection against infectious after getting information about disease, which broadens the size of aware-susceptible population will decrease not only the recovered but also the infected individuals. On balance, the awareness-driven vaccination still has a positive effect in controlling the epidemic spreading, just heavy reliance on a single global information source is risky.

For example, in mid-April (between 15 March and 15 April, 2021), China had only administered enough doses for just under 2% of its population, while it aimed to vaccinate 40% of its population (or 560 million people) by June. Facing this dilemma, the Chinese government became more active to encourage people to get vaccinated. Thus, with increasing information awareness obtained from government (globe epidemic information increases), individuals changed their vaccination behavior and became more willing to get vaccinated, but surprisingly, the positive effect of global information awareness on vaccination rates was limited because of the lack of local information contributions from aware neighbors, which promoted the ongoing act of letting down their guard and mass gatherings had become the norm again.

Second, we study the influence of the rate of awareness arising from the newly confirmed cases α0 on epidemic spreading. Figure 4 presents the evolution of ρI(t) and ρV(t) for four typical α0 = 0.02, 0.2, 0.5 and 0.8, correspondingly. It is accessible to see that Figure 4 is analogous to Figures 3A,B, indicating that the infected density ρI will decrease with the increase of α0 and the vaccinated density ρV(t) will increase with the increase of α0. We can explain this phenomenon in a similar way as follows: For a larger α0, there is more likely for an individual to take a vaccination once it received strong stimulations of updated information about the reported number of infections, and thus lessen the epidemic spreading. Overall, we see that refusing vaccinations for side effects, the free-riding behavior or other reasons will lead to a higher peak in the ρI curve when the case of both small α0 and small η, which indicate that losing awareness will cause more people being affected by the diseases.


[image: Figure 4]
FIGURE 4. (A) The fraction of infected for different α0 with η = 0.05, α = 0.3, δ = 0.1. (B) The fraction of vaccinated for different α0 with η = 0.05, α = 0.3, δ = 0.1.


For example, in mid-August (between 20 July and 15 August, 2021), a COVID-19 outbreak first discovered in Nanjing has transmission to five provinces and Beijing prompted authorities to institute local lockdowns, prevent people and vehicles from leaving their local areas, close schools, and require residents to get tested for COVID-19. Days later, Jiangsu reported that a lot of people had signed up for vaccines with residents waiting in long lines outside vaccine centers to get injected. The daily dose reached its peak on August 3 (An additional 17.85 million doses were administered in a single day). The number of vaccinations had increased dramatically. This phenomenon can be explained as: the repeated local outbreaks have proved the most effective way to encourage people to get vaccinated. In other words, the accumulated density of awareness programs increases as the number of infected neighbors increases, making people more willing to get vaccinated, thereby further increasing vaccine coverage.

Third, we investigate the impact of the rate of awareness arising from the aware neighbors α on epidemic spreading. Figure 5 presents the evolution of ρI(t) and ρV(t) for three typical α = 0.02, 0.3, and 0.8, respectively. We find that the peak of ρI(t) reduces with the increase of α from Figure 5A. As in Figure 5B, if α is comparatively small, for instance, α < 0.3, the homologous effect of various α is finite to a large extent because of the case that fraction of aware individuals is not enough. When α is large, people are more likely to react to information around them via imitative behavior with individuals, thus, ρV(t) will increase much faster than in the case of small α. Overall, aware-susceptible individuals prefer to be vaccinated for more effective protection when large α (for instance, α > 0.3). Especially, when α varies from 0.3 and 0.8, the effect is even more clear. The primary cause is that when there are a lot of awareness owners in the surrounding population, the willingness to acquire awareness will be stronger, hence more people are willing to get vaccinated. Because s/he exhibit herd-like behavior and believes that such awareness is usefulness, may bring benefits, or popular.


[image: Figure 5]
FIGURE 5. (A) The fraction of infected for different α with η = 0.05,α0 = 0.2, δ = 0.1. (B) The fraction of vaccinated for different α with η = 0.05, α0 = 0.2, δ = 0.1.


Similarly, we also explore the impact of the rate of losing awareness δ on epidemic spreading. Figure 6 displays the evolution of ρI(t) and ρV(t) for four typical δ = 0.02, 0.2, 0.5, and 0.8, respectively. From Figure 6A, the fraction of Infected individuals raises when larger δ is applied. In addition, it can be found that the influence of increasing δ is similar to reducing η, α and α0. From Figure 6B, we can find that the increase of δ negatively affects the vaccinating process, i.e., the fraction of vaccinated individuals reduces with the raise of δ. The fraction of infected individuals presents different trends. This is because for lager δ, individuals would prefer not to take any measures to preserve themselves, and are more likely to be infection.


[image: Figure 6]
FIGURE 6. (A) The fraction of infected for various δ with η = 0.05,α = 0.3, α0 = 0.2. (B) The fraction of vaccinated for various δ with η = 0.05, α = 0.3, α0 = 0.2. (C) The fraction of aware for various δ with η = 0.05, α = 0.3, α0 = 0.2. (D) The fraction of recovered for various δ with η = 0.05, α = 0.3, α0 = 0.2.


Furthermore, we analyze the impact of various δ on the fraction of individuals who aware/recovered by different ε in Figures 6C,D. It is obvious that the fraction of recovered individuals will enhance if greater δ is applied. This is because the increase of δ has a negative effect in the information diffusion process, decreasing aware-susceptible individuals, and incurs a higher infection probability and recovered individuals. Those phenomena once again illustrate the importance of taking effective preventative measures for the people who are aware of epidemic. Considering that the epidemic had been effectively controlled by Chinese government prompted strict measures (29–31), the spread of COVID-19 had been reduced to sporadic local outbreaks in China.

For example, in July (between the 27 June and 13 July, 2021), the individuals thought ‘not many people contract the disease, so the chances are low for me too’ they didn't think they need a vaccine in China. Thus, individuals lacked sufficient information, and lose his/her alertness, resulting in their reluctance to get vaccinated and subsequently the low vaccination rates.

After that, the influence of various combinations of (η, δ) and (α, δ) on critical variate (i.e., fraction of vaccinated individuals) are farther studied. Comparing panel Figures 7A,B, when the local awareness ratio α is a higher one, the impact of the global awareness ratio η on fraction of vaccinated is greater for a fixed δ. In Figure 8, a similar trend is observed, however, the difference between Figures 7A,B shows more significant than that between Figures 8A,B, which implies that ρV is more remarkably influenced by the value of η than α. The main reason is that individuals are used to the gain and loss of awareness brought by neighborhood awareness and the impact is not as great as the occasional authoritative government information, especially, when the epidemic entered a controlled normalization process. Moreover, we also can find that the final vaccinated size, for the smaller awareness forgetting rate δ, is increasing faster due to the increase of η and α which is in Figures 7B, 8B. This phenomenon further demonstrate that global information is more effective than local information dissemination when the inertia of population behavior is very low (awareness decay).


[image: Figure 7]
FIGURE 7. The fraction ρV of vaccinated individuals in the stationary state, where ε = 0.05, λ = 0.2 and ρ = 0.05. (A) α =0.2 and (B) α =0.8.



[image: Figure 8]
FIGURE 8. The fraction ρV of vaccinated individuals in the stationary state, where ε = 0.05, λ = 0.2 and ρ = 0.05. (A) η = 0.2 and (B) η = 0.8.


For example, in mid-May (between 20 April and 15 May, 2021), even with COVID-19 largely contained, China continued to implement the harshest lockdown measures to combat the COVID-19 spreading when local outbreaks popped up. Such measures, along with a renewed fear of catching the virus, were strong incentives for getting vaccinated. At the same time, to expand vaccination coverage, health education and conversation from authoritative sources were influential ways to assuage public concernment about vaccine safety (32) (i.e., experts Zhang Wenhong and Zhong Nanshan also actively advocated the injection of COVID-19 vaccines). Thus, measures implemented, together with advocacy from experts, prompted the augment of the global information and encouraged aware people to get vaccinated, inducing the ascending rates of vaccination.

We investigate the effects of varying η and α on the vaccination coverage in Figure 9. From Figure 9A, it is clear that there exists an optimal area of ρV(∞) in the parameter plane of η and α. The final size of vaccinated individuals ρV(∞) will become small when η and α are out of the optimal region. Meanwhile, it is the normal case where ρV(∞) increases with both η and α if both η and α are relatively large. And comparing Figure 9A with Figure 9B, awareness decay higher will decrease not only the fraction of vaccinated individuals but also the rate of growth. This phenomenon illustrates that information greatly affects disease prevention and reminds people to take protective measures against diseases, the higher global information η and local information α, the larger possibility for the individuals to take vaccination. Hence, mixing patterns in information can prominently influenced the fraction of vaccinated individuals. In real life just as the phenomenon, media activities promote discussion that can bring about behavioral altering. Infected individuals may learn from their experience and further convey this to their family and friends. This can be considered an important conclusion because it opens up the possibility to tune or optimize the response to limit the potential of epidemic spreading.


[image: Figure 9]
FIGURE 9. The fraction ρV of vaccinated individuals in the stationary state, where ε = 0.05, λ = 0.2 and ρ = 0.05. (A) δ = 0.2 and (B) δ = 0.8.


Finally, we further study the full phase diagram (α − β) to methodically explore the influence of η and δ on the RV in Figure 10. Generally, we can find that RV is not affected by α if β is less than the epidemic threshold, due to infectious disease will disappeared by itself. Once β is higher than the epidemic threshold, RV reduces with α for different values of η or δ. More precisely, it can notice that RV is not significantly affected by the varying of δ by contrast Figure 10A with Figure 10B (or contrast Figure 10C with Figure 10D). Similarly, it is obvious that RV reduces with η, particularly for the large value of β by contrast the Figure 10A with Figure 10D (or contrast Figure 10B with Figure 10C).


[image: Figure 10]
FIGURE 10. The control reproduction number RV. Full phase diagram α − β for the identical multiplex depicted before. (A) η = 0.02, δ = 0.8, (B) η = 0.02, δ = 0.2, (C) η = 0.4, δ = 0.2, and (D) η = 0.4, δ=0.8.


Consequently, the best response to control the infectious disease spread is making R0 smaller by encouraging individuals to prevent themselves from infection which means increasing η and α. The spread of epidemic can be controlled if we have more susceptible individuals choosing to be aware.



CONCLUSION

The research provided scientific evidence for the complicated interaction between awareness information and individuals vaccination behaviors in epidemic dynamics and control, highlighted the emphasis of authoritative and local information to promote behavioral changes and unrevealed awareness fading resulting in low vaccination rate. The study could be effectively implemented even with the multitude of sequential waves observed in the case of COVID-19. As of revised paper submission (23 December 2021), a medium-scale outbreak caused by the Delta variant in provinces Zhejiang and Shaanxi prompted authorities to institute heightened restrictions in multiple cities. It also promoted individuals to take a COVID-19 vaccine booster shot immediately to combat the virus variant. Because individuals were more likely to gain the awareness of vaccination once they received strong stimulations of updated local information about the reported number of infections, resulting in the spurt of vaccination coverage growth. Shortly before the confirmed local outbreak, demand for COVID-19 vaccine had slowed in months, presenting a worrying trend that could delay achievement of herd immunity. Since China continued to implement the harshest lockdown measures, most individuals took it for granted that the chance of infection was low and they didn't need vaccinations to protect themselves. It reflected that individuals lacked sufficient local epidemic information and lost his/her alertness, subsequently resulted in the decrease of vaccination rates. The study suggests that the government need to provide the sustained health education and communication to alleviate awareness decay, and prompt individuals to adopt spontaneous behavioral responses in order to protect themselves to be awareness individuals again.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

CZ proposed framework and implemented the simulation experiments. FZ and YL contributed to model building, data analysis, and writing the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by National Social Science Foundation of China (Grant No. 21BGL298).



REFERENCES

 1. Chan J, Yuan S, Kok K, To K, Chu H, Yang J, et al. A familial cluster of pneumonia associated with the 2019 novel coronavirus indicating person-to-person transmission: a study of a family cluster. Lancet. (2020) 395:514–23. doi: 10.1016/S0140-6736(20)30154-9

 2. Guan W, Ni Z, Hu Y, W Liang, C Ou, J He, et al. Clinical characteristics of 2019 novel coronavirus infection in China. New Engl J Med. (2020) 382:1708–20. doi: 10.1056/NEJMoa2002032

 3. Bi K, Chen Y, Zhao S, Ben-Arieh D, Wu C. Modeling learning and forgetting processes with the corresponding impacts on human behaviors in infectious disease epidemics. Comput Ind Eng. (2019) 129:563–77. doi: 10.1016/j.cie.2018.04.035 

 4. Kan J, Zhang H. Effects of awareness diffusion and self-initiated awareness behavior on epidemic spreading-an approach based on multiplex networks. Commun Nonlinear Sci Numer Simulat. (2017) 44:193–203. doi: 10.1016/j.cnsns.2016.08.007

 5. Weitz J, Park S, Eksin C, Dushoff J. Awareness-driven behavior changes can shift the shape of epidemics away from peaks and toward plateaus, shoulders, and oscillations. Proc Natal Acad Sci USA. (2020) 117:32764–71. doi: 10.1073/pnas.2009911117

 6. Chen Y, Bi K, Zhao S, Ben-Arieh D, Wu C. Modeling individual fear factor with optimal control in a disease-dynamic system. Chaos Solitons Fractals. (2017) 104:531–45. doi: 10.1016/j.chaos.2017.09.001 

 7. Zuo C, Wang A, Zhu F, Meng Z, Zhao X. A new coupled awareness-epidemic spreading model with neighbor behavior on multiplex networks. Complexity. (2021) 4:1–14. doi: 10.1155/2021/6680135 

 8. Zhao X, Zhou Q, Wang A, Zhu F, Meng Z, Zuo C. The impact of awareness diffusion on the spread of COVID-19 based on a two-layer SEIR/V–UA epidemic model. J Med Virol. (2021) 93:4342–50. doi: 10.1002/jmv.26945

 9. Li M, Wang M, Xue S, Ma J. The influence of awareness on epidemic spreading on random networks. J Theor Biol. (2020) 486:1–8. doi: 10.1016/j.jtbi.2019.110090

 10. Ye Y, Zhang Q, Ruan Z, Cao Z, Xuan Q, Zeng D. Effect of heterogeneous risk perception on information diffusion, behavior change, and disease transmission. Phys Rev E. (2020) 102:1–10. doi: 10.1103/PhysRevE.102.042314

 11. Teslya A, Pham T, Godijk N, Kretzschmar M, Bootsma M, Rozhnova G. Impact of self-imposed prevention measures and short-term government-imposed social distancing on mitigating and delaying a COVID-19 epidemic: a modelling study. PLoS Med. (2020) 17:1–21. doi: 10.1101/2020.03.12.20034827

 12. Misra A, Sharma A, Shukla J. Modeling and analysis of effects of awareness programs by media on the spread of infectious diseases. Math Comput Model. (2011) 53:1221–8. doi: 10.1016/j.mcm.2010.12.005 

 13. Saha S, Samanta G, Nieto J. Epidemic model of COVID-19 outbreak by inducing behavioral response in population. Nonlinear Dyn. (2020) 102:455–87. doi: 10.1007/s11071-020-05896-w

 14. Agaba G, Kyrychko Y, Blyuss K. Dynamics of vaccination in a time-delayed epidemic model with awareness. Math Biosci. (2017) 294:92–9. doi: 10.1016/j.mbs.2017.09.007

 15. Zhou W, Wang A, Xia F, Xiao Y, Tang S. Effects of media reporting on mitigating spread of COVID-19 in the early phase of the outbreak. Math Biosci Eng. (2020) 17:2693–707. doi: 10.3934/mbe.2020147

 16. Kraemer M, Yang C, Gutierrez B, Wu C, Klein B, Pigott D, et al. The effect of human mobility and control measures on the COVID-19 epidemic in China. Science. (2020) 368:493–7. doi: 10.1126/science.abb4218

 17. Shi B, Liu G, Qiu H, Chen Y, Peng S. Voluntary vaccination through perceiving epidemic severity in social networks. Complexity. (2019) 11:1–16. doi: 10.1155/2019/3901218 

 18. Dai X, Zhu P, Guo Y, Wang Z. Coevolution of vaccination opinions and awareness affecting the spread of epidemics. IEEE Access. (2019) 7:61558–69. doi: 10.1109/ACCESS.2019.2902856

 19. Ruan Z, Tang M, Liu Z. Epidemic spreading with information-driven vaccination. Phys Rev E. (2012) 86:1–6. doi: 10.1103/PhysRevE.86.036117

 20. Shakhany M, Salimifard K. Predicting the dynamical behavior of COVID-19 epidemic and the effect of control strategies. Chaos Solitons Fractals. (2021) 146:1–6. doi: 10.1016/j.chaos.2021.110823

 21. Kampen J, Vijver D, Fraaij P, Haagmans B, Lamers M, Okba N, et al. Duration and key determinants of infectious virus shedding in hospitalized patients with coronavirus disease-2019 (COVID-19). Nat Commun. (2021) 12:1–6. doi: 10.1038/s41467-020-20568-4

 22. Agaba G, Soomiyol M. Analysing the spread of COVID-19 using delay epidemic model with awareness. IOSR J Math. (2020) 16:52–9. doi: 10.9790/5728-1603045259 

 23. Read J, Bridgen J, Cummings D, Ho A, Jewell C. Novel coronavirus 2019-nCoV: early estimation of epidemiological parameters and epidemic predictions. Philos Trans R Soc B Biol Sci. (2020) 376:1–8. doi: 10.1101/2020.01.23.20018549 

 24. Freedman H, So J. Global stability and persistence of simple food chains. Math Biosci. (1985) 76:69–86. doi: 10.1016/0025-5564(85)90047-1 

 25. Van den Driessche P, Watmough J. Reproduction numbers and sub-threshold endemic equilibria for compartmental models of disease transmission. Math Biosci. (2002) 180:29–48. doi: 10.1016/S0025-5564(02)00108-6

 26. Anderson R, May R. Infectious Diseases of Humans: Dynamics and Control. Oxford: Oxford University Press (1992). 

 27. Hethcote H. The mathematics of infectious diseases. SIAM Rev. (2000) 42:599–653. doi: 10.1137/S0036144500371907 

 28. Parsamanesh M, Erfanian M. Global dynamics of an epidemic model with standard incidence rate and vaccination strategy. Chaos Solitons Fractals. (2018) 117:192–9. doi: 10.1016/j.chaos.2018.10.022 

 29. Fang Y, Nie Y, Penny M. Transmission dynamics of the COVID-19 outbreak and effectiveness of government interventions: a data-driven analysis. J Med Virol. (2020) 92:645–59. doi: 10.1002/jmv.25750

 30. He G, Pan Y, Tanaka T. The short-term impacts of COVID-19 lockdown on urban air pollution in China. Nat Sustain. (2020) 3:1005–11. doi: 10.1038/s41893-020-0581-y

 31. Xu T L, Ao M, Zhou X, Zhu W, Nie H, Fang J, et al. China's practice to prevent and control COVID-19 in the context of large population movement. Infect Dis Poverty. (2020) 9:1–14. doi: 10.1186/s40249-020-00716-0

 32. Harrison E, Wu J. Vaccine confidence in the time of COVID-19. Eur J Epidemiol. (2020) 35:325–30. doi: 10.1007/s10654-020-00634-3

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zuo, Zhu and Ling. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	SYSTEMATIC REVIEW
published: 27 January 2022
doi: 10.3389/fmed.2021.783982






[image: image2]

Systematic Review and Meta-Analysis of COVID-19 Vaccination Acceptance

Mohd Noor Norhayati1†, Ruhana Che Yusof1*† and Yacob Mohd Azman2†


1Department of Family Medicine, School of Medical Sciences, Universiti Sains Malaysia, Kubang Kerian, Malaysia

2Medical Practice Division, Ministry of Health, Federal Government Administrative Centre, Putrajaya, Malaysia

Edited by:
Zisis Kozlakidis, International Agency for Research on Cancer (IARC), France

Reviewed by:
Marta Malesza, Jagiellonian University, Poland
 Bijaya Kumar Padhi, Post Graduate Institute of Medical Education and Research (PGIMER), India

*Correspondence: Ruhana Che Yusof, ruhanacyf@gmail.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Infectious Diseases - Surveillance, Prevention and Treatment, a section of the journal Frontiers in Medicine

Received: 27 September 2021
 Accepted: 28 December 2021
 Published: 27 January 2022

Citation: Norhayati MN, Che Yusof R and Azman YM (2022) Systematic Review and Meta-Analysis of COVID-19 Vaccination Acceptance. Front. Med. 8:783982. doi: 10.3389/fmed.2021.783982



Introduction: Vaccination is an essential intervention to curb the coronavirus disease 2019 (COVID-19) pandemic. This review aimed to estimate the pooled proportion of COVID-19 vaccine acceptance worldwide.

Methods: A systematic search of the MEDLINE (PubMed) database using “COVID-19,” “vaccine” and “acceptance” to obtain original research articles published between 2020 and July 2021. Only studies with full text and that were published in English were included. The Joanna Briggs Institute meta-analysis was used to assess the data quality. The meta-analysis was performed using generic inverse variance with a random-effects model using the Review Manager software.

Results: A total of 172 studies across 50 countries worldwide were included. Subgroup analyses were performed with regard to vaccine acceptance, regions, population, gender, vaccine effectiveness, and survey time. The pooled proportion of COVID-19 vaccine acceptance was 61% (95% CI: 59, 64). It was higher in Southeast Asia, among healthcare workers, in males, for vaccines with 95% effectiveness, and during the first survey.

Conclusion: COVID-19 vaccine acceptance needs to be increased to achieve herd immunity to protect the population from the disease. It is crucial to enhance public awareness of COVID-19 vaccination and improve access to vaccines.

Systematic Review Registration: PROSPERO 2021, identifier CRD42021268645.

Keywords: COVID-19, vaccine, acceptance, meta-analysis, prevalence


INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic is a global health topic of concern. As of August 2021, nearly 216 million COVID-19 cases have been reported globally, with the cumulative number of deaths being just under 4.5 million (1). The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes COVID-19, has changed over time. Change in the virus's properties may affect disease transmissibility, severity, and vaccine efficacy. The World Health Organization (WHO) has identified four SARS-CoV-2 variants of concern, namely alpha, beta, gamma, and delta, and five variants of interest, namely eta, iota, kappa, lambda, and mu (2).

In December 2020, the WHO approved the first vaccine, BNT162b2/COMIRNATY, which contains modified nucleoside mRNA that confers protection against COVID-19 (3). The United States Food and Drug Administration has granted emergency use authorization to use the COVID-19 vaccines and full approval for Pfizer vaccine to control the pandemic. The WHO has also recommended several vaccines for COVID-19, including COVISHIELD™, Janssen, Vaxzervria, Moderna, BIBP, CoronaVac, and AstraZeneca (3). The vaccines have the potential to create herd immunity without causing illness and complications (4). Herd immunity requires sufficient coverage and a large proportion of the population to be vaccinated.

However, the effectiveness of vaccination depends on the population's willingness to accept the vaccines. This urgent use of newly developed vaccines evokes a sense of vigilance in the general population. Many factors influence the population's acceptance of the vaccination, including risk perception of the disease, perception of vaccine safety and efficacy, public vaccination attitudes, past vaccination history, doctor's recommendations, costs, convenience, and sociodemographic characteristics (5).

Many studies have explored public perceptions of the COVID-19 vaccination program. The acceptance of COVID-19 vaccines varies among countries globally (6). Some studies showed a high level of vaccination acceptance (5, 7–12), while others reported an average level of acceptance (7, 8). An analysis of social media users indicated that of all participants involved, 36.4% in New York, 51.3% in London, 67.3% in São Paulo, 69.8% in Mumbai, and 76.8% in Beijing were willing to accept COVID-19 vaccines (9). An online survey in Arab countries reported that 83% of the study participants were hesitant to accept the vaccines because of their side effects, distrust in health care policies, the expedited production of vaccines, published studies, and vaccine-producing companies (10).

Determining the pooled estimated proportion of COVID-19 vaccination acceptance provides guidance to health authorities to prepare for an effective vaccination program. A successful and effective vaccination program can provide sufficient vaccination coverage in a population to achieve herd immunity and subsequently control the COVID-19 pandemic. Thus, this review aims to assess the estimated proportion of acceptance of the COVID-19 vaccines.



METHODS


Study Design

A systematic review and meta-analysis of studies were conducted to assess the proportion of COVID-19 vaccination acceptance. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (11) were followed to review articles of the studies. Ethics review and approval are not required for analyses of published data. This review was registered in PROSPERO 2021 (CRD42021268645).



Eligibility Criteria

The criteria for inclusion include studies that report the proportion of COVID-19 vaccination acceptance. The acceptance of the vaccines included studies before or after the availability of COVID-19 vaccines. All types of COVID-19 vaccines were included in this review. Studies with cross-sectional, case-control, and cohort designs published in English from 2020 to 19 July 2021 were included. Case series/reports, conference papers, proceedings, articles available only in abstract form, editorial reviews, letters of communications, commentaries, systematic reviews, and qualitative studies were excluded. Articles in languages other than English were also be excluded.



Information Sources

A systematic search was performed in the MEDLINE (PubMed) database for articles between 1 January 2020 and 19 July 2021.



Search Strategy

The search was done using the generic free-text search terms “COVID-19” AND “vaccine” AND “acceptance.” All studies published from 2020 to 19 July 2021 were retrieved to assess their eligibility for inclusion in this study. The search was restricted to full-text only and English language articles. To find additional potentially eligible studies, reference lists of included citations were cross-checked.



Selection Process

All records identified by our search strategy were exported to EndNote software. Duplicate articles were removed from the list. One independent reviewer screened the titles and abstracts of the identified articles. The full texts of eligible studies were obtained and read thoroughly to assess their suitability. The second reviewer validated the records. A third reviewer was consulted in the event of a conflict between the two reviewers. The search method was presented in the PRISMA flow chart showing the included studies and excluded with reasons for exclusion.



Data Collection Process and Data Items

The data was extracted into Microsoft Excel (Microsoft Office Professional Plus 2016). The data included the first author, year of publication, study location, study design, setting, study population, sample size, proportion, and data to calculate effect estimates.



Study Risk of Bias Assessment

Assessment of critical appraisal for data quality was assessed using the Joanna Briggs Institute (J.B.I.). Meta-Analysis for cross-sectional, case-control, and cohort studies (12). Two authors performed bias assessments independently.



Effect Measures

The proportion of vaccines acceptance was reported in pooled estimate proportion with a 95% confidence interval. Terminology of vaccines acceptance refers to the willingness to be vaccinated, vaccines acceptability, desirability, demand, and positive attitudes toward the given vaccines.



Synthesis Methods

The analysis was performed with Review Manager (RevMan) software (13). A generic inverse variance with a random-effects model was applied to pool the proportion of the studie's data. The heterogeneity was assessed by I2 statistic and used the guide as outlined: 0% to 40% might not be important; 30 to 60% may represent moderate heterogeneity; 50 to 90% may represent substantial heterogeneity; and 75 to 100% would be considerable heterogeneity (14). Subgroup analysis was performed based on WHO classification of world regions (African/American/Eastern Mediterranean/European/ South-East Asian/ Western Pacific), type of population (college students/ general adult/ healthcare/ high risk/ parents and caregivers), gender (male/ female), vaccines effectiveness (at 90% effective/ at 95% effective) and survey time (first survey/ second survey). The high-risk population represented people most at risk of exposure, such as teachers and school students, detained people, patients, and pregnant and breastfeeding women.



Reporting Bias Assessment

The risk of bias was assessed by nine criteria (15): (1) appropriateness of sample frame (2) appropriateness of study participants sampled (3) adequate of sample size (4) description of study subjects and the setting (5) sample size justification, power description, or variance and effect estimates (6) valid methods for the identification of the condition (7) a standard and reliable condition measured (8) appropriateness of statistical analysis (9) adequate of response rate.

The criteria of the risk assessment were represented by “yes,” “no,” “unclear” or “not available.” The score for yes was one (1) and zero (0) for the rest. The risk of bias was considered low when the total score was more than 70%, moderate when 50–69%, and high when up to 0–49% (16).




RESULTS


Study Selection

The primary search through the database had identified 678 studies. One duplicated study was removed, and 677 studies were screened for the titles and the abstracts. A total of 466 studies were excluded, and 211 full-text articles were assessed for eligibility. Thirty-nine studies were excluded for systematic review articles, out of interest outcomes, not research articles, and qualitative study articles. As a result, a total of 172 studies that met the inclusion and exclusion criteria were included for the review and meta-analysis (Figure 1).
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FIGURE 1. PRISMA flowchart of the review.




Study Characteristics

The articles of included studies were published in 2020 (n = 18) and in 2021 (n = 154). The studies involved 814,691 participants from 50 countries across six regions in the world represented as African region (n = 14) (17–30), American region (n = 34) (7, 31–63), Eastern Mediterranean region (n = 33) (8, 64–95), European region (n = 46) (96–141), South-East Asian region (n = 8) (5, 142–148) and Western Pacific region (n = 31) (149–179). There were two global studies (180, 181), one study combined countries in the European region and Western Pacific region (182), one study involved countries in the American region and Western Pacific region (183), one study involved the African region and Middle East countries (184) and one study involved countries in the African region, American region and South-East Asian region (185).

Most of the studies were designed as cross-sectional studies (n = 140), cohort studies (n = 4), descriptive studies (n = 23), longitudinal studies (n = 4) and combination of cross-sectional and longitudinal study (n = 1). A total of 28 studies applied probability sampling (random sampling, systematic sampling, stratified sampling, clustered sampling, and multistage sampling), 54 studies applied non-probability sampling (convenience sampling, quota sampling, purposive sampling, and snowball sampling), and 90 studies did not provide the sampling method (Supplementary Table 1).

Subgroup analysis involved the six regions in the world (African, American, Eastern Mediterranean, European, South-East Asian, and Western Pacific), population (college students, general adult population, healthcare workers, high-risk population, and parents and caregivers), gender, vaccines effectiveness (at 90 and 95%), and survey time.



Risk of Bias in Studies

The J.B.I. quality assessment showed that 60 studies were at low risk of bias, 47 studies were at moderate bias, and 65 studies were at high risk of bias (Supplementary Table 2). All the studies were included. The pooled proportion of COVID-19 vaccines acceptance for the studies with low, moderate, and high risk of bias were 0.59 (95% CI: 0.54, 0.65), 0.61 (95% CI: 0.57, 0.66) and 0.63 (95% CI: 0.58, 0.68), respectively.



Results of Total and Subgroup Studies

In Table 1, the total estimated proportion by COVID-19 vaccines acceptance pooled from 170 studies was 0.61 (95% CI: 0.59,0.64). The estimated pooled proportion by study designs of cohort study, cross sectional study, descriptive study, longitudinal study and combination study of longitudinal and cross-sectional were 0.77 (95% CI: 0.73, 0.81), 0.60 (95% CI: 0.57, 0.63), 0.69 (95% CI: 0.62, 0.75), 0.64 (95% CI: 0.49, 0.78) and 0.39 (95% CI: 0.37, 0.40) respectively. Meanwhile, the pooled proportion for probability sampling studies was 0.61 (95% CI: 0.55, 0.67) and 0.62 (95% CI: 0.57, 0.66) for non-probability sampling studies.


Table 1. The outcome measures of COVID-19 vaccines acceptance.
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By subgroup analyses, the total proportion by regions was [0.62 (95% CI: 0.59, 0.64)] pooled from 165 studies, and the region with the highest proportion of COVID-19 vaccines acceptance was in South-East Asia [0.74 (95% CI: 0.64, 0.84)] which pooled from nine studies and the lowest vaccines acceptance was in Eastern Mediterranean [0.52 (95% CI: 0.45, 0.59)]. The total proportion by population was pooled from 170 studies [0.61 (95% CI: 0.59, 0.64)]. Population comparison showed that the proportion of COVID-19 vaccines acceptance was similar, which range 0.61 to 0.63 among college students, general adults, healthcare workers, and high-risk populations. However, the population of parents and caregivers was the lowest in the proportion of COVID-19 vaccines acceptance [0.52 (95% CI: 0.40, 0.65)].

The pooled proportion of COVID-19 vaccines acceptance by gender from 89 studies was [0.60 (95% CI: 0.56, 0.65)] and was higher in male [0.64 (95% CI: 0.57, 0.71)] compared to female [0.57 (95% CI: 0.48, 0.65)]. The 95% vaccines effectiveness showed higher in proportion of COVID-19 vaccines acceptance [0.77 (95% CI: 0.69, 0.85)] compared to 90% of vaccines effective [0.62 (95% CI: 0.40, 0.84)] with the total proportion by vaccines effectiveness was [0.71 (95% CI: 0.63, 0.79)] from six studies. The total pooled proportion from seven studies by survey time was 0.65 (95% CI: 0.54, 0.75). The proportion of COVID-19 vaccines acceptance was reduced in the second survey [0.62 (95% CI:0.43, 0.81)] compared to the first survey [0.68 (95% CI: 0.56, 0.79)]. In China and Australia, the surveys were repeated based on two epidemic phases, namely severe epidemic phase and well-contained phase (149, 171, 172). A study in Saudi Arabia performed the survey before and after the interim report of the efficacy rate of the RNA BNT162b2 vaccine (94).

All data for each outcome measure had considerable heterogeneity by the random-effects model (I2 > 99%). The heterogeneity of subgroups differences showed that the acceptance of the vaccine was with considerable heterogeneity; substantial heterogeneity for regions, moderate heterogeneity for gender and vaccines effectiveness. Heterogeneity might not be important for population and survey time (Table 1). The results were also presented in forest plots (Supplementary Figures 1–8).




DISCUSSION

Vaccination is an essential approach for tackling the COVID-19 pandemic by achieving herd immunity in the population. The effectiveness of this approach depends on vaccination acceptance in the population. In the current review, the pooled proportion of COVID-19 vaccine acceptance from 170 studies worldwide involving 50 countries was 61% (95% CI: 59, 64%). This finding was lower compared to a previous estimate of COVID-19 vaccine acceptance [73.31% (95% CI: 70.52%, 76.01%)], which involved 38 studies across 36 countries with limited data from low-income countries (186). Concerns about the vaccine's safety, efficacy, and side effects, trust in the government or related authorities (186), and religious beliefs (187) were primary factors that influenced vaccine acceptance. The subgroup analyses of this current review also determined variability in vaccine acceptance, which ranged from 52 to 77%.

The pooled proportion of COVID-19 vaccine acceptance among regions ranged from 52 to 74%, with Southeast Asia the highest and the Eastern Mediterranean the lowest. This result was supported by a review that reported vaccine acceptance of over 90% in Southeast Asia and the lowest proportions of acceptance in Middle East countries, with < 30% in Kuwait and Jordan (187). The low vaccine acceptance in the Middle East was related to widespread beliefs in conspiracies that negatively affected vaccination (188). Nevertheless, this current review also saw low vaccine acceptance in the African region. A study in Nigeria revealed that besides geographical location, which was associated with low vaccine acceptance, the other plausible reasons for this situation were low education levels, which led to poor health literacy, distrust in vaccines and the government, and cultural and religious beliefs, among others (18).

Vaccination acceptance was also higher in males than in females, which is in line with other reviews (187, 189). It was reported that males were less likely to believe conspiracy theories and more likely to perceive COVID-19 as dangerous (127). Females were found to express more concerns about the safety of vaccines and distrust in the quality and impartiality of vaccine information provided by healthcare professionals (190). However, a study with a higher proportion of females who accepted the COVID-19 vaccine reported that they perceived that vaccination was for the safety of families and communities. Widespread vaccination coverage could allow them to return to the previous work of routines and childcare arrangements (191).

The pooled proportion of COVID-19 vaccine acceptance for the population groups varied from 52 to 63%. Unsurprisingly, healthcare workers showed the highest proportion of vaccine acceptance. Since healthcare workers were among the first to receive COVID-19 vaccines, their attitude or perception toward COVID-19 vaccines would affect the other population's decisions to recommend the vaccination to friends, families, and their patients (192). Similar proportions (61 to 62%) were also seen in college students, the general adult public, and high-risk populations. As reported by other studies, challenges threatening vaccination uptake in a population include media misinformation, especially from social media (189), and widely broadcast rumors, myths, and inaccurate beliefs regarding vaccines by the anti-vaccine community (193). Confusing information may affect people's awareness of vaccination, especially those who lack sufficient knowledge concerning COVID-19 vaccines (194). For parents and caregivers, the proportion who accepted vaccination for their children was low (52%), and this might be influenced by insufficient clinical data on vaccine safety and efficacy on children (181) and their concern that young children are likelier to suffer side effects (195). Many COVID-19 vaccines are still not approved for children younger than 12, so parents may think vaccines are unsafe for young children.

The decision to accept COVID-19 vaccination was also influenced by vaccine effectiveness (196); this review showed that people were willing to take vaccines with higher efficacy. The interim result of a living systematic review showed that the effectiveness of the COVID-19 vaccine after one dose varied between 16.9 and 91.2%. While the effectiveness increased to between 61.7 and 98.6% after completing the second dose (197). However, insufficient evidence for COVID-19 vaccine effectiveness has been reported as a leading reason for reduced confidence in vaccines among the general population (37, 185).

The time during which the survey was conducted showed that the acceptance of the COVID-19 vaccine changed over time. All the studies showed evidence that the COVID-19 vaccine acceptance changed over time. The proportion of vaccine acceptance was reduced in the second survey. A global review of vaccine acceptance also showed a similar pattern. In a review, countries such as France, Italy, and China established a decreased proportion of vaccine acceptance in their second and third surveys.

Conversely, the United States showed an increased pattern of vaccine acceptance in the second and third surveys. The situation was different in the United Kingdom, which showed that the proportion was high in the first survey, increased further in the second survey, and then decreased for the third and fourth surveys before increasing again in the fifth survey. Still, in the fifth survey, the proportion of vaccine acceptance was not as high as in the first survey (187). It has also been reported that reduced vaccine acceptance is related to increased serious side effects of the vaccines (196).

Media and public service messaging, particularly fear appraisal-framed public service messages compared to safety benefits public service messages, influence willingness to obtain the COVID-19 vaccine. However, conspiracy theories circulated in the media by vaccination-averse people about vaccine side effects impact people's decision to get vaccinated (198). The hesitation in vaccination may be due to overestimating perceived risk in the COVID-19 pandemic, messaging fatigue, and desensitization caused by repeated exposure to information. Consequently, overloading information especially social media confuses people and impairs their ability to differentiate between reliable sources and incorrect information (189).


Limitations of the Review

The search was limited to articles published in English only due to limited time, human, and financial resources to translate works published in other languages; this may have limited this review's generalizability. To have a more comprehensive assessment of the data, the authors decided to include all the available studies regardless of whether the quality of the data was low, moderate, or high, based on the assessment of the risk of bias. Furthermore, most of the research studies included in this review were cross-sectional studies, which can be thought of as visuals of vaccine hesitancy status in each country/region. They have different sampling strategies, which may explain some of the differences in vaccine acceptance rates reported in different studies from the same country. As a result, the findings should be regarded with caution, as they are unable to forecast future changes in vaccine acceptance rates. The other limitation was the sole dependence on the MEDLINE (PubMed) database in the search study. MEDLINE was reported as the best single source for retrieval of a systematic review, with an 89.7% inclusion rate that provided free-of-charge and open-access articles (199). However, it is also recommended to search extensively for studies using several databases to reduce possible biases in the included studies.




CONCLUSION

The rate of COVID-19 vaccine acceptance varied by region, population type, gender, vaccine effectiveness, and survey time, with an overall pooled proportion of 61%. A high level of acceptance of vaccination is required to achieve herd immunity for the disease. Many vaccination campaigns and programs are available globally to enhance public awareness to access and accept the COVID-19 vaccine to reach herd immunity and control the pandemic.
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Objective: Getting COVID-19 makes a person confront numerous individual, physical, psychological, family and social challenges. Therefore, the present study was conducted to explain the experiences, challenges and adaptation strategies in patients with COVID-19 in Tehran, Iran.

Methods: The present study was performed with a qualitative approach and phenomenological method among 33 patients with COVID-19. From July 20 to September 21, access to participants and data collection were done in person (15 people) and by phone (18 people) through targeted sampling and snowball and semi-structured interviews. Data management was carried out using MAXQDA-2018 software and its analysis was done by the Colaizzi analysis method. Guba and Lincoln's criteria were also observed to improve the quality of results.

Results: After analyzing the data, two main categories and 17 subcategories were obtained, including (1) experiences and challenges (ignoring the disease, blaming, physical health disorders, mental problems, guilt, and remorse, being blamed, living a life of disappointment and ambiguity, emotional challenges, frustrating reactions from others, helplessness and limitation) and (2) disease adaptation strategies (spirituality, learning about COVID-19, doing valuable and fun activities, participating in treatment, strengthening one's spirit and hope, trying to make up for past mistakes and virtual communication).

Conclusions: Based on the results, interventions and policies such as increasing people's health knowledge and literacy to get acquainted with the symptoms of the disease and prompt referral for diagnosis and treatment, teaching stress and psychological pressure management techniques, instructing families to continue emotional and social support for patients and strengthening and reproducing the strategies patients use, along with teaching disease coping skills, harnessing the potential of cyberspace and the media can make it easier to tolerate illness and get back to life.
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INTRODUCTION

COVID-19, which broke out in Wuhan, China, in December 2019, is a new member of a broader family of viruses that originally appeared in 2003, leading to respiratory infections ranging from a simple cold to an epidemic and even a pandemic (1, 2). COVID-19, which is currently spreading worldwide (3, 4), is the world's largest current threat to public health and is expected to be the deadliest epidemic of the last 100 years (5–7). Disease incidence and mortality rates of this virus indicate the far-reaching consequences of the disease in the future. According to official statistics, as of December 24, 2021, the total number of people infected with COVID-19 is more than 279,026,000 and the number of deaths is more than 5,405,000. The United States ranks first with 52,859,000 cases. Iran is one of the countries with a high level of involvement in COVID-19 with 6,181,84 cases and 131,306 deaths (8).

Despite the broad effect of COVID-19 on people's lives, such as poor mental health (9, 10), limited access to systems of social support and services (11, 12), depression and anxiety (13, 14), these consequences are not the same for all people (15). Those suffering from infectious and epidemic disease are among those who suffer the most negative consequences. Infectious and epidemic disease, such as SARS and coronavirus, have wide-range and multifaceted effects on the infected person (16–18).

Cava et al. in a study aimed at examining patients' experiences in the SARS quarantine in Toronto, concluded that feelings of uncertainty about life, feelings of isolation, and coping problems with psychological stress were the most important experiences of patients (16). Lin et al. also studied the experiences of Taiwanese patients in quarantine who were hospitalized due to SARS; the results of their study showed that patients experienced fatigue, discomfort, lack of family support and emotional turmoil after a while (17). In the case of COVID-19, research has shown that anxiety and stress (19, 20), sleep disorders (21, 22), and fear (21, 22) are among the challenges that patients experience. Yao et al. in a study showed that patients with COVID-19 have a low psychological tolerance capacity and, due to the current situation and trend of this disease in the world, are highly prone to psychological disorders such as depression and negative thoughts (23). Shahyad and Mohammadi. also expressed feelings of loneliness, getting labeled, denial, disappointment, and aggression as the experiences of a patient with the new coronavirus (24).

People with COVID-19 face many physical, psychological, and other challenges in life. Therefore, it seems necessary to study their experiences and problems. Most of the studies conducted in this field have been quantitative and experimental; few studies were qualitative and addressed patients' problems from their point of view. While a better qualitative study can penetrate the hidden layers of life experiences, interpretations and perceptions of people with COVID-19. By identifying patients' problems and challenges, they can be better helped to return to life after treatment. Therefore, the aim of this study is to explain the experiences, challenges and adaptation strategies in patients with COVID-19 in Iran with a qualitative approach.



METHODS


Design

This research was conducted with a qualitative approach and a phenomenological method. This method looks at the world as it is lived by a person and tries to explore the meanings that the person has experienced in daily life and to reach a new understanding of the world of life by revealing new and neglected meanings of these experiences (25).



Participants

The study population consisted of patients recovered from COVID-19 in Tehran, Iran. Inclusion criteria included experience of getting COVID-19, passing at least 3 weeks after discharge from the hospital or at least 1 month after a positive result of the COVID-19 test, having the right physical condition for the interview, and willingness to participate in the study.



Data Collection

In order to reach the participants, first targeted sampling was used, and then snowball sampling was used so that after each interview, the researcher asked the participant to introduce other people who met the inclusion criteria to the researcher. After receiving the code of ethics (IR.USWR.REC.1399.231) from the University of Social Welfare and Rehabilitation Sciences, the researchers went to the hospitals (Milad, Lolagar, Imam Khomeini, and Masih Daneshvari) and obtained the telephone numbers and addresses of 13 COVID-19 patients who had previously been hospitalized and recovered. Then researchers contacted them, expressing the objectives and process of the research. Researchers asked them to participate in the research if they would, and after the interview, they were asked to introduce other people. Twenty participants were selected through this process.

Data were collected through semi-structured interviews in person (15 people) and by telephone (18 people). In-person interviews were conducted in the participants' homes and in accordance with health protocols. At the beginning of the interviews, the researcher (First corresponding author of the article) began the interview by introducing himself, giving a brief description of the goals and process of the research, and asking a few demographic questions. The interview question guide was used to continue the interview. The participants were also encouraged to discuss their own experiences with the sickness rather than what they thought knew about the illness, its symptoms, or its characteristics. The interview questions were designed so that the researchers could extract information from the participants' speech and derive it as much as possible from their own experience rather than prior knowledge. The interview Question Guide was approved before the first interview in collaboration with all the authors of the article during several discussion and review sessions (Table 1). However, before the final confirmation, three pilot interviews were conducted by telephone so that the researchers could find out whether the interview questions could extract the information and experiences of the participants properly or not. This refers to whether the interview guide questions are created in accordance with the study objectives and whether the research objectives can be met using these questions. Also, whether they lead to the collection of data on COVID-19 patients' challenges and experiences and the development of relevant strategies. This issue was detected, and the difficulties were remedied after conducting three pilot interviews and analyzing them. All participants were asked the identical questions from the interview question guide, with the exception that the order of the questions was not the same. Following-up and investigation questions were asked based on the participants' responses so that the researchers could extract the hidden layers of the participants' experiences and feelings.


Table 1. Interview question guide.

[image: Table 1]

The interviews continued until no new codes were found in the data and only the previous codes were repeated. A word or phrase associated with a group or class of objects, events, or behaviors that share some common qualities is referred to as a “code” in qualitative research. One of the steps of analysis in coding is initial coding, in which we analyze the interview text paragraph by paragraph, phrase by phrase, and word by word for anything that could be a concept or term to describe reality as a code. The data gathering procedure was halted when this step was repeated and no new code was retrieved (26). The researchers therefore concluded that the data were saturated and did not continue interviews after the interview No. 33. The time and place of the interviews were determined by the participants, and all interviews were recorded with the consent of the participants. The data collection period lasted from August 20 to September 21, 2020.



Data Analysis

The second and corresponding authors of the article used MAXQDA-2018 software to organize and analyze data in accordance with the Colaizzi method (27) in this study. The researchers first wrote the interviews after listening to them multiple times, and then went over the text of the interview numerous times, highlighting key phrases and assigning interpretations to them in the form of beginning codes. The researchers then wrote all of the initial codes independently, placing the codes that they considered had a similar meaning in one class and naming the classes. Then, based on the similarity of the concepts, the various classes were amalgamated, and more general classes were developed. The categories and subcategories were finally formed.



Trustworthiness

In this study, 32 items of Tong qualitative research report were observed (COREQ) (28). Also, Guba and Lincoln criteria (29), which are the most famous quality criteria in qualitative research, were observed in this research. The credibility criterion was obtained by purposefully selecting the participants who had the most differences in terms of demographic characteristics, and researcher's opinion of the interview was checked at the end of the interview. The results of the analysis and coding of the interviews were returned to all participants and their approval was acquired. Since the researchers had experience of conducting several qualitative studies on COVID-19 patients and their families, they could easily communicate with the participants and extract relevant information from them. The viewpoint of qualitative research experts and nurses with expertise caring for COVID-19 patients were employed in coding and data processing to establish the confirmability criterion. Also, all authors' opinions of the article from different scientific disciplines were used at all the stages of the research to obtain the dependability criterion. The categories and subcategories were finalized after consultation with all authors during the analysis and coding process. Again, the Transferability criterion was met via writing the entire research process and providing a comprehensive description of it, using many quotes for each of the subcategories, and giving the results of data analysis and coding to six patients who met the inclusion criteria but did not participate in the study and obtaining their approval.



Ethical Considerations

In order to observe the ethical considerations, at the beginning of the interviews, the researcher told the participants such things as the goals and necessity of the research, being free to participate in the study, the right to interrupt the interview if they desired and keeping their names secret in publishing the results. Also, during the interview, the researcher observed health issues such as using a mask and gloves, observing the appropriate distance and taking only one face-to-face interview during the day, which was prepared in consultation with specialist doctors.




RESULTS

Thirty-three people participated in the study, whose demographic information is shown in Table 2. Also, from the data analysis, two categories and 17 subcategories were obtained, which are stated in Table 3.


Table 2. Demographic information of participants.
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Table 3. Categories, subcategories and codes obtained from interviews with COVID-19 patients.
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Experiences and Challenges

The first category obtained from data was the challenges experienced by COVID-19 patients during the disease and the treatment process. These experiences and challenges included ignoring the disease, blaming, physical health disorders, mental health problems, guilt and remorse, being blamed, living a life of disappointment and ambiguity, emotional challenges, frustrating reactions from others, helplessness and limitation.


Ignoring the Disease

Many participants said that they initially denied getting the disease and its symptoms and did not want to believe that they had COVID-19, so most of them delayed going to the doctor at the beginning of the disease and did so not follow the principles of quarantine.

“My illness started with a fever and a cough. My daughters insisted that I go to the doctor. They told me it might be COVID-19, but I did not accept it at all until I fainted from the severity of the illness.” (45-year-old married woman).

“When the doctor told me that I had COVID-19 symptoms and that I most likely got COVID-19, I did not accept his words and even argued with him. I could not believe that I had taken COVID-19 at all.” (30-year-old single man).

“In the beginning, I always thought I had a cold or the flu. I was all fooling myself. I did not want to believe that I got COVID-19 because I was afraid of it.” (28-year-old married woman).

In fact, many patients in the early stages of the disease, due to lack of knowledge about the disease and fear of the conditions they have to endure after the diagnosis, try to deny having the disease, which could make treatment conditions much more difficult for them.



Blaming

At the beginning of the disease, most participants sought the cause of their disease, some blamed themselves for not observing health issues, and other participants blamed other people, some blamed government officials for lack of proper planning and policy, and ultimately a limited number blamed the Chinese for their lifestyle and diet.

“Early on, I was always looking for the culprit. I complained a lot to the authorities because I thought it was their fault that I got COVID-19. Maybe if they had quarantined the cities from the beginning, I would not be sick either.”(59-year-old married woman).

“I mostly blame myself for not observing; I traveled.” (62-year-old married man).

“I really observed health protocols, but most people did not comply. It was more their fault. If I were the officials, I would fine anyone who do not comply.” (27-year-old single man).

“I blamed the Chinese for my illness because I thought that their lifestyle and diet made COVID-19 spread around the world.” (62-year-old married woman).

In the first stage of the disease, many patients reviewed the circumstances of the last week of their lives before the disease and looked for the ultimate culprit of getting COVID-19, which in most cases they blamed others.



Physical Health Disorders

All participants reported that COVID-19 severely affected their health. Although the consequences of the disease were different in the participants, most of them had problems such as shortness of breath, high fever, severe and dry cough, delirium, nausea, extreme fatigue, sleep and eating disorders, and loss of smell and taste.

“Sometimes I felt suffocated. It was a terrible time. I had many coughs. After I got well, I lost my sense of smell for a long time.” (45-year-old married woman).

“My illness started with a high fever, so much so that I was all delusional, thinking I was dying.” (65-year-old married man).

“My sleep was disturbed; my appetite became very low.” (26-year-old single woman).

In many patients, COVID-19 disrupted their health and caused them many physical problems that in some cases lasted for weeks or even months.



Mental Health Problems

Living with COVID-19 affects all aspects of patients' lives, so that most of them face psychological problems that may prolong their recovery process. Some participants stated that they could not control themselves during the illness due to physical and psychological pressures and behaving aggressively toward family members and medical staff. Others said they had thought about suicide many times during the treatment process and had wished for death. Also, because some participants blamed others for their illness, it caused them to develop negative feelings so that they tended to seek revenge from society.

“When I was hospitalized, I was very nervous. I always complained to the nurses and argued with them. When I came home, I got into fights with my family members. They took good care of me, but I shouted at them all. It was not my fault. I was in a very bad mood (68-year-old married woman).

“I was terrified at the beginning, I was very stressed, I was mentally disturbed.” (29-year-old single man).

“When I found out I had COVID-19, I hated everyone. I wanted to kill all the idiots who do not observe health issues. For a while, I thought of going out and infecting many idiots outside. I wanted to take revenge on them.” (26-year-old single woman).

Getting COVID-19 imposes a heavy psychological burden on patients due to the conditions and limitations it creates, which can result in many psychological problems for them and further lead to risky behaviors.



Feelings of Guilt and Remorse

Most participants felt guilt and remorse due to not observing health protocols, increasing the burden on nurses and medical staff, disrupting family members lives, and endangering their health.

“I always blame myself for not observing (the health protocols) so as not to take COVID-19. I am very sorry. If I get well, I will observe (the health protocols) very well.” (37-year-old married man).

“I felt guilty to see nurses and doctors being so annoyed and working so hard because of my irresponsibility and people like me.” (52-year-old married man).

“I bothered my family a lot during this time, I disrupted their lives and endangered their health, so I do not feel good about myself, I wish I observed more.” (21-year-old single woman).

A person with COVID-19 can put a lot of pressure on the treatment staff and the patient's family, so in some cases, patients blame themselves and feel remorse and guilt.



Being Blamed

Most of the participants stated that they were blamed by the medical staff, family members, friends and relatives for having COVID-19 and were faced with the stigma of irresponsibility.

“Instead of supporting and comforting me, my family always blamed me for not taking care of myself, and that bothered me.” (25-year-old single man).

“The medical staff was exhausted. They worked hard for the patients, but sometimes they blamed us and said why did we not follow the health issues.” (37-year-old married woman).

“Most of my friends and relatives, who called me, bothered me with their words rather than comforted me, repeating that it was my fault because of not observing (the health protocols).” (21-year-old single woman).

Since observing health protocols could significantly reduce the risk of getting COVID-19, in cases where people got COVID-19, friends and relatives and even some medical staff would stigmatize them as irresponsible and blame them if they followed health protocols, they were very unlikely to get COVID-19.



Living With Disappointment and Ambiguity

Due to the lengthy treatment process and no definitive cure for COVID-19, many participants expressed that they were in despair and saw a vague future ahead of them. Also some were concerned about unknown complications of COVID-19, the conditions after death, and the manner of burial.

“The nurses always gave me hope; they told me that I would get well, but I was completely disappointed and felt I would never get better again.” (67-year-old married man).

“The first time I was told that I had COVID-19, I thought it would take a week, but I was sick for about 4 weeks. I felt distraught. I ran out of patience.” (38-year-old married woman).

“When I saw that doctors themselves did not know much about this disease, I became more worried. Sometimes I heard that the effects of COVID-19 may last for the rest of my life.” (69-year-old single woman).

“What bothered me more than the illness itself was thinking about the afterlife. Everything was vague. It was not at all clear how we would be buried if we died.” (80-year-old married man).

The state of the disease, as well as the conditions that might affect the patient's body after death and prevent them from being buried according to the customs, were distressing for most patients and made their lives frustrating and worrying because they were concerned about their health while also worried about how they would be buried after death.



Emotional Challenges

One of the most important problems that COVID-19 patients had and suffered from was the disorder in their emotional relationships with family members, especially spouses and children. Also, most patients suffered from disorders in relationships with friends and relatives, and they were upset that they were alone in the difficult moments of illness when they needed support more than ever.

“I haven't slept with my wife for almost a month and this bothers me.” (40-year-old married man).

“It bothered me that I could not see my children up close. Even now that I am well, I talk to my children with fear and worry.” (52-year-old married woman).

“It's been a long time since I saw any of my friends and relatives up close. This situation is annoying. I got very lonely.” (26-year-old single man).

The consequent conditions of getting COVID-19 and quarantine, forcing the patient to be alone for several weeks and not see anyone up close, became an emotional challenge for many people, leaving them longing for family and friends.



Frustrating Reactions From Others

Most of the participants stated that those around them did not understand the patient's condition and gave them more stress and frustration with their words.

“Many my associates, when they found out I had COVID-19, acted as if I was going to die in a few days, and that bothered me.” (55-year-old married man).

“Even though I was still alive and well, my family thought I was going to die, so they were worried about the funeral all the time, and I heard them talking about it.” (80-year-old married man).

“When I got worse a little, my family was distraught. They would come and ask me how I was; they didn't allow me to rest at all. As soon as my eyes fell asleep, they came and called me and woke me up for fear that I would die.” (70-year-old married woman).

Many families did not receive adequate training in how to care for a COVID-19 patient and had a lot of fear and stress in taking care of a COVID-19 patient, and sometimes they transmitted this fear and anxiety to the patients and made their condition worse.



Helplessness and Limitations

Prolonged treatment process caused many patients to feel tired and helpless about the situation and also distance themselves from many of their daily activities and recreation, and this issue put much pressure on patients.

“It's tough for me to stay home all the time and do nothing. When I think about how my work is behind schedule, I get angrier.” (30-year-old single man).

“Being sick for a few weeks and then not being able to go out for a few weeks after it gets better bothers me a lot, I really ran out of patience.” (33-year-old married woman).

“A lot of my work is behind schedule. I do not know how to do it. This disease really disturbed my whole life.” (55-year-old married man).

“Before the disease broke out, I used to go to the mountains and go out, but now I'm all at home, and it bothers me.” (28-year-old single man).

The prolongation of the treatment process and the subsequent quarantine, as well as the forced stay at home, had exhausted many participants and made them feel helpless.




Disease Adaptation Strategies

Many COVID-19 patients reduced the severity of their condition during the illness and the recovery process by relying on specific behaviors and strategies, making them more relaxed and better able to cope with the disease.


Spirituality

Some patients, due to their religious beliefs, tried to cope with this disease through doing things such as benediction, prayer, making oblation, donating a part of their property to charity and religious organizations, considering the disease as a test of God and seeing God's wisdom in the creation of the disease.

“When I found out I had COVID-19, I was terrified, and I was always in benediction to God and I was praying that He would give me another chance so that I could be a more useful person.” (55-year-old married man).

“I prayed at nights that I could survive, and I vowed to give part of my property to the poor and charities if I got rid of the disease.” (70-year-old married woman).

“I was a religious person, so from the first day I found out I had COVID-19, like the rest of my life, I tried to look at it as a test of God, and I was sure God saw something in it that I got sick, so I was ready for everything, even for death.” (40-year-old married man).

In fact, having a religious view of the disease and doing religious work has been used by most patients as a strategy to reduce the stress and anxiety caused by COVID-19, and in many cases can positively affect adapting to occurring conditions.



Increasing Knowledge About COVID-19

After getting COVID-19, most patients tried to better cope with the situation by increasing their knowledge about transitions, treatment, consequences, and how to take care of themselves at home.

“When I took COVID-19, I was searching a lot about how it would be transmitted because I was worried about my family's health.” (28-year-old single man).

“I was trying to help myself by raising my knowledge about treatment options, such as boiling and drinking some herbal teas.” (21-year-old single woman).

“When I lost my sense of smell, I was very scared, but I started studying, which I finally realized was normal and would get better over time. Maybe if I had not studied, I would be much more worried about this.” (45-year-old married woman).

“At first I did not know how to take care of myself, but by asking others and also reading various sites, I was able to get good information.” (64-year-old married man).

Because at the beginning of the disease, many people had relatively little knowledge about COVID-19, some patients tried to increase their knowledge of the disease by studying and searching various sites, which helped them to cope with it more easily.



Doing Valuable and Fun Activities

To cope with the conditions caused by COVID-19 and stay at home, some patients tried to make conditions more tolerable and even more productive by doing useful and entertaining activities such as reading books, doing educational and work projects and watching movies.

“When I had to stay home, I read books all the time and I was both entertained and had fun.” (33-year-old married woman).

“While I was sick, I tried not to fall behind in my work. I wrote two chapters of my dissertation and did other things.” (25-year-old single man).

“I tried to entertain myself. Sometimes I watched movies and sometimes I did things that didn't need to go out online.” (33-year-old married man).

As the treatment process and quarantine for patients became longer, some of them tried to take advantage of the situation and work on their backlogs or entertain themselves so as not to be mentally disturbed.



Participation in the Treatment of the Disease

However, COVID-19 imposed a lot of psychological pressure on patients, some patients tried to better participate in the treatment process by controlling their mental condition and following all medical instructions to get better and reducing the burden on family members as much as they could.

“I tried to do most of my work, I did not let my family members be bothered.” (69-year-old married woman).

“I could cope with the disease very soon and I told myself, this disease is like other diseases, that if I take good care of myself, I will get well-soon, so I listened to the nurses and doctors.” (59-year-old married woman).

“After I got sick, I tried to plan my diet and sleep according to what the doctors said and followed all their advice to get well-soon.” (66-year-old married man).

“I tried very quickly to cope with the disease and think about treatment and improving my health, so I did everything I thought could be good for my health in those circumstances.” (45-year-old married woman).

In fact, unlike most participants, some participants were able to control themselves after the disease and participate appropriately in their treatment process by following all the recommendations of doctors and nurses, which could affect the improvement of their health.



Strengthening One's Spirit and Hope

Some patients tried to keep their spirits up and fight the disease better by avoiding negative news, not paying attention to cyberspace news and rumors, watching hopeful movies, talking with inspiring people, and communicating with patients recovered from COVID-19.

“In early days of getting infected, I was very scared because horrible things were being posted on the internet, so I tried to visit cyberspace very little.” (45-year-old married woman).

“I mostly tried to give myself hope by watching hopeful movies and talking with people who made me feel good.” (28-year-old single man).

“When I got sick, I was very worried. A friend of mine introduced me to his brother, who had taken COVID-19 and recovered. He helped me a lot. His words made me hopeful.” (44-year-old married man).

“After getting infected, I tried to pay less attention to negative news, such as the COVID-19 death rate, because every time I heard about the number of people died of COVID-19 in Iran, my mood got worse.” (52-year-old married woman).

With the spread of COVID-19 in Iran, so much false news was spread in cyberspace that patients might lose their spirits when they saw this news. Therefore, many patients tried to stay away from cyberspace to strengthen their spirits and have more relationships with people who had spirits. The connection with the survivors of COVID-19 could significantly impact their spirits and hope.



Trying to Make Up for Past Mistakes

Some patients said that they saw themselves very close to death when they were sick, so out of fear or anything else, they tried to reduce the psychological burden of illness by doing things like asking for forgiveness from others, reconciling with others, making up for evil deeds, calling old friends and reviewing memories.

“At first I thought I might die, so I tried to ask all those whom I thought were upset with me to forgive me and get reconciled with those whom I cut off.” (70-year-old married woman).

“When I got sick, I thought a lot about it and felt that I was not a good person, so I tried to be a good person from then on. I called many friends I had been unware of for years and asked how they were.” (45-year-old married man).

“I was a person in my life who got nervous very quickly and people around me were always upset of me. After realizing that I took COVID-19, I came to my senses and tried to change my behavior, become a good person, and win the hearts of those around me.” (28-year-old single man).

In fact, COVID-19 makes patients fear death, which is why many patients try to feel good by doing valuable things, compensating for past mistakes, and feeling more comfortable so that they will suffer less in the hereafter if they died.



Virtual Communication

Staying at home and away from the outside imposed much psychological pressure on patients, so some tried to cope with the illness more easily via cyberspace. They used cyberspace to communicate and to share their experiences.

“After being discharged from the hospital, I was alone at home. I was very annoyed. I could not see my children, but we talked using a WhatsApp video call, and this calmed me down a lot.” (33-year-old married woman).

“When I got COVID-19, many relatives were worried about me, so when I got better, I created a Telegram group and added all my friends and relatives, and I always kept in touch with them. They gave me a lot of encouragement.” (Mr. 30-year-old single).

“From the first day I tried to share everything I experience, I saw that others really liked it and always commented on me. In general, I think the cyberspace helped me a lot to be able to endure the hard days of illness.” (40-year-old married man).

In fact, having COVID-19 and being forced to stay away from others paved the way for the proper use of cyberspace, and many patients could make quarantine conditions more bearable for themselves with the help of virtual communications which could reduce their loneliness and worry. In fact, people who have been infected with COVID-19 and have been forced to stay away from others have turned to cyberspace to compensate for lost direct communication, and many patients have been able to make quarantine conditions more bearable for themselves through virtual communication, which has had a significant impact on reducing feelings of loneliness and anxiety.





DISCUSSION

The present study identified the experiences, challenges, and adaptation strategies of COVID-19 patients in Tehran, Iran with a qualitative approach to better deal with this disease and its suffering. The results showed that patient' challenges with the disease's physical and psychosocial dimensions increased its burden. Although some of these challenges are specific to the duration of treatment and their effects are somewhat reduced after recovery, individuals struggle with some of them for a long time.

One of the challenges for COVID-19 patients was ignoring the disease, not observing health issues such as using a mask, and delaying its diagnosis and treatment, making it more prevalent and difficult to prevent its spread. Rong et al. showed that early detection and shortening the waiting time for diagnosis cannot eliminate COVID-19, but can significantly reduce the risk of transmission and more effectively prevent the spread of COVID-19 (30). Various studies indicate that some people do not follow the health tips, such as wearing a mask, to prevent COVID-19, while the use of masks and social distance can significantly reduce the prevalence of the disease (31, 32). In general, accepting the disease and trying to observe the health principles and seeing a doctor can effectively break the chain of the disease and reducing its complications, such as hospitalization and mortality, and this issue depends on the acceptance of the disease by patients.

In the present study, another experience of COVID-19 patients was self-blame or attributing their condition and illness to other people, officials, and China. This issue is expressed not only by COVID-19 patients but also by the general public. People look for the culprit in epidemics, being forced for quarantine, and being away from others. Lack of investment on prevention by health officials and systems around the world is one of the reasons for the prevalence of COVID-19 (33). Given that the origin of the COVID-19 virus is still unknown, speculation continues about the cause of the virus, and some consider eating habits in China to be the medical cause of the virus, leading to pessimism about Chinese people; a negative attitude toward Chinese immigrants has increased since the outbreak of the COVID-19 pandemic (34). In the Barreneche study, the culprits for the current situation and the prevalence of COVID-19 are China and its unhealthy eating and cooking habits, irresponsible people who do not stay home, and people who can pay for travel and bring the virus (35). However, the culprit of the outbreak of COVID-19 can be anyone or any institution or any country, but the fundamental point is the attempt to observe health issues and help prevent them, which should be considered by people infected or at risk.

Patients with COVID-19 had many physical problems. Shortness of breath, high fever, dry and severe cough, delirium, nausea, exhaustion, loss of smell and taste, sleep and eating disorders are some of the problems that these people struggle with and cause disorders in their physical health. These features and problems have been reported in various studies on COVID-19 (22, 36–39). These physical problems will also damage patients' mental health and their relationships with family and associates, and because of their distance from others during the disease quarantine period, they are very harmful and highlight the need for post-recovery care.

The results showed that infected people had various psychological problems such as depression, suicidal ideation, negative feelings toward others, aggression, severe negativity and disappointment, consistent with previous research in this field (9, 40, 41). Mousavi-Almaleky et al. in a study by examining the psychological and spiritual dimensions of patients with COVID-19 showed that disappointment, anger and hatred toward others are among the challenges these people face (42). Some of these psychological problems occur due to blaming others and trying to find the culprit and take revenge for the cause of the patient's condition, and partly due to the physical injuries and deaths of patients similar to the patient. This situation highlights the need for special attention to the mental health of COVID-19 patients and their mental rehabilitation, as the patient may harm others after recovery or may tend to infect others during the disease.

Feelings of guilt and remorse after getting COVID-19 were another challenge for the people in the present study. Given that observing health guidelines essentially prevents getting COVID-19 (43), not observing health guidelines is considered a shortcoming. Failing to comply with protocols and getting COVID-19 increased the burden on the family, nurses, and medical staff, and they were likely to infect others, so they felt guilty and remorseful. In a study by Pellegrini et al. COVID-19 patients felt guilty for not following health instructions and not being in quarantine (44). The children in Idoiaga et al. study also feel guilty for thinking they can infect their grandparents (45). Feelings of guilt can lead to depression and anxiety in the long run and have negative consequences for one's health. This anxiety, stress and worry caused by the illness of themselves and other family members and the possibility of losing them leads to increased levels of stress, depression and slows down the recovery process in these people.

The patients in the present study also experienced the challenge of being blamed by family, medical staff and associates. In the study of Rahmatinejad et al. similar to our results, COVID-19 patients experienced reprimands by others due to not observing protocols and getting infected and expressed the feeling of being pointed and distanced by others as one of their bitter experiences (41). Research by Jakovljevic et al. also showed that victim reprimands increased during COVID-19 (46). This reprimand may, in some cases, lead to the rejection of the patient. Various studies have shown rejection due to COVID-19 (47–49). In general, not understanding the patient's condition, being blamed, and worrying about the judgment of society and even the family may lead to psychological disturbances, social isolation and loneliness of patients.

Another challenge for COVID-19 patients was a life of despair and ambiguity, which included hopelessness in treatment and its complications, the future state of the disease, and ambiguity in the conditions after death. Aliakbari Dehkordi et al. study showed that being desperate for life and the future was one of the challenges for COVID-19 patients (50). In a study examining patients' experiences in SARS quarantine, the results showed that feelings of uncertainty about life and a sense of isolation were the most important experiences of patients (16). Regarding death and subsequent conditions, Rahmatinejad et al. in their study, showed that COVID-19 patients face the stress of death, the condition of burial and not seeing loved ones before death (41). Patients with severe conditions and progressing the disease often have a lower life expectancy and experience a great deal of confusion about death and beyond, and the same is true for COVID-19 patients because death rates cause patients to see themselves at risk of death.

According to the results, another challenge for patients with COVID-19 was emotional challenges, including the disruption of emotional relationships with family members, especially spouses and children, and the reduced emotional support from others. Studies have shown that having a person with COVID-19 puts a lot of stress on family members and disrupts family members' relationships with the person (51, 52). It can be said that because this virus is contagious and one of the ways to prevent its transmission is to observe social distance, infected people cannot receive enough support and empathy, and this, in some cases, slows down the healing process. According to the results of studies, social support makes people resistant to the psychological consequences of COVID-19 and increases their tolerance and endurance (34, 53). The need for emotional support leads family members to have a closer relationship with the patient. However, at the same time, the warnings and concerns about the possibility of transmitting the virus in close contact with the patient make family members and relatives scared and worried, and their behaviors appear contradictory and inappropriate. They turn away from the person in a sensitive situation.

One of the challenges mentioned by COVID-19 patients was facing adverse and disappointing reactions. In the study of Rahmatinejad et al. impatience as one of the negative emotional reactions of family members was one of the unpleasant experiences of patients (41). While the patient needs empathy and encouragement, family members may cause more stress and strain to the patient by not understanding his condition and despairing of his recovery. These conditions threaten the patient's recovery and return to life, and may even prepare the ground for his death.

The study results showed that the helplessness and limitations of staying at home and the inability to do things in life are other challenges that these people face and result in chronic fatigue. In a 2020 study by Rahmatinejad et al. boredom and loneliness generated by prolonged quarantine caused by getting infected made patients bothered (41). In the Iheduru—Anderson study, 2020, nurses also experienced burnout and helplessness due to prolonged illness and difficult working conditions (54). Helplessness refers to situations in which persons becomes disappointed with any improvement in their affairs and any controls over them, and succumbs to frustration and despair. This is also the case for COVID-19 patients, who get tired of the vague and uncertain situation in which they find themselves.

Given the condition of COVID-19 and its long-term consequences, adaptation is a process that takes place over time. This adaptation is associated with changes in a person's lifestyle that require planning. Various studies show that these plans should be tailored to new situations and guide the patient in using appropriate adaptation strategies (55). The present study results showed that since adaptation to this disease is multifaceted and affected by different factors, patients use different strategies to deal with it. One of the strategies used among the patients was spirituality. Various studies have shown that in times of social crisis and natural disasters, a closer relationship with God can facilitate tolerating the condition (56–58). In the study of Danhauer et al. spiritual-religious adaptation was one of the main methods used to create adaptation to the disease (59). This issue is more significant in Iran due to the religious beliefs of the Iranian people, and they, by relying on God, as emphasized in religious teachings, calm down and endure difficult situations better.

Another interesting result of the research was the knowledge-building strategy about COVID-19 and trying to find ways to deal with it from various sources. Gaining knowledge about transmission, treatment, effects, and consequences of the disease and understanding how to care for and quarantine at home are things that people take from various sources such as books and cyberspace. This is significant given that COVID-19 patients have multiple challenges, and it can be used as a model for future and other diseases, because this strategy allows the patient to participate in disease control and prevention.

One exciting result of the study was the performance of valuable and entertaining activities by COVID-19 patients. These activities included reading, watching movies, and doing work and study tasks. In line with the previous strategy, the importance of this approach can also be emphasized, because doing fun and useful activities can be a tool against frustration and fatigue caused by the disease, and while improving patients' mental health, accelerate the process of recovery and return to life, makes the negative aspects of the disease less vital to them.

Participating in the treatment of the disease, including observing the health principles, adequate nutrition and sleep, and staying in home quarantine to take care of other family members, were among the other strategies utilized by the infected people. Consistent with this finding, Mohammadzadeh, in his study, showed that the rate of adherence to medication, diet, physical activity, and preventive issues related to COVID-19 is higher than other diseases (60). Although COVID-19 puts a lot of stress on patients, some try to participate better in the treatment process by controlling their condition and follow all medical instructions to get better. This can be both because of fear and an attempt to compensate for their role in infecting and to assist family, medical staff, and physicians.

Another challenge for COVID-19 patients to cope with was strengthening sprit and hope. In the study by Danhauer et al. a hopeful outlook on the future and creating a distance between oneself and the disease were the main methods used to adapt to the disease (59). One of the ways to strengthen the spirit is not to use or not pay attention to cyberspace and its various news and rumors. Venegas-Vera et al. reported that one of the main shortcomings of social media and cyberspace is the ability to quickly disseminate misinformation that can lead to confusion and distraction (61). In the study of Ahmad and Murad, social media has a significant impact on the spread of fear and panic caused by the outbreak of COVID-19 in Iraqi Kurdistan and has a potentially negative impact on the mental health and well-being of individuals (62). Therefore, this strategy is also essential to deal with the disease and accelerate the person's recovery because despair and loss of spirit cause the person to become physically incapacitated and practically lose the ability to compete with the disease. Ways to strengthen this spirit should be highlighted in the person, and the grounds for losing the spirit should be eliminated.

As mentioned earlier, people blame themselves after getting the disease, and most of the time, they reproach themselves for not following the health tips. In this regard, one of the strategies used by patients was seeking forgiveness, trying to compensate for evil deeds. Given that COVID-19 is a dangerous infectious disease that in many cases leads to death (63), people consider themselves close to death, and therefore the review of the past and the mistakes increases.

One of the strategies patients used to maintain emotional and social support was video calls with family members and friends and sharing their experiences in cyberspace. Researches have shown that the use of internet can help improve the condition of patients by exchanging information (61, 64, 65). The prevalence of COVID-19 has been concurrent with building new Internet and cyberspace experience. Given that social distancing is an important principle in this period, people turn to virtual spaces and social networks to compensate for this forced sedentary life and isolation and maintain their connection with the outside world. The use of cyberspace in different sections of society, especially patients, has dramatically helped implement social distancing and cope with COVID-19 effectively.



LIMITATIONS AND STRENGTHS

This study is one of the few studies that qualitatively examines the challenges, experiences and adaptation strategies for COVID-19 from the perspective of patients, which can provide helpful information to policy makers, psychologists, social workers and health activists to identify and understand the steps to reduce patients' problems and provide the conditions for their return to life. The findings of the strategies that patients employed to adapt to the disease and the situations in which they were found to be one of the novel components of the current study. Iranian studies have not considered these strategies, and the present study is distinctive in this field. Another strength of this study was that two of the article's authors had the experience of getting COVID-19 and therefore had a better understanding of the issue and were better able to work on coding and data analysis.

The study also had limitations; this included scheduling the interview, which was one of the study's main limitations because patients had difficulty in determining the time of the interview due to the complications of the disease, and the time of the interview changed with their opinion. This implies that, despite our best efforts, some participants (patients) had to postpone their interviews owing to COVID-19 issues, and we had to wait until the next opportunity to interview them. Another key disadvantage was that data analysis and coding might be prejudiced because two researchers had previously encountered Covid-19; researchers examined and encoded the data in groups to address this constraint. It was done under the observation of all the article's authors to ensure no bias in the data analysis. Another limitation was that due to the prevalence of COVID-19, some participants were reluctant to be interviewed in person. The researcher solved their concerns by observing health issues and using a mask, and in some cases, he used phone interviews. Observing health issues for the interview, such as keeping a safe distance and wearing a mask, in some cases made the voices of the respondents not loud enough during the recording of the interview, and the researchers asked the participants to speak louder. Because the patients and the researcher wore masks and kept an appropriate distance during the interview, the recorded voices were of poor quality in some circumstances, and the researcher could not hear the sound well, forcing the researcher to advise the patients to speak louder. Researchers had to listen to the recorded sound several times to avoid missing a word in some scenarios due to the low quality of the voices. All speeches, however, were assessed and coded in general, and no information was lost. Finally, the participating women tended to have female interviewers to more easily share their experiences with the researcher. Hence, the researchers used a trained female researcher who was familiar with the principles of interviewing and qualitative research.



CONCLUSION

The results showed that COVID-19 patients confront multiple and multifaceted challenges such as ignoring the disease, blaming, physical, psychological and emotional problems, feelings of guilt and remorse, being blamed and disappointment and ambiguity. They use the following strategies to cope with these conditions and overcome these challenges: spirituality, increasing knowledge about COVID-19, doing valuable and fun activities, participating in the treatment of illness, strengthening one's spirit and hope, trying to make up for past mistakes, and virtual communication. Based on the results of this study, interventions and policies should be multi-level and diverse. Increasing people's health knowledge and literacy to observe health issues and familiarity with the symptoms of the disease and prompt referral for diagnosis and treatment, teaching methods to deal with stress and psychological pressure, educating families to continue emotional and social support of patients, and providing more access to counseling to develop skills for strengthening spirits and relaxation are part of the actions. Furthermore, reinforcing and replicating the strategies used by patients, teaching them coping skills, utilizing the potential of cyberspace to educate and entertain people, and increasing entertainment programs in the media can make it easier to tolerate illness and return to life.
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Introduction: This study aims to provide a risk assessment of the adverse reactions related to the COVID-19 vaccines manufactured by AstraZeneca, Janssen, Moderna, and Pfizer-BioNTech which have been in use in the European Union and the United States between December 2020 and October 2021.

Methods: Data from the European Database of Suspected Adverse Drug Reaction (EudraVigilance) and the Vaccine Adverse Events Reporting System (VAERS) from 2020 to October 2021 are analysed. More than 7.8 million adverse reactions of about 1.6 million persons are included. The adverse reactions are classified with the Common Toxicity Criteria (CTC) categories. COVID-19 vaccine exposures and adverse reactions reported between December 2020 and October 2021 are compared to influenza vaccine exposures and adverse reactions reported between 2020 and 2021. The population-level vaccine exposures to COVID-19 and influenza vaccines comprised about 451 million and 437 million exposures, respectively. Absolute and relative risk estimates are calculated by CTC categories and COVID-19 vaccines for the EU and US populations aged 18 years and older.

Results: A higher risk of reporting serious adverse reactions was observed for the COVID-19 vaccines in comparison to the influenza vaccines. Individuals age 65 and older were associated with a higher frequency of death, hospitalisations, and life-threatening reactions than younger individuals (relative risk estimates between 1.49 99% CI [1.44–1.55] and 8.61 99% CI [8.02–9.23]). Outcome onset of serious adverse reactions occurred within the first 7 days after vaccination in about 77.6–89.1% of cases. The largest absolute risks were observed for allergic, constitutional reactions, dermatological, gastrointestinal, neurological reactions, and localised and non-localised pain. The largest relative risks between COVID-19 vs. influenza vaccines were observed for allergic reactions, arrhythmia, general cardiovascular events, coagulation, haemorrhages, gastrointestinal, ocular, sexual organs reactions, and thrombosis.

Conclusion: The present study provides an overview of adverse reactions frequently reported to the pharmacovigilance systems following COVID-19 vaccination in the EU and US populations. Despite the limitations of passive reporting systems, these results may inform further clinical research investigating in more detail the pathophysiological mechanisms potentially associated with the COVID-19 vaccines.

Keywords: messenger RNA (mRNA), chimeric virus vaccines, SARS-CoV-2, pharmacovigilancce, mRNA vaccines


1. INTRODUCTION

Between December 2020 and January 2021, the United States (US) Food and Drug Administration (FDA) and the European Medicines Agency (EMA) issued the so-called Emergency Use Authorizations and Conditional Marketing Authorisations, respectively, for the Pfizer-BioNTech and Moderna COVID-19 vaccines (1–4). The mRNA vaccines are products based on nucleic-acid pharmaceutical technology (5) and contain a nucleoside-modified messenger RNA (mRNA) encoding the viral spike S glycoprotein of SARS-CoV-2, lipid nanoparticles, and some salts, sugars, and buffers (6, 7). Besides the mRNA vaccines, two vectorised vaccines, Janssen COVID-19 and COVID-19 AstraZeneca vaccine (later re-branded as Vaxzevria) in the European Union (EU), have also received Emergency Use and Conditional Marketing Authorisations. The Janssen COVID-19 vaccine is a replication-defective human adenovirus type 26 (Ad26) vectored vaccine encoding the SARS-CoV-2 viral spike S glycoprotein (Ad26.COV2-S) (8). The COVID-19 AstraZeneca vaccine is a replication-defective chimpanzee adenovirus vectored vaccine encoding the SARS-CoV-2 viral spike S glycoprotein (ChAdOx1-S) (9). In general, the vector viruses of vectorised vaccines, also called “chimeric virus vaccines,” are genetically modified organisms obtained by standard recombinant DNA technology which genetically encode the target antigens (10, 11). The replication-defective adenovirus-vectored vaccines use the adenovirus backbone, a double-stranded DNA virus, to infect host cells which ultimately will express the SARS-CoV-2 viral spike S (12). In brief, the mode of action of the mRNA COVID-19 vaccines to induce an immune response against SARS-CoV-2 is based on the cellular internalisation of the lipid nanoparticles containing the mRNA encoding the spike S glycoprotein of SARS-CoV-2 which leads to the activation of antigen-presenting cells and ultimately to the production of immunoglobulin antibodies against the spike S protein (13). The mode of action of the chimeric virus vaccines is based on the ability of the chimeric adenovirus encoding the S glycoprotein of SARS-CoV-2 to infect human cells and induce the expression of the S spike protein resulting also in the development of antibodies against the S spike protein via antigen-presenting cells (12, 14).

Both the FDA and EMA require from vaccination providers or national health authorities to report adverse reactions such as vaccine administration errors or cases of hospitalisations and death to the Vaccine Adverse Event Reporting System (VAERS) and the European Database of Suspected Adverse Drug Reactions (EudraVigilance), respectively (6, 7, 15). In general, death, hospitalisation, life-threatening reactions, disabilities, and birth defects are defined as serious adverse outcomes. Several reasons make the ongoing mass vaccination programmes in the EU and US against SARS-CoV-2 unique: (i) Prior to 2021, there were no vaccines against coronaviruses approved for human use, (ii) most vectorised and mRNA-based vaccines were still in clinical research phases for the treatment of different cancer types, protein-replacement therapies, regenerative medicine, and vaccine development (16) and, (iii) similarly, there were few chimeric virus vaccines approved for human use, even though their application in oncology and veterinary practice was much more common (17, 18). In addition, both mRNA and vectorised COVID-19 vaccines have been authorised in a fast-track mechanism (FDA) or accelerated assessment procedure (EMA) (19, 20) and, therefore, as investigational new drugs, there are still uncertainties regarding the magnitude of their potential to elicit adverse reactions. Hence, the aim of this contribution is to identify potential safety issues of the new COVID-19 vaccines being currently deployed in the EU and US with data from the VAERS and EudraVigilance databases in the population age 18 years and older. In particular, this study aims to estimate the absolute and relative risks of reporting serious adverse reactions associated with the COVID-19 vaccines reports in comparison to influenza vaccines used during 2020 and 2021 in adult populations. In this manner, the present study contributes to pharmacovigilance research by providing a general overview of potentially causal relationships between vaccine exposure and reported adverse reactions which may be explored in future clinical studies assessing the extent to which some form of causal association can be inferred for particular adverse reactions. To the knowledge of the author, such an overview of adverse reactions with large pharmacovigilance datasets has not been published so far.



2. DATA AND METHODS


2.1. Data

The EudraVigilance is a reporting system maintained by EMA which contains solicited and unsolicited suspected adverse reactions of pharmaceuticals for human use authorised in the EU. The adverse reaction reports in EudraVigilance come from cases within the EU and the European Economic Area (EEA) submitted by national health authorities and the marketing authorisation holders (21). The medical conditions of cases reported to Eudravigilance are coded by using the Medical Dictionary for Regulatory Activities (MedDRA) terms at their lowest coding level (22). The MedDRA terms do not represent medical diagnoses, but simply the encoding of reported adverse events in a structured classification system of medical conditions. The individual case safety reports in the EudraVigilance database are subjected to a validation process involving the competent authorities in the EU Member States and the marketing authorisation holders (22, p. 82f.). In the present investigation, data from EudraVigilance from 2020 to 18 October 2021 are included in the analyses. A total of 4,173,937 reactions of 1,096,569 persons age 18 and older are included. For each reported case there can be an unlimited amount of MedDRA-coded terms and, thus, multiple rows per reported case. The datasets from the EudraVigilance system are publicly available and can be obtained by querying the line listings view of adverse reactions for each vaccine type and reporting year.

The Vaccine Adverse Event Reporting System (VAERS) is a passive reporting system on post-licence safety monitoring of US licensed vaccines (23). Information collected in VAERS is passively received from those who choose to voluntarily report an adverse event following immunisation. The reported cases may include not only reactions directly associated with the vaccine (e.g., pain at the injection site), but also quality defects or vaccination administration errors (e.g., storage issues) (23). Healthcare professionals, vaccine providers and manufacturers, patients, parents, caregivers, or others can report an adverse event to VAERS. The adverse reactions in VAERS are also coded by using the MedDRA terms and, thus, they allow a direct comparison of reactions between different surveillance systems (24). In the present investigation, reports from 2020 to 10 October 2021 are included. A total of 3,651,010 reactions of 534,332 persons age 18 years and older are included. Each reported case in VAERS may include more than one adverse reaction, just as in the EudraVigilance database. The raw data files from VAERS can be obtained by downloading the ZIP files made available on the VAERS website for each reporting year.

Data on weekly COVID-19 vaccine coverage in the EU and the European Economic Area (EEA) (week 51/2020 to week 42/2021) and the US (week 51/2020 to week 43/2021) are publicly available from the European Centre for Disease and Prevention (ECDC) (25) and the Centers for Disease and Prevention (CDC) (26), respectively. In the present study, the number of individuals age 18 and older having received the first dose of either AstraZeneca, Janssen, Moderna, or Pfizer-BioNTech in one of the EU and EEA countries and the US were considered. The following influenza vaccine types were included: monovalent, trivalent, or quadrivalent split virion and surface antigen influenza vaccines produced mainly by GlaxoSmithKline, Pfizer/Seqirus, AstraZeneca, Abbot Biologicals, Sanofi Pasteur, and Mylan Products (27). The sources of all the datasets used in the present analyses are provided in the Data Availability section.



2.2. Classification of Adverse Reactions

Although the different MedDRA coding levels used in VAERS and EudraVigilance allow a relatively detailed description of the particular medical conditions mentioned in the reports, it is necessary to take into account the different biological pathways linking vaccine exposure and adverse reaction. To this end, the medical conditions coded in VAERS and EudraVigilance are classified in 17 event categories following the Common Toxicity Criteria (CTC) developed by the National Cancer Institute in the US, which is one of the oldest and most commonly used classification systems of adverse reactions in clinical trials (28). The CTC classification groups adverse reactions according to pathophysiological and anatomical categories and provide a more adequate identification of the potential biological mechanisms responsible for the reported adverse reactions. The categories are defined very broadly and include any unfavourable symptom, sign, disease, or abnormal laboratory finding temporally associated with the use of a medical treatment (28). Notwithstanding the generic character of the definition of the single CTC categories, they allow a more clinically meaningful interpretation of results. The event categories considered in the present investigation correspond to the following major categories: allergic/immunologic reactions (e.g., drug pyrexia, pruritus, urticaria), cardiovascular events related to arrhythmia, haematological reactions (e.g., lymphopenia, abnormal neutrophil count), general cardiovascular events (e.g., myocardial infarction, hypertension, myocarditis, pericarditis), coagulation (e.g., disseminated intravascular coagulation, abnormal platelet count), thrombotic reactions, constitutional symptoms (e.g., fatigue, lethargy, malaise), dermatological (e.g., erythema), gastrointestinal (e.g., diarrhoea), haemorrhage (excluding sexual organs, e.g., cerebral haemorrhage, adrenal haemorrhage, petechiae), neurological reactions (e.g., aphasia, dizziness, ataxia, seizures, tremor), ocular, localised pain (e.g., injection site pain), non-localised pain (e.g., abdominal pain, arthralgia, axillary pain, myalgia), pulmonary (e.g., apnoea, dyspnoea), renal/genitourinary and sexual organs (including haemorrhages, e.g., ovarian and penile haemorrhage). The complete list of medical conditions in each CTC event category is provided in the Supplementary Material.



2.3. Statistical Analysis

One of the major drawbacks of spontaneous reports of adverse reactions is the fact that the calculation of risk differences needed in causal inference is not straightforward due to under- or over-reporting of adverse reactions, non-ignorable treatment assignment processes and uncertainties regarding the number of individuals exposed to the vaccines (29). In the case of the ongoing COVID-19 vaccination programmes in the EU and US, however, two circumstances allow the calculation of unbiased risk estimators of adverse reactions for the COVID-19 vs. influenza vaccines, namely: (1) the number of individuals exposed to the COVID-19 vaccines and the age distribution are known and can be used as a denominator to calculate unbiased risk estimates for COVID-19 vaccines (29) and (2) data on adverse reactions related to the influenza vaccines provide an ideal control group for COVID-19 vaccination, since vaccine platforms based on nucleic acid technology had never been deployed for prophylactic vaccination of the general population prior to the emergence of the novel SARS-CoV-2 in December 2019 in China. In addition, the number of individuals vaccinated against influenza has been well documented, especially in the US where the CDC provides for each season weekly estimates of influenza vaccination. Moreover, influenza vaccination represents an ideal control for the ongoing COVID-19 vaccination due to the fact that, on the one hand, seasonal influenza-viruses share with coronaviruses substantial similarities regarding symptomatology, infectivity, pathogenecity, letality, and transmission and, on the other hand, a large proportion of the adult populations in the EU and US is vaccinated against influenza every season. The rationale behind the comparison of adverse reaction risks between COVID-19 and influenza vaccines is to assess the potential risk profile of the new nucleic-acid-based pharmaceutical platforms in comparison to the traditional vaccination platforms based on live, inactivated or attenuated pathogens or immunoglobulins. Thus, COVID-19 vaccines and influenza vaccines are not compared by their mode of action, but on the common metric of the probability of observing serious adverse reactions following vaccination.

In the present study the risk of adverse reactions for COVID-19 vaccines (Rc), influenza vaccines (Rn), the corresponding relative risks (RR), and their variance (Var) are calculated as follows (30):
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where the numerators Kc and Kn represent the number of adverse reaction in each CTC event category for COVID-19 and influenza vaccines, and the denominators c and n correspond to the estimated number of individuals 18 years and older vaccinated with COVID-19 and influenza vaccines, respectively. Please note that the numerator Kn does not contain reports of individuals 17 and younger, but only adults aged 18 years and older. The denominator of the COVID-19 vaccine risks Rc corresponds to the total number of individuals older than 18 years having received at least one dose of one of the COVID-19 vaccines in the EU and US. By end October 2021, approximately 246,534,547 and 205,482,061 persons age 18 and older have received at least one COVID-10 vaccine dose, according to the official data from the ECDC and CDC in both the EU and US (ECDC and CDC) (25, 26).

The denominators of influenza vaccines in the EU and the US correspond to about 77.1 and 361 million influenza doses for the last two influenza seasons between 2020 and 2021, respectively. The US estimates were obtained from the official statistics provided by the CDC on a weekly and seasonal basis (31). For the EU, unfortunately, there are no weekly and seasonal statistics for the Member States. Nonetheless, the European Statistical Office Eurostat provides in the variable hlth_ps_immu_esms_an1 for the influenza season 2018–2019 estimates of influenza vaccination coverage for the population 65 years and older which can be used as a lower bound estimate of the number of influenza exposures expected for the last two influenza seasons 2020–2021 (32). Thus, given an influenza vaccination coverage of 42% for the 2018–2019 season and a total population 65 and older in the EU27 of approximately 91.85 million in the year 2020 (32), for the last two influenza seasons 2020-2021 at least 77.1 million influenza vaccine exposures can be expected.

The estimation of the adverse reaction risks for each COVID-19 vaccine manufacturer, namely, AstraZeneca, Janssen, Moderna, and Pfizer-BioNTech, follows Equation (1). The numerator is the total number of adverse reactions for each COVID-19 vaccine product, whereas the denominator corresponds to the estimated number of individuals who have received at least one dose of the corresponding product, as expected on the basis of the proportion of administered doses by vaccine product (25, 26). Similarly, the calculation of adverse reaction risks for sex (males and females) and two age groups (18-64 and older than 65 years) is based on Equation (1), where the denominators represent the total number of individuals who have received at least one COVID-19 vaccine doses in each sex and age category. By taking the actual number of exposed individuals in each age group, it is possible to adjust the risk estimates for the fact that the vaccination programmes in the US and EU started with the vaccination of older individuals and, thus, the vaccination coverage in the elderly is greater than for individuals younger than 65. The proportion of male and female individuals vaccinated against COVID-19 is very similar in the US and the EU and, for the sake of comparability, is set at 50% for both the US and the EU. The reported confidence intervals were estimated at the 99% level to reduce the probability of false positives for small effects in large samples. Data preparation and statistical analyses were performed with the statistical environment R v.3.6.




3. RESULTS

The time series of the absolute number of cases with adverse reactions reported to EudraVigilance and VAERS show large variations over time, with the number of reports peaking at about weeks 8, 15, 33, and 37 in 2021 (Figure 1A). However, the total number of reports per week in EudraVigilance is substantially larger in comparison to VAERS, in particular since mid April 2021. The differences between both reporting systems are even more pronounced if the time series of the total number of persons aged 18 and older with at least 1 dose in the EU and US are compared (Figure 1B). Even though the vaccination coverages in the US and EU are comparable during the observation period (dotted lines and right y-axis in Figure 1B), the number of reports to VAERS per 100,000 first-dose recipients has been lower than in EudraVigilance, in particular until August 2021 (continuous lines and left y-axis in Figure 1B).
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FIGURE 1. (A) total number of adverse reactions reports in EudraVigilance and VAERS by year and week. (B) number of adverse reactions reports per 100,000 persons with at least 1 COVID-19 vaccine dose (continuous line, left y-axis) and total number of persons with at least 1 dose in the EU and US by year and week (dotted lines on background, right y-axis).


The absolute and relative risk estimates of reporting COVID-19 vaccine deaths, hospitalisations, and life-threatening outcomes are reported in Table 1. Outcome onset occurred within the first 7 days after vaccination in about 77.6–89.1% of cases related to deaths, hospitalisations, and life-threatening outcomes in the EudraVigilance reports. Similar estimates were obtained for the VAERS reports in which about 80.5% to 82.7% of cases with serious adverse reactions fall within 7 days after COVID-19 vaccine exposure. In both EudraVigilance and VAERS, higher absolute risks of reporting serious outcomes were observed among individuals age 65 and older (Table 1). The estimated relative risks (RR) for death reports between younger and older individuals indicate a higher probability of reported deaths among the elderly, especially for males. The absolute risks of deaths, hospitalisations, and life-threatening reactions for each COVID-19 vaccine product in EudraVigilance suggest that the Moderna COVID-19 vaccine is more frequently related to those serious outcomes in comparison to Janssen's vaccine. In VAERS, however, there were no large differences between the different manufacturers in comparison to Janssen (Table 1). Taken together, the COVID-19 vaccines are associated with higher absolute risks of serious adverse outcomes in comparison to influenza vaccines used in 2020 and 2021. The same association pattern is observed for the overall relative risks (RR), even though the corresponding estimates are usually larger in the EudraVigilance report system than in VAERS.


Table 1. Vaccine-related risk estimates (R) of serious outcomes per 100,000 exposed individuals, relative risk estimates (RR) and 99% confidence intervals (CI) in EudraVigilance and VAERS databases.
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The absolute and relative risk estimates by CTC categories and COVID-19 vaccine manufacturer in the EudraVigilance reports are provided in Tables 2a,b. The largest absolute risks in the EU were observed for allergic, constitutional reactions, dermatological, gastrointestinal, neurological, and localised and non-localised pain, especially concerning the AstraZeneca and Pfizer-BioNTech vaccines (Table 2a). However, the relative risks of the COVID-19 vaccines in comparison to influenza vaccines yielded large relative risks of allergic reactions, arrhythmia, general cardiovascular events, coagulation, haemorrhages, constitutional, gastrointestinal, ocular, sexual organs reactions, and, in particular, thrombosis (Table 2b). The largest relative risks in EudraVigilance were observed for AstraZeneca, Moderna, and Pfizer-BioNTech. Concerning the VAERS reports, a similar pattern of absolute risks across CTC categories can be observed, with allergic, constitutional reactions, dermatological, gastrointestinal, neurological, and non-localised pain accounting for the most frequently reported reactions, especially for Moderna and Pfizer-BioNTech (Table 3a). In agreement with the results obtained with EudraVigilance data, the relative risks calculated with VAERS data were also larger for allergic reactions, arrhythmia, general cardiovascular events, coagulation, haemorrhage, ocular, sexual organs reactions, and especially thrombosis for all COVID-19 vaccines (Table 3b).


Table 2a. Vaccine-related risk estimates of influenza (Rn) and COVID-19 vaccines (Rc) per 100,000 exposed individuals by Common Toxicity Criteria (CTC) in the EudraVigilance database.
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Table 2b. Vaccine-related relative risk estimates (RR) and 99% confidence intervals (CI) by Common Toxicity Criteria (CTC) in the EudraVigilance database.
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Table 3a. Vaccine-related risk estimates of influenza (Rn) and COVID-19 vaccines (Rc) per 100,000 exposed individuals by Common Toxicity Criteria (CTC) in the VAERS database.

[image: Table 3]


Table 3b. Vaccine-related relative risk estimates (RR) and 99% confidence intervals (CI) by Common Toxicity Criteria (CTC) in the VAERS database.
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Even though a detailed presentation of the risk estimates for specific reactions is not feasible in the main manuscript due to the large number of specific reactions within each CTC category, interested readers are referred to the tables included in the Supplementary Material which provide additional risk estimates for all COVID-19 vaccines combined in comparison to influenza vaccines. However, some findings related to particular adverse reactions are worth mentioning here. On the one hand, the relative risk estimates for some adverse reactions were large, for instance pruritus, rashes, presyncope, myocardial infarction, myocarditis, pericarditis, pulmonary embolism, dysgeusia, cerebral haemorrhage, hemiparesis, paresthesia, seizures, renal pain, respiratory distress, acute respiratory failure, deep vein thrombosis, increased fibrin D dimer, menstrual disorder, thrombosis or vaginal haemorrhage, among several others. On the other hand, some serious reactions such as cerebral thrombosis and cerebral venous (sinus) thrombosis have been reported much more frequently after COVID-19 vaccination (combined mRNA and adenovirus-vectored vaccines) in comparison to influenza vaccines among adults. For instance, whereas 1229 and 157 cases of cerebral venous sinus thrombosis have been reported so far after COVID-19 vaccination, no cases have been reported for influenza vaccines in both EudraVigilance and VAERS, respectively (see Supplementary Material). In Table 4 the ten most frequent adverse reactions among reported deaths in EudraVigilance and VAERS are reported. In order to exclude unspecific reactions frequently mentioned in the death reports such as pyrexia, vomiting, or pain, the reactions in Table 4 focus on serious life-threatening conditions which might be related to the underlying causes of death. The comparison of the reported reactions across vaccine types suggests a substantial agreement between EudraVigilance and VAERS, with dyspnoea, respiratory arrest, pulmonary embolism, myocardial infarction, thrombosis, cerebral heamorrhages, and pneumonia being the adverse reactions most frequently mentioned in the death reports.


Table 4. The ten most frequent adverse reactions among reported deaths in EudraVigilance (EU) and VAERS (US).
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4. DISCUSSION

The findings of the present investigation indicate that the EudraVigilance and VAERS reports of the new COVID-19 vaccines are more frequently related to serious adverse outcomes, namely deaths, hospitalisations, and life-threatening reactions in comparison to the reports corresponding to influenza vaccines. The reported reactions associated with the new COVID-19 vaccines pertain more frequently allergic reactions, arrhythmia, cardiovascular events including myocardial infarction, cardiac or respiratory arrest, neurosensory disruptions, cerebrovascular accidents, haemorrhages, coagulopathy, pulmonary dysfunction, and thrombosis (see Supplementary Material for a detailed list of single reactions within CTC categories). The findings indicate a temporal relationship between vaccination and death events, since most reported serious adverse outcomes including death, hospitalisations, and life-threatening reactions are occurring within the first 7 days post-vaccination. Moreover, the relative risk estimates comparing the frequency of reported deaths between younger and older individuals suggest that the incidence of those acute life-threatening conditions are more frequent among individuals age 65 years and older. The reported symptoms of serious adverse reactions and the strength and direction of associations observed in the present study were consistent in the two databases included in the analyses, albeit the estimates obtained from the EudraVigilance reports are usually lower given the fact that the denominator of the influenza vaccine exposures considered only the population 65 years and older in the EU. Nonetheless, for the conclusions that can be drawn from the present investigation, the lower magnitude of the relative risk estimates in EudraVigilance should not pose any difficulties in interpreting the results, given the fact that the direction of associations are consistent in both reporting systems. For instance, there is a large excess risk of death, hospitalisation and life-threatening reports for all COVID-19 vaccines in comparison to the influenza vaccines (Table 1), and particularly large relative risks of thrombosis, coagulation and sexual organs reactions associated with COVID-19 vaccines (Tables 2b, 3b). Hence, it is clear that those reaction categories have a strong signal in both reporting systems, despite the differences in the exact numerical values of the effect size estimates.

When interpreting the numerical values of the estimates reported in this study, the readers should proceed with caution. It has to be emphasised that the numerical values of the relative risk estimates indicate a stronger or weaker signal which need to be interpreted taking into account risk assessment criteria, i.e., the clinical significance of the potential health hazards, the absolute risks of the particular adverse reaction and the risk levels tolerable for society (33, 34). For instance, a common reference value for acceptable lifetime cancer risk levels of exposure to carcinogens is around 4 × 10−5, i.e., about 10−6 per working year, assuming 40 years employment (34). In the context of the present investigation the interpretation of the numerical values can be illustrated as follows: The relative and absolute risks of reporting a spontaneous abortion in VAERS were 169.83 99% CI [71.65–402.55] and 0.423 per 100,000 exposures, whereas the corresponding estimates for vaccination site pain were 582.72 99% CI [369.33–919.42] and 5.165 per 100,000 exposures, respectively (see Supplementary Material). Thus, for the COVID-19 vaccination season 2021, the relative and absolute risks of reporting vaccination site pain in VAERS were about three to 11 times larger, respectively, than those of a spontaneous abortion. Nonetheless, the latter represents a less frequent, but more serious health hazard requiring further investigation than vaccination site pain which in most cases is not likely to result in serious or chronic health impairments. The assessment of the tolerable risks would depend on how societies weight the burden of the specific health hazards on population health.

From the perspective of drug safety, the risk estimates reported in this study can be interpreted as signals of new potentially causal associations or new aspects of known ones which may guide further verification actions in specific clinical studies (33). Although EMA and FDA have recognised so far about 30–40 adverse reactions following COVID-19 vaccination such as lymphadenopathy, allergic reactions, arthralgia, myalgia, myocarditis, and pericarditis (35, 36), the present investigation not only expands the scope on the potential health-adverse effects of the COVID-19 vaccines, but also calculates the signal strength of adverse reactions at the population level for seven major drug toxicity criteria (CTC categories) comprising 941 and 816 reported adverse reactions in EudraVigilance and VAERS, respectively (see Supplementary Material). The present findings indicate that there are multiple adverse reactions which have not been considered in the EMA and FDA product information sheets such as pulmonary, gastrointestinal, haemorrhage, neurological, sexual organs reactions, and thrombosis. In contrast to the routine reports issued by the health authorities in the EU and US, the present investigation provides also the relative risks for specific adverse reactions in comparison to the prophylactic influenza vaccines in use during 2020 and 2021. Thus, it is possible to interpret and evaluate the results in the context of relevant sources of vaccine-related toxicity, as recommended by the Council for International Organizations of Medical Sciences (CIOMS) (33). The adverse reactions with strong signals identified in the present study may represent the starting point for further studies using other sources of data such as death and hospitalisation registries in order to provide additional evidence of potentially causal associations. Furthermore, the results of the present study may be used to inform further signal prioritisation, triaging and evaluation of the public health impact of specific reactions (33).

The risk estimates of adverse reactions by vaccine type and CTC category were largest for the Pfizer-BioNTech vaccine in both EudraVigilance and VAERS, followed by the vaccines of AstraZeneca and Moderna. The COVID-19 vaccine of Janssen had usually lower absolute and relative risk estimates in both databases. Notwithstanding these differences at the level of CTC categories and the fact that the vaccines differ regarding the pharmaceutical technology, the ingredients and the number of doses required for full vaccination, the risk estimates of deaths, hospitalisations and life-threatening reactions were comparable across the mRNA and vectorised vaccines, implying a similar risk profile for both vaccine platforms. Even though more research is needed on the similarities and differences in the risk profile of the mRNA and vectorised vaccines, some of the pathophysiological pathways potentially leading to the observed risk profiles are discussed in the next section.


4.1. Potential Pathophysiological Mechanisms of Adverse Reactions

Since cancer immunotherapy constituted the major field of application of the nucleic-acid-based technology at the core of the COVID-19 vaccine platforms before 2019, the majority of previous findings on the pharmacokinetics of mRNA and chimeric virus vaccines were obtained from pre-clinical and clinical trials assessing their effects in the treatment of various cancer types such as melanoma, renal cancer, prostate cancer, leukaemia, or lung cancer (37, 38). On the contrary, previous research concerning the use of nucleic-acid-based technology in prophylactic vaccination, in particular for the mRNA platform, is much more limited (39, 40). Thus, by considering only available evidence from previous research on cancer immunotherapy, the spike S protein of SARS-CoV-2 and the pharmacokinetics of nanoparticles, the biological plausibility of the adverse reactions following COVID-19 vaccination can be summarised by the action of at least three major pathophysiological mechanisms. First, it is clear that the elicitation of strong immune responses must be a feature of both cancer immunotherapy and prophylactic vaccination, since their therapeutic effect is basically due to the building up of specific antigen-antibody production targeting the destruction of tumour cells in cancer immunotherapy and the induction of immunisation against viral infections in prophylactic vaccination, respectively. Hence, the nucleic-acid-based pharmaceutical technology on which the COVID-19 vaccines are based upon elicits potent immune responses via Toll-like receptos (TLR), interleukins (IL) IL-6, IL-12, interferon type 1 (IFN-1), tumour necrosis factor α (TNFα), pattern recognition receptors, dendritic cell maturation, induction of CD4+ and CD8+ T cell responses, among others (16, 17, 38, 41–44). At the same time, however, such potent immune reactions may also increase the risks of pathophysiological mechanisms related, for instance, to tissue and organ lesions and thromboembolic events (17, 45, 46). At least for the adenovirus-vector technology, results from clinical trials indicated that adenovirus proteins may elicit acute-phase immune responses involving the release of IL-6 and TNFα and activation of innate immunity cells such as mast cells and neutrophils (17, 41). In some instances, this may result in an increased likelihood of an acute shock-syndrome due to a cytokine cascade leading to disseminated intravascular coagulation, acute respiratory distress and multiorgan failure (45). In addition, by mechanisms which have not been fully explained so far, the pro-inflammatory environment related to the interactions between nucleic acids, TNFα, matured dendritic cells (DC) and the receptors TLR3 and TLR7 has been associated with disease progression of autoimmune diseases such as lupus erythematosus and rheumatoid arthritis (47–49).

Despite the advances made in the reduction of the pro-inflammatory risks of mRNA and vectorised pharmaceutical platforms [e.g., the use of pseudouridine in modified mRNA to reduce its adverse immunogenicity (50) or E2b− modified adenovirus with reduced hepatotoxicity (51)], the induction of severe immune-induced reactions such as thrombocytopenia and human erythrocyte agglutination has been previously documented with adenovirus-vectorised therapies (52). Moreover, the present investigation suggests that all four nucleic-acid-based COVID-19 vaccines are associated with increased risks of thromboembolic events and, hence, they provide additional support for the results of a previous study with data from the Global Database for Individual Case Safety (VigiBase) in which endotheliopathy and coagulopathy had been observed also for all types of COVID-19 vaccines (53). From this perspective, the recently proposed “vaccine-induced immune thrombotic thrombocytopenia” (VITT) may be actually a severe manifestation in a continuum of vaccine-induced coagulopathy affecting to some degree vaccinated individuals (54, 55). In particular, the high frequency of reactions following COVID-19 vaccinations such as dyspnoea, pyrexia, cerebral haemorrhage, headache, headache, cardiac arrest and fatigue overlap with the typical signs and symptoms of acute pulmonary embolism (56), an adverse reaction which is more frequently reported in relation to COVID-19 vaccines than for influenza vaccines (see Supplementary Material). Moreover, the fact that the chances of reporting serious adverse reactions, especially deaths, largely increase with age (Table 1), suggest that some major vaccine-related risks may be associated with the age-dependent decay of haemodynamic and cardiovascular parameters such as co-morbid cardiovascular disease, endotheliopathy of (lower limb) veins, haemostasis and coagulation function which are directly related to thromboembolic risk (57, 58).

The second pathway is related to the known pathogenicity of the spike S of SARS-CoV-2 which has been involved in the endotheliopathy and coagulopathy observed in more severe forms of COVID-19: The spike S protein, expressed in both nucleic acid technologies of the COVID-19 vaccines reviewed here, is not only a potent activator of the alternative pathway of complement which may contribute to the endothelial damage observed in COVID-19 patients (59), but also an enhancer of platelet aggregation and thrombus formation (60). In addition, the spike subunit S1 can cross the blood-brain barrier and is taken up by the neural cells, the lung, liver, kidney and spleen (61). Hence, it is likely that the cleaved spike protein subunit in itself has the ability to cross other types of blood endothelial barriers surrounding immune privileged organs such as the spinal cord, ovaries, testes, pregnant uterus, placenta, and eyes (62), potentially inducing innate immune responses. Moreover, whereas adenovirus serotype 5 have been found to cross the blood brain barrier in the murine model (63), the nanolipid-complexed mRNA vaccine platform is optimised to diffuse across non-fenestrated endothelial blood barriers (64, 65) and, thus, due to the immune responses mentioned above, both vaccine platforms may induce in some cases a pro-inflammatory environment in the immune privileged organs. To some extent, this pathophysiological pathway involving transduction across blood barriers and subsequent immune response may partly explain some of the neurological and inflammatory reactions reported to VAERS and EudraVigilance affecting the central nervous system and the sexual organs (see Supplementary Material). Since previous pharmacokinetic results with male rats on the safety of mRNA encoding human-erythropoietin and complexed with lipid nanoparticles reported a more prolonged thromboplastin and prothrombin time in treated animals (66), it is possible that spike-induced erythrocyte agglutination and platelet activation may further contribute to increased thromboembolic event risk calculated for the mRNA COVID-19 vaccines. Finally, concerning the mRNA platform, a third pathway is related to the role of the lipid nanoparticles themselves used to complex the naked synthetic mRNA. Even though there have been advances to reduce the immunostimulation of lipid nanoparticles (e.g., by increasing the density of polyethylene glycol in the lipid nanoparticles (67)), they still may elicit pathogenic anaphylactoid reactions by complement activation (68–70) and enhanced platelet aggregation (71). These nanoparticle-related reactions may contribute to the pro-inflammatory host responses (66) and, consequently, to increased risks of thromboembolic or anaphylactoid outcomes. In particular, the complexed mRNA will tend to bio-accumulate in the adrenal and seminal vesicle wall, liver and spleen due to the normal lipid metabolism, bloodstream distribution and the permeability of the fenestrated endothelium to the lipid nanoparticles and, hence, these organs may become target organs of toxicity (72, 73). In fact, previous pharmacokinetic findings on the biodistribution of nanolipid, encapsulated nucleic-acid drugs revealed that the nanolipid vehicle prevents the nucleic-acid from being metabolised and, thus, blood and plasma concentrations of the nucleic-acid components are determined by the pharmacokinetics of the nanolipid vehicle (73).

The reactions commonly mentioned in the death reports such as pulmonary embolism, thrombosis, cerebral haemorrhage, myocardial infarction, cerebral venous sinus thrombosis (Table 4) are in agreement with the findings of previous autopsy studies which have identified several causal mechanisms linking COVID-19 vaccination and a lethal outcome. Of particular importance are strong immune-related life-threatening conditions involving antibody-mediated platelet activation in VITT cases (platelet factor 4) (74), neutrophil and histiocyte infiltrates in myocarditis (75), and reactive astrocytes, microglia, and foamy macrophaghes in cases of acute disseminated encephalomyelitis (neuro-inflammation) (76). Finally, the observed increased risks of death, hospitalisations, and life-threatening reactions among individuals age 65 years and older may be related to several age-dependent alterations of central biological functions and structures. In particular, with increasing ageing there seems to be an increased serum level of pro-inflammatory cytokines such as IL-6, IL-15, IL-8 (77) and multiple clotting factors including fibrinogen, factor VII, factor VIII, and von Willebrand factor (78). In addition, older individuals are affected by an increased risk of cardiovascular and cerebrovascular diseases due to the pathogenic alterations of the vasculature associated with atherosclerotic diseases, haemorrhages, aneurysms, vascular cognitive impairment, and microcirculation disruptions (79). Hence, given the potentially vaccine-induced pathophysiological mechanisms discussed above, these age-dependent alterations of the inflammatory response, vascular function and haemostasis may pre-dispose older individuals to an exacerbated inflammatory response, thrombus formation and endotheliopathy following COVID-19 vaccination which ultimately lead to the increased frequency of lethal outcomes, hospitalisations and life-threatening reactions among older individuals.




5. STRENGTHS AND LIMITATIONS

One of the major strengths of the present study is the availability of the number of individuals exposed to the new COVID-19 and influenza vaccines in the US and EU populations during 2020 and 2021 which allows a more accurate estimation of absolute risks of reporting adverse reactions. A major strength of the present investigation is the increased comparability of results in each reporting system, as the analyses were restricted to the last two reporting periods in the same surveillance systems, they involved large-scale prophylactic vaccines against respiratory viruses (SARS-CoV-2 and influenza) with a comparable number of exposures (451 million COVID-19 and 437 influenza vaccine exposures) and the populations are practically the same in 2020 and 2021 (i.e., almost the same individuals and demographic structure). On this account, varying sensitivity of the passive reporting systems can be ruled out as a major explanatory factor of the frequencies observed. The present study largely extends the information included in the reports of the health authorities insofar as the whole time series of adverse reactions reported to the pharmacovigilance surveillance systems of the EU and US are analysed and compared to each other according to established major toxicity criteria. To some extent, the present study is a replication study with two different reporting systems, vaccine types, populations, and health regulatory settings. Moreover, the risk estimates benefit from the fact that prior to 2020 the target populations were not exposed to SARS-CoV-2, the nucleic-acid and vectorised vaccines had never been used in the prophylactic vaccination of whole populations and there were no vaccines available against coronaviruses. This is an important strength of the present study in view of the rapidly increasing vaccine coverage rates against SARS-CoV-2 which will limit the availability of appropriate control groups made up of individuals without COVID-19 vaccine exposure. In addition, the present analyses are based on some of the largest datasets publicly available worldwide on vaccine-related adverse reactions containing approximately 7.8 million adverse reactions of 1.6 million individuals.

Nonetheless, there are at least four major limitations in the present study: (i) it has to be emphasised that the adverse reactions reports do not represent conclusive evidence of a causal association between vaccine exposure and adverse reaction, since they may also indicate correlations arising from the coincidental association of events following vaccination exposure or from unaccounted confounding factors such as concomitant medications or illnesses (23, 24), (ii) the collected data may also represent unverified reports of health events occurring after vaccination, (iii) they may affected by under- or over-reporting bias due to public awareness or saliency of certain reactions (21, 24), and (iv) the denominator used for the calculation of the influenza vaccination exposures in the EU is an under-estimate of the real number of exposures in the population 18 years and older. However, as the results of the present investigation suggest, the time series of reports are not correlated with the increasing vaccination coverage of persons aged 18 and older (Figure 1). Hence, public awareness or saliency of certain reactions does not seem to be an important source of bias concerning the frequency of reported adverse reactions. Even though it could be argued that increased awareness might explain the increased reporting rates concerning reactions such as injection site pain, myalgia, nausea, or vomiting, it is highly unlikely, on the contrary, that sudden serious medical conditions which require specific diagnostic procedures are merely due to increased awareness on COVID-19 vaccination: For instance, syncope, (acute) myocardial infarction, ischaemic stroke, pulmonary embolisms, pancreatitis, cerebral infarction, acute kidney injury, or deep vein thrombosis (see Supplementary Material). On the contrary, the time series of reported cases to EudraVigilance and VAERS seem to be decreasing over time, especially in the US. There may be several factors affecting the number of reports being recorded in EudraVigilance and VAERS such as delays of the database updates, increased costs of reporting adverse reactions due to the large number of persons having received at least 1 dose, changes in the reporting procedures or guidelines used in the health services institutions or unawareness of health professionals of potential adverse reactions related to the new COVID-19 vaccines. Further research is needed to assess why the reporting rates in VAERS and EudraVigilance differ and how the time series of reports and vaccine coverage are related to over- or under-estimation of particular adverse reactions. Finally, despite the fact that the number of influenza vaccination exposures in the EU is under-estimated, the relative risk estimates in EudraVigilance agree well in the direction and strength with the corresponding estimates in VAERS. As stated above, however, the exact numerical value of the relative risk estimates is less relevant in the context of risk assessment, signal prioritisation, tolerable risk levels and the clinical implications for the treatment of particular adverse reactions.


5.1. Potentially Causal Associations

Despite the limitations of passive reporting systems concerning causal associations, they may inform further clinical research investigating the extent to which the COVID vaccines can act as the main factor, or a secondary causal co-factor, increasing the probability of observing the adverse reactions identified in the passive reporting systems. In the EU, adverse events notified by healthcare professionals and consumers to the EudraVigilance report system are considered suspected adverse reactions implying that “a causal relationship between a medicinal product and an occurrence is suspected” (22, p. 6). According to the World Health Organization (WHO), the main criteria to be considered in the assessment of potentially causal associations are 1. the temporal relationship between vaccine exposure and reaction, 2. the strength of association suggesting a statistically significant increase of the conditional probability of observing the reaction after vaccine exposure, 3. the consistency of evidence across different studies or data sources, and 4. the biological plausibility between vaccine exposure and observed reaction (80). For the purposes of the present investigation, the temporal relationship and the consistency of evidence were evaluated by establishing the time of reaction onset and the comparison of the patterns of association found in the VAERS and EudraVigilance databases. The strength of associations was assessed by using the absolute risk estimates to calculate the relative risks of adverse reactions which may indicate potentially causal relationships. However, concerning the biological plausibility of the potentially causal associations, it is clear that only preliminary hypotheses can be formulated regarding the potential modes of action of the COVID-19 vaccines which may account for some of the observed adverse reactions. In the present investigation only such pathophysiological mechanisms were discussed which are supported by the findings of previous studies.



5.2. Future Research

Finally, the results of the present investigation may provide avenues for future clinical research on several areas. First, passive or spontaneous report systems suffer from serious under-estimation of adverse reactions. This is an important drawback, as the magnitude of under-reporting of non-serious and serious adverse reactions to spontaneous report systems has been estimated to lie in the range 91–99% and 92–98% in general practitioner and hospital settings, respectively (81). The reporting sensibility of adverse reactions such as rashes and thrombocytopenia in VAERS has been estimated to lie in the range 1% to 10%, as reported elsewhere (82). Although it cannot be completely ruled out that the reporting rates of COVID-19 vaccines may be to some extent higher than for the influenza vaccines, the major limitation of passive reporting systems is under-reporting rather than over-reporting: In general, the under-estimation of drug-related adverse reactions in spontaneous reporting systems has been calculated to be as high as 98%, so that single spontaneous reports “of a commonly occurring clinical event implies the existence of 50 more similar events in the total exposed patient population” (83, p. 343). Of course, future research should assess the magnitude of under-estimation and coverage of adverse reactions in EudraVigilance and VAERS in order to obtain more accurate risk estimates. Second, the investigation of the plausibility of different pathophysiological pathways needs to be further investigated in specific clinical studies. In particular, cohort studies collecting data on the haematological, immunological, neurological, and clinical profile of vaccinated individuals may provide a better assessment of the COVID-19 vaccine-related risk distribution at the population level. At the same time, additional autopsy studies may clarify the pathogenetic mechanisms potentially accounting for the reported death cases and/or life-threatening conditions. Despite the uncertainties concerning the exact causal relationships between the observed adverse reactions and COVID-19 vaccination, the present results may already help physicians develop prompt and adequate treatment protocols of individuals presenting serious medical conditions following COVID-19 vaccination. In face of the impending COVID-19 vaccine requirements and booster vaccination schedules implemented in several jurisdictions around the world, it is important to increase the research efforts in preventing lethal outcomes or life-threatening complications which may follow COVID-19 vaccination in some rare instances.




6. CONCLUSION

In the present investigation a higher risk of reporting serious adverse outcomes was observed for the COVID-19 vaccines in comparison to influenza vaccines deployed during 2020 and 2021. Individuals age 65 and older were associated with a higher frequency of death, hospitalisations, and life-threatening reactions than individuals age 18–64 years (relative risk estimates between 1.49 99% CI [1.44–1.55] and 8.61 99% CI [8.02–9.23]). The largest absolute risks related to COVID-19 vaccines corresponded to allergic, constitutional reactions, dermatological, gastrointestinal, neurological, and localised and non-localised pain. The largest relative risks between COVID-19 vs. influenza vaccines were observed for allergic reactions, arrhythmia, general cardiovascular events, coagulation, haemorrhages, constitutional, gastrointestinal, ocular, sexual organs reactions, and, in particular, thromboembolic events. Further clinical investigations are needed to identify both specific and common biological pathophysiological mechanisms across the different vaccine platforms, and to assess the relative safety between the different COVID-19 vaccines currently being deployed.
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Background: Descriptions of single clinical symptoms of coronavirus disease 2019 (COVID-19) have been widely reported. However, evidence of symptoms associations was still limited. We sought to explore the potential symptom clustering patterns and high-frequency symptom combinations of COVID-19 to enhance the understanding of people of this disease.

Methods: In this retrospective cohort study, a total of 1,067 COVID-19 cases were enrolled. Symptom clustering patterns were first explored by a text clustering method. Then, a multinomial logistic regression was applied to reveal the population characteristics of different symptom groups. In addition, time intervals between symptoms onset and the first visit were analyzed to consider the effect of time interval extension on the progression of symptoms.

Results: Based on text clustering, the symptoms were summarized into four groups. Group 1: no-obvious symptoms; Group 2: mainly fever and/or dry cough; Group 3: mainly upper respiratory tract infection symptoms; Group 4: mainly cardiopulmonary, systemic, and/or gastrointestinal symptoms. Apart from Group 1 with no obvious symptoms, the most frequent symptom combinations were fever only (64 cases, 47.8%), followed by dry cough only (42 cases, 31.3%) in Group 2; expectoration only (21 cases, 19.8%), followed by expectoration complicated with fever (10 cases, 9.4%) in Group 3; fatigue complicated with fever (12 cases, 4.2%), followed by headache complicated with fever was also high (11 cases, 3.8%) in Group 4. People aged 45–64 years were more likely to have symptoms of Group 4 than those aged 65 years or older (odds ratio [OR] = 2.66, 95% CI: 1.21–5.85) and at the same time had longer time intervals.

Conclusions: Symptoms of COVID-19 could be divided into four clustering groups with different symptom combinations. The Group 4 symptoms (i.e., mainly cardiopulmonary, systemic, and/or gastrointestinal symptoms) happened more frequently in COVID-19 than in influenza. This distinction could help deepen the understanding of this disease. The middle-aged people have a longer time interval for medical visit and was a group that deserve more attention, from the perspective of medical delays.

Keywords: COVID-19, symptom clustering patterns, risk factor, time delay, epidemiology


INTRODUCTION

The coronavirus disease 2019 (COVID-19) has evolved into a global pandemic, causing significant morbidity and mortality worldwide. As of December 2021, it has caused more than 270 million confirmed cases and more than 5 million deaths worldwide, with the number of confirmed cases continues to increase at a rate of about 100,000 per day (1).

Clinical symptoms, as indicators for the identification and diagnosis, play a vital role in the early detection and treatment. COVID-19 has a wide range of clinical manifestations, ranging from asymptomatic to severe viral pneumonia (2, 3). It has been widely confirmed that fever, dry cough, expectoration, and fatigue were the most common symptoms in patients with COVID-19 (3–5). As the pandemic progressed, symptoms of cardiovascular system (6), digestive system (7), petechial skin rash (8), and loss of taste (ageusia) and smell (anosmia) (9) were also reported. Numerous studies have contributed to the understanding of COVID-19. Despite a growing body of evidence in this field, the heterogeneity in both individuals and studies still left much to explore about the symptomatology of COVID-19.

For the clinical symptoms, most previous works have been primarily descriptive studies and focused on descriptions of single symptoms (4, 5). Noting the variability of symptoms and there are normally two or more symptoms coexisted in one infected case, the association and aggregation of different symptoms may provide more information. The purpose of this study was to explore whether there were potential clustering patterns of different symptoms in patients with COVID-19 based on the aggregation of symptoms with a text clustering method. On the basis of clustering results, we examined the population characteristics of different symptom groups. Given that there were both overlaps and variations in symptoms of COVID-19 and other infectious diseases, such as influenza (10–13), we also compared the symptom groups found in this study with symptoms of influenza reported in other studies. By profiling the symptoms of COVID-19 and its population characteristics, we expect to provide some inspiration for enhancing the understanding of people of the disease's clinical manifestations and identifying the high frequent symptom combinations of COVID-19.



MATERIALS AND METHODS


Study Design and Data Source

In this retrospective cohort study, a total of 1, 067 laboratory confirmed cases of COVID-19 from January 21, 2020 to November 20, 2020 in Sichuan Province were included. Demographic information, symptoms onset, comorbidities, and epidemiological data of all cases were extracted from individual epidemiological investigation report sourced from the Epidemic Registration System of the Sichuan Center for Disease Control and Prevention (CDC). The symptoms were first pre-recorded in the form of the epidemiological investigation report, and for self-reported symptoms not included in the form, they were appended as a free text by the CDC colleagues. Epidemiological data included dummy variables, such as whether a case was an indigenous case or an imported case from abroad, and the variable about whether a case had been infected individually or had been infected in a clustered family or workplace. This study was approved by the Ethics Committee of Sichuan Center for Disease Control and Prevention (SCCDCIRB-2020-007). Written informed consent was obtained from each of subjects.



Statistical Analysis

First, with the symptoms text of cases, the k-means clustering method was used to explore the potential symptom groups on the basis of Euclidean distance. The optimal number of clusters was determined by the widely accepted elbow method (14). Bar charts were used to give a visual representation of the symptom combinations under each group. Categorical variables were represented by counts and percentages, continuous variables in nonnormal distribution were represented by median (interquartile ranges, IQR), otherwise by mean ± SD.

Based on the clustering results, with symptom groups as the dependent variable, a multinomial logistic regression was applied to identify potential factors associated with the symptom groups. Group 1 was the reference category in the multinomial regression model. Population characteristics, such as age, gender, comorbidities (hypertension, diabetes, lung disease, and cardiovascular disease), and epidemiological characteristics (imported or indigenous, clustered or individual) were added into the model as covariates. According to Tian et al. (15), the ages were cut into four groups: aged 0–12, 13–44, 45–64, and ≥65 years. Due to lack of comorbidities and epidemiological information, considering the small proportion of missing, we depicted some respondents in the demographic description, yet not included them in the regression model. Besides, time intervals between symptoms onset and the first visit were depicted also the proportions of different symptom groups at different time intervals were visualized by a bar diagram.

Figure 1 shows the procedure of our analysis. In this study, the text clustering was conducted with Python version 3.7.6 and the rest statistical analyses were conducted with R version 4.0.3. The value of p < 0.05 was considered statistically significant.


[image: Figure 1]
FIGURE 1. The procedure of analysis in this study.





RESULTS


Population Distribution and Symptom Clustering Patterns

From January 21, 2020 to November 20, 2020, information of 1,067 cases was collected. The majority of infected cases were in 13–44 years (613 cases, 57.45%) and 45–64 years (344 cases, 32.23%) age groups. For comorbidities, the prevalence of hypertension was 6.84%, while it was 2.44, 3.00, and 2.36% of diabetes, lung disease, and cardiovascular disease, respectively. In addition, 41.24% of the infected patients were imported cases and 26.43% were infected with family clustering (Table 1).


Table 1. Characteristics of cases in different symptoms groups.
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The elbow method indicated that the sum of squares within a group was minimal when the data were divided into four groups. Therefore, four clusters were selected for the analysis. Then, combined with pathophysiology (16, 17) and consultation from clinical experts in the Sichuan Center for Disease Control and Prevention, the symptoms were summarized as follows: Group 1: no-obvious symptoms, referred to those with no obvious symptoms but positive nucleic acid test; Group 2: mainly fever and/or dry cough, referred to those with fever as the main symptoms, or complicated with dry cough; Group 3: mainly upper respiratory tract infection symptoms, referred to those mainly with expectoration and upper respiratory tract infection symptoms, such as pharyngodynia, stuffy nose and runny nose, or complicated with fever; Group 4: mainly cardiopulmonary, systemic, and/or gastrointestinal symptoms, referred to those whose main symptoms were cardiopulmonary symptoms, such as shortness of breath, dyspnea, chest tightness, chest pain, and/or systemic symptoms, such as fatigue, chills, and myalgia, and/or symptoms of the gastrointestinal system, such as nausea, vomiting, and diarrhea, sometimes accompanied by fever and upper respiratory tract symptoms.

The results showed that more than half (50.7%) of the infected cases did not show obvious symptoms (Group 1) at the first visit. For the three groups with obvious symptoms, their proportions were 12.6%, 10.0%, and 26.8%, respectively. Among them, Group 4, i.e., cardiopulmonary, systemic, and/or gastrointestinal symptoms had higher proportion. Population characteristics of the above symptom groups are summarized in Table 1.

To profile the symptoms composition under each group, bar charts were applied to visualize the particular symptom combinations under each group (Figure 2). It could be seen that there were overlaps and interactions of symptoms under a same group. In symptom Group 1, all cases were with no-obvious symptoms (541 cases, 100%). In symptom Group 2, the most frequent symptom combinations were fever only (64 cases, 47.8%), followed by dry cough only (42 cases, 31.3%). In symptom Group 3, the most frequent symptom combinations were expectoration only (21 cases, 19.8%), followed by expectoration complicated with fever (10 cases, 9.4%). In symptom Group 4, the most frequent symptom combinations were fatigue complicated with fever (12 cases, 4.2%), the incidence of headache complicated with fever was also high (11 cases, 3.8%). In general, except for the asymptomatic with the highest proportion (50.70%), the six most frequent symptom combinations in the whole population were fever only (6.00%), dry cough only (3.94%), dry cough complicated with fever (2.62%), expectoration only (1.97%), fatigue complicated with fever (1.12%), and headache complicated with fever (1.03%).


[image: Figure 2]
FIGURE 2. Symptom combinations under different symptom groups. Symptom combinations with only one case in symptom Groups 3 and 4 were not included. (A) The Group 1 with no obvious symptoms; (B) The Group 2 with main symptoms were fever and/or dry cough; (C) The Group 3 with main symptoms were upper respiratory tract infection symptoms; (D) The Group 4 with main symptoms were cardiopulmonary, systemic and/or gastrointestinal symptoms.


As for the dominant single symptom, in general, fever and dry cough were the two most frequent symptoms, with frequencies of 64.4% and 38.8%, respectively, followed by expectoration (12.0%) and fatigue (11.4%). Under the groups, fever (68.7%) and dry cough (52.24%) were the dominant symptoms in Group 2; Expectoration (59.4%) and pharyngodynia (29.24%) were the dominant symptoms in Group 3; and fatigue (42.7%) and headache (26.2%) were the dominant symptoms in Group 4. Under the groups, symptoms showed some clustering around the dominant symptoms.



Population Characteristics of Different Symptom Groups

The results of univariate and multivariate multinomial logistic regression assessing the population characteristics of different symptom groups are shown in Table 2. In the univariable analysis, higher age, female, and comorbidities (hypertension, diabetes, lung ailment, and cardiovascular disease) were all associated with increased odds of the presence of symptoms of Group 4, namely symptoms, such as cardiopulmonary, systemic, and/or gastrointestinal symptoms. The imported cases and cases infected with family clustering had lower odds of symptoms in all the three groups of obvious symptoms.


Table 2. Results of population characteristics of different symptom groups.
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Additionally, the multivariate regression model showed that compared with the 0–12 years age group, the odds of symptoms of Group 4 increased in both the 13–44 years and 45–64 years age groups (odds ratio [OR] = 4.08, 95% CI: 1.13–14.76; OR = 5.91, 95% CI: 1.61–21.7). Furthermore, if the group of ≥65 years was changed as the reference group, it could be derived from the results of multinomial logistic regression that people aged 45–64 years were more likely to develop symptoms of Group 4 (OR = 2.66, 95% CI: 1.21–5.85) when compared with the ≥65 years group. The plausibility of this result would be discussed in the discussion section. No significant differences in the odds of showing symptoms of the three obvious groups were detected between male and female. For the comorbidities, the odds of showing symptoms of Group 2 had no significant differences between patients with and without diabetes (OR = 7.69, 95% CI: 0.63–94.66), but in those with diabetes, the odds of showing symptoms of Group 3 and Group 4 significantly escalated (OR = 29.43, 95% CI: 3.00–288.66; OR = 41.72, 95% CI: 4.56–381.52), indicating diabetes as a strong risk factor for upper respiratory tract symptoms, cardiopulmonary, systemic, and/or gastrointestinal symptoms. In addition, the results showed that there was no significant difference in the odds of all the three obvious symptom groups between patients with or without hypertension (OR = 1.27, 95% CI: 0.59–2.73), lung disease (OR =1.49, 95% CI: 0.53–4.23), or cardiovascular disease (OR = 3.64, 95% CI: 0.97–13.73). Besides, the results showed that, the incidences of all the three obvious symptom groups were lower in the imported cases and the patients infected with family clustering than in the indigenous cases and non-clustering cases, respectively (OR < 1, p < 0.05).



Time Intervals Between Symptoms Onset and the First Visit

In all the symptomatic cases, the median time interval between symptoms onset and the first visit was 1 day, and the IQR was (0,3) days. In addition, 47.5% of symptomatic patients visited a medical institution on the day of symptoms onset, 15.4% visited 1 day after onset, 11.4% visited 2 days after onset, and 25.7% sought medical treatment 3 days or more after onset. Figure 3 displayed the proportions of the three groups with obvious symptoms at different time intervals. It could be seen that the proportion of symptoms of Group 2 was decreasing as the time interval lengthened, while in Group 4, it was increasing over longer time intervals, and in Group 3, the proportion peaked at the intermediate time.


[image: Figure 3]
FIGURE 3. Bar chart of proportions of the groups with obvious symptoms at different time intervals.


The analysis of time intervals in different age groups showed that the median time intervals in 0–12, 13–44, and 45–64 years old groups were all 1 day, while it was 0 day in ≥65 years age group (Figure 4). The ranges were larger in 13–44 years age group and 45–64 years age group, with ranges of (0,14) days and (0,15) days respectively, while the ranges in 0–12 years and ≥65 years age group were (0,7) days and (0,8) days, respectively. Patients aged 13–64 years seemed to have longer time intervals.


[image: Figure 4]
FIGURE 4. Time intervals between symptoms onset and the first visit in different age groups.





DISCUSSION

This study focused on the aggregation of different symptoms of COVID-19, and explored the potential symptoms clustering patterns. Similar to many previous studies (2–5, 18), we found that fever and dry cough were the most common symptoms, followed by expectoration and fatigue. Besides that, this study found there existed probable clustering patterns of symptoms, which could be summarized into four groups. Furthermore, the common symptom combinations under each group were illustrated. Specifically, the most frequent symptom combinations under the three groups with obvious symptoms (Group 2, Group 3, and Group 4) were fever only, expectoration only, and fatigue accompanied with fever, respectively.

It has been confirmed that both COVID-19 and influenza have fever, cough, and expectoration as their main symptoms (13, 19, 20). However, distinction between the two was that symptoms, such as vomiting, stuffy nose, runny nose, and ocular symptoms were more common in influenza than in COVID-19 (10, 11, 21). In COVID-19, symptoms such as fatigue, neurological symptoms (headache), gastrointestinal symptoms (diarrhea), and acute respiratory distress syndrome (ARDS) (chest distress) occurred more frequently (22–24). Similar conclusions were reached in a systematic review comparing COVID-19 and influenza (12). These distinct symptoms were largely consistent with those clustered into Group 4 in this study (i.e., mainly cardiopulmonary, systemic, and/or gastrointestinal symptoms), under which the four most frequent symptom combinations were fatigue complicated with fever, headache complicated with fever, fatigue only, and myalgia complicated with fever. Given there were both overlaps and variations between COVID-19 and influenza, information from single symptoms was limited. Therefore, awareness of the symptoms clustering patterns and the commonly accompanying symptoms may provide more information for enhancing the understanding of this disease.

Besides, the population characteristics in different symptom groups assessed with multinomial logistic regression showed that compared with the younger age groups (0–12 years), those aged 13–44, 45–64, and ≥65 years had increased odds of showing symptoms of Group 4. This has been confirmed in previous studies that immunosenescence and inflamm-aging may be an explanation (25, 26). For the comorbidities, patients with chronic diseases, such as diabetes were more likely to show symptoms of Group 4, which has been confirmed (27). In addition, the results showed that for the imported cases and the clustered cases, the odds of symptoms of Group 2, Group 3, and Group 4 were all lower than indigenous cases or non-clustered cases, respectively. For the imported cases, the entry quarantine for the imported (28) may provide an explanation. Additionally, for the results that cases infected with clustering were less likely to show more severe symptoms, this may be reasonable that infection occurred within a same family, work unit, nursery, or school means an infected person was more likely to be found as a close contact of whom with which the person was clustered, and thus was more likely to be found at the early stage and showed milder symptoms at the first clinical visit.

For the result that the prevalence of symptom Group 4 (26.8%) was higher than that of Group 2 (12.6%) and Group 3 (10.0%), this study took consideration of the progression of symptoms over time. From the results of the time intervals analysis, the proportion of symptom Group 2 decreased as the time interval extended, while the proportion of Group 4 increased. This indicated that the presence of symptom Group 4, to some extent, may be related to a longer time interval between symptoms onset and the time infected individuals sought medical treatment. Infected individuals who sought medical treatment later were more likely to had symptoms of Group 4. These results were partly supported by several previous studies focusing on the dynamics of symptoms. According to Larsen et al. (29), a study on the symptoms in 55,924 confirmed cases based on a Markov process showed that there was a possible order in the development of COVID-19 symptoms. The symptoms may progress initially with fever or cough followed by upper respiratory symptoms, such as sore throat, after fatigue and other systemic symptoms, and gastrointestinal symptoms, such as nausea, vomiting, diarrhea, and abdominal pain were presented at a later stage of the disease. Huang et al. (30) analyzed the clinical characteristics of 305 patients in the early stage of the pandemic in Wuhan Jinyintan Hospital, China. They found that compared with symptoms in the early stages of disease, as the time interval lengthened, the incidence of cardiopulmonary symptoms increased significantly. A similar pattern was found in the work of Mizrahi et al. (31). These results reflected that longer interval may indicate a higher possibility of gastrointestinal symptoms (such as, nausea, vomiting, and diarrhea), cardiopulmonary symptoms (such as, shortness of breath and dyspnea), and/or systemic symptoms, which were largely consistent with the symptoms of Group 4 in this study.

Another concern was that the odds of symptom Group 4 was higher in patients aged 45–64 years than in aged ≥65 years. Despite the immunosenescence and inflamm-aging (32), elderly people were not as likely to show more severe initially symptoms as expected. However, the influence of symptoms progression may not be neglected. Results in this study showed that people aged 45–64 years have more cases with longer time intervals, indicating a time delay for medical treatment in this population. Similarly, a study of 14,168 hospitalized infected cases in Belgium found that working age group (aged 20–60 years) had longer intervals between symptoms onset and their visit to a doctor than the elderly people in nursing homes (33). One plausible explanation was that for the elderly people, any abnormal body signal may be more likely to be detected than the working population because they usually pay more attention to their health than the latter. In contrast, the middle-aged people were more likely to have longer time delay for medical visit than the elderly people, and as a result, had more severe symptoms when first diagnosed. Thus, considering the time-delay effect, this study suggested that middle-aged people, may be a subpopulation deserving special attention in the prevention and control of the epidemic. Measures, such as health dissemination can be taken to improve the timeliness of medical treatment for the working-age population. Besides, the employers could also relieve the work-related stresses through the provision of paid time-off.

In contrast to many studies that mainly described only single symptoms, this study focused on the associations among different symptoms, and explored the potential symptoms clustering patterns. Besides, it was found that the presences of different groups of symptoms may be related to the time intervals between symptoms onset and the time infected individuals sought medical treatment. These results provided us a further understanding of the spectrum of COVID-19 symptoms. Furthermore, this study revealed that people of working age were more likely to have a time delay for medical treatment, as a result, had higher possibility of showing symptoms of Group 4. This could provide inspiration for targeted prevention and control of COVID-19.

This study had several limitations. First, for comorbidities, information, such as severity and duration, was not collected, so the impact of comorbidities may be biased by the heterogeneity of severity grade and duration of the diseases. In addition, in the analysis of the population characteristics of different symptom groups, taking diabetes as an example, the OR value and its CI were large, which was attributed to the small number of cases answering “Yes.” For these results, though statistically significant, the conclusions were still imprecise and unclear, so more research is needed in the future. Second, for the self-reported symptoms, there may be memory bias. As individuals may have deep memories of some symptoms or ignore others. With the spread of the pandemic, in the late pandemic, such as in November or summer, individuals may delay the consultation or neglect and consider more of influenza rather than COVID-19. Similarly, there may be information bias of the self-reported time of symptom onset. Therefore, more efforts in the future will be needed to validate these findings and turn them into COVID-19 combating practice. Furthermore, it should also be noted that all the patients in this study were infected before the end of November 2020. Therefore, for some variants of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) discovered afterward, such as Gamma (34), Delta (35), Omicron (36) and possible future variants, the results of this study would not be directly applicable. However, it is expected that our analysis procedure might be taken as reference in the future as further variants arise.



CONCLUSIONS

This study focused on the associations of symptoms of COVID-19 and found that the symptoms could be divided into four different clustering groups. The Group 4 symptoms clustered in this study, that were mainly cardiopulmonary, systemic, and/or gastrointestinal symptoms, happened more frequently in COVID-19 than in influenza. This distinction could help deepen the understanding of this disease. In addition, we found that the middle-aged population may be a group requiring more attention during this epidemic, and some measures, such as paid time-off are expected to improve the timeliness of medical treatment for this group.
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One of the most worrying aspects of coronavirus disease 2019 (COVID-19) pandemic are the post-COVID-19 sequelae, affecting a significant proportion of both asymptomatic and symptomatic individuals with severe acute respiratory coronavirus virus 2 (SARS-COV-2) infection. These sequelae include a wide range of new, ongoing, recurring multisystemic health problems that were developed during or after initial viral infection. The global health body is deeply concerned not only by the still unknown burden of the overall post-COVID-19 sequelae, but also by the tremendous gaps in medical knowledge regarding many of these conditions and the healthcare and welfare resource allocation (HWRA) required for their management. Science should move with dispatch in addressing this problem in a multidisciplinary manner, otherwise the aforementioned gaps may quickly be filled by quackery and pseudoscience (1).

Until further research provides clinically significant diagnostic and therapeutic implements to approach post-COVID-19 sequelae, continuously integrating multispecialty consultancy is of paramount importance for patient care and welfare evaluation toward rehabilitation and societal reintegration. Since many of these conditions are similar to long-term health problems observed after SARS or Middle East respiratory syndrome (MERS) (2), clinical management paths may have been already drawn. Also, the fact that relevant experience on handling infectious and post-infectious sequelae exist from tuberculosis and HIV epidemics (3, 4), infectious disease specialists should be at the core of this multidisciplinary collaboration, at least during the initial stages of the post-acute period after COVID-19. In most countries of the world, infectious disease medicine is a subspecialty of pediatrics and internal medicine, allowing infectious disease specialists to act as ideal multispecialty coordinators in diagnostics, care and welfare guidance of children, adolescents and adults with post-COVID-19 sequelae.

Focusing on infectious disease expertise for post-COVID-19 sequelae management is a scientifically sound solution. Without effective and readily available outpatient treatments for many of these sequelae, entangling primary care providers into roles of care not yet matured may further deplete resources from diseases and disorders that primary care is already suited to handle, thus causing a generalized instability in healthcare systems. Further support to infectious disease expert leading of the multispecialty evaluation during the initial stages of post-COVID-19 sequelae is emphasized by examining the post-COVID-19 impairment repertoire in neurological, cardiorespiratory, endocrine and further aspects involving both pediatrics and internal medicine.

Aside from the well-known anosmia and parosmia, complex COVID-19 neurological impairment involving central (e.g., central demyelination, seizures, encephalopathy/encephalitis, neurocognitive dysfunction, strokes), peripheral (e.g., Guillain-Barré syndrome/other neuropathies, neuralgias, myopathy, myositis), and autonomic (e.g., dysautonomia, temperature and exercise intolerance) nervous systems requiring specialist involvement has been radiologically, functionally and neuropathologically verified, further increasing long-term post-infectious disability (5, 6). Notably, long-term neurological aftermath of COVID-19 is still an unexplored territory, a true challenge regarding its rehabilitation and an asymmetrical risk to HWRA. That, without including the all-important cost of related mental disorders and overall wellbeing (7, 8).

A considerable proportion of hospitalized COVID-19 patients will experience long-term pulmonary post-discharge sequelae, which may include impaired pulmonary diffusion capacities and abnormalities on imaging suggestive of pulmonary fibrosis (9), thus requiring a frequent follow-up by chest physicians. Regarding the cardiovascular system, in many patients post-COVID-19 myocardial injury can be suspected by persistent symptoms like dyspnea, easy fatigue on effort, muscle weakness and chest pain combined with abnormal troponin. Fulminant myocarditis has been reported in COVID-19 patients after weeks of undetectable viral load and symptoms amelioration, while some patients diagnosed with disease of mild severity have died due to cardiac arrest (10). Cardiomyopathy provoked by systemic hyperinflammation, coronary thrombotic and plaque rupture events, microvascular injury due to disseminated intravascular coagulation and thrombosis, supply–demand mismatch or hypoxia, and direct viral cardiotoxicity can be some of the mechanisms underlying troponin elevation in post-COVID-19 patients (11). Whenever a myocardial injury is discovered in post-COVID-19 patients, it should be further investigated with electrocardiogram, transthoracic echocardiogram (TTE), and cardiovascular magnetic resonance (CMR) scan. A close follow-up with TTE and a repeated CMR scan is usually indicated within 3–6 months post-discharge in patients with persistent elevated troponin, even if the first CMR scan does not show inflammation, myocardial fibrosis or scar.

With regard to the endocrine system, the pandemic has affected the way most endocrinological diseases are treated. Current guidance statements are based rather on expert consensus and are tailored to individual circumstances and local expertise. Patients with endocrinological conditions (diabetes mellitus, obesity, undernourishment, adrenal insufficiency, congenital adrenal hyperplasia, pituitary insufficiency) present increased vulnerability to SARS-CoV-2 infection, severe infection and/or death (12). Furthermore, SARS-CoV-2 has been implicated through several mechanisms (direct viral injury, immunological and inflammatory damage) in various new-onset endocrine diseases: development of type 1 diabetes mellitus, worsening of glycemic control in pre-existing type 2 diabetes mellitus, primary Leydig cell damage, critical illness-related corticosteroid insufficiency, central hypocortisolism, pituitary apoplexy, immune-mediated hypophysitis, diabetes insipidus, sick-euthyroid syndrome, subacute thyroiditis, and bone demineralization and enhanced fracture risk (13).

Finally, multisystem inflammatory syndrome in children (MIS-C), even relatively rare, poses a significant risk to children's health. This post-infectious condition is characterized by multisystem organ dysfunction that can be life-threating (14). With prompt management, most but not all children experience full recovery within weeks after initial presentation (15). However, long-term follow-up studies are limited. Thus, pediatric infectious disease specialists' role is of paramount importance for the coordination of the multidisciplinary approach that is essential for a favorable outcome of patients with MIS-C, but also for post-discharge follow-up.

In conclusion, the past experience on newly introduced infectious disease epidemics, the complexity of most of the post-COVID-19 sequelae and the current lack of in depth-knowledge about many of them are pragmatic arguments indicating that, at least initially, such sequelae require adult or pediatric infectious disease experts as coordinators of a multispecialty management which will lead to optimal HWRA (Figure 1). In later stages, and after stabilization of patient's health, the majority of these sequalae can be approachable by primary care itself.


[image: Figure 1]
FIGURE 1. Multispecialty approach to confront post-COVID-19 sequalae.
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Rationale: This study was conducted to develop, validate, and compare prediction models for severe disease and critical illness among symptomatic patients with confirmed COVID-19.

Methods: For development cohort, 433 symptomatic patients diagnosed with COVID-19 between April 15th 2020 and June 30th, 2020 presented to Tawam Public Hospital, Abu Dhabi, United Arab Emirates were included in this study. Our cohort included both severe and non-severe patients as all cases were admitted for purpose of isolation as per hospital policy. We examined 19 potential predictors of severe disease and critical illness that were recorded at the time of initial assessment. Univariate and multivariate logistic regression analyses were used to construct predictive models. Discrimination was assessed by the area under the receiver operating characteristic curve (AUC). Calibration and goodness of fit of the models were assessed. A cohort of 213 patients assessed at another public hospital in the country during the same period was used to validate the models.

Results: One hundred and eighty-six patients were classified as severe while the remaining 247 were categorized as non-severe. For prediction of progression to severe disease, the three independent predictive factors were age, serum lactate dehydrogenase (LDH) and serum albumin (ALA model). For progression to critical illness, the four independent predictive factors were age, serum LDH, kidney function (eGFR), and serum albumin (ALKA model). The AUC for the ALA and ALKA models were 0.88 (95% CI, 0.86–0.89) and 0.85 (95% CI, 0.83–0.86), respectively. Calibration of the two models showed good fit and the validation cohort showed excellent discrimination, with an AUC of 0.91 (95% CI, 0.83–0.99) for the ALA model and 0.89 (95% CI, 0.80–0.99) for the ALKA model. A free web-based risk calculator was developed.

Conclusions: The ALA and ALKA predictive models were developed and validated based on simple, readily available clinical and laboratory tests assessed at presentation. These models may help frontline clinicians to triage patients for admission or discharge, as well as for early identification of patients at risk of developing critical illness.

Keywords: COVID-19, disease progression, critical illness, prediction model, prognosis


INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a new respiratory infectious disease that was first reported in Wuhan, China and has subsequently spread worldwide. It is estimated that 80% of patients with COVID-19 have mild flu-like symptoms or no symptoms (1). However, up to a quarter of adult patients develop a severe respiratory illness that may progress to respiratory failure with high risk of mortality (2–5). This is causing a significant strain on health services worldwide.

Developing a reliable clinical tool to predict patient outcome at an early stage of the disease would greatly improve the management of patients and also ensure optimal utilization of health care resources. Moreover, early identification of patients with potential critical illness is crucial for early provision of the required supportive care and also appropriate selection for therapeutic trials. Furthermore, recognition of patients with potential non-severe disease is helpful to prompt discharge and alleviate the burden on the healthcare system (2, 3, 5). An ideal triage system in a pandemic setting should be quick, readily available, feasible, and affordable with the latter particularly relevant in resource-constraint setting. Various predictive factors have been evaluated to model disease outcomes in patients with COVID-19 (6–8), however, there are several limitations to the current literature. Firstly, most of these studies are from Chinese, European or American populations, with few or no reports from the Middle East. As the population age structure, socioeconomic status, and prevalence of underlying health comorbidities vary in different population groups, the proposed predicative factors may not be applicable to other populations. This study was conducted in the United Arab Emirates (UAE), which hosts over 200 nationalities, and about 88.5% of the population are expatriates and immigrants from other Middle Eastern and South Asian countries (9). Secondly, a recent critical appraisal and systemic analysis revealed that most published predictive models have significant selection bias and poorly defined predictors and outcomes, as well as lacking calibration and validation, making their generalizability and implementation across different settings and populations questionable (10, 11). Our predictive models were developed in accordance with the TRIPOD statement's recommendations with complete data on disease progression and clearly defined final outcomes (12). Finally, a recent review of the current screening and triage tools for COVID 19 concluded that almost all published validated triage tools rely on resource-intensive laboratory and imaging investigations, limiting their generalizability and utility in low-resource settings (13).

The aim of this study is to predict the risk of progression to severe disease and critical illness in symptomatic adult patients with confirmed COVID-19 infection based exclusively on simple and readily available baseline clinical parameters on initial diagnosis. We developed and validated a three- variable predictive model for severe disease and a four-variable model for critical illness and we compared their diagnostic accuracy with previously published predictive models. To the best of our best knowledge, this is the first study in the Middle East to develop validated predictive models for patients with COVID-19 infection to facilitate early prediction of severe disease and critical illness by measuring clinical and laboratory biomarkers at the time of presentation.



MATERIALS AND METHODS


Participants and Study Design

From the early period of the epidemic, the governmental hospitals in Abu Dhabi adopted an admission policy for all cases of confirmed COVID-19 infection, including non-severe cases, to ensure isolation and also to limit potential viral spread in the community. To identify predictive factors for severe disease and critical illness, we started by reviewing the electronic health records (EHR) of all symptomatic adult patients (≥18 years) with suspected COVID-19 infection at Tawam Hospital, Abu Dhabi Emirate, UAE between 15th of April 2020 and 30th of June 2020. Of the 470 patients with suspected COVID-19, 37 patients had a negative swab and were excluded. Four hundred and thirty-three patients were included in our cohort and all had positive results on real time reverse transcription polymerase chain reaction (RT-PCR) assay of nasopharangeal swab specimens (AllplexTM 2019-nCoV Assay, Seegene Inc., Seoul, Republic of Korea). The results were validated using another cohort of 213 patients presented to another governmental hospital, Al Ain Hospital, Abu Dhabi, UAE during the same period and selected with similar inclusion/exclusion criteria. Our target population and outcomes were clearly defined, and we developed our predictive model using the recommendations and checklist of the TRIPOD statement (12). This study was approved by the Institutional Review Board and the Department of Health Ethical Committee, and written informed consent was waived.



Data Collection

A team of respiratory clinicians reviewed and extracted the data from EHR using a standardized data collection tool. The generated data were checked independently by one clinician to ensure accuracy and consistency. Demographic data, comorbidities, symptoms and signs at presentation, laboratory biomarkers, and outcomes were collected and evaluated. We recorded information on respiratory support (high oxygen supplementation and mechanical ventilation), admission to intensive care unit (ICU), discharge, and death. Comorbidities were identified from the medical history section, previous visits, or at the time of diagnoses. Obesity was defined as a body mass index (BMI) ≥ 30 and was calculated as weight in kilograms divided by height in meters squared. The patients' identities were anonymized, and the data were password protected.



Outcomes

We assessed two primary outcomes: severe disease and critical illness. The outcomes were evaluated longitudinally over the entire study period, not just at the time of the initial testing event. Final outcome of either discharge or death was obtained for all patients in our cohort and there were no censored data.

Severe disease was defined according to the Chinese management guideline for COVID-19 (14), version 6.0 as development of any of the following parameters during admission: respiratory rate ≥ 30/min, resting pulse oxygen saturation (SpO2) ≤ 93%, partial pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2) ≤ 300 mmHg (1 mmHg = 0.133 kPa).

Critical illness was defined as a composite event of death, septic shock or respiratory failure requiring high-level supplemental oxygen or mechanical ventilation (invasive or non-invasive). Almost all critically ill patients were admitted to the intensive care unit (ICU).

The criteria for discharge were absence of fever for at least 3 days, clinical remission of respiratory symptoms, and two negative RT-PCR swabs for COVID-19 obtained at least 24 h apart.



Potential Predictors

We assessed 19 variables as potential predicators in our models based on the patients' demographic data, comorbidities, and laboratory biomarkers. Demographic variables included age, sex, and ethnicity/race. Comorbidities included obesity (according to the most recent BMI), hypertension, diabetes, cardiovascular disease, pulmonary disease (defined by chronic obstructive pulmonary disease or asthma), cerebrovascular disease (CVD), and chronic kidney disease (CKD). We assessed the laboratory biomarkers that have been reported to be commonly altered according to the recent recommendations in a systematic review and critical appraisal (10).

Laboratory biomarkers included the lymphocyte–neutrophil ratio (LN ratio), red cell distribution width (RDW), serum C-reactive protein (CRP), lactate dehydrogenase (LDH), albumin, D dimer and troponin T. The estimated glomerular filtration rate (eGFR) was calculated using CKD-EPI 2009 (15). We included only the first measurement obtained within 3 days of presentation.



Statistical Analysis

The quantitative variables are reported as median and range. Categorical variables are presented as frequencies and proportions. To explore the association of risk factors with severe disease and critical illness, the Chi square test was used.

Univariate and multivariate logistic regression models were used to determine which predictive factors are associated with disease outcomes. All variables with p < 0.10 in the univariate analysis were included in the final multivariable models to determine if each variable is an independent predictor of outcomes. Multiple imputation procedure in IDM SPSS software was used to address the missing laboratory values for RDW (1.4% missing), CRP (2.1%), LDH (2.1%), D dimer (5.3%), eGFR (6.2%), albumin (14.1%), direct bilirubin (30.5%), and troponin T (36.3%). Data were assumed to be missing at random. Five imputations were performed and regression coefficients were pooled using Rubin's rules (16). All the other variables, including the outcome variables, were complete.

The regression analysis results are summarized as relative risk with 95% confidence interval (95% CI) and p-value. P ≤ 0.05 were considered statistically significant. All analyses were carried out using IBM SPSS software (version 27, Chicago, IL, USA).



Statistical Prediction Models

The predictive models were constructed using predefined protocols according to the TRIPOD guidelines.



Selection of Predictive Factors

We built our prediction models using a logistic regression model for the dichotomous outcomes of interest: disease severity and critical illness. Variables that strongly associated with the outcome of interest during stepwise multivariate analysis were selected for building the prediction model. Covariates that improved the performance of the model were included in the final model. The statistical assumptions of linearity for the model were met.



Discrimination

Discrimination is the predictive accuracy of a model and is a measure of its ability to distinguish between those with and those without the outcome. This was assessed with concordance statistic (C statistic) by measuring the area under the receiver operating characteristic curve (AUC), which ranges from 0.5 to 1. AUC ≥ 0.7 was considered acceptable, whereas an AUC between 0.8 and 0.9 indicated excellent diagnostic accuracy.



Calibration

Calibration refers to the agreement between the observed and predicted number of outcomes, and it measures the goodness of fit. The calibration was assessed by plotting the predicted risk of outcome on the x-axis against the observed risk of outcome on the y-axis. Further assessment of goodness of fit was performed by applying the Hosmer–Lemeshow test, which determines if the difference between the observed and predicted risks is significant or not. A p ≤ 0.05 was considered indicative of model lack of fit.



Validation

To examine the prediction model's reproducibility and generalizability, we validated our predictive models on a validation cohort from Al-Ain hospital, Abu Dhabi, UAE. The predictive variables required to calculate risk score were collected from the validation cohort and the AUC was calculated.




RESULTS


Characteristics of the Patients

Of 470 patients triaged for suspected COVID-19 infection, 433 patients with a positive nasopharyngeal swab RT-PCR were included in the study. The median age was 48 years (range 18–90 years), and 99 patients (22%) were females. The disease was severe in 186 patients (43%). All 247 patients with non-severe disease recovered and were discharged. Of the 186 patients with severe disease, 93 patients developed critical illness, with 75 patients required mechanical ventilation. The other 18 patients received non-invasive ventilation support. The median time from admission to invasive mechanical ventilation was 5 days (range 1–21). The median time from mechanical ventilation to death was 7 days (range 1–29 days). Figure 1 illustrates the recruitment of participants and their final outcomes.


[image: Figure 1]
FIGURE 1. Flow diagram of patient selection, categorization, and outcome.


The most prevalent comorbidities were hypertension (34.6%), diabetes mellitus (33.7%), cardiovascular disease (11.3%) and CKD (8.8%). Non-Emirati patients represented 84.1% of the study sample, reflecting the national demographic composition. Asians were the most prevalent ethnic group (65.5%). Arabs were the second most prevalent ethnic group (32.1%) and Africans were the minority (2.4%). BMI was available for 363 patients, 129 (35%) of whom were obese with BMI ≥ 30. Patients with severe disease/ critical illness were more likely to have comorbidities than patients with non-severe illness. The most significant comorbidities were diabetes (40.3 vs. 28.7%), CKD (16.1 vs. 6.5%), and CVD (6.5 vs. 0.8%).

The most common clinical symptoms were fever (84.3%), cough (70.2%), shortness of breath (51.2%), fatigue (39.5%), sore throat (17.3%), and chest pain (17.1%). Median duration of symptoms was 4 days (range 1–15 days).



Predictors of Severe Disease

In univariate analysis, severe disease was significantly associated with increasing age, being male, diabetes, CKD, and CVD, as well as with low LN ratio, serum albumin, and eGFR. Severe disease was also associated with high RDW, CRP, LDH, D-dimer, troponin T, and direct bilirubin. Severe disease was not associated with ethnic origin, hypertension, cardiovascular disease, pulmonary disease, or BMI.

In stepwise multivariate logistic regression analysis, severe disease was significantly associated with increasing age, male gender, and high RDW, LDH, CRP and D dimer, and with low LN ratio and albumin (Table 1).


Table 1. Univariate and multivariate regression analysis of predictive factors of severe COVID-19, critical illness, and in-hospital mortality.
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Predictors of Critical Illness

In univariate analysis, critical illness was significantly associated with older age, diabetes, CKD and CVD, with lower LN ratio, albumin and eGFR, and with high RDW, CRP, LDH, D-Dimer, and direct bilirubin. Critical illness was not associated with gender, ethnic origin, hypertension, CVD, pulmonary disease, BMI, or serum troponin T.

In stepwise multivariate logistic regression analysis, critical illness was significantly associated with older age, being male, and high RDW, LDH, CRP, D dimer, and direct bilirubin, as well as with low LN ratio, albumin, and eGFR (Table 1).



Prediction Models of Outcomes


Prediction Model for Severe Disease

Three variables at presentation showed the best discriminating ability in predicting severe disease in patients with COVID-19 infection, namely, age, serum LDH, and serum albumin (ALA model). These three variables had an AUC of 0.881 (95% CI, 0.868–0.893), indicating excellent discrimination (Figure 2). The calibration plot indicated that the predicted probabilities matched the actual probabilities, suggesting very good calibration. The p-value for the Hosmer-Lemeshow test was 0.375, indicative of good fit.


[image: Figure 2]
FIGURE 2. (A) Calibration and (B) area under the receiver operating characteristic curve (AUC) of predicting severe disease in patients with COVID-19 infection. AUC = 0.881 (95% CI, 0.868–0.893).




Prediction Model for Critical Illness

In this model, four variables were selected to predict critical COVID-19 illness at presentation. These factors, age, serum LDH, kidney function (eGFR) and serum albumin (ALKA predictive model), showed accurate discrimination, with an AUC of 0.851 (95% CI, 0.835–0.867, Figure 3). The calibration plot showed that predicted probabilities were very close to the observed probabilities, consistent with very good calibration. The p-value for the Hosmer-Lemeshow test was insignificant at 0.118, in keeping with good fit.


[image: Figure 3]
FIGURE 3. (A) Calibration and (B) area under the receiver operating characteristic curve (AUC) of predicting critical illness in patients with COVID-19 infection. AUC = 0.851 (95% CI, 0.835–0.867).





Construction of the Risk Score and Web-Based Calculator

Equations for predicting the risks of severe disease and critical illness in individual patients were constructed based on the fitted risk models. Web-based calculators are available online (https://covidriskscore.000webhostapp.com/).

The prediction equation to assess an individual patient's severe disease risk score = – 0.96 + 0.03 (age, years) + 0.011 (LDH, U/L) – 0.13 (albumin, g/L).

The prediction equation to estimate the critical illness risk score = – 1.69 + 0.039 (age, years) + 0.005 (LDH, U/L) – 0.095 (albumin, g/L) – 0.008 (eGFR, ml/min/1.73 m2).



Validation

The validation cohort included 213 patients with median age of 42 years (range 18–82 years), 38 were females (17.8%). Sixteen patients developed severe disease and subsequently progressed to critical illness (7.5%). Of the 16 patients who developed critical illness, 3 patients died (18.7%).

The most prevalent comorbidities were hypertension (22.5%), diabetes mellitus (21.1%), cardiovascular disease (3.7%), and CKD (2%).

The accuracy of the models' prediction of disease severity and critical illness were comparable to the development cohort, with an AUC of 0.911 (95% CI, 0.832–0.990) and 0.899 (95% CI, 0.806–0.992), respectively, indicating excellent discrimination (Figure 4).


[image: Figure 4]
FIGURE 4. Area under the receiver operating characteristic curve (AUC) of predicting severe disease (A) and critical illness (B) in the validation cohort. AUC = 0.911 (95% CI, 0.832–0.990) and 0.899 (95% CI, 0.806–0.992), respectively.




Comparison With Previously Published Models

Our ALA predictive model showed a high discriminatory performance (AUC, 0.88, 95% CI, 0.868–0.893) which outperformed the exiting HNC-LL score model (AUC, 0.85, 95% CI, 0.82–0.89) and the NLR model (AUC, 0.71, 95% CI, 0.659 to −0.759).

Similarly, the ALKA predictive model demonstrated a higher diagnostic accuracy (AUC, 0.851, 95% CI, 0.835–0.867) compared to the existing predictive model of critical illness published by Zhang et al. (AUC, 0.74, 95% CI, 0.66 to −0.82).




DISCUSSION

We developed and validated models to predict disease outcomes in adult patients with confirmed COVID-19 infection. As the clinical course of the disease is unpredictable, COVID-19 infection continues to pose serious challenges to the healthcare systems globally. Identifying patients who are at risk of developing severe disease will enable informed decisions about admission and discharge as well as proper healthcare resource utilization. Furthermore, early recognition of patients at risk of critical illness and possibly death will improve patient monitoring and timely initiation of the required level of care and support. One of our models' key features is that they utilize simple, readily available clinical parameters that can be assessed at the time of presentation. The development of our predictive models in a unique cohort of patients with both severe and non-severe illness at the time of initial presentation is another major strength.

We found that increasing age is a strong predictor of severe disease and critical illness. During aging, major changes occur in the immune system, collectively described immunosenescence, a condition characterized by declining immune functions (17). These changes include T-cell and B-cell dysfunction as well as excess production of type 2 cytokines, which could lead to uncontrolled viral replication, proinflammatory responses, and poor outcome (18).

The median age of our cohort was 48 years, which is lower than reported in other studies of American, European, and Chinese populations, reflecting demographic differences between these populations (19–22).

In our cohort, elevated serum LDH and low serum albumin at presentation were strong independent predictors of severe disease and critical illness. In patients with severe infection, elevated levels of LDH are attributed to the release of the intracellular content when the integrity of the cell membrane is compromised, such as in virally induced pulmonary damage. Additionally, LDH levels can be elevated in patients due to cytokine-mediated multiple organ injury (23, 24). In a pooled analysis of 1,532 patients with COVID-19 infection, elevated LDH levels were associated with a six-fold increase in the probability of developing severe disease and a 16-fold increase in the probability of death (24). Similarly, Muhammad et al. reported increased in-hospital mortality in COVID-19 patients with elevated LDH (25).

There are a few hypotheses regarding the cause of hypoalbuminemia in patients with severe COVID-19 infections. First, hypoalbuminemia is a recognized biomarker of acute and chronic inflammation. Moreover, essential amino acid consumption due to viral replication, transcriptional inhibition and albumin clearance might play a role in albumin depletion. Furthermore, reduced albumin synthesis by the liver and increased microvascular permeability and consequent redistribution of albumin into extravascular compartments have also been suggested to contribute to hypoalbuminemia (26). Albumin has strong anti-inflammatory, antioxidant and anticoagulation properties, so hypoalbuminemia can have prothrombotic effects with an increased risk of arterial and venous thrombosis in different clinical settings (27, 28).

We showed that eGFR on presentation was an independent predictor of critical illness in patients with COVID-19. It has been reported that expression of angiotensin-converting enzyme 2 (ACE2), the major cell entry receptor for SARS-CoV-2, is almost 100 times higher in the kidneys than in the pulmonary parenchyma (29). Acute kidney disease in patients with COVID-19 is caused by several factors, including direct cytopathic effects on kidney tissue, endothelial damage, deposition of immune complexes, and virus-induced cytokines (30). Several studies have shown higher mortality in patients with CKD. Cheng et al. reported that during hospitalization of patients with COVID-19, there is a high prevalence of kidney disease on admission, and that the development of acute kidney injury is frequent and is associated with in-hospital mortality. Guan et al. found that mortality and ICU admission rates of patients with raised serum creatinine were higher than in patients with normal serum creatinine level (9.6 vs. 1%). Lim et al. reported that the development of acute kidney injury is more strongly associated with severe clinical outcomes and mortality in patients with chronic kidney disease (20, 30, 31).


Predictive Model of Severe Disease (ALA Model)

To predict severe disease at presentation in adult patients with COVID-19 infection, we developed a predictive model using three readily available clinical parameters (age, serum LDH, and albumin).

Our cohort included all symptomatic patients with both severe and non-severe COVID-19, as early on in the pandemic, the initial strategy in the country was to hospital isolate all confirmed positive cases to control the spread of the disease. All patients in our cohort who were predicted to have a course of non-severe illness at initial presentation were discharged without developing critical illness. Therefore, the ALA predictive model can be a useful tool for triaging patients with COVID-19 infection for admission or discharge.

The utility of the previously published models on predicting the risk of progression to severe COVID-19 and early identification of patients requiring hospital admission is limited (32–35). The COVID-19 vulnerability index model (CV19) has a serious limitation, as it was developed using proxy events and outcomes from non-COVID-19 pneumonia patients (32). The other predictive model developed by Meng et al. relies on subjective clinical symptoms such as breathlessness and serum biomarkers that are not readily available in the emergency department setting, e.g., serum interleukin 6 (35). We compared the accuracy of our ALA predictive model with other existing predictive models of severe disease. We applied the corresponding variables of the HNC-LL score model, hypertension, neutrophil count, serum CRP, lymphocyte count, and serum LDH, developed by Xiao et al. and the neutrophil-to-lymphocyte ratio (NLR) model developed by Liu et al. to our cohort (33, 34). We found that the discriminatory performance was lower for the HNC-LL model and the NLR model compared to our ALA predictive model. Noteworthy is that the HNC-LL and NLR models have been shown to outperform the CURB-65 and MuLBSTA scoring systems (33, 34).



Predictive Model of Critical Illness (ALKA Model)

In this model, we developed a scoring system to predict critical illness using four readily available parameters: age, serum LDH, kidney function (eGFR), and serum albumin. We would like to emphasize the importance of the timing of measurement in this model, as we focused exclusively on baseline assessment of the predictive variables at presentation. Therefore, this model could become an important tool for clinicians to identify patients, at or soon after admission, who are at risk of developing a critical illness. This is of paramount value in providing early high-level support and early intervention.

Several previous studies have reported risk prediction models of critical illness and in-hospital mortality based on demographic data, clinical findings and laboratory biomarkers assessed at the time of hospital admission or following transfer to ICU. Most of the studies have been from Chinese, European or American populations, with few reports from the Middle East (10, 36–43).

The previously reported predictive models have several limitations. Firstly, up to 10 predictive variables were employed, and some studies included subjective symptoms or laboratory biomarkers that are not readily available (10, 33–35, 39). In our model, we assessed the laboratory markers that have been reported to be commonly altered according to recent recommendations based on systematic review and critical appraisal (10). The predictive variables we selected are simple, readily available, and can be accurately measured.

Secondly, some studies measured their predictors at an inappropriate time, which may have influenced the outcomes (8, 19, 44, 45). Measuring variables not at presentation but later at their peak during ICU admission may lead to a look-ahead bias. As mentioned above, our predictive parameters are part of the baseline assessment at presentation, and the models can provide an early score of critical illness risk while avoiding look-ahead bias.

Thirdly, study participants were often excluded because they did not develop the outcome at the end of the study, which means that the final outcome was not determined. This generates a highly selected study sample (46). In our cohort, the end points and the outcome measures were clearly defined, and all our patients had a final outcome of either discharge or progression to critical illness.

Finally, some of the previously published predictive models lacked calibration and validation. Calibration, which measures the goodness of fit, refers to the agreement between the observed and predicted outcomes. Validation refers to the process of confirming that the model actually achieves its intended purpose, and it ensures the model's reproducibility. We strictly followed TRIPOD guidelines, including discrimination, calibration and validation of the predictive models. Our models showed good fit and were validated with a separate validation cohort from another governmental hospital to ensure generalizability to all the UAE population, and probably to other nearby countries in the region.

We compared the discriminatory power of our ALKA model with the predictive model published by Zhang et al. which share two common predictive variables, age, and serum LDH with our ALKA model (41). Applying Zhang et al. model's predictive variables to our cohort showed a lower discriminatory power compared to our ALKA model. We were unable to evaluate the discriminatory performance of other previously published predictive models that utilized computed tomography findings, large numbers of parameters, or several uncommonly measured clinical and laboratory biomarkers.

Discussing prognostic triage tool for COVID 19 is not complete without referring to artificial intelligence (AI). There is no doubt that AI has the potential to transform how health care is delivered and it is becoming a more widely tested tool for emergency room triage including patients with COVID-19 infection. Many studies have investigated AI applications for diagnostic and prognostic triage of COVID 19 patients during the pandemic. However, the science behind the AI algorithm is deep and highly complex and it has the potential to suffer from a host of shortcomings, including bias and inapplicability outside of the training domain (47). A recent review of over 400 diagnostic and prognostic AI triage tools for COVID 19 infection highlighted serious methodological and reporting flaws that jeopardize reproducibility, generalizability, and usability for clinical practice (48). The utility of the best performing machine learning-based algorithm model was limited by using large number of unreadily available clinical parameters rendering it impractical in resource-constrained settings (49).

Our study has several limitations. Firstly, it was retrospective and all the data were collected from case records. Therefore, important information such as history of comorbidities might have been missed and some laboratory parameters were not available. To account for missing data, we used multiple imputations. Secondly, we limited our cohort to symptomatic patients with confirmed COVID-19 at presentation, potentially excluding patients with milder illness who did not seek medical advice. Thirdly, the number of patients included in the analysis was small, which may limit the interpretation of our model. Larger prospective studies are required to confirm our findings. Finally, predictive models need to be externally validated in other datasets to determine whether these models are generalizable to other cohorts outside the UAE. Given that our study was done early in the pandemic and the cohort was almost entirely comprised of unvaccinated patients, it would be interesting to test the ALA and ALKA models in vaccinated patients with breakthrough COVID-19 infection, to assess their validity.




CONCLUSIONS

Age, serum LDH and serum albumin are independent predictors of severe disease in patients with COVID-19 infection. In addition to these three predictor factors, eGFR is another strong independent predictor of critical illness. We developed and validated two simple, accurate predictive models (ALA and ALKA) to stratify patients at presentation into non-severe, severe or critical illness. The ALA scoring system may provide frontline clinicians with a useful tool to triage patients for admission and discharge. The ALKA scoring system may allow early identification of patients at risk of developing critical illness and therefore may enable very close monitoring and early active treatment. The predictive parameters in these two models are simple and readily available and can be easily incorporated into EHR as a clinical decision support tool. External validation of these two predictive models using a larger cohort is suggested.
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Diagnosis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) during border screening among returning residents and prioritized travelers during the early phase of a pandemic can reduce the risk of importation and transmission in the community. This study aimed to compare the accuracy of various SARS-CoV-2 diagnostics and assess their potential utility as border screening for infection and immunity. Systematic literature searches were conducted in six electronic databases for studies reporting SARS-CoV-2 diagnostics (up to April 30, 2020). Meta-analysis and methodological assessment were conducted for all included studies. The performance of the diagnostic tests was evaluated with pooled sensitivity, specificity, and their respective 95% confidence intervals. A total of 5,416 unique studies were identified and 95 studies (at least 29,785 patients/samples) were included. Nucleic acid amplification tests (NAAT) consistently outperformed all other diagnostic methods regardless of the selected viral genes with a pooled sensitivity of 98% and a pooled specificity of 99%. Point-of-care (POC) serology tests had moderately high pooled sensitivity (69%), albeit lower than laboratory-based serology tests (89%), but both had high pooled specificity (96–98%). Serology tests were more sensitive for sampling collected at ≥ 7 days than ≤ 7 days from the disease symptoms onset. POC NAAT and POC serology tests are suitable for detecting infection and immunity against the virus, respectively as border screening. Independent validation in each country is highly encouraged with the preferred choice of diagnostic tool/s.

Keywords: diagnostic accuracy test, systematic review, acute respiratory infection, COVID-19, molecular test, serologic test, sensitivity and specificity


INTRODUCTION

Rapid and accurate diagnosis of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infection is crucial to contain the spread and inform clinical decisions to manage the patients' coronavirus disease 2019 (COVID-19) disease severity (1, 2). Diagnostics play an essential role during the border screening to prevent importation and transmission in the community. Many countries have implemented travel restrictions, such as the closure of borders or limiting entry into the country, to control the spread (3). However, these are unsustainable measures as the pandemic evolves over time (4, 5).

Active border screening of SARS-CoV-2 contributes to minimizing potential community transmission from the importation of cases and assist in priority travel. These screening tests may come in different forms. First, it could be via nucleic acid amplification tests (NAAT) which involve detection of viral genome in nasopharyngeal and oropharyngeal swabs through reverse-transcription PCR (RT-PCR). This is currently the reference standard for the diagnosis of SARS-CoV-2 infection. Tests typically target the envelope (E), nucleocapsid (N), spike (S), RNA-dependent RNA polymerase (RdRp), and open reading frame 1 (ORF1) genes (6). Second, it could be via serology tests, which involve the detection of IgM and IgG antibodies against SARS-CoV-2 in the blood typically 6–7 days after disease onset (7). These antibodies are likely to remain detectable in the blood even after at least 8 months (8, 9). Third, it could also be via chest imaging, screening suspected patients for features of COVID-19 infection as RT-PCR was limited during the early pandemic (10). As PCR performance and capacity improves, imaging can be reserved to diagnose and monitor patients with severe condition or poorer prognosis (10). Incorporating artificial intelligence into imaging gives rise to another potential diagnostic test as it increases diagnosis efficiency and accuracy, especially during the very early pandemic phase (10).

Currently, there are limited systematic and comprehensive assessments on the progress and status of diagnostic tests development at the very early phase of the COVID-19 pandemic for border screening (11, 12). Therefore, this review aimed to compare the accuracy of different diagnostic tests (molecular, serology, clinical features, point of care testing, and imaging) and assess their potential utility as border screening for infection and immunity against SARS-CoV-2.



MATERIALS AND METHODS


Search Identification and Selection

This study was conducted with reference to Cochrane's Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Systematic searches were conducted in PubMed, Cochrane Library, Scopus, and Embase databases for published literature, and BioRvix and medRvix databases for grey literature on April 30, 2020. Since no restriction was set on the time period, the search timeline was from the point of database inception to April 30, 2020. The search keywords such as “COVID-19,” “2019-ncov,” “SAR-CoV-2,” “diagnos*,” “polymerase chain reaction,” “serology,” “point of care,” “computed tomography,” “sensitivity,” and “specificity” were used to identify and extract articles that assessed diagnostic accuracy of existing COVID-19 diagnostic tools as presented in Supplementary Tables S1, S2. Reference lists of relevant reviews were hand-searched to identify any additional studies.

The screening was done in duplicate by three authors (PEYC, MXW, SXWG). Identified publications were hierarchically screened according to the following criteria, and included in the review if they fulfilled all criteria:

1. Population: Cases are laboratory-confirmed COVID-19 patients with no restriction on the countries, race, age group, and severity. No restriction on control definitions, which may or may not be tested for COVID-19. Controls in this review include (i) laboratory-confirmed negative COVID-19 negative patients, (ii) pre-pandemic controls without clinical suspicion of COVID-19, (iii) controls with other confirmed infections, or (iv) healthy controls.

2. Intervention/exposure: Diagnostic tests (including Point-of-Care tests) to identify and/or confirm SARS-CoV-2 infection; no restriction on the time points of the infection and sampling sites. Diagnosis tests for prognosis will be excluded.

3. Outcome: Clinical sensitivity and specificity.

4. Comparator: SARS-CoV-2 samples or patients confirmed by nucleic acid tests or next-generation sequencing.

Disagreements were discussed with the fourth author (JP) to reach a final consensus. This review defines the reference standard test as either PCR or sequencing. Point-of-care (POC) diagnostics are defined primarily as tests that can be conducted at the point of patient care, outside laboratory settings. Titles and abstracts of extracted studies were first assessed for relevance before full texts of relevant studies were retrieved further screening with the above criteria. If available, published versions of included preprint studies were used for data extraction. A PRISMA flow diagram of the study selection process is shown in Figure 1.
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FIGURE 1. Flow diagram of study selection.




Data Extraction

A developed data extraction form was pilot tested with a subset of eligible studies and the finalized form consolidated the following information from each study: author, country of conduct, study and population characteristics, the type of index diagnostic test, and their criteria/cut off, and outcome measures. Outcome measures include true positive (TP), true negative (TN), false positive (FP), false negative (FN), sensitivity, specificity, and any other key findings.

Each index test assessed in included studies was extracted as an individual study, i.e., if multiple index tests were examined in a single study using the same/overlapped population/samples, each index test was considered an independent study with its own dataset. In studies assessing outcomes with control groups, controls tested by the reference test will be preferred, otherwise, a generalizable control such as a healthy population will be selected. In addition, the per-patient and high-performance outcomes will be preferred if alternative data were reported. Lastly, only validation and test set results were extracted from studies assessing diagnostic models or artificial intelligence (AI) trained programs. The summary of findings is presented in Supplementary Tables S3A,B, S12.



Quality Assessment

The methodological quality of included studies was evaluated with Quality Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2). The original tool includes 14 items assessing the risk of bias, sources of variation, and reporting quality; possible responses to each item were “yes,” “no,” or unclear”(13). Signaling questions and their scoring were adapted from Deeks et al. (14) and McInnes et al. (15) and modified to suit this review. The questions are presented in Supplementary Table S4. Studies were assessed for risk of bias in four domains: patient selection, index test, reference test, and flow and timing. The risk of bias in each domain will be rated for each study; possible domain ratings are low, unclear, or high risk of bias.

Quality assessment was conducted in duplicate by PEYC, MXW, and SXWG. Discrepancies were resolved by consensus with J.P. before moving on to the next stage of analysis.



Statistical Analysis

The main outcome compared the accuracy of diagnostic tests with different working principles: (i) nucleic acid amplification test excluding sequencing (NAAT), (ii) NAAT POC tests, (iii) sequencing, (iv) serology, (v) serology (POC), (vi) imaging, (vii) imaging with artificial intelligence (AI), (viii) clinical and/ or laboratory features model, and (viii) combination of diagnostic tests. Serology tests (including POC tests) were analyzed based on the detection of immunoglobulin G (IgG), immunoglobulin M (IgM), IgG and/or IgM, and antibodies (Ab). Subgroup analysis was further conducted according to the following: (i) duration of samples collected from the onset of symptoms, early ( ≤ 7 days) and late (≥ 7 days) phase for serology and serology (POC); (ii) gene targets of NAAT and NAAT (POC); (iii) sample collection from different specimen sites for NAAT and NAAT (POC); (iv) differential performance of diagnostic tests on symptomatic and asymptomatic individuals; (v) geographical regions where studies were performed, based on Asia, China, America, and Europe.

For studies with incomplete data, TN, TP, FN, and FP were calculated based on the 2 × 2 table or as much as possible, the inbuilt calculator in Review Manager 5.3. Bivariate analysis was conducted with the provided TN, TP, FN, and FP to generate sensitivity, specificity, diagnostic odds ratio (DOR), and the summary receiver operating characteristic curves (SROC) with their corresponding 95%CI.

In the comparison of diagnostic accuracy across different working principles, forest plots included studies reporting both sensitivity and specificity. Subgroup analyses included studies reporting either one or both sensitivity and specificity. In the subgroup analysis on symptomatic and asymptomatic patients, specificity was not pooled as controls did not display COVID-19 symptoms and cannot be stratified. Continuity correction was performed for DOR and SROC, and sensitivity and specificity when necessary.

Sensitivity, defined as TP/(TP+FN), indicates the proportion of positive cases that the test correctly identifies in COVID-19 subjects (12). Specificity, defined as TN/(TN+FP), indicates the proportion of negative results a test correctly identifies in non-COVID-19 samples (12). The calculation of DOR and SROC utilized both sensitivity and specificity (16). A high DOR indicates good diagnostic accuracy. The area under the curve (AUC) of SROC—which reflects the overall performance of the test—was also calculated. An AUC of one indicates a perfect test.

The I2 statistic and Cochrane test were used to evaluate statistical heterogeneity. Heterogeneity was characterized as minimal (<25%), low (25–50%), moderate (50–75%), or high (>75%) and significant if p < 0.05. The publication bias for the included studies was assessed through Deek's funnel plot asymmetry test. The slope coefficient with p < 0.10 indicated a significant asymmetry. Meta-analysis was conducted. However, this study prioritized and only discussed pooled estimates derived from three or more studies. Full meta-analysis results can be found in the Supplementary Material. Publication bias was conducted when there were more than two studies available.

The R software (mada package: R Foundation for Statistical Computing, Vienna, Austria) and Review Manager 5.3 (RevMan) [Computer program]. The Cochrane Collaboration, 2020.




RESULTS


Screening Results and Characteristics of Included Studies

A total of 5,416 unique studies were screened for relevance with their titles and abstracts. Subsequently, 5,221 studies and 100 studies were respectively excluded in the primary and the full-text screening. Studies excluded during full-text screening can be found in Supplementary Table S5. Of the 95 studies eventually included in this review, 85 studies were included in the meta-analysis.

The 95 included studies involved a total of at least 29,785 patients/samples. At least 11 studies recruited asymptomatic patients. Studies included in this review were mostly conducted in China (n = 56), Italy (n = 10), and the United States (n = 6). There were three studies each from Hong Kong and the Netherlands, and two studies each from Japan, the United Kingdom, and Germany. One study was conducted each in South Korea, Slovenia, Spain, Taiwan, France, Canada, Belgium, Sweden, and Denmark. There was one study conducted across two countries, in China and US.



Comparison Between Diagnostic Tests

A total of 77 unique studies provided all required data and were included in the main comparison of different diagnostic methods tests in the following Table 1, Figure 2, and Supplementary Figure S1. Of all diagnostic methods compared, NAAT (n = 34) and NAAT (POC) (n = 9) have the highest accuracy in identifying the true positive and negative individuals in their samples: sensitivity [NAAT: 98%, 95%CI: 95–99%; NAAT (POC): 97%, 95%CI: 91–99%] and specificity [NAAT: 99%, 95%CI: 98–100%; NAAT (POC): 100%, 95%CI: 92–100%].


Table 1. Pooled estimates for the different diagnostic tests.
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FIGURE 2. Forest plot on diagnostic accuracy test. Sensitivity and specificity for (A) NAAT, (B) NAAT (POC), (C) serology IgG, (D) serology IgM, (E) serology IgG (POC), (F) serology IgM, and (G) Imaging (AI).


Serology tests were generally less sensitive (range 55–98%), while specificity remained high (range 95–100%), depending on the test's targeted antibody. The number of tests with the respective targeted antibody/antibodies was summarized in Table 1. Serology tests concurrently detecting for IgG and/or IgM antibodies (n = 11; 89%, 95%CI: 82–93%) was the most sensitive, i.e., accurate in identifying true positives, followed by detecting for IgM only (n = 16; 81%, 95%CI: 71–88%), IgG only (n = 16; 78%, 95%CI: 64–88%), and for both IgG and IgM (n = 4; 55, 95%CI: 43–67%). Sensitivity for tests detecting unspecified Ab antibodies (96%, 95%CI: 91–98%) was also relatively high. Two serology studies involving IgA antibodies had high sensitivities of 93 and 99%, with a high specificity of 93 and 98% respectively. Overall, serology (POC) has low pooled sensitivity ranging from 40 to 69%, albeit high pooled specificity ranging from 95 to 99%.

Antigen test (POC) has a comparative sensitivity 98%, 95%CI: 90–100% and specificity 100%, 95%CI: 89–100% with NAAT (POC). However, this was based on a single study.

The incorporation of AI into diagnostic imaging (n = 10; 89%, 95%CI: 84–93%) resulted in superior sensitivity compared to conventional imaging alone (n = 8; 82%, 95%CI: 65–91%). Likewise, imaging (AI) had relatively high specificity of 93%, 95%CI: 87–96% as compared to conventional imaging (62%, 95%CI: 47–75%). Diagnostics based on clinical and/or laboratory features (n = 4) ranked between imaging (AI) and imaging with its pooled sensitivity of 86% (95%CI: 75–92%) and specificity of 84% (95%CI: 72–92%).

While outperforming conventional imaging, clinical/laboratory feature-based diagnostics still fell below AI incorporated imaging. Nonetheless, imaging methods generally had better sensitivity than most serological methods detecting IgG/IgM.

The use of laboratory-based serology methods together with POC serology for IgG, IgM, and Ab respectively increased sensitivity to 94–99%. However, only one study reported the use of this approach and results should be interpreted with caution.

Sequencing results from two studies were highly sensitive at 100%, but specificity was inconclusive with one study at 43% and the other at 0%. Inconclusive specificity resulted from the non-inclusion of controls in the study sample, while 0% specificity resulted from the novel test's inability to accurately identify true negatives, i.e., controls from the sample. This could be due to the low number of controls (n=4) present in the small study sample of 13 individuals.



Serology and POC Serology in Early and Late Phases of the Disease

In the subgroup analysis according to disease onset shown in Figure 3, Supplementary Table S6, and Supplementary Figures S2, S3, laboratory-based serology and POC serology had higher sensitivity in samples taken in the late phase (≥ 7 days) compared to samples taken in the early phase ( ≤ 7 days) of the disease symptoms onset. The pooled sensitivity estimates are as follows; IgG: 91% (95%CI: 81–96%) vs. 47% (95%CI: 29–67%); IgM: 85% (95%CI: 75–91%) vs. 43% (95%CI: 26–62%); IgG and/or IgM (POC): 83% (95%CI: 76–88%) vs. 27% (95%CI: 16–43%); IgG (POC): 69% (95%CI: 48–84%) vs. 5% (95%CI: 2–15%), and IgM (POC): 41% (95%CI: 11–80%) vs. 18% (95%CI: 10–32%). Pooled sensitivity of serology on samples taken during the late phase was 91% (95%CI: 89–93%) for IgG and/or IgM, and 97% (95%CI: 93–99%) for unspecified Ab. Comparison of sensitivity between disease phases was not possible as meta-analysis was limited by the presence of only 2 studies in the early phase period. Their sensitivities are as follows: IgG and/or IgM (67 and 51%) and Ab (64 and 38%). Specificity in POC during the early and late phases could not be compared, as most early phase categories comprised only two studies. The pooled specificities of samples taken during late phase are as follows: IgG and/or IgM (POC): 98% (95%CI: 33–100%); IgG (POC): 77% (95%CI: 15–98%), and IgM (POC): 92% (95%CI: 44–99%). The specificity estimates of early phase studies excluded from the meta-analysis are: IgG and/or IgM (78 and 56%), IgG (89 and 56%), and IgM (100 and 78%). The remaining categories comprised only 1 study and were similarly excluded from the meta-analysis. The specificity of serology tests across stages was not comparable due to the limited studies reporting specificity in the early phase.
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FIGURE 3. Forest plot on sensitivity of serology test in early and late phases of disease. (A–G) Pooled sensitivity for early phase: (A) IgG and/or IgM, (B) IgG, (C) IgM, (D) Ab, (E) IgG and/or IgM (POC), (F) IgG, and (G) IgM. (H–N) Pooled sensitivity for late phase: (H) IgG and/or IgM, (I) IgG, (J) IgM, (K) Ab, (L) IgG and/or IgM (POC), (M) IgG, and (N) IgM.




Symptomatic and Asymptomatic Patients

A comparative analysis of different tests [serology, serology (POC), NAAT, and imaging] was performed between symptomatic and asymptomatic patients. However, the subgroup analysis was limited by the small number of studies involving asymptomatic patients; serology (POC) IgG and/or IgM, serology (POC) IgG and imaging each only had one study with asymptomatic patients. Diagnostic tests were suggestive to be more sensitive in symptomatic patients than asymptomatic patients, as presented in Supplementary Table S7, Supplementary Figure S4, and Figure 4. In terms of the serological detection of IgG/IgM, sensitivities ranged from 74 to 90% in symptomatic patients—[IgG and/or IgM: 90% (95%CI: 80–95%), IgG and IgM: 74% (95%CI: 11–98%); IgG: 82% (95%CI: 73–89%); IgM: 82% (95%CI: 73–88%)]. The pooled sensitivity of the aforementioned tests on asymptomatic patients was not analyzed due to the presence of only two studies for each. Their respective sensitivities are as follows: serology IgG and/or IgM (100% for both), IgG and IgM (50 and 0%), IgG (100 and 0%), and IgM (100 and 50%). Sensitivities of IgG/IgM detection by serology (POC) in symptomatic patients ranged from 45 to 66%; IgG and/or IgM: 66% (95%CI: 41–84%); IgG: 62% (95%CI: 26–88%); IgM: 45% (95%CI: 17–76%). The pooled sensitivity of IgM (POC) on asymptomatic patients was not analyzed due to the presence of only two studies reporting sensitivities of 39 and 100%. The pooled sensitivities of NAAT and imaging for symptomatic patients are 99% (95%CI: 84–100%), and 82% (95%CI: 67–91%) respectively. NAAT studies on asymptomatic patients that were not included in the meta-analysis had sensitivities of 100%.
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FIGURE 4. Forest plot on diagnostic test accuracy between symptomatic (left) and asymptomatic (right) patients. (A) NAAT, (B) serology IgG and/or IgM, (C) serology IgG and IgM, (D) serology IgG, (E) serology IgM, and (F) serology IgM (POC).




Diagnostic Accuracy Across Different Geographical Locations

Studies were categorized into four groups—Asia (excluding China), America (the United States and Canada), China, and Europe (France, Germany, Denmark, Italy, Netherland, Slovenia, Spain, and the United Kingdom). Diagnostic accuracies were compared across the four groups. The performance of NAAT was comparable in terms of estimates, and consistently outperformed most of the other diagnostic methods regardless of region. Meta-analysis comprised predominately of serology IgG used in China observed pooled sensitivity of 80% and a pooled specificity of 97%; pooled sensitivity and specificity of serology (POC) IgG and/or IgM was 80 and 88%, respectively. Other model-based diagnostic methods in China had sensitivity ranging from 85 to 92%, and specificity ranging from 56 to 94%. Serology performance in Europe was only available for IgG, giving a pooled sensitivity of 79% (lower than in China's studies) and specificity of 97%. Serology (POC) IgG and/or IgM in Europe had pooled sensitivity 67% (lower than in China's studies) and a pooled specificity of 97%. Asia (excluding China) and America are limited by the small number of studies. Further details can be found in Supplementary Figure S5 and Supplementary Table S8.



Gene Target

The diagnostic performance of individual genes, N, ORF1, S, RdRp, E, and non-structural protein 2 (Nsp2) were analyzed using data from 17 unique studies, as depicted in Figures 5A–D, Supplementary Table S9, and Supplementary Figure S6. Nsp2 was found to have the highest sensitivity (100%, 95%CI: 85–100%) and specificity (100%, 95%CI: 90–100%), but the data was contributed by only a single study. Otherwise, high sensitivity (92–97%) and specificity (99–100%) were observed across all genes that had sufficient studies for meta-analysis. The sensitivity for the remaining genes were 96% (95%CI: 91–98%) for N gene, 97% (95%CI: 91–99%) for ORF1 gene, 92% (95%CI: 77–97%) for RdRp gene, and 97% (95%CI: 74–100%) for E gene. The specificity for these genes were 99% (95%CI: 97–100%) for N gene, 99% (95%CI: 95–100%) for ORF1 gene, 99% (95%CI: 77–100%) for RdRp, and 99% (95%CI: 96–100%) for E gene. The pooled performance of the S gene was not analyzed as only two studies were available. The sensitivities of the two studies were 77 and 100% respectively, while the specificities were both 100%.
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FIGURE 5. Forest plot on gene targets and specimen sites. (A–D) Pooled sensitivity and specificity on gene target. (A) RdRp gene, (B) ORF1 gene, (C) N gene, (D) E gene. (E–G) Pooled sensitivity and specificity on specimen sites. (E) Unspecified throat, (F) nasopharyngeal, and (G) nasal.




Specimen Site

The performance of NAAT and NAAT (POC) tests on specimens collected from different sampling sites were compared in Figures 5E–G, Supplementary Table S10, and Supplementary Figure S7. Samples compared include nasopharyngeal (Sensitivity: 98%, 95%CI: 93–99%; Specificity: 99% 95%CI: 96–100%), unspecified throat region (Sensitivity: 96%, 95%CI: 92–98%; Specificity: 97%, 95%CI: 92–99%), nasal (Sensitivity: 85%, 95%CI: 53–97%). Nasal specimens were not assessed for pooled specificity due to the presence of only two studies reporting specificities of 73 and 100%. Sputum collected from the lower respiratory tract was documented in only two studies as well, which reported sensitivities of 100 and 90%. The following estimates were based on a single study: sputum (Specificity: 90%, 95%CI: 73–98%), saliva (Sensitivity: 100%, 95%CI: 91–100%), and stool (Sensitivity: 100%, 95%CI: 40–100%). High sensitivity was observed across all sampling sites with saliva and stool having the highest sensitivity of 100% and nasal with the lowest sensitivity of 85%. For upper respiratory tract specimens, pharyngeal (throat) samples were most commonly collected, followed by nasopharyngeal and nasal samples. As stool and saliva samples only comprised one study each on sensitivity, these sample types were excluded from the pooled analysis. Chan et al. (17) and Yu et al. (18) tested the urine, blood, and plasma of COVID-19 patients, but none were detected positive by the reference test.



Quality Assessment

Most studies (71.7%) were rated of high risk of bias in the domain of patient selection, largely due to their case-control design. In the index test domain, the majority of the studies (65.5%) had unclear risk mainly due to the uncertainty of blinding to reference test results during the interpretation of the index test result. We were unable to ascertain the risk of bias in 89.4% of studies in the reference standard domain since most did not report on targeting two gene sites or testing the negative samples twice for the reference tests conducted. In the flow and timing domain, the majority of the studies (49.6 %) were at high risk of bias as control samples in most studies were not definitively tested by the reference test; control samples were from the pre-pandemic period, those positive for other diseases or healthy volunteers. The results are shown in Supplementary Figure S8 and Supplementary Table S11.

The applicability of studies to this review was assessed across the domains of patient selection, reference standard, and index test used. Studies were rated as low, high, or unclear levels of concern regarding their applicability. In terms of the reference standard, there was little concern about the applicability of all studies utilized in this review. While most studies (58%) were of low level of concern in the index test domain, 40.2 and 1.8% of studies were of high and unclear levels of concern, respectively. This is attributed to the fact that multiple diagnostic kits reported were non-commercialized kits and may be conducted and interpreted differently from commercialized products. The applicability of included studies to our review fared poorly in the domain of patient selection, with only 29.2% graded of low concern. There was a high level of concern for 62% of studies due to the case-control design utilized, which is known to falsely increase sensitivity and specificity through spectrum bias (19). The level of concern for applicability of 8.8% of studies cannot be ascertained.



Publication Bias

Publication bias analysis were conducted for NAAT, NAAT (POC), serology tests (IgG and/or IgM, IgG and IgM, IgG, IgM and Ab), serology (POC) test (IgG and/or IgM, IgG and IgM, IgG, IgM), imaging, imaging AI, and clinical and/or laboratory modeling. Publication bias was detected only in serology test IgG and IgM (p = 0.05), serology test IgG (p = 0.01), serology test IgM (p = 0.08), and NAAT (p = 0.04). No significant bias was observed for serology (POC) IgG and/or IgM (p = 0.69); serology (POC) IgG and IgM (p = 0.52); serology (POC) IgG (p = 0.91); serology (POC) IgM (p = 0.93); imaging (p = 0.85); imaging (AI) (p = 0.21); serology IgG and/or IgM (p = 0.13); serology AB (p = 0.47); NAAT (POC) (p = 0.17), and clinical and/or laboratory model (p = 0.75). The results were presented in Supplementary Figure S9.




DISCUSSION


Comparison of All Tests
 
NAAT

Our study affirms the better performance of NAAT and NAAT (POC) over other diagnostic tests. NAAT, which detects active infection, has been recommended by the National Institutes of Health (NIH) (20) and Centers for Disease Control and Prevention (CDC) (21). Interestingly, NAAT (POC) retained high sensitivity and specificity despite a shorter workflow. NAAT (POC) included in the review were mostly commercialized test kits using automating RT-PCR, reverse transcription loop-mediated isothermal amplification (RT-LAMP), and an in-house test using mRT-LAMP-LFB. An alternative to RT-PCR, RT-LAMP amplifies RNA under isothermal conditions (22), enabling a simpler, cheaper, and smaller performance device than a thermal cycler (22). There are variants of RT-LAMP utilizing different detection methods such as iLACO assay, One-pot RT-LAMP assay, Integrated RT-LAMP, and CRISPR-Cas12. There is mounting evidence on the potential of RT-LAMP as a POC test as it is simpler, fast, and as sensitive as RT-PCR (22, 23). Nonetheless, NAAT and NAAT (POC) performance should be interpreted with caution. While not many studies in this review reported cycle threshold (Ct) values, NAAT and NAAT (POC) performance may be influenced by the variation in Ct values used to determine positive cases across studies. Thus, cases/controls could be categorized as false negatives/positives depending on the Ct values used in the index tests.



Serology Tests

Serology tests detect antibodies against SARS-Cov-2, usually detectable after 1–3 weeks of symptom onset (24). They are not recommended for the diagnosis of acute COVID-19 infections and can delay infection control efforts in the community (20, 21). However, they can be important for epidemiological surveillance since the detection of antibodies against SARS-Cov-2 can indicate past and asymptomatic infections (21). In a typical humoral response, the body first produces IgM within 5–7 days of infection (25). However, for SARS-CoV-2 infection, all three isotypes, IgM, IgG, and IgA can be detected in a narrow timeframe of seroconversion (25). The detection of IgG and IgA before IgM, pointing to weak IgM response in SARS-CoV-2 infections, has been evidenced (25). A study detected specific IgG during the early phase of illness in some individuals, 4–6 days after symptoms (25). These collectively suggest that IgG or IgA detection could be more sensitive than the conventional IgM detection in the early stage of infection (25). As IgA is in charge of mucosal immunity, it is a crucial first-line defense against such respiratory viruses. Studies have reported its detection as early as 3 days after symptoms appear before class-switching to IgG (26). However, CDC refrained from concluding any distinction in assay performance based on immunoglobulin classes, IgG, IgG, and IgM, or total antibody. CDC further recommends against the use of IgA assay due to insufficient information on the dynamics of IgA detection in serum (24). Serological methods are also limited by disease prevalence in the community, which varies with the outbreak duration and virus strain in the country and the effectiveness of mitigation measures (27). Low prevalence in the population, with the mainly asymptomatic general population, may challenge the serology test's accuracy in determining past infection (27). Our findings for serology (POC) corroborate those by Ricco et al., who found commercially available serology (POC) tests with a moderate sensitivity of 64.8%, and high specificity of 98% in IgG/IgM (28). Likewise, WHO does not recommend the use of serology (POC) tests for patient care purposes (29). Serology (POC) tests are based on the lateral flow immunoassay (LFIA) technique—a solid-phase immunoassay combining the principles of thin-layer chromatography and immune recognition reaction (30).

Interestingly, serology (POC) and NAAT (POC) tests' sensitivities differ greatly from their laboratory tests counterparts. Our study noted a similar performance between NAAT and NAAT (POC) while serology (POC) has lower performance when compared to the laboratory method. NAAT (POC), such as Simplexa COVID-19 Direct (Diasorin Molecular LLC, Cypress, CA) (31) and GenMark ePlex SARS-CoV-2 assay (32), essentially automate steps in the workflow of a laboratory assay. The similar performance of the diagnostic tests could be attributed to the same fundamental methodology utilized in the assays. Conversely, serology (POC) relies on the immunochromatographic visualization of lines on nitrocellulose membranes. The simplicity of cassette-like serology (POC) tests is a double-edged sword, as results are visually interpreted. This increases the ease of interpretation but also the subjectivity of the interpretation. Sensitivity is reduced as results are prone to a false negative. Other factors that may interfere with serology (POC) test performance include execution by inadequately trained personnel, which is common in manpower-strained settings, loading of insufficient sample volume due to dropper usage (33), and delayed interpretation of serological assay cassettes (34), which may distort the results initially obtained. The commencement of vaccination programs globally may not entirely affect the use of serology for SARS-CoV-2 diagnosis if the vaccines used do not result in the production of target antibodies (such as anti-N, E, or M) of the serology test. The four vaccines are mainly used in mass vaccination programs, namely those by Pfizer-BioNTech (BNT162b2), AstraZeneca (AZD1222), Gamaleya (Sputnik-V), and Moderna (mRNA-1273) all result in the generation of antibodies against the spike protein (35–37) Moreover, the majority of the registered diagnostic tests with the United States Food and Drug Authority emergency use authorization are detecting other structural genes/proteins, rather than the spike protein. With the potential increasing need to assess for the presence of immunity due to either prior (but not recent infection) infection or due to vaccination at the border, the POC serological tests will become highly relevant with more countries adopting the requirement of the immunity “passport” in the near future.



Imaging

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) primarily infects the respiratory system, resulting in lung complications (12). Imaging methods such as CT and x-ray, albeit highly sensitive, are limited by their low specificity. While CT can identify indistinct signs of the disease and at earlier onset as compared to x-ray (38), there is no defined feature to differentiate COVID-19 from other respiratory conditions such as pneumonia or acute respiratory distress (39). In times of pandemic, radiologists are insufficiently exposed to clinical manifestation of the disease to accurately differentiate cases (40). Furthermore, as patients with mild disease presentation or in the early stage of COVID-19 may not present abnormality in their chest radiography, findings might be misled by potential comorbidities (39). Hence, the choice between using CT or x-ray for diagnosis ought to factor in the duration since the onset of symptoms. Nevertheless, using solely imaging to diagnose patients with COVID-19 is not recommended due to variability in chest imaging findings documented to date (41). Imaging should ideally be used for supplementary diagnosis or resource allocation in test-kit constrained settings.

This review is the first to include studies that incorporated AI in diagnostic imaging to the best knowledge of the authors. Imaging (AI) was observed to have higher specificity as compared to conventional imaging as AI algorithms were trained to differentiate COVID-19 from other pneumonia (42). The incorporation of AI in imaging tools can shorten result turnover from minutes to seconds (43), which is crucial in managing the large influx of patients during a pandemic. Given the novelty of AI as an emerging technology in diagnosis, it would be recommended to harness imaging (AI) as a supportive tool for radiologists or as a complementary test for COVID-19.



Clinical Features and/or Laboratory Parameters

Clinical features or laboratory parameters have been increasingly utilized in models to diagnose or predict COVID-19. This could overcome the limitations of PCR and assist in test allocation in resource-constrained settings. Clinical manifestations in patients with COVID-19 range from mild symptoms to severe respiratory failure and even death (44). A systematic review by Styurf et al. identified cough, sore throat, fever, myalgia or arthralgia, fatigue, and headache with a respective sensitivity of at least 50% (45). Fever, myalgia or arthralgia, fatigue, and headache were further identified to be at least 90% specific in diagnosing COVID-19, the combination of signs and symptoms was not explored (45).

This review identified the relatively high performance of modeling approaches incorporating clinical features or laboratory parameters. However, the result was highly heterogeneous, possibly due to the spectrum of variables included in each model. Models were either based on laboratory parameters exclusively, like the COVID-19 Assistant Discrimination 2.0 (46), or combined with demographic variables, like the COVID-19 Diagnosis Aid APP (47). The overall variables included in each model ranged from 3 to 11, across the 4 studies included in the meta-analysis. Age was the most common demographic variable, while sex was included only on one occasion (48), lactate dehydrogenase was the most common laboratory parameter. The model by Kurstjen et al. (48), Corona-score, incorporated imaging results by CT and X-ray, while that by Li et al. (49) was the only model that incorporated overt clinical signs like respiratory symptoms and fever. Diagnostic modeling approaches utilizing commonplace laboratory test results could increase the efficiency of COVID-19 testing, which is especially crucial in resource-constrained settings. However, estimates from diagnostic models often risk being overly optimistic and misleading due to suboptimal methodology. A living systematic review by Wynants et al. recommended against using predictive models for current practice and further advised the use of updated patient data from the same setting to prevent miscalibration (50).




Serology Sample Collection Duration

While serology tests were generally high in sensitivity and specificity; their usage should be considered in relation to the duration since symptom onset. Our review found higher diagnostic sensitivity in patients tested in the late phase as compared to the early phase of the disease. This finding echoes the review by Bastos et al., which found that pooled sensitivity across the immunoglobulin classes increases with the time of sample collection from symptom onset (51). A possible reason is the rapid production of antibodies at later stages of the disease when the viral load decreases with increased seroconversion (52). Zhao et al. demonstrated that the RNA test was the most sensitive during the early phase (within 7 days) of the illness, while serology tests had low positive rates in the early phase, but outperformed RNA tests 8 days following symptom onset (53). These collectively suggest the complementary use of serology test with NAAT test in the later stage of the disease.



Asymptomatic vs. Symptomatic

Symptomatic patients were likely reviewed in most of the included studies because they were easier to identify and more predisposed to health-seeking behavior. Furthermore, symptom-based testing may be prioritized by health authorities due to limited capacity, especially in the early phase of the pandemic. This study was not able to infer the performance of the diagnostic tests between the symptomatic and asymptomatic patients due to the small number of studies and samples in the asymptomatic group. Nonetheless, pooled results of two studies suggested higher sensitivity of serology and NAAT diagnostic tests in symptomatic patients. Serology tests might be less sensitive on asymptomatic individuals (34, 54, 55) or those with mild disease (56) as they mount weaker antibody responses. Asymptomatic individuals have been observed to produce significantly less IgG/IgM than symptomatic individuals, which potentially limits the performance of serology tests (54, 55). This is also observed by better test performance of serology tests (both POC and non-POC) in symptomatic patients as compared to some studies with asymptomatic patients in our review. While there is ample evidence of similar viral load between asymptomatic and symptomatic patients, significantly faster viral clearance was observed in the former (57, 58). Higher viremia causes lung damage that can be observed from radiography. Hence, a rapid turnover of the virus within the body may result in poorer performance of NAAT and imaging methods that rely on the detection of viral genomic material and lung manifestation. Although it is intuitive to assume a lack of viremia-induced lung inflammation in the absence of symptoms, Hu et al. identified CT abnormality in 71% of asymptomatic patients (59) while 54% of the asymptomatic patients in the Princess Diamond cruise ship had lung opacity in their chest CT (60). On the other hand, Salvatore et al. had identified that Ct values vary with the presence of symptoms. Individuals with no symptoms at the time of sample collection had higher Ct values as compared to those reporting any symptoms (median Ct values 33.3 vs. 29.3) (61). Thus, holding all other factors constant, a higher Ct cut-off value increases the potential for false positives. Likewise, a lower Ct cut-off value may be more prone to false negatives, particularly in asymptomatic patients.



Across Different Geographical Locations

In a 2014 study, Vivaldo et al. discussed differences in sensitivities of diagnostic tests due to the epidemiological evolution of DENV serotypes (62). Similarly, we draw attention to the influence of SARS-CoV-2 distribution across geographical regions on diagnostic test accuracy. As of August 2020, there are at least 6 strains of coronavirus predominating in different geographical regions (63). A genome-wide analysis found a higher frequency of amino acid mutation in Europe, followed by Asia and North America (64). Potential mismatch between diagnostic RT-PCR assays and SARS-CoV-2 genome caused by mutations can result in false negatives by deterring primer-binding and amplification (65). Hence, alternative diagnostic tests, e.g., serology tests may complement this potential pitfall of PCR primers being insufficiently accurate for detection in the presence of evolving variants. In this review, we could not infer significant differences between the geographical origins of the samples and the sensitivity of amplification tests. This suggests the continued relevance of current diagnostic tests in detecting SARS-CoV-2 infections globally. A reason behind this could be the inherent stability of coronaviruses, emphasized by genome data based on more than 90,000 SARS-CoV-2 isolates (66). Alternatively, the advantageous use of two gene targets for diagnosis could have secured detection even if one target region has mutated sufficiently. We could not discern distinct differences in the performance of serology assays and imaging on samples from various geographical origins. As meta-analysis comprising only two studies was considered insufficiently robust, performance estimates of serology (non-POC) and imaging tests used outside China were largely excluded from the comparison. It is worthy of our attention as different strains could be characterized by distinct pathogenicity, which induce different levels of lung and clinical manifestations picked up by imaging methods. Altered immunogenicity in the various strains could translate to differential immune response, affecting serology assay performance and their effective time period. In line with our review finding, there is no literature reporting differential immunogenicity or pathogenicity of the strains to the knowledge of the authors at the point of writing. Alternatively, pre-test probabilities varying across geographical regions due to differing local prevalence may have influenced the false-positive rates, and thus the accuracy estimates (67).



Gene Target

Evidence backing the performance of gene targets is largely conflicting. The WHO established E gene and RdRp gene assays as first-line screening and confirmatory assays and recommended the less sensitive N gene assay as an additional confirmatory assay (68). Conversely, Chu et al. suggested the use of E and N assay as screening assays, and RdRp and Orf1b as confirmation assays after identifying the N gene to have better sensitivity than Orf1b (69). Others have reported that only the RdRp gene is almost specific for SARS-CoV-2. Interestingly, a preprint study by Loying et al. reported that the N gene persisted significantly longer [mean 12.68 days (S.D. ± 3.24)] than the OFR1ab gene [mean 12.09 days (S.D. ± 2.88)] in their study of 46 patients (70). This review observed high sensitivity and specificity across N, S, ORF1ab, RdRp, E, and Nsp2 genes, contrary to inconsistent literature on gene target performance. The strength of this observation lies in the greater number of clinical samples analyzed. Nonetheless, assays should include at least two gene targets to avoid possible cross-reaction with other endemic coronavirus or the occurrence of genetic drift of SARS-CoV-2 (71). The inclusion of a conserved and a specific region can reduce the possibility of false negatives as SARS-Cov-2 may evolve in a new population (71). Difference in the persistence of gene positivity can also come to play a crucial role in COVID-19 diagnostics.



Specimens Type

Our subgroup analysis on different specimen types used in amplification tests found nasopharyngeal specimens as the most sensitive. Most samples were from the upper respiratory tract, albeit of unspecified location. We were unable to perform a comparative analysis between upper and lower respiratory tract specimens due to the paucity in studies utilizing lower respiratory tract specimens. The specimen collection site is important for the successful diagnosis of infection, given the reliance on amplification tests by health authorities in the community spread prevention and border reopening efforts (30).

While studies have identified lower respiratory samples to be more sensitive than upper respiratory tract samples (72, 73), their use is limited by safety concerns and technical challenges in sample collection (72). A review by Bwire et al. showed a moderate positive rate of 45.5% in nasopharyngeal specimens and a low positive rate of 7.6% in oropharyngeal specimens (74). This review only included a single study by Chan et al. investigating the use of saliva specimens (17). More recent studies have established saliva as a useful alternative sample type. Yokota et. al. reported NAAT sensitivity of 92% (90%CI: 83–97%) using saliva as compared to 86% (90%CI: 77–93%) using nasopharyngeal swabs during mass screening (23). The sensitivity of saliva samples was at least on par with nasopharyngeal samples, as concluded by Wyllie et. al. in a separate study, and positive detection in asymptomatic healthcare workers was also higher using saliva samples (75). Overall, saliva potentially minimized false positives, with better detection performance and lesser false negatives as compared to nasopharyngeal, oropharyngeal, and sputum samples in populations with low viral load (76). Self-collection of saliva samples by patients can further mitigate the risk of exposure faced by healthcare workers, alleviating demands for swabs and personal protective equipment (23).

In this review, Chan et al. and Yu et al. did not detect the virus in the urine of patients with COVID-19, suggesting that urine is inappropriate for COVID-19 testing. This is corroborated by Bwire et al.'s lack of virus detection in urine, low detection in blood, and moderate detection in serum (74). However, viral presence in the urine could depend on disease severity as Nomoto et al. detected the virus in urine samples of a moderate and a severe patient (77). A study by Zhang et al., established body fluids and excretions as viral shedding routes (78). However, virus detection from various sample sites due to different viral shedding pathways may not translate to sufficient sensitivity for diagnosis. The single study by Chan et al. using stool specimens in this review showed high sensitivity (17). Separately, Chen et al. detected SARS-CoV-2 in the stool of 67% of COVID-19 patients and concluded that viral presence was not associated with disease severity as positivity in stool specimens persisted in most samples even after pharyngeal swabs became negative (79). On that note, the WHO recommends the use of stool specimens from the second week of symptom onset when there is clinical suspicion of SARS-Cov-2 despite negative respiratory specimens (80).



Limitation

This review is constrained by the following limitations. Firstly, not all controls have received the reference test. At least 62.7% of the controls in the included studies and at least 66.4% of the controls included in the meta-analysis had received the reference test. Controls who were not tested or unclear were mostly constituted of samples obtained before the COVID-19 period, positive for other viruses or from healthy volunteers and blood donors at medical institutions. These subjects could have been misclassified as controls, resulting in lowered specificity. However, since pooled specificity in this review remains relatively high for most tests, there may be a minimal likelihood of misclassification. The second possible limitation is the interval between the novel and the reference test. Reference tests in some studies were conducted upon hospital admission, whilst novel tests may be conducted with new samples collected at a later time point. This may affect the time-sensitivity of the results, especially if the novel test in question is a genome amplification test (81). On the other hand, re-testing old samples run the risk of false-negative if specimen degradation occurred under improper transport or storage conditions (82). Thirdly, this review accepted either PCR or sequencing as reference tests, which can potentially cause misclassification. While we accepted two types of reference tests, sensitivity analysis was not performed since only three included studies utilized sequencing as the reference test and, hence, unlikely to yield a meaningful comparison. Fourthly, the predominant use of case-control study design by most included studies plausibly inflates both sensitivity and specificity estimates by the spectrum bias (83). It is worthy to note that most cases were consecutively recruited patients at medical institutions despite controls usually being historic, stored samples. Another potential gap was the lack of antigen test development, which could be another viable rapid testing tool. Since antigen tests detect viral proteins, the possibility of it picking up a case precedes serology testing, which detects antibodies developed as part of our immune response. Next, this review could not compare diagnostic test performance between different age groups due to a lack of studies involving children. There is a gap in the existing literature that is skewed toward COVID-19 in adults. Studies on children are limited possibly due to testing practices that prioritizes symptomatic patients, health care workers, and institutionalized seniors. As children tend to have milder symptoms, they are less likely to be tested and diagnosed (84). Yet, there is no substantial evidence of differences in the viral load and persistence of virus detection over time between adults and children. The inclusion of children may shed light on different diagnostic test performances in a normal population setting. This review could not do a subgroup analysis of test performance comparing immunocompromised and healthy individuals. Burbelo et al. concluded in their preprint that immunocompromised individuals generally have a delayed antibody response compared to healthy individuals (85). More concrete evidence comes from Zhao et al., who postulated that early incomplete clearance of SARS-CoV-2 virus caused repeated negative RT-PCR tests and delayed antibody response in a patient with COVID-19 with HIV-1 and Hepatitis C coinfection (86). The selection of diagnostic tests for this group of patients ought to consider these differences in immune response in addition to the time point of testing from disease onset. This review was only able to compare the different timing from onset to the sample collection for the serology test including POC as there were limited studies for the other diagnostic tests. Lastly, only studies published up to April 30, 2020 were included in this review, and thus, only reflected tests developed in the very early phase of the pandemic. Major developments in COVID-19 diagnostic testing occurred since the search for relevant studies in this review, to develop more accurate and efficient tests. Hence, tests presented in this review may not encompass all tests that have been commercialized or authorized for use, especially more current modalities such as breath test (87) and quantitative antigen test (88). Nonetheless, most of the newly developed or improved versions of existing tests are built on the same technology as those presented in this review, maintaining continued relevance of the comparison between molecular tests, serologic tests, and radiologic tests with or without incorporation of artificial intelligence made in this review. Findings presented in this review may be useful to aid policy makers in assessing the suitability of a test for border screening or rapid diagnosis during the very early stages in the case of a future pandemic—better understanding of the performance of each test type in early outbreak phases will allow quicker response to control virus spread.




CONCLUSION

Nucleic acid amplification tests had the highest performance, among others. Amplifications tests should be employed as the reference standard test to detect SARS-CoV-2 infection whenever possible. Point-of-care NAAT and serology tests have high potential utility for border screening due to their ease of conduct and shorter turnaround time. However, it should be noted that the time point since symptom onset and severity of the patient at the point of testing will influence the performance. Serologic tests were more sensitive when testing is done in the later phase of infection. All diagnostic tests were more sensitive among symptomatic than asymptomatic individuals, which emphasizes the importance of quarantining at-risk individuals and mandatory post-quarantine testing during the early phase of the pandemic. As more countries are making pre-departure and post-arrival PCR testing mandatory, in addition to two or three PCR testing during the quarantine period, and potentially with the immunity “passport” requirement, it would be highly reasonable to deploy POC tests for border screening to alleviate the resource and time constraint for the increasing demand of laboratory tests as we progressively reopen the borders.
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Background: To limit the spread of COVID-19 due to imported cases, Burkina Faso has set up quarantine measures for arriving passengers. We aimed to determine the incidence and predictors of imported cases of COVID-19 in Burkina Faso.

Methods: A prospective cohort study was performed using data from passengers arriving at the airport from April 9 to August 31, 2020. The data was extracted from the District Health Information Software 2 (DHIS2) platform. Cox regression was used to identify predictors of imported cases of COVID-19.

Results: Among 6,332 travelers who arrived in the study period, 173 imported cases (2.7%) were recorded. The incidence rate was 1.9 cases per 1,000 traveler-days (95%CI: 1.6–2.2 per 1,000). Passengers arriving in April (Adjusted hazard ratio [aHR] = 3.56; 95%CI: 1.62–7.81) and May (aHR = 1.92; 95% CI: 1.18–3.12) were more at risk of being tested positive compared to those arriving in August, as well as, passengers presenting with one symptom (aHR = 3.71; 95% CI: 1.63–8.43) and at least two symptoms (aHR = 10.82; 95% CI: 5.24–22,30) compared to asymptomatic travelers.

Conclusions: The incidence of imported cases was relatively low in Burkina Faso between April and August 2020. The period of travel and the presence of symptoms at arrival predicted the risk of being tested positive to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This is essential in the context of the high circulation of virus variants worldwide and the low local capacity to perform genotyping tests to strengthen the surveillance and screening capacities at the points of entry into the country.

Keywords: COVID-19, imported cases, incidence, predictors, Burkina Faso


INTRODUCTION

In early December 2019, the first cases of infection with COVID-19 were recorded in China (1, 2). Gradually, other continents have been affected by tourism and trade-related movements of people (3–5). On March 11, 2020, WHO declared a pandemic in view of the spread of the virus around the world (6). As of October 30, 2020, there were 46,166,518 confirmed cases with 1,196,362 deaths worldwide with a case fatality of 2.6%. Africa remains one of the regions least affected by the coronavirus pandemic (7–9).

At the onset, the main driver of the pandemic's expansion was international tourists and commercial travels from China, which was the epicenter of the epidemic. Many cases of coronavirus infections have thus been associated with a travel history that suggests the notion of imported cases of COVID-19 (5, 10, 11).

Like other countries in the world, Burkina Faso has been facing this health crisis since March 9, 2020, when the first two imported cases were recorded in the country. As of March 19, 26 confirmed cases of COVID-19 were recorded (12). Since then, measures have been taken by the authorities to reduce the spread of the disease, including the closure of land, rail, and airport which took place on March 20, 2020 (13). This measure negatively impacted the country's economy, especially the livelihoods of populations. In the field of health, the COVID-19 pandemic has displayed a dysfunction of health systems with disruption of the epidemiological surveillance system (14).

The goal of this measure was to interrupt the transmission of the virus through cases imported by travelers from epidemic countries as did most countries in the world (13). From April 9, the government decided to repatriate Burkinabè as well as humanitarian aid workers and other Non-Governmental Organizations (NGOs) workers retained in countries, most of which were already in epidemics. To prevent the risk of imported cases of COVID-19, the authorities have put in place quarantine measures including 15 days of isolation upon arrival. It only concerned passengers entering by air.

Several previous studies conducted mostly in Asia reported epidemiological and clinical aspects of imported cases of COVID-19 (11, 15–18). However, little is known about the imported cases of COVID-19 in Africa. COVID-19 screening tests are carried out before and systematically on the day of departure of travelers, however, we find cases of COVID-19 upon their arrival in the countries of destination (19). Hence the interest of our study was to estimate the incidence and predictors of imported cases of COVID-19 among inbound travelers to Burkina Faso.



METHODS


Study Site, Type, and Period

The study was conducted nationwide in Burkina Faso. There are two international airports located in the two largest cities namely Ouagadougou and Bobo Dioulasso. These cities have the highest concentration of the national urban population (80.5%) (20).

Figure 1 shows the 13 regions of the country. Of these, eight are expected to receive severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) positive travelers. The Center region (157 cases), Haut-Bassins (5 cases), and Centre-Sud (5 cases) were the most affected.


[image: Figure 1]
FIGURE 1. Mapping of regions of residence of imported COVID-19 cases, April-August 2020, Burkina Faso.


On arrival, passengers were systematically placed in quarantine in sites chosen for this purpose. These consisted mainly of hotels meeting the standards of amenities defined by the health authorities.

Quarantine or containment measures are restrictions of activities of suspicious persons who are not sick or the retaining of suspected baggage, containers, or goods. The objective of the quarantine is monitoring their symptoms and ensuring the early detection of cases so as to prevent the possible spread of infection (21). We conducted a prospective cohort study including arrival passengers from April 9 to August 31, 2020, with 15 days of the follow-up period.



Study Population

All arriving passengers by international flight at both airports who were admitted to quarantine sites for two weeks during the study period were eligible in this study.

Passengers who have correctly completed the notification forms and those who were compliant with the two weeks confinement were included in this study.



Data Source

As part of the fight against COVID-19, the Ministry of Health has set up a database to manage all data collected in relation to the disease. This database was designed using District Health Information Software (DHIS) version 2. The data collected in this database is follow-up information on patients, contacts, travelers, and laboratory data. We extracted data concerning incoming travelers by the airport.



Study Variables

The study variables were socio-demographic variables (age, gender, region, country of origin), clinical variables (symptoms declared by the traveler: fever or history of fever, asthenia, cough, dyspnea, rhinitis, chest pain, headache), and biological variables (dates and analysis report of SARS-CoV-2 RT-PCR form oral and/or nasopharyngeal specimen taken on day 1, day 8, and day 15).



Statistical Analyses

The study outcome was COVID-19 infection is defined as SARS-CoV-2 RT-PCR positive during follow-up. Study participant characteristics are presented as frequencies (percentage) for categorical variables, whereas continuous variables are presented using median and interquartile ranges (IQR). The participant's time at risk started at the arrival date and ended either at the first COVID-19 positive test or was censored at 15 days defining the end of the containment period for those with SARS-CoV-2 negative test at 1, 8, and 15 days. We estimated the cumulative incidence of COVID-19 infection with its confidence interval. Cox regression was used to estimate hazard ratios (HRs) of an RT-PCR-positive test. Variables associated with the univariate analysis with p < 0.25 were included in a multivariate analysis. Then, we conducted a stepwise descendant analysis. Variables were retained in the final model if significantly associated (p < 0.05) with the RT-PCR-positive test. All analyses were performed using SAS 9.4 (Cary, NC, USA).




RESULTS


Basic Characteristics of Participants

From April 9 to August 31, 2020, 6,332 passengers arriving in Burkina Faso at the country's two international airports and compliant with the 15 days quarantine measures were included in this study. Table 1 provides the baseline characteristics of the study participants. Most of the participants were aged between 30 and 59 years. The majority was male (70%) and arrived in July and August 2020 (81.6%), from African countries (65.1%). Less than 1%, reported exposure history to symptomatic COVID-19 patients.


Table 1. Baseline characteristics of participants.
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Overall, 98.7% of participants were asymptomatic at arrival. The remaining presented either one symptom (0.9%) or at least two symptoms (0.4%) during their containment.



Incidence of Imported Cases of COVID-19 in Burkina Faso

During follow-up, 173 passengers (2.7%) had at least one SARS-CoV-2 RT-PCR positive result. This represented 17.9% of 965 confirmed cases of COVID-19 during the study period. The total participant time at risk was 86,476.5 passengers-days. The incidence rate of SARS-CoV-2 infection was 1.9 cases per 1,000 passengers-day (95% CI: 1.6–2.2 per 1,000) (Figure 2). Among passengers who tested positive for SARS-CoV-2, 80% were tested positive on the first day of arrival, 11% on day 8, and 9% on day 15.


[image: Figure 2]
FIGURE 2. The cumulative incidence rate of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) test positivity among airport arrival passengers, April–August 2020, Burkina Faso.




Predictors of Imported Cases of COVID-19 in Burkina Faso

In the unadjusted analysis, gender, the period of arrival, the history of exposure to symptomatic patients two weeks before the travel, and the clinical condition of the passengers on arrival was associated with the SARS-CoV-2 RT-PCR test positivity in inbound passengers with p < 0.25 (Table 2).


Table 2. Univariate and multivariate analysis of the risk of being PCR-positive.
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In the multivariate analysis, the month of arrival (p < 0.001) and clinical conditions on arrival (p < 0.001) were significantly associated with SARS-CoV-2 infection. Thus, the risk of SARS-CoV-2 positivity was significantly greater among passengers who arrived in April (aHR = 3.56; 95% CI: 1.62–7.81) and May (aHR = 1.92; 95% CI: 1.18–3.12) compared to those who arrived in August.

Regarding the clinical conditions of the passengers, those who had presented one symptom and two symptoms or more during their quarantine were, respectively, 4 times (aHR = 3.71; 95% CI: 1.63–8.43) and 11 times (aHR = 10.82; 95% CI: 5.24–22.30) more likely to be positive to the SARS-CoV-2 RT-PCR compared to asymptomatic (Table 2).




DISCUSSION

In this cohort study conducted from April 9 to August 31, 2020, the incidence of imported cases of COVID-19 was 1.9 cases per 1,000 passengers-day. Moreover, the strong predictors of imported cases were the period of travel and passengers' clinical condition on arrival and during the quarantine measure.

In this study, COVID-19 incidence was relatively low. This could be explained by the origin of our participants. Indeed, the majority of passengers (65.1%) arrived from African countries where the epidemic burden was less important than other continents at this period (8). Moreover, the lower incidence may be due to reduced international air travel (22). That was the case in our study where the air borders were closed until the end of July with a restriction of flights to Burkina Faso. In addition, we can assume that the implementation of systematic screening before the departure, plus screening on the day of travel in some airports could explain the low incidence of SARS-CoV-2 positive in travelers on arrival during our study period (19). However, despite this screening device on departure, we have notified positive cases on arrival, which leaves us perplexed and implies the need to systematically have a SARS-CoV-2 test on arrival for all passengers.

The proportion of imported cases was 17.9% of all the confirmed cases of COVID-19 from April 9 to August 31, 2020. In contrast to our study, a study analyzing the epidemiological and clinical aspects of imported cases of COVID-19 nationwide in Taiwan reported that 86.1% out of all 373 confirmed cases of COVID-19 from January 21 to April 6, 2020 were imported (15). This study took place <3 months after the onset of the pandemic, compared to our study which lasted 5 months. The probable lack of systematic screening for COVID-19 before departure could explain the high proportion of cases in their study. Moreover, the density of the air traffic for tourist or commercial reasons between Taiwan and other high epidemic burden countries like China at a beginning of the epidemic could explain this high frequency of imported cases in this study (23). Furthermore, our study began in April, therefore not taking into account the first imported cases recorded in the country before the border closure (24). In Spain, which was one of the European countries most affected by the COVID-19 epidemic, a mild proportion of imported cases were reported. It was estimated at around 0.08% based on the total number of confirmed cases of COVID-19 from May to December 2020. Considering this figure, the authors claim that the share of imported cases in the dynamics of disease's spread was relatively low so could not justify the strict and untargeted restrictions in countries with a high incidence of COVID-19 (25).

We identified two predictors of imported cases of COVID-19: the period of arrival and passengers' clinical condition on arrival. Indeed, those who arrived in April and May were, respectively, four and two times more likely to have a positive SARS-CoV-2 RT-PCR test, compared to those who arrived in August. Both these months were the period of epidemic peaks in many countries, including Burkina Faso (26) with more transmissions and a high number of confirmed cases. Despite the high flow of travelers from August due to the reopening of air borders, the risk of imported cases was low compared to other months. The measure of entrance restriction only cannot prevent the importation of COVID-19 cases in a country. Vigorous quarantine measures and screening of cases are essential to avoid the spread of the infection in the community.

Passengers who presented one symptom and those with two or more symptoms were, respectively, 4 times and 11 times more likely to test positive for COVID-19 compared to asymptomatic. In other words, the more symptomatic the passengers were on arrival, the greater the risk of COVID-19 test positivity. These results confirm the fact that the presence of symptoms known compatible with COVID-19 in any individual including passengers must require adequate measures to be taken to reduce the risk of transmission of the disease through systematic quarantine and surveillance, while doing the necessary to confirm the diagnosis. This highlights the issue of self-quarantine at home with the inability to monitor movements of the suspected cases, and probable community spread. Moreover, there is the problem of screening symptomatic passengers on departure and their flight ban to avoid future contamination. In the study carried out in Taiwan, only symptomatic travelers and passengers from epidemic countries were systematically screened with home quarantine. This strategy was related to several contaminations in the entourage of travelers (15). In our study, most of the passengers including the imported cases were asymptomatic (98.7%). If the COVID-19 test was applied only to symptomatic travelers, this measure would generate many cases of contamination in the community. Previous studies found that asymptomatic carriers are infectious and therefore can potentially transmit the disease and claim particular attention in their identification and monitoring (27, 28). The quarantine measures put in place may therefore have prevented the further spread of the epidemic in the community.

We noticed that the departure continent did not predict the COVID-19 test result among inbound travelers to Burkina Faso, although Asia and America were the continents that reported the highest prevalence of cases of COVID-19 at this period.

Our study has some limitations. First, we did not include passengers who have incorrectly completed the notification forms, those who were not compliant with the 2 weeks quarantine, and those who escaped from quarantine in this study. This selection bias might have underestimated the incidence of the COVID-19 imported cases. In fact, these passengers could be more at risk, which would explain their non-compliance with the quarantine measures. Except for fever, the other clinical signs were based on the passenger's statement. This could lead to an information bias if the passenger reports wrong information for fear of quarantine and stigmatization.

Notwithstanding these limitations, our study's strength resided firstly in the fact that it was performed at the national level and cover a period enough to appreciate the possible fluctuations due to the dynamics of the COVID-19 pandemic. Moreover, this is the first to report the incidence of imported cases in West Africa and to identify the factors associated with COVID-19 imported cases among international travelers during this pandemic period. These data are useful for the best preparedness the response to future challenges related to infectious disease outbreaks.



CONCLUSION

The COVID-19 pandemic poses a major threat to public health. In Burkina Faso, there has been a relatively low incidence rate of imported cases of COVID-19. The period of travel and the presence of symptoms at arrival predicted the risk of being tested positive for SARS-CoV-2 infection during the quarantine. It is therefore imperative to strengthen the surveillance and screening capacities at the entrance gates, regardless of the clinical symptom to break the chain of transmission related to imported cases. This is essential in a context of high circulation of virus variants worldwide and low local capacity to perform genotyping tests.
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Nipah Virus Outbreak in Kerala State, India Amidst of COVID-19 Pandemic
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We report here a Nipah virus (NiV) outbreak in Kozhikode district of Kerala state, India, which had caused fatal encephalitis in a 12-year-old boy and the outbreak response, which led to the successful containment of the disease and the related investigations. Quantitative real-time reverse transcription (RT)-PCR, ELISA-based antibody detection, and whole genome sequencing (WGS) were performed to confirm the NiV infection. Contacts of the index case were traced and isolated based on risk categorization. Bats from the areas near the epicenter of the outbreak were sampled for throat swabs, rectal swabs, and blood samples for NiV screening by real-time RT-PCR and anti-NiV bat immunoglobulin G (IgG) ELISA. A plaque reduction neutralization test was performed for the detection of neutralizing antibodies. Nipah viral RNA could be detected from blood, bronchial wash, endotracheal (ET) secretion, and cerebrospinal fluid (CSF) and anti-NiV immunoglobulin M (IgM) antibodies from the serum sample of the index case. Rapid establishment of an onsite NiV diagnostic facility and contact tracing helped in quick containment of the outbreak. NiV sequences retrieved from the clinical specimen of the index case formed a sub-cluster with the earlier reported Nipah I genotype sequences from India with more than 95% similarity. Anti-NiV IgG positivity could be detected in 21% of Pteropus medius (P. medius) and 37.73% of Rousettus leschenaultia (R. leschenaultia). Neutralizing antibodies against NiV could be detected in P. medius. Stringent surveillance and awareness campaigns need to be implemented in the area to reduce human-bat interactions and minimize spillover events, which can lead to sporadic outbreaks of NiV.

Keywords: Nipah virus (NiV), Kerala, Pteropus medius, bats, seropositivity


INTRODUCTION

Nipah virus (NiV) causes a highly lethal disease with acute severe encephalitis and acute respiratory distress syndrome in humans. The disease has been enlisted as a priority disease in the Research and Development blueprint of the WHO from the year 2015. NiV is a Paramyxovirus that was identified for the first time during an outbreak of severe encephalitis among the pig farmers in Malaysia in 1998 (1). The virus is transmitted to humans by direct contact with the respiratory secretions or body fluids of infected animals, such as bats and pigs, or by consumption of contaminated fruits/palm sap. Both animal-to-human and human-to-human transmission have been documented (1–3).

Subsequently, an outbreak of encephalitis among the human population was observed in Meherpur, Bangladesh in 2001 where the source of infection was traced down to drinking the contaminated raw palm sap or climbing the trees coated with bat excrement (4). India has witnessed two outbreaks of NiV encephalitis in the eastern state of West Bengal, bordering Bangladesh (5, 6). A case fatality of 70–100% was observed during these two outbreaks (5, 6). Since 2010, the Indian Council of Medical Research-National Institute of Virology (ICMR-NIV), Pune has taken up the surveillance of NiV in bat populations across the country. During this, the presence of NiV was detected among Pteropus medius (P. medius) from Maynaguri, West Bengal in 2010 and Cooch Bihar district, West Bengal, and Dhubri district, Assam in 2015 (7, 8).

After a decade of the last outbreak, a dreadful emergence of NiV was observed in Kozhikode district, Kerala State during May 2018 with a case fatality rate of 89% (9). The outbreak was contained with the quick actions of the national and state health systems (10). A year later, another outbreak was reported from Ernakulam district, Kerala with a single case. Due to the early detection; the further spread of the virus was quickly curtailed. A detailed outbreak investigation to find the source of NiV infection was carried out by ICMR-NIV, Pune during these outbreaks, which showed the presence of NiV and anti-NiV antibodies in P. medius (11). Recently a NiV outbreak was reported in Kozhikode Kerala in September 2021, where a 12-year-old male who presented with acute encephalitis and tested positive for NiV, succumbed to the infection.

Here, we describe the NiV outbreak management in Kozhikode district, Kerala, India with emphasis on the field laboratory setup and quick diagnosis along with the bat survey to trace the source of infection. Immediately after confirming the NiV infection on 4 September 2021, the outbreak containment response was initiated in the state of Kerala.



MATERIALS AND METHODS


Case History

On 29 August 2021, a 12-year-old boy (index case) resident of Pazhoor ward of Chathamangalam Panchayat, Kozhikode district, Kerala state, India developed low-grade fever (Figure 1). The family of the boy took him to a nearby private clinic (Hospital-1) and sought treatment for fever. On 31 August 2021, the condition of the boy deteriorated and boy was transferred to another hospital (Hospital-2). On 1 September 2021, the patient's condition deteriorated further and the patient developed symptoms of acute encephalitis and myocarditis. The symptoms were headache followed by disorientation and lack of consciousness. Signs of myoclonus and autonomic dysfunction were also observed. On the request of the family, the patient was transferred to a tertiary care hospital in Kozhikode (Hospital-3). MRI of the brain showed multiple small infarcts in the cerebellum, cerebrum, medulla oblongata, and pons. With a high suspicion of NiV infection, clinical samples of the patients, such as plasma, ethylenediaminetetraacetic acid (EDTA) blood, serum, and cerebrospinal fluid (CSF) samples, endotracheal (ET) secretion, and bronchial wash were sent to ICMR-NIV on 3 September 2021.


[image: Figure 1]
FIGURE 1. The map shows the Nipah virus outbreak location in India and in the inset, the location of the index case house (red icon), and the four bat sampling sites (blue icon).




Bat Trapping and Sample Collection

For understanding the source of NiV infection and considering a brief history given by the father of the index case regarding the consumption of fruit from the orchard near the house, bat sampling was done during the period of 11–18 September, 2021. The sampling was performed with the prior approval from the Institutional Animal Ethics Committee, Institutional Biosafety Committee of ICMR-NIV, Pune, and the Principal Chief Conservator of Forests, Government of Kerala. Four roosting sites were chosen from the nearby vicinity of the index case house for sample collection (Figure 1). These sites were in Kodiyathur (1 km from index case house), Cheruvadi (4 km), Omassery (12 km), and Thamarassery (18 km). Bats were trapped using the mist nets as described earlier [11]. Body weight, sex, secondary sexual characters, and forearm length were noted. Blood (n = 91), throat (n = 102), and rectal swab (n = 102) samples were collected from the trapped bats following isoflurane anesthesia. Species identification was performed by mitochondrial Cytochrome b gene PCR as described earlier (12).



Real-Time Quantitative Reverse Transcription (qRT)-PCR

Real-time PCR (qRT-PCR) was performed on the samples for the NiV diagnosis as described earlier (13). Two hundred microliter of serum/swab samples were used for RNA extraction in an extraction machine using Magmax Viral RNA isolation kit as per the instructions of the manufacturer. For severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) detection, qRT-PCR was performed for throat/nasal swab samples using primers for E gene as described earlier (14).



Anti-Nipah Human Immunoglobulin M (IgM) and Immunoglobulin G (IgG) ELISA

The assays were performed as described earlier (11).



Whole Genome Sequencing (WGS)

To identify the NiV genotype, WGS was carried out on different clinical samples obtained from the patient. RNA was extracted from the clinical samples, and WGS was performed using the methods described earlier (15). The viral reads generated were analyzed using reference-based mapping, performed in CLC Genomics Workbench version 21.0.4. In order to retrieve the complete genome sequence of the virus, all the generated reads were mapped to the reference genome. Phylogenetic analyses and the amino acid variations of the retrieved NiV sequence with the other representative NiV sequences of earlier outbreaks were performed. SARS-CoV-2 positive samples were sequenced as per the method described earlier to identify the lineage in circulation (16).



Anti-NiV bat IgG ELISA

The assay was performed as described earlier (15).



Plaque Reduction Neutralization Test

Heat inactivated bat serum samples were mixed with NiV (GenBank accession number: MH523642) containing 50 plaque-forming units in a 1:1 ratio so as to make a final 10-fold dilution of the serum virus mixture. Anti-Nipah IgG positive mice serum was used as positive control, and anti-Nipah IgG negative mice serum was used as a negative control. The mixture was incubated for 1 h and was added to a 24-well tissue culture plate containing a confluent monolayer of Vero CCL-81 cells. The plate was incubated in a CO2 incubator at 37°C for 1 h and an overlay medium containing 2% carboxymethyl cellulose in 2 × Minimal Essential Media with 2% fetal bovine serum was added after removing the inoculum. The plate was further incubated at 37°C in a CO2 incubator for 3 days. After removing the overlay medium, the plate was washed and stained with amido black. The plaques were counted. The titer was defined as the highest serum dilution that resulted in a 50% (PRNT50) reduction in the number of plaques.




RESULTS


Detection and Confirmation of NiV Infection

Nipah virus infection was confirmed by detection of viral RNA in the blood (7 × 105 genome copies/ml), bronchial wash (3.5 × 104 genome copies/ml), ET secretion (1.1 × 107 genome copies/ml), and CSF (3.5 × 104 genome copies/ml) by qRT-PCR and by the detection of anti-Nipah IgM antibodies in serum sample of the patient. Virus isolation attempts from the samples in Vero CCL-81 cells were not successful. Other etiological agents, such as Japanese Encephalitis, West Nile virus, Dengue, Chikungunya, Influenza A and B, Respiratory Syncytial Virus A and B, Parainfluenza 1–4, human metapneumovirus, Rhinovirus Adenovirus, Zika, were also ruled out simultaneously.

On 4 September 2021, the NiV outbreak in Kerala was declared by the Ministry of Health and Family Welfare, Government of India. The patient succumbed to the infection on 5 September 2021. Contact tracing and isolation of high-risk contacts, augmentation of laboratory testing capacity, bat sampling, and laboratory investigations were undertaken following the event as described below.



Establishment of an On-site Field NiV Diagnostic Facility

A team from ICMR-NIV Pune had setup a field diagnostic laboratory in the Department of Microbiology, Government Medical College, Kozhikode, Kerala by 6 September 2021 following all the essential biosafety guidelines and standard operating procedures.



Risk Categorization and Contact Tracing

After the declaration of the NiV outbreak, systematic field investigations were undertaken to identify the epidemiologically linked close contacts, such as healthcare workers, family members, neighbors, and bystanders. The close contacts were classified into primary contacts and secondary contacts and were further grouped into high-risk and low-risk contacts. The high-risk category included individuals with either a history of direct contact with body fluids (blood, urine, saliva, vomitus, etc.) of the confirmed NiV case or a probable case that was died without laboratory confirmation or having spent about 12 h nearby or in closed space with confirmed NiV case. The low-risk contacts were categorized as those having contact with the confirmed NiV case through touching or contact with clothes, linen, or any other items.

A total of 240 contacts were listed and among them 64 close contacts [33 women/31 men] were identified and grouped into primary high-risk (n = 50) and low-risk (n = 9) contacts; secondary high-risk (n = 3) and low-risk (n = 2) contacts (Figure 2). Out of 59 primary contacts, 40 were asymptomatic while all the 5 secondary contacts were asymptomatic (Table S1). Samples of the symptomatic contacts (n = 19) were shipped to the Biosafety Level 4 (BSL-4) laboratory of ICMR-NIV, Pune for diagnosis. The field laboratory was utilized for testing the 45 asymptomatic contacts and 61 non-epidemiologically linked suspected NiV cases (cases from nearby districts of Kozhikode district with Acute Encephalitis Syndrome manifestations). All the close contacts and non-epidemiologically linked suspected cases were found negative for NiV by qRT-PCR and ELISA.


[image: Figure 2]
FIGURE 2. Contact tracing and probable transmission dynamics in the Nipah virus outbreak in Kozhikode district, Kerala state, India, 2021.


Considering the ongoing Coronavirus Disease-19 (COVID-19) pandemic, all the close contacts were also screened for SARS-CoV-2. The throat/nasal swab of the 12 close contacts (symptomatic-8 and asymptomatic-4) was found positive for SARS-CoV-2 by qRT-PCR (Table S1). On sequencing of SARS-CoV-2 positive samples (n = 12), Delta variant (B.1.167.2) and its derivatives (AY.26) were detected in 10 and two cases, respectively.



Genomic Characterization of NiV From Clinical Specimens of the Index Case

A phylogenetic analysis was performed for the retrieved NiV sequence (17,066 nucleotides) with the other representative NiV sequences of the earlier outbreaks (Figure 3; Table S2). The retrieved sequence is clearly segregated from the Bangladesh NiV sequences and clustered into earlier described Indian (“I”) genotype. The retrieved sequence showed 99.62 and 99.51% nucleotide similarity (PNS) with sequences obtained from human samples during the 2018 NiV outbreak and P. medius samples during the 2019 outbreak respectively.


[image: Figure 3]
FIGURE 3. Neighbor Joining tree of Nipah virus full genome obtained from the samples of the index case in Kerala outbreak 2021.


The different genes of NiV showed amino acid variation between the Bangladesh and I genotype clusters. The changes observed were in the N gene (S503N, P520S, E752G, Q758E, R818H, I820L, T919N, Q982R, A1162T, and G1216D), F gene (I15L), and G gene (R344M, I384V, V427I) of I genotype of the NiV compared to the NC_002728.1. Similarly, the changes were observed in the N gene (R505K, S900G, and D921N), G gene (R344K, K386E, and T498K), and L gene (R1262K and N 237D) when the Bangladesh (BD) NiV sequences were compared to the NC_002728.1 (Table 1).


Table 1. Amino acid changes in the different genotypes across representative human and bat sequences for genes encoded by NiV relative to NC 002728.1.
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Detection of Anti-NiV IgG Antibodies in bat Samples

The bat species sampled in the study included P. medius [n = 38 (juveniles = 12, adults = 26)], Rousettus leschenaultia [R. leschenaultia; n = 63 (juveniles = 19, adults = 44)], and Pipistrellus sp. (n = 1) (Table S3). All the bat samples were found to be negative for Nipah viral RNA. The serum samples of P. medius [n = 8 (juveniles = 2, adults = 6)], and R. leschenaultia [n = 20 (juveniles = 7, adults = 13)] were tested positive for anti-NiV IgG antibodies. The P. medius samples from two sites, i.e., Kodiyathur and Thamarassery, showed positivity of 20 and 56% by ELISA, respectively, and were further confirmed by the plaque reduction neutralization test (PRNT). Two samples were excluded from the assay due to insufficient sample quantity. R. leschenaulti samples, which showed seropositivity (1/4 bats from Kodiyathur and 19/38 bats from Cheruvadi) by ELISA was found negative for neutralizing antibodies.




DISCUSSION

Nipah virus outbreaks have been reported from Malaysia, Singapore, Bangladesh, and India with a range of clinical presentations and case fatality rates of 40–100% (1–6, 8). Malaysia and Singapore had reported a single NiV outbreak episode whereas Bangladesh reports annual outbreaks of NiV (4). In India, NiV outbreaks have been localized to two regions, i.e., in the Northeastern state of West Bengal and in the southernmost state of Kerala, which are separated by a distance of more than 2,000 km (5, 6, 9–11). NiV outbreaks are mostly sporadic and the magnitude of the outbreak can be restricted by prompt public health response and containment measures. In 2018, the first NiV outbreak was reported in Kerala state with a significant number of losses of lives (91% fatality) and in the years 2019 and 2021 outbreaks in Kerala reported only a single case without any further human to human transmission (9, 11). The diagnosis of the NiV infection is difficult to consider the overlapping presentations of acute respiratory infections and encephalitis syndromes. In the current SARS-CoV-2 pandemic scenario, the diagnosis became even more challenging considering the overlapping clinical features. The quick outbreak containment response and the biosafety practices followed during the COVID-19 pandemic period in Kerala state might have helped in preventing further transmission and restricting the outbreak to a single case.

The role of intermediate hosts, such as pigs and bats, has been demonstrated in the NiV transmission cycle in the previously reported outbreaks (1, 3, 4). Pteropus genus of bats appears to be the major reservoir of the NiV (8, 17). P. medius is the only Pteropus genus bat present in the Indian subcontinent (18). Pteropus bats have shown NiV RNA positivity or seropositivity from Indian states, such as West Bengal, Assam, Haryana, and Kerala, indicating the risk of spillover (7, 8, 11, 19). Viral genome recovered from the current outbreak also clustered with the previously reported NiV genotype from Kerala in bats and human samples. This suggests a stable genotype that circulates locally in the bat population in Kerala. Research has shown that NiV evolves at a slower rate compared to other similar RNA viruses (20, 21). In 2018, the outbreak occurred in Perambra, Kozhikode, which is about 40 km far from the location of the present outbreak (9). A total of 23 cases and 21 deaths were reported. In total, 21% of the P. medius bats surveyed in the vicinity of the index case residence were found positive for NiV. In 2019, NiV RNA positivity was documented in P. medius bats from Thodupuzha, which is more than 200 km from Kozhikode district (11) Pteropus species movement could also play an important role in virus spread, but in India, such records are not available. Home ranges of P. medius appear to be smaller than Pteropus vampyrus (P. vampyrus), another frugivorous bat in Malaysia and this depends on food availability (17). Studies on the Pteropus species movement and connectivity among the bat populations could help us in understanding the potential of virus spread to bat colonies of adjacent areas.

Nipah virus RNA could not be detected in any of the bat samples in the present study. Previous studies have also reported a low PCR positivity in P. medius (20–22). Virus shedding in bats is driven by multiple factors, such as individual immune status, pregnancy, virus recrudescence, and stress (21, 22). Re-infection in adult bats is possible in approximately 7 years (22). We detected 25 and 3.2% NiV positivity in bats from outbreak regions of Kerala in 2018 and 2019 (9, 11). High seroprevalence in the bat colonies can dampen virus transmission (17). The seasonality of NiV outbreaks has been reported linked to the breeding season and fruit harvesting season (23). Unlike the previously reported outbreaks in the month of May and June in Kerala, the present outbreak was in August end. A cross-sectional spatial study conducted between 2006 and 2012 in Bangladesh reports the ability of NiV shedding by P. medius throughout the year (17).

During the current outbreak investigations, we could detect antibodies in a total of 21% P. medius bats. If we further classify this positivity, site wise, a 20% positivity was observed in Kodiyathur, a site within 1 km distance from the index case house and 55.6% in Thamarassery, a site 18 km far from this outbreak. During the investigation, 2 juvenile P. medius bats were found positive for anti-NiV IgG antibodies. The seroprevalence in the juveniles is an indicator of the enzootic cycle of NiV in the recent past. The waning of immunity with time and loss of maternal antibodies could affect the transmission dynamics within the bat colonies (21, 22). Local NiV epizootics in bats contribute to the outbreaks in Bangladesh (17). Sporadic natures of outbreaks in the case of NiV are explained by the NiV dynamics in the resident bat colonies and the bat-human interface resulting in spillover. Even though antibodies could be detected in bats from the outbreak area, viral RNA could not be detected in the bats. Hence we could not directly link the source of infection to bats.

Non-pteropid bats have shown NiV seropositivity in many countries (24–27). In India, other than P. medius, bats, such as R. leschenaultia and Pipistrellus (P. pipistrellus), have shown seropositivity by ELISA (25). Interspecies transmission could be possible with other frugivorous bats as they share the same habitat for food resources. Similarly, in the present study, we could detect seropositivity in R. leschenaultia bats by ELISA. But the absence of NAb against NiV in these bats' points to the possibility of detection of related Henipaviruses in these bats. Similar observations are reported in Vietnam where the ELISA positive samples of R. leschenaultia failed to show any NAb, indicating the probability of cross-reacting antibodies against non-neutralizing epitopes (26). Antibody positivity by ELISA and Western Blot in R. leschenaultia has been reported from China, but neutralization studies were not performed in the samples (27).

The findings from the current outbreak suggest that spillover of NiV infection in humans is sporadic and the seroprevalence in bats indicates the prevalence of the NiV infections in the P. medius population. Stringent surveillance measures and awareness campaigns to limit interactions with bats need to be implemented in the area as the NiV transmission dynamics depends on multiple host factors that includes the human behavior and human-bat interface. For early detection and containment of NiV outbreaks, it is critical to strengthen human surveillance for Acute Encephalitis Syndrome and Severe Acute Respiratory Infection, including testing for NiV in susceptible areas.
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Introduction: In early 2020, the coronavirus disease 2019 (COVID-19) pandemic spread worldwide, overwhelming hospitals with severely ill patients and posing the urgent need for clinical evidence to guide patient care. First treatment options available were repurposed drugs to fight inflammation, coagulopathy, and viral replication. A vast number of clinical studies were launched globally to test their efficacy and safety. Our analysis describes the development of global evidence on repurposed drugs, in particular corticosteroids, anticoagulants, and (hydroxy)chloroquine in hospitalized COVID-19 patients based on different study types. We track the incorporation of clinical data in international and national treatment guidelines and identify factors that characterize studies and analyses with the greatest impact on treatment recommendations.

Methods: A literature search in MEDLINE was conducted to assess the clinical evidence on treatment with corticosteroids, anticoagulants, and (hydroxy)chloroquine in hospitalized COVID-19 patients during the first year of the pandemic. Adoption of the evidence from this clinical data in treatment guidelines of the World Health Organization (WHO), Germany, and United States (US) was evaluated over time.

Results: We identified 106 studies on corticosteroids, 141 studies on anticoagulants, and 115 studies on (hydroxy)chloroquine. Most studies were retrospective cohort studies; some were randomized clinical trials (RCTs), and a few were platform trials. These studies were compared to studies directly and indirectly referred to in WHO (7 versions), German (5 versions), and US (21 versions) guidelines. We found that initially large, well-adjusted, mainly retrospective cohort studies and ultimately large platform trials or coordinated meta-analyses of RCTs provided best available clinical evidence supporting treatment recommendations.

Discussion: Particularly early in the pandemic, evidence for the efficacy and safety of repurposed drugs was of low quality, since time and scientific rigor seemed to be competing factors. Pandemic preparedness, coordinated efforts, and combined analyses were crucial to generating timely and robust clinical evidence that informed national and international treatment guidelines on corticosteroids, anticoagulants, and (hydroxy)chloroquine. Multi-arm platform trials with master protocols and coordinated meta-analyses proved particularly successful, with researchers joining forces to answer the most pressing questions as quickly as possible.

Keywords: evidence generation, COVID-19, treatment guidelines, clinical trials, observational studies, RCT, platform trials, repurposed drugs


INTRODUCTION

Two years after the global pandemic began in early 2020, WHO has registered more than 326 million confirmed coronavirus disease 2019 (COVID-19) cases and about 5.5 million deaths due to COVID-19 (1). Given the rapid increase in infections—more than 1 million confirmed COVID-19 cases and more than 60,000 deaths within the first 3 months of the pandemic in 2020 (1)—and the lack of specific treatments for COVID-19—repurposing widely available drugs was the obvious choice in immediate response to the urgent medical need. Drugs that had already proven effective in clinical experience for the treatment of phylogenetically and symptomatically similar diseases, such as severe acute respiratory syndrome (SARS) or Middle East Respiratory Syndrome (MERS) were used (2). There was an urgent need to generate timely evidence for these repurposed treatment approaches with respect to COVID-19 in order to provide trustworthy guidance. A record number of clinical studies, observational and interventional, have been launched worldwide. Since repurposed drugs were readily available to physicians, cohort studies examining various treatment approaches have contributed a large volume of clinical data from patient care. Promising approaches quickly found their way into interventional trials such as RCTs and multi-arm platform trials even though a universal consensus on the most promising candidates was missing (3). Platform trials are a form of RCT often based on a pragmatic master protocol with adaptive features that facilitates collaborative and streamlined efforts to test multiple different treatments in a large patient population while using a single control arm (4).

In the early phase of the pandemic, of particular interest were three groups of repurposed drugs: Firstly, antivirals, such as (hydroxy)chloroquine, an antimalarial drug that affects the endosomal function used by the SARS coronavirus type 2 (SARS-CoV-2) to enter the cell (5). Those were considered to be most effective during the early phase of the COVID-19 disease characterized by rapid virus replication and mild symptoms (6). Secondly, anticoagulants, such as heparin, as thrombosis and coagulopathy seemed to play an important role in the SARS-CoV-2 pathogenesis (7). Thirdly, anti-inflammatory drugs, such as corticosteroids, that counteract the SARS-CoV-2 induced systemic inflammation (8). The late phase of the disease is often characterized by hyperinflammation and acute respiratory distress syndrome (ARDS) in patients with severe illness (6). Corticosteroids, anticoagulants, and (hydroxy)chloroquine exemplify the first repurposed drugs that were considered promising treatment option for patients with COVID-19 during the early pandemic; yet, early hopes did not hold true for all of them.

The translation of research findings from clinical data into medical practice was guided through the development of treatment guidelines published by national and international health authorities and scientific medical societies. Generally, treatment guidelines contain systematically developed statements that reflect the current consensus by an expert panel based on experience and available evidence. Ideally, treatment guidelines also indicate the level of certainty, discuss uncertainties and limitations, and provide clinical data supporting the statements. Since study results were reported frequently and quickly, sometimes as preliminary analysis or preprints, “living” guidelines publishing frequent updates have emerged. However, some repurposed drugs, such as (hydroxy)chloroquine were introduced in general medical practice without strong clinical evidence (9, 10) partly based on political pressure and hype (11). Treatment options included in or excluded from national and international treatment guidelines suggest that sound evidence was available that could be considered by experts and systematic analyses.

We aim to capture the development of global evidence on repurposed drugs, to trace the uptake of this evidence in international and national treatment guidelines for hospitalized COVID-19 patients, and to identify factors that characterize studies and analyses with the greatest impact on treatment recommendations during the first year of the pandemic. From these, we derive future directions on the development of collaborative structures and blueprints for future pandemics.



METHODS

We used two different approaches to identify studies with hospitalized COVID-19 patients receiving corticosteroids, anticoagulants, or (hydroxy)chloroquine and to evaluate the evidence derived from them in the context of treatment guidelines:

(1) a literature search to identify the overall body of evidence and

(2) studies directly or indirectly referenced in treatment guidelines as an indication for their considerations by the experts.


Literature Search

A literature search was performed in MEDLINE using “COVID-19” (MEDLINE search filter) and a combination of the terms “corticosteroids,” “anticoagulants,” or “(hydroxy)chloroquine” (see Supplementary Material File 1: Additional Table 1). The search included articles published in English during the first year of the pandemic (from January 1, 2020 to February 28, 2021). Relevant articles were selected by two independent reviewers using eligibility criteria (see Supplementary Material File 1: Additional Table 2) developed according to the PICO scheme (12). Discrepancies between reviewers were dissolved by a consensus-based discussion. Relevant studies enrolled hospitalized adults with COVID-19 that had received corticosteroids, anticoagulants, or (hydroxy)chloroquine, with clinically meaningful endpoints reported, such as mortality, clinical status, hospitalization, or adverse events. Studies with patients receiving the above mentioned drugs for an underlying condition other than COVID-19 were excluded. Since this analysis should provide an overview on evidence generated and published, all study types except case studies were included. When a study reported results for multiple treatments, e.g., a cohort study, those studies were included in the results for each treatment separately.



COVID-19 Treatment Guidelines

During the first year of the COVID-19 pandemic, treatment guidelines for hospitalized patients evolved as results for numerous observational and interventional studies were made public in the form of press releases, preprints, preliminary analyses, and full study publications. The guidelines provided orientation on possible treatment options and evaluated most recent evidence on treatment of hospitalized COVID-19 patients. We analyzed the uptake of clinical study data over the course of the early pandemic in international (WHO) and national (German and US) guidelines. Therefore, all versions of guidelines for the clinical treatment of hospitalized COVID-19 patients from the WHO, the Association of Scientific Medical Societies in Germany (AWMF)/Germany, and the National Institute of Health (NIH)/US were identified from the beginning of the pandemic to February 28, 2021.

For this analysis, the clinical evidence on patients hospitalized for COVID-19 treated with corticosteroids, anticoagulants, and (hydroxy)chloroquine was extracted from the treatment guidelines over time. Both primary sources directly referred to, such as study publications or preprints, and secondary sources indirectly referred to, such as studies included in systematic reviews and meta-analyses were considered. Studies used to extrapolate clinical information from similar conditions, such as non-COVID-19 ARDS, or related diseases, such as MERS or SARS, were not included.



Data Extraction and Analyses

Following data was extracted from the eligible studies: (electronic) publication date, study type (platform, RCT, non-RCT interventional, observational), study design (observational studies: prospective/retrospective data collection, matching method, regression analysis; RCTs: blinding), sample size, region, recruitment start and end date, and premature termination. Plots and graphs were produced using R version 4.0.5.




RESULTS


Body of Evidence in the Context of Treatment Guidelines

In our literature search covering the first year of the COVID-19 pandemic, we identified 333 publications reporting results on observational and interventional studies of patients hospitalized for COVID-19 that were treated with corticosteroids (106 studies), anticoagulants (141 studies), and/or (hydroxy)chloroquine (115 studies) (Figure 1). Most studies were observational, in particular cohort studies. We identified seven RCTs and two platform trials for corticosteroids (Figure 2A), only one RCT for anticoagulants (Figure 2B) and 11 RCTs and two platform trials for (hydroxy)chloroquine (Figure 2C). A complete list of studies included in Figure 2 is available in the Supplementary Material (see Supplementary Material File 2: Additional Tables 1–3).
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FIGURE 1. PRISMA flow diagram of search for studies on hospitalized COVID-19 patients.
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FIGURE 2. Studies with hospitalized COVID-19 patients treated with corticosteroids (A), anticoagulants (B), or (hydroxy)chloroquine (C). Number of studies identified in (MEDLINE) literature search and directly or indirectly referenced in treatment guidelines up to the end of February 2021 by study type. COVID-19, coronavirus disease 2019; NRI, non-randomized interventional study; US, United States; RCT, randomized controlled study; WHO, World Health Organization.


We put this body of evidence formed by observational and interventional studies into the perspective of studies directly or indirectly referred to in treatment guidelines from the WHO, Germany, and US.

The WHO guidelines were developed by a group of clinical content experts, patient -partners, and ethicists. They are a compilation of different types of recommendations: There were three versions of the WHO interim guidance on clinical management of COVID-19 (13), the WHO living guidance on corticosteroids for COVID-19 (14) and two versions of the WHO living guidelines on therapeutics and COVID-19 (15). The WHO has published the first of these six guidelines on March 13, 2020.

The German treatment guidelines were developed by a representative working group of experts from different medical societies led by the German Society of Medical Intensive Care and Emergency Medicine (DGIIN), the German Interdisciplinary Association for Intensive Care and Emergency Medicine (DIVI), the German Respiratory Society (DGP), and the German Society of Infectious Diseases (DGI). The guidelines were classified according to the process of consensus building and to evidence retrieval and synthesis: S1 (expert recommendations; informal consensus), S2k (consensus-based), and S3 (evidence- and consensus-based; systematic search) type guidelines (16). In the period under review, the German working group published three versions of the S1 guideline for patients with COVID-19 in intensive care (17–19), a S2k guideline (20), and a S3 guideline (21). The latter two extending the recommendations from the intensive care unit (ICU)-setting to all hospitalized patients. The first of these five guidelines has been published on March 12, 2020.

The US guidelines were developed by a panel composed of representatives from federal agencies, health care organizations, and academic institutions as well as professional societies that have expertise in the relevant field in order to provide the most recent information on optimal management of COVID-19. Each statement is evaluated in terms of recommendation level (strong, moderate, optional) and evidence quality (I, II, III). The NIH published the first US guideline on COVID-19 treatment on April 21, 2020, followed by 20 updates in the period of interest (22); thus, a total of 21 versions of US guidelines were available for the analysis.

Not surprisingly, we found that when RCTs were available they were referred to in treatment guidelines at a much higher proportion than observational studies (Figures 2A–C). Nevertheless, a substantial amount of observational studies were considered in the treatment guidelines, in particular when robust evidence from RCTs was missing. The clinical evidence from different study types and the way it impacted treatment guidelines over time is described in the following sections for the three different treatment options.



Corticosteroids

For corticosteroids, we identified a body of clinical evidence consisting of 106 eligible studies in hospitalized COVID-19 patients in our literature search (Figure 2A). Of those, 96 studies were observational, one study was interventional without randomization, and nine studies were RCTs (including two platform trials). The extraction of relevant studies from all versions of the WHO, German, and US guidelines until February 28, 2021 resulted in 18, 10, and 22 studies, respectively (Figure 2A). The WHO and US guidelines referred also to observational studies while the German guidelines only included RCTs and platform trials. In the following sections, we describe the overall contribution different studies on corticosteroids with respect to study type and patient number as well as the incorporation of evidence in treatment guidelines over time.

The observational studies identified in our literature search were predominantly retrospective cohort studies (79.2%). Of the remaining studies, 9.4% were prospective cohort studies, 8.3% did not report whether patients were observed prospectively or retrospectively, two studies were before-and-after studies and one study was a retrospective case-control-study. The majority of observational studies (85.4%) used statistical methods to control confounding, such as multivariate models, propensity score methods, or a before-and-after design. These methods can reduce confounding but cannot rule out all biases since not all confounding factors may be known or assessed. Overall, these studies were very heterogeneous with respect to their design, intervention, analysis, outcome, and reporting. Only a few of those were explicitly considered in the guidelines, as described below.

From the nine RCTs (including two platform trials) identified in our literature search, eight were also included in the treatment guidelines (23–30). Conversely, of 12 RCTs included in at least one of the guidelines, four RCTs were preprints (31) or studies that have not been published yet [DEXA-COVID, COVID STEROID, Steroids-SARI, from (32)], so they were not covered by our literature search. The two platform trials RECOVERY (28) and REMAP-CAP (33) were included in our literature search and all guidelines analyzed. Altogether, the literature search and the guidelines resulted in 13 RCTs, of these five were blinded (25, 27, 29, 31) [COVID STEROID, unpublished, from (32)], one was single-blinded (30) and seven were not blinded (24, 26, 28, 33, 34) [DEXA-COVID and Steroids-SARI, unpublished, from (32)]. Blinding of RCTs with repurposed drugs can be difficult due to lack of placebo control. However, risk of bias can be minimized by “hard” endpoints such as mortality. Four RCTs were stopped early, either because of decreased number of COVID-19 cases (30) or because the results of the RECOVERY platform trial were published (25, 26, 35). After the RECOVERY platform trial showed a clear benefit for COVID-19 patients receiving corticosteroids in day-28 mortality, it was no longer considered ethical to enroll patients in these trials.

Taking a closer look at the studies reporting results on patients treated with corticosteroids in 2020, we see a chronological progression of these studies regarding the study type and the region (Figure 3). The spatial and temporal distribution of observational studies primarily reflects the surge in cases as the disease spread worldwide. The first patients to be evaluated as part of an observational study were treated with corticosteroids in December 2019 in China (East Asia), followed by patients from France and Spain (Western Europe) in January 2020. From February 2020, patients in Singapore (South and Southeast Asia), Korea (East Asia), and Italy (Western Europe); and from March 2020, patients in Iran and India (South and Southeast Asia), in the USA and Mexico (North and Middle America), and patients in further Western European countries were enrolled in observational studies.
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FIGURE 3. Spatial and temporal distribution of studies with hospitalized COVID-19 patients treated with corticosteroids in 2020. Recruitment start and end dates by geographical regions and grouped by study type for studies identified in the literature search. The lines indicate the period during which patients were enrolled for each study. For five observational studies, the recruitment time was not reported, so these are not included in this figure. COVID-19, coronavirus disease 2019; NRI, non-randomized interventional study; RCT, randomized controlled study.


The first RCT started recruitment in February 2020 in China (30). In March and April 2020, 6 more RCTs started in Iran, France, Spain, Brazil, and Iran. The two platform trials RECOVERY (28) and REMAP-CAP (33) enrolled patients treated with corticosteroids between March and June 2020.

In summary, while lots of observational studies on corticosteroids were conducted worldwide with focus on East Asia, especially China, and Western Europe, throughout the first year of the pandemic, only a handful RCTs were carried out, and only one RCT, the REMAP-CAP platform trial (23), was multinational.

We also analyzed the number of patients with COVID-19 enrolled in studies on corticosteroids by study type (Figure 4). Figure 4 shows the number of patients enrolled and the recruitment start date for the studies identified in the literature search (studies as in Figure 2A). The sample sizes in observational studies varied widely from 23 to nearly 13,000 patients per study. Most patients were enrolled within the first 5 months of the pandemic. During the first year of the COVID-19 pandemic, nearly 100,000 patients were followed within observational studies to evaluate, the effect of corticosteroids, partly among other treatments. Four RCTs had a sample size of less than 100 patients (24, 29, 30, 34), the other three RCTs had a sample size of approx. 150–400 patients (25–27). Within the two multi-arm platform trials, 6,425 [RECOVERY (28)] and 384 [REMAP-CAP (33)] patients were randomized to corticosteroids or control.
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FIGURE 4. Number of hospitalized COVID-19 patients in studies identified in literature search for corticosteroids. Each dot represents the recruitment start date and the number of cases included in a single study. The lines represent the number of cumulative cases under observation across all studies per study type. For five observational studies, the recruitment start date was not reported, so these are not included in this figure. COVID-19, coronavirus disease 2019; NRI, Non-randomized interventional study; RCT, randomized controlled study.


The cumulated sample size by study type shows differences between the study pool from the literature search and from the treatment guidelines (studies that are included in Figure 2A). On the one hand, summing up all patients from studies identified in our literature search, only 9.2% were enrolled in RCTs (including platform trials), while 90.1% were enrolled in observational studies. On the other hand, summing up all patients from studies included in treatment guidelines, 56.6% were enrolled in RCTs (including platform trials) and 43.4% were enrolled in observational studies. Remarkably, the RECOVERY platform trial included almost four times more patients than all other RCTs together.

That means, patient enrolled in RCTs and especially in platform trials contributed disproportionately more to evidence-based decision-making than patients observed in observational studies. Thus, the mere volume of patients under observation is not the decisive factor in generating robust evidence.

Treatment guidelines on corticosteroids were evolving as more evidence became available. In the beginning of the COVID-19 pandemic, the potential benefits and harms of corticosteroids for patients with COVID-19 were controversial. Results from clinical studies regarding corticosteroid treatment of the hyperinflammatory state in non-COVID ARDS (e.g., from SARS-CoV, MERS-CoV, influenza) were inconclusive (36–38). Early observational studies from December 2019 to March 2020 (Figure 3) resulted in different conclusions with respect to efficacy and safety of corticosteroids with some cohorts reporting negative [e.g., (39, 40)] and others positive effects [e.g., (41)].

Table 1 gives an overview of the studies referred to in the respective versions of the WHO, German, and US guidelines. Guideline versions in which changes were made with respect to the underlying evidence or recommendations are presented.


Table 1. Studies directly or indirectly contributing evidence to treatment guidelines on corticosteroids.
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The first WHO (13) and German (17) guidelines from March 2020 recommended against routine use of steroids for patient with COVID-19 viral pneumonia and ARDS, respectively, due to lack of efficacy data and previously observed side effects (e.g., hyperglycemia, secondary infections, reactivation of latent infections, delayed viral clearance) from indirect evidence (45–47). Likewise, the first version of the US guideline, published April 21, 2020, recommended against the routine use of systemic corticosteroid for hospitalized patients with COVID-19 that are non-critically ill or mechanically ventilated without ARDS (22). For critically ill patients with ARDS that are mechanically ventilated, the US guideline stated that there are insufficient data to support a recommendation for or against treatment with corticosteroids.

The US guideline was the first guideline that referred to clinical data on corticosteroids from COVID-19 patients (Table 1). The authors alluded to cohort studies from China that reported that methylprednisolone might be beneficial for patients with COVID-19 considering symptom resolution and mortality, yet cautioned with respect to limitations such as lack of control, small sample size, and lack of information on exact dose and timing (48–50). Two of those studies were only published as preprint (49, 50) and one was already published ahead of print (48). The results from the latter a retrospective cohort study of COVID-19 patients (n = 201) by Wu et al. were stated in the rationale. This study showed an association between methylprednisolone therapy and lower mortality [hazard ratio (HR) 0.38; 95% CI 0.20–0.72] (48). It was criticized that the analysis was not adjusted for confounding factors, such as confounding by indication (22) April 21, 2020.

In May 2020, the WHO guideline (13) also referred to evidence on corticosteroid treatment from observational studies citing a systematic review that meta-analyzed cohorts of patients with SARS-CoV-2, SARS-CoV, and MERS-CoV infections (36). This analysis included Wu et al. and three different cohort studies (Table 1). The recommendation against the routine use of systemic corticosteroids for treating viral pneumonia remained unchanged (13).

On June 16, 2020, the University of Oxford reported results from RECOVERY platform trial in a press release. This large, open-label, multi-arm RCT showed a statistically significant survival benefit of patients treated with low-dose dexamethasone (n = 2,104) that were mechanically ventilated (HR 0.64; 95% CI 0.51–0.81) or receiving oxygen (HR 0.82; 95% CI 0.72–0.94) compared to those that received standard of care (n = 4,321) (51). On the same day, this information was introduced in the background texts of the German S1 guideline (18). This indicates that this study was already seen as a breakthrough in clinical management of critically ill patients.

The preprint of the study publication was available on June 22, 2020 (52). Only 3 days later, the US guideline recommended using dexamethasone for those patients, that profited in the RECOVERY platform trial and against using it in patients that do not require supplemental oxygen (22) June 25, 2020. Furthermore, the recommendation on corticosteroids was extended to the use of alternative glucocorticoids, such as methylprednisolone or hydrocortisone (22) July 30, 2020. This recommendation based on expert opinion was substantiated by referencing reports of several cohort studies and a non-peer reviewed RCT (GLUCOCOVID) with 85 patients (Table 1).

Within a month, on July 17, 2020, the results from the RECOVERY platform trial were published in a peer-reviewed prestigious journal ahead of print (28). Shortly thereafter, German guidelines fully adopted results as a basis for their recommendation to treat COVID-19 patients that need to be ventilated with low-dose dexamethasone (19).

The WHO published their recommendation for corticosteroids (14) together with a meta-analysis by the WHO Rapid Evidence Appraisal for COVID-19 Therapies (REACT) Working Group (32). For this meta-analysis, the WHO invited investigators that had registered RCTs on corticosteroids in patients with COVID-19. Together they developed the protocol as well as coordinated analyses, data-cuts, and publications. The meta-analysis included seven RCTs: RECOVERY (28), MetCOVID (27), CAPE COVID (25), CoDEX (26), REMAP-CAP (23), DEXA-COVID [unpublished, from (32)], and Steroids-SARI [unpublished, from (32)]. Thereby, also studies stopped due to the results of the RECOVERY trial could contribute their data. The meta-analysis showed a positive survival effect for critically ill patients, which supported the use of corticosteroids.

The platform trials RECOVERY and REMAP-CAP, along with other RCTs that have been meta-analyzed were referenced in all subsequent WHO, German, and US guideline versions. The results of these platform trials have since formed the basis of the treatment guidelines for corticosteroids (Table 1).



Anticoagulation

For anticoagulants, we identified 141 eligible studies in hospitalized COVID-19 patients in our literature search (Figure 2B). Almost all studies (140/141) were observational. Most observational studies were retrospective cohort studies and a substantial proportion were only published as letters. The extraction of relevant studies from all versions of the WHO, German, and US treatment guidelines led to 7, 42, and 27 studies, respectively (Figure 2B). The difference between the numbers of studies in the guidelines is due to indirect references from meta-analyses and clinical guidance documents. The WHO guidelines considered a clinical guidance conducted by ASH with six observational studies (53) and the German guidelines included a pooled analysis published by Patell et al. containing 31 relevant observational studies (54). The US guidelines referenced several observational studies directly but also included a number of clinical guidance documents with observational studies included [e.g., (55–57)].

Only one RCT published by Lemos et al. with only 20 patients (58) was identified within the literature search, this RCT was also referred to in the German and US, but not in the WHO guidelines. Additionally, the German and US guidelines included very preliminary data on the joint interim analysis of three platform trials ATTACC, ACTIV-4a, and REMAP-CAP (59, 60).

In the very beginning of the COVID-19 pandemic, the WHO guideline recommended that patients with critical illness should receive pharmacological prophylaxis for prevention of venous thromboembolism (VTE) preferably with low molecular-weight heparin, if no contraindications exist, based on indirect evidence of patients in the ICU (13) March 13, 2020]. German and US guidelines did not mention anticoagulation in the first versions (17) March 12, 2020 and (22) April 21, 2020, respectively.

Within the first months of the pandemic, it became apparent that COVID-19 is associated with an increased incidence of thrombotic and thromboembolic events. Patients with COVID-19 in intensive care receiving a standard VTE prophylaxis still had a high incidence of thrombotic complications correlated with an increased D-dimer level (61). A cohort from China found that the mortality of patient with severe COVID-19 was reduced in patients receiving VTE prophylaxis compared to those who did not receive anticoagulants (62).

In May 2020, a section on antithrombotic therapy in patients with COVID-19 was included in the US guideline (22). It stated that all hospitalized patient with COVID-19 should receive standard VTE prophylaxis. This recommendation was accompanied by evidence from cohort studies that had high incidences of VTE in patients in or admitted to the ICU despite prophylactic anticoagulation (61, 63–66). Nevertheless, the US guidelines stated that anticoagulant doses for VTE prophylaxis should only be increased in the setting of a clinical study (22) May 12, 2020.

Additionally, the US guideline introduced a retrospective cohort study of 2,773 patients in New York, published by Paranjpe et al. as letter, where among the subpopulation of 395 mechanically ventilated patients only 29.1% of patients receiving therapeutic anticoagulation died in hospital, while 62.7% of patients not receiving anticoagulation died [adjusted HR (aHR) of 0.86; 95% CI 0.82–0.89] (67). This effect was not seen for the overall cohort. Due to limitation such as lack of detailed patient characteristics, reasons for initiation of anticoagulant therapy, and the potential impact of survival bias, these results did not influence the treatment recommendations (22) May 12, 2020.

In June 2020, the German guideline recommended, that all hospitalized patients with COVID-19 should receive a VTE prophylaxis with using a dose approved for a high-risk of VTE, based on expert consensus (18). The rationale mentioned is, that in ICU patients a standard VTE prophylaxis is not sufficiently effective as seen in observational studies. Therefore, intensified anticoagulation should be considered in ICU patients. However, the use of therapeutic anticoagulation was not routinely recommended without diagnosis of VTE or extracorporeal membrane oxygenation (ECMO), yet, seemed to be justifiable on a case-to-case basis.

In October 2020, a retrospective analysis of 4,389 patients from New York, published online by Nadkarni et al., found that prophylactic as well as therapeutic anticoagulation were associates with reduced in-hospital mortality compared to no anticoagulation (aHR 0.50; 95% CI 0.45–0.57 and aHR 0.53; 95% CI 0.45–0.62, respectively) (68). The difference between therapeutic and prophylactic anticoagulation was not statistically significant. Bleeding rates were higher in patients on therapeutic anticoagulation (3.0%) compared to patients on prophylactic (1.7%) or no anticoagulation (1.9%). To correct for potential confounding, inverse probability of treatment weights (IPTW) models were used. Additionally, estimates were adjusted by multinomial logistic model for multiple predictors, such as age, sex, ethnicity, body mass index, and prior use of anticoagulants.

The New York cohort study by Nadkarni et al. was also introduced in the text of the next version of the German guideline on treatment of hospitalized patients with COVID-19 in November 2020 (20). This version was updated to a higher methodological quality level, which requires formal consensus (S2k). The guideline strongly recommended that all hospitalized patients receive standard pharmacological thromboprophylaxis, if not contraindicated. It stated that those patients with additional risk factors favoring VTE, such as obesity and ICU treatment, and low risk of bleeding can receive an intensified thromboprophylaxis.

Results on mortality from the New York cohort study by Nadkarni et al. based on evidence from a living review provided by the American Society of Hematology (ASH) (53) have been included by WHO in their considerations (13) January 25, 2021. For hospitalized patients without an indication for therapeutic anticoagulation, the WHO recommended standard thromboprophylaxis rather than therapeutic or intermediate-dose anticoagulation. They concluded that therapeutic or intermediate-dose anticoagulation can possibly, with very low certainty, reduce mortality (aHR 0.86; 95% CI 0.73–1.02) (68) and pulmonary embolism [odds ratio (OR) 0.09; 95% CI 0.02–0.57] (69) but that the risk of major bleeding is probably increased [OR 1.42 (matched case control) (70) to OR 3.89 (retrospective cohort) (71)]. The risks that were also supported by indirect evidence from RCTs of therapeutic anticoagulation for other indications were rated higher that potential benefits observed in observational studies in patients with COVID-19.

The chapter on antithrombotic therapy in patients with COVID-19 of the US guideline was updated in December 2020 but recommendations from May 2020 remained unchanged: All hospitalized patients with COVID-19, including critically ill patients, should be treated with prophylactic dose anticoagulation (22). The text referred to the analysis performed by ASH, but not as the WHO on those with acute illness, but with critical illness (55). In this analysis, a cohort of 141 critically ill patients from three hospitals in Colorado by Ferguson et al. was included for mortality instead of the New York cohort by Nadkarni et al. The mortality in patients who received therapeutic anticoagulation vs. those who received a prophylactic dose did not differ (OR 0.73; 95% CI 0.33–1.76) (72). Additionally, the guideline reported the results from a smaller New York cohort by Paranjpe et al. (67), as before, and a small RCT by Lemos et al. with 20 mechanically ventilated patients treated with either therapeutic or prophylactic anticoagulation (58).

In December 2020 and January 2021, the prospective multiplatform of three randomized, adaptive, open-label platform trials, namely ATTACC, ACTIV-4a, and REMAP-CAP, published press releases and presented preliminary data on their website on a planned interim analysis based on a Bayesian approach comparing prophylactic and therapeutic anticoagulation (59, 60, 73). In this analysis, 1,123 patients with moderate disease who were hospitalized but not admitted to the ICU appeared to benefit from therapeutic anticoagulation vs. prophylactic anticoagulation, so this arm was stopped for superiority. On the contrary, therapeutic anticoagulation appeared to pose a risk for critically ill patients in the ICU compared to prophylactic anticoagulation; as an interim analysis of 1,205 patients with severe COVID-19 showed that predefined criteria for futility were met, enrollment in this part of the study was halted.

In February 2021, a reference to these very preliminary results was provided in the German S3 guideline in the context of therapeutic anticoagulation (21) as well as in the US guideline (22). However, these results were not yet considered for their recommendations.

The German S3 guideline stated that the recommendation for optional use of intensified thromboprophylaxis in hospitalized COVID-19 patients with additional risk factors for VTE is based on expert opinion and observational studies that have been systematically reviewed in a pooled analysis (54).

Pharmacologic prophylactic and therapeutic anticoagulation of hospitalized COVID-19 patients to prevent VTE serve as an example where multiple cohort studies played a major role in shaping expert opinions and supporting treatment guidelines (Figure 2B). Even though the importance of thromboprophylaxis was widely accepted and put into practice, the large amount of observational data was not sufficient, to guide clinicians to choose the right intensity of anticoagulation considering the patient's risk of thrombosis and bleeding in the context of COVID-19. High-quality evidence from RCTs and platform trials comparing different types and intensities of anticoagulation was eagerly awaited because the indication for intensified or therapeutic anticoagulation in hospitalized patients with COVID-19 was still not well-defined.



(Hydroxy)Chloroquine

For (hydroxy)chloroquine, we identified a body of clinical evidence consisting of 115 eligible studies in our literature search (Figure 2C). Overall, 102 studies (88.7%) were observational. Of these, 26.1% were mainly dealing with the effect of (hydroxy)chloroquine ± azithromycin on QTc prolongation, an adverse drug reaction that can predispose patients for potentially fatal cardiac arrhythmias. Furthermore, 13 RCTs including two platform trials, RECOVERY and SOLIDARITY, were found. The extraction of relevant studies from all versions of the WHO, German, and US guidelines resulted in 16, 6, and 15 studies, respectively (Figure 2C). While the WHO and German guidelines mostly referred to RCTs and platform trials, the US guidelines also included direct evidence from observational studies, in particular at a time, when mainly retrospective cohort studies were available. The overlap between our literature search and the studies included in the treatment guidelines consists of eight observational studies and 10 RCTs, including the two platform trials RECOVERY and SOLIDARITY. Three RCTs that were included in at least one of the guidelines were not covered by our search as they were preprints (74, 75) or only available in Chinese language (76). Conversely, three RCTs that we found in our literature search were not included in the guidelines (77–79) presumably, because they did not contribute additional evidence and were not yet included in a meta-analysis.

Of the many published studies on (hydroxy)chloroquine, there have only been a handful of high-quality landmark studies that have impacted the treatment recommendations or their level of certainty. These include one large observational study by Geleris et al. (80), one small RCT, CloroCOVID-19 (81), as well as two platform trials, RECOVERY (82) and SOLIDARITY (83). Additionally, the WHO supported its strong recommendation against (hydroxy)chloroquine with a network meta-analysis that included 30 studies on (hydroxy)chloroquine in hospitalized patients (44).

In their first treatment guideline in March, 2020, the WHO did not mention (hydroxy)chloroquine as potential treatment option (13), while the German guideline for patients in intensive care pointed out that it is one of the substances under clinical investigation that might possibly be used on a case-to-case basis considering the benefit-risk-ratio without referring to clinical data (17). In its first version, the US guideline referred to a mix of low-quality observational studies and RCTs published only as preprints, letters, or in Chinese only and concluded that further studies are required (22). They strongly recommended against the use of a combination of (hydroxy)chloroquine and azithromycin outside of clinical studies due to a risk of QTc prolongation based on expert opinion.

In April 2020, a trial from Brazil, CloroCOVID-19, comparing two doses of chloroquine was stopped after enrolling 81 patients, since they observed a trend toward a higher mortality in the group with the higher dose (81). The authors state, that it did not seem ethical to randomize to placebo since chloroquine was the local standard of care at the time. Based on this study the NIH changed its US guideline recommending against using high-dose chloroquine for the treatment of COVID-19 (22) May 12, 2020] and the WHO recommended that chloroquine and hydroxychloroquine should not be administered as treatment outside of clinical studies (13) May 27, 2020.

In May 2020, a large cohort study of 1,446 patients with COVID-19 in New York was analyzed by Geleris et al. showing no beneficial of hydroxychloroquine with respect to mortality or need of mechanical ventilation (80). Considering this study and other case series, the panel of the US guideline recommended against the use of (hydroxy)chloroquine for the treatment of COVID-19, except in a clinical study (22) June 16, 2020.

Potential benefits and risks derived from the CloroCOVID-19 trial and the New York cohort study by Geleris et al. were also considered in the second version of the German guideline that recommended that (hydroxy)chloroquine should only be used in clinical studies (18).

Interestingly, the US and the German guideline also referred to another RCT with 62 hospitalized patients from Wuhan which was only published as preprint (75) indicating the desperate need for high-quality evidence.

The RECOVERY platform trial study, which also delivered strong evidence for corticosteroids, was crucial for the recommendations on (hydroxy)chloroquine therapy. In this study, 1,561 patients were randomized to receive hydroxychloroquine and 3,155 patients to receive standard of care. The mortality between the two arms were not significantly different (HR 1.09; 95% CI 0.96–1.23) (82). This resulted in many RCTs being stopped or not even starting recruitment.

The US guidelines were changed based on data from the RECOVERY platform trial published as preprint, recommending that chloroquine or hydroxychloroquine should not be used for hospitalized patients with COVID-19 (22) August 27, 2020. The German S2k guideline did put forward a similar recommendation once results from the RECOVERY platform trial were published in a peer-reviewed journal (20).

The evidence on (hydroxy)chloroquine further solidified by results from the multi-national multi-arm SOLIDARITY platform trial. In this study, 954 patients were randomized to receive hydroxychloroquine and 4,088 patients to control. The in-hospital mortality did not differ significantly between patients treated with hydroxychloroquine and their control (HR 1.19; 95% CI 0.89–1.59) (83).

In December 2020, the WHO issued a strong recommendation against the use of (hydroxy)chloroquine in patients with COVID-19 of any severity (15). This recommendation was informed by the second update of a living network meta-analysis that pooled data from 30 RCTs with 10,921 participants with COVID-19 and showed that hydroxychloroquine probably does not reduce mortality or mechanical ventilation (44).

Although the evidence on (hydroxy)chloroquine ± azithromycin was initially inconclusive, with only small RCTs and cohort studies of low-quality available, it became apparent over time that (hydroxy)chloroquine was not an effective treatment for patients hospitalized for COVID-19 and might even cause harm given the side effects. The strongest evidence for the lack of efficacy and safety of (hydroxy)chloroquine was provided by the large platform trials RECOVERY and SOLIDARITY.




DISCUSSION

The COVID-19 pandemic set of an unprecedented research endeavor to find treatment options for the disease. Investigators faced the challenge to balance scientific rigor required to set up controlled studies that provide reliable guidance with the urgency of responding to patients' immediate needs. In our analysis of the first year of the pandemic, we distinguished between the overall body of evidence for repurposed treatments and the uptake of clinical data as direct or indirect evidence in international and national treatment guidelines over time to identify the best approaches to sound evidence generation.


Body of Evidence Evolving Over Time

The body of clinical evidence for corticosteroids, anticoagulants, and (hydroxy)chloroquine derived from a literature search was mainly informed by retrospective cohort studies, several, partly open-label RCTs, and few multi-arm platform trials that provided an increasing level of certainty as time progressed.

The first evidence available was from retrospective cohort studies. These studies are inexpensive to conduct and suitable for providing descriptive data on disease progression, risk factors, and treatments. However, they are inherently biased due to their observational nature. Although statistical methods to control confounding was applied in 85.4% of observational studies obtained from the literature search for corticosteroids, confounder control is still the weak point of observational studies as it depends on the quality of the data and whether the model has been correctly specified (84). Unmeasured confounders and residual confounding may lead to incorrect conclusions (85). Further points of criticism comprise poor quality of study reporting according to the guidelines of reporting observational studies [STROBE; (86)], or failure to include key clinical endpoints such as mortality or hospitalization duration as primary endpoints (87). Only large cohort studies using advanced methods to control for confounding were considered by experts and informed treatment guidelines (68, 80). Still, results from observational studies only have a low level of confidence and promising treatments need to be further investigated in RCTs.

Randomized clinical trials are considered the gold standard for demonstrating safety and efficacy of new treatments. Randomization into treatment groups and blinding of treatments prevent confounding and thus promote the validity and reliability of results (88). In practice, however, many RCTs on promising COVID-19 treatment regimens launched during the early pandemic show weaknesses that limit the quality of evidence (4, 89, 90). Several studies were underpowered with small patient numbers [e.g., (58, 75, 81)] or had to be stopped due to poor recruiting as incidences declined regionally [e.g., (24, 91)]. This problem was aggravated by a single center recruitment approach [e.g., (92)].

Coordinated efforts and analyses in the form of meta-analyses can provide robust evidence even with small RCTs. The meta-analyses for corticosteroids conducted by the REACT Working Group (32) is a good example: The WHO involved trial investigators at an early stage, so there was early communication and cooperation of experts from different disciplines and a high level of harmonization and standardization was achieved through this coordination. The protocol, data cut and publications were also arranged together in advance leading to joint and sound analyses and communication. All this led to corticosteroids being consistently recommended by the WHO, German, and US guidelines.

Adaptive platform trials offer flexible features, such as discarding treatments due to futility, declaring one or more treatments superior, or adding new treatments or patient groups to be tested (93). A Bayesian framework allows frequent looks into the data in context of interim analyses [e.g., multiplatform analysis for anticoagulation (94)]. As we show in our analysis, platform trials were a success story in the clinical research agenda of COVID-19, strongly impacting international treatment guidelines, while delivering fast and profound evidence (4, 95). The SOLIDARITY (83), RECOVERY (28, 82), and REMAP-CAP (23) platform trials were based on a blueprint or pre-existing protocol prepared by scientific networks (e.g., WHO R&D Blueprint group). They were able to start recruiting patients as early as March 2020 because the infrastructure and master protocol only needed to be adapted to the specific circumstances of the COVID-19 pandemic. The RECOVERY protocol was based on broad, simple inclusion criteria, central randomization, no additional biological samples or extraneous data collection, and the simple, unambiguous primary outcome of all-cause mortality (28). This pragmatic approach proved successful, as it took RECOVERY only 3 months to demonstrate that hydroxychloroquine offered no clinical benefit for COVID-19 patients (82), with the result that further clinical studies of (hydroxy)chloroquine were stopped [e.g., (96)]. The involvement of multiple countries in the SOLIDARITY platform trial allowed to shift recruitment to centers with high disease incidence (97). The REMAP-CAP protocol also allows to guide randomization based on data accumulated from patients already participating in the study (98). This adaptive approach increases the likelihood that patients are randomized to treatments that are more likely to be beneficial. These platform trials offered robust evidence that clearly demonstrated the superiority or futility of the treatments investigated. Yet, the innovative trial designs of platform trials, using Bayesian framework, can present new challenges to regulatory authorities and HTA bodies. The European Network for Health Technology Assessment (EUnetHTA) conducted rolling reviews for COVID-19 treatments and included the platform trials RECOVERY and REMAP-CAP in their assessment of corticosteroids (99).



Evidence Supporting Treatment Recommendations During the Early Pandemic

As in clinical research, the development of treatment guidelines in the COVID-19 pandemic took an extraordinary course under intense time pressure. Within a year of the pandemic outbreak, treatment options such as corticosteroids or anticoagulants have been shown to be effective in treating COVID-19 disease and accompanying symptoms depending on the level of severity and thus were included in the treatment guidelines, based on clinical evidence of varying quality. Other treatment options that were considered during the early pandemic, such as (hydroxy)chloroquine, failed to prove efficacy and safety in COVID-19 and are therefore no longer used in patient care. This mix of positive and negative examples provides a comprehensive picture of the factors that promote or hinder high quality of evidence generation.

Despite the complexity of the development process, updates of treatment guidelines had to occur very quickly due to an urgent need from clinicians for evidence-based recommendations. The preparation process of treatment guidelines involves the review and evaluation of the available evidence, the derivation of recommendations, and a consensus voting of expert panels. In the first weeks of the COVID-19 pandemic, there were almost no studies on possible therapeutic options. Thus, the first versions of the guidelines had to rely on studies and guidelines of similar diseases or symptoms, such as MERS or ARDS, on in-vitro studies, or on evidence sources of lower quality, such as expert opinions, press releases of preliminary results from ongoing studies or pre-printed studies. Later, systematic analyses of evidence such as living reviews and meta-analyses facilitated the process. In order to adapt to this constantly changing evidence situation, the treatment guidelines for hospitalized patients were continuously revised resulting in 7, 5, and 21 versions from the WHO, Germany, and US, respectively. The expert panels proceeded in a very transparent manner and graduated the strength of the recommendation. The US guidelines, for example, provided a very well-founded, detailed overview of the underlying evidence base, its level of confidence as well as its limitations. The latest recommendations on treatment of hospitalized patients with COVID-19 were not in the scope of this analysis but can be found on following websites for the WHO (https://www.who.int/teams/health-care-readiness/covid-19), the AWMF/Germany (https://www.awmf.org/leitlinien/detail/ll/113-001LG.html), and the NIH/US (https://www.covid19treatmentguidelines.nih.gov/).



Limitations

Limitations of our analysis may concern the literature search, which was conducted only in MEDLINE. Still, almost all published studies that were referred to in the guidelines were also found in the literature search. Although we may have missed a relevant publication, we assume that the selection of studies is representative in terms of design, patient population, and region for the studies conducted in the first year of the COVID-19 pandemic. A further challenge is related to the early versions of the guidelines where the consensus process is not fully clear. Additionally, the clinical data from which statements and recommendations were derived were not always explained in much detail and suffered in part from references to the literature difficult to follow [e.g., US guidelines, (22) February 11, 2021, referring to ASH frequently asked questions]. Finally, we were also confronted with the well-known publication bias, which most likely influences our analysis. Many completed studies had published their results only as preprints or have not yet been published at all (100).



Future Directions

When we compare the overall body of evidence identified in our literature search with the studies directly or indirectly referenced in treatment guidelines for COVID-19, we found that clinical evidence from RCTs is included to a greater extent than observational data. This is not surprising, since RCTs are the most important source of information when the principles of evidence-based medicine are applied. Nevertheless, observational data played a substantial role informing treatment guidelines during the early phase of the pandemic, when data from patients treated with repurposed drugs were retrospectively analyzed in cohort studies. Observational studies are mainly incorporated into the guidelines by systematic reviews or clinical guidance documents provided by professional societies. To ensure a valid analysis, qualitative standards should be applied to observational studies:

• Sufficiently large sample size needed to draw generalizable conclusions; cooperation of several study centers might be beneficial here [e.g., Nadkarni et al. (68)].

• Protocol templates and technical infrastructure for data collection (e.g., electronic health records, data warehouse) and analyses to be able to start the study quickly [e.g., Geleris et al. (80)].

• Use of advanced statistical methods (e.g., propensity score methods, regression models) to control for confounding [e.g., Nadkarni et al. (68)].

• Publish results in form of a full study publication instead of letters and follow international reporting standards (e.g., STROBE) to provide all important information, so strengths and limitations can be determined [e.g., Geleris et al. (80)].

Randomized clinical trials, platform trials, and meta-analyses offered robust evidence for reliable treatment guidelines. We identified factors that led to rapid and robust evidence generation:

• Simple large trials with enough power to identify expected small effects with non-specific treatments (e.g., SOLIDARITY).

• Pre-existing research networks and international scientific organizations (e.g., REMAP-CAP, WHO R&D Blueprint group) provide an established infrastructure and pragmatic to adapt blueprints, and master-protocols.

• Multi-center trials active in various countries and continents provide a sufficient sample size, less dependent on the regional incidence (e.g., SOLIDARITY, RECOVERY).

• Standardized and harmonized protocols and common outcome measures (e.g., WHO ordinal clinical progression scale) ensure that data is shared and can be used in (pre-planned) meta-analyses (e.g., REACT Working Group).

• Adaptive study designs, ideally paired with a Bayesian framework, offer flexible tools to react dynamically to the pandemic situation, e.g., adding and dropping treatment arms, update allocation of randomization, or frequent and timely analyses (e.g., REMAP-CAP). Pragmatic elements such as the use of electronic health records (e.g., REMAP-CAP) and incorporation of assessment into clinic routines (e.g., SOLIDARITY) facilitate the participation of study centers.

• International reporting standards (e.g., CONSORT or PRISMA) should be followed to allow critical evaluation of strength and limitations and results should be provided in a timely manner in a peer-reviewed format.



Conclusion

Pandemic preparedness, coordinated efforts, and combined analyses were crucial to generating robust clinical evidence that informed national and international treatment guidelines on corticosteroids, anticoagulation, and (hydroxy)chloroquine during the early COVID-19 pandemic. Multi-arm platform trials with master protocols and coordinated meta-analyses proved particularly successful, with researchers joining forces to answer the most pressing questions as quickly as possible. This was best achieved when networks and structures were already in place.
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Apha-1-adrenergic receptor antagonists (α1-blockers) can suppress pro-inflammatory cytokines, thereby potentially improving outcomes among patients with COVID-19. Accordingly, we evaluated the association between α1-blocker exposure (before or during hospitalization) and COVID-19 in-hospital mortality. We identified 2,627 men aged 45 or older who were admitted to Mount Sinai hospitals with COVID-19 between February 24 and May 31, 2020, in New York. Men exposed to α1-blockers (N = 436) were older (median age 73 vs. 64 years, P < 0.001) and more likely to have comorbidities than unexposed men (N = 2,191). Overall, 777 (29.6%) patients died in hospital, and 1,850 (70.4%) were discharged. Notably, we found that α1-blocker exposure was independently associated with improved in-hospital mortality in a multivariable logistic analysis (OR 0.699; 95% CI, 0.498-0.982; P = 0.039) after adjusting for patient demographics, comorbidities, and baseline vitals and labs. The protective effect of α1-blockers was stronger among patients with documented inpatient exposure to α1-blockers (OR 0.624; 95% CI 0.431-0.903; P = 0.012). Finally, age-stratified analyses suggested variable benefit from inpatient α1-blocker across age groups: Age 45-65 OR 0.483, 95% CI 0.216-1.081 (P = 0.077); Age 55-75 OR 0.535, 95% CI 0.323-0.885 (P = 0.015); Age 65-89 OR 0.727, 95% CI 0.484-1.092 (P = 0.124). Taken together, clinical trials to assess the therapeutic value of α1-blockers for COVID-19 complications are warranted.

Keywords: off-label drug use, alpha-1-adrenergic receptor antagonist, coronavirus disease, infectious disease, multivariate logistic analysis, real-world evidence, electronic medical record, COVID-19


INTRODUCTION

Severe coronavirus disease 2019 (COVID-19) has been linked to dysregulated immune responses, including an excessive inflammatory response marked by high levels of proinflammatory cytokines such as interleukin-6 (IL-6) (1, 2). Immunosuppressive drugs such as glucocorticoids have become a standard component of treatment for severe COVID-19 (3), and several trials of anti-cytokine or anti-inflammatory agents are underway or have reported promising results (4–10). Despite these advances, there remains a need for safe, effective, and widely available therapeutic options.

Adrenergic signaling has been linked to hyperinflammation in models of bacterial sepsis and cytokine release syndrome. In preclinical experiments, a positive feedback loop of adrenergic signaling was identified wherein macrophages responded to catecholamines by producing more catecholamines and inflammatory cytokines; this adrenergic loop could be interrupted by blocking α1-adrenergic receptors with prazosin (11). In a retrospective clinical study of patients with acute respiratory distress and pneumonia, exposure to α1-adrenergic receptor antagonists (α1-blockers) was associated with a significant reduction in risk of mechanical ventilation or death (12). Similarly, a recent retrospective analysis of 25,130 patients with COVID-19 across the United States Veterans Health Administration hospital system showed that outpatient exposure to any α1-blocker was associated with decreased in-hospital mortality compared to matched controls not on any α1-blocker at the time of hospital admission (13).

These observations have led to the hypothesis that α1-blockers in routine clinical use (e.g., prazosin, doxazosin, tamsulosin, etc.) may be repurposed for COVID-19 treatment (14). We conducted this real-world evidence study based on electronic medical record (EMR) data to determine whether exposure to α1-blockers is independently associated with mortality among patients hospitalized with COVID-19.



RESULTS


Patient Characteristics and Outcomes

We gathered and processed data from five hospitals within the Mount Sinai Health System to construct three cohorts of male patients aged 45 years or older: (a) no α1-blocker exposure (N = 2,191), (b) an α1-blocker-exposed group (N = 436), and (c) a documented inpatient α1-blocker-exposed group (N = 343) (Figure 1A). The most common α1-blocker was Tamsulosin followed by Doxazosin (Figure 1B). See Materials and Methods for details regarding data processing and cohort generation.


[image: Figure 1]
FIGURE 1. Study design and overview. (A) Schematic flowchart of data extraction and analysis plan. Data was collected from five Mount Sinai hospitals: 1) The Mount Sinai Hospital, 2) Mount Sinai West, 3) Mount Sinai St. Luke's, 4) Mount Sinai Queens, and 5) Mount Sinai Brooklyn. A total of 32,355 patients were tested, of which 2,627 were positive, inpatient, and male ages 45-89. Data was extracted for the 2,627 male, age 45-89 patients and split into two cohorts: 1) any alpha-1-blocker exposure and those not exposed and 2) inpatient alpha-1-blocker exposure and those not exposed. The image of the boroughs of NYC was adapted from https://commons.wikimedia.org/wiki/File:New_York_City_District_Map.svg, which is under a Creative Commons Attribution-Share Alike 2.5 Generic license. (B) Prevalence of various alpha-1-blockers in the exposed cohort. (C) Age distribution of those exposed to alpha-1-blockers (red) and those not exposed (blue).


The α1-blocker exposed group was older (median age 73 vs. 64 years, P < 0.001) and more likely to have comorbidities than the unexposed group (Figure 1C; Table 1). Chronic diseases such as COPD, hypertension, diabetes mellitus, chronic kidney disease, cancer, and cardiovascular disease were significantly enriched in the α1-blocker group. In addition, the α1-blocker exposed group had more severe hypoxia during their hospitalizations (median oxygen saturation nadir: 88%, IQR 78-91 vs. 90%, IQR 82-94%, P < 0.001) and a higher rate of ICU admission (25.7 vs. 19.7%, P = 0.006). Other patient demographics are shown in Table 1.


Table 1. Baseline characteristics and hospitalization outcomes, by alpha-1-blocker exposure.
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Overall, 777 (29.6%) patients died, and 1,850 (70.4%) were discharged. Unadjusted in-hospital mortality was 33.9% in the exposed group and 28.7% in the unexposed group.



α1-Blocker Exposure and COVID-19 In-Hospital Mortality

We evaluated the association of α1-blockers and outcomes of COVID-19 (death: N = 777; discharge: N = 1,850) using multivariate logistic regression models. In the overall population, α1-blocker exposure was significantly associated with a reduction in in-hospital mortality (OR 0.699; 95% CI, 0.498-0.982; P = 0.039) (Table 2). We report the unadjusted OR values in Supplementary Table 2.


Table 2. Multivariable logistic regression results for COVID-19 in-hospital mortality, by alpha-1-blocker exposure (any vs. inpatient use).
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We further assessed the impact of α1-blockers on mortality for patients with documented administration of α1-blockers while admitted to the hospital (N = 343) compared to unexposed patients. We observed that inpatient α1-blocker use significantly reduced the risk of in-hospital mortality overall (OR 0.624; 95% CI 0.431-0.903; P = 0.012) (Table 2).

Additionally, we investigated the impact of other medications on mortality using the same multivariate logistic-regression models. Notably, both beta-blockers (OR 1.496; 95% CI, 1.115-2.008; P = 0.007) and glucocorticoids (OR 1.468; 95% CI, 1.070-2.015; P = 0.017) were associated with increased mortality in the any exposure and the inpatient exposure cohorts. Conversely, calcium-channel blockers exhibited a significant reduction in mortality in the both the overall (OR 0.648; 95% CI, 0.476-0.883; P = 0.006) and inpatient exposure cohort (OR 0.577; 95% CI, 0.418-0.796; P < 0.001).



Age-Stratified Associations of α1-Blockers and COVID-19 In-Hospital Mortality

To identify differences in the treatment effect of α1-blockers on different age groups, we segmented the population into three age groups (45-65; 55-75; 65-89) and analyzed each group separately using logistic regression, adjusting for the same covariates as the unstratified analysis. The age groups were overlapped by 10 years to preserve the sample size. Inpatient α1-blocker use was associated with a significantly lower risk of in-hospital mortality in the 55-75 age group (OR 0.535; 95% CI 0.323-0.885; P = 0.015), but not the 45-65 (OR 0.483; 95% CI 0.216-1.081; P = 0.077) and 65-89 age groups (OR 0.727; 95% CI 0.484-1.092; P = 0.124) (Table 3).


Table 3. Age-stratified multivariable logistic regression analysis for COVID-19 in-hospital mortality, by alpha-1-blocker exposure (any vs. inpatient use).
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DISCUSSION

Using a racially and ethnically diverse cohort from New York City comprising 2,627 men aged 45 or older hospitalized COVID-19 patients seen between February 24 and May 31, 2020, we found that inpatient use of α1-blockers was significantly associated with reduced in-hospital mortality after adjusting for several confounders. In age-stratified analyses, α1-blocker exposure appeared more protective in the 55-75 year age group.

Drug repurposing is the process of finding new indications for drugs already in clinical use. The appeal of rapidly validating and deploying an existing drug against a deadly global pandemic is clear, especially if the drug is widely available and affordable. Dexamethasone, now a standard in COVID-19 treatment, is an example of a commonly used drug repurposed for a new indication (3). However, the saga of hydroxychloroquine, which was touted as a cure early in the pandemic but has since proven ineffective, is a cautionary tale (15). The allure of rapid drug repurposing must be balanced against rigorous scientific method.

α1-blockers, commonly used to treat benign prostatic hyperplasia and hypertension, have become a target for drug repurposing due to preclinical data linking α1-adrenergic signaling to pro-inflammatory cytokines which may contribute to dysregulated immunity and adverse outcomes in COVID-19 (1, 2, 11). These preclinical findings have been bolstered by recent retrospective clinical analyses linking α1-blockers with improved outcomes in hospitalized patients with both COVID-19 and non-COVID-19 respiratory infections (12, 13). In a large COVID-19 cohort drawn from the US Veterans Health Administration hospital system, outpatient α1-blocker exposure was associated with a relative risk reduction of 18% for in-hospital mortality compared to matched controls (13). Interestingly, the non-selective α1-blocker doxazosin, which inhibits all three α1-adrenergic receptor subtypes (α1A, α1B, α1D), was associated with a greater relative risk reduction (74%) than the uroselective (α1A, α1D) α1-blocker tamsulosin (18%).

In the present study, we found that in-hospital use of α1-blockers was independently associated with reduced in-hospital mortality after controlling for confounders such as demographics, comorbidities, and clinical factors such as vital signs and lab values. In age-stratified analyses, we observed that this protective effect was more pronounced in the 55-75 year age group. In contrast to the studies by Koenecke et al. and Rose et al., which defined α1-blocker exposure based on outpatient prescriptions only, we were able to use inpatient medication administration records to identify patients treated with α1-blockers during their COVID-19 hospitalization. The stronger effect seen in the inpatient exposure group than the overall group lends additional support to the hypothesis that α1-blockers may have a beneficial effect against COVID-19.

Our results also include tests of association between other common medication classes and COVID-19 outcomes, including beta-blockers, angiotensin-converting enzyme (ACEi) inhibitors, angiotensin II receptor blockers (ARBs), and glucocorticoids. Results pertaining to these other medications should be taken in the context of a selected cohort designed to study α1-blocker use and COVID-19 outcomes. That said, it is interesting to note that glucocorticoids were associated with worse COVID-19 outcomes, contrary to the results of a randomized controlled trial (3). This discrepancy may be due to indiscriminate administration of steroids early in the pandemic, as seen in other RWE studies. For example, the use of high-dose steroids was associated with higher odds of death (16). In this study, a high dose was classified by >40 mg daily of methylprednisolone equivalent dosing. For comparison, the equivalent to the RECOVERY trial dosing of 6 mg dexamethasone is 20-30 mg of methylprednisolone (16). Furthermore, corticosteroids were associated with an increased risk of death in patients younger than 60 years without inflammation on admission (17). Thus, the observed effect of steroids in this real-world study may diverge from the effect reported in randomized trials due to factors such as inconsistent dosing, steroid choice, and patient selection early in the pandemic.

Also of interest, α1-blocker and beta-blocker exposure were associated with opposite COVID-19 outcomes in our cohort. There is evidence to suggest that β-adrenergic signaling can promote an anti-inflammatory M2 phenotype in macrophages, in contrast to the pro-inflammatory effect of α1-adrenergic signaling (11, 18). Additional efforts to dissect the interactions between adrenergic signaling and the COVID-19 immune response are warranted. A prior diagnosis of asthma was associated with reduced in-hospital mortality in this analysis. While this observation deserves further scrutiny, it is conceivable that early exposure to inhaled glucocorticoids or β-adrenergic agonists may have contributed to this signal.


Limitations

Our study has several limitations. The cohort did not include women since most α1-blockers were prescribed to men, most likely for benign prostatic hyperplasia. Male sex is a recognized risk factor for adverse COVID-19 outcomes, possibly due to sex-specific differences in immunity (19). Thus, these results may not extrapolate to women. We did not account for different types of α1-blockers, which differentially target the three α1-adrenergic receptor subtypes.

Importantly, a causal relationship cannot be definitively established between α1-blockers and improved COVID-19 outcomes in this retrospective study. Several confounders, such as older age, comorbidities, and hypoxia (an indicator of COVID-19 severity), were more common in the α1-blocker group. However, these adverse risk factors would be expected to bias the study result toward the null rather than inflate a protective association. Furthermore, our findings are consistent with prior data (13). Ongoing randomized clinical trials of prazosin (20) and doxazosin (21) against a placebo among hospitalized COVID-19 patients will include women and provide more definitive data on the therapeutic value of α1-blockers.

Finally, outpatient medication adherence cannot be evaluated from the EMR. However, inpatient medication administrations are captured by the EMR and provide a definitive record of exposures. Therefore, analyzing in-hospital medication administration is more robust.




CONCLUSIONS

In conclusion, this retrospective study found a protective association between α1-blocker exposure and COVID-19 outcomes in a cohort of hospitalized men. These results augment the rationale for studying and repurposing α1-blockers as a COVID-19 therapeutic. Thus, we await the results of two ongoing randomized clinical trials (20, 21) to definitively assess the effectiveness of alpha-1-blockers in protecting patients against COVID-19.



MATERIALS AND METHODS


Data Sources

This retrospective study utilized de-identified electronic medical record (EMR; Epic Systems, Verona, WI) data from five member hospitals within the Mount Sinai Health System (MSHS) in the New York City metropolitan area (MS BI Brooklyn, MS St. Luke's, The Mount Sinai Hospital, MS Queens Hospital, and MS West). De-identified EMR data were obtained via the Mount Sinai Data Warehouse (https://labs.icahn.mssm.edu/msdw/). COVID-19 was diagnosed by real-time reverse transcriptase polymerase chain reaction (RT-PCR)-based clinical tests from nasopharyngeal swab specimens. In total, we identified 8,442 MSHS patients with PCR confirmed diagnosis of COVID-19 from February 24 through May 31, 2020, during the peak of the pandemic in NYC.

We retrieved patient demographics, social history, medication history, and disease comorbidities from the EMR including age, gender, race/ethnicity, smoking status, asthma, chronic obstructive pulmonary disease (COPD), hypertension, obstructive sleep apnea, obesity, diabetes, chronic kidney disease, human immunodeficient virus (HIV) infection, cancer, coronary artery disease, atrial fibrillation, heart failure, chronic viral hepatitis, alcoholic non-alcoholic liver disease, and acute kidney injury (AKI). Patients aged ≥ 89 years were assigned an age of 89 to prevent re-identification. Medications by prescription or hospital administration captured in EMR from January 1, 2019, till May 31, 2020, were included in the medication history. We identified disease comorbidities through their corresponding ICD-10-CM codes before hospital admission and during hospitalization.

We also extracted data from each hospital encounter, including vital signs and laboratory data at the time of presentation, and medications administered during hospitalization. Vital sign and laboratory data extracted included: white blood cell count (WBC), serum creatinine, anion gap, potassium, alanine aminotransferase (ALT), body mass index (BMI), temperature, oxygen saturation, heart rate, respiratory rate, systolic blood pressure (SBP) and diastolic blood pressure (DBP).

This study was approved by the Mount Sinai institutional review board (IRB): IRB-17-01245.



Study Design

This was a retrospective EMR-based study designed to test the independent association of α1-blocker exposure with in-hospital death among COVID-19 patients. We first identified 6,218 inpatients positive for COVID-19 in one of five hospital systems within the MSHS as of May 31, 2020 (Figure 1A). The majority (93%) of α-1-blocker users in this cohort were men aged 45 or older. Therefore, we restricted the analysis cohort to men aged 45 or older (N = 2,627) to limit confounding due to the associations between older age/male sex with both the exposure (α1-blocker usage) and the outcome (COVID-19 outcomes).

The primary endpoint was in-hospital mortality. We defined two possible outcomes for each hospitalization: in-hospital death (deceased) or discharged to home or other locations not associated with acute medical care (recovered). The duration of hospitalization was calculated from the beginning of the hospital encounter till death or discharge.

The primary predictor was α1-blocker exposure, which we defined as an active prescription from January 1, 2020, for an α1-blocker (tamsulosin, alfuzosin, silodosin, terazosin, doxazosin, and prazosin) up to and including hospitalization for COVID-19 (N = 436). We further defined a subset of patients (N = 343) with documented α1-blocker administration during their hospitalization, which we defined as “α1-blocker inpatient use” (Figure 1A).

Potential confounders in the analysis included demographic characteristics, comorbidities, baseline labs and vitals, and exposure to medications used to treat hypertension, hyperlipidemia, and inflammation. Confounders were selected a priori based on the literature, clinician input, and data completeness. Detailed medication names included in these categories are shown in Supplementary Table 1. Certain co-morbidities, e.g., obesity, are reported as conditions that patients carried prior to hospital admission. We required that at least 85% of patients report a value for a potential confounder for it to be included in the analysis. Some potential confounders that have been associated with severe forms of COVID-19 since the beginning of the pandemic did not meet this threshold, e.g., baseline Ferritin and LDH measures. However, we did include Ferritin values recorded at hospitalization as there was reasonable coverage (75.1%).



Statistical Analyses

Patient characteristics were summarized as median and interquartile range (IQR) for continuous variables or mean and standard deviation (SD). We displayed categorical variables as number and percentage (%). We performed a statistical test of hypothesis for differences using the Kruskal-Wallis test or two sample t-test for continuous variables, and the χ2 test for categorical variables.

We employed multivariate logistic regression models with potential confounders to estimate the odds ratio and corresponding 95% confidence interval for COVID-19 in-hospital mortality (deceased = 1) vs. recovery (recovered = 0) associated with α1-blocker use. We adjusted for the following confounders, which were selected a priori: age, hospital stay duration, race, smoking status, BMI, temperature, O2 saturation, heart rate, respiratory rate, hypertension, asthma, COPD, obstructive sleep apnea, obesity, diabetes mellitus, chronic kidney disease, HIV, cancer, coronary artery disease, atrial fibrillation, heart failure, chronic viral hepatitis, liver disease, AKI, ICU stay, WBC, creatinine, anion gap, potassium, and ALT. We used two-tailed test to estimate the probability of event under the null hypothesis which was the in-hospital mortality rate, and we used the binomial distribution for α1-blocker with the prescription rate as the probability.

Statistical significance was defined as a two-sided P-value < 0.05, unless otherwise noted.
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Background: At the beginning of the COVID-19 pandemic, health workers and first-responders, such as police officers, were in charge of trying to contain a disease that was unknown at that time. The lack of information and the tremendous need to contain new outbreaks put police officers at higher risk.

Methodology: A cross-sectional study was conducted to describe SARS-CoV-2 infection rates among Police Special Forces Officers in Quito, Ecuador. In this study, 163 community-dwelling police officers from elite divisions voluntarily participated in our SARS-CoV-2 detection program using reverse transcription quantitative real-time PCR (RT-qPCR).

Results: A total of 20 out of 163 police officers tested positive for SARS-CoV-2, yielding an infection rate of 12.3%. Within this cohort, 10% (2/20) of SARS-CoV-2 positive individuals were potentially super spreaders with viral loads over 108 copies/ul. About 85% of the SARS-CoV-2 positive individuals were asymptomatic and 15% reported mild symptoms related to COVID-19.

Conclusions: We found a high SARS-CoV-2 infection rate within the special forces police officers that, beyond a high health risk for themselves, their families, and coworkers. Our results point out the need for permanent SARS-CoV-2 testing among asymptomatic essential workers and first-responders to avoid local outbreaks and to prevent work-place absenteeism among police special units.

Keywords: SARS-CoV-2, RT-PCR, police, surveillance, Ecuador


INTRODUCTION

The COVID-19 pandemic caused by the new zoonotic coronavirus, the SARS-CoV-2 virus, has caused the worst health crisis worldwide, becoming one of the deadliest public health problems of this century (1). The rapid transmission, often driven by asymptomatic carriers, disseminated the virus globally. During the early phase of the pandemic, many low-and-middle-income countries (LMIC) faced the arrival of the virus before having the opportunity to prepare (2, 3). Poor epidemiological surveillance, limited testing capacities, and intensive care units (ICUs) working at full capacity were the norms (4).

In Latin America, the crisis was immense; fragmented health systems, weaker economies, and high demographic density as well as poverty, were the perfect formula for a disaster (5, 6). The earliest measure adopted by most countries was implementing country-wide lockdowns declaring the state of emergency (7). Implementing social distancing within communities required a multidisciplinary action plan, having police officers, special forces units, and the military deployed in every corner of the country. These security forces were permanently exposed to guarantee that control and prevention measures were followed by the population to reduce the spreading of COVID-19 (8, 9).

In spite of this, law enforcement agencies around the world are still facing unprecedented challenges due to the COVID-19 pandemic (10). Police officers, as security service providers, have been required to remain on duty during the entire length of the pandemic even during strict lockdowns worldwide (11, 12). Due to the nature of their activities, police officers are at higher risk of person-to-person spread through respiratory droplets and aerosols when close to someone coughing, sneezing, or talking (13). Among the police staff, special forces units included in our study may experience a higher occupational risk of exposure to COVID-19 as they cannot carry out many of their functions without being in close personal contact with others and may not have immediate access to all necessary personal protective equipment (PPE) and disinfection supplies in the field. Guidelines in accordance with the Center for Disease Control and Prevention (CDC) were placed among law enforcement worldwide. Nevertheless, 145 out of 264 police officers who died in the line of duty in 2020 were COVID-19 victims in the United States (14). In Latin America, dramatic numbers of SARS-CoV-2 infections and COVID-19 related deaths among police have been reported, with 534 victims in Peru, 465 victims in Brazil, and more than 1,000 soldiers and policemen infected in Colombia by June 2020 (15–17). In Ecuador, within the 1st month of the COVID-19 pandemic, there were 248 police officers and soldiers infected (3).

Under this scenario, the SARS-CoV-2 diagnostic laboratory at “Universidad de Las Américas” carried out a preventive screening among special forces police units in Quito (GOE/GIR), during July 2020, just a few weeks after the population lockdown was lifted. This study aimed to analyze the data obtained from this surveillance and describe the infection rates of SARS-CoV-2 infection among these essential workers to assess their potential occupational risk to COVID-19.



METHODS


Study Design

A cross-sectional study was designed to describe SARS-CoV-2 infection rates among Special Forces Police Officers in Quito, Ecuador during July 2020. The participants were registered members of the police community, regardless of their symptoms, who decided to voluntarily participate in the SARS-CoV-2 screening program.



Settings

The study was carried out in Quito, the capital of Ecuador. The city is located at 2,850 m above sea level. According to 2020 projections, Quito has 2,781,641 million inhabitants representing 16% of the national population (as shown in Figure 1 for the map location of the study).


[image: Figure 1]
FIGURE 1. Map location of the population of study: 163 special forces police officers located in Quito, the capital city of Ecuador in the province of Pichincha (Highlands or Andean Region).




Participants

A total of 163 members of the Intervention and Rescue Group (GIR) and Special Operation Group (GOE) divisions were recruited. Due to the highly specific roles of these groups, they are placed in special missions at high-risk situations, causing mobilization around the country to be unpredictable and with frequent turnover. So, this surveillance intervention was not designed for research aims.



Study Size

We used a convenient non-probabilistic convenience sample including all the personnel available at the time. In the city of Quito, all police officers from GOE or GIR were formally invited to participate; however, some on duty did not attend the call. Sociodemographic information was obtained from the official epidemiological record used by the local health authority and the Ministry of Public health (MPH).



Data Source and Variables

Using an informed consent as well as an epidemiological data recollection sheet form, demographic variables, such as sex, age, and symptomatology status were obtained.

RNA extraction and reverse transcription quantitative real-time PCR (RT-qPCR) for SARS-CoV-2 detection using 2019-nCoV CDC kit. Nasopharyngeal swabs were collected on 0.5 ml TE pH 8 buffer for SARS-CoV-2 detection by reverse transcription quantitative real-time PCR (RT-qPCR) following an adapted version of the CDC protocol by using PureLink Viral RNA/DNA Mini Kit (Invitrogen, MA, USA) as an alternate RNA extraction method and CFX96 BioRad instrument (CA, USA) (18–25). Briefly, the CDC-designed RT-qPCR FDA EUA 2019-nCoV CDC kit (IDT, IA, USA) is based on N1 and N2 probes to detect SARS-CoV-2 and RNase P as an RNA extraction quality control (18, 19). In addition, negative controls (TE pH 8 buffer) were included as a control for carryover contamination, one for each set of RNA extractions, to guarantee that only true positives were reported. For viral loads calculation, the 2019-nCoV N positive control (IDT, IA, USA) was used, provided at 2,00,000 genome equivalents/ml. This positive control is a plasmid, such as N1 and N2 viral gene targets sequences, and it is a SARS-CoV-2 positive control recommended by CDC guidelines (18–25). As detailed in Figure 2, serial dilutions of the positive control were included in each set of samples RT-qPCR running, so an internal calibration curve with known concentrations of genomic SARS-CoV-2 material was always available. A regression analysis was made for each of those calibration curves taking RT-qPCR Ct values for N1 and N2 targets and viral genomic material concentrations as variables; the equation obtained was used for viral load calculations for each set of clinical, finally expressed as an average of the values for N1 and N2 targets. As it is exemplified in Figure 2, regression coefficients over 0.99 were obtained for the viral load calibration curves.


[image: Figure 2]
FIGURE 2. Diagram showing the protocol for viral load calculation in our study using 2019-nCoV N positive control (IDT, IA, USA). The reverse transcription quantitative real-time PCR (RT-qPCR) curves and regression plots are real ones for N1 and N2 viral targets for samples included in this study.




Statistical Methods

Measurements of frequency (counts, absolute, and relative percentages), central tendency (median), dispersion [interquartile range (IQR)], and absolute differences were calculated for all categorical and continuous variables. Infection rates were compared using the chi-square test between age and sex groups. Finally, non-parametric tests were used to compare differences between viral loads across categories. The Kruskal–Wallis test was used to compare differences in median ages, Mann–Whitney U-test was used to compare medians between men and women. Statistical significance was accepted with p < 0.05. The analysis of the data was performed using the SPSS statistics software for Mac (IBM Corp. 2014, version 24.0. Armonk, NY, USA). Figures and graphs were performed in Prism 8 GraphPad Software version 8.2.0 (2365 Northside Dr. Suite 560, San Diego, CA, USA 92108). The basic cartography maps were generated using QGIS Development Team 2.8 (Creative Commons Attribution-ShareAlike 3.0 license CC BY-SA, CA, USA).



Bias

To reduce the selection bias in this study, we have clearly described the specific targeted population (special police officers units deployed in Quito). On the other hand, to reduce the risk of any type of selection bias, we invited all the participants, regardless of their symptomatology status. Finally, we compared the results with other external populations to try to reduce the risk of information bias. To additionally reduce any type of bias, we used the standardized collection data sheet proposed by the national health ministry (Ministry of Health, MoH), the one that is applied to the entire population of Ecuador.



Ethics Statement

All participants signed informed consent to participate freely and voluntarily in the molecular diagnosis of SARS-CoV-2. This study received the approval of the Ecuadorian MoH certified IRB.




RESULTS

In the city of Quito, we covered 81% of the total number of special forces officers. Within this cohort, 88.3% (144/163) of the police officers were men and 11.7% (19/163) were women police officers. The average age for the policemen and policewomen recruited was 37 and 39 years, respectively (Figure 3).


[image: Figure 3]
FIGURE 3. Age and sex distribution for SARS-CoV-2 RT-qPCR positive tests among the 163 special forces police officers included in the study (Viral load is expressed as log10 copies/ml).



Infection Rate

A total of 20 out of 163 police officers tested positive for SARS-CoV-2 RT-qPCR, yielding an infection rate of 12.3% (Table 1). The SARS-CoV-2 infection rate was significantly higher (p < 0.01) in men than in women, with values of 13.2 (19/144) and 5.3% (1/19), respectively. It was shown that 17 out of 20 (85%) of SARS-CoV-2 positive police officers were asymptomatic, while three of them (15%) reported mild symptoms related to COVID-19.


Table 1. SARS-CoV-2 reverse transcription quantitative real-time PCR (RT-qPCR) test results distribution among the special forces police unit officers included in the study.

[image: Table 1]



Viral Load Analysis

The SARS-CoV-2 viral load's distribution for the positive individuals is detailed among sex and age groups. No significant differences were found for gender (p = 0.664) and age (p = 0.979). Additionally, there are two SARS-CoV-2 positive individuals with viral loads above 108 copies/ml (Figure 4) that can be considered super spreaders.


[image: Figure 4]
FIGURE 4. Viral load distribution for SARS-CoV-2 police officers according to sex (A) and age groups (B).





DISCUSSION

Since the WHO declared the COVID-19 pandemic, many countries around the world have taken drastic measures, establishing public regulations to slow viral transmission. Several countries chose to declare a state of emergency, prior to the arrival of the virus to avoid a rapid explosion of contagion (1). Despite these measures, the virus spread rapidly in several places, prompting the government to implement more aggressive measures, such as the use of law enforcement to prevent population crowding (26, 27).

During the entire length of the pandemic, most countries deployed their police and police special units to ensure order and to prevent the spread of the disease in the population (14, 26). In March 2020, the government of Ecuador decided to declare a state of emergency establishing a population lockdown (3). However, after the lockdown restrictions were lifted, scenarios in which disorder, overcrowding, and non-compliance with social distance among the population prevailed in places, such as markets, public transportation, and population traveling from the cities to the countryside (3). This not only increased the risk of transmission among citizens but also puts police officers at risk, who in the performance of their work, try to enforce government regulations sometimes with inadequate precautionary measures and insufficient protection (28, 29).

While total COVID-19 cases and deaths worldwide have been regularly monitored and reported, less is known from the contribution to this number related to occupational risk for different types of workers. This is particularly worrying about essential workers, such as police officers or the military, as severe COVID-19 outbreaks among these groups may compromise their ability to work on the field. For instance, in our neighboring country of Peru, there were 1,300 positive cases and 11 deaths from COVID-19 among police officers by April 2020; those numbers rose to 4,098 cases and 82 deaths by May 2020; a dramatic number of 524 deaths of police officers was reported up to May 2021 (30). Another example comes from India, where up to August 2020, there were 71,832 infected and 428 deaths of police officers reported (31). Moreover, this is not an issue necessary associated with developing countries, as in the United States, more than 2,000 law enforcement officers had already been tested positive for SARS-CoV-2 by April 2020 (10). Our results confirm severe COVID-19 outbreaks among community dwelling special forces police officers with a high infection rate of 12.3% in Ecuador, suggesting that a massive COVID-19 transmission could be happening among other police officer groups or the military. Moreover, we found 2 individuals among the 20 SARS-CoV-2 positive ones, which means 10% of the infected population with viral loads above 108 copies/ul that would represent community dwelling COVID-19 super spreaders (32–34).

Our results point out the need to improve SARS-CoV-2 testing among asymptomatic individuals at high occupational risk, such as the special forces police units included in this study. This group has a higher infection rate than healthcare workers in Ecuador, where the infection rate did not exceed 5% at the worst of the pandemic, according to official data from the Ecuadorian MoH. On the other hand, is a highly mobile group, with scarce economic resources and limited access to healthcare, such as delivery food-riders, we found very similar levels of 15% SARS-CoV-2 infection rate (35). In the only study available in Ecuador regarding occupational risk from official data by the Ministry of Health, our research group found that police and military personnel were almost two times more prone to die from COVID-19 than the general population within the same age range (3).

Under this scenario, additional measures to prevent the spreading of COVID-19 among police officers must be reinforced, such as sanitization of equipment used at work, cleaning of clothes and personal items before returning home, and use of proper disposable PPE, as recommended by the US CDC or INTERPOL. The Ecuadorian National Police has included these recommendations in its own guideline, nevertheless, police officers are always at risk of not being able to use them properly. Additionally, informational resources, such as the ones offered in the United States from the National Police Foundation, could provide updated regionalized information and all types of support for officers that are constantly exposed and at increased stress regarding their safety (National Police Foundation). However, law enforcement officers cannot carry out many of their duties without being in close personal contact with others and may not have immediate access to all necessary disinfection supplies in the field.

As the high prevalence of SARS-CoV-2 infection among police officers found in our study suggests, the precautionary measure may not be enough to protect police officers against COVID-19, and regular SARS-CoV-2 testing should be mandatory as they are constantly enduring public measures. Moreover, our results endorsed including police officers among priority groups for SARS-CoV-2 vaccination. By May 2021, more than 1,00,000 police officers and military personnel received the first dose of the SARS-CoV-2 vaccine in Ecuador (36). Those protective measures against COVID-19 for police officers and the military, particularly for special forces units described in this study, should be considered a matter of national security. For instance, police officers have been answering thousands of emergency calls related to public order disturbance and crowd control during the COVID-19 pandemic, and they had to act fast to restore order and implement social distancing measures (30). In Ecuador, the initial reduction in crime rates during the population lockdown was followed by an exponential increase in crime that demanded security forces at full capacity (37).


Limitations

The main limitation of this study is that we lack timely and accurate information on PPE used among police officers. The information related to PPE could be linked to the high rates of infection due to the lack of efficient protection while on duty. Also, another important limitation is that viral load was not analyzed in relation to the day of symptom onset, therefore, it is not possible to calculate correctly when the peak of transmission was reached in one or another person. Finally, the use of convenience sampling means that there is a risk for selection bias. However, due to the high response rate, the impact of this bias was probably limited.




CONCLUSION

Our study supports that police officers are at high risk of occupational exposure to COVID-19, so they should be regularly tested for SARS-CoV-2 infection and included as a priority group for vaccination, not only to protect themselves, their families, and the community, but also as a matter of national security under the unfortunate scenario of social crisis imposed by COVID-19 pandemic.
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Background: Considering the antioxidant function of Vitamin C, also called ascorbic acid, it is widely used against viral infections such as coronavirus disease (COVID-19) based on in vitro, observational, and ecological studies. Many confounding factors that can affect Vitamin C levels. Thus, the association described to date may not be causal. To determine the causal relationship between genetically predicted plasma Vitamin C and COVID-19 susceptibility and severity, we performed two-sample Mendelian randomization (MR) based on large samples.

Methods: The summary-level data for Vitamin C was obtained from a GWAS meta-analysis, which included 52,018 individuals from four studies of European ancestry. Data for COVID-19 HGI results were obtained from the meta-analysis of 35 GWASs with more than 1,000,000 subjects of European ancestry, including 32,494 cases with COVID-19 susceptibility and 1,316,207 controls, 9,986 cases with COVID-19 hospitalization and 1,877,672 controls, and 5,101 cases with COVID-19 severe disease and 1,383,241 controls. Mendelian randomization (MR) analysis was conducted to examine the effect of selected single nucleotide polymorphisms and COVID-19 susceptibility, hospitalization, disease severity. Several sensitivity analyses were performed with inverse-variance weighted (random-effect model), inverse variance weighted (fixed-effect model), weighted median, and maximum likelihood methods for estimating the causal effects.

Results: In this MR study, genetic predisposition to the levels of plasma Vitamin C was not associated with COVID-19 susceptibility (OR: 0.99, 95% CI: 0.84–1.17, P = 0.91), hospitalization (OR: 1.10, 95% CI: 0.71–1.71, P = 0.67) and severity (OR: 0.83, 95% CI: 0.43–1.59, P = 0.58). The association was consistent in complementary analyses. No potential heterogeneities and directional pleiotropies were observed for the analysis results.

Conclusion: According to our study, no correlation was observed between plasma Vitamin C levels and COVID-19 susceptibility and severity. Further studies in different ethnics are necessary to explore the potential role and mechanisms of circulating serum Vitamin C levels on COVID-19.

Keywords: Vitamin C, COVID-19, Mendelian randomization study, cause effect, SNP


INTRODUCTION

Coronavirus disease (COVID-19) is characterized by cytokine storms that result in immunogenic damage, especially to the endothelium and alveolar membrane (1, 2). Globally, 267,865,289 confirmed cases of COVID-19, including 5, 285,888 deaths were recorded as of December 10, 2021 (3). Cytopathic effects initially induced by viruses followed by a cytokine storm may carry substantial health risks (4). Infected people always experience mild infections, manifested by fever and dry cough, and they usually do not require hospitalization. Some people develop severe illness, which eventually turns into ARDS (3). Vitamin C, otherwise known as ascorbic acid, is a an essential nutrient. It boosts immunity and acts as a potent antioxidant (5), promote the synthesis of vasopressin and cortisol, enhance the neutrophil extracellular trap (NET) function, and improve the body's resistance to viruses (6, 7). COVID-19 patients undergoing Vitamin C treatment showed a significant decrease in inflammatory markers, such as D-dimer and ferritin, suggesting that Vitamin C may be useful for the treatment of moderate-to-severe COVID-19 disease (6). However, two large-scaled randomized controlled trials (RCTs) have indicated that Vitamin C could not prevent sepsis and ARDS (8, 9). Besides, a meta-analysis showed that the use of vitamin C was not associated with the decreased risk of COVID-19 (10). Notably, these studies included limited sample sizes with potential confounders.

The confirmation of causal association is as challenging as the reverse causation and confounding between Vitamin C and the risk of COVID-19 susceptibility and severity. Mendelian randomization (MR) has emerged as a powerful method for identifying the causation between exposures and diseases by using genetic variants as instrument variables (IVs), which could eliminate possible confounding factors (11). Furthermore, the risk of reverse causation is also minimized, because the disease occurrence cannot affect individuals' genotypes, and single nucleotide polymorphisms (SNPs) are randomly assigned (12).

In the present study, we performed a two-sample MR to explore whether genetic evidence of individual Vitamin C traits was significantly associated with COVID19 susceptibility and severity risks.



METHODS


Data Resources

The summary-level data for Vitamin C were obtained from a GWAS meta-analysis, which included 52,018 individuals from four studies of European ancestry (European Prospective Investigation into Cancer and Nutrition (EPIC)-CVD study (n = 7,650) (13), Fenland study (n = 10,771) (14), EPIC Norfolk study (15) (n = 16,756) (16), and EPIC-InterAct study (n = 16,841) (17), and the overlapping individuals were excluded. In EPIC-Interact and EPIC-CVD study, high-performance liquid chromatography and ultraviolet detection were used to measure plasma Vitamin C. The details are presented in Table 2.

The latest summary statistics data of COVID-19 were obtained from the COVID19-hg GWAS meta-analyses round 5 released publicly on January 18, 2021 (18), and the data were divided into three categories, namely, COVID-19 susceptibility, hospitalization, and severe disease outcomes (19). Documentation on the COVID-19 HGI identified the three outcome phenotypes as C2 (COVID-19 patients vs. population which were defined as any individuals who never had COVID-19), B2 (hospitalized patients with COVID-19, vs. any individuals not experiencing a hospitalization for COVID-19 including those without COVID-19), and A2 (hospitalized individuals with COVID-19 who died or required respiratory support vs. individuals without severe COVID-19 including those without COVID-19). Support for the respiratory system is characterized by intubation-ventilator-assisted breathing or high-flow nasal cannulas.

Data for COVID-19 HGI results were obtained from the meta-analysis of 35 GWASs with more than 1,000,000 subjects of European ancestry, including 32,494 cases with COVID-19 susceptibility and 1,316,207 controls, 9,986 cases with COVID-19 hospitalization and 1,877,672 controls, and 5,101 cases with COVID-19 severe disease and 1,383,241 controls.



Selection of Genetic Instrumental Variables

All instrumental variables were associated with the Vitamin C at a genome-wide significance levels (P < 5 × 10−8) and linkage disequilibrium (LD) r2 < 0.001 at a 10,000 kb window, which confirmed the independence for the selected genetic variants (20). Then, the SNPs were extracted, which were associated with any potential confounders of the outcomes. In the present study, BMI (21) and smoking (22) were identified as confounding factors when COVID-19 was identified as the outcome (http://www.phenoscanner.medschl.cam.ac.uk/). SNP harmonization was conducted to correct the orientation of the alleles. In order to determine whether instrumental variables were weak, the F statistics were used. It was proven in MR studies that F > 10 can be used with strong genetic instruments.



Statistical Analysis

MR estimate was obtained by performing an inverse variance weighted (IVW) meta-analysis of each Wald ratio. The Cochran Q-test was applied to check SNPs' statistical heterogeneity by using MR Egger and IVWs estimates, with P < 0.05 deemed significantly heterogeneous. Therefore, the IVW method based on random effects was adopted. Complementary analyses, including the inverse variance weighted (fixed effects) (23), weighted median (24), and maximum likelihood (25) methods, an outlier test Radial plot and Radial regression (26), and MR-PRESSO (27) were utilized as supplements to IVW. MR-Egger is a weighted regression approach that introduces an intercept to accommodate pleiotropy. Horizontal pleiotropy was observed when the intercept term was away from zero (28). By using this approach, unbiased estimates were achieved in the presence of pleiotropic instruments assuming that the magnitude of pleiotropic effects cannot be predicted by the size of the instrumental variables–SNPs related to plasma Vitamin C (28).

Subsequently, each SNP was excluded in a leave-one-out analysis, which allowed us to test whether individual SNPs contributed to causal associations. Pleiotropy was also assessed using funnel plots. No directional pleiotropy was observed if the funnel plot is symmetric (29).

All analyses were conducted using the “TwoSampleMR,” “MRPRESSO,” and “RadialMR” R packages in RStudio version 3.6.3. Bonferroni adjustment was used to correct for multiple comparisons (P-value: 0.05/3 outcomes = 0.0167). We computed two-side P-values, with P < 0.0167 regarded as statistically significant.




RESULTS


Choice of Vitamin C Genetic Instruments

We extracted 647 SNPs from the GWAS meta-analysis of Vitamin C metting a genome-wide significance levels (P < 5 × 10−8). Eleven independent SNPs were associated with three COVID-19 phenotypes with linkage disequilibrium (LD) r2 < 0.001 at a 10,000 kb window, which confirmed the independence for the selected genetic variants. After harmonizing the exposure and outcomes datasets, one SNP (rs17689024) was removed for being palindromic with intermediate allele frequencies. We examined each SNP in PhenoScanner database and found that they were not significantly associated with confounding risk factors. Finally, 10 SNPs were the “Complete sets” involved in the MR analyses. The characteristics of SNPs for plasma Vitamin C are shown in Table 1. Both the exposure and outcome GWAS are summarized in Table 2.


Table 1. Characteristics of SNPs for plasma Vitamin C from the GWAS meta-analysis.
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Table 2. Sources of data for the analysis.
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Causal Relationships Between Plasma Vitamin C and COVID-19 Susceptibility

Based on IVW analyses, no causal relationship was found between plasma Vitamin C and COVID-19 susceptibility (OR: 0.99, 95% CI: 0.84–1.17, P = 0.91; Figure 1A). No potential heterogeneities and directional pleiotropies were observed for the analysis results (Supplementary Table 1). The radial inverse variance weighted (IVW) and MR-Egger model were employed using a range of weighting specifications, indicating that no outliers were determined with respect to their contribution to global heterogeneity (Figure 2A). Moreover, MR PRESSO analysis did not reveal any outliers. MR-PRESSO global test resulted in a P-value of 0.31, indicating the absence of significant heterogeneity. The forest plot is shown in Supplementary Figure 1, and the leave-one-out plot is shown in Supplementary Figure 2.


[image: Figure 1]
FIGURE 1. Forest plot of MR study using genetic instruments with COVID-19. (A) COVID-19 susceptibility, (B) COVID-19 hospitalization, (C) COVID-19 severe diseas. OR, odds ratio; IVW, inverse variance weighted; CI, confidence interval; MR, Mendelian randomization.
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FIGURE 2. Effect estimate for each individual variant via the radial plot and radial regression. (A) COVID-19 susceptibility, (B) COVID-19 hospitalization, (C) COVID-19 severe disease. IVW, inverse variance weighted.




Causal Relationships Between Plasma Vitamin C and COVID-19 Hospitalization

The random-model IVW estimate showed that genetically predicted Vitamin C levels were not significantly associated with COVID-19 hospitalization risks (OR: 1.10, 95% CI: 0.71–1.71, P-value = 0.67; Figure 1B). The association was consistent with complementary analyses by using MR-Egger, IVW (fixed effects), weighted median methods, and maximum likelihood methods (Figure 2). Potential heterogeneities were present, but directional pleiotropies were absent for the analysis results (Supplementary Table 1). Both radial IVW and radial MR-Egger model indicated the absence of outliers (Figure 2B). Based on MR PRESSO analysis, we found an SNP (rs11242457) that was a potential source of heterogeneity (Supplementary Figure 3). After excluding this SNP, the results of the five MR methods suggested no causal association between plasma Vitamin C and COVID-19 hospitalization. No heterogeneity was found based on the Cochran's Q statistic [Qvalue (df) = 7.67 (7), P = 0.36 for MR Egger method; Q-value (df) = 11.61 (8), P = 0.17 for IVW method]. The forest plot is shown in Supplementary Figure 3, and the leave-one-out plot is shown in Supplementary Figure 4.



Causal Relationships Between Plasma Vitamin C and COVID-19 Severe Disease

First, we carried out a meta-analysis of the effects of the genetic instruments by using IVW. Increasing plasma Vitamin C levels by one standard deviation, and no significant effect was observed on susceptibility odds (OR: 0.83, 95% CI: 0.43–1.59, P-value = 0.58; Figure 1C). No potential heterogeneities and directional pleiotropies were observed in the analysis results (Supplementary Table 1). Outliers were detected in radial IVW and MR-Egger model (Figure 2C). However, no outlines were observed. Detailed forest plot is shown in Supplementary Figure 5. The leave-one-out analysis in Supplementary Figure 6 showed that none of the single SNP substantially affected the overall risk estimation.




DISCUSSION

Limited MR studies have focused on Vitamin C and COVID-19 susceptibility and severity (30). The sample size, selection and elimination of SNPs, choice of MR method of our study are all different compared with it, but the final conclusions are similar. This also further confirms that there is no significant causal relationship between vitamin C and COVID19. In terms of the MR study about Vitamin C and COVID-19, our research is the largest MR study to date. Our findings found no evidence that the genetic markers of plasma vitamin C are related to COVID-19 susceptibility and severity, and these results are inconsistent with those reported in observational studies. Considering that the confounding effects of factors can be difficult to control even with advanced statistical adjustments, such as socioeconomic, institutionalization, dietary, medical comorbidities, and lifestyle behavioral factors, associations between Vitamin C and COVID-19 may not be clear (31).

The pro-inflammatory state caused by the SARS-CoV-2 virus is the main pathophysiological process of the COVID-19, which is characterized by increased levels of serum interleukin-1,6 (IL-1,6) and tumor necrosis factor (TNF), resulting in “cytokine storm” and ARDS (32, 33). Various Vitamins, anti-oxidants, and immunomodulators have been investigated to curtail inflammatory chain reaction. In addition to its anti-inflammatory properties, Vitamin C contains free radial oxygen and nitrogen-caging properties (34). In a prospective study involving 19,357 people, after more than 20 years of follow-up, results show that people with baseline plasma Vitamin C levels in the top quartile had a 30% reduction in the risk of pneumonia (35). In experimental animal models, by inhibiting neuronal nitric oxide synthase-derived NO, Vitamin C injection into septic mice prevented impaired vasoconstriction, this promoting the dissolution of capillary microthrombi (36). These observational studies cannot eliminate the influence of confounding factors and reverse causality. In a randomized clinical trial that included 216 septic shock patients, treatment with intravenous Vitamin C, thiamine, and hydrocortisone did not significantly prolong the duration of time alive and free of vasopressor administration over 7 days, compared with intravenous hydrocortisone alone (9). Based on a meta-analysis of Vitamin C and COVID-19 susceptibility and severity including six RCTs (n = 572 patients), Vitamin C did not reduce mortality, ICU stays, hospital stays, and the need for invasive mechanical ventilation with high Vitamin C therapy (10). In a separate sub-group analysis, no observable benefit could be seen for severe vs. non-severe illness, or the route of administration (IV or oral) (10). Accordingly, findings from the largest randomized trial conducted to date are in accordance with those of our MR.

Our analysis has several strengths. We utilized the largest cohort of COVID-19 cases available to date, and this study involved the largest research study on genetic determinants of Vitamin C levels, which could overcome the limitations of conventional epidemiological study designs, such as confounding and reverse causality. This study is more time-efficient and less expensive than RCT. This study has some limitations. First, our datasets included the European populations, which limited the applicability of results to non-European populations. However, similar results have been obtained in populations with different ethnicities in previous randomized controlled trials of vitamin C supplementation (37). Moreover, MR's linear effect assumption could not be used to further investigate non-linear causality (38). In addition, a canalization effect could not be ruled out by our study (i.e., dilution of the gene-exposure association). Thus, the estimate might be inflated. Finally, the directional pleiotropy cannot be excluded, which is almost completely mediated through other causal pathways.



CONCLUSION

The results of the present study showed no correlation between plasma Vitamin C levels and COVID-19 susceptibility and severity. Further studies in different ethnics are necessary to explore the potential role and mechanisms of circulating serum Vitamin C levels on COVID-19.
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Different countries have adopted various control measures for the COVID-19 pandemic in different periods, and as the virus continues to mutate, the progression of the pandemic and preventive measures adopted have varied dynamically over time. Thus, quantitative analysis of the dynamic impact of different factors such as vaccination, mutant virus, social isolation, etc., on transmission and predicting pandemic progress has become a difficult task. To overcome the challenges above and enable governments to formulate reasonable countermeasures against the ongoing COVID-19 pandemic, we integrate several mathematical methods and propose a new adaptive multifactorial and geographically diverse epidemiological model based on a modified version of the classical susceptible-exposed-infectious-recovered (SEIR) model. Based on public datasets, a multi-center study was carried out considering 21 regions. First, a retrospective study was conducted to predict the number of infections over the next 30 days in 13 representative pandemic areas worldwide with an accuracy of 87.53%, confirming the robustness of the proposed model. Second, the impact of three scenarios on COVID-19 was quantified based on the scalability of the model: two different vaccination regimens were analyzed, and it was found that the number of infections would progressively decrease over time after vaccination; variant virus caused a 301.55% increase in infections in the United Kingdom; and 3-tier social lockdown in the United Kingdom reduced the infections by 47.01%. Third, we made short-term prospective predictions for the next 15 and 30 days for six countries with severe COVID-19 transmission and the predicted trend is accurate. This study is expected to inform public health responses. Code and data are publicly available at https://github.com/yuanyuanpei7/covid-19.

Keywords: adaptive multi-factor model, COVID-19, vaccination, virus mutation, social isolation


INTRODUCTION

With the global spread of the coronavirus disease-2019 (COVID-19) to over 200 countries (1), different countries or regions have taken various measures to curb the pandemic, such as wearing masks, maintaining social distancing, contact tracing, regional blockades, etc. (2, 3); many countries are also actively implementing vaccination plans (4, 5). However, the effectiveness of available vaccines and the timelines for implementing vaccination vary between countries, and some countries are still facing vaccine shortages (6). Furthermore, the virus mutates, leading to variants such as B.1.1.7 and B.1.351 (7, 8). In addition, the control measures applied have also varied throughout the pandemic in different stages. As a result of the factors above, quantitative analysis and prediction of the spread of the COVID-19 pandemic are challenging.

Mathematical modeling is an effective method for quantitative analysis of the COVID-19 pandemic. There are two main types of these models, the propagation dynamics models represented by SEIR and the probability models. Their functions are: analyzing the dynamic transmission of COVID-19, assessing the impact of different factors on the COVID-19 pandemic, and predicting the pandemic trend. Through mathematical modeling, it is helpful for early intervention, reasonable allocation of medical resources, and helping the government to formulate response measures. For example, Della Rossa et al. demonstrated an analysis model indicating that intermittent regional strategies can alleviate the pandemic (9). Gu et al. used a predictive model to assess the number of deaths between the apex and endpoints of the COVID-19 pandemic (10). Reno et al. used the SEIR model to predict the dynamic spread of COVID-19 and its burden on hospital care under different social distances (11). Kissler et al. used an improved SEIR model to predict the COVID-19 spread and emphasized the importance of intermittent distancing and serum monitoring (12). Russell et al. studied the effect of internationally imported cases on domestic transmission (13). Bayham and Fenichel analyzed the impact of closing schools on American healthcare workers during the pandemic (14). Li et al. used age-structured modifications of the SEIR model to investigate how to reduce the spread of COVID-19 (15). All these models have contributed to the study of the COVID-19 pandemic. The SEIR model shows good performance for the dynamic transmission of SARS-CoV-2 in different populations but requires a large number of cases to simulate, while the probability model has the advantage of analyzing the data but does not depict the dynamic propagation process well. However, these models were studied early in the COVID-19 pandemic when there was not enough knowledge about COVID-19, for example, Della Rossa et al. did not predict the number of cases and deaths (9). Moreover, no vaccines were used and no new mutant viruses emerged in the early years of the pandemic. Hence, it is vital to study multifactorial epidemiological models applicable to different geographical regions in the new pandemic environment.

The pandemic, populations, and various restraining measures interact with one another and vary over time (16), consistent with the descriptions of the susceptible-exposed-infectious-recovered (SEIR) model regarding the transmission dynamics of infectious diseases. SEIR is a compartmental model that is often applied to the mathematical modeling of infectious diseases, wherein the population is assigned to compartments with labels, for example, S, E, I, or R (Susceptible, Exposed, Infectious, or Recovered), and people progress among compartments. In this study, we propose a new approach designed to perform a quantitative analysis of the impact of various interventions on the pandemic by modifying the classical SEIR propagation dynamics model and combining it with ordinary differential equations and mathematical integration functions. We selected data from 21 regions distributed in different parts of the world that are the most significant contributors to the outbreak and performed seven experiments to quantitatively analyze the impact of two vaccination methods, viral variants, and social blockade on the spread of the pandemic, additionally, the progress of the pandemic is predicted.



METHODS


Data Sets

In this multi-center study including data on 21 countries or regions, sourced from the Johns Hopkins Center for Systems Science and Engineering (JHU.CSSE) and the World Bank's public dataset for Global Health, and OpenStreetMap (1, 17), the collected publicly available datasets includes newly diagnosed infections per day, existing confirmed infections, number of people recovered, and deaths. Globally, we selected some of the countries and regions most affected by the pandemic based on infection rates and numbers of infections, and then excluded some countries and regions by checking the completeness of the raw data. In addition, Considering the COVID-19 distribution in different regions, for example, the pandemic in Hong Kong is not particularly severe worldwide, but it is severe in East Asia. Finally, we identified 21 countries and regions.

We also collected other publicly available data from the Internet, including the total population data of the 21 countries or regions mentioned above. To study the impact of different vaccination methods on the pandemic, we chose New York, owing to New York's easily available data and large population, we also obtained its daily vaccination data by consulting publicly available government information, and it was confirmed that the majority of people were administered the Pfizer vaccine (18). Furthermore, the effectiveness of the Pfizer vaccine has been reported in the literature (19, 20). In addition, we obtained the date of the initial discovery and spread of the UK virus variant (21) as well as the start date of the UK 3-tier lockdown (22). All of the information above was used in this study. We have published the data and code used to model the 21 regions mentioned here experimentally; it is available at the URL https://github.com/yuanyuanpei7/covid-19.

As all the data of patients were de-identified, the requirement for written informed consent and ethical approval was waived. All procedures performed in studies involving human participants were in accordance with the National Research Committee and the 1964 Helsinki declaration and its later amendments or comparable ethical standards.



Establishing a New Adaptive Multi-Factor Model

In this study, considering that the propagation of COVID-19 is determined by various factors, the classic SEIR model is modified (23). First, redefining the function of the model, (1) we consider the viral incubation period. (2) Patients in the incubation period are also infectious, however, they are less infectious than fully infected people. (3) Vaccination or social isolation of susceptible populations, the immune efficacy of the vaccine or the protective of the isolated population is between 0 and 1. Second, new dynamic propagation parameters “α” and “σ” are added to include the analysis functions of vaccination and social isolation in the model. Third, a set of ordinary differential equations has been developed based on the functions and transmission dynamics of the new model.

The population is classified according to the transmission dynamics of the new SEIR model, as follows.

S (Susceptible): A healthy person who lacks immunity is susceptible to infection after contact with an infected person.

E (Exposed): People who have been in contact with an infected person.

I (Infectious): Infectious patients can spread the virus to S and turn them into E or I.

R (Recovered): People who have immunity after recovery will not revert to S, E, or I.

N: The total number of people in an area, not considering new births and immigration and deaths. This total number remains unchanged.

The definition of parameters is crucial to realizing the functions of the model. According to literature reports, we set or adjust the values of these parameters in the model (24–27). Different geographical areas have different epidemiological characteristics, such as diverse populations and densities, interventions, and viral variations, and therefore, the values of some parameters are variable, such as “β”, “q,” “α”, “σ”, and “t”. Other parameters have fixed values, such as “ε” being the reciprocal of the incubation period (5.2 days) and “γ” being the reciprocal of the recovery time of the infections (14 days). In the new model, the parameters are defined as follows.

β: Infection rate of the infections. β means: for example, that on average, an infected person is exposed to M individuals and the probability of infection after exposure is P (0~1), β = M*P, Therefore, β > 0.

q: The infectivity of latent relative to infections, with a ratio between 0 ~1.

α: The vaccination rate of the susceptible population and the isolation rate of the susceptible population. For example: 20 out of 100 people are vaccinated, and the other ten people are quarantined, the value of α is 30%. Therefore, the value of α is 0 ~ 1.

σ: The protective effect of the vaccine and the effectiveness of isolation. For example, 50 out of 100 people are vaccinated and 30 develop an immune response. The other 50 are isolated and 30 of them are fully protected, so the value of q is 60%. Therefore, the value of σ is 0 ~ 1.

ε: Proportion of latent converted to infections, reciprocal of 5.2 days.

γ: Proportion of persons recovered from infections, reciprocal of 14 days.

t: Represents the number of days.

In the new model, the population of each category is dynamically changed, which is expressed by ordinary differential mathematical equations as follows.

Rate of transmission from infections to susceptible (unvaccinated or unisolated susceptible) is obtained as

[image: image]

Rate of transmission from latent to susceptible (unvaccinated or unisolated susceptible persons) is obtained as

[image: image]

Rate of transmission from infections to susceptible (people who have been vaccinated but have not acquired immunity or people who have been infected because of insufficient quarantine measures) is obtained as

[image: image]

Rate of transmission from latent to susceptible (vaccinated but unimmunized) is obtained as

[image: image]

The new SEIR model considers that latent patients are also infectious, but does not account for new immigrant populations, neonatal populations, or natural deaths. The new SEIR population expression formula is as follows:

[image: image]

In the new SEIR model, a set of ordinary differential equations represents the dynamic spread of the four groups of “susceptibility,” “exposure,” “infection,” and “recovery” as follows.
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It is worth noting that formula (6) represents the constant removal rate from the susceptible population. The susceptible people have been dynamically decreasing during the pandemic spread, and it will only decrease. Therefore, the first four rates of formula (6) are <0. σαS indicates the rate of increase in the number of people gaining protection after being vaccinated and being isolated among susceptible individuals. The actual rate of being protected is also the rate of moving out of the susceptible population daily, so the rate is also <0.

In formula (9), γI represents the rate of the population recovering from the infected each day. σαS (Rate of increase in the number of gaining protection through vaccination or isolation in susceptible individuals) is constantly moving out of the susceptible population to the recovered population in the form of a negative number. It is increasing in the recovered population, so σαS is a positive number in formula (9). The recovered population is divided into two parts, those who have recovered from the infections and those who have been protected through vaccination and isolation, and therefore are the sum of the above two parts.

Based on the explanation of formulas (6) and (9), formulas (7) and (8) can also be understood, and relevant references are attached (23, 28).



Functions and Scalability

The experimental flow is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Experimental flow.


These procedures were performed according to the following steps.

Step 1: The model is defined by the function “SEIR_model.” Loading the daily data table “pd.read_csv” of existing infected people and the area's population into the “SEIR_model” function of the model. The number of recovered people was loaded directly onto the program.

Step 2: Ensuring the model's adaptability through training and fitting historical data is the focus of this study. Owing to different characteristics of the pandemic in different regions and different stages, appropriate upper and lower limits were set for the parameter group (β, q, α, σ, ε, and γ). Then the historical data was trained and fitted 20 million times through the “optimize.curve_fit” function. Finally, a set of optimal parameters and best-fitting curves are obtained automatically.

Step 3: After loading different factors of the model (vaccination, viral mutation, social distancing, and the prediction of pandemic), new quantitative analysis functions are achieved by calculating the area under the curve using a mathematical integral equation, given as follows.

[image: image]

The formula (10) represents the total time of the disease course of all people in the infection period during the START and END periods. The area under the integral curve represents the entire disease course of the infections during that period, which helps to clearly describe the pandemic's impact on the population and the economy.



Experimental Environment

All the experiments were performed on a personal computer (Windows 7 Home Edition, 64-bit operating system), the installed software was PyCharm Professional 2020.




RESULTS

Seven studies were carried out, the first six of which were retrospective and the last prospective research, yielding the following results.


Prediction of the Pandemic in 13 Regions

Through training and fitting actual historical data, the COVID-19 trend curves can be obtained and used to predict the pandemic trend (28–30). According to this principle, in 13 regions with severe pandemic transmission distributed in different locations worldwide, historical data were used to train and fit the new model, and the number of infections in the next 30 days was predicted. The two phases of the experiment were as follows.

Phase I: The red line in Figure 2 represents the number of actual infections per day. First, the model was trained, and the actual pandemic data of Hong Kong from 31 December, 2020 to 24 February, 2021 were fitted, the fitted curve was obtained as the yellow line in Figure 2. Parameters of the model adapted to the pandemic characteristics during this time were also obtained. Then, using the parameters obtained by fitting and training, the model predicted the number of infected persons between 25 February and 26 March 2021, as shown in the blue curve in Figure 2.


[image: Figure 2]
FIGURE 2. Quantitative analysis of fitting and prediction for HongKong. (A) Red area represents the integral under the curve of actual infections during the fitting period. (B) Yellow area represents the integral under the curve of the fitted infections during the fitting period. (C) Red area indicates the integral under the curve of actual infections in the prediction period. (D) Blue area represents the integral under the curve of predicted infections in the prediction period.


The actual and fitted values were obtained by calculating the mathematical integration of the red area in Figure 2A and the yellow shaded area in Figure 2B. And the accuracy of the fit was obtained as 97.24% (fitted/actual). We also compared the integration of the red curve (actual number of infections) with the blue curve (predicted number of infections) for the period from 25 February to 26 March, 2021, as shown in Figure 2C red area and Figure 2D blue area, and obtained a prediction accuracy of 95.29%.

Phase II: The proposed model was tested in 13 different countries and regions to verify its robustness. We selected eight countries worldwide and five states with a larger population and a more severe pandemic in the United States. As may be observed in Figure 3 and Table 1, the average fitting accuracy of the SEIR model for actual infections was 97.91%, and the prediction accuracy for the overall infected population during the following 30 days was 87.53%, which demonstrates the fitting and prediction accuracy, adaptability, and robustness of the model in different regions.


[image: Figure 3]
FIGURE 3. Retrospective quantitative prediction for 12 countries or regions. Actual infected individuals are represented by red curves. Fitted infections are represented by yellow curves. Predicted infections are represented by blue curves. (A) California, (B) Florida, (C) Georgia, (D) Virginia, (E) Texas, (F) the United States, (G) Iran, (H) Peru, (I) Israel, (J) Egypt, (K) Iraq, (L) Brazil.



Table 1. Fitting and prediction accuracy for 13 countries and regions.
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Effect of Vaccination on the Reduction of Infections

In New York, the initial COVID-19 vaccination drive was implemented from 3 December 2020 to 26 March 2021, in these 100 days, ~30% of the population was vaccinated at least once (18). The reference basis for the effectiveness of vaccination is as follows (19, 20): (1) The vaccine efficacy after the first shot was 56%. (2) The overall vaccine efficacy after the second shot was ~90%. (3) An immune response produced occurs in the body about 15 days after vaccination; therefore, we set the date when the vaccine became effective as 16 December 2020, and assumed that the population was inoculated at the same rate each day for the next 100 days, meaning the average daily vaccination rate was 0.3%.

In Figure 4, the red curve indicated the actual number of infections per day. We used the model to train and fit pandemic data from 7 September, 2020 to 15 December, 2020 (vaccination on 3 December, 2020, immune response in vivo on 16 December, 2020), the obtained model and parameters were used to predict pandemic progression under unvaccinated conditions within 100 days after December 16, 2020, as shown in the blue curve in Figure 4C. Then, we used the model to predict pandemic progression in these 100 days under loaded vaccine conditions, the green prediction curve of vaccination in Figure 4A (the number of infections predicted per day after vaccination) is obtained.


[image: Figure 4]
FIGURE 4. Quantitative analysis of the two scenarios of vaccinated and unvaccinated individuals. (A) Red area indicates the integral under the curve of actual infected individuals in the prediction period. (B) The green area indicates the integral under the predicted infected person curve in the vaccinated condition. (C) The blue area indicates the integral under the predicted infected person curve in the unvaccinated condition.


Comparing the mathematical integral of the red curve for the actual number of infections (Red area in Figure 4A) with the mathematical integral of the green predicted curve for implementing the vaccination plan described above (Green area Figure 4B), the result was 916,966/970,234 = 94.51%. The prediction results of the model for loading vaccination conditions were confirmed to be accurate. We also compared the mathematical integral of the blue prediction curve assuming no vaccination (Blue area in Figure 4C) with that of the red curve for the actual number of infections (Red area in Figure 4A), yielding a result was 2,389,790:970,234. As shown in Figures 4A,C, it was found that vaccination reduced the number of infections by 59.40%.



Impact of Different Vaccination Rates in the Population on the Pandemic

Here, it was assumed that the vaccine efficacy was 90%, and the vaccination rate was 10, 20, 30, 40, and 50% of the total population of New York. The model was used to quantitatively predict the number of infections in the next 30, 45, 60, 75, and 90 days. The result of the relative decline of infections is shown in Figure 5.


[image: Figure 5]
FIGURE 5. Prediction of the pandemic under different vaccination rates in New York.




Impact of Vaccination With Different Potency on the Pandemic

In addition, we assumed that 30% of the total New York population was vaccinated, with vaccine efficacy of 40, 50, 60, 70, 80, and 95%. We quantitatively predicted the decline in the proportion of infections at 30, 45, 60, 75, and 90 days from 16 December 2020. The results are shown in Figure 6.


[image: Figure 6]
FIGURE 6. Prediction of the spread of the pandemic under vaccination with different potency in New York.




Quantitative Analysis of the Impact of Virus Variation on the Pandemic in the UK

In the UK, on 15 December 2020, a new coronavirus mutation B.1.1.7 was detected (21). We trained and fitted the model based on the pandemic data from 16 October to 15 December 2020, the fitting accuracy was 99.45%. The predicted infections from 16 December to 28 December, 2020 were performed without considering virus mutations, and the prediction curve was shown as the blue line in Figure 8. Here, we quantified the increment of total disease duration of infection due to viral mutation, and compared the predicted number of infections under the assumption of no viral mutation with the actual number of infections under the condition of mutant virus, comparing the curve integral of the real infections (Red area in Figure 7A) and that of the predicted infections (Blue area in Figure 7B), showing that the mutant virus caused a 301.55% increase in the number of infections (539,916:179,046 = 301.55%).


[image: Figure 7]
FIGURE 7. Quantitative analysis of the impact of virus mutation on the pandemic in the UK. (A) Red area indicates the integral under the curve of the actual infected individuals in the prediction period. (B) Blue area indicates the integral under the curve of the predicted infected persons in the prediction period.




Impact of the Three-Tier Social Blockade on the Pandemic in the UK

In August 2020, an outbreak of the COVID-19 pandemic escalated rapidly in the UK. A three-tier social lockdown was officially launched on October 16, 2020 (22). Training and fitting the pandemic data that did not adopt the three-tier social blockade from 1 August to 15 October, and the training and fitting results are shown in the yellow curve in Figure 8A, the accuracy of the fitting is 96.57%. Then, the progress of the pandemic was forecast from 16 October to 3 December in 2020 without considering the three-level lockdown, as shown by the blue line in Figure 8B. We compared the actual number of infected people from 16 October to 3 December in 2020 with the predicted number of infected people without the three-tier social lockdown, as indicated by the red and blue area in Figures 8A,B, the result was 985,137:1,859,053 = 52.99% (Real infections' integral: Predicted infections' integral). As a result, infections were reduced by 47.01% during the lockdown.


[image: Figure 8]
FIGURE 8. (A,B) Quantitative analysis of the impact of the three-tier social blockade on the pandemic in the UK.




Prospective Prediction of the Pandemic in Six Countries for the Next 15 and 30 Days

We modeled six countries severely affected by the pandemic based on real historical data up to 25 May 2021, generating forward projections for the next 30 days (26 May, 2021 to 24 June, 2021). This work was completed on 30 May 2021, the results are shown in Figure 9. Comparing the prediction results of the next 30 days with the real data, through mathematical integration, the accuracy of the previous fitting and the accuracy of the subsequent prediction are obtained, respectively, The United States (97.96, 83.77%), Brazil (98.20, 89.96%), India (96.17, 81.80%), Turkey (98.06, 92.30%), Italy (99.86, 93.17%), Germany (93.33, 88.89%). We selected the six countries mentioned above to be at the peak of a severe outbreak for prediction, and their subsequent control measures including vaccination, therefore deviated from the prediction, but the model showed a correct trend. Moreover, the prediction accuracy of the short-term 15-day pandemic progression was >30 days.


[image: Figure 9]
FIGURE 9. Real infected individuals are represented by the red curve. Fitted infections are represented by yellow curves. Predicted infections are shown as blue curves. (A) The United States, (B) Brazil, (C) India, (D) Turkey, (E) Italy, (F) Germany.





DISCUSSION

Capturing the complexity of factors accurately in the real world is difficult for any analytical model. Based on public datasets, we selected the data from 21 typical pandemic regions. Then, by modifying the classical SEIR transmission dynamics model and combining it with improved mathematical methods, compared with the traditional SEIR model, our newly added parameters “α' and “σ” enable the new model with the analysis function of vaccination and social isolation, and the newly added mathematical integral formula (10) under the curve realizes the quantitative analysis function. We conducted experiments in seven groups. By analyzing the effects of two vaccination methods, virus variation, and social lockdown, it is shown that the proposed method is capable of quantitatively analyzing and predicting the impact of different factors on a chaotic, multifactorial, and dynamically changing pandemic. This implies that the model can help the government develop a sound response strategy.

The experiments describe the dynamic transmission of COVID-19, provide evidence of the influence of various factors on the pandemic, highlight the adaptive capacity of the proposed model in different geographical and multi-factor situations, and the importance of interventions. According to the results of the present work, it is appropriate to select data from the period 60–150 days prior to the time point of analysis, this is critical for obtaining parameters that are consistent with the characteristics of the pandemic. The experience was used for the model to fit pandemic data from 13 regions distributed in different parts of the world, and the fitting accuracy reached 97.91%, showing that the model fitted the data well and a set of parameters adaptive to each region were obtained. Then, the pandemic trend for the next 30 days in each of these 13 regions was predicted by these parameters, and prediction accuracy is 87.53%, as shown in Figure 3 and Table 1. It shows that the model has good robustness, adaptability, and predictive power. Second, the effectiveness of vaccination against the pandemic under each of the two scenarios was quantitatively analyzed, as shown in Figures 4–6. It has been proved that in the absence of widely available therapies able to eliminate the infectious disease, the most important means to overcome COVID-19 is universal vaccination. We also found that the proportion of infected people continues to decrease over time following vaccination campaigns. Third, as shown in Figure 7, in the short period from 16 December 2020 to 14 January 2021, the variant virus caused a 301.55% increase in infections, which confirms the enormous danger of mutated viruses. Fourth, as shown in Figure 8, the number of infections in the United Kingdom was reduced by 47.01% owing to three-tier social distancing campaigns. Hence, social lockdown is essential in areas where vaccines are lacking. Fifth, the model was used to predict the pandemic course in six countries over the next 30 and 15 days, as shown in Figure 9. The results confirmed the accuracy of the model's predictions again. Also, the experiments suggest that, with the exception of the lack of a widespread vaccination campaign in Brazil, assuming that there are no more infectious virus variants, it seems unlikely that these countries will experience larger waves of pandemic outbreaks in the near future.

The proposed model does involve some limitations. First, the essential function of the new model and analysis method proposed in this paper is to quantitatively analyze the impact of various factors on the pandemic based on historical data. However, prediction of the future trend of the pandemic may sometimes be imprecise, and it is impossible to predict the pandemic for a very long time because interventions and virus mutations are dynamically changing. Second, the warehouse-based SEIR model requires the initial number of infections to be at least 15 people per day, and is suitable for the middle of the pandemic. Third, the setting of model parameters and the data used may be flawed; some of the model parameters have been set empirically, for example, the ratio of latent infections to fully infected people in the model was initially set at 1:3, which may not be accurate. Some of the actual pandemic data may not be available owing to opaqueness and incompleteness, for example, some asymptomatic infections may go undetected (31).

Despite the limitations of the new model, this study has made the following contributions: (1) A new SEIR model and a new analysis method using mathematical integral equations are proposed. (2) Only a few critical dynamic transmission parameters were used to avoid overfitting in model training. (3) The model's adaptability to different regions was verified experimentally; based on the historical pandemic data in a particular region, the model required only a few seconds of training and fitting to obtain the COVID-19 dynamic parameters of spread in a given region. (4) Several new analytical functions have been developed based on the compatibility and extensibility of the model considering impacts of vaccination, viral mutation, and social blockade on the course of the pandemic. (5) The robustness and accuracy of the model were validated through retrospective and prospective multi-center experiments. The proposed approach is expected to inform the development of interventions to mitigate, suppress, and control COVID-19.



CONCLUSION

In this multi-center study, which included both retrospective and prospective modeling, we have shown the dynamic transmission process of COVID-19, the impact of different factors on the pandemic, and the prediction of future pandemic trends. We have focused on a quantitative analysis of the impact of two vaccination regimens, a variant mutant strain of the virus and social distancing requirements on COVID-19. The experimental results indicate that the integration of various interventions is required to suppress the pandemic. Moreover, the accuracy of short-term prediction is higher than that of long-term prediction. This quantitative analysis can inform the development of sound intervention strategies to balance economic losses and reduce human impacts. Owing to the adaptive nature of the model, the method can be used for various stages of the pandemic in different regions around the world. Although the proposed model has some limitations, the method constitutes a breakthrough in quantitatively analyzing the influence of chaotic and dynamic multi-factors on pandemic progression. Owing to the importance of the global public health emergency caused by the spread of COVID-19, we believe that the proposed new adaptive multi-factor multifunctional model and the analytical approach have certain applications.
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INTRODUCTION

The ability of RNA viruses to exhibit high rates of mutation and replication has been proven for over half a century and has been well documented with the advent of -omics technologies during the last two decades. These high rates of mutation relative to their hosts, allow them to evolve through the genomic evolutionary space, to broaden their variability and in some cases may afford them to acquire advantageous phenotypes in response to environmental pressures, e.g., anti-viral treatments, the latter changes can then become established in the particular evolutionary lineage of the virus (1, 2). Two additional, distinct but not mutually exclusive types of genetic exchange operate in RNA viruses, as a mechanism to acquire advantageous genomic changes, as well to be able to purge accumulated deleterious mutations. These are: firstly re-assortment, for viruses with segmented viral genomes such as Influenza, where antigenic shift in Influenza A is a well documented occurrence (3, 4). The second mechanism is recombination, which can occur both in segmented (5, 6) and non-segmented viruses, when such a mechanism exists; effectively when a “donor” sequence is introduced into a single contiguous genome to produce a new recombinant one. There is much excellent, recent literature summarizing the current knowledge and characterization of recombination for different RNA viruses at a population level (7–10).

Specifically in the Coronavirus family, recombination has been observed previously on a number of genomic studies. For example, recombination was reported in the MERS-CoV species (11, 12), while further phylogenetic analysis of the MERS-CoV full-genome sequences revealed recombination signatures that defined at least five major phylogenetically stable lineages, all of which contained human and camel MERS-CoV sequences (13). Similarly, for SARS-CoV there has been evidence for potential recombination events during its evolution (14, 15), as has also been suggested for human coronavirus HCoV-NL63, the latter exhibiting signs of having arisen from multiple recombination events from its nearest relative over its evolution (16, 17). As such, it is often reported that recombination is a normal consequence of coronavirus replication, required for the generation of the sub-genomic mRNAs and is also implicated in novel strain emergence (18–20).



THE CASE OF SARS-COV-2

In light of the above, it is of interest to consider the current evidence of recombination observed in the case of SARS-CoV-2. The SARS-CoV-2 virus was hypothesized to have emerged as a result of a recombination event between strains of beta-coronaviruses endemic to certain species of bats and pangolins (21), however this theory has invited intense debate as regards convincingly proving the proximal origin of the virus (22, 23). Specifically for the SARS-CoV-2 origins hypotheses, several authors provided arguments supporting the possibility that the SARS-CoV-2 genome is a chimera of the RaTG13 and Guangdong Pangolin coronavirus (i.e., a virus found in dead Malayan pangolins in the Guangdong province of China) (24–26) or in the place of the latter of close relatives of the bat CoV ZC45 and ZXC21 strains (24). Similarly, according to current hypotheses, evidence was presented that SARS-CoV-2 might be the result of recombination into RaTG13 from some unknown CoV strains (27). Such recombination events remain likely hypotheses at present, especially as in previous outbreaks intermediate hosts were implicated in the β-CoVs transmission (e.g., civets for SARS-CoV and camels for MERS-CoV) (20), suggesting that SARS-CoV-2 may have co-circulated with other coronaviruses in the wild in the same intermediary hosts, and also may have been transmitted to humans in this way.

To date, the SARS-CoV-2 genetic diversity increases slowly compared to other RNA viruses: given the many millions of infections globally and hundreds of thousands of genomes deposited in public databases (e.g., in the GISAID database) (28), there are only 7–8 major circulating clades observed, being identified based on multiple variants common to large numbers of isolates. It is this relative genomic stability of the circulating viral forms that allowed for the rapid development of effective vaccines and therapeutics, as well as supporting the deciphering of the SARS-CoV-2 pathology. However, inter- and intra-host recombination events in coronaviruses are well studied and evidenced to occur frequently (29, 30). As such the question arises on the lack of recombination events reported for circulating SARS-CoV-2 viruses. There have been a limited number of publications reporting any such recombination events (31–34).

It is becoming evident that while homologous recombination exists, recombinants seem to circulate at low levels for SARS-CoV-2 (31, 35, 36) with current estimates that at most 5% of circulating strains in the United Kingdom and USA are recombinants (36), or 16 recombinant sequences from the whole UK dataset of 279,000 sequences up to March 7, 2021 (31). On the other hand, it is also technically challenging to demonstrate homologous recombination when the genomic lineage evolution is driven by a limited number of single nucleotide polymorphisms. Furthermore, in order for homologous recombination to occur, the same cells within an individual need to be co-infected by genetically distinct viruses. Such co-infection of an individual requires that multiple viral lineages co-circulate within a population and, given the short duration of most SARS-CoV-2 infections, is most likely to be observed when virus prevalence is high in the population. Thus, the potential window of opportunity for the currently circulating SARS-CoV-2 variants is of limited time. To date, no heterologous recombination events have been reported, for example between SARS-CoV-2 and other co-circulating seasonal coronaviruses.

Having said that, the existing literature has demonstrated that the coronavirus proofreading exoribonuclease (nsp14-ExoN) is required to maintain the rates and loci of recombination generated during infection, and strongly supports that recombination mechanisms have been conserved across different evolutionary trajectories and host species specificity (18). Specifically, group 2a (MHV), 2b (SARS-CoV-2), and 2c (MERS-CoV) β-CoVs demonstrated many strong similarities in their patterns of recombination junctions across the genomes and in the types of recombined RNAs produced (18). Furthermore, during mixed infections of cell cultures with murine coronaviruses, at least 10% of progeny viruses were recombinants showing multiple independent recombination breakpoints (37). While such events appear unbiased in culture, in nature, events of recombination will be guided by natural selection pressures in regions with roles in host interactions. Among coronaviruses such areas of interest are centered in spike proteins (38). In light of the above, a particular case in SARS-CoV-2 can be hypothesized, with an upper ceiling of homologous recombination frequency (as evidenced by the experiments in culture) and potential recombination hotspots (spike protein) where the identification of such events would be most likely.



DISCUSSION

The coronavirus family is inclusive of many members, and the relative levels of recombination might be very different between different viruses even of the same family. In particular, the exact molecular mechanisms and determinants of RNA recombination in coronaviruses are only now becoming understood in greater detail, through the scaled-up surveillance and whole genome sequencing analyses (39), though the exact mechanisms and determinants of CoV recombination are not known (18). Additionally, for some outbreaks, there is little reason to suspect recombination, e.g., negative sense single-stranded RNA viruses are thought to recombine over evolutionary, not population-level, time scales (40). As more mutations and lineages of SARS-CoV-2 get fixed in the population and sequenced over a number of consecutive SARS-CoV-2 waves, a recombination event caused by a co-infection of a single patient with genetically distinct clades may lead to emergence of novel lineages, posing risks to the efficacy of future treatments.

Therefore, the following actions need to be considered: (i) a rapid and consistent surveillance of the sequenced SARS-CoV-2 genomes both for novel mutations and recombinations; (ii) a unified collection of genomic, epidemiological and clinical data; and (iii) further developed bioinformatics pipelines that allow for such recombination events to be detected within the limitations of the SARS-CoV-2 low genomic variation. While the first point is largely in place, the latter two points vary greatly between different geographic locations between and within countries. The UK presents a useful example in this respect, as the high rate of genomic surveillance and unified collection of genomic, epidemiological, and geographic data provide multiple lines of evidence for evaluating the identification of recombinant viruses. Establishing and operating such an integrated approach to viral surveillance on a consistent basis, remains critical to the ongoing identification of recombinants.
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Background: Rapid diagnostic testing for SARS-Cov-2 antigens is used to combat the ongoing pandemic. In this study we aimed to compare two RDTs, the SD Biosensor Q SARS-CoV-2 Rapid Antigen Test (Roche) and the Panbio COVID-19 Ag Rapid Test (Abbott), against rRT-PCR.

Methods: We included 2,215 all-comers at a diagnostic center between February 1 and March 31, 2021. rRT-PCR-positive samples were examined for SARS-CoV-2 variants.

Findings: Three hundred and thirty eight participants (15%) were rRT-PCR-positive for SARS-CoV-2. The sensitivities of Roche-RDT and Abbott-RDT were 60.4 and 56.8% (P < 0.0001) and specificities 99.7% and 99.8% (P = 0.076). Sensitivity inversely correlated with rRT-PCR-Ct values. The RDTs had higher sensitivities in individuals referred by treating physicians (79.5%, 78.7%) than in those referred by health departments (49.5%, 44.3%) or tested for other reasons (50%, 45.8%), in persons without any comorbidities (74.4%, 71%) compared to those with comorbidities (38.2%, 34.4%), in individuals with COVID-19 symptoms (75.2%, 74.3%) compared to those without (31.9%, 23.3%), and in the absence of SARS-CoV-2 variants (87.7%, 84%) compared to Alpha variant carriers (77.1%, 72.3%). If 10,000 symptomatic individuals are tested of which 500 are truly positive, the RDTs would generate 38 false-positive and 124 false-negative results. If 10,000 asymptomatic individuals are tested, including 50 true positives, 18 false-positives and 34 false-negatives would be generated.

Interpretation: The sensitivities of the two RDTs for asymptomatic SARS-CoV-2 carriers are unsatisfactory. Their widespread use may not be effective in the ongoing SARS-CoV-2 pandemic. The virus genotype influences the sensitivity of the two RDTs. RDTs should be evaluated for different SARS-CoV-2 variants.

Keywords: COVID-19, SARS-CoV-2, rapid detection, antigen testing, sensitivity, diagnostic performance, variants


INTRODUCTION

On December 31, 2019, the Municipal Health Commission of Wuhan in Hubei, China, reported a series of cases of pneumonia with unknown etiology (1). The Chinese Centre for Disease Control and Prevention (CCDC) described severe acute respiratory syndrome-related coronavirus-2 (SARS-CoV-2) as the causative agent (2–4), which then quickly spread worldwide. Severe cases of SARS-CoV-2 infection are associated with a substantial risk of prolonged critical illness and death (5).

Because the virus can be spread by asymptomatic, pre-symptomatic, and symptomatic carriers, public health experts have recommended fast and accurate testing, followed by the identification and monitoring of positive cases and subsequent self-isolation and contact tracing to contain the spread of SARS-CoV-2. Direct detection of SARS-CoV-2 is achieved by identifying viral RNA in specimens from the respiratory tract of patients utilizing nucleic acid amplification tests (NAATs) or by recognizing viral proteins through antigen-detecting rapid diagnostic tests (Ag-RDTs). The NAAT-based assays, such as real-time reverse transcription-polymerase chain reaction (rRT-PCR) have become the “gold standard” for establishing the presence of SARS-CoV-2 in patients (6). However, rRT-PCR-based testing takes several hours and is conducted in specialized laboratories, which are usually located away from sample collection sites. This may produce long turnaround times, resulting in delayed self-isolation, a risk of more contacts, and further potential transmission. Therefore, rapid antigen tests for SARS-CoV-2 detection have been made commercially available. Ag-RDTs can be conducted at the point of care and the results visualized after 15-30 min (7). There is common consensus that positive Ag-RDT results must be verified by rRT-PCR testing. Studies have indicated that the antigen tests' analytical sensitivities vary between 25 and 50% for rRT-PCR-positive samples, which may increase to more than 80% for samples with a higher viral load (8–10). We set out to comprehensively examine two of the most sensitive (11) and widely used commercial RDTs in a real-world, prospective, head-to-head study, placing specific emphasis on clinical characteristics, COVID-19-associated symptoms, and the presence of SARS-CoV-2 variant genotypes.



METHODS


Setting and Participants

This prospective study was conducted at the Corona Test Centre Cannstatter Wasen in Stuttgart, Germany. Individuals scheduled for rRT-PCR testing of nasopharyngeal swabs were advised of the study orally and in writing. Participants had to be aged ≥ 18 years and capable of understanding the nature, significance, and implications of the study. Children and adolescents <18 years of age and patients obviously suffering from clinical conditions requiring emergency hospitalization were excluded. All participants provided written and informed consent. The study was approved by Ethics Committee II (Mannheim) of the University of Heidelberg (reference number 2020-417MF) and the German Institute for Drugs and Medical Devices.

We recorded demographic characteristics, reasons for testing, medical history, major risk factors, acute symptoms, and vital signs, including heart rate, blood pressure, body temperature, and oxygen saturation and we divided the reasons for testing into three major categories: participants referred by their primary care physicians, by the Health Department and participants who were tested for other reasons. We also framed our data collection and the emergence of variants into the course of the second and third wave of the COVID-19 pandemic in Germany (Figure 1).


[image: Figure 1]
FIGURE 1. Framing of the COVAG study (February 1-March 31) into the time course of the COVID-19 pandemic in Germany. Abszissa: calendar week within 2021; ordinate: Germany-wide weekly incidence rate of SARS-Cov-2 infections per 100,000 inhabitants; bars: weekly incidence rates of infections with SARS-CoV-2 variant B.1.1.7 (alpha, blue), variant B.1.617.2 (delta, red), and wild-type or other variants (NIM-type, gray). Blue solid line: proportion of variant B.1.1.7 (alpha) in the COVAG study extrapolated to Germany.


Sociodemographic characteristics of the study participants were not recorded in detail upon enrollment. As a proxy, we created a sociodemographic map. For this purpose, postal codes of the study participants at baseline were merged with freely accessible data of the Robert Koch Institute (RKI, Berlin, Germany) for the German Index of Socio-Economic Deprivation (GISD) (12–14), which describes the regional socio-economic deprivation in Germany. It summarizes the extent of the socio-economic disadvantages of regions in the dimensions of education, employment, and income. The higher the GISD, the higher the deprivation. For geographic data (shape files) and regional representation, freely accessible geodata from the German Federal Office for Cartography and Geodesy (14, 15) were used. Postal codes and GISD scores were merged with the shape files with the software R version 4.1.1. and the R packages “leaflet” and “sp”; the spatial representation of a choropleth map was created to assign a GISD score to each study participant. The GISD score was represented at the district level by different colors in the choropleth map (Supplementary Figure 1).

In addition to collecting the oro- and nasopharyngeal swab for rRT-PCR testing, we collected two completely independent nasopharyngeal swab specimens to run two commercially available and widely used Ag-RDTs. The swabs were collected by medically educated personnel of the test center in changing teams with strict adherence to the instructions issued by the manufacturer. We used the Abbott PanbioTM COVID-19 Ag Rapid Test (Abbott Rapid Diagnostics Jena GmbH, Jena, Germany, www.abbott.com/poct) and the Roche-SD Biosensor SARS-CoV-2 Rapid Antigen Test (identical to SD BIOSENSOR Standard Q COVID-19 Ag, www.sdbiosensor.com; Roche Diagnostics; Mannheim, Germany, www.roche.com). We chose the two tests because they were widely available and used in Germany, and because smaller studies suggested acceptable sensitivity (16–20) compared to others. While this study was ongoing, a Cochrane analysis was published which identified the SD Biosensor STANDARD Q and the Abbott Panbio test as the most sensitive amongst many others (11).

Hereafter, we refer to the tests as Abbott-RDT and Roche-RDT, respectively. We randomly assigned the participants to three sampling groups according to the time sequence of collecting the nasopharyngeal swabs (group 1: rRT-PCR, RDT-Roche, RDT-Abbott; group 2: RDT-Roche, RDT-Abbott, rRT-PCR; and group 3: RDT-Abbott, rRT-PCR, RDT-Roche).



Analytical Procedures

Both the Abbott-RDT and the Roche-RDT were carried out by medically educated staff according to the manufacturers' instructions on-site at the Corona Test Centre Cannstatter Wasen, Stuttgart, Germany, immediately after sampling the nasopharyngeal swabs. The nasopharyngeal swabs for rRT-PCR testing were placed in 2 ml of a phosphate-buffered saline solution (ISOTON™ II Diluent, Becton Dickinson, Galway, Ireland) and delivered to the SYNLAB Medical Care Centre Leinfelden-Echterdingen. This ensured that the performers of the RDTs were unaware of the rRT-PCR-results.

SARS-CoV-2 RNA was extracted from the nasopharyngeal swab samples and purified using the PurePrep Pathogens kit and a PurePrep 96 instrument (Molgen, Veenendaal, the Netherlands) within 6 h after sampling to limit degradation. The integrity of the RNA was monitored by co-amplification of a control RNA included in the solution for the lysis of the swabs. In cases in which neither SARS-CoV-2 RNA nor the control RNA were detected, the RNA preparation was repeated. The rRT-PCR assay was performed using the RIDA®GENE SARS-CoV-2 test kit (R-Biopharm, Darmstadt, Germany) on the CFX96 Touch Real-Time PCR detection device (Bio-Rad, Feldkirchen, Germany) according to the manufacturers' instructions. This test kit targets the SARS-CoV-2 2 envelope (E) gene; samples producing a cycle threshold (Ct) ≤ 35 were considered positive by rRT-PCR.

We screened rRT-PCR-positive samples for SARS-CoV-2 variants of concern (VOC) B.1.1.7 (Alpha, United Kingdom), B.1.351 (Beta, South Africa), and P.1 (Gamma, Brazil) using VirSNiP SARS-CoV-2 Spike N501Y and VirSNiP SARS-CoV-2 Spike del H69/V70 from TIB Molbiol (Berlin, Germany) according to the supplier's instructions. Genotyping was restricted to samples with a Ct ≤ 30 in rRT-PCR (260 of 338 samples). Samples with positive results for both the N501Y substitution and H69/V70 deletion were assigned to the Alpha variant. The presence of N501Y and absence of H69/V70 was considered the Beta or Gamma variant. Samples in which both N501Y and H69/V70 were absent may have contained variants other than Alpha, Beta, or Gamma or the wild-type. For the purpose of this article, these samples were termed negative for investigated mutations (NIM).



Statistical Analysis

Continuous data are presented as the mean, standard deviation (SD), median, and 25th and 75th percentiles. Categorical data are presented as absolute numbers and percentages. The risk of having COVID-19 according to baseline anthropometric and anamnestic characteristics was expressed in terms of crude odds ratios (ORs) and ORs adjusted for age and sex as calculated by logistic regression (Supplementary Table 1). Sensitivity, specificity, positive predictive values (PPVs), negative predictive values (NPVs), and diagnostic efficacy [(number of true positive plus true negative tests) divided by the total number of tests] of the two RDTs compared to rRT-PCR were calculated (Table 2). These performance indicators were compared between the Abbott-RDT and Roche-RDT. The P-value refers to two-sided testing of the null hypothesis, that the difference between the respective performance indicators is equal to zero and is based on 5,000 bootstrap iterations and subsequent percentile analysis. We also visualized the sensitivities of both RDTs relative to the rRT-PCR-derived Ct values (Figure 2) and the PPVs and NPVs according to hypothetical disease prevalence rates in the range of 0-0.05 (Figure 3). To compare the PPV and NPV of the RDTs with standardized criteria on performance, we also used the following hypothetical sensitivity and specificity levels (tiers 1-3) recommended by Kost (21): tier 1, 90%, 95%; tier 2, 95%, 97.5%; and tier 3, 100%, ≥99% (Figure 3).


[image: Figure 2]
FIGURE 2. Relationships between the sensitivities of RDTs vs. rRT-PCR cycle threshold (Ct) values. The solid lines indicate sensitivities, the dotted lines represent the upper, and the lower bounds the corresponding 95% confidence intervals. (A) left: Roche-RDT; right: Abbott-RDT. (B) Sensitivities according to SARS-CoV-2 genotypes. left: Roche-RDT; right: Abbott-RDT; red: NIM genotype; blue: SARS-CoV-2 Alpha variant.
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FIGURE 3. Predictive values of positive tests (PPV, left) and predictive values of negative tests (NPV, right) of two commercial RDTs for SARS-CoV-2-associated antigens in relation to disease prevalence rates up to 0.05. Black dotted line: hypothetical sensitivity and specificity of 90 and 95% (tier 1); magenta dotted line: hypothetical sensitivity and specificity of 95 and 97.5% (tier 2); green dotted line: hypothetical sensitivity and specificity of 100 and 99% (tier 3). (A) Red solid line: Abbott-RDT; blue solid line: Roche-RDT; (B) stratified according symptomatic and asymptomatic study participants. Red solid line: symptomatic participants, Abbott-RDT; blue solid line: symptomatic participants, Roche-RDT; magenta solid line: asymptomatic participants, Abbott-RDT; light blue solid line: asymptomatic participants, Roche-RDT.


Finally, we investigated whether the sensitivities of the two RDTs were related to the reason for testing, comorbidities, clinical symptoms, vital signs, or SARS-CoV-2 genotypes using univariate (Table 2) and multivariate logistic regression (Table 3).

The statistical tests were two-sided and P < 0.05 was considered significant. The analyses were carried out using R v4.0.2 (http://www.r-project.org).




RESULTS


Clinical Characteristics of Participants

The study was conducted between February 1, 2021, and March 31, 2021. During this period, nearly 17,000 adult persons attended the test centre Cannstatter Wasen to receive an rRT-PCR test. A total of 2,222 persons agreed to participate in the study. Seven of them were disregarded for further evaluation because at least one of the three tests was not available. This resulted in 2,215 persons with valid data (Table 1). Adverse events from performing any of the tests were not experienced.


Table 1. Clinical characteristics of the 2215 participants in the COVAG study.
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Figure 1 shows our data collection period within the frame of the Germany-wide weekly incidence rates and the proportion of the NIM-type, alpha (B.1.1.7) and delta (B.1.617.2) variants. During calendar weeks 9 through 13 the proportions of the B.1.1.7 in the COVAG study and in the whole of Germany completely coincided.

707 (32%) participants were referred by their primary care physicians, 962 (43%) sought testing following the advice of the Health Department and were mostly incriminated contact persons of COVID-19 patients, and 546 (25%) participants were tested for miscellaneous reasons (264 following a warning message from the German Corona App, 140 out-of-pocket payers, 82 kindergartners or teachers, and 60 for another reason, including 2 for confirmation of a positive RDT and 2 cluster students in quarantine).

When we attempted to correlate the German Index of Socio-Economic Deprivation (GISD) which is a proxy for the socioeconomic status with the risk of COVID-19, as shown in Supplementary Figure 1, 1,879 out of the 2,215 (85%) participants had a GISD between 0.55 and 0.60. Evidently, the variance of the GISD was too low to afford further analyses.

Hypertension, dyslipoproteinaemia, and diabetes mellitus were self-reported at rates of 12, 5, and 2%, respectively. Chronic obstructive lung disease and ischaemic heart disease were comparatively low in frequency. Overall, comorbidities occurred more often in men than in women (Table 1).

The most often reported clinical symptoms were malaise, headache, and musculoskeletal pain (Table 1). Symptoms were significantly more frequent in women than in men. Systolic and diastolic blood pressures were markedly and significantly higher in men than in women, but body temperature was slightly higher in women than in men (Table 1).



Risk of rRT-PCR-Proven SARS-CoV-2 Infection According to Baseline Characteristics

Among the 2,215 participants, 338 carried SARS-CoV-2 based on rRT-PCR. Age and sex were not related to the likelihood of testing positive for SARS-CoV-2 (Supplementary Table 1). Participants referred by treating physicians and health departments were positive significantly more often than participants with miscellaneous reasons for testing [OR 0.22, 95% confidence interval (CI) 0.14-0.34, adjusted for age and sex and compared to referrals from physicians].

Persons with at least one comorbidity more frequently tested positive than those without comorbidity (OR 2.94, 95% CI 2.25-3.83, adjusted for age and sex). Among the individual comorbidities, dyslipoproteinaemia, diabetes mellitus, and ischaemic heart disease significantly increased the probability of a positive rRT-PCR test.

The presence of at least one clinical symptom at presentation resulted in a higher frequency of positive rRT-PCR (OR 2.91, 95% CI 2.28-3.71, adjusted for age and sex). In addition, each of the individual symptoms was positively and significantly related to the rate of SARS-CoV-2 detected by rRT-PCR. the objectively measured vital signs (blood pressure, body temperature, and oxygen saturation), only elevated body temperature was associated with the probability of COVID-19.



Diagnostic Performance of RDTs

Sensitivity. The Roche-RDT and Abbott-RDT had overall sensitivities of 60.4 and 56.8%, respectively (P < 0.0001, Table 2). Figure 2A shows that the sensitivities of both RDTs were strongly related to the Ct values derived from rRT-PCR. Only at Ct values <20 did both RDTs reach a sensitivity of 100%.


Table 2A. Diagnostic performance of two commercial RDTs for SARS-Cov-2 antigen (part 1).
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Table 2B. Diagnostic performance of two commercial RDTs for SARS CoV-2 antigen (part 2).
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We further examined whether the sensitivities of the two RDTs were significantly different in subgroups (Table 2). The overall difference in sensitivity between the Roche-RDT and Abbott-RDT may be due to participants below the median age (P < 0.0001) rather than those above the median age (P = 0.199, Table 2). Among participants referred by physicians, the sensitivities of both RDTs were substantially higher than in the total study population (79.5 and 78.7%, Roche-RDT and Abbott-RDT, respectively), but did not differ significantly. In contrast, they were <50% in persons referred by the Health Department and those tested for other reasons, whereby the Roche-RDT appeared to perform better than the Abbott-RDT (Table 2).

Sensitivities were markedly lower in persons with at least one comorbidity (38.2 and 34.4%, Roche-RDT and Abbott-RDT, respectively, P = 0.005) than in persons without comorbidities (74.4 and 71.0%, Roche-RDT and Abbott-RDT, respectively, P = 0.004, Table 2). This also applied to the individual comorbidities, with the one exception that the sensitivities of both the Roche-RDT and Abbott-RDT were 86% in the small number of participants reporting ischaemic heart disease (for detailed information refer to Supplementary Table 2). This unexpected finding is consistent with the Ct values being markedly higher in individuals with comorbidities (Table 2).

In persons with at least one clinical symptom, the sensitivities of both RDTs were higher (75.2 and 74.3%, Roche-RDT and Abbott-RDT, respectively, not significant) than in persons without clinical symptoms (31.9 and 23.3%, Roche-RDT and Abbott-RDT, respectively, P < 0.0001). The presence of any of single symptom augmented the sensitivities of both RDTs, with the exception of shortness of breath and diarrhea, which were not related to sensitivity (for detailed information refer to Supplementary Table 2). This finding is also in line with the Ct values, which were lower in cases with symptoms than in those without (Table 2).

We also analyzed whether the SARS-CoV-2 genotype affects the sensitivities of the RDTs. Only samples with Ct values ≤ 30 (n = 286) were included in this evaluation. The NIM SARS-CoV-2 and Alpha variant (B.1.1.7) were present in 81 and 166 samples with Ct values ≤ 30, respectively. The NIM genotype was detected at sensitivities of 87.7 and 84.0% (Roche-RDT vs. Abbott-RDT, respectively, not significant). In carriers of the Alpha variant, sensitivities were 77.1 and 72.3% (Roche-RDT vs. Abbott-RDT, respectively, P < 0.002). At any given Ct value, the sensitivities of both RDTs were lower for the Alpha variant than for the NIM genotype (Figure 2B).

To firmly establish independent predictors of sensitivity, we calculated ORs for having a positive RDT according to subgroups in multivariate logistic regression. Covariables were age, gender, reason for testing, presence or absence of any comorbidity, presence of absence of any clinical symptom, and the SARS-CoV-2 genotype. As expected, Ct values were associated with sensitivities of both tests. The sensitivities of the Abbott-RDT and Roche-RDT were higher in symptomatic than in asymptomatic individuals. Remarkably, the sensitivities of both tests were significantly lower for the Alpha variant than for the NIM genotypes (Table 3).


Table 3. Predictors of positive RDTs amongst SARS-CoV-2-rRT-PCR-positive samples in multivariate logistic regression models*.
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Specificity. The rate of false-positive RDTs was low. With both RDTs, specificity exceeded 99% overall and in mostly all participant strata (Table 2, Supplementary Table 2).

PPV, NPV, and diagnostic performance. At a prevalence rate of 15% in the study population, the PPVs of the two RDTs were 98 and 99% and within the range of 90-100% in all subgroups examined. The NPVs of the RDTs were approximately 93%. Diagnostic efficiency also ranged between 90 and 100% (Table 2, Supplementary Table 2).

Because patients with SARS-CoV-2 infections were enriched in our study population compared to the general population, we examined the PPVs and NPVs at assumed prevalence rates up to 0.05 (Figure 3A). At this prevalence rate, our results suggest a PPV and NPV of 96.6 and 97.8% for Abbott-RDT, and 92.3 and 98.0% for the Roche-RDT, the Abbott-RDT displaying a higher PPV than the Roche-RDT and both scoring higher than the hypothetical tiers 1 through 3, reflecting increases in sensitivity in the order of Abbott-RDT < Roche-RDT < tier 1 < tier 2 < tier 3. The NPVs ranged in the order of tier 3 > tier 2 > tier 1 > Roche-RDT > Abbott-RDT.

In symptomatic persons, the PPVs and NPVs at the actual prevalence within the study were 98.2 and 93.2% for the Roche-RDT and 98.8 and 92.9 % for the Abbott-RDT (Table 2). In asymptomatic persons, the respective figures were 94.9 and 93.4% for the Roche-RDT and 98.2 and 92.7% for Abbott-RDT (Table 2). Figure 3B shows PPVs and NPVs as functions of the disease prevalence and stratified according to the presence or absence of clinical symptoms. As expected, PPVs were highest and NPV lowest in asymptomatic patients.




DISCUSSION

We completed one of the largest prospective evaluations of RDTs for SARS-CoV-2-associated antigens in a real-world environment to date. We evaluated two of the most sensitive (11) contemporary lateral-flow devices provided by Roche Diagnostics and Abbott Diagnostics. We found that the Abbott-RDT and Roche-RDT had significantly different sensitivities, but they were inversely and strongly related to the rRT-PCR-derived Ct values. In unadjusted examinations, the RDTs had higher sensitivity in individuals referred from treating physicians and health departments than in those tested for other reasons, in individuals without comorbidities compared to those with comorbidities, in individuals presenting with clinical symptoms and fever, and in carriers of the SARS-CoV-2 NIM genotype compared to carriers of the Alpha variant. Of note, the significant negative association between positivity of RDT results and presence of the alpha variant remains statistically significant when we considered age, sex, Ct-value, reason for testing, presence of comorbidities and presence of clinical symptoms in the same logistic regression model. This implies that the RDTs are less sensitive toward the alpha variant even adjusting for other conditions affecting sensitivity.


Prevalence of SARS-CoV-2 Infections in the Study Cohort

Among the attendees of our corona test center, the rate of individuals testing positive for SARS-CoV-2 infection by rRT-PCR was 15%, which markedly exceeds the prevalence rate in the German population during the study (~0.3% estimated on the basis of 7-day incidence rates during the study period). The probability of testing positive by rRT-PCR was not related to age and sex. This is in contrast to the expected over-representation of older people and may reflect pre-selection for persons having an evident clinical indication for testing. The probability of testing positive by rRT-PCR was strongly linked to individual reasons for testing, to the presence of comorbidities, clinical complaints, and elevated body temperature. For example, the persons referred by physicians due to suspected COVID-19 or those coming from the Health Department were more often positive than the group with miscellaneous reasons (kindergartners/teachers, out-of-pocket payers). Yet, in the latter group (prevalence rate 0.044), the proportion of SARS-CoV-2 carriers was still 10-fold higher than in the general population (assumed prevalence 0.003).



Sensitivity of the RDTs

Expectedly, both RDTs had higher sensitivities in subgroups with high viral loads (referral by physicians and health departments, clinical symptoms). However, both sensitivities and viral loads were low in patients presenting with comorbidities. This is unexpected and may reflect a referral bias in the sense that the indication for testing is more frequent and earlier in patients at high risk for severe COVID-19.

The relationship between the RDTs' analytical sensitivity and viral load is in line with reports of sensitivities between 24.3 and 50% for RT-PCR-positive samples, which increased up to 81.8 and 100% for samples with high viral loads (>6 log10 RNA copies/ml) (8–10). In specimens from the upper respiratory tract, SARS-CoV-2 RNA peaks with the beginning of symptoms around day 4, decreases steadily during the first 10 days after illness onset, and can be detected up to 20 days after the onset of symptoms (22–25). However, viral loads are low during the earlier stage of infection and in the second week after the onset of symptoms (26, 27). Thus, the time window for the detection of SARS-CoV-2 by RDTs appears to be narrower than with rRT-PCR and may be confined to the acute phase of infection. Consistently, we found a lower sensitivity of RDTs in asymptomatic individuals, suggesting limited usefulness of RDTs for screening such individuals, even if it is repeated on a regular basis.

We want to emphasize that the RDTs were carried out by medically educated personnel with strict adherence to the instructions issued by the manufacturers, perhaps explaining the low rate of false-positive results. Yet, RDTs have been widely recommended for self-testing or for testing by lay persons. Indeed, when Ag-RDT self-testing results were evaluated in a comparative study among symptomatic outpatients, self-testing (including self-read-out) yielded a sensitivity of 82.5% compared to professional nasopharyngeal sampling and testing (28). The same study noted variations in the sensitivity of Ag-RDT self-testing depending on the viral load of the sample. High viral loads ≥ 7.0 log10 SARS-CoV-2 RNA copies/ml led to a sensitivity of 96.6%, whereas low viral loads <7.0 log10 SARS-CoV-2 RNA copies/ml had decreased sensitivity (45.6% for Ag-RDT self-use and 54.5% for Ag-RDT professional use) (28). Thus, it appears that, at low viral loads, as encountered in asymptomatic persons, self-administered RDT testing may be even less effective in reality than it was in the current study.



Sensitivity for the SARS-CoV-2 Alpha Variant

During the conduct of our study, the SARS-CoV-2 Alpha variant became the prevailing genotype in Southern Germany. Consequently, the study included 81 carriers of SARS-CoV-2 NIM, 166 carriers of the Alpha variant, and 4 patients with other viral genotypes (251 of 338 samples with Ct values ≤ 30). Remarkably, the sensitivities of both RDTs were lower in Alpha variant carriers, and this finding was robust against adjustments for the viral load expressed in terms of Ct values (Table 3). The Alpha variant may be differentiated from the wild-type by two key mutations in the Spike protein: the N501Y substitution within the receptor-binding domain and the H69/V70 deletion. It may be ~80% more transmissible than the wild-type (29) due to conformational changes increasing the Spike protein's affinity for the angiotensin-converting enzyme 2 (ACE2) receptor (30–32). SARS-CoV-2 variants may also confer decreased binding of therapeutic antibodies and protection by vaccination, whereby the Alpha variant may display the smallest variation in antigenicity compared to other circulating variants. This raises the attractive possibility that the lower reactivity of the current RDTs for the Alpha variant was related to structural alterations in the epitope(s) recognized by the detecting antibodies. However, the antibodies incorporated in both RDTs recognize the nucleocapsid protein (N-protein) (33). In a laboratory-based investigation (virus suspended in cell culture medium and saliva), the performance of the Roche-RDT and Abbott-RDT was not affected by variants. This is in contrast to the current results, which were collected in a real-world setting. A potential speculative explanation for the discrepancies may be that both the Spike protein and the N-protein tightly interact, and that conformational changes in the Spike protein may affect the three-dimensional structure and accessibility for antibodies against the N-protein (34). Finally, we cannot rule out that the structural changes in other variants may be even greater than in the Alpha variant (35), so that their effect on sensitivity may be even stronger. Thus, any validation of RDTs for SARS-CoV-2 would also have to be extended to known and future variants rather than limited to the wild-type SARS-CoV-2.



Implications for Screening

A recent meta-analysis issued by the Cochrane Collaboration reviewed 48 studies including 58 commercial RDTs. It reported sensitivities between 34.1% (95% CI 29.7-38.8%) and 88.1% (95% CI 84.2-91.1%) for RDTs in symptomatic persons, whereas in asymptomatic persons, the sensitivities varied between 28.6%(8.4-58.1%) and 69.2% (38.6-90.9%) (11).

The Cochrane analysis identified three studies of the Abbott-RDT with 1,094 symptomatic participants, including 252 SARS-CoV-2 cases, and one study with 474 asymptomatic persons and 47 cases. It also identified three studies with 1,948 symptomatic participants and 336 cases and one study with 127 asymptomatic persons and 13 cases for the Roche-RDT (listed as Biosensor Standard Q). The number of asymptomatic persons in the current single study thus the number in the study in the Cochrane meta-analysis (11).

For the Abbott-RDT, the Cochrane analysis reported sensitivities of 75.1% (57.3-87.1%) and 48.9% (35.1-62.9%), and specificities of 99.5% (98.7-99.8%) and 98.1% (96.3-99.1%) in symptomatic and asymptomatic persons, respectively. The sensitivity of the Roche-RDT was reported to be 88.1% (84.2-91.1%) and 69.2% (38.6-90.9%) in symptomatic and asymptomatic patients, respectively, with specificities similar to the Abbott-RDT. The current findings therefore almost exactly coincide with the Cochrane analysis and significantly extends the available evidence.

Analogous with the viewpoint of the Cochrane analysis (11), at a prevalence rate of 0.05, sensitivities of 60.4 and 56.8% (symptomatic: 75.23 and 74.32%, asymptomatic: 31.9 and 23.28%) and specificities of 99.7 and 99.9% (symptomatic: 99.6 and 99.73%, asymptomatic: 99.82 and 99.96%) with the Roche-RDT and Abbott-RDT, respectively, in symptomatic patients with SARS-CoV-2 infections, our data would translate as follows.

If 10,000 patients with expected 500 (0.05) true positives were examined, 414 and 397 persons would have tested positive, of which 38 and 25 would have been false-positives and 124 and 128 persons with negative test results would be falsely negative for Roche-RDT and Abbott-RDT, respectively (Table 4). Assuming a prevalence rate of 0.005 with expected 50 true positives in 10,000 asymptomatic patients, there would be 34 and 16 persons testing positive, of which 18 and 4 would have been false-positives for Roche-RDT and Abbott-RDT, respectively, and 34 and 38 persons with a negative test would be falsely negative (Table 4). This is crucially important, as RDTs have specifically been recommended for screening asymptomatic persons. Furthermore, as shown in Table 4, these numbers would be affected if the SARS-CoV-2 Alpha variant is predominant.


Table 4A. Number of false-positive and false-negative results in a hypothetical cohort of 10,000 people tested with the Roche-RDT.
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Table 4B. Number of false-positive and false-negative results in a hypothetical cohort of 10 000 people tested with the Abbott –RDT.
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Limitations

We applied rRT-PCR as the reference method to detect SARS-CoV-2 infection. Despite being considered the gold standard, this technique has the limitation that the detection of SARS-CoV-2 RNA in patient samples does not indicate the presence or shedding of viable virus with replicative capacity or whether the tested individual is contagious at the time of the test (22, 36). Although the presence of viral RNA proven by rRT-PCR does not automatically equate to infectiousness, a significant correlation between the Ct value (reflecting viral load) and subsequent virus cultivation has been observed. Samples with Ct values between 13 and 17 have a culture positivity rate of 100%, which declines gradually to 12% when Ct values of 33 are analyzed. No viral growth occurs at Ct values ≥ 34, suggesting that patients with these values do not excrete infectious viral particles (27). Therefore, if infectivity rather than a positive rRT-PCR test were considered the reference for RDTs, our results would stand more in favor of RDT testing. However, a direct conversion of Ct values or a positive RDT to contagiousness has not yet been established. Ct values can hardly be compared across studies, and the correlation between viral load and the risk of transmission from a positive case is still not entirely clear (23, 37), with a variety of circumstances, such as the individual's behavior, the type and duration of contact, the environment, and the implementation of transmission-reducing measures (e.g., filter masks) affect infectiveness (37, 38).

The sensitivity of RDTs may relate to the time elapsed since infection. It is a limitation of the current study that the time point of infection in rRT-PCR-positive samples was not available. However, we consider the Ct values from rRT-PCR as a good proxy for the changes in viral load during the course of the study.

Finally, we demonstrated that the SARS-CoV-2 Alpha variant markedly diminishes the sensitivity of both RDTs. We cannot explain this finding. Other variants were not encountered in sufficient numbers, and we were not able to infer the sensitivities of the RDTs for other variants.



Directions for Future Research

This evaluation of two of the most sensitive RDTs currently available for SARS-CoV-2 suggests that screening asymptomatic persons with this approach may fail to identify a substantial proportion of viral carriers. Thus, further methodical refinements are needed, such as attempts to determine the viral load at least semi-quantitatively. Alternatively, rapid, on-site, direct detection of SARS-CoV-2 RNA RDTs could be pursued. The lower sensitivity of the RDTs for the Alpha variant indicates that their performance may be substantially influenced by the virus genotype, and strategies need to be developed to ensure that any of the circulating variants are captured. Finally, further head-to-head research is needed into how current screening strategies, RDT or laboratory-based, directly translate into controlling virus transmission and spread in the population. This will show whether the obvious practical advantage of RDTs is offset by their limitations.
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Background: Immunity and clinical protection induced by mRNA vaccines against SARS-CoV-2 have been shown to decline overtime. To gather information on the immunity profile deemed sufficient in protecting against hospitalization, we tested IgG levels, interferon-gamma (IFN-γ) secretion, and neutralizing antibodies 180 days (d180) after the second shot of BNT162b vaccine, in HW.

Methods: A total of 392 subjects were enrolled. All received BioNTech/Pfizer from February 2020 to April 2021. The vaccine-specific humoral response was quantitatively determined by testing for IgG anti-S1 domain of SARS-CoV-spike protein. Live virus microneutralization (MN) was evaluated by an assay performing incubation of serial 2-fold dilution of human serum samples, starting from 1:10 to 1:5120, with an equal volume of Wuhan strain and Delta VOC viral solution and assessing the presence/absence of a cytopathic effect. SARS-CoV-2-spike protein-specific T-cell response was determined by a commercial IFN-γ release assay.

Results: In 352 individuals, at d180, IgG levels decreased substantially but no results below the assay's positivity threshold were observed. Overall, 22 naive (8.1%) had values above the highest threshold. Among COVID-naive, the impact of age, which was observed at earlier stages, disappeared at d180, while it remained significant for 81 who had experienced a previous infection. Following the predictive model of protection by Khoury, we transformed the neutralizing titers in IU/ml and used a 54 IU/ml threshold to identify subjects with 50% protective immunity. Overall, live virus MN showed almost all subjects with previous exposure to SARS-CoV-2 neutralized the virus as compared to 33% of naive double-dosed subjects (p < 0.0001). All previously exposed subjects had strong IFN-γ secretion (>200 mIU/ml); among 271 naive, 7 (2.58%) and 17 (6.27%) subjects did not show borderline or strong secretion, respectively.

Conclusions: In naive subjects, low IgG titers are relatively long-lasting. Only a third of naive subjects maintain neutralizing responses. After specific stimulation, a very limited number of naive were unable to produce IFN-γ. The results attained in the small group of subjects with breakthrough infection suggest that simultaneous neutralizing antibody titers <20, binding antibody levels/ml <200, and IFN-γ <1,000 mIU/ml in subjects older than 58 may identify at-risk groups.

Keywords: SARS-CoV-2, mRNA vaccines, humoral response, IFN-γ, healthcare workers


INTRODUCTION

Several studies on the durability of humoral response in subjects recovered from SARS-CoV-2 infection showed that both binding and neutralizing antibody levels decrease only modestly at month 8 after the infection (1, 2). This evidence initially suggested that vaccinated persons and previously infected would experience a low number of breakthrough infections. However, the durability of immunity has been called into question by the mounting evidence of reinfections after natural recovery (3). Moreover, a progressive decline in humoral immune response has been shown after vaccination (4). In our experience, in a cohort of healthcare workers, this decline was shown to start from d90 after the first shot (5). These results were in agreement with larger cohort studies (4) and suggest that after vaccination or infection, several mechanisms of immunity exist both at the antibody level and at the level of cellular immunity.

Moderna and Pfizer vaccines using a mutated sequence of the receptor-binding domain (RDB) that contains two consecutive prolines, lysine 986, and valine 987 (6) have been associated with high protection rates (7). Accumulating evidence demonstrates that the two doses of the BNT162b vaccine elicit either high IgG or neutralizing antibody responses (8, 9). Neutralizing antibodies were shown to correlate with protection and may be used to assess effective vaccine-induced humoral response (10) However, there is scarce applicability of neutralizing assays in the routine practice as neutralizing tests are complex, time-consuming, and not always comparable across assays (11). In addition, a time-dependent neutralizing activity regression relationship with IgG levels has been demonstrated (4).

It has recently been shown that fully vaccinated people remain at the risk for SARS-CoV-2 infections and Pfizer's CEO announced in October 2021, the need for a booster within 12 months of the first dose (12–14). In a recent study from Israel, involving participants 60 years old, 5 months after two doses of BioNTech/Pfizer vaccine, rates of infection and severe illness were lower among those who received a booster injection as compared to participants who did not (15).

Evidence suggests that humoral response alone may not offer sufficient protection against either infection or disease, and SARS-CoV-2-specific cellular immunity may be more stable and longer-lasting than humoral immunity (1). It has been, therefore, hypothesized, based on experimental models, that CD4+ and CD8+ T-cells and production of IFN-γ play an important role in vaccination immune response (16).

We analyzed – by age, gender, and previous SARS-CoV-2 infection history –the binding and neutralizing antibody response induced by the BioNTech/Pfizer vaccine 180 days after the second vaccine shot in our cohort of almost 400 healthcare workers longitudinally followed up to 180 days after the second dose of BioNTech/Pfizer. The subjects' early humoral response had been previously reported to decline 90 days after the first vaccine dose (5). Spike-specific T-cell-mediated reactivity using an IFN-γ release assay, with the aim to gather information about cellular immune response, was also evaluated.



METHODS

Our analysis was based on the medical data from the multicenter longitudinal study (Covidiagnostix, funded by the Italian Ministry of Health) to investigate the antibody response in Healthcare workers vaccinated with BioNTech/Pfizer starting from February 11, 2020, and ending on April 11, 2021. All the subjects received two vaccine injections 21 days apart. The planned testing time for binding antibodies was day 0 (d0) (before the first dose), day 7 (d7), day 21 (d21), day 31 (d31) after the first shot, and day 90 (d90) 60 days after the second shot, day 180 (d180) days after the second shot corresponding to 210 days after the first shot, respectively.

We excluded the participants who do not have the complete set of blood sample collection. Blood samples were collected into clot activator BD vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ, USA). The margin of sampling window for each time-point was of 2 days.


Antibody Evaluation

The vaccine-specific humoral immune response was quantitatively determined by testing for antiS1 and SARS-CoV-spike protein (EUROIMMUN, anti-SARS-CoV-2 QuantiVac enzyme-linked immunosorbent assay) with a positive cut-off of at least 3.2 Binding Arbitrary Unit (BAU) ml. This assay was designed to evaluate vaccine response and calibrated against WHO standards in order to provide results in BAU (17). The cut-off for positivity was 35.2 BAU, low quantitation limit 3.2 BAU/ml at 1:101 dilution, and range (3.2–384.0 BAU/ml). Results 25.6 but <35.2 were considered borderline (18). Specificity and sensitivity (>10 days after diagnosis) are 99.8 and 90.3%, respectively, when the manufacturer's suggested cut-off of 35.2 BAU/ml is used. A solution used for diluting samples above 348 U/ml was included in the measurement kits.

The SARS-CoV-2 spike protein-specific T-cell response was determined by a commercial, standardized interferon-gamma (IFN-γ) release assay (IGRA) using the EUROIMMUN SARS-CoV-2 IGRA stimulation tube set (product No. ET 2606-3003) and EUROIMMUN IFN-γ ELISA (product No. EQ 6841-960). The specific T-cell response was quantified according to the manufacturer's instructions and values >100 mIU/ml were interpreted as low positive, >200 mIU/ml as positive (19).



Cell Culture

VERO E6 C1008 cells (CRL-1586) were cultured in Dulbecco's Modified Eagle's Medium (DMEM), High Glucose (Euroclone), supplemented with 2 mM L-glutamine (Lonza), 100 units/ml Penicillin–Streptomycin mixture (Lonza), and 10% fetal bovine serum (FBS) (Euroclone), in 37°C and 5% CO2 humidified incubator. Adherent sub confluent cell monolayers of VERO E6 were prepared in DMEM high glucose containing 2% FBS in 96 well plates for virus titration and neutralization tests.



Micro-Neutralization Experiments

The micro-neutralization (MN) assay was performed as previously reported (20, 21). Briefly, serial 2-fold dilution of human serum samples, starting from 1:10 to 1: 5120, were incubated with an equal volume of SARS-CoV-2 (Wuhan Strain and Delta VOC) viral solution containing 25 tissue culture infective dose 50% (TCID50) for 1 h at RT (21). After incubation, 100 μl of the serum–virus mixture was transferred to a 96-well plate containing an 80% sub-confluent Vero E6 cell monolayer. The plates were incubated for 3 days (Wuhan strain) and 4 days (Delta strain) at 37°C and 5% CO2. At the end of incubation, the presence/absence of cytopathic effect (CPE) was assessed by means of an inverted optical microscope. A CPE higher than 50% was indicative of infection. The MN titer was expressed as the reciprocal of the highest serum dilution showing protection from viral infection and CPE. The titer of 10 was considered as the lower limit of quantitation (LLOQ) and a titer equal to 5 was considered as negative. All experiments with live SARS-CoV-2 viruses were performed inside the Biosecurity Level 3 laboratories of VisMederi Srl. Standardization of neutralizing titers was made following the guidelines of the NIBSC 20/136 document1.



COVID-19 Diagnostic Data

As part of preventive medicine practice, healthcare workers were subjected to routine RT-PCR swab testing using a Real-Time Reverse transcription PCR kit on a Roche Cobas Z480 thermocycler (Roche Diagnostic, Basel, Switzerland). RNA purification was performed using Roche Magna pure system (Roche Diagnostic, Basel, Switzerland). Both the results of the swab test and the clinical information collected in a dedicated questionnaire were used to confirm the previous SARS-CoV-2 infection and were compared to the results of the COVID-19 Regional Registry.



Ethics Approval

All healthcare workers provided written consent in accordance with local review board requirements. Laboratory investigations and available clinical data were collected and analyzed according to the protocol COVIDIAGNOSTIX approved by the EC review board at our institution and funded by the Ministry of Health of Italy, “Bando Ricerca COVID-19,” project number: COVID-2020-12371619; project title: COVIDIAGNOSTIX—Health Technology Assessment in COVID serological diagnostics.



Statistical Analysis

Data were presented as numbers and percentages for categorical variables. Continuous variables were expressed as mean ± SD or median with interquartile range (IQR). Test for Normal distribution was performed by Shapiro–Wilkson test. The T-test was used to compare the mean of unpaired samples. When the distribution of samples was not normal, a T-test with logarithmic transformation was performed. Alternative non-parametric tests such as Mann–Whitney test were used when distribution was not normal. Differences between groups were analyzed using the chi-square test or Fisher's exact test for categorical variables.

Linear regression was used to describe the relationship between two variables and to predict one variable from another. In a scatter diagram with a regression line, the relation between two variables was presented graphically, and the linear correlation coefficient and p-value were reported.

Tests with p-value (p) < 0.05 were considered significant. The statistical analysis was performed by Matlab statistical toolbox version 2008 (MathWorks, Natick, MA, USA) for Windows at 32 bit.

Logistic regression was used to find the best fitting model to describe the relationship between the dichotomous characteristic of interest (dependent variable) and a set of independent variables.




RESULTS


Serological Evaluation by the Previous History of SARS-CoV-2 Infection at day 180 After the Second Dose

Of 392 enrolled subjects, 352 were analyzed, as 40 (10.2%) had to be excluded because they did not complete the planned sample collection. The mean age was 47.7 years ± 11.8. Of the total participants, 57.2% were female; 271 had no experience of the previous infection and were defined as naive. Subjects infected before or immediately after the first vaccine dose (n = 81) were classified as experienced.

Of 271 naive, the female prevalence was 58.3%, and the mean age was 47.55 years ± 11.85. The mean values of IgG antibodies were 212.93 ± 182.98 BAU/ml (Table 1). None had results below the 35.2 BAU/ml positivity assay threshold. Overall, 22 individuals (8.1%) had antibody values above the highest threshold. Their mean values were 630.50 ± 361.46 BAU/ml. No difference was observed by gender.


Table 1. Baseline characteristics, antibody levels, neutralizing antibody titers, and IFN-γ concentration of vaccinated subjects.
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Among 81 experienced, the female was 53.1%. The mean age was 49.71 ± 12.32. At d180 after the second dose (210 days after the first vaccination), the mean values were 418.81 BAU/ml ± 415.01. None had results below the assay's threshold. Overall, 41.03% had results above the 384.0 BAU/ml (Table 1). Their mean values were 778.04 ± 40.15 BAU/ml. Values for men and women were not different regardless of the threshold used. Comparison between IgG levels in naive and experienced is depicted in a graph (Figure 1).


[image: Figure 1]
FIGURE 1. Comparison between IgG levels in naive and experienced. Mean and Interquartile ranges (IQR) are reported (p < 0.0001).


The impact of age on binding antibody levels was then investigated (Table 2). Within the naive group, stratification of binding antibody levels by median age of 47 years revealed no difference. When subjects older than 47 years were compared to the younger patients, median levels of 169.84 (90.0–268.87) BAU/ml vs. 200.0 (95.63–298.87) BAU/ml (p = 0.40) were observed. At variance, within the experienced group, older had higher median age than younger 412.82 (165.44–642.93) vs. 211.36 (126.40–310.00) (p = 0.0043). This inverse relationship with the age within the experienced group was also observed although at a not significant level at d90, 60 days after the second shot (p = 0.087). At earlier time points, as reported in our previous experience (5), the difference between higher median IgG levels in younger vs. older was significant also within the naive group (median age of younger of 1026.0 (489.01 vs. 1690.01) vs. 720.12 (479.35–1251.02) (p = 0.022). Trend analysis of the three different time points IgG levels using median was performed (p < 0.0001 for both younger and older than 47 years) (Figure 2).


Table 2. Comparison of IgG levels in subjects previously infected or naive by age younger or older than 47 years.
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FIGURE 2. Trend analysis of IgG levels at the different time points. In red median of IgG levels in subjects with median age ≤ 47 years. In blue median of IgG levels in subjects older than 47 years, linear trend was statistically significant for both (p < 0.0001).




Neutralizing Antibodies Results

When the neutralizing titers were analyzed, 100% of previously infected patients and 178 (65.89%) of naive showed a titer of ≥10 (LLoQ). Individuals with titers associated with stronger neutralizing capacity associated to a dilution > 320 were 2 (0.73%) among naive and 25 (31.2%) among 80 experienced (p < 0.0001). Median neutralizing titers of 200 (90.0–310.72) were observed among 271 naive. The corresponding value among experienced was 231.52 (138.46–612.16) (Figure 3). When only subjects with strong neutralizing titers (>320) were analyzed, the median titers were 246.09 (200.0–292.17) for naive and 663.36 (209.04–921.54) for experienced. Following the predictive model of protection suggested by Khoury et al. (22) and using the standard IU/ml results suggested by WHO as a reference to normalize the different neutralizing testing1, we transformed the neutralizing titers in IU/ml and used a 54 IU/ml threshold to identify subjects with 50% protective humoral immunity. Overall, 32.78% of naive and 91.89% of previously infected (p < 0.0001) showed protective neutralizing activity.


[image: Figure 3]
FIGURE 3. Comparison between microneutralization results in naive and experienced. Mean and Interquartile ranges (IQR) are reported (p = 0.0009).




Correlation Between IgG and Neutralizing Antibodies

No correlation was observed between neutralizing antibody titers and IgG levels for naive (r = 0.06; p = 0.321), at d180. At variance, for experienced, the correlation was significant (p = 0.48; p < 0.001) (Figures 4, 5). Despite the analysis of neutralizing antibody, IU/ml ≥54 conversions, we failed to observe correlation with binding antibody.


[image: Figure 4]
FIGURE 4. Correlation between neutralizing antibody titers and IgG levels among naive.



[image: Figure 5]
FIGURE 5. Correlation between neutralizing antibody titers and IgG levels among experienced.




IFN-γ Results

The spike-specific T-cell response was assessed by semi-quantitative analysis of IFN-γ release. Overall, at d180, a borderline T-cell response (cutoff > 100 mIU/ml) as well as a stronger response (cutoff > 200 mIU/ml) was detectable in all the 81 experienced. Among 271 naive, 7 (2.58%) and 17 (6.27%) did not show borderline or strong responses, respectively (Table 1). The difference between median IFN-γ concentration of 254 (93.7%) naive and 81 (100%) previously experienced subjects was significant with values of 223.0 (463.0–2,272.0) mIU/ml vs. 2,499.0 (2,400.0–2,500.0) mIU/ml, respectively, (p < 0.0001) when IFN-γ concentration higher than 200 IU/ml was analyzed.



Correlation Between IgG Levels and IFN-γ in Naive

Levels of IgG at d180 were correlated with IFN-γ concentrations in subjects with results >100 IU/ml. A not significant correlation with r = 0.08, p = 0.344 was observed. Using a IFN-γ threshold > 200 IU/ml, a similar not significant correlation with r = 0.11, p = 0.192 was found (Figures 6, 7). At variance, when levels of IgG at d60, 90 days after the first vaccine dose (5) were correlated with IFN-γ concentrations in subjects with results >100 IU/ml, at that time point, results were statistically significant r = 0.28, p = 0.031; similar results were attained using at d90 the threshold of >200 IU/ml (additional Figures 1, 3). Thesedata support an overtime decline of humoral response but not of lymphocyte IFN-γ.


[image: Figure 6]
FIGURE 6. Day 180, linear regression between IgG levels and IFN-γ concentration among naive group using the IFN-γ threshold of 100 mIU/ml.



[image: Figure 7]
FIGURE 7. Linear regression between IgG levels and IFN-g concentration among COVID naive group using the IFN-γ threshold of 200 mIU/ml.




Correlation Between Neutralizing Antibodies and IFN-γ

An interesting correlation between neutralizing titers and IGRA levels was found for both naive and experienced. The results showed r = 0.26; p = 0.001 for naive and r = 0.18 p = 0.134, respectively (Figures 8, 9). The significance of the correlation increased for naive when the IFN-γ positive threshold of 200 was used (r = 0.25; p = 0.003) and did not change for experience given the identical number of subjects with IFN-γ concentration >100 and >200 thresholds in this group (Figure 10). The regression curves for naive (at both IFN-γ positivity thresholds) and experienced are reported in Figures 8–10.


[image: Figure 8]
FIGURE 8. Linear regression model between neutralizing antibody titers and IFN-γ concentration in naive (with IFN-γ threshold > 100 mIU/ml).



[image: Figure 9]
FIGURE 9. Linear regression model for correlation between neutralizing antibody dilutions and IFN-γ concentration in naive (with IFN-γ concentration > 200 mIU/ml).



[image: Figure 10]
FIGURE 10. Linear regression model for correlation between neutralizing antibody titers and IFN-γ concentration in experience (similar results for IFN-γ threshold of 100 and 200 mIU/ml given the identical number of subjects above these thresholds among experienced).




Breakthrough Infections

Breakthrough infections were observed in 6 cases among naive fully vaccinated subjects (2.2%). Characteristics of subjects experiencing infection are shown in Table 3. In all the cases, the infection was mild, none of the subjects required hospitalization. A persistently positive swab result was observed in almost all (mean positivity duration 4.5 ± 2.3 weeks). For 4 out of 6, a common unvaccinated index case was identified. The remaining two cases came from the same household, where one of the individuals, a healthcare worker, was exposed and exposed to the second individual within the household. Demographic, virologic, and immunologic characteristics of these subjects were compared with those of the remaining not infected naive subjects (Table 3). Our small group of subjects with breakthrough infection showed simultaneous neutralizing antibody titers below 20, binding antibody levels below 200 BAU/ml and IFN-γ <1,000. Similar results in subjects older than 58 years may be considered an alarming condition.


Table 3. Characteristics of patients with breakthrough infection.
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DISCUSSION

Our study investigated the IgG and neutralizing response in naive and experienced HW previously shown to be able to mount a strong IgG response at d31 (5). At d180 after the second BioNTech/Pfizer vaccine shot, among naive, all HW had binding antibody levels higher than the assay threshold, although only 8.1% had results higher than the highest assay threshold. At variance, 1/3 of subjects had neutralizing antibodies titers below LLoQ, while titers ≥ 320 generally associated with protection, were observed in very few cases (1.2%). Converting neutralizing antibody titers in International Unit (IU/ml) by running in the same neutralization assay, the first SARS-CoV-2 WHO International Standard (NIBSC 20/136)1, we observed that only 32.78% of our patients had 50% protective neutralizing antibody. Our results appear in keeping with those reported in two studies from Israel, where the majority of the population was vaccinated using the BioNTech/Pfizer or Moderna vaccine. The first study on over 1,000,000 persons (596,618 vaccinated and 596,618 non-vaccinated) demonstrated high efficacy of vaccines, not only in disease prevention but also in infection transmission up to 42 days after the first vaccination (7). A second more recent study with longer follow up from the same Country, showed that 39 (2.6%) out of 1,497 fully vaccinated HW became infected during 14 weeks after their second dose of the BNT162b2 (BioNTech/Pfizer) vaccine; all the infected had lower neutralizing antibody levels than their uninfected colleagues during the peri-infection period (23). In our study, only 6 subjects (2.2%) experienced a breakthrough infection. All of them were older and had median neutralizing antibody levels lower than the median of the uninfected population. Although we are aware that our sample size is limited, our results appear in line with those reported in Israel.

The already known significant decline in BNT162b2 vaccine protection more than 120 days after the second dose, in our study, conducted in the region of Puglia with a low community incidence rate (positivity index on December 16, 2021, was 2.4%)2, was associated with the rate of breakthrough infections comparable to those reported by Bergwek (23) and were significantly lower than the rates reported among unvaccinated subjects3.

In keeping with the decreased severity of the disease in vaccinated individuals who acquire SARS-CoV-2 infection, all our patients with breakthrough infections were mild. A persistently positive swab result was observed in almost all (mean positivity duration 4.5 ± 2.3 weeks). Whether a possible further decrease in vaccine effectiveness against hospitalization after a longer interval from vaccination occurs was impossible to evaluate in our population given the mandatory administration of a third vaccine dose to the HW in Italy that started from November 22, 2021, based on the evidence that booster dose may mitigate the risk of transmission, disease, and deaths in all the age groups (24)4.

Reliable detection of the T-cell-mediated immune response was explored in our study by IFN-γ production. Most of the subjects showed robust IFN-γ production after S-protein stimulation of peripheral blood cells. Results below the threshold of the assay were observed in only 12 (4.6%) naive, suggesting that lack of T-cell reactivity is a rare event even after a long interval from the second vaccine shot. This evidence was also confirmed by the cytoflorimetric analysis (manuscript in preparation). Moreover, as shown by the linear regression model, higher T-cell reactivity was observed in patients with higher neutralizing antibody levels. These results are in agreement with those reported by Schiffner et al. (25, 26). Consequently, the combination of these two assays seems to provide predictive information on protective immune reactions. Nevertheless, we need to keep in mind that neutralizing titers may be impractical to assess routinely, whereas IFN-γ evaluation as an expression of lymphocyte activity may be easier to use than other more complex CD4+ and CD8+ cellular response assessment methods.

Whether the decay of serum antibody levels is a good indicator for the timing of booster administration remains to be determined. Identifying immune correlates of protection (or lack thereof) from SARS-CoV-2 is critical in predicting how the expected antibody decay will affect clinical outcomes, if and when a booster dose will be needed, and whether vaccinated persons are protected (23, 26). Surely antibody decay represents one of the initial predisposing factors to breakthrough infections. However, while cellular and humoral immunity to SARS-CoV-2 is critical to control primary infection and correlates with severity of disease, the degree of vaccine protection from breakthrough infections may be an expression of the initial immune response rather than of the decay of antibody levels, since memory cells are expected to respond to future exposures. Moreover, while correlates of protection have been developed for other infections such as influenza (27) by challenge experiments in humans (28), no study has defined correlate of protection until a recent one that focused on correlates of protection against symptomatic COVID-19 (29, 30). This study highlights that there is no single threshold value for different assays (31). In our small group of subjects who experienced a breakthrough infection, we had the opportunity to both identify a common source of infection in an unvaccinated index case and to show low median neutralizing antibody titers and higher median age.

The use of the same mRNA vaccine with a similar schedule and similar interval between vaccination and post-vaccination antibody assessment strengthen this study. Moreover, evaluating one of the longest delays between the second vaccine dose and both IgG and neutralizing antibody assessment has the advantage of using the IFN-γ spike-specific-induced T-cell immune response assay that allows simultaneous cellular responses evaluation. Finally, we had the opportunity to trace the incident breakthrough infection and to investigate its possible predictors. Limitations of our study are the relatively small sample size, the homogeneous demographic characteristics of our patients, young and healthy in the majority of cases. A further disadvantage is the relatively low prevalence of SARS-CoV-2 infection in our region as compared to others in Italy. This may prevent the exportability of our findings to the general population with different ages and co-morbidities.

In conclusion, our study shows that although the low humoral response is relatively long-lasting, high IgG levels are extremely rare in naive subjects. Only a third of subjects maintained neutralizing responses. In terms of T-cell, IFN-γ production after specific stimulation, a very limited number of subjects resulted unable to produce this cytokine over a period of 180 days after the second shot. IFN-γ testing could be used as surrogate testing for cellular immune responses. The results attained in our small group of subjects with breakthrough infection suggest that simultaneous neutralizing antibody titers below 20, binding antibody levels below 200 BAU/ml, and IFN-γ <1000 in subjects older than 58 years may be considered an alarming condition.
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Objectives: To investigate the impact of cannabis use on the infection and survival outcomes of COVID-19.

Study Design: Cross-sectional study based on the UK Biobank (UKB) dataset.

Methods: We identified 13,099 individuals with cannabis smoking history in the UKB COVID-19 Serology Study. The Charlson-Quan Comorbidity Index was estimated using inpatient ICD-10 records. Multivariable logistic regression characterized features associated with COVID-19 infection. Cox models determined the hazard ratios (HR) for COVID-19-related survival.

Results: Cannabis users were more likely to getting COVID-19 (odds ratio: 1.22, P = 0.001) but multivariable analysis showed that cannabis use was a protective factor of COVID-19 infection (adjusted odds ratio: 0.81, P = 0.001). Regular cannabis users, who smoked more than once per month, had a significantly poorer COVID-19-related survival, after adjusting for known risk factors including age, gender, smoking history, and comorbidity (adjusted hazard ratio: 2.81, P = 0.041).

Conclusions: The frequency of cannabis use could be considered as a candidate predictor for mortality risk of COVID-19.

Keywords: cannabis, COVID-19, survival, susceptibility, Comorbidity Index


INTRODUCTION

With nearly 120 million confirmed cases and 2 million deaths to date, the 2019 coronavirus disease (COVID-19) has become one of the most critical public health challenges in the twenty first century (1). Patients with COVID-19 would have heterogeneous severity, from mild-to-moderate cases with excellent survival to severe or critical cases with lethal outcomes (2). Risk factors of poorer survival were also reported, including age, gender, diabetes, respiratory disease, cancers, etc. (3). However, whether cannabis use would affect the infection and outcomes of COVID-19 is unknown.

Legislation of cannabis use has been approved for many years in most of the European and North American countries (4). In the United Kingdom, cannabis is classified as a Class B drug and is illegal for recreational use. However, individuals found with cannabis will usually be issued with a warning or an on-the-spot fine by police (5). As the most widely used addictive substance, its effect on health and disease outcomes has not been elucidated. Therefore, in the present study, we seek to investigate whether cannabis use and its frequency would be associated with COVID-19 susceptibility and related survival based on the UK Biobank (UKB) COVID-19 Serology Study, a prospective population cohort with available COVID-19 test results (6–8).



METHODS

A total of 13,099 individuals were recorded with cannabis smoking history (including ever/never use of cannabis and the maximum frequency of cannabis taken) via the additional follow-up assessment using an on-line questionnaire (last updated in July 2017) in the UKB COVID-19 subset (8, 9). Among them, we identified 1,925 patients (1,000 males, 869 females, and 56 missing) diagnosed with COVID-19 according to the COVID-19 test record (8) (at least one positive from May to December 2020) and death registration with International Classification of Diseases version 10 (ICD-10) code U071. We calculated the Charlson-Quan Comorbidity Index (CCI) based on inpatient ICD-10 records, by summing all the weights of each comorbidity category (10).



RESULTS

Univariable logistic regression analysis showed that individuals with cannabis smoking history were more likely to be diagnosed with COVID-19 [odds ratio (OR) 1.22, 95% confidence interval (95% CI) 1.09–1.37, P = 0.001; Table 1]. However, after adjusting for age, gender, race, smoking history, and CCI, the results indicated that cannabis use could significantly lower the risk of getting COVID-19 [adjusted OR (AOR) 0.81, 95% CI 0.71–0.92, P = 0.001]. Among individuals who have used multiple times of cannabis, for example, ≥1 time per month, the risk would be even lower (AOR 0.71, 95% CI 0.58–0.86, P < 0.001). After a median follow-up of 59 days among 1,925 COVID-19-positive patients, regular cannabis use (≥1 time per month) was found to be a significant risk factor for poorer COVID-19-related survival [adjusted hazard ratio (AHR) 2.81, 95% CI 1.04–7.59, P = 0.041; Table 2] in multivariable Cox regression analysis. No significant association was observed between cannabis use and overall survival among COVID-19 patients. We performed several subgroup analyses across age groups [stratified by the median age (70 years) of the entire cohort] and race. In Supplementary Table S1, the association between cannabis use and COVID-19 risk was still significant in elder subgroups (age ≥70 years). In Cox models, regular cannabis use (≥1 time per month) was still significantly associated with COVID-19-related survival in younger subgroup (AHR: 4.58, P = 0.048, Supplementary Table S2). The above results did not change the main conclusion of the present study. In subgroup analyses across race group, similar results were found in white groups (data not shown). The UKB cohort mainly included white population (>95%). The sample size of other races was so limited that no significant association was found.


Table 1. Logistic regression analyses on COVID-19 Infection in entire cohort (N = 13,099).

[image: Table 1]


Table 2. Cox models in COVID-19 positive subset (N = 1,925).
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DISCUSSION

In this mid-aged/elderly cohort (median age: 70 years), individuals with younger age were more likely to be infected by COVID-19 in our study, which was similar as reported studies (11); meanwhile, cannabis consumption was significantly popular in younger people (12). The age might be considered as a major confounder in this analysis. Therefore, different results were observed between univariable and multivariable analyses. Our study suggested that cannabis use would be a protective factor of COVID-19 infection. Several studies suggested self-isolated individuals during the COVID-19 pandemic might increase cannabis use (13, 14), indicating that self-isolation could be the confounder between cannabis and COVID-19. However, based on the reported studies investigating the behavior change in cannabis users, individuals using cannabis might be easily satisfied by the substance use and show a reduction of social activities (12). Therefore, we believed that cannabis use was a direct protective factor for COVID-19 infection.

COVID-19 patients with complex health conditions were reported to have significantly poorer survival (2, 3). In the present study, we evaluated the complex health conditions using the CCI. We observed similar results that the CCI was significantly associated with COVID-19-related survival (HR 1.43, P = 0.001) and overall survival (HR 1.41, P = 0.001). Here, after adjusting for multiple variables including the CCI, cannabis use was considered a very significant risk factor for poor COVID-19-related survival but not for overall survival. The underneath biological mechanisms were still unclear and worth further investigation. Previous studies suggested that cannabis use was associated with cardiovascular and respiratory disorders (12). Health conditions might be more fragile in people with cannabis smoking history than others. They might be more likely to turn into a critical condition after COVID-19 infection. In addition, cannabis users are often comorbid with poor sleep behavior, which has been also shown to predict COVID-19 mortality (15).

There were several limitations of this study. First, a relatively small number of COVID-19 patients with cannabis smoking history information were found in UKB, which was the major limitation. However, to our knowledge, this is the largest cohort investigating the association between cannabis use and COVID-19 to date. Second, the individuals were enrolled between May and December 2020 in the UKB COVID-19 Serology Study (8). The timing was during the original wave and start of the alpha variant but not the latest variants (such as delta or omicron), when the mass vaccination was also not started. Third, the cannabis usage data was self-reported and last updated in 2017, which predated the serology study by 3 years. The results could be updated with the additional release from the UKB in the future.
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The aim of the present study is to assess saliva as a reliable specimen for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) detection by real-time reverse transcription-PCR (RT-PCR), especially in community mass screening programs. The performance analysis considered 1,221 total samples [nasopharyngeal (NP) swabs and corresponding saliva], tested by means of a reference diagnostic real-time RT-PCR assay. Conflicting results were further investigated with a second, more sensitive, reference assay. Analysis of agreement showed a good concordance (95.82%), with a k coefficient value of.74 (p < 0.001); moreover, a follow-up analysis revealed the presence of viral gene targets in saliva samples at the time point the corresponding NP swabs turned negative. Data obtained prove the reliability of this alternative biofluid for SARS-CoV-2 detection in real-time RT-PCR. Considering the role of saliva in the coronavirus disease 2019 (COVID-19) transmission and pathogenesis, and the advantages in the use of salivary diagnostics, the present validation supports the use of saliva as an optimal choice in large-scale population screening and monitoring of the SARS-CoV-2 virus.

Keywords: SARS-CoV-2, saliva, nasopharyngeal swab, real-time RT-PCR, COVID-19 screening


INTRODUCTION

Since the first outbreak was reported in Wuhan, China in December 2019, the coronavirus disease 2019 (COVID-19) pandemic has caused more than 195 million confirmed cases and more than 4 million deaths worldwide up to July 29, 2021.1

The growing worldwide demand for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) molecular tests has created significant challenges for clinical and public health laboratories and, according to the WHO recommendations, there is a continuous and critical need for diagnostic testing which is sustainable, practical, and scalable (1).

Real-time reverse transcription-PCR (RT-PCR) represents the current gold standard for SARS-CoV-2 diagnosis, providing a sensitive and specific method to detect SARS-CoV-2 (2).

The molecular method is aimed at detecting the RNA of the virus in biological specimens as respiratory samples, including the following: nasopharyngeal (NP) swabs, oropharyngeal (OP) swabs, and bronchial aspirate which are the most commonly analyzed (2). Despite NP/OP swabs being the principal collection method for identification of SARS-CoV-2 (3), it represents an invasive process that can cause discomfort to the patient and a high risk of contagion for healthcare workers (4). By contrast, saliva is emerging as a good supplemental or alternative to NP/OP swabs 1 forCOVID-19 diagnosis and monitoring (5), especially in those less developed countries with limited resources (6, 7). It represents a sensitive biofluid for screening of asymptomatic or pre-symptomatic SARS-CoV-2 infections and for viral load monitoring (5). Actually, salivary droplets represent the main source of the human-to-human transmission of SARS-CoV-2 infection (8). The SARS-CoV-2 virus infects humans through the respiratory tract or conjunctival mucosa and has a preferential tropism to human cells expressing cellular receptors for angiotensin-converting enzyme 2 (ACE2) (9). The expression of ACE2 receptor is higher on the epithelial cells of the oral mucosa and the minor salivary glands, suggesting them as a repository of the virus (4, 5, 10).

Some studies have evaluated the accuracy and feasibility of saliva for SARS-CoV-2 detection (1) and the stability of saliva samples collected and transported without specialized collection devices or media (11). It has also been demonstrated as a good concordance with paired NP/OP swabs in SARS-CoV-2 detection (3, 12). However, the role of saliva in COVID-19 diagnosis is not limited to a qualitative detection of the virus, but it could also provide information about the clinical evolution of the disease (8), together with other biological markers (13).

The aim of the present study is the assessment of saliva as a reliable tool to detect SARS-CoV-2, and we propose it as an alternative biological specimen for COVID-19 large-scale screening and monitoring programs.



MATERIALS AND METHODS


Sampling

From each subject, the NP swab and the saliva sample were collected simultaneously. For the collection of saliva samples, participants were asked to produce saliva in their mouth for a few minutes and gently spit about 1.5 ml into a sterile nuclease-free 50 ml collection container. After the collection, a 2:3 ratio of a phosphate buffer saline (PBS, Sigma-Aldrich, USA) solution at a pH of 7.4 (Vacuette REF 456162, Greiner Bio-One International GmbH, Austria) was immediately added to the tubes in order to dilute samples and allow long-term storage. NP was collected by means standard tube with a virological transport medium (Vacuette REF 456162, Greiner Bio-One International GmbH, Austria).



RNA Extraction

Through an automated nucleic acid platform (Maelstrom 9600, TANBead, Taiwan), RNA was extracted with a magnetic bead-based protocol, using a TANBead Nucleic Acid Extraction Kit (TANBead, Taiwan). According to the manufacturer's instructions, 300 μl was the input material for each sample. The RNA was finally eluted in 80 μl of elution buffer in the dedicated plate provided with the kit.



Real-Time RT-PCR

As reference diagnostic assay, the real-time PCR was performed using 5 μl of the extracted RNA according to the Allplex 2019-nCoV Assay (Seegene, South Korea) protocol, considering E, RdRp/S, and N as target genes for the detection of SARS-CoV-2. Real-time RT-PCR was set on the CFX-96 Bio-rad instrument (Bio-rad, USA).

A second reference diagnostic assay was performed for further investigation (AbAnalitica, Italy). In brief, 10 μl of the extracted RNA was used according to Real Quality RQ-2019-nCoV (AbAnalitica, Italy) protocol, considering RdRp and E as target genes for the detection of SARS-CoV-2. Real-time RT-PCR was performed on the Agilent AriaDX instrument (Agilent, USA).



Data Analysis

Each result was validated after the positive and the negative controls have been examined. A re-test was performed if the Internal Control (IC) showed no value or Ct ≥ 40. Results were interpreted according to the manufacturer's instructions which are as follows: Allplex 2019-nCoV Assay (Seegene, South Korea) considered the sample as “SARS-CoV-2 not detected” in the absence of amplification for all targets; “SARS-CoV-2 detected” if amplification of all targets or two of them was achieved; the same results was given also if one gene between RdRp/S or N was amplified. The amplification of the only E gene gave inconclusive results. The declared limit of detection (LOD) for this analytical assay was 100 g.c./5 μl reaction.

Discordant samples were tested by means of a second reference diagnostic assay, Real Quality RQ-2019-nCoV (AbAnalitica, Italy). A sample was considered positive if amplification of both RdRp and E gene was achieved, negative in the absence of amplification for both targets, and inconclusive when only one of the targets was amplified. The declared LOD for this analytical assay was a 3 g.c./10 μl reaction.



Assessment of Performance Characteristics

Sensitivity (Se, proportion of positive samples correctly identified as positive), specificity (Sp, proportion of negative samples correctly identified as negative), and accuracy (Ac, the proportion of correct assessments over the total number of assessments; also named in the text as “Concordance”) with corresponding 95% CI were calculated for the reference diagnostic assays tested on saliva samples, considering the exclusion of samples (n.51) still conflictual after the in-depth analysis by means of the second reference diagnostic assay. The k coefficient (14) was considered to estimate the agreement between the saliva real-time RT-PCR and NP swabs real-time RT-PCR results. Statistical calculations were done using R statistical software (R Core Team, Austria) (15).




RESULTS

Table 1 summarizes data obtained on 1,221 total NP swabs and saliva, tested by means of the real-time RT-PCR reference diagnostic assays (detection of E, RdRp/S, and N genes). On the total of samples analyzed SARS-CoV-2 was detected in 134 NP swabs, while 1,081 NP swabs resulted as SARS-CoV-2 negative. Among the results, NP swabs gave inconclusive results (only E gene amplification). Concerning saliva samples, SARS-CoV-2 was detected in 87 of them and not detected in 1,127, whereas seven salivas resulted as inconclusive.


Table 1. Summary of study results with the first reference diagnostic assay (Allplex 2019-nCoV—Seegene).
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Figure 1 shows the analytical workflow. Agreement of results between the reference diagnostic assay tested on the two types of biological specimen was achieved on 1,146 samples (77 positive and 1,069 negative). Thus, comparing the NP swabs and saliva analysis, the percentage of concordance (that also corresponded to the accuracy of the method) was 93.86% (1,146/1,221), while the percentage of discordance was 6.14% (75/1,221).


[image: Figure 1]
FIGURE 1. Analytical workflow of the study.


Discordance was observed on 75 samples, among which five samples SARS-CoV-2 was detected with Ct > 34 in NP swabs, while an exclusive amplification of the E gene gave inconclusive results in the corresponding saliva samples. Furthermore, six samples resulted inconclusive in the NP swabs and negative in the corresponding saliva, while two negative NP swabs resulted as inconclusive saliva. For 10 samples where SARS-CoV-2 was not detected in NP swabs, it was instead detected in the corresponding saliva. Finally, for 52 samples where the virus was detected with high Ct values (24 NP swabs with three genes amplification, Ct ≥ 26; 14 NP swabs with 2 genes amplification, Ct ≥ 35; 14 NP swabs with one gene amplification, Ct ≥ 35), the corresponding saliva was negative. Discordant results were further investigated with a second reference diagnostic test (detection of E and RdRp genes), gaining agreement between the two types of specimens in 24/75 samples, moving the concordance to 95.82% (1,170/1,221) and discordance to 4.18% (51/1,221). The agreement, measured as k coefficient, was 0.74 (95% CI.68–0.81; p < 0.001) (Supplementary Figure S1). (Raw data are shown in Supplementary Tables 1, 2).

The calculated performance characteristics (95% CI), considering the saliva as an alternative biological specimen, were the following: Se 78.1% (71.6–84.7) and Sp 100% (99.7–100). Among the 51 discordant results, 11 of them were followed in the course of the illness. As shown in Figure 2, for 10 cases, saliva remained positive at the time point the NP swabs turned negative. On the other hand, one case of positive saliva represents instead an early detection of the positivity revealed in the following NP swabs.


[image: Figure 2]
FIGURE 2. Timeline with a follow-up analysis on 11 discordant cases (each time point considers an interval of one day).




DISCUSSION

Respiratory samples, and particularly NP swabs, tested by means of real-time RT-PCR assays, are currently considered the gold standard specimen for the detection of the SARS-CoV-2 virus (2, 16). Nevertheless, some critical points have emerged in the process of NP swabs collection: patients' discomfort, children's refusal or difficulties, close contact between infected people and healthcare workers, time required for sampling, etc. (4, 8). Since the earliest months of COVID-19 spreading, many authors have explored the use of alternative biological specimens as promising tools for SARS-CoV-2 detection (8, 17). The meta-analysis carried out by Bwire et al. (18) showed the highest positivity rate of SARS-CoV-2 detection in lower respiratory tract samples, as the bronchoalveolar lavage fluid (BLF) and the sputum, as well as in rectal swabs. The most commonly and widely used NP, less invasive if compared to BLF, instead revealed a moderate positivity detection rate. Similar results were obtained by Wang et al. (19), who detected the virus from multiple sites, showing a lower positivity rate from NP swabs (63%), compared to BLFs (93%) and sputum (72%). Considering, on one hand, the invasiveness of BLF sampling, and on the other, it is well known that dry cough is one of the most common symptoms of the COVID-19, in mild to severe illness conditions (20), and this comes down to a limited chance to produce and collect sputum samples from coughing or phlegm expulsion. By contrast, saliva, produced by drooling or self-collection, is emerging in the SARS-CoV-2 diagnostic scenario as a good alternative of the biological non-invasive specimen (5), already proved as an affordable and rapid matrix for detection of other viruses (21). Comparison between NP swabs and saliva in several studies have underlined the good concordance between the two types of specimens in COVID-19 testing, with saliva diagnostic performances comparable to the current standards (22).

Our investigation showed, on a total of 1,221 NP swabs and corresponding saliva samples tested by means of two reference diagnostic assays in real-time RT-PCR, a concordance of 95.82%, with Se and Sp of 78.1 and 100%, respectively. The k coefficient value confirmed a good agreement of detection between the NP swabs and the saliva samples (k coefficient 0.74, 95% CI.68–0.81), and it was found statistically significant (p < 0.001). These results are consistent with Pasomsub et al. (23) observations, who demonstrated in saliva high sensitivity and comparable performance to the current standard of nasopharyngeal and throat swab, revealing, on a total of 200 samples, an analysis of agreement of 97.5% (K coefficient 0.85, 95% CI.72-0.98; p < 0.001). Likewise, Guclu et al. (6) observed, on a total of 64 oro-nasopharyngeal swabs and saliva samples, a substantial agreement with a k coefficient of 0.74 (p < 0.001).

Moreover, our follow-up analysis on 11 discordant cases (Figure 2) showed the persistence of the detectable virus in 10 saliva samples at the time point the corresponding NP swabs become negative. This could be easily understood considering that the SARS-CoV-2 virus could infect humans through the respiratory apparatus and may migrate in saliva droplets from the lower or upper respiratory tract, from the blood into gingival crevicular fluid, or by salivary glands infection (24). The high expression of ACE2 receptors on the epithelial cells of the salivary gland and of the oral mucosa, reported for SARS-CoV in rhesus macaques (25), suggests the potential active role of the oral cavity, of the salivary glands and then of the saliva in the pathogenesis and transmission of COVID-19 (8, 10). SARS-CoV-2 may persist in saliva droplets making this biological fluid an optimal candidate for virus detection and infectious monitoring. In addition, one case of our follow-up analysis allowed early detection of the virus, confirmed by the positivity of the following NP swab. This result is consistent with observations of Liu et al. (25) on positive saliva produced by infected salivary glands in early infection of SARS-CoV.

The limit of the present study emerges in the observation of a percentage of discordant results (4.18%). Even if these conflicting data were obtained on samples with high Ct values and with target concentrations close to the analytical LOD of the reference diagnostic assays, it is symptomatic of a need for standardization parameters in saliva sampling. This means the definition of a minimum amount of saliva representative of the viral presence (also in the condition of low viral load), or the use of passive drool devices for sampling, rather than the patients' self-collection procedure. Although the saliva diagnostic sensitivity appeared lower than NP swabs (26), adopting saliva as a first-line test in community mass screening programs could present many advantages. Firstly, the process of saliva sampling, by drooling or by self-collection, avoids the risk of healthcare workers' exposure and the patients' discomfort given its non-invasiveness. It also reduces the time required for NP swabs collection by specialized personnel, representing a suitable alternative in countries with low-resource possibilities (26).

In view of a daily life restart, saliva appears to be an optimal choice for large population-level screenings (i.e., schools), as rapid-collection, non-invasive, specific specimens for SARS-CoV-2 monitoring. There is a wide interest in the use of saliva as a reference biofluid for the early diagnosis of several diseases (not limited to infective ones) (27). Indeed, given the evolution of diagnostic technologies, it can serve as a reliable tool for mass population screening, allowing the detection of biomarkers by means of proteomics, transcriptomics, metabolomics, microRNAs, and microbiomics approaches (28). In the “salivaomics” definition of Wong, it is implied the translational and clinical vision of salivary diagnostics: the characteristics of accessibility of this type of specimen and the connection to systemic diseases give to saliva the possibility to be the optimal choice for the advancement of point-of-care medicine, as it is already happening in liquid biopsy research field (29). Thus, salivary diagnostics can contribute to health and disease surveillance and to personalized medicine advance, with a considerable utility not only in the context of the COVID-19 pandemic.
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Continuous monitoring of perinatal women in a descriptive case study allowed us the opportunity to examine the time during which the COVID-19 infection led to physiological changes in two low-income pregnant women. An important component of this study was the use of a wearable sensor device, the Oura ring, to monitor and record vital physiological parameters during sleep. Two women in their second and third trimesters, respectively, were selected based on a positive COVID-19 diagnosis. Both women were tested using the polymerase chain reaction method to confirm the presence of the virus during which time we were able to collect these physiological data. In both cases, we observed 3–6 days of peak physiological changes in resting heart rate (HR), heart rate variability (HRV), and respiratory rate (RR), as well as sleep surrounding the onset of COVID-19 symptoms. The pregnant woman in her third trimester showed a significant increase in resting HR (p = 0.006) and RR (p = 0.048), and a significant decrease in HRV (p = 0.027) and deep sleep duration (p = 0.029). She reported experiencing moderate COVID-19 symptoms and did not require hospitalization. At 38 weeks of gestation, she had a normal delivery and gave birth to a healthy infant. The participant in her second trimester showed similar physiological changes during the 3-day peak period. Importantly, these changes appeared to return to the pre-peak levels. Common symptoms reported by both cases included loss of smell and nasal congestion, with one losing her sense of taste. Results suggest the potential to use the changes in cardiorespiratory responses and sleep for real-time monitoring of health and well-being during pregnancy.

Keywords: COVID-19, cardiorespiratory response, sleep, pregnancy, wearable technology


INTRODUCTION

In general, pregnant women are vulnerable to infection due to changes in the cardiorespiratory and immune system, which increases susceptibility to COVID-19, particularly for the overweight and obese (1–4). Previous studies have suggested that the intake of plant-based and Mediterranean diets (e.g., high vegetable and fruit content, low fat and sugar) prior to and during pregnancy reduces excessive gestational weight gain and gestational diabetes and improves immune responses to viral infections (5, 6). Inadvertently, the COVID-19 lockdown has increased the intake of high fat meals and sugary foods and reduced physical activity, all of which raise the risk of greater weight gain and/or developing impaired glucose tolerance and gestational diabetes during pregnancy (5–7). Notably, the majority of pregnant women with severe COVID-19 illness were either overweight or obese prior to pregnancy (8, 9).

Of the infected pregnant women presenting with COVID-19 symptoms, about 80–85% experienced mild-to-moderate illness such as fever, sore throat, cough, loss of taste and smell, headache, fatigue, and shortness of breath (8, 10–13). Approximately 15–20% of infected pregnant women have severe or critical conditions requiring hospitalization, mechanical ventilation, and intensive medical care (1, 8, 10–13). Moreover, pregnant women at increased risk of severe illness from COVID-19 have been described as having the following characteristics: being of African American or Hispanic descent, having a high body-mass index (BMI), and having underlying medical or pregnancy-related health conditions in the second or third trimester (2, 3, 8, 9, 11). Severe COVID-19 conditions during pregnancy increase the odds of adverse perinatal outcomes such as undergoing a cesarean section, experiencing a preterm delivery, or admission of newborns to the neonatal intensive care unit (3, 6, 14).

The availability of mobile health (mHealth) has been instrumental in increasing opportunities to monitor health and promote healthy behaviors, as well as provide treatment to women during pregnancy. For instance, a meta-analysis of 15 randomized controlled trials found mHealth technologies to be effective tools for weight management, controlling gestational diabetes, and promoting mental health (15). In recent years, advanced wearable health technologies, such as smart rings and watches, have provided an opportunity to remotely monitor important physiological measures in patients. For example, studies that used wearable devices to understand the physiological variations surrounding COVID-19 illness in a sample of non-pregnant individuals found elevated levels of resting heart rate, respiratory rate, or total sleep time (16–19). However, there is sparse literature on the continuous monitoring of physiological changes in pregnant women during COVID-19 infection, particularly in terms of the variations in cardiorespiratory responses and sleep. It is important to recognize that the pregnancy period is characterized by distinct cardiorespiratory changes, including increased heart rate and respiratory rate across trimesters (20, 21). In addition, emerging evidence shows that most pregnant women tend to experience changes in sleep patterns (e.g., shorter sleep duration and increased awakenings) and these changes become more pronounced as pregnancy progresses (22–24). It is still unknown how COVID-19 infection impacts these physiological changes during pregnancy. Using a wearable device, i.e., the Oura ring, our study aimed to examine variations in the cardiovascular and respiratory systems, as well as changes in sleep of pregnant women diagnosed with COVID-19.



METHODS


Study Design and Sampling

This was a case study of two pregnant women with a positive COVID-19 diagnosis from a feasibility study that sought to promote physical and mental well-being among perinatal women through mHealth monitoring and recommendations. Study information flyers were distributed on social media and shared with community partners working with low-income pregnant women in Orange County, California. Healthy women with a singleton pregnancy, aged 18–40 years, and with access to a smartphone were eligible to partake in this research. A trained research assistant screened and obtained consent from participants, after which the wearable device (Oura ring) was shipped to the consented participants for data collection. Instructions on installing and using the smart ring were provided. The research assistant was also available via Zoom to assist with technology set-up. All communication between the study team and participants was conducted virtually according to the US federal stay-at-home order. The selection criterion for this case study was based on a positive COVID-19 diagnosis [confirmed using the polymerase chain reaction (PCR) test] reported by participants during the study period, prior to vaccine availability. Two women met this criterion, with one in her second trimester and another in her third trimester.



Data Collection Procedure

The study was approved by the university's Institutional Review Board. We trained research assistants to collect self-reported demographic data and COVID-19 symptoms and experiences through virtual visits using the Research Electronic Data Capture (REDCap), a secure web-based survey instrument. Further inquiries were obtained via secure text message communication, i.e., OhMD. Objectively, the Oura ring was used to collect daily within-subject repeated measures during the night at home to monitor resting heart rate, heart rate variability, respiratory rate, temperature, and sleep. The Oura ring (manufactured in Finland) is a titanium band worn around the finger, synchronizes with the participant's mobile phone app that shows various vital physiological indicators during sleep (25). Resting heart rate (HR) is defined as the average heart rate registered, measured by beats per minute (bpm). Resting heart rate variability (HRV), i.e., the variation in time between heartbeats measured in milliseconds (ms), is determined using the root mean square of successive differences of inter-beat interval method (RMSSD). Resting respiratory rate (RR) is measured by the number of breaths taken per minute. Temperature was defined as the skin temperature deviation from the long-term temperature average, measured in Celsius. The duration and stages of sleep were also recorded. Sleep duration included the total number of hours registered from the start to the end of bedtime. Sleep stages comprised the hours in deep, light, and rapid eye movement (REM) sleep.



Data Analysis

We first examined all data available for the two COVID-19-infected participants in their second and third trimesters (Cases I and II, respectively) for missing data and outliers. Normality was confirmed for all continuous data, followed by a microanalysis of physiological data to capture the specific changes that occurred in the cardiovascular and respiratory system, as well as in the duration and stages of sleep. The means, standard deviations, and paired t-tests were calculated for all physiological variables.

Subsequently, standardized Z-scores of the daily changes in selected physiological indicators of interest (i.e., resting heart rate, respiratory rate, and deep sleep) were used for graphical comparison. Statistical significance was set to 0.10 given the case study design (26). The cardiovascular responses to COVID-19 (confirmed by symptom onset and diagnosis) in both participants were sensitive and acutely apparent. This allowed us to use cardiovascular changes to select observational periods (i.e., pre-peak, peak, and post-peak) over the course of the COVID-19 infection. For Case I in her second trimester, the average physiological data including resting HR, HRV, RR, temperature, and the duration and stages of sleep were calculated and compared between the three sets of observation periods surrounding the COVID-19 infection: pre-peak/baseline (4 days prior to the peak cardiovascular response); peak (3 days during the peak cardiovascular response); and post-peak (3 days after the peak cardiovascular response). For Case II in her third trimester, the same average physiological data as described in Case I were available only prior to and during the peak cardiovascular responses: pre-peak/baseline (6 days before the peak cardiovascular response), and peak (6 days during the peak cardiovascular response).




RESULTS


Case I
 
Demographic Characteristics and COVID-19 Symptoms and Experiences

Case I participated in the study from 11 to 24 weeks of gestation. She was 24 years old, self-identified as Hispanic, had completed some college-level education, was a single mother with two children, working part-time with a low-income. She was obese with a pre-pregnancy BMI of 33.2, was diagnosed with anemia during the current pregnancy, and had no other medical/pregnancy-related conditions. Case I reported experiencing mild COVID-19 symptoms including nausea, cough, loss of taste and smell, sore throat, and nasal congestion on December 25, 2020 (i.e., gestational week 16 day 0). She obtained a COVID-19 diagnosis on December 31, 2020 (i.e., gestational week 16 day 6). During a follow-up text message with her research assistant in January 2021, she shared that her COVID-19 symptoms had lasted about 2 weeks and was feeling better overall, but not fully recovered. Her text read, “...It's going good...my nausea went away...well a little bit it's better now. I can eat, gained 7lbs, so happy… I got a little throat discomfort other than that I'm well.” When asked whether she took a second test to confirm recovery, she stated, “I haven't done a test and I believe so [I have recovered], just get out of breath at some point, I do not know if it's due to pregnancy.”

Table 1 shows the physiological responses over the course of the COVID-19 infection for Case I. Compared to baseline, resting HR significantly increased and HRV decreased in the peak period. During the post-peak period, (i) resting HR and RR significantly dropped, while HRV increased, (ii) deep sleep significantly increased, whereas light sleep decreased.


Table 1. Case I: comparison of physiological responses to COVID-19 surrounding the period of infection.
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Figure 1 demonstrates the standardized Z-scores of the daily changes for the three selected physiological indicators: resting HR, RR, and the deep sleep duration. We observed a significant increase in HR during the peak period (i.e., gestation week 16 days 1–3). This marked cardiovascular change occurred 1 day following the onset of symptoms (i.e., gestation week 16 day 0). Subsequently, resting HR and RR significantly decreased and deep sleep increased during the post-peak period (i.e., gestation week 16 days 4–6).


[image: Figure 1]
FIGURE 1. Case I: daily standardized scores of selected physiological parameters surrounding the period of COVID-19 infection.





Case II
 
Demographic Characteristics and COVID-19 Symptoms and Experiences

Case II participated in the study from 31 weeks of gestation until postpartum. She was 25 years old and self-identified as Hispanic, had a Bachelor's degree, was unemployed, and had a low family income. She was married, had one child, and lived with the father of the baby. She was overweight with a pre-pregnancy BMI of 27.5, and had no other medical/pregnancy-related conditions. Case II reported experiencing moderate COVID-19 symptoms on December 31, 2020 (i.e., gestation week 34 day 6), including fever, chills, sweating/flushing, headache, runny nose, nasal congestion, body/joint ache, fatigue, and loss of smell. She obtained a COVID-19 diagnosis on January 7, 2021 (i.e., gestation week 35 day 6). Case II said all her symptoms lasted about 2 weeks and did not require hospitalization. She also shared that her entire family contracted COVID-19 during that period. In late January 2021, she had a normal vaginal delivery at 38 weeks of gestation, giving birth to a healthy baby who tested negative for COVID-19. During the postpartum follow-up, she reported having no limitations in her daily life, no pain, depression, or anxiety. She also felt that her health had returned to normal without any post-COVID-19 symptoms.

Table 2 shows the physiological responses over the course of COVID-19 infection for Case II. During the 6-day peak period, resting HR and RR significantly increased, while HRV and deep sleep plummeted.


Table 2. Case II: comparison of physiological responses to COVID-19 surrounding the period of infection.
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Figure 2 is a visual representation of the daily changes in resting HR, RR, and deep sleep using the standardized Z-scores. Resting HR and RR increased significantly from baseline (i.e., gestation weeks 33–34) to the peak period (i.e., gestation week 35 days 1–6), whereas deep sleep decreased. Case II was unable to wear the Oura ring for 5 days surrounding the onset of symptoms (i.e., gestation week 34 day 6) due to her illness and that of her family. Therefore, we could not determine the exact days that resting HR, RR, and deep sleep changed prior to or following symptom onset.


[image: Figure 2]
FIGURE 2. Case II: daily standardized scores of selected physiological parameters surrounding the period of COVID-19 infection.






DISCUSSION

To the best of our knowledge, this is one of the first studies to continuously monitor the physiological changes in pregnant women daily using a wearable device over the course of COVID-19 infection. During the peak physiological responses to COVID-19, our results showed a significant elevation in resting HR, RR and a reduction in HRV. These changes were evident in Case I one day following the onset of symptoms. In two recent studies that examined physiological signs using a wearable device in non-pregnant subjects diagnosed with COVID-19, similar cardiorespiratory patterns (elevated resting HR and RR, and decreased HRV) were found surrounding the onset of symptoms (17, 19). Our findings support both studies and suggest that cardiorespiratory responses may occur as early as the start of symptoms. Notably, our study provides initial evidence on how pregnant women's cardiorespiratory system adapts to mild-to-moderate COVID-19 illness.

We also found significant changes in the stages of sleep (i.e., deep sleep), but not in sleep duration during the peak physiological response to COVID-19. Our results differed from those of two recent studies that found an increase in sleep duration in non-pregnant individuals infected with COVID-19, using various wearable devices such as Fitbits, Apple Watches, and other devices (16, 18). Growing literature shows that altered sleep responses to infections (e.g., longer sleep/sleepiness during illness) indicates immunity adaptation in terms of increasing body temperature (fever) that activates white blood cells, inhibits viral growth, and promotes recovery (27, 28). The discrepancy of sleep duration between our study and prior studies (16, 18) may be related to a few factors such as COVID-19 symptom manifestations (e.g., extent of temperature change), COVID-19 severity, selected observation time or wearable devices. Importantly, pregnant women may have different physiological responses to COVID-19 particularly for sleep duration and stages due to the expected cardiorespiratory and sleep patterns exhibited during pregnancy itself, together with the added effects of COVID-19. Our study provides preliminary evidence on the different sleep patterns potentially altered by COVID-19, emphasizing that sleep stages (deep sleep in particular) may provide promising metrics to track COVID-19 progression during pregnancy.

There have been varied reports regarding the time course of the COVID-19 infection among non-pregnant individuals (19, 29, 30). Our results extended the existing literature by including the observed progression of COVID-19 in pregnant women with mild-to-moderate symptoms. We found that significant changes in peak physiological responses lasted for 3–6 days. Additionally, self-reported COVID-19 symptoms by both cases indicated that symptoms lasted about 2 weeks. The physiological and self-reported clinical manifestations in our pregnant women appeared to fall within the range of the estimated time course for mild and moderate symptoms with non-pregnant individuals (i.e., 11–16 days) (19). Our findings suggest the potential to use the changes in cardiorespiratory responses and sleep for real-time monitoring of the progression of infection and health in pregnant women.

The effects of COVID-19 on the fetus are still largely unknown. Case II had a normal vaginal delivery at 38 weeks of gestation, with no clinical evidence of vertical transmission. Notably, in a systematic review of 19 studies with 70 women, pregnant women hospitalized with COVID-19 were likely to experience preterm birth (i.e., <37 weeks of gestation), caesarian delivery and preeclampsia, but no vertical transmission (31).


Strengths and Limitations

The major strength of this study lies in the availability of continuous data which allowed a micro-level examination of the cardiovascular, respiratory, and sleep changes that occurred during the period surrounding COVID-19 infection. Pregnancy is characterized by variations in physiology. Our study provided a snapshot of these physiological changes that occur during pregnancy and the specific responses to COVID-19 infection. Recruitment of underserved low-income women in the parent study provided the opportunity to describe COVID-19 physiological responses in this sample. In terms of limitations, due to the inability of Case II to wear the smart ring during the period of declined health, data were not available for 3 days prior to and 2 days immediately following the onset of symptoms. However, we were able to compare pre-and post-COVID-19 physiological changes using the data available on other dates (Figure 2). Another limitation was that both cases had a pre-pregnancy BMI above the normal range which may have influenced the observed effects. In addition, data on sleep disorders was not collected in our study. Some studies found that pregnant women with sleep apnea had reduced olfactory function compared to non-pregnant women (32, 33). Furthermore, only Case II reported her birth outcome. Lastly, the case study design limits the interpretability and generalizability of results.




CONCLUSION

This study suggests that resting HR, HRV, RR, and sleep stages are important and sensitive indicators of COVID-19 infection during pregnancy. The continuous monitoring of such measures is vital to track health and well-being, and thus, provides appropriate and safe clinical care or triage for pregnant women. There is a need for longitudinal studies to further investigate the impact of infections, such as COVID-19, on the health and well-being of pregnant women and their infants.
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Background and Aims: We investigated the association between liver fibrosis scores and clinical outcomes in patients with COVID-19.

Methods: We performed a post-hoc analysis among patients with COVID-19 from the trial study Outcomes Related to COVID-19 treated with Hydroxychloroquine among Inpatients with symptomatic Disease (ORCHID) trial. The relationship between aspartate aminotransferase (AST) to platelet ratio index (APRI), non-alcoholic fatty liver disease fibrosis score (NFS), Fibrosis-4 index (FIB-4), and discharge and death during the 28-days of hospitalization was investigated.

Results: During the 28 days after randomization, 237 (80.6%) patients were discharged while 31 (10.5%) died among the 294 patients with COVID-19. The prevalence for advanced fibrosis was estimated to be 34, 21.8, and 37.8% for FIB-4 (>2.67), APRI (>1), and NFS (>0.676), respectively. In multivariate analysis, FIB-4 >2.67 [28-days discharge: hazard ratio (HR): 0.62; 95% CI: 0.46–0.84; 28-days mortality: HR: 5.13; 95% CI: 2.18–12.07], APRI >1 (28-days discharge: HR: 0.62; 95% CI: 0.44–0.87; 28-days mortality: HR: 2.85, 95% CI: 1.35–6.03), and NFS >0.676 (28-days discharge: HR: 0.5; 95% CI: 0.35–0.69; 28-days mortality: HR: 4.17; 95% CI: 1.62–10.72) was found to significantly reduce the discharge rate and increase the risk of death. Additionally, FIB-4, APRI, and NFS were found to have good predictive ability and calibration performance for 28-day death (C-index: 0.74 for FIB-4, 0.657 for APRI, and 0.745 for NFS) and discharge (C-index: 0.649 for FIB-4, 0.605 for APRI, and 0.685 for NFS).

Conclusion: In hospitalized patients with COVID-19, FIB-4, APRI, and NFS may be good predictors for death and discharge within 28 days. The link between liver fibrosis and the natural history of COVID-19 should be further investigated.

Keywords: COVID-19, liver fibrosis scores, discharge, mortality, prognosis


INTRODUCTION

Coronavirus disease 2019 (COVID-19 is an infectious disease caused by a novel beta coronavirus belonging to the sarbecovirus subgenus of the Coronavirus family, namely respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). COVID-19 can cause severe multisystem complications and has led to over 4 million deaths worldwide as of 29 June 2021 (2). COVID-19 is more than respiratory disease, it is a systemic infection that affects the gastrointestinal tract, heart, cardiovascular system, kidneys, and other organs (3).

Increasing evidence has suggested that liver injury is one of the most common complications of COVID-19 (1) due to the hepatotropism of SARS-CoV-2 and has been significantly associated with an increased risk of developing severe COVID-19 disease and death (2, 3). Furthermore, patients with chronic liver diseases, such as non-alcoholic fatty liver disease (NAFLD), were more prone to develop liver injury after COVID-19 infection (4). Advanced liver fibrosis is the primary determinant of progression from less malignant liver diseases to cirrhosis and liver failure. In recent years, several simple non-invasive indices (e.g., Fibrosis-4 index [FIB-4], AST to platelet ratio index [APRI], NAFLD fibrosis score [NFS]) were developed to distinguish the severity of fibrosis. These indices have good performance and have shown to be strong predictors for all-cause death in the general population or individuals with chronic liver diseases (4–8). Furthermore, markers of liver fibrosis scores, such as aspartate aminotransferase (AST) and alanine aminotransferase ratio (ALT), were significantly associated with adverse outcomes in patients with COVID-19 (2, 6). However, the association between FIB-4, APRI, or NFS and hospital discharge or death in patients with COVID-19 is unknown. Therefore, we performed a post-hoc analysis to determine the association of liver fibrosis scores on clinical outcomes in patients with COVID-19 based on the dataset from Outcomes Related to COVID-19 Treated With Hydroxychloroquine Among Inpatients With Symptomatic Disease (ORCHID) trial, which is a blinded, placebo-controlled randomized trial conducted across 34 hospitals in the US.



METHODS

The reporting of the research followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement (9).


Data Source

This is a post-hoc analysis of the ORCHID trial (10). The main results of this trial have been published (11). Briefly, ORCHID is a multicenter, blinded, randomized clinical trial that compared hydroxychloroquine with placebo on the clinical status of hospitalized patients with moderate and severe COVID-19. The trial included 479 hospitalized patients with COVID-19 across 43 hospitals in the US between 2 April 2020 and 19 June 2020. The inclusion criteria were as follows: (1) adults hospitalized with COVID-19 <48 h with laboratory-confirmed SARS-CoV-2 positivity; (2) symptoms of respiratory illness for <10 days. The main exclusion criteria were treatment with hydroxychloroquine or chloroquine or medications that prolong the QTC interval to > 500 ms within 10 days of hospitalization. The primary outcome was clinical status during 14 days after randomization as assessed with the 7-category ordinal scale (the COVID Outcomes Scale) recommended by the WHO. The second outcome was the COVID Outcomes Scale and the clinical outcomes [including 14- and 28-day death, an Extra Corporeal Membrane Oxygenation (ECMO) event, or intensive care unit (ICU) admission]. Patients were followed up for death until 28 days, following hydroxychloroquine randomization using in-hospital records and telephone follow-up after discharge. The Prevention and Early Treatment of Acute Lung Injury Clinical Trials Network Clinical Coordinating Center reviewed all the information to ensure data quality. A central institutional review board at Vanderbilt University Medical Center approved the ORCHID. Informed consent for participation was obtained from the patients or legally authorized representatives. Notably, the investigators of the randomized controlled trials (RCTs) were not involved in this study. After excluding patients with lost to follow-up and missing baseline characteristics, finally, 294 patients were included in this study for FIB-4 and APRI. Specifically, in the assessment of NFS, there were 262 patients included.



Assessment of Liver Fibrosis

Liver fibrosis scores were computed using the following formulas (12, 13):

Fibrosis-4: [age (years) × AST (U/L)]/[platelet (×109/L) × ALT (U/L)].

NAFLD fibrosis score: −1.675+0.037 × age (years) +0.094 × body mass index (BMI) (kg/m2) +1.13 × diabetes (yes = 1, no = 0) +0.99 × AST [U/L]/ALT [U/L]−0.013 × platelet (109/L)−0.66 × albumin (g/dL).

APRI: [AST (U/L)/upper limit of normal*100]/platelet (×109/L) ratio.

To be specific, in order to minimize the overestimation of predicted advanced fibrosis, patients belonging to the intermediate above scores category were considered negative control (reference). Therefore, the following cutoffs were used: FIB-4 (2.67), APRI (1), and NFS (0.676).



Outcomes

The outcomes were defined as 28-days all-cause death and 28-days discharge through post-randomization. The detailed definitions of these outcomes can be found in the previous report (11).



Covariates

Potential confounders at baseline were collected, including demographics (age, sex, and race), comorbidities (BMI, hypertension, diabetes, chronic kidney disease, coronary artery disease, and chronic obstructive pulmonary disease), laboratory measurements (white blood cell count, platelet count, creatinine, AST, and ALT), duration of symptoms at baseline, Sequential Organ Failure Assessment (SOFA) score at enrollment, symptoms of acute respiratory infection (shortness of breath, cough, and fever), chronic medication history (angiotensin-converting-enzyme inhibitor, angiotensin II receptor blocker, and corticosteroids), and inpatient treatments (e.g., corticosteroid, tocilizumab, and azithromycin).

Chronic liver disease includes chronic hepatitis without portal hypertension and cirrhosis with portal hypertension or variceal bleeding.



Statistical Analysis

Continuous variables were expressed as the means with SDs (normal distribution) or medians with interquartile ranges (IQRs; non-normal distribution). The differences between groups for continuous variables were compared using the unpaired Student's t-test (normal distribution) or Wilcoxon-Mann-Whitney tests (non-normal distribution). Categorical variables, which were reported as counts and percentages, were compared between groups using the χ2 test. For non-normally distributed categorical variables, the Kruskal-Wallis test was used. Survival analysis was performed using Kaplan–Meier estimates tested by the log-rank method. Cox proportional hazards models were used to calculate the adjusted risk estimates [i.e., hazard ratios (HRs) and their CIs]. The selection of adjusted covariates in the multivariable models was based on the backward stepwise method with a significance level of <0.1, including all the baseline factors. We evaluated the discriminatory abilities of the liver fibrosis scores for predicting outcomes using the C-index calculated by the area under the receiver operating characteristic curve. For internal model and score validation, we used k-fold in 10-fold cross-validation with repeating 200 times in the original sample. All statistical analyses were performed using SPSS Statistics version 26 (IBM Corp., Armonk, N.Y., USA) and R version 4.0.3 software (The R development Core Team). A two-sided p-value < 0.05 was considered statistically significant.



Supplementary Analysis

To evaluate the robustness of the findings, we conducted a sensitivity analysis by (1) extending the definition of 28-day death to in-hospital death; (2) excluding the patients with pre-existing chronic liver diseases at baseline; (3) using a competing model, in which the death was defined as a competing event.




RESULTS


Baseline Characteristics

Among the 294 hospitalized patients with respiratory illness from COVID-19, 2.4% (7/294) had chronic liver diseases, which included chronic hepatitis and cirrhosis. Advanced liver fibrosis assessed using FIB-4, APRI, and NFS was 34, 21.8, and 37.8%, respectively. The mean age was 56.5 years (SD: 15.6), with a lower proportion of women (40.1%). The most frequent comorbidities were hypertension (51.7%), diabetes mellitus (36.4%), and obesity (23%). The baseline characteristics of the patients with COVID-19 grouped by FIB-4, APRI, and NFS are shown in Table 1.


Table 1. Baseline characteristics of included patients stratified by FIB-4, APRI, and NFS.
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The associations of individual components for FIB-4 (age, AST, ALT, and platelet), APRI (AST and platelet), and NFS (age, BMI, diabetes, AST, ALT, platelet, and albumin) scores with hospital discharge and death through the 28-days are presented in Supplementary Material S1.



Association of FIB-4 Scores With Clinical Outcomes in Patients With COVID-19

Individual components of FIB-4 (age, AST, ALT, and platelet) in patients with FIB-4 >2.67 were significantly higher compared to the FIB-4 ≤ 2.67 group. Compared to the FIB-4 ≤ 2.67 group, patients with FIB-4 >2.67 had a higher frequency of hypertension, coronary artery disease, moderate to severe kidney disease, congestive heart failure, higher respiratory SOFA scores, lower white blood cell counts, and more usage of corticosteroids at home (Table 1).

During the 28 days after randomization, 80.6% (237) patients were discharged and 10.5% (31) died. As shown in Figure 1, the K-M curves showed that patients with FIB-4 >2.67 had a lower hospital discharge and higher death rate during the 28-days (P for log-rank test < 0.001) compared to patients with FIB-4 ≤ 2.67. In multivariate analysis, patients with FIB-4 >2.67 were associated with a reduced discharge rate (HR: 0.62, 95% CI: 0.46–0.84) and an increased risk of death (FIB-4 >2.67: HR: 5.13; 95% CI: 2.18–12.07) after full adjustment. When FIB-4 was analyzed as a continuous variable, the results were not statistically significant after full adjustment (28 days discharge: HR: 0.98, 95% CI: 0.95–1.01; 28 days death: HR: 1.02, 95% CI: 1–1.05) (Tables 2, 3).


[image: Figure 1]
FIGURE 1. K-M Survival curves for 28-days discharge and 28-days mortality stratified by FIB-4, APRI, and NFS in patients with COVID-19. (A,D): FIB-4; (B,E): APRI; (C,F): NFS. FIB-4, Fibrosis-4; APRI, Aspartate Aminotransferase -to-platelet ratio index; NFS, NAFLD fibrosis score.



Table 2. The association between Fibrosis scores and 28-days hospital discharge in patients with COVID-19.
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Table 3. The association between Fibrosis scores and 28-days mortality in patients with COVID-19.
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Association of APRI Scores With Clinical Outcomes in Patients With COVID-19

Components of APRI scores included AST, platelet scores, ALT, and higher respiratory SOFA scores. Compared to patients with APRI ≤ 1, patients with APRI >1 had lower hospital discharges and higher death rates (P for log-rank test < 0.001) (Table 1). In multivariate analysis, patients with APRI >1 had lower hospital discharges (HR: 0.62, 95% CI: 0.44–0.87) and higher deaths (HR: 2.85; 95% CI: 1.35–6.03) through the 28-days after full adjustment. In continuous analysis, there was no significant association between APRI and clinical outcomes after full adjustment (28 days discharge: HR: 0.96, 95% CI: 0.89–1.04; 28 days death: HR: 1.08, 95% CI: 0.98–1.19) (Tables 2, 3).



Association of NFS Scores With Clinical Outcomes in Patients With COVID-19

Age, BMI, diabetes, AST, ALT, platelet, and albumin were significantly higher in patients with NFS >0.676 compared to patients with NFS ≤ 0.676 (Table 1). Patients with NFS >0.676 were more likely to have chronic health conditions, lower systolic blood pressure, and received more corticosteroids treatment compared to patients with NFS ≤ 0.676.

Among the 262 patients, 210 (80.2%) patients were discharged and 28 (10.7%) died during the 28-days. Compared to patients with NFS ≤ 0.676, patients with NFS >0.676 had a lower hospital discharge and higher death rate (P for log-rank test < 0.001). After full adjustment, patients with NFS >0.676 had a lower discharge rate (HR: 0.5, 95% CI: 0.35–0.69) and an increased death rate (HR: 4.17; 95% CI: 1.62–10.72) (Tables 2, 3). When NFS was analyzed as a continuous variable, a positive association was still observed after full adjustment (28 days discharge: HR: 0.87, 95% CI: 0.35–0.69; 28 days death: HR: 1.28, 95% CI: 1.06–1.55) (Tables 2, 3).



Predictive Ability of ARNI, FIB-4, and NFS Scores in Patients With COVID-19

The C-index for FIB-4, APRI, and NFS scores in predicting 28-days death was 0.74 (95% CI: 0.654–0.825), 0.657 (95% CI: 0.562–0.753), and 0.745 (95% CI: 0.666–0.824), respectively (Figure 2). The performance of FIB-4, APRI, and NFS after internal validation showed a mean C-index of 0.728 (IQR: 0.63–0.829), 0.651(IQR: 0.52–0.783), and 0.72 (0.611–0.833), respectively. Regarding hospital discharge, the C-index for FIB-4, APRI, and NFS scores were 0.649 (95% CI: 0.578–0.719), 0.605 (95% CI: 0.537–0.672), and 0.685 (95% CI: 0.614–0.756), respectively (Supplementary Figure S1). The performance of FIB-4, APRI, and NFS after internal validation showed a mean C-index of 0.649 (IQR: 0.573–0.72), 0.606 (IQR: 0.534–0.667), and 0.688 (IQR: 0.61–0.761), respectively. The calibration curve showed a good agreement between predicted and observed outcomes among all liver fibrosis scores (Figure 3 and Supplementary Figure S2).


[image: Figure 2]
FIGURE 2. The area under curves for predicting the mortality at 28-days. A: FIB-4; B: APRI; C: NFSFIB-4, Fibrosis-4; APRI, Aspartate Aminotransferase -to-platelet ratio index; NFS: NAFLD fibrosis score.
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FIGURE 3. The calibration curve for predicting the mortality at 28-days. (A) FIB-4; (B) APRI; and (C) NFS. FIB-4, Fibrosis-4; APRI, Aspartate Aminotransferase -to-platelet ratio index; NFS, NAFLD fibrosis score.




Supplement Analysis and Sensitive Analysis

For 28-day death, ECMO or death, or for in-hospital death, higher APRI, FIB-4, and NFS scores were associated with adverse outcomes (all P < 0.05) (Supplementary Tables S3, S4). The association between FIB-4, APRI, and NFS was still significant (P < 0.05, data not shown) in sensitive analysis that excluded patients with chronic liver disease or when a competing model was used.




DISCUSSION

Our post-hoc analysis of the ORCHID trial suggested the following results: First, fibrosis scores, including FIB-4 scores, APRI scores, and NFS scores, were significantly associated with a lower discharge rate and an increased death rate in hospitalized patients with COVID-19. Second, all three fibrosis scores had a moderate discriminatory ability for predicting death or discharge during the 28 days. To our best of knowledge, this is the first study that compressively assessed the fibrosis scores and clinical outcomes of patients with COVID-19.

Previous studies have demonstrated that pre-existing chronic liver diseases were an independent predictor of adverse outcomes in patients with COVID-19 (14, 15). In our analysis, we found that non-invasive liver fibrosis scores were positively correlated with adverse outcomes in patients with COVID-19. The proportion of patients with chronic liver disease was 2.4%. However, advanced liver disease ranged from 22 to 37%, which were assessed through liver fibrosis scores. This result was consistent with the view that underlying chronic liver disease may be underestimated in patients infected with SARS-CoV-2. Supporting this, the study of Sterling et al. (16) demonstrated that although the prevalence of known underlying liver diseases was 6%, there was a high percentage (52%) of patients with FIB-4 >2.67. When patients with chronic liver disease were excluded from our analysis, the positive association of liver fibrosis scores and worse prognosis with FIB-4 was still observed in our sensitivity analysis. These results highlighted the value of screening liver fibrosis in patients with COVID-19, even in patients without chronic liver disease. Overall, liver fibrosis scores may be a novel and promising prognostic marker for predicting adverse outcomes in patients with the COVID-19.

However, these non-invasive assessments should be interpreted with caution due to complexities arising from COVID-19 progression. Liver injury is one of the most common complications in patients with COVID-19 (2). Studies have shown that indicators for liver injury (i.e., AST and ALT) are significantly increased during COVID-19 and are important predictors for all-cause death (15). FIB-4 levels have been shown to correlate with SARS-CoV-2 plasma RNA levels and monocyte-associated cytokine levels (17). In addition to the underlying prevalence of chronic liver diseases, patients with higher liver fibrosis scores have been linked with COVID-19 disease pathogenesis and severity (18, 19).


Comparison With the Previous Studies

Previous studies have reported the association between different categories of FIB-4 and outcomes in patients with COVID-19 Supplementary Table S5). Elfeki et al. (20) and Samaniego et al. demonstrated that FIB-4 scores of 1–2.67 were not associated with an increased risk of death. However, Calapod et al. (21) found that moderate FIB-4 scores (1.3–2.67) could predict severe COVID-19. Xiang et al. (22) reported that FIB-4 >1.45 was associated with an increased risk of severe COVID-19. In our analysis, we used a cutoff of liver fibrosis (which was defined as advanced liver fibrosis) and did not investigate the predictive ability of FIB-4, APRI, or NFS for moderate liver fibrosis. Additional studies should be performed to investigate their predictive ability. Sterling et al. assessed the predicted ability of FIB-4, known respiratory disease, cardiac disease, liver disease, diabetes mellitus, and obesity on MV, with a C-index of 0.79 (16). In this study, we found all fibrosis scores had the good predictive ability and calibration performance for death. Among them, NFS and FIB-4 appeared to have better performance compared to APRI. However, to date, only a limited number of studies have reported C-indices for FIB-4, APRI, or NFS.

Previous studies have demonstrated that AST and ALT were significantly associated with death in patients with COVID-19 (2, 23). In our study, for all components encompassing the liver fibrosis score, there was no significant association between ALT, platelet, or clinical outcomes. The difference may be due to patient heterogeneity. A combination in the liver fibrosis scores but not their components may help predict clinical outcomes in patients with COVID-19.



Clinical Implications

Our results showed that liver fibrosis scores were associated with poor prognosis and maybe a simple marker for predicting severity and death in patients with COVID-19. All components of these liver fibrosis indices (e.g., age, AST, and ALT) were simple and inexpensive to determine. However, our study does not support performing a liver biopsy, which is the current gold standard for assessing liver fibrosis, to predict adverse outcomes in patients with COVID-19. Performing a liver biopsy may be challenging and not suitable for patients. As mentioned previously, these non-inversive liver fibrosis scores may be the result of complex factors involved in the progression of COVID-19 and should not be considered as an assessment for liver fibrosis.



Strengths and Limitations

This is the first study that comprehensively assessed the association of liver fibrosis scores, including APRI and NFS scores, with adverse outcomes in patients with COVID-19. However, there were several limitations to this study. First, this was a post-hoc analysis from RCTs; hence, the intrinsic limitations of observational study preclude us from drawing a causal link. Measure and unmeasured confounding factors may have influenced our results. The prospective design would have reduced the possibility of reverse causality, while a multi-center design would have reduced selection bias. Second, previous clinical laboratory data were not available for the majority of patients. Hence, we are unsure whether higher liver enzymes were due to COVID-19 or comorbidities due to existing liver disease. Third, our dataset does not collect information on variants of COVID-19. Finally, our analysis was performed on a moderately-sized sample cohort. Larger patient cohorts are needed to validate our findings.




CONCLUSION

Our post-hoc analysis of patients in the ORCHID trial demonstrated that liver fibrosis scores, including FIB-4, APRI, and NFS were significantly associated with reduced hospital discharge rates and higher risk of all-cause death.
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Background: As the COVID-19 pandemic resurges affecting large numbers of patients, rapid, and accurate diagnosis using point-of-care tests is very important.

Objectives: To evaluate the NG-Test® SARS-CoV-2 Ag (NG-Test) immunoassay for qualitative detection of SARS-CoV-2 antigen in nasopharyngeal (NP) and oropharyngeal (OP) samples compared with RT-PCR, in patients attending the Emergencies of an academic referral hospital.

Methods: All adult ambulatory patients presenting to the Emergencies of “Attikon” University hospital (Athens, Greece) within three consecutive hours per day between December 2020 and March 2021 and for whom SARS-CoV-2 PCR testing was requested were included. Two NP and one OP samples obtained from each participant were analyzed to determine the diagnostic performance [sensitivity, specificity, positive/negative predictive values (PPV/NPV)] of the NG-Test (NP/OP swabs) in comparison to the reference RT-PCR (NP swab).

Results: Overall, 134/263 (51%) patients tested were RT-PCR positive, whereof 108 (overall sensitivity 81%, 95% CI 73–87%) were NP NG-Test positive (PPV 99%, NPV 83%) and 68 (overall sensitivity 51%, 95% CI 42–59%) were OP NG-Test positive (PPV 100%, NPV 66%). The test's specificity (95% CI) was 99% (95–100%) and 100% (96–100%) for NP and OP swabs, respectively. The assay's sensitivity (95% CI) for high viral load (Ct ≤25) was 99% (92–100%) and 71% (60–81%) for NP and OP swabs, respectively.

Conclusions: NG-Test using NP swabs detected almost all patients with high viral loads, showing satisfactory performance as a point-of-care test for NP samples obtained from patients with acute infection.

Keywords: NG-Test® SARS-CoV-2 Ag, rapid diagnostics, antigen test, point-of-care, COVID-19, emergency department, lateral flow immunoassay


INTRODUCTION

Two years after the first reported case of SARS-CoV-2 infection in Wuhan, China (1), COVID-19 remains an ongoing global pandemic (2). Despite the vaccination strategies and other mitigation measures implemented regionally, exponential resurgence has been repeatedly reported worldwide (3, 4).

The gold standard for COVID-19 diagnosis is the direct detection of SARS-CoV-2 viral RNA using nucleic acid amplification techniques (real-time RT-PCR) (5, 6). However, PCR testing during periods of high COVID-19 incidence has been recently questioned due to the quite long turnaround time, which strongly influences the function of Emergency Departments (EDs). Further limitations, particularly for low-resource settings, are the need for expensive equipment and reagents as well as the requirement for specialized biocontainment laboratories, operated by highly trained personnel (7). To address this reality, simple and rapid antigen detection tests (RADTs) are recommended by the World Health Organization (WHO) for use in the community for primary case detection, contact tracing and outbreak investigations (8).

Based on these grounds, the aim of the current study was the clinical evaluation of the NG-Test® SARS-CoV-2 Ag (NG-Test), a novel lateral flow immunoassay for the rapid detection of SARS-CoV-2 antigen (nucleocapsid protein), in both nasopharyngeal (NP) and oropharyngeal (OP) samples of ambulatory patients who visited the ED of our hospital, in comparison to real-time RT-PCR being implemented for COVID-19 diagnosis in our setting.



MATERIALS AND METHODS


Study Design

The study included all adult ambulatory patients who presented to the ED of “Attikon” University hospital, Athens, Greece, within three consecutive hours per day between December 2020 and March 2021 and for whom SARS-CoV-2 PCR testing was requested by the clinician in charge, without any selection criteria.

A total of three respiratory specimens (two NP and one OP swabs) were collected from each participant after giving informed consent. One NP and one OP collection were screened by the NG-Test (NG-Biotech Laboratories, 35480, Guipry, France), as recommended by the manufacturer. Briefly, two test devices labeled with the patient's name and marked with a distinctive N (for NP) or O (for OP) sign, were placed on a clear and flat surface. After specimen collection, the swabs were immediately unloaded by rotation in the extraction buffer, while squeezing them through the extraction tube; before removal, they were firmly squeezed against the upper tube walls. Immediately after the extraction, a dropper cap was attached to the extraction tubes and 3 drops (~120 μL) of the extracted sample were transferred to the S/R well of the test cassettes. A timer was set and the results were read out visually after incubation at room temperature for exactly 15 min. Low-intensity lines in the test area, in presence of a positive red line control, were interpreted as positive results.

According to the protocol implemented in our setting for COVID-19 molecular diagnosis, a NP swab mixed in viral transport media was immediately transported to the Clinical Microbiology laboratory of our hospital, which serves as the referral COVID-19 diagnostic center for the 2nd Regional Health Authority of Greece. The RT-PCR test that was routinely applied in our laboratory during the study period and was used as the reference method for comparison, was the Certest Viasure SARS-CoV-2 kit (CerTest Biotec, Spain), performed on a Rotor-Gene Q thermal cycler (Qiagen) following the manufacturer's instructions. PCR cycle threshold (Ct) values ≥35 were considered negative, while positive Ct values were recorded. The laboratory personnel were blinded to the identity of patients that were tested by immunoassay during their ED stay and the RADT result.

The study protocol was approved by the Institutional Review Board and Bioethics Committee of “Attikon” University Hospital (ref. number EBΔ 662/30-11-2020).



Data Analysis

The sample size was determined by our target to test at least 100 prospective RT-PCR positive samples, as it is recommended by the WHO for diagnostic sensitivity determination (8). Medians and interquartile ranges (IQR) were calculated for continuous variables, while frequencies and percentages were calculated for categorical parameters. Performance characteristics, including sensitivity, specificity and positive/negative predictive values (PPV/NPV), for antigen testing were assessed using two-by-two tables and the respective two-sided 95% confidence interval (CI) was estimated. Categorical agreement between RT-PCR and NG-Test was estimated and its strength was assessed by calculating the Cohen's kappa coefficient (κ). All data were analyzed using the statistics software package GraphPad Prism, version 8.0 for Windows (GraphPad Software, San Diego, CA).




RESULTS

Overall, 263 unique patients were enrolled in the study, whereof 148/263 (56%) were men with median age 50 years (range, 18–89; IQR, 27). The majority of patients exhibited one or more COVID-19-compatible symptoms and sought medical care for the first time (212/263; 81%) or were previously diagnosed (30/263; 11%); most of them (235/242; 97%) presented to the ED within 7 days from symptoms onset. The predominant symptom was fever (188/242; 78%), followed by cough, headache, dyspnea, diarrhea, weakness, myalgia, pharyngodynia, anosmia, ageusia, emesis, and rhinorrhea. A small proportion of patients (21/263; 8%) was asymptomatic and visited the ED as close contacts of a symptomatic patient (Table 1).


Table 1. Demographic data of the study population.

[image: Table 1]

In total, 134/263 (51%) patients were tested positive by RT-PCR, with a median Ct value 25 (range, 13–34; IQR, 8). Among them, 128/134 (96%) were symptomatic, while six were asymptomatic. 108/134 (81%) patients had a positive result in the NG-Test when NP swabs were tested resulting in sensitivity (95% CI) of 81% (73–87%) and NPV 83%, while the test specificity (95% CI) was 99% (95–100%) and PPV 99% (Table 2). The agreement between RT-PCR and NP NG-Test was 90% with κ = 0.795 (95% CI 0.724–0.867) representing strong agreement. On the other hand, only 68/134 (51%) patients had a positive NG-Test result when OP swabs were used, resulting in sensitivity (95% CI) of 51% (42–59%) and NPV 66% [specificity (95% CI) was 100% (96–100%) and PPV 100%] (Table 2). The agreement between RT-PCR and OP NG-Test was only 75% with κ = 0.503 (95% CI 0.413–0.593) demonstrating weak agreement.


Table 2. Test characteristics (mean, two-sided 95% confidence interval) of NG-Test® SARS-CoV-2 Ag using nasopharyngeal (NP) and oropharyngeal (OP) samples (each of 263).
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Given that the overall sensitivity is strictly dependent on the distribution of Ct values obtained in the RT-PCR assay within the population of specimens (9), a sub-group analysis was performed and the sensitivity was recalculated in a Ct-dependent manner. In particular, based on the Ct cut-off value, samples with Ct ≤ 25 were designated as high viral load, Ct >25- ≤30 as intermediate and Ct >30- <35 as low viral load (10). The corresponding Ct values and sensitivities are shown in Figure 1. Regardless of the nature of the clinical specimen, a significant difference in the performance of the antigen assay was found in patients with different viral loads (p < 0.0001). Namely, the sensitivity (95% CI) of the NG-Test when NP swabs were tested was 99% (92–100%) for specimens with a high viral load, whereas for samples with an intermediate and low viral load, the sensitivity was calculated to 72% (55–85%) and 29% (12–52%), respectively. Accordingly, the sensitivity (95% CI) of the antigen test when OP swabs were used was 71% (60–81%), 31% (17–48%), and 10% (2–32%) for samples with a high, intermediate, and low viral load, respectively.


[image: Figure 1]
FIGURE 1. Sensitivity of the NG-Test® SARS-CoV-2 Ag (NG-Test) in respect to the viral load of clinical specimens. Vertical error bars represent the 95% confidence interval.


The moderate NPV of NP NG-Test was attributed to a total of 26 false-negative results; one (4%) came from a patient with high viral load, 10 (38%) from intermediate and 15 (58%) from low viral loads. Of the 26 false-negative samples, 14 (54%) were collected from patients being diagnosed from 4 to 14 days earlier, while 12 (46%) were collected from symptomatic, first-visit patients with Ct ≥27. The OP screening showed 66 false-negative results; 22 (33%) from patients with high viral loads, 25 (38%) intermediate and 19 (29%) low viral loads. Twenty-three (35%) false-negative OP samples were collected from patients originally diagnosed within 2 weeks prior to ED presentation, while 43 samples (65%) from first-visit symptomatic patients, 17 of which (40%) were from patients with high viral loads, 16 (37%) intermediate and 10 (23%) low viral loads.



DISCUSSION

The appearance of novel variants of concern, such as the recently designated by WHO Omicron variant, known as B.1.1.529 (11), along with the continuous strain of healthcare systems globally and the need to rapidly diagnose in order to contain the spread, have aroused the interest of the scientific community toward rapid, accurate, cost-effective, and point-of-care techniques. In the framework of our study, the performance of the NG-Test in NP and OP samples was assessed compared to RT-PCR, presenting an overall sensitivity of 81 and 51%, respectively, and a high specificity of 99–100%. Considering that PPV is strongly dependent on the disease prevalence in the study population (12), NG-Test had an excellent PPV (99% in NP vs. 100% in OP samples) within a population with 51% COVID-19 prevalence.

In fact, the performance of the NP NG-Test met the WHO's minimum requirements for RADTs (≥80% sensitivity and ≥97% specificity) for COVID-19 diagnosis (8) being in agreement with the manufacturer's NP performance data (sensitivity 83% and specificity 100%) (13). It also displayed a significant agreement of 90% (κ = 0.795) with the RT-PCR. Furthermore, according to a recent retrospective case control study evaluating the performance of six RADTs in NP samples, a previous version of the NG-Test showed high specificity (98.5%), similar to our results, but much lower overall sensitivity (32.3%), than that in our findings (81%) (14). It should be noted that different antibodies were used in the current version of the NG-Test.

As for the OP swabs, the estimated sensitivity (51%) and level of agreement with the reference methodology (75%, κ = 0.503) showed moderate to weak performance of the evaluated test. Indeed, our results match the data in the current literature to a certain extent. A recent meta-analysis suggested that OP swabs should not be recommended for diagnosis of SARS-CoV-2 infection in ambulatory care due to low sensitivity [68% (95% CI 35–94%)] (15), corroborating our results. However, another recent meta-analysis showed that there was no substantial difference between NP and OP swab detection [overall positive detection 88% (95% CI 73–98%) vs. 84% (95% CI 57–100%)] (16). Direct comparison with our findings could hardly be performed, as the latter meta-analysis included both inpatient and outpatient settings, as opposed to our study population that included outpatients with most of them having acute infections. Interestingly, the meta-analysis showed limited overall agreement between NP and OP swabs (68% dual positivity), while in our cohort, all samples detected positive by OP collection were also positive by NP sampling. The lower performance of OP NG-Test in our study could be attributed either to the fact that RT-PCR was performed in NP swabs or that the patients enrolled presented during acute infection, showing major discomfort (nausea and intense cough) during the OP sampling.

Several studies, involving different study designs, brands of RADTs, patient populations, sample sizes and COVID-19 incidence, have assessed the performance of RADTs in various healthcare settings, such as EDs (17–21) and primary healthcare centers (21, 22), showing overall sensitivities ranging from 70.6 to 93.9%. Among the evaluations in the clinical context of a busy ED, a study assessed the performance of a fluorescence immunochromatographic SARS-CoV-2 antigen test (Bioeasy Biotechnology Co., Shenzhen, China), reporting overall sensitivity 93.9% (95% CI 86.5–97.4%) and specificity 100% (95% CI 92.1–100%) (20). The discordant sensitivity compared to our results is probably due to the rather small sample size (n = 127), the fact that the RADT was performed by NP and OP swabs placed together in a universal transport medium, the low (9%) local prevalence during the study period and the detection of fluorescence by an instrument in that assay, compared with visual inspection in the NG-Test. Two studies, performed in both symptomatic and asymptomatic patients, evaluated the performance of the STANDARD Q COVID-19 Ag Test (SD BIOSENSOR, KR) (19, 20). The first study reported overall sensitivity 82.9% (95% CI 81–84.8%) and overall specificity 99.1% (95% CI 98.8–99.3%) (19), but the sample type used for antigen testing is not mentioned. The second study evaluated NP samples and showed overall sensitivity 70.6%, specificity 100%, PPV 100%, and NPV 87.4% (20), which are in agreement with our findings. The performance of RADTs assessed in two more studies in adult EDs, the first by deep oro-nasopharyngeal swabs and the latter by not clear sampling, was similar: sensitivity 75.3 and 77.9%; specificity 100 and 98.1%; PPV 100 and 97.3%; NPV 89.2 and 84%, respectively (17, 21), corroborating our results even though clinical samples of strictly symptomatic patients were tested, as opposed to our cohort (8% asymptomatic).

In accordance with field evaluations (18, 20–22), and similarly to the performance characteristics of other RADTs (9, 25), the sensitivity of both the NP and OP NG-Test was increased for specimens with high viral loads (Ct ≤ 25), indicating that in high prevalence settings such as the EDs, the assay may be used to timely isolate positive patients, most likely contagious (24), especially when performed by NP collection (99% sensitivity). Interestingly, three RT-PCR positive asymptomatic patients with Ct values <25, all contacts of confirmed cases and one reporting history of fever, headache, dizziness and diarrhea 7 days prior to the ED presentation, were detected by both NP/OP NG-Test (data not shown), suggesting that the assay could be quite beneficial in high prevalence clinical settings, where the identification of asymptomatic infections is of utmost importance. However, the moderate NPVs should also be kept in mind when interpreting the test results. Therefore, the medical history and clinical data should also be taken into account and confirmatory RT-PCR testing should be conducted in patients with high clinical suspicion of COVID-19 in high prevalence settings.

It is noteworthy that our study was carried out while B.1.1.7 was the predominant variant in Greece. As the assay under evaluation detects the nucleocapsid protein of SARS-CoV-2, which is conserved, possible new emerging virus variants with mutations in spike but conserved nucleocapsid protein, may not affect its performance.

The single-center nature of the present study could be considered as a limitation. Nevertheless, “Attikon” hospital serves as the referral COVID-19 diagnostic center for the 2nd Regional Health Authority, which comprises 23 hospitals and 267 primary healthcare structures located in Western and Southern Attica, Piraeus and the Aegean islands. The use of a single large testing center allowed standardization as well as increased quality in sample and data collection. Regarding RT-PCR, the same kits and instruments were used leading to standardized results and Ct values. Of note, our study was carried out within a population with high prevalence of COVID-19 since the highest burden of SARS-CoV-2 infections in the Athens metropolitan area occurred in Piraeus and West Attica, as recently described (26) and, indeed, 51% of patients tested were RT-PCR positive. Lastly, our sample included mainly (92%) symptomatic but also asymptomatic (8%) individuals, which were not excluded since the scope of our study was focused on the appropriateness of NG-Test in a real-life setting where symptomatic population represents 75% of COVID-19 cases in Greece (23).



CONCLUSION

Taken together, the performance of the NG-Test showed overall sensitivity of 81% for NP and 51% for OP samples, but high specificity (99–100%) and PPV (99–100%) regardless of the clinical specimen. The NP NG-Test could be used as a valuable diagnostic tool for the qualitative detection of SARS-CoV-2 in patients with acute infection given its high sensitivity (99%) in samples with high viral load (Ct ≤ 25). False-negative antigen test results have been identified, specifically in samples with lower viral loads. Therefore, the medical history and clinical data should also be considered when interpreting the test results and confirmatory RT-PCR testing may be conducted in selected patients with high clinical suspicion of COVID-19 and having negative NP NG-Test result, while patients with positive NG-Test do not require RT-PCR.
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Background: In December 2019, the cases of pneumonia of unknown etiology emerged in Wuhan, China, and rapidly spread throughout the country. The disease was later designated by the World Health Organization (WHO) as Coronavirus Disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS CoV-2). Few studies have assessed the clinical characteristics of COVID-19 and control strategies used to mitigate disease spread in high-altitude plateau regions of China.

Study Objective: To assess the impact of real-world strategies to control COVID-19 spread in remote plateau regions.

Methods: A retrospective study was performed to assess the epidemiology of COVID-19 and strategies used to control disease spread in the high-altitude plateau of Sichuan, China from 24 January 2020 to 19 March 2020.

Results: COVID-19 spread and outbreaks in Sichuan were attributed to mass gatherings. A total of 70 patients and 20 asymptomatic individuals were found in the hypoxic plateau region of Sichuan. Twelve patients were admitted after the onset of symptoms, while 58 patients and 20 asymptomatic individuals were found by active screening. The symptomatic patients included those with uncomplicated illness (16/70, 22.9%), mild pneumonia (44/70, 62.9%), and severe pneumonia (10/70, 14.3%). Most patients in the study area showed relatively mild and atypical symptoms such as low or no fever and dyspnea. The incidence of severe pneumonia, fever, dyspnea, and interstitial abnormalities identified by chest CT were all significantly lower in screened patients than those admitted after symptom onset (P < 0.05). Severe pneumonia was noted in patients with chronic conditions like hypertension, diabetes etc. as compared to less severe pneumonia in healthy subjects (P <0.05). No patients died and all were eventually discharged.

Conclusion: Mass gatherings increased risk of spread of SARS-CoV-2 responsible for COVID-19. Active screening and early management have collectively contributed to reduced incidence of severe pneumonia and satisfactory prognoses of infections with COVID-19 in this hypoxic plateau region.

Keywords: COVID-19, hypoxic plateau area, clinical characteristics, control strategies, severe pneumonia


INTRODUCTION

In December 2019, a novel coronavirus, now designated SARS-CoV-2, was identified as the cause of a cluster of pneumonia cases in Wuhan, a major city in Hubei Province, China. The disease spread rapidly throughout China, with an increasing number of cases reported globally (1–4). In February 2020, the WHO designated COVID-19 a global health emergency and upgraded the disease to pandemic status in early March 2020 (5). As of July 25, 2020, more than 15 million cases of COVID-19 have been reported to WHO (6). Of these, more than 80,000 cases were from China, the majority of whom were from Hubei and the surrounding provinces (6).

Previous studies have described the clinical characteristics of infected patients in and outside of Wuhan, contributing to an understanding of COVID-19-related epidemiological, clinical, laboratory, and radiological features as well as treatment outcomes (7–9). The pathological characteristics of COVID-19 include lung interstitial mononuclear inflammatory infiltrates and diffuse alveolar damage with cellular fibromyxoid exudates (10). Many patients presented with organ function damage and required mechanical ventilation. Older patients (>65 years of age) with comorbidities and Acute Respiratory Distress Syndrome (ARDS) are at increased risk of death (11). According to a report from the Chinese Center for Disease Control and Prevention, as of 11 February 2020, 1,023 deaths occurred among the 44,672 confirmed cases, with the overall case fatality rate of 2.3 percent (12).

In late January 2020, an outbreak of COVID-19 was reported in Daofu, a county in the Ganzi Tibetan Autonomous Prefecture of Sichuan Province, China (Figures 1A,B). The area lies at the margin of the Qinghai-Tibet plateau, surrounded by perennially snow-topped mountains. Daofu has an average altitude of 3,245 meters (range 2,670–5,820 meters), covers an area of 7,053 square kilometers, and has a population of more than 55,000. The barometric pressure at this altitude ranges from ~72.40 to 46.61 kPa compared to 101.33 kPa at sea level. It is a cold, dry, and oxygen-depleted region in winter. The oxygen content of the air at these altitudes ranges from 10 to 15%, compared to 21% at sea level, and there is a significant day/night temperature differential (Figure 1C), most people in Daofu county live in relatively concentrated areas (Figure 1D). Tibetans have lived at very high altitudes for thousands of years, and have adapted to these regions using complex hypoxia-response pathways (13). Only a few reports detailing the clinical features of COVID-19 in highland areas of China have been published (14, 15).


[image: Figure 1]
FIGURE 1. The distribution of COVID-19 cases across Sichuan province. (A) The distribution of patients across Sichuan province. (B) The distribution of patients across Daofu County. (C) The geographical features of Ganzi Tibetan Autonomous Prefecture. (D) High crowd density in Daofu County. The official statistics of all documented laboratory-confirmed COVID-19 cases throughout Sichuan province (March 19, 2020).


While most transmission events occurred during the pre-symptomatic phase (59.2%), transmissibility was not significantly different between symptomatic and asymptomatic individuals in Wuhan (8, 9). Available data suggests that at least one-third of SARS-CoV-2 infections are asymptomatic (16), and nearly three-quarters of individuals who tested positive but had no symptoms at the time of testing remain asymptomatic (17). Thus, control strategies for COVID-19 should consider the prevalence and transmission risk of individuals with asymptomatic SARS-CoV-2 infection.

The aim of the present study is to describe the clinical features of COVID-19 patients from high-altitude regions and investigate the potential strategies used to control the spread and decrease the severity of this disease.



METHODS


Data Sources

A retrospective study was conducted to assess the clinical characteristics of 70 symptomatic patients with COVID-19 in Daofu, China from 24 January 2020 to 19 March 2020. Symptomatic cases were diagnosed using WHO interim guidance (18). In addition, 20 asymptomatic infections were found by active screening. Asymptomatic infection was defined as the detection of SARS-CoV-2 infection in a patient lacking symptoms and radiologic abnormalities (17). The Institutional Review Board Committee of West China Hospital of Sichuan University approved the study protocol. Informed consent was obtained from all cases. The study conformed to the ethical guidelines of the 1975 Declaration of Helsinki (19).

Data were collected on 70 symptomatic patients with COVID-19 admitted to a designated hospital in Daofu. Exposure history during the 2 weeks before illness onset was recorded, including the dates and times of close contacts (gathering, living, or working together) with individuals who had confirmed or suspected SARS-CoV-2 infection. The incubation period was defined as the duration from contact with the transmission source to the onset of symptoms (20). Clinical records, laboratory, and chest computed tomography (CT) findings were obtained from the electronic medical records of all patients with COVID-19 who were reported by the local health authority. Two researchers independently reviewed the data collection forms to verify the data. The researchers also directly communicated with patients or their families to obtain epidemiological and symptom data which were not available from electronic medical records.



Laboratory Confirmation and Treatment

Investigations included a complete blood count, coagulation profile, serum biochemistry (including renal and liver function, creatine kinase, lactate dehydrogenase, and electrolytes), and chest CT (Optima CT520). Respiratory specimens, including sputum or pharyngeal swabs collected from all patients at admission, were tested using real-time polymerase chain reaction (RT-PCR) specific for SARS-Cov-2 RNA.

Most patients received antiviral treatment along with traditional Chinese medicine, including lopinavir and ritonavir (400 mg twice daily and 100 mg twice daily, respectively), ribavirin (intravenously 500 mg twice daily), or arbidol (200 mg three times daily). Patients received treatment with corticosteroids (40–80 mg/day) for 3–5 days when their resting respiratory rate was >30 per minute, oxygen saturation was <93% or multiple pulmonary lobes showed >50% disease progression in 48 h. Oxygen support (e.g., nasal cannula and mask) was administered to patients based on the severity of the hypoxemia. Since COVID-19 cases first appeared during influenza season, antibiotics (oral and intravenous) and oseltamivir (orally 75 mg twice daily) were empirically administered. Repeat SARS-CoV-2 testing was done for patients suspected of having COVID-19 to show viral clearance before hospital discharge or discontinuation of isolation.



Statistical Analysis

Data were reported as the mean ± standard deviation for normal continuous variables and the median (interquartile range) for non-normal continuous variables, while the frequency was used for discrete variables. In the univariate analysis, the Student's t-test and ANOVA with Bonferroni adjustments were used for continuous samples, and the Fisher's exact or Chi-square tests were used for qualitative samples. Non-parametric alternatives (Mann-Whitney U and Kruskal-Wallis tests) were used for non-normal distributions. Categorical variables were summarized as the counts and percentages in each category. Patients were grouped into those with uncomplicated illness, mild pneumonia, and severe pneumonia based on WHO interim guidance (13). Distribution maps of COVID-19 were produced using the nCov2019 R package. All analyses were performed using SPSS (version 22.0) and R software (version 3.5).




RESULTS


Epidemiology and Control Strategies

A total of 70 patients and 20 individuals with asymptomatic infections were found in Daofu. The first patient identified with COVID-19 had returned to Daofu from Chengdu city on 18 January, 2020, and had not traveled to or been in contact with individuals from Wuhan. Early in the outbreak, most patients were involved in weddings, funerals, or familial gatherings in Daofu and were admitted after the onset of symptoms. Notably, the 12 patients admitted after symptom onset included those with uncomplicated illness (3/12, 25.0%), mild pneumonia (3/12, 25.0%) and severe pneumonia (6/12, 50.0%) (Figure 2A).


[image: Figure 2]
FIGURE 2. Timeline of COVID-19 cases after onset of illness or active screening and disease control strategies. (A) Timeline of COVID-19 cases after onset of illness or active screening. (B,C) Disease control strategies led to empty streets and shopping centers.


The COVID-19 outbreak in China led to the implementation of strict isolation, quarantining, and active screening procedures (Figures 2B,C). A total of 339 close contacts were placed in centralized isolation and 1,908 were placed in voluntary home isolation in Daofu. Active screening of 590 close contacts began on 4 February 2020, and SARS-CoV-2 nucleic acid was detected in 37 cases. Soon after, 8,105 individuals were screened in key towns with clustered cases and 41 COVID-19 cases were confirmed using RT-PCR. As of 1 March 2020, 8,695 individuals were actively screened for COVID-19. Of 78 individuals who tested positive for COVID-19, 20 were asymptomatic and 58 symptomatic patients were found by active screening (Figure 3).


[image: Figure 3]
FIGURE 3. Since the outbreak of COVID-19, isolation, quarantining and active screening have been implemented. In total, 8695 close contacts were actively screened with RT-PCR.




Demographic and Clinical Features of the Symptomatic Patients

According to WHO interim guidance, 58 symptomatic patients who were detected by active screening included those with uncomplicated illness (13/58, 22.4%), mild pneumonia (41/58, 70.7%), and severe pneumonia (4/58, 6.9%). In contrast, 12 patients admitted after symptoms onset included patients with uncomplicated illness (3/12, 25.0%), mild pneumonia (3/12, 25.0%), and severe pneumonia (6/12, 50.0%). The incidence of severe pneumonia was significantly lower in screened patients (4/58, 6.9%) than those who went to the hospital after symptom onset (6/12, 50.0%) (P < 0.05). The incidence of fever, dyspnea, and chest CT interstitial abnormalities were also lower among screened patients (all P < 0.05) (Table 1).


Table 1. Contrast between active screening and passive admission to hospital.

[image: Table 1]

Of the 70 symptomatic patients, 68 were Tibetan, and 2 were Han. More than half of the 70 patients (38, 54.3%) were male. The median age was 45 years (IQR 28–54 years) and ranged from 3 to 77 years. Thirty (42.9%) patients were 18–45 years of age, including one pregnant woman, 27 (38.6%) were 46–65 years of age, 5 (7.1%) were <18 years of age, and 8 (11.4%) were >65 years of age. None of the patients had traveled to or been in contact with individuals from Wuhan. Forty-two (60.0%) of the patients were associated with clusters of whom 14 (20.0%) were linked to familial clusters.

Thirty of the 70 patients (42.9%) had at least one underlying disease such as hypertension or chronic obstructive pulmonary disease. The most common symptoms were cough (53, 75.7%) and fatigue (42, 60.0%) and less common symptoms included fever (9, 12.9%), expectoration (9, 12.9%), dyspnea (9, 12.9%), headache (4, 5.7%), myalgia (4, 5.7%), diarrhea (4, 5.7%), nausea or vomiting (4, 5.7%), abdominal pain (3, 4.3%), chest pain (1, 1.4%), and sore throat (1, 1.4%). Patients were grouped into those with uncomplicated illness (16/70, 22.9%), mild pneumonia (44/70, 62.9%) and severe pneumonia (10/70, 14.3%). The average age differed significantly between these groups (P < 0.001) and underlying disease was more common among cases with severe pneumonia than among non-severe cases (including those with uncomplicated illness or mild pneumonia) (P < 0.05). The incidence of fever, expectoration, dyspnea and headache differed between the groups (all P < 0.05). In particular, patients with severe pneumonia had a higher incidence of dyspnea than non-severe cases (P < 0.001) (Table 2).


Table 2. Clinical characteristics of 70 patients with COVID-19.

[image: Table 2]

Laboratory and radiographic results are shown in Table 3. A percentage of patients had leucopenia (7/70, 10.0%) or lymphopenia (24/70, 34.3%) on admission, and elevated C-reactive protein was observed in 40.3% of patients. Elevated alanine aminotransferase, aspartate aminotransferase, glutamyl transpeptidase, and lactate dehydrogenase levels were also common. Patients with severe pneumonia had more prominent laboratory abnormalities, including lymphopenia, elevated C-reactive protein levels, and elevated lactate dehydrogenase levels than non-severe cases (all P < 0.05). On admission, all patients with pneumonia had normal serum procalcitonin levels.


Table 3. Laboratory and radiographic findings of 70 patients with COVID-19.
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All patients except for one pregnant woman received a chest CT scan and most (52/69, 75.4%) showed evidence of pneumonia. The most common patterns on chest CT were bilateral patchy shadowing (43.5%) and ground-glass opacity (18.8%). Prominent radiologic abnormalities, including bilateral patchy shadowing, and interstitial abnormalities were more common among severe than non-severe cases (all P < 0.001). Figure 4 shows the representative radiologic findings of two non-severe cases and another two severe cases.


[image: Figure 4]
FIGURE 4. Chest CT images. (A) Chest CT images showing bilateral ground-glass opacity on day 5 after symptom onset. (B) Chest CT images showing bilateral ground-glass opacity on day 3 after symptom onset. (C) Chest CT images showing bilateral ground-glass opacity and bilateral subsegmental areas of consolidation on day 5 after symptom onset. (D) Chest CT images showing bilateral multiple lobular and subsegmental areas of consolidation on day 10 after symptom onset. (A,B) were mild pneumonia, (C,D) were severe pneumonia. Red arrow indicates ground-glass opacity, yellow arrow indicates nodular consolidation, blue arrow indicates the mixture areas of ground-glass opacity and nodular consolidation.




Treatment and Outcomes

During hospital admission, complications were rare, and only one Tibetan patient (1.4%) with severe pneumonia developed ARDS. Fifty-seven (81.4%) patients received antiviral treatment, of whom 28.6 and 42.1% received empirical antibiotics and oseltamivir therapy, respectively. Severe cases were significantly more likely to receive treatment (all P < 0.05). Only five (7.1%) were given a systemic corticosteroid, of whom two had severe pneumonia. In addition, significantly more non-severe cases received traditional Chinese medicine than severe cases (83.3 and 40.0%, respectively; P < 0.05).

Oxygen therapy was initiated in 71.7 and 100% of non-severe cases and severe cases, respectively, and symptoms improved for most patients following a 4 L/minute oxygen inhalation using a nasal cannula. Only one severe case with ARDS received non-invasive mechanical ventilation for 10 min and was then switched to mask oxygen inhalation because of intolerance.

By 19 March, 2020, all 70 patients were discharged and no patients died (Figure 5). The patient with ARDS was moved to a designated hospital at a lower altitude (2,560 m) and improved significantly. Fitness for discharge was based on abatement of fever for at least 3 days, improved chest CT results, and viral clearance in samples from the upper respiratory tract. The median duration of a positive PCR result was 10 days, and severe cases had a significantly longer average duration of positive PCR than non-severe cases (Table 4).


[image: Figure 5]
FIGURE 5. Timeline of treatment and clinical outcomes. Trend chart of confirmed cases of COVID-19 through 19 March 2020.



Table 4. Treatment and outcomes of 70 patients with COVID-19.
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DISCUSSION

SARS-CoV-2 utilizes the angiotensin-converting enzyme 2 (ACE2) receptor to enter cells and it is postulated that the human body is more vulnerable to infectious diseases like COVID-19 during harsh winters (21, 22). This study reports on an outbreak of COVID-19 in the plateau region of Western China during a particularly cold winter. More than half of the patients were male and included both young children and older individuals >65 years of age. None of the infected patients had a previous history of contact with people from Wuhan, and 60.0% (42/70) of patients were associated with clusters, of whom 20.0% (12/70) were linked to familial clusters, a finding consistent with previous reports (7, 20, 23–25). These results confirm that the mass gatherings increased the risk of SARS-CoV-2 infection.

In the early phase of the COVID-19 outbreak in Wuhan, human-to-human transmission occurred among some cases, leading to subsequent community outbreaks before control measures could be implemented. As a result, the COVID-19 fatality rate was higher in Wuhan than in other regions (7). In the current study, the patients from Daofu had more mild symptoms than patients associated with early COVID-19 outbreaks in Wuhan (20). This may be because most COVID-19 patients in Daofu (58/70, 82.9%) were found by active screening. Indeed, the incidence of severe pneumonia, fever, dyspnea, and interstitial abnormalities observed by chest CT were all significantly lower among screened patients than those admitted after symptom onset (all P < 0.05). Thus, the implementation of active screening as a prevention strategy resulted in early diagnosis and better disease management, contributing to a lower incidence of severe pneumonia in the hypoxic plateau region of Sichuan. Twenty patients without symptoms were also diagnosed by active screening in this study. SARS-CoV-2 transmission from asymptomatic individuals, or those still within the incubation period, was described previously (26–29). As a result, the potential widespread transmission of SARS-CoV-2 could not be prevented without the active screening of asymptomatic populations. In addition, viral loads measured by qRT-PCR are, at best, a crude measure of how much infectious virus is being shed, so further research is needed to quantify viral loads in both asymptomatic and pre-symptomatic cases (30).

Fever is the most common symptom of COVID-19 in prior studies (7, 8, 20). However, in the current study fever only occurred in 12.9% of the patients. Fever was less predominant in the hypoxic plateau region of Sichuan than in other areas of China. This finding indicates that many COVID-19 patients could be missed if the surveillance case definition required fever detection. In addition, it is reported that some COVID-19 patients develop ARDS or multiple organ failure resulting from a cytokine storm (31). In this study, only 12.9 and 1.4% of patients developed dyspnea and ARDS, respectively. Most patients with severe pneumonia had no serious symptoms. These results are similar to those seen in high altitude regions of Bolivia, central Ecuador, and Nepal (32–34). There a several possible explanations for the low rates of COVID-19 transmission and disease severity in these regions: (1) individuals living in high plateau regions are more adapted to a hypoxic environment and thus develop less serious disease (13, 35, 36); (2) reduced air pollution and increased vitamin D levels at high altitude result in milder symptoms (37, 38); (3) whether individuals in the plateau of Sichuan have ACE2 gene variants as reported (39, 40). Each of these theories will require additional investigation. Importantly, COVID-19 patients in high altitude plateau areas have relatively mild and atypical symptoms that could delay testing and increase the risk of epidemic spread without the use of active screening.

Testing resources are limited in the hypoxic plateau areas of Sichuan because of poor medical conditions. Consistent with other reports, lymphopenia was common in the COVID-19 patients in this study (20). While elevated aminotransferase levels were also found in 45.7% of patients, hepatic abnormalities were mild to moderate, and most patients recovered. No apparent radiologic manifestations were noted in more than 20.0% of laboratory-confirmed symptomatic cases. These findings indicated that some patients had isolated SARS-CoV-2 infection before or without the development of viral pneumonia, emphasizing the importance of identifying and managing them before the disease progressed.

Most patients in this study received antiviral treatment, but the specific treatment varied among patients. Less than one-third received antibiotics and only a few patients were treated with steroids for 3–5 days. It is unclear whether the use of antivirals, antibiotics, or steroids affected patient prognosis. Eighty percent of the patients with severe pneumonia had at least one underlying disorder such as hypertension, diabetes, or chronic obstructive pulmonary disease. Symptoms of severe pneumonia subsided within a few days and pulmonary lesions gradually decreased after timely treatment of any underlying conditions or transport to a lower altitude hospital when needed.

There were some limitations to the present study. First, limited tracking and tracing capacity in high-altitude regions may allow a higher proportion of asymptomatic cases to go undetected. However, this would further support the argument for reduced case severity at high altitudes. Second, the retrospective study design and limited number of participants may have introduced bias. Third, because most of the patient treatment courses were descriptive, this did not allow for a detailed calculation and statistical comparison.

In conclusion, mass gatherings increased risk of spread of SARS-CoV-2 responsible for COVID-19. Active screening and early management have collectively contributed to reduced incidence of severe pneumonia and satisfactory prognoses of infections with COVID-19 in the plateau region of Sichuan. Due to a lack of medical resources in this plateau region, many tests, including those that assess immune function or test for inflammatory indicators, could not be carried out, resulting in incomplete data. However, the present study could provide real-world experience for control strategies of COVID-19 in remote plateau regions.
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Background: The coronavirus disease 2019 (COVID-19) has become a global pandemic. Systemic inflammation in COVID-19 patients has been associated with poor clinical outcome. This study aims to determine the relationship between platelet count and in-hospital mortality.

Methods: The original data of this study were from article development and validation of a predictive model of in-hospital mortality in COVID-19 patients. In this secondary analysis, we adopted multi-variable logistic regression analyses and smooth curve fitting to assess the independent association between platelet count and in-hospital mortality. We further applied a two-piecewise linear regression model to examine the nonlinear association between platelet count and in-hospital mortality.

Results: Of the 2006 patients, the average age of the participants was 65.9 ± 16.5 years and 42.6% were women. We observed a U-shaped relationship between platelet count and in-hospital mortality. We found two different slopes, the correlations between platelet count and in-hospital mortality of COVID-19 patients were totally different below and above the inflection point which was around 370 × 109/L. On the left side of the inflection point, the OR was 0.996 (OR: 0.996, 95%CI: 0.994–0.998, p < 0.001). On the right side of the inflection point, the OR was 1.011 (OR: 1.011, 95%CI: 1.001–1.021, p = 0.029).

Conclusions: A U-shaped association between platelet count and in-hospital mortality was found in the patients with COVID-19. The optimal of platelet count associated with the lowest risk of in-hospital mortality was around 370 × 109/L.

Keywords: platelet count, in-hospital mortality, ferritin, coronavirus disease 2019, systemic inflammation


BACKGROUND

The coronavirus disease 2019 (COVID-19), an infectious disease caused by a novel strain of human coronavirus, has become the focus of attention worldwide (1). Systemic inflammation in COVID-19 patients has been associated with poor clinical outcome (2–4). Platelets, nucleate megakaryocyte fragments circulating in the blood, play a crucial role in inflammatory diseases (5). There is growing recognition of the critical role of platelets in inflammation and immune responses (6). Previous studies have shown that platelet count is correlated with COVID-19 mortality (7–9).

In the general (10), COPD (11), venous thromboembolism (12), and elderly (13) populations, a U-shaped association was recognized between platelet count and mortality, though its role in COVID-19 remains unclear. Using data from the study of development and validation of a predictive model of in-hospital mortality in COVID-19 patients (14), a respective cohort study enriched for the presence of comorbidity and containing adjudicated events, we investigated post-hoc the association of platelet count measured at basement with in-hospital mortality.



PARTICIPANTS AND METHODS


Data Source

The original data of this study were from the development and validation of a predictive model of in-hospital mortality in COVID-19 patients study (14). Since Diego et al. have relinquished the ownership of the original dataset to PLoS ONE (https://journals.plos.org/plosone/s/data-availability), we can use this dataset to perform secondary analysis based on different scientific hypotheses. The original study was granted an exempt status and the requirement for obtaining informed consent was waived by the Ethics Committee for Clinical Research of the Hospital Universitario Fundación Jiménez Díaz (14). We followed the Strengthening the Reporting of Observational Studies in Epidemiology guidelines to report this study (15).



Study Population

The original study retrospectively evaluated consecutive hospitalized patients with confirmed moderate or severe COVID-19 from four hospitals [Hospital General de Villalba (Collado Villalba, Madrid), Hospital Infanta Elena (Valdemoro, Madrid), Hospital Universitario Rey Juan Carlos (Móstoles, Madrid), and Hospital Universitario Fundación Jiménez Díaz in Madrid] from 27 February to 17 April 2020. The diagnosis of COVID-19 was based on World Health Organization interim guidance and confirmed by RNA detection of 2019-nCoV in the clinical laboratory of Hospital Universitario Fundación Jiménez Díaz. Diego et al. extracted de-identified data from the Huawei (Huawei Technologies Co., Ltd., Shenzhen, China) platform and the collaboration of Indizen-Scalian (Madrid, Spain). Four patients younger than 18 years old and 60 patients missing platelet count data were excluded in further analysis.



Variable Extraction
 
Baseline Platelet Count

Baseline platelet count was first collected either in the emergency department or within 3 days from admission to a ward from electronic medical records (14).




Covariates

We included the following variables based on published literature and clinical experience: demographic characteristics and chronic comorbidities (arterial hypertension, diabetes mellitus, smoking habit, cardiovascular disease, and pulmonary disease). Laboratory values included body mass index (BMI), lactate dehydrogenase (LDH), ferritin, D-dimer, absolute lymphocyte count, estimated glomerular filtration rate (eGFR), activated partial thromboplastin time (APTT), and fibrinogen.



Outcome

The outcome was in-hospital mortality which was monitored up to 17 April 2020 (14).



Statistical Analysis

Descriptive analysis was performed for all patients. Categorical variables were expressed as numbers and percentages. Continuous variables were expressed as mean and standard deviation (SD) for normal distributions or median and interquartile range for skewed distributions. We used the chi-square test, one-way ANOVA, and Kruskal–Wallis test for the comparison of categorical, normally distributed, and non-normally distributed continuous variables, respectively. We used dummy variables to indicate missing covariate values (16).

We adopted multi-variable logistic regression analyses and smooth curve fitting to assess the independent association between platelet count and in-hospital mortality. We further applied a two-piecewise linear regression model using a smoothing curve to examine the nonlinear association between platelet count and in-hospital mortality. A likelihood ratio test was conducted to compare the one-line linear regression model with the two-piecewise linear model. All the analyses were performed with the statistical software packages R 3.3.2 (http://www.R-project.org, The R Foundation) and Free Statistics software version 1.3 (17). A two-tailed test was performed and p < 0.05 was considered statistically significant.




RESULTS


Baseline Characteristics of Participants

From the original cohort, after excluding 4 patients younger than 18 years old and 60 patients missing platelet count data on admission, 2,006 patients were included in our study. Among all these patients, the average age of the participants was 65.9 ± 16.5 years and 42.6% were women. A total of 3.7% of patients were smokers. Compared with the first platelet count group, the fourth platelet count group contained more women, cardiovascular disease, higher D-dimer, EGFR, lymphocyte, and LDH levels, and less pulmonary disease.



Outcome

The overall in-hospital mortality was 18.7%. Figure 1 shows the in-hospital mortality in different platelet count groups. The in-hospital mortality in groups 1–4 was 34.6, 19.2, 12.4, and 14.4%, respectively. The results of the univariate and multivariate logistic regression models are shown in Table 1 and Table 4. In the fully adjusted model (adjusted for all covariates in Table 2), categorized platelet count in the multivariate logistic regression model seemed to confirm a non-linear relationship between platelet count and in-hospital mortality. The 300–400(× 109/L) platelet count group had the lowest in-hospital mortality.


[image: Figure 1]
FIGURE 1. In-hospital mortality in different platelet count groups.



Table 1. Multivariable logistic regression models evaluating the association between platelet count and in-hospital mortality.

[image: Table 1]


Table 2. Baseline characteristics of platelet count analysis.
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We tried to look at different thresholds to identify patients at risk and used <100 × 109 /L vs. 100–550 × 109/L vs. >550 × 109/L for sensitivity analysis. Compared with 100–550 × 109 /L groups, the ORs of <100 × 109/L and >550 × 109 / L were 2.34 (1.35–4.07) and 1.69 (0.51–5.6) after adjusting for all covariates in Table 2.



The Nonlinearity Relationship Between Platelet Count and In-hospital Mortality

Through the multivariate logistic regression model and smooth curve fitting, we observed that the relationship between platelet count and in-hospital mortality was non-linear (Figure 2). Data were fit to a piecewise multivariate logistic regression model and found two different slopes. In our study, the P-value for the non-linear test was 0.037 (Table 3), we thus used a two-piecewise model to fit the link between platelet count and in-hospital mortality. We found an inflection point at about 370 × 109/L (Figure 2). On the left side of the inflection point, the OR was 0.996 (OR: 0.996, 95%CI: 0.994–0.998, p < 0.001). On the right side of the inflection point, the OR was 1.011 (OR: 1.011, 95%CI: 1.001–1.021, p = 0.029). It suggests that the risk of in-hospital mortality started to decrease by 0.4% per 1 × 109/L platelet change until a platelet count of ~370 × 109/L. Then the risk of in-hospital mortality started to increase by 1.1% per 1 × 109/L platelet change (P-value for non-linear test was 0.037).


[image: Figure 2]
FIGURE 2. Relationship between platelet count and in-hospital mortality. Adjusted for all covariates in Table 2.



Table 3. The non-linearity relationship between platelet count and in-hospital mortality.
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Other Risk Factors for In-hospital Mortality in Patients With COVID-19

Univariate logistic and multivariable logistic regression analysis of risk factors for in-hospital mortality in patients with COVID-19 is reported in Table 4. We found age, male, history of pulmonary disease, history of diabetes, D-dimer, and LDH were independent risk factors for in-hospital mortality in this cohort (all P < 0.05).


Table 4. Univariate logistic and multivariable logistic regression models evaluating the association between platelet count and in-hospital mortality.
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We also detected the association between platelet count and ferritin in order to understand the relationship between platelet count and inflammation. Based on Figure 3, platelet count was negatively associated with ferritin below 300 × 109/L.


[image: Figure 3]
FIGURE 3. Relationship between platelet count and ferritin. Adjusted for all covariates in Table 2 except ferritin.





DISCUSSION

In this observational retrospective cohort study, we tried to examine the optimal platelet count associated with in-hospital mortality in patients with COVID-19. A U-shaped association between platelet count and in-hospital mortality was found in the cohort. The correlations between platelet count and in-hospital mortality of COVID-19 patients were totally different below and above the inflection point which was around 370 × 109/L. Platelet count, as assessed at baseline, was negatively associated with in-hospital mortality of COVID-19 patients below 370 × 109/L, and it was positively associated above 370 × 109/L. The optimal platelet count associated with the lowest risk of in-hospital mortality was around 370 × 109/L.

Low platelet count is a common laboratory finding in patients with severe COVID-19 (18). Our study found that 4% (81) of patients had a platelet count <100 × 109/L. In a previous study, thrombocytopenia was associated with poor outcome in patients with COVID-19 (18–21). Their results are akin to part of our findings where platelet counts <100 × 109/L correlated with the highest in-hospital mortality. However, most of the studies converted platelet count into dichotomous variables and only compared the outcome of platelet counts <100 × 109/L (22) or 125 × 109/L (23) or 150 × 109/L (24) with other COVID-19 patients. It was hard in these studies to find either a non-linearity relationship between platelet count and in-hospital mortality or an optimal platelet count associated with the lowest risk of in-hospital mortality.

We used smooth curve fitting (25) and a two-piecewise linear regression model (25) to determine that a high platelet count may also lead to increased mortality in patients with COVID-19. Whereas, in multivariable logistic regression analysis, we only found an increasing trend of mortality in group 4 (platelet ≥400 × 109/L) (OR: 1.5, 95%CI: 0.73–3.09, P = 0.27). This instability may be the result of the highly sensitive smooth curve fitting in analyzing change trends.

In fact, a U-shaped association between platelet count and in-hospital mortality is universal in different diseases. Several studies have found a non-linear relationship between platelet count and outcomes. Fawzy et al. (11) demonstrated a U-shaped association with platelet count and risk of 3-year all-cause mortality in stable COPD. Van et al. found low and high platelet counts were associated with non-cardiovascular mortality in the elderly, including cancer mortality. Di Micco et al. (12) found a U-shaped relationship between platelet count and the 3-month rate of major bleeding and fatal bleeding in patients with VTE.

The association between platelet count and clinical outcome may not reveal any causality as many parameters could both be the cause and/or the consequence of the changing platelet count. For example, thrombocytopenia could be due to an inflammatory response. The pathophysiology of thrombocytopenia in COVID-19 is hypothetically caused by the alteration of platelet production and consumption (and/or destruction) (26). It affects platelet production by either directly or indirectly affecting hematopoietic stem cells (HSCs), reducing thrombopoietin production, and megakaryocyte maturation due to an increase of specific inflammatory cytokines (27). In this study we also explored the relationship between platelet count and ferritin which is a bio-marker of inflammation and found that a lower platelet count represented higher inflammation in this cohort.

Similar to other studies, we found age (21), male gender (28), and underlying chronically illness (29) were risk factors of in-hospital mortality of patients with COVID-19. Our study also found that D-dimer, representing thrombotic risk (30), and LDH, representing systemic inflammation (31), were also associated with prognosis in multivariable logistic regression analysis. These results suggest that age, sex, underlying chronically illness, D-dimer, and LDH deserve further study.

Our research has the following limitations that need attention. First, residual confounders potentially exist, as with all retrospective analyses. By maximizing the sample size, we adjusted for all possible confounders we could. Second, our data are only from Spain and cannot cover other populations. Third, the association between platelet count and clinical outcome may not reveal any causality. However, we tried various techniques such as the non-linearity relationship test and used different thresholds group analyses to confirm this relationship which is worthy of further investigation.



CONCLUSION

A U-shaped association between platelet count and in-hospital mortality was found in patients with COVID-19. The optimal platelet count associated with the lowest risk of in-hospital mortality was around 370 × 109/L.
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Early detection and isolation of COVID-19 patients are essential for successful implementation of mitigation strategies and eventually curbing the disease spread. With a limited number of daily COVID-19 tests performed in every country, simulating the COVID-19 spread along with the potential effect of each mitigation strategy currently remains one of the most effective ways in managing the healthcare system and guiding policy-makers. We introduce COVIDHunter, a flexible and accurate COVID-19 outbreak simulation model that evaluates the current mitigation measures that are applied to a region, predicts COVID-19 statistics (the daily number of cases, hospitalizations, and deaths), and provides suggestions on what strength the upcoming mitigation measure should be. The key idea of COVIDHunter is to quantify the spread of COVID-19 in a geographical region by simulating the average number of new infections caused by an infected person considering the effect of external factors, such as environmental conditions (e.g., climate, temperature, humidity), different variants of concern, vaccination rate, and mitigation measures. Using Switzerland as a case study, COVIDHunter estimates that we are experiencing a deadly new wave that will peak on 26 January 2022, which is very similar in numbers to the wave we had in February 2020. The policy-makers have only one choice that is to increase the strength of the currently applied mitigation measures for 30 days. Unlike existing models, the COVIDHunter model accurately monitors and predicts the daily number of cases, hospitalizations, and deaths due to COVID-19. Our model is flexible to configure and simple to modify for modeling different scenarios under different environmental conditions and mitigation measures. We release the source code of the COVIDHunter implementation at https://github.com/CMU-SAFARI/COVIDHunter and show how to flexibly configure our model for any scenario and easily extend it for different measures and conditions than we account for.

Keywords: epidemiological modeling, COVID-19 outbreak simulation, seasonal epidemic, outbreak prevention and control, vaccination


INTRODUCTION

Coronavirus disease 2019 (COVID-19) is caused by SARS-CoV-2 virus, which has rapidly spread to nearly every corner of the globe and has been declared a pandemic in March 2020 by the World Health Organization (WHO) (1). As of November 2021, only about 40% of the entire world population is fully vaccinated and their protection wanes after a few months (2). Until an effective drug or vaccination is made widely available to everyone, early detection and isolation of COVID-19 patients remain essential for effectively curbing the disease spread (3). Regardless of the availability and affordability of COVID-19 testing, it is still extremely challenging to detect and isolate COVID-19 infections at early stages (4, 5). Simulating the spread of COVID-19 has the potential to mitigate such challenges, help to better manage the healthcare system, and provide guidance to policy-makers on the effectiveness of various (current, planned, or discussed) mitigation measures. To this end, many COVID-19 simulation models are proposed (6–10), some of which are announced to assist in decision-making for policy-makers in countries such as the United Kingdom [ICL (9)], United States [IHME (10)], and Switzerland [IBZ (11)].

These models tend to follow one of two key approaches. The first approach evaluates the current actual epidemiological situation by accounting for reporting delays and under-reporting (uncertainty) due to inefficiencies such as a low number of COVID-19 tests. This approach is taken by the IBZ (11), LSHTM (7), and (8) models and is not mainly used for prediction purposes as it reflects the epidemiological situation with about 2 weeks of time delay (due to its dependence on observed COVID-19 reports). The IBZ model (11) estimates the daily reproduction number, R, of SARS-CoV-2 from observed COVID-19 incidence time series data after accounting for reporting delays and under-reporting using the numbers of confirmed hospitalizations and deaths. The R number describes how a pathogen spreads in a particular population by quantifying the average number of new infections caused by each infected person at a given point in time (12). The LSHTM model (7) adjusts the daily number of observed COVID-19 cases by accounting for under-reporting (uncertainty) using both deaths-to-cases ratio estimates and correcting for delays between case confirmation (i.e., laboratory-confirmed infection) to death.

The second approach evaluates the current epidemiological situation and predicts the future epidemiological situation by simulating the COVID-19 outbreak and considering the effects of mitigation measures. This approach, taken by ICL (9) and IHME (10) models, usually suffers from two main drawbacks. The first drawback is that they require a large number of country-specific assumptions and input parameters (e.g., mobility rates, age- and country-specific data on demographics, patterns of social contact, and hospital availability) as it does not rely on the observed (laboratory-confirmed) number of cases for each region in simulation. For example, ICL (9) model requires input parameters such as the daily number of confirmed deaths, IFR, mobility rates from Google, age- and country-specific data on demographics, patterns of social contact, and hospital availability. This model makes three key assumptions: (1) age-specific IFRs observed in China and Europe are the same across every country, (2) the number of confirmed deaths is equal to the true number of COVID-19 deaths, and (3) the change in transmission rates is a function of average mobility trends. Another example is the IHME (10) model, which requires input parameters such as testing rates, mobility, social distancing policies, population density, altitude, smoking rates, self-reported contacts, and mask use. This model makes two key assumptions: (1) the infection fatality rate (IFR), which indicates the rate of people that die from the infection is taken using data from the Diamond Princess Cruise ship and New Zealand and (2) the decreasing fatality rate is reflective of increased testing rates (identifying higher rates of asymptomatic cases). The second drawback is the lack of awareness about environmental conditions of the subject region, they usually provide inaccurate estimates especially during the winter months (13). Several related viral infections, such as the Influenza virus, human coronavirus, and human respiratory, already show notable seasonality (showing peak incidences during only the winter (or summer) months) (14, 15). There are currently several studies that demonstrate the strong dependence of the transmission of SARS-CoV-2 virus on one or more environmental conditions, even after controlling (isolating) the impact of mitigation measures and behavioral changes that reduce contacts (16–21).

To our knowledge, there is currently no model capable of accurately monitoring the current epidemiological situation and predicting future scenarios while considering a reasonably low number of parameters and accounting for the effects of environmental conditions (Table 1).


Table 1. Comparison to other models used to inform government policymakers, as of January 2021.
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Our goal in this work is to develop and validate such a COVID-19 outbreak simulation model. To this end, we introduce COVIDHunter, a simulation model that evaluates the current mitigation measures (i.e., non-pharmaceutical intervention or NPI) that are applied to a region and provides insight into what strength the upcoming mitigation measure should be and for how long it should be applied, while considering the potential effect of environmental conditions. Our model accurately forecasts the numbers of infected and hospitalized patients, and deaths for a given day, as validated on historical COVID-19 data (after accounting for under-reporting). The key idea of COVIDHunter is to quantify the spread of COVID-19 in a geographical region by calculating the daily reproduction number, R, of COVID-19 and scaling the reproduction number based on changes in mitigation measures, environmental conditions, different variants of concern, and vaccination rate. The R number changes during the course of the pandemic due to the change in the ability of a pathogen to establish an infection during a season and mitigation measures that lead to a lower number of susceptible individuals. COVIDHunter simulates the entire population of a region and assigns each individual in the population to a stage of the COVID-19 infection (e.g., from being healthy to being short-term immune to COVID-19) based on the scaled R number. COVIDHunter requires only three input parameters, two of which are time-varying parameters, to calculate the R number, which provides four key advantages: (1) allowing flexible (easy-to-adjust) configuration of the model input parameters for different scenarios and different geographical regions; (2) enabling short simulation execution time and simpler modeling; (3) enabling easy validation/correction of the model prediction outcomes by adjusting fewer variables, and (4) being extremely useful and powerful especially during the early stages of a pandemic as many of the parameters are unknown. Whenever applicable, we compare the simulation output of our model to that of four state-of-the-art models currently used to inform policy-makers, IBZ (11), LSHTM (7), ICL (9), and IHME (10).



MATERIALS AND METHODS

The COVIDHunter model employs a four-stage approach to simulate the COVID-19 outbreak (Figure 1). (1) Predicting the daily reproduction number, the average number of new daily infections caused by each infected person. (2) COVIDHunter simulates the entire population of a region and labels each individual according to different stages of the COVID-19 infection timeline. Each stage has a different degree of infectiousness and contagiousness. The model simulates these stages for each individual to maintain accurate predictions. (3) Predicting the number of daily cases based on our population simulation. (4) Predicting the number of daily deaths and hospitalizations based on both the predicted number of cases and the R number. All input parameters to our model are fully configured based on either existing research findings or user-defined values.
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FIGURE 1. Proposed COVIDHunter model for simulating COVID-19 outbreak.



Predicting the Reproduction Number

One of the most challenging factors in predicting the spread of COVID-19 is to quantify the daily reproduction number (R) due to the large number of factors affecting its value and various viral genetic variations. The R number is directly affected by a large number of factors (12), such as (1) the transmissibility of the virus variant of concern; (2) the strength of the mitigation measures; (3) weather factors (e.g., temperature); (4) air pollutants; (5) population density, and many more. The coronavirus genome can also exhibit rapid genetic changes in its nucleotide sequence (22, 23). This genetic diversity affects the virus virulence, infectivity, transmissibility, and evasion of the host immune responses (23, 24). To provide accurate predictions of the reproduction number, the COVIDHunter model considers only three key factors for predicting the R number: (1) different transmissibility rates of infection into a susceptible host population for each SARS-CoV-2 variant, (2) mitigation measures (e.g., lockdown, social distancing, and isolating infected people), and (3) environmental conditions (e.g., air temperature). We choose these three main factors for two reasons: (1) they have a large impact on the R number (3, 14, 15), (2) the mitigation measure and the environmental conditions can represent almost any other factor that affects the R number (e.g., high population density can be thought of as a weaker mitigation measure). The COVIDHunter model allows for directly leveraging existing models that study the effect of only mitigation measures (or only environmental conditions) on the spread of COVID-19. Our model calculates the time-varying R number using Equation 1 as follows:
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where R0 is the base reproduction number for the virus variant of concern, M(t) is the mitigation coefficient for the given day t, and Ce(t) is the environmental coefficient for the given day t. The R0 number quantifies the transmissibility of infection into a susceptible host population by calculating the expected average number of new infections caused by an infected person in a population with no prior immunity to a specific virus or variant (as a pandemic virus is by definition novel to all populations). Hence, the R0 number represents the transmissibility of an infection at only the beginning of the outbreak assuming the population is not protected via vaccination. Unlike the R number, the R0 number is a fixed value and it does not depend on time. The R0 number for each SARS-CoV-2 variant can be obtained from several existing studies [such as in (25–28)] that estimate it by modeling contact patterns during the first wave of the pandemic.

The mitigation coefficient [M(t)] applied to the population is a time-dependent variable and it has a value between 0 and 1, where 1 represents the strongest mitigation measure and 0 represents no mitigation measure applied. In different countries, mitigation measures take different forms, such as social distancing, self-isolation, school closure, banning public events, and complete lockdown. These measures exhibit significant heterogeneity and differ in timing and intensity across countries (9). The Oxford Stringency Index (29) maintains a twice-weekly-updated index that represents the severity of nine mitigation measures that are applied by more than 160 countries. Another study (30) estimates the effect of only seven mitigation measures on the R number in 41 countries. We can directly leverage such studies for calculating the mitigation coefficient on a given day.

The environmental coefficient [Ce(t)] is a time-dependent variable representing the effect of external environmental factors on the spread of COVID-19 and it has a value between 0 and 2. Several studies have demonstrated increased infectiousness by a country-dependent fixed-rate with each 1 °C fall in daytime temperature (16, 17). Another study supports the same temperature-infectiousness relationship, but it also finds that before applying any mitigation measures, a one-degree drop in relative humidity shows increased infectiousness by a rate lower (2.94× less) than that of temperature (19). Another study follows a simple way of modeling the effect of seasonality on COVID-19 transmission using a sinusoidal function with an annual period (20). One of the most comprehensive studies that spans more than 3,700 locations around the world is HARVARD CRW (or CRW in short) (21). It finds the statistical correlation between the relative changes in the R number and both weather conditions and air pollution after controlling the impact of mitigation measures. Our model enables applying any of these studies as we experimentally demonstrate in Section Result. In our experiments, we choose two main approaches for setting the value of the time-varying environmental coefficient variable [Ce(t)]. (1) The first approach is to perform statistical analysis for the relationship between the daily number of COVID-19 cases and average daytime temperature in Switzerland. (2) The second approach is to apply the HARVARD CRW (21) (referred to as CRW). Next, we explain the first approach in detail.



Statistical Relationship Between Temperature and Number of COVID-19 Cases

To calculate the environmental coefficient, we explore the relationship between the daily new confirmed COVID-19 case counts or death counts and temperature in Switzerland. We obtain the daily number of confirmed COVID-19 cases and deaths in Switzerland from official reports of the Federal Office of Public Health (FOPH) in Switzerland (31) starting from March 2020 until January 2021. We obtain the air temperature data from the Federal Office of Meteorology and Climatology (MeteoSwiss) in Switzerland (32). We calculate the daily average air temperature during the same time period (March 2020 to December 2020) for all the 26 cantons in Switzerland. To evaluate the correlation between the temperature data and the number of daily confirmed COVID-19 cases or the daily counts of death, we use a generalized additive model (GAM). GAM is usually used to calculate the linear and non-linear regression models between meteorological factors (e.g., temperature, humidity) with COVID-19 infection and transmission (16, 17, 33).

Our analyses are performed with R software version 4.0.3, where p–value <0.05 is considered statistically significant. Our model attempts to represent the linear behavior of the growth curve of the counts of the new confirmed cases or deaths in Switzerland. Therefore, we can test the hypothesis of whether there is a significant negative correlation between the COVID-19 confirmed daily case or death counts and temperature. The results demonstrate a significant negative correlation between temperature and COVID-19 daily case and death counts. Specifically, the relationship is linear for the average temperature in the range from 1–26°C. Based on Figure 2, we make two key observations. (1) For each 1°C rise in temperature, there is a 3.67% (t-value = 3.244 and p-value = 0.0013) decrease in the daily number of COVID-19 confirmed cases (Figure 2A). (2) For each 1°C rise in temperature, there is a 23.8% decrease in the daily number of COVID-19 deaths (t-value = 9.312 and p-value = 0.0), as shown in Figure 2B. The statistical analysis can be reproduced using the following script https://github.com/CMU-SAFARI/COVIDHunter/tree/main/TemperatureSensitivityStudy.
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FIGURE 2. Correlation between temperature and COVID-19 confirmed (A) case count and (B) death count in 26 cantons of Switzerland.




Labeling Each Individual in the Subject Population According to Different Stages of the COVID-19 Infection Timeline

COVIDHunter tracks the number of infected and uninfected persons over time by clustering the population into eight main categories: HEALTHY, VACCINATED, INFECTED, CONTAGIOUS, HOSPITALIZED, IMMUNE, DEAD, and INFECTED TRAVELERS (Figure 3). The model initially considers the entire population as uninfected (i.e., HEALTHY). For each simulated day, the COVIDHunter model decides which persons will have immunity to infection due to vaccination (i.e., VACCINATED) based on input data. For the unvaccinated persons, the model calculates the R value using Equation 1 (Section Predicting the reproduction number) and decides how many persons can be infected (i.e., INFECTED) during each simulated day. Our modeling approach considers multiple virus strains/variants by calculating multiple R numbers, each of which represents a different virus strain/variant. The day when the first case of infection (caused by a variant of concern) in a population introduced is defined by the user. For each newly infected person (INFECTED), the model maintains a counter that counts the number of days from being infected to being contagious (CONTAGIOUS). Several COVID-19 case studies show that presymptomatic transmission can occur 1–3 days before symptom onset (34, 35). COVID-19 patients can develop symptoms mostly after an incubation period of 1 to 14 days (the median incubation period is estimated to be 4.5 to 5.8 days) (4, 5). We calculate the number of days of being contagious after being infected as a random number with a Gaussian distribution that has user-defined lowest and highest values. Each contagious person may infect N other persons depending on mobility, population density, number of households, and several other factors (36). We calculate the value of N to be a random number with a Gaussian distribution that has the lowest value of 0 and the highest value determined by the user. If N is greater than the R number (i.e., the target number of infections for that day has been reached), further infections are curtailed preventing overestimation of N by infecting only R persons.
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FIGURE 3. Proposed population clustering algorithm for assigning each individual in the population of concern to a stage of the COVID-19 infection timeline. The COVIDHunter model makes eight main clusters: HEALTHY, VACCINATED, INFECTED, CONTAGIOUS, HOSPITALIZED, IMMUNE, DEAD, and INFECTED TRAVELERS.


Once the contagious person infects the desired number of susceptible persons, the status of the contagious person becomes IMMUNE or HOSPITALIZED. The IMMUNE status indicates that the person has immunity to reinfection due to either vaccination or being recently infected (37, 38). The HOSPITALIZED person can be later on IMMUNE or DEAD. There are currently two key approaches for calculating the estimated number of both hospitalizations and deaths due to COVID-19: (1) using historical statistical probabilities, each of which is unique to each age group in a population (39, 40) and (2) using historical COVID-19 hospitalizations-to-cases and deaths-to-cases ratios (41). We choose to follow the second approach as it does not require (1) clustering the population into age-groups and (2) calculating the risk of each individual using the given probability, which both affect the complexity of the model and the simulation time. As the true number of cases is unknown due to both lack of population-scale testing and asymptomatic cases (42, 43), it is extremely difficult to make accurate estimates of the true number of COVID-19 hospitalizations and deaths. As such, we assume a fixed multiplicative relationship between the number of laboratory-confirmed cases and the true number of cases. We use user-defined correction coefficients (we refer to them as certainty rate levels) to account for such a multiplicative relationship. A certainty rate of, for example, 50% means that the true number of COVID-19 cases is actually double that calculated by COVIDHunter.

Our model also simulates the effect of infected travelers (i.e., INFECTED TRAVELERS) on the value of R. These travelers (e.g., daily cross-border commuters within the European Union) can initiate the infection(s) at the beginning of the pandemic. If such infected travelers are absent (due to, for example, emergency lockdown) from the target population, the virus would die out once the value of R decreases below one for a sufficient period of time. The percentage of incoming infected travelers is not affected by the changes in the local mitigation measures nor the environmental conditions, as these travelers were already infected abroad.



Predicting the Number of COVID-19 Cases

The COVIDHunter model assigns each individual in the entire population of a region to a stage of the COVID-19 infection timeline. Using this assignment, our model predicts the daily number of COVID-19 cases for a given day t, as follows:
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where TINF is the daily number of infected travelers that is a user-defined variable, N() is a function that calculates the number of persons to be infected by a given person as a random number with a Gaussian distribution, and UCON is the daily number of contagious persons calculated by our model.



Predicting the Number of COVID-19 Hospitalizations and Deaths

The number of COVID-19 hospitalizations for a given day, t, can be calculated as follows:
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where Daily_Cases(t) is calculated using Equation 2 and X is the hospitalizations-to-cases ratio that is calculated as the average of daily ratios of the number of COVID-19 hospitalizations to the laboratory-confirmed number of COVID-19 cases. As the true number of cases is unknown due to both lack of population-scale testing and asymptomatic cases (42, 43), it is extremely difficult to make accurate estimates of the true number of COVID-19 hospitalizations. As such, we assume a fixed multiplicative relationship between the number of laboratory-confirmed cases and the true number of cases. We use the user-defined correction coefficient, CX, of the hospitalizations-to-cases ratio to account for such a multiplicative relationship. The number of COVID-19 deaths for a given day t can be calculated as follows:
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where Daily_Cases(t) is calculated using Equation 2 and Y is the deaths-to-cases ratio, which is calculated as the average of daily ratios of the number of COVID-19 deaths to the number of COVID-19 laboratory-confirmed cases. The observed number of COVID-19 deaths can still be less than the true number of COVID-19 deaths due to, for example, under-reporting. We use the user-defined correction coefficient, CY, to account for the under-reporting. One way to find the true number of COVID-19 deaths is to calculate the number of excess deaths. The number of excess deaths is the difference between the observed number of deaths during a time period and the expected (based on historical data) number of deaths during the same time period. For this reason, CY may not necessarily be equal to CX.




RESULTS

We evaluate the daily (1) R number, (2) mitigation measures, and (3) numbers of COVID-19 cases, hospitalizations, and deaths. We compare the predicted values to their corresponding observed values and that of four state-of-the-art models, ICL (9), IHME (10), IBZ (11), and LSHTM (7), whenever possible. We provide a comprehensive treatment of all datasets, models, and evaluation results with different model configurations in the Supplementary Materials and on GitHub page of COVIDHunter, https://github.com/CMU-SAFARI/COVIDHunter. We also provide all parameter values used for running COVIDHunter and different scripts for reproducing the experimental evaluation performed in this work on our GitHub page, https://github.com/CMU-SAFARI/COVIDHunter/tree/main/Reproduce-Switzerland-Case-Study-Results. We provide below our prediction run for the period of 20 November 2021 until February 2022, which was carried out on 20 November 2021. We provide another prediction run for the period from 19 April 2021 until 1 June 2021 in the Supplementary Materials, which were carried out on 19 April 2021. We also provide a comprehensive analysis of the COVID-19 statistics provided by ICL (9), IHME (10), IBZ (11), and LSHTM (7) from the beginning of the COVID-19 outbreak (February 2020) until April 2021.


Determining the Value of Each Variable in the Equations

We use Switzerland as a use-case for all the experiments. However, our model is not limited to any specific region as the parameters it uses are completely configurable. To predict the R number, we use Equation 1 that requires three key variables. We set the base reproduction numbers, R0, for two main variants, the Delta variant and its ancestral strain, of SARS-CoV-2 in Switzerland as 5 and 2.7, respectively, as shown in (25, 26, 44). The recent Omicron variant was not circulating during the study. We set the first day for the Delta variant to be injected into the population as 19 June 2021 based on the governmental data (45). We set the first day of vaccination availability in Switzerland as 28 February 2021, with a vaccination rate of 0.28 per day based on governmental data (45). We change the daily mitigation coefficient, M(t), value based on the ratio of number of confirmed hospitalizations to the number of confirmed cases with two certainty rate levels of 100 and 50%, as we explain in detail in Section Model validation. This helps us to take into account uncertainty in the observed number of COVID-19 cases, hospitalizations, and deaths. We set the minimum and maximum incubation time for SARS-CoV-2 as 1 and 5 days, respectively, as 5-day period represents the median incubation period worldwide (4, 5). We set the population of Switzerland to 8,654,622. We empirically choose the values of N, the number of travelers, and the ratio of the number of infected travelers to the total number of travelers to be 25, 100, and 15%, respectively.



Model Validation

We can validate our model using two key approaches. (1) Comparing the daily R number predicted by our model (using Equation 1) with the daily reported official R number for the same region. (2) Comparing the daily number of COVID-19 cases predicted by our model (using Equation 2) with the daily number of laboratory-confirmed COVID-19 cases. We decide to use a combination of reported numbers of cases, hospitalizations, and deaths to validate our model for three main reasons. (1) The R number is calculated as, for example, the ratio of the number of cases for a week (7-day rolling average) to the number of cases for the preceding week. Adjusting the parameters of our model to fit the curve of the number of confirmed cases is likely to be highly uncertain. (2) The reported daily reproduction number by authorities of Switzerland usually excludes the values for the last 14 days, which makes the validation based on the reproduction number more challenging. (3) As of 2022, we have already witnessed more than two years of the pandemic, which provide us with several observations and lessons. The most obvious source of uncertainty, affecting all models, is that the true number of persons that are previously infected or currently infected is unknown (46). However, the publicly-available number of COVID-19 hospitalizations and deaths can provide more reliable data.

We validate our model using three key steps. (1) We leverage the more reliable data of reported number of hospitalizations (or deaths) to estimate the true number of COVID-19 cases using the ratio of number of laboratory-confirmed hospitalizations (or deaths) to the number of laboratory-confirmed cases during the second wave of the COVID-19 pandemic. We assume that the COVID-19 statistics during the second wave is more accurate than that during the first wave because generally more testing is performed in the second wave. (2) We consider a multiplicative relationship between the true number of COVID-19 cases and that estimated in step 1. In our experimental evaluation, we use the true number of COVID-19 cases calculated using different multiplicative factor values (we refer to them as certainty rate levels) as a ground-truth for validating our model. A certainty rate of, for example, 50% means that the true number of COVID-19 cases is actually double that calculated in step 1. (3) We use our model to calculate both the daily R number (Equation 1) and the number of COVID-19 cases (Equation 2). We fix the two terms of Equation 1, R0 and Ce, using publicly-available data for a given region and change the third term, M, until we fit the curve of the number of cases predicted by our model to the ground-truth plot calculated in step 2.



Evaluating the Expected Number of COVID-19 Cases for Model Validation

As the exact true number of COVID-19 cases remains unknown (due to, for example, lack of population-scale COVID-19 testing), we expect the true number of COVID-19 cases in Switzerland to be higher than the observed (laboratory-confirmed) number of cases. We calculate the expected true number of cases based on both numbers of deaths and hospitalizations, as we explain in Section Model validation. To account for the possible missing number of COVID-19 deaths, we consider the excess deaths instead of observed deaths. We calculate the excess deaths as the difference between the 5-year average of weekly deaths and the observed weekly number of deaths in both 2020 and 2021. We find that X (hospitalizations-to-cases ratio) and Y (deaths-to-cases ratio, using excess death data) to be 3.75 and 2.441%, respectively, during the second wave of the pandemic in Switzerland. We choose the second wave to calculate the values of X and Y as Switzerland has increased the daily number of COVID-19 testing by 5.31× (21,641/4,074) on average compared to the first wave. We calculate the expected number of cases on a given day t with certainty rate levels of 100 and 50% based on hospitalizations by dividing the number of hospitalizations at t by X and X/2, respectively, as we show in Figure 4. We apply the same approach to calculate the expected number of cases on a given day t with certainty rate levels of 100% and 50% based on deaths using Y and Y/2, respectively.
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FIGURE 4. Observed (officially reported) and expected number of COVID-19 cases in Switzerland during the years 2020 and 2021. We calculate the expected number of cases based on both the hospitalizations-to-cases and deaths-to-cases ratios for the second wave. We assume two certainty rate levels of 50 and 100%.


Based on Figure 4, we make three key observations. (1) The plot for the expected number of cases calculated based on the number of deaths is shifted forward by 10–20 days (15 days on average) from that for the expected number of cases calculated based on the number of hospitalizations. This is due to the fact that each hospitalized patient usually spends some number of days in the hospital before dying of COVID-19. We do not observe a significant time shift between the plot of the expected number of cases calculated based on the number of hospitalizations and the plot of observed (laboratory-confirmed) cases. (2) The expected number of cases calculated based on the number of excess deaths is not reliable when the mass COVID-19 vaccination is kicked-off (after February 2021) as the number of deaths is quickly declined. (3) The expected number of cases calculated based on the number of hospitalizations is on average 2.7× higher than the expected number of cases calculated based on the number of excess deaths (after accounting for the 15-day shift) for the same certainty rate. This is expected as not all hospitalized patients die.

We conclude that the number of COVID-19 hospitalizations can be used reliably for estimating the true number of COVID-19 cases.



Evaluating the Predicted Number of COVID-19 Cases

We evaluate COVIDHunter's predicted daily number of COVID-19 cases in Switzerland. We compare the predicted numbers by our model to the observed numbers and those provided by two state-of-the-art models (ICL and IHME), as shown in Figures 5A,B. We calculate the observed number of cases as the expected number of cases with a certainty rate level of 100% (as we discuss in Section Evaluating the expected number of COVID-19 cases for model validation). We use three default configurations for the prediction of the ICL model: (1) strengthening mitigation measures by 50%, (2) maintaining the same mitigation measures, and (3) relaxing mitigation measures by 50% which we refer to as ICL+50%, ICL, and ICL-50%, respectively, in Figure 5. We use the mean numbers reported by the IHME model. As we provide in Section Statistical relationship between temperature and number of COVID-19 cases, our statistical analysis shows that each 1°C rise in daytime temperature is associated with a 3.67% (t-value = −3.244 and p-value = 0.0013) decrease in the daily number of confirmed COVID-19 cases. We refer to this approach as Cases-Temperature Coefficient (CTC).
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FIGURE 5. Observed and predicted number of COVID-19 cases by our model and other two state-of-the-art models, ICL and IHME. For COVIDHunter, we use CTC environmental condition approaches with two certainty rate levels of (A) 100% and (B) 50%. We show the prediction of COVIDHunter using three mitigation coefficient, M(t), values, each of which is applied from 20 November to 20 December 2021. The predicted plot in a bold black line represents the situation when the mitigation measures applied before the prediction period remain the same.


Based on Figures 5A,B we make three key observations. (1) Our model predicts that the peak (the highest number of COVID-19 cases) of the upcoming wave will be on 26 January 2022 (reaching up to 10,000 daily cases) and 31 December 2021 (reaching up to 44,800 daily cases and peaking up to 17 January 2022) for a certainty rate levels of 100% (Figure 5A) and 50% (Figure 5B), respectively, while maintaining the same strength of the current (20 November 2021) mitigation measures for 30 days. Both IHME and ICL models consider that the current number of COVID-19 cases in Switzerland shows a certainty rate level of 50% and the highest number of daily cases will be 10,000, but IHME and ICL models predict the peak of the upcoming wave to be on 26 January 2022 and 16 December 2021, respectively. (2) The number of COVID-19 cases reduces from 10,000 to 200 daily cases and from 44,800 to 2,400 daily cases for a certainty rate levels of 100% (Figure 5A) and 50% (Figure 5B), respectively, within January 2021 if the mitigation measures that are applied nationwide in Switzerland are tightened by 50% [M(t) increases from 0.4 to 0.6 and from 0.3 to 0.5, respectively] for at least 30 days starting from 20 November to 20 December 2021. (3) Relaxing the mitigation measures before at least February 2022 can lead to a significant rise in the number of daily COVID-19 cases, reaching up to 43,500 as predicted by ICL and COVIDHunter (certainty rate levels of 100%) and up to 82,900 daily cases as predicted by COVIDHunter (certainty rate levels of 50%).



Evaluating the Predicted Number of COVID-19 Hospitalizations and Deaths

We evaluate COVIDHunter's predicted daily number of COVID-19 hospitalizations and deaths in Figures 6A,B. We use the observed official number of hospitalizations as is. We calculate the observed number of deaths as the number of excess deaths to account for uncertainty in reporting COVID-19 deaths. Using the number of cases calculated with Equation 2 and the observed number of hospitalizations and excess deaths (after accounting for 15-day shift, as we discuss in Section Evaluating the predicted number of COVID-19 cases and Figure 4) during 1 August 2021 to 15 November 2021, we find X (hospitalizations-to-cases ratio) and Y (deaths-to-cases ratio, using excess death data) to be 1.508 and 0.498%, respectively. We choose the period from 1 August 2021 to 15 November 2021 for calculating the X and Yratios to provide accurate predictions since the vaccination rate in Switzerland exceeds 50%, most of the risk groups received their second vaccination dose, and the Delta variant dominates the causes for COVID-19 cases (47).
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FIGURE 6. Observed and predicted number of COVID-19 hospitalization and deaths by our model and other two state-of-the-art models, ICL and IHME. For COVIDHunter, we use a certainty rate level of 100% for the numbers of (A) hospitalizations and (B) deaths, as IHME and ICL models tend to follow such a certainty rate. We show the prediction of COVIDHunter using three mitigation coefficient, M(t), values, each of which is applied from 20 November to 20 December 2021. The predicted plot in a bold black line represents the situation when the mitigation measures applied before the prediction period remain the same.


Based on Figures 6A,B we make four key observations. (1) IHME and ICL models consider that the current numbers of COVID-19 hospitalizations and deaths in Switzerland show a certainty rate level of 100%. (2) COVIDHunter and IHME show that the highest number of hospitalizations and deaths will be on 26 January 2022 (reaching up to 160 and 44 daily hospitalizations and deaths, respectively), which is a month and 2 weeks after that predicted by ICL for the number of hospitalizations and deaths, respectively. These predictions show that we will face a similar situation to the first wave we had in February 2020 if we maintain the same current mitigation measures. (3) COVIDHunter and ICL models show that relaxing the current mitigation measures by 50% for a month (20 November to 20 December 2021) can increase the numbers of hospitalizations and deaths by up to 5.5x. They also show that tightening the current mitigation measures by 50% for a month (20 November to 20 December 2021) can reduce the numbers of hospitalizations and deaths by up to 3.9x.



Evaluating the Prediction Accuracy

We evaluate the prediction accuracy of COVIDHunter, ICL, and IHME models using the real COVID-19 statistics that are published by the Federal Office of Public Health (FOPH) of Switzerland three months after performing the prediction. We evaluate the prediction accuracy for the number of cases, hospitalizations, and deaths due to COVID-19 in Figures 7 and 8.
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FIGURE 7. Predicted number of COVID-19 cases by COVIDHunter model and other two state-of-the-art models, ICL and IHME, compared to the real number (FOPH Cases) of COVID-19 cases released after performing the prediction.
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FIGURE 8. Predicted number of COVID-19 (A) hospitalizations and (B) deaths by COVIDHunter, ICL, and IHME, compared to the real numbers (FOPH Hospitalizations and FOPH Deaths) released after performing the prediction.


Figure 7 shows the number of COVID-19 cases predicted by the three models and the real number (called “FOPH Cases” in Figure 7) of COVID-19 cases released by FOPH. FOPH usually does not report COVID-19 statistics during the weekends and thus we also show the 7-day rolling average numbers (called “Smoothed FOPH Cases” in Figure 7) of COVID-19 cases as provided by https://ourworldindata.org (referred to as “Smoothed data” in the Supplementary Materials, Section S1). We make four key observations. (1) COVIDHunter is the only model that is able to accurately predict the number of COVID-19 cases. Although COVIDHuner predicts the mitigation measures applied during November 2021 to be of strength 0.3 using a certainty rate level of 50% (Figure 5B), the mitigation measures have been already tightened during November and December 2021, as shown in (48, 49). This causes the real number of COVID-19 cases to match the COVIDHunter's predicted number of cases using a mitigation measure strength of 0.4. This informs us that the mitigation measures are further strengthened from 0.3 to 0.4, which is in line with the actual mitigation measures taken in Switzerland. (2) Even with the increase in the strength of the mitigation measures during November and December 2021, the number of COVID-19 cases keeps increasing after January 2022. We believe this is mainly because of the new variant, Omicron, that starts circulating in the population of Switzerland around the start of December 2021 (50). (3) The IHME's predicted number of cases also matches that of the FOPH's number of cases. However, this indicates that the IHME model provides an inaccurate prediction (i.e., underestimation) as IHME provides the predicted number of COVID-19 cases assuming the strength of the mitigation measures during November and December 2021 to remain the same as that applied before November 2021, which is incorrect based on governmental information (48, 49). (4) The ICL model provides a significantly underestimated number of cases even when the ICL model is configured for increased strength of the mitigation measures by 50% (ICL+50%).

Figure 8 shows the number of COVID-19 hospitalizations and deaths predicted by the three models and the real numbers released by FOPH, called “FOPH Hospitalizations” and “FOPH Deaths”, respectively. We make four key observations. (1) The FOPH's numbers of COVID-19 hospitalizations and deaths show a certainty rate level of 50%. (2) The COVIDHunter model with a certainty rate level of 50% and an increase in the mitigation measure strength from 0.3 to 0.4 provides an accurate prediction of both the number of hospitalizations and the number of deaths, which is in line with the real numbers provided by FOPH until a new variant, Omicron, is introduced. (3) The Omicron variant, subsequent increases in mitigation measure strength, and increase in vaccination rate cause fewer hospitalizations and deaths than that predicted by COVIDHunter after January 2022. We did not configure COVIDHunter to account for the Omicron variant when we perform the prediction since the Omicron variant was not a variant of concern in November 2021. (4) Similar to the third and fourth observations we make for Figure 7, we observe that both ICL and IHME provide inaccurate predictions. That is the ICL model still provides significantly underestimated statistics and IHME provides predictions that match the FOPH's numbers, which we believe is implausible as the circumstances of virus variant, mitigation measures, and vaccination rates during January 2022 are very different from that in November 2021.

We conclude that choosing the appropriate configurations for COVIDHunter leads to accurate predictions of numbers of cases, hospitalizations, and deaths. We demonstrate that COVIDHunter is more accurate than state-of-the-art prediction models, ICL and IHME.




CONCLUSION AND DISCUSSION

We conclude that COVIDHunter provides a more accurate estimation of the number of COVID-19 cases, compared to IHME (which provides inaccurate estimation during the first wave) and ICL (which provides over-estimation), with complete control over the certainty rate level, mitigation measures, and environmental conditions. Unlike LSHTM, COVIDHunter also ensures no prediction delay. We demonstrate the effectiveness of COVIDHunter through about 2 years of monitoring COVID-19 and two prediction runs as we provide in Section Result and the Supplementary Materials (Supplemental Figures S1–S5). COVIDHunter gains these unique advantages over existing models by considering environmental conditions, transmissibility of different variants, and vaccination statistics in our modeling.

Using COVIDHunter, we demonstrate that curbing the spread of COVID-19 in Switzerland requires applying stricter mitigation measures than that of the currently applied mitigation measures for at least 30 days. If the authorities maintain the current mitigation measures, we will face another wave that is very similar to the first wave we had in February 2020. Relaxing the mitigation measures should not be an option before at least February 2022. We provide insights on the effect of each change in the strength of the applied mitigation measure on the number of daily cases, hospitalizations, and deaths. We make all the data, statistical analyses, and a well-documented model implementation publicly and freely available to enable full reproducibility and help society and decision-makers.

We especially build COVIDHunter model to be flexible to configure and easy to extend for representing any existing or future scenario using different values of the three terms of Equation 1, 1) R0, 2) M(t), 3) Ce(t), in addition to several other parameters such as different variants of concern, vaccination rate, population, number of travelers, percentage of expected infected travelers to the total number of travelers, and hospitalizations- or deaths-to-cases ratios. The COVIDHunter model considers each location independently of other locations, but it also accounts for potential movement between locations by adjusting the corresponding parameters for travelers. By allowing most of the parameters to vary in time, t, the COVIDHunter model is capable of accounting for any change in transmission intensity due to changes in environmental conditions and mitigation measures over time. The flexibility of configuring the environmental coefficient and mitigation coefficient allows our proposed model to control for location-specific differences in population density, cultural practices, age distribution, and time-variant mitigation responses in each location.

COVIDHunter has three main limitations that can be addressed in future work. (1) Our modeling approach acts across the overall population without assuming any specific age structure for transmission dynamics. It is still possible to consider each age group separately using individual runs of COVIDHunter model simulation, each of which has its own parameter values adjusted for the target age group. (2) The current implementation of COVIDHunter considers only two variants of concerns at the time. (3) COVIDHunter does not consider different types of vaccines nor different immunity/protection periods after vaccination. Instead COVIDHunter treats all types of vaccines equally and it considers only the vaccination rate per day.
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Characteristic Pre-pandemic Cases Ambulatory COPE cohort

“Traveler” sera “Columbian” sera
Participants (\) 56 84 82 39 353

Sample collection period - May 2018-September 2019 December 2017-April 2019 March 2020-September 2020 March 2020-June 2020 May 2020-June 2020
Median age (range)-year 46 (21-75) 24 (18-41) 48 (28-77) 48 (22-78) 37 (22-71)
Sex-no. (%)

Female 00 84 (100) 46 (56.1) 23(57.5) 269 (76.2)

Male 00 00 34 (41.5) 17 (42.5) 84(23.8)
Unknown 56 (100) 0(0) 2(2.4) 0 000
Race-no. (%)

Asian 00 0(0) 6(739) 3(7.5) 35(9.9)

Black 00 00 22(26.8) 14(35.0) 48(136)

Other 41(732) 00 449 2(5.0) 18(6.1)

White 000 00 44(53.7) 20(50.0) 246 (69.7)
International 7(12.5) 84 (100) 0(0) 00 0(0)
Unknown 8(14.8) 00 6(7.3) 1(2.5) 6(1.7)

Hispanic-no. (%) 00 0(0) 2(2.4) 1(25) 17(4.8)
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Characteristic All subjects N = 1,267  Group not receiving vitamin D supplements  Group receiving vitamin D supplements

N=1,078 N =189
Age, mean (SD), years 64.7 (16.3) 63.2(16.3) 733 (18.7)
Sex (male), n (%) 696 (54.9) 634 (58.8) 62(32.8)
Smoking, n (%) 129(10.2) 111(10.3) 18(9.52)
Comorbidities, n (%)
Hypertension 602 (47.5) 484 (44.9) 118 (62.4)
Hyperipidaemia 509 (40.2) 404 (37.5) 105 (55.6)
Obesity 567 (44.8) 483 (45.3) 79(41.8)
Diabetes 252 (19.9) 205 (19.0) 47 (24.9)
Cardiovascular diseases 152 (12.0) 118 (10.9) 34(18.0)
Heart failure. 107 (8.45) 80(7.42) 27 (14.3)
Atral fibrilation 126 (9.94) 100 (9.28) 26(13.8)
Chronic kidney disease 155 (12.2) 105 (9.74) 50 (26.5)
COPD 219(17.9) 179(16.6) 40(21.2)
Charison comorbidity Index (>2) 687 (54.2) 525 (48.7) 162 (85.7)
Laboratory parameters, mean (SD)
Lymphocytes (uL) 1,000 (2,000) 970 (790) 1,200 (4,900)
C-reactive protein (mg/L) 145 (110) 145(111) 148 (109)
Interleukin 6 (pg/mL) 293 (752) 292 (775) 300 (412)
Feritin (/L) 1,832 (6,115) 1,840 (6,473) 1,789 (3,440)
D-dimer (ng/mL) 6,200 (1,7900) 5,900 (18,000) 7,400 (17,000)
Blood lactate (mmol/L) 1.11(1.29) 1.09(1.09) 122 (187)
Pa0; (mmHg) 77.0(38.2) 76.0(34.7) 82.9(54.7)
Pa0,/Fi0; (mmHg) 283 (120) 284 (121) 280 (110)

COPD, chronic obstructive pulmonary disease; SD, standard deviation.

p-value

<0.001
<0.001
0.76

<0.001
<0.001
0.38
0.07
0.01
0.003
0.07
<0.001
0.13
<0.001

0.28
072
0.97
0.93
0.34
0.24
0.046
077
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Death, n (%)

IMY, 1 (%)

Death and/or IMV,
(%)

1CU, n (%)

Days in ICU, mean
(SD)
Hospitalisation
duration (days),
mean (SD)

All

All subjects  Group not receiving

Vitamin D
supplements

N=1,267 N=1,078
217 (17.1) 167 (15.5)"
124 ©.8) 113(10.5)

304 (23.9) 247 (2.9
146 (11.5) 133 (12.9)
1.87(7.1) 2.00(7.4)
875 (10.4) 891(107)

ICU, intensive care unit; IMV, invasive mechanical ventiation.

*p-value < 0.05.

Group receiving
vitamin

D supplements.
N=189

50 (26.5)"
1168
57 (30.1)°

13(6.9)
1.08(6.2)

7.86(8.5)

All subjects

N =797

201(25.2)
93(11.7)
262(32.8)

104 (13.0)
232(7.9)

9.7 (11.5)

260 years
Group not receiving
vitamin
D supplements
N=638

154 (24.1)
85(13.3)
21133.0)

95 (14.9)
265 8.4)

956 (12.2)

Group receiving
vitamin D
supplements
N=159

47 20.6)
8(5.0)
51(32.0)

96.7)
1.01(63)

7.64(8.1)
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Case  Age (years) Co-morbidities ~ Antiviral Required Oz concentration and Clinical course after TCZ Outcome
/Sex drugs laboratory findings before TCZ injection at 1 month
injection
(A) TCZ monotherapy group
1 72M NTM, COPD, F4C 0, 3-6 Umin Day 29: Discharge with HOT ~ Cure
lower pharyngeal CRP 8,62, Lym 175, Ferritin 153.1
cancer
2 41M F4C 0,3-5 Umin Day 5: Op-free Cure
CRP 13.51, Lym 530, Ferritin 1522.6 Day 13: Discharge
3 6aM HT F4C 0,8-5 Limin Day 7: Op-free Cure
CRP 11.53, Lym 1280, Fenitin 1531.8  Day 15: Discharge
4 68/M DM F4C 02 2-6 Limin Day 6: Op-free Cure
CRP 3.93, Lym 999, Ferrtin 681.1 Day 19: Discharge
5 63F DM F+C 0,3-6 Umin Day 8: Op-free Cure
CRP 7.01, Lym 1130, Ferritin 334.3 Day 18: Discharge
6 oM DM, HT,COPD  LR+C Under artificial ventilation (FIO, 0.25-0.45)  Day 11: Extubation Improvement
CRP 8.92, Lym 640, Ferrtin 1238.9 Day 14: Re-intubation
Day 20: Tracheostomy
02 2-3 Umin
7 7M™ DM UR+C Under artificial ventilation (FIO, 0.35-0.8)  Day 30: under artificil ventiation ~ Improvement
CRP 7.47, Lym 2130, Ferritin 4383.4 (Fi02 0.8)
8 7oM F+C 0, 2-5 Umin Day 3: Intubation and transfer to  Cure
CRP 857, Lym 860, Ferrtin 1110.7 other hospital, followed by mPSL
pulse
Day 13: Extubation and transfer
to our hospital
Day 15: Op-free
Day 33: Discharge
9 48M DM, HT, obesity, ~ F+C 0, 5 Umin Day 1: Intubation and transfer to  Death due to
SAS CRP 8.78, Lym 820, Ferrtin 3355.4 other hospital, followed by mPSL  sudden laryngeal
administration stenosis
Day 9: Extubation and transfer to
our hospital
Day 24: Death
10 62/F RA, H, F4C 023-5 Umin Day 1: Intubation and transfer to  Cure
dyslipidemia CRP 5.08, Lym 438, Ferrtin 1208.9 other hospital, followed by mPSL
pulse
Day 10: Extubation, Oz 5L/min
Day 12: Op-free
ransfer to our hospital
: Discharge
11 43M HT F4C 0, 2 Umin Day 8: Op-free Cure
CRP 9.28, Lym 1129, Fertin 552.2 Day 13; Discharge
12 81M DM Fwith mPSL O, 10-15 Umin Day 9: Op-free Cure
CRP 15.26, Lym 600, Ferritin 638.6 i
13 55M F+C 02 2-3 Umin Day 2: Intubation Cure
CRP 6.7, Lym 665, Ferrtin 1599.6 Day 7: Transfer to other hospital,
followed by mPSL administration
Case  Age (years) Co-morbidities ~ Antiviral Required O, concentration and Clinical course after DEX Outcome
/Sex drugs laboratory findings before DEX administration at 1 month
administration
(B) DEX monotherapy group
1 76/M HT F+C 0z 1 Umin Day 3: Op-free Cure
CRP 13.20, Lym 962, Ferritin 558.2 Day 10: Discharge
2 75/F DM, HT F4C 0, 2 Umin Day 5: Op-free Cure
CRP 7.68, Lym 964, Ferrtin 274.6 Day 12: Discharge
3 57M HIV infection F+C 0, 1 Umin Day 7: Op-free Cure
CRP 862, Lym 1810, Ferritin 327.6 i
4 67M COPD,HT,old  F+C 02 4 Umin Cure
cerebral infarction CRP 10.62, Lym 1110, Feritin 1235.1  Day 16: Discharge
5 42M Nephrotic 14+C 0z 1 Umin Cure
syndrome CRP 6.84, Lym 1870, Ferritin 520.7
6 89/F Dysphagia F4C 0z 1 Umin Day 10: Op-free Cure
CRP 4.17, Lym 930, Ferrtin 106.9 Day 14: Discharge
4 45/F None F4C 0z 1 Umin Day 6: Op-free Cure
CRP 6.45, Lym 600, Feritin 134.0 Day 10: Discharge
8 83M None None 0z 1 Umin Day 4: Op-free Cure
CRP 4.43, Lym 700, Ferritin 206.5 Day 10: Discharge
9 78M COPD (HOT 1 F 0, 2 Umin Day 13: Discharge Cure
Umir), Dysphagia CRP 6,53, Lym 700, Feritin 67.5
10 76/M None F4C 022 Umin Day 11: Op-free Cure
CRP 5.22, Lym 620, Ferrtin 228.9 Day 20: Discharge
11 66/M DM F4C 02 1 Umin Day 2: Oz 4 Umin, folowed by~ Cure
CoPD CRP 4.08, Lym 840, Ferrtin 500.9 mPSL administration
Day 15: Op-free
Day 18; Discharge
12 8OM Golon cancer F4C 0z 1 Umin Day 6: Oy-free Cure
CRP 8.75, Lym 682, Ferrtin 1062.0 Day 14: Complication of
aspiration pneumonia
Day 28; Discharge
13 66/M DM F4C 0, 2 Umin Day 8: Op-free Cure
Obesity CRP10.94, Lym 925, Ferritin 1046.2 Day 14: Discharge
14 57/F None F4C SpO: 94% (room air) Day 11: Discharge Cure
CRP 3.71, Lym 480, Ferrtin 220.4
15 61M DM F4C 02 3Umin Day 2: O, 4 Uimin, folowed by~ Cure
IHD CRP 15.47, Lym 1110, Fenttin 1197.0  mPSL administration
Day 9: Op-free
Day 16: Discharge
Case  Age (years) Ant Required O, concentration and Clinical course after TCZ Outcome
/Sex drugs laboratory findings before TCZ injection at 1 month
injection (Day 1)
(C) Combination therapy group of DEX and TCZ
1 74/F Chronic bronchitis  F+C Day 1: DEX and TCZ on the same day, O,  Day 9: Op-free Cure
3 Umin, CRP 17.78, Lym 720, Ferritin ~~ Day 18: Discharge
337.3
2 54M DM, HT. Obesity ~ F+C Day 1: DEX and TCZ on the same day, O,  Day 7: Op-free Cure
3 Umin, CRP 15.50, Lym 1460, Feritin  Day 12: Discharge
638.0
3 54M Obesity F4C Day —4: DEX, O 1 Umin, CRP 2.05, Lym  Day 1: Intubation and transfer to  Cure
890 other hospital followed by mPSL
Day 1: 02 6 L/min, administration
CRP 6.07, Lym 720, Ferritin 835.2 Day 5: Extubation and transfer to
our hospital, Oz 1 L/min
Day 7: Op-free
Day 10: Discharge
4 78M Chronic renal F+C Day 1: DEX and TCZ on the same day, O,  Day 6: Op-free Cure
failure 3 Umin, CRP 19.33, Lym 310, Feritin Dy 11: Discharge
8453
5 62/M DM, Obesity F+C Day —1: DEX, O, 1 Umin, CRP 9.1, Lym  Day 5: Op-free Cure
1350, Ferritin 702.0 Day 8: Discharge
Day 1: O 8 L/min
6 34M Obesity F+C Day —5: DEX, Oz 2 Umin, CRP 1.86, Lym  Day 5: Op-free Cure
1180, Ferritin 218.2 Day 8: Discharge
Day 1: 02 5 Umin
CRP 10.88, Lym 950, Ferritin 771.8
7 57M Obesity F+C Day —1: DEX, Oz 1 Umin, CRP 4.41, Lym  Day 8: Op-free Cure
1090, Ferritin 268.4 Day 10: Discharge
Day 1: Oz 3 U/min, CRP 7.41, Lym 600
8 73M DM, IHD 4G Day —6: DEX, O, 2 Umin, CRP 0.94, Lym  Day 9: Op-free Cure
510, Fertitin 18.3 Day 12: Discharge
Day 1: Oz 4 Umin, CRP 3.72, Lym 370
9 79F DM 1+C Day —3: DEX, Oz 2 Umin, CRP 1.76, Lym  Day 5: Op-free Cure
560, Ferritin 382.3 Day 13; Discharge
Day 1: Oz 5 L/min
10 50M DM, Obesity F+C Day —1: DEX, O 6 Umin, CRP 15.35, Cure
Lym 740, Ferritin 189.6
Day 1: Oz 10 L/min
11 53/M DM, Obesity, HL ~ F+C Day —2: DEX, Oz 4 Umin, CRP 834, Lym  Day 4: Op-free Cure
840, Ferritin 497.9 Day 16:
Day 1: Oz 5 L/min
12 a4 DM, Obesity F+C Day —2: DEX, O; 3 Umin, CRP3.17, Lym  Day 1: Intubation and transfer to  Cure

820, Fertitin 1016.1
Day 1: 0z 5 L/min

other hospital, followed by mPSL
administration

Day 13: Extubation and transfer
to our hospital
Day 27: Op-free

TCZ, tocilizumab; NTM, non-tuberculous mycobacteriosis; COPD, chronic obstructive pulmonary diseases; DM, diabetes melltus; HT, hypertension; IMD, ischemic heart disease; HL,
hyperiipidemia; F, favipiravir; C, ciclesonide; |, ivermectin, L/R, lopinavir/ritonavir; mPSL, methylprednisolone; CRR! C-reactive protein; Lym, number of peripheral blood lymphocytes;
DEX, dexamethasone.
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Characteristic Well-responding group

n=7)
Age (years) 616+ 14.7
Comorbidities DM (h=8)
HT (h=2)

COPD (1= 1)

NTM (0 = 1)
Laboratory data
CRP (mg/dL) 988+ 3.83
Lymphocytes (celis/uL) 834.7 + 4046
Ferrtin (ng/mL) 7733+ 546.1
Ferriti/CRP 83,67 + 56.68

DM, diabetes meliitus; HT, hypertension; COPD, chronic obstructive pulmonary diseases; NTM, non-tuberculous mycobacteriosis; CRP, C-reactive protein.

Rapidly-worsening group
(=4

61.0+133
DM(r=1)
HT(h=2)
Obesity (n = 1)

6.05 +2.08
730.8 + 196.5
1818.7 £ 1046.0
3731 +346.8

P-value

0.7763

0.0726
0.5083
0.0726
0.0298





OPS/images/fmed-08-749732/fmed-08-749732-g004.gif
2560E
Sece
Toace
2scce
oocce

[ELIL

Sowor Nome ORFI 62
Geno Target.





OPS/images/fmed-08-749732/fmed-08-749732-g005.gif
IR RN = RreoR

[Furcamt:hests catemted

o]
SEP b eSS

Coples per reaction





OPS/images/fmed-08-749732/crossmark.jpg
©

2

i

|





OPS/images/fmed-08-749732/fmed-08-749732-g001.gif
Asypcouiatie Sty i

e WEAED:

serroundingar with no known Wstory
S1COVIDAD dingacsienposore

st

1 in2

Serdlogial Testng Moleclar Teting
for Past Exposure forAcive Infection
s

et
Bl samps_ WELISA19)

Suvasompis  KERCR
o2 > ety > i
ks tnets Uy ke | RELAMP.

comparian(1)





OPS/images/fmed-08-749732/fmed-08-749732-g002.gif





OPS/images/fmed-08-749732/fmed-08-749732-g003.gif
"mnnnn AANAAN o=

. N

o nnay st ramsy





OPS/images/fmed-08-731593/crossmark.jpg
©

2

i

|





OPS/images/fmed-08-731593/fmed-08-731593-t001.jpg
Adverse reactions Women (1 = 1107) Men (n = 290)

After first dose After second dose After first dose After second dose
No.  Frequency (%) Proportion(%) No.  Frequency (%) Proportion (%) No.  Frequency (%) Proportion (%) No.  Frequency (%) Proportion (%)
Total adverse 178 16.1 100 169 153 100 23 79 100 35 12.4 100
reactions
Solicited adverse
reactions
Injection site 116 105 65.2 124 11.2 73.4 13 45 56.5 25 86 714
adverse reactions.
(Pain,induration redness,sweling,
oritch)
Systemic adverse
reactions
Muscle pain 98 89 56.1 €B 8.4 56.0 10 3.4 435 16 55 45.7
Fatigue % 87 539 78 70 462 9 3.1 30.1 13 45 374
Headache, 69 62 3838 20 36 237 7 24 304 8 28 229
Dizziness
Fever 29 26 16.3 9 08 53 3 1.0 13.0 5 1.7 14.3
Vomiting, Diarrhea 16 1.4 9.0 9 0.8 53 3 1.0 130 4 1.4 1.4
Appetite impaired, 15 14 8.4 11 10 65 0 0 0 2 07 57
Nausea
Allergic reaction, 10 09 56 0 0 0 2 07 87 0 0 0
urticaria, rash
Stuffy, runny nose 9 08 5.1 5 05 30 1 03 43 o o o
Cough, Throatpain 8 07 45 6 05 36 2 07 87 1 03 29
Lymphadenopathy 2 02 1.1 3 03 18 1 03 43 1 03 29
Non-solicited
adverse
reactions
(Menstruation, 6 0.5 3.4 3 03 18 0 0 0 1 03 29
chest pain,

numbness of limbs)
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Variables n

No. Frequency (%)
Age (years)

1829 346 48 13.9
30-39 482 81 168
40-49 231 25 108
50-60 48 11 229
Total service time (years)

<5 373 58 155
25 734 107 146
Education level

Junior College 359 50 139
and below

Undergraduate 690 104 151
Graduate 58 11 19.0
Position

Health 881 186 15.4
professionals

Administrative 226 29 128
support staff

Professional titles.

Internship or 466 73 16.7
primary

Medium or 641 92 14.4
higher

Body mass index (kg/m?)

<24 876 139 15.9
224 231 26 13
Underlying disease

No 1020 148 145
Yes 87 17 195
Take medication before vaccination

No 1059 153 14.4
Yes 48 12 250
Adverse reactions to other vaccines

No 1046 140 134
Yes 61 2 410
Worry about adverse reactions

No 472 4 87
Yes 635 124 195
Knowledge of inactivated vaccine being used in the hospital
Inactivated 874 138 168
vaccine

Others 233 27 16
Take vaccine for the family proactively

Yes 782 98 125
No/Not sure 325 67 206
Get influenza vaccination

No 802 114 14.2
Yes 305 51 16.7
Allergic reaction

No 1038 146 141
Yes 69 19 275
Health status before vaccination

Good 1009 134 133
General /Worse 98 31 316
Sleep quality before vaccination

Good 833 98 118
General /Worse 274 67 245

Adverse reactions in women (1 = 1107)

After one vaccination

Statistically significant values at p < 0.05 are shown in bold.

After both vaccination

No.

29
42
17

29

62

21

37

54

23

81
10

®

81
10

24
67

52
39

56
35

8
13

58
33

Frequency (%)

8.4
87
7.4
6.3

7.8
8.4

58

9.1
121

89

58

78

84

78

10.0

79
15

8.0
125

i
164

5.1
10.6

92

4.7

6.6

12.0

15

82
8.7

7.7
133

70
12.0

P

0.237

0.863

0.186

0.158

0813

0.148

0.186

0.062

<0.001

<0.001

0.015

<0.001

0.021

0.008

<0.001

<0.001

il
77
97
45

106
184

87

124
9

181

126

164

233
57

258
32

277
13

171
119

232

58

234
56

217
3

275
15

279
11

235
56

After one vaccination

No.

oo ® o

20

22

22

10
20

20

10

28

28

24

26

24

23

28

29

Adverse reactions in men (n = 290)

Frequency (%) No. Frequency (%)
13 4 56
104 7 9.1
93 2 21
1.4 1 22
9.4 5 a7
109 49
69 1 11
121 7 56
1.4 6 76
10 1 55
89 3 33
73 6 60
122 8 a4
79 16
122 12 73
86 39
175 5 88
109 12 a7
63 63
101 29
15.4 6 462
35 7 41
202 7 59
1.2 13 56
69 1 17
103 38
10.7 5 89
106 1 51
96 3 a1
102 12 a4
133 133
104 13 a7
9.1 1 o1
89 11 a7
16.4 3 55

After both vaccination

P

0.475

0.924

0.194

0.605

0.406

0.031

0.032

0.682

<0.001

<0.001

0.266

0274

0913

0.262

0.795

0.248
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Variables

Women (n = 1107)
Adverse reactions to other vaccines (yes ve. no)

Worry about adverse reactions (yes vs. no)

Knowledge of inactivated vaccine being used in the hospital (yes vs. no)
Take vaccine for family proactively (yes vs. No or not sure)

Get influenza vaccination (yes vs. no)

Allergic history (yes vs. no)

Health status before vaccination (General/Worse vs. Good)

Sleep quality before vaccination (GeneralWorse vs. Good)

Men (n = 290)

Adverse reactions to other vaccines (yes vs. no)

Worry about adverse reactions (yes vs. no)

Body mass index (overweight vs. non-overweight)

Underlying disease (yes vs. no)

Statistically significant values at p < 0.05 are shown in bold.

Adverse reaction in any vaccination

No adverse reaction

OR

4.42
2.14
0.68
0.70
1.19
229
1.90
1.81

255
6.79
1.34
2.1

vs.

95% CI

2.39-8.18
1.41-323
0.36-0.93
0.48-1.03
0.80-1.75
1.25-4.19
1.11-3.24
1.28-2.67

0.43-14.96
2.66-17.37
0.57-3.14
0.87-6.13

P

<0.001

<0.001
0.024
0.073
0.391
0.007
0.019
0.003

0.299
<0.001
0.507
0.100

Adverse reaction in both vaccination

vs.

No adverse reaction

OR

3.16
201
0.42
0.61
173
1.22
1.59
156

31.30
1.19
4.09
1.99

95% CI

1.42-7.02
1.19-3.38
0.22-0.81
0.37-0.98
1.09-2.75
0.49-3.01
0.78-3.24
0.95-2.57

7.35-133.35
0.34-4.16

0.80-20.98
0.66-7.24

P

0.005
0.009
0.010
0.043
0.020
0.671
0.200
0.081

<0.001
0.781
0.001
0.294
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First  Country Dateof  Typeofstudy Sample Male: Mean Nationality ~ MEDICATIONS Inclusion criteria Exclusion criteria Severity of Complications ~ COVID-19  Discharge
Author publication size Female age disease symptoms.
(mild, mod,
severe)
Fanetal. China 10-Apr-20  retiospective 148 73M, 50  Chinese lopinavir/ ritonavir  Clinical criteria of cischarge — severe (10) - feverin127, 92
a7 ‘cohort study 75F and diagnosis were cough in 67,
according to the standards Diarthea in 6,
for “Diagnosis and Nausea and
Treatment Scheme of New vomitingin 3,
‘Goronavirus Infected expectoration
Preumonia’ (iial version in38,
6), history of exposure and asymptomatic
most had ciiical in’5, other liver
manffestations inclucing diseasein9
fever or respiratory
symptoms.
Gréin  USA 10-Apr20  cohort, 53 40M, 64 UnitedStates,  remdesiir COVID-19 infection missing postbaseine  Severe  DMin9HTNin - 13
etal. (20) ‘compassionate- 13F Japan, ltaly, confimed by information, an incorrect 13Asthma in 6, Any
use Austria, France, RT-PCR needing 02 remdesivir start date coexisting conilion
Germany, support or O2 Sat < 94% in 36 Hyperlipidemia
Netherlands, whie breathing ambient air in6
Spain, Canada creatinine clearance > 30
mUmin, serum AST and
ALT levels < 5x ULN,
patient consent to not use
other investigational
drugs(agents) for Covid-19.
Caietal. China 13-Apr20  crosssectional 417 198M, 49 - Antiviotics, 1 abnormal resut of iver  patients with hypertension  severe DMin21, HTNin  feverin248, -
=) study 219F NSAIDs, Ribavirn, ~test from admission until ~ atadmissionandfound ~ @f),mid  51,Prior hepatic  cough in 131
Oseltamivir, Herbal  end of February 2020 that the prevalence of  (326) dysfunctionin 19
medicalions, abnormal ver function
Interferon, tests remained similar
lopinavir/itonavi
Swnetal China  20-Apr-2020 Retrospective 217  106M, 457 Chinese lopinavir/itonavi,  Confimed SARS-CoV-2 - Severe (50)  In 62 patients HTN, - -
©2) ‘cohort study 11F umifenovir patients DM, HIV, GVD, CKD,
coPD)
Wang  China  20-Apr20  randomized 158 BOMEOF 66 - remdesiir males and non-pregnant  pregnancy or breast severo DMin40,HTNIn 72, feverin56  Day 28 diinical
otal. (2) controlied trial females with COVID-19 feeding; hepatic irrhosis; coronary heart improvementin
aged > 18yearswith  ALT or AST > 5x ULN; disease in 15 1030f
positive RTPCR test for  known severe renal remdesivic
SARS-CoV-2, confimed  impairment (estimated GFR group andin 45
pneunonia by chest <30 mU/min per 1.73 m?) of placebo
imaging, O2 Sat < 94% on  or receipt of continuous group - Ciinical
room air or a ratio of arteral renal replacement therapy, improvement
02 partal pressure(Pa02)  haemodialysis, or rates at days
to fractional inspired O2 < ~ peitoneal dialysis; 14and day 28
300 mmHg, within 12 days possbilty of ransfer to a were also not
of start of symptoms.  non-study hospital within significantly
72h; envolmentinto an dfferent
investigational treatment between the
study for COVID-19 within groups, but
30 days before screening numerically
higher in the
remdesiv
group than the
placebo group
Antinori  taly 11-May-20  prospective 3 26M, 63 ltalan remdesivic males or non-pregnant LT or AST level >6x ULN, ~ DMin3, HINIn12, - Atday 28 from
etal (20) (compassionate), 9F females aged >18 years,  creatinine clearance <30 abesity in 3, cancer in starting
open-label vith SARS-CoV-2 infection mU/min 1 remdesivi, 14
study confirmed by RT-PCR of a patients were
respiratory tract sample discharged
and pneumoria confirmed from IDW, from
by a chest Xeray or CT cue
scan, mechanically discharged, 1
ventiated o Sa02 level of was improved
<94%in room air or a but stil
National Early Warning hospitalized
Score (NEWS) 2
of 4
Mangoni  laly 16-May-20  case Report 4 4M 52 lalan remdesivic - - severe - severe 3
etal (25) preumonia
and respiratory
distress
Muhovié  Montenegro 17-May-20 ~ case report 1AM 52 Montenegin  Tociizomab - - severe - fever, cough  ~
etal. (26)
Goldman  US 27-May-20  multicenter, 397 263M, 615 UnitedStates,  remdesiic confirned SARS-CoV-2  mechanical ventiation or  severe. DMin90, HTNin - 84
etal. (27) randomized, 144F Htaly, Spain, infection, age > 12 years, extracorporeal membrane 198, asthma in 49,
open-label, Germany, Hong 02 Sat = 94% whie ‘oxygenation (ECMO) at hyperiipidemia in 89
phase 3 tria Kong, Singapore, breathing ambient air or O2 screening, ALT or AST > 5x
South Korea, support, radiologic ULN, creatinine clearance
Taiwan evidence of pneumonia < 50 mUmin, recsiving
simultaneous treatment
(within 24 h before the start
o tral treatment) with other
‘agents with supposed
actiity
against Covid-19
Falcio  Brazi 1Jun-20  casereport 1 1F 29 Braziian HeQ - - severe - dycough, -
etal (28) severe
dyspnea,
weakness, one
episode of
hemoptysis
Jang  China 23-Jun20  Multicenter 131 70M, 5121 Chinese lopinavir/ritonavir  criically i and non-critcally pregnancy,<18 years old, non-severe Cardiovascularand  — -
etal. (29) retrospective, 61F 61 il liver function abnormality = midor  cerebrovascular
abservational before treatment moderate  diseases in 37,
study (30), severe  endocrine system
(22) crtically - disease in
il@n 22 Digestive system
diseasein§,
Neurclogical
disorders in 4,
Immune system
in2
Guaraldi  aly 24-0un-2020 retrospective, 179 127M, 64 - tocilizumab =18 years vith PCR Exclusion critera for - cancerin2, renal - -
etal. 31) observational 52F confined COVID-190n  tocifzumab use: insufficiency in 2
cohort study nasopharyngeal swab,  concurrent infection other
elgible for tociizumab  than COVID-19; a
treatment, if presented  PaO/FO2 ratio > 300mm
$202 <93% and a Ha; chronic or current use
PaO2/FiO2 ratio < 300mm of glucocorticoid; history of
Hgin room i or a decine  severe allergic reactions to
> 30% in them monodional antibodies; <
PaO2/FiO2 ratio n the last 500 per L neutrophils or
24h during hospitalization. < 50 x 10 platelets;
active diverticuitis,
inflammatory bowel
disease, or another
‘symptomatic digestive tract
‘condition that might inciine
patients to perforation of
bowel; severe liver, renal, or
hematological function
damage.
Lesgwater The 280un-20  casereport 1 1M &4 Dutch(he remdesivir - - severe HIN, Fever, cough, 1
etal. (37 Nethertands Netheriands) hypercholesterolemiaheadache,
progressive
dyspnea
Dubert  France  30-Jun-20  case series 5 5M 592 Chinese, French remdesivir patients admittedtothe  ~ (Y] Obesityin 1, feverin5, 3
etal. (33) Bichat-Claude Bernard malignancyin 1, coughin4, Gl
University Hospital, Paris, puimonary disease insymptoms in 1
France, between January 1, chronic kidney
24 and March 1, 2020, injuryin 1
diagnosed with COVID-19
and treated with remdesivir
(GlleadSciences), criteria
for compassionate-use
remdesivirdefined by the
French national regulatory
authorities and French
Ministry of Health: signs of
severe ilness at diagnosis
o subsequent diinical
worsening (respiratory
‘symptoms or general signs)
Kellyetal. land  8-Ju-20  retrospectve 82 55M, 648 - HCQ+ - - - - - -
@4 study 27F azithromycin
Lecetal Koea  23-Jul20  retrospectve 10 SMSF 62  Korean(ME:  remdesivir confimed diagnosis of  evidence of multiorgan  8inICU HINin3,FLDin1, fevering, 8
@) case series Korea, SARS-CoV-2-ralated failure, mechanical other comorbidities in coughin 5,
Philppines, UK) pneumonia, aged =18 ventlation > 5 days, serum 2 asymptomatic
years (or 12-18 yearsif  AST or ALT >5x ULN, in 1, other
weighed >40kg) and 02 creatinine dlearance <50 symptoms in
Sat of 94% intoom air  mL/min (Cockeroft-Gault 10
formua i aged 18 years
and Schwartz formula in
aged <18 years),
pregnancy or
breastfeeding, known
hypersensitity to RV or
its metaboltes,
participation in another
clinical tial
Zampino  taly 280020 case series 5 5M 512 lallan remdesivi invasive mechanical Multi-organ faiure, aneed HTNin 1, asthmain 1 ~ Final outcome
etal. (3) ventation, ALT <5x ULN,  for vasopressor positive in 4/5
creatinine dlearance >30 patients (maybe
ml/ min 4 discharged)
Hundt  USA 20-Juy-2020 Retospective 1827 969M, 646 - lopinavirfitonavir (1 patients who tested - Non-severe DM in 712, Obesityin — -
etal. (37) abservational 858F =138), positive for SARS-CoV-2 n=1175 748
cohort hydroxychloroquine by PCR of nasopharyngeal Severe (1=
(= 1,469, swab 652)
remdesive (n = 46),
and tociizumab
=2
Carothers US 200420 case series 2 2F 74 - remdesivi - - - DMin2,HTNin2, feverin1, 1
etal (38) CADn1, oxygen
hyperipiderniain2  saturationin
the 70s and
825, systolic
biood pressure
> 200mm Hg
in1, chils in2,
fatigue in 2,
body aches in
1, low back
painint,
shortness of
breathin 1,
diffcuty with
urination in 1
Seniddio ltaly 7-0ct20  case series 7™M 8 - HoQ+ - - mid@, - feverin7 7
etal (39) azithwomycin+ severe (2)
lopinavirfitonavir
Aswarya India 18.Dec-2020 Obsevational 48 38M, 50 - remdesivi patients with CKD needingPatients with mild Moderate DM in 20, HTN in 41, — )
etal. (40) prospective 10F hemodialysis, whohad  disease and underlying  (21), severe _ al patients (1=48),
study positive test for chronic hepatic disease  (27) CKD in al patients.
SARS-CoV-2 infection from
nasopharyngeal swab by
RT-PCR with moderate or
severe infection, and who
received >1 dose of
remdesivir
Yamazeki Japan ~ 28-Dec-2020 Case report 1 M 73 Japanese favipiravir - - severe Alcoholic hepatitis, - -
etal. (41) HTN, hyperlipidemia,

gastric uicer, BPH,
anemia

HIN, hypertension; CKD, chronic kidney disease; BPH, benign prostatic hyperplasia; FLD, fatty liver disease; DM, diabetes melitus; CAD, coronary artery disease; CVD, cardiovascular disease; COPD, chronic obstructive

pulmonary di

e.
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Sample size Medication

148

53
417

217

158

35

397

131
179

48

lopinavir/ ritonavir
remdesivir
Antibiotics, NSAIDs Ribavirin,

Oseltamivir Herbal medications
Interferon lopinavir/ritonavir

lopinavir/ ritonavir, umifenovir

remdesivir

remdesivir

remdesivir

tocilizumab

remdesivir

HcQ

lopinavir/ritovir
tocilzumab
remdesivir
remdesivir

HCQ+ azithromycin

remdesivir
remdesivir
lopinavir/ritonavir,

hydroxychloroquine,
remdesivir, and tocilizumab

remdesivir

HCQ+ azithromycin+
lopinavir/ritonavir

remdesivir

favipiravir

Abnormal liver tests

ALT 1 in27, AST 1 in 82, GGT 1 in 26 ALP
1in 6, total bilirubin 1 in 9, biirubin 1 in 18
Liver enzymes 1 in 12

ALT 1 in 167, AST 1 in 137, Bilirubint

in 196

ALP 1in 71, GGT 1 in 143

ALT 1 in 30, Liver and biliary system
disorders

ALT 1 in2, AST 1 in 7, Bilirubin 1 in 16
Albumin { in 20, WBC 1 in 11
Thrombooyte | in 20, neutrophil 1 in 10
Hypertransaminasemia 1 15, total biliubin
17

ALT &AST 1 3

ALT & AST 4,Bilirubin normal, ALK normal

ALT 1 in 26, AST 1 in 23/25, Bilirubin 1 in
5, Creatinine clearance | in 54,
aminotransferase 1 in 5

ALT 1 to 367 U/L, AST 1 to 469 U/L, Bili
normal, ALK normal, CRP1 to 270 mg/L,
GGT normal.

ALT 1 in 45, AST 1 in 41, Bilirubin 1 in 43
ALT &AST ¢

AT 1in2

LFT 4

ALT 1in 5, AST 1 in 5, CRP | in 10, LDH
1in 10

ALT 1 in 4, AST 1 in4

AST 1, ALT 4, ALP 1, total billrubin 1

ALT 1 in 2,AST 1 in 2,Biirubin 1 in 2,ALK
+in 1, amoniaand INR 1 in2

ALT & AST & GGT 1 in al (all patients.
experienced elevation after treatment with
hqc, azithromycin and lopinavir/ritonavir,
but after tocilizumib decreased)

serum CRP |, serum LDH, serum
transaminases and ferritin no significant
change,

AST 1, ALT 1, total bilrubin 1, GTP 1, ALP
LDH ¢

Proposed risk factor

Liver injury is attributed to lopinavir/ritonavir

Liver injury is attributed to remdesivir

Liver injury is attributed to lopinavir/iponavir.
Liver injury is not attributed to Antibiotics,
NSAIDs Ribavirin, Oseltamivir Herbal
medications, and Interferon.

Liver injury is attributed to lopinavir/ritonavir

Liver injury is attributed to remdesivir.

Liver injury is attributed to remdesivir

Liver injury is attributed to remdesivir

Liver injury is attributed to tociizumab and
previous use of lopinavir/ritonavir

Liver injury is attributed to remdesivir

Liver injury is attributed to HCQ.

Liver injury is attributed to lopinavir/ritovir.
Liver injury is not attributed to tociizumab.
Liver injury is attributed to remdesivir
Liver injury is attributed to remdesivir.

Liver injury is not attributed to HCQ+
azithromycin

Liver injury is attributed to remdesivir.

Liver injury is attributed to remdesivir.

Liver injury is attributed to lopinavir/ritonavir,
hydroxychloroquine,

remdesivir, and tociizumab, with the strongest
correlation with tociizumab.

Liver injury is attributed to remdesivir
Liver injury is attributed to HOQ4+
azithromycin+ lopinavir/ritonavir

Liver injury is not attributed to remdesivir

Liver injury is attributed to favipiravir

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP/ALK, alkaline phosphatase; ALK, alkaline; GGT, gamma-glutamyl transferase; GTP, gama-glutamy! transpeptidase;
LDH, lactate dehydrogenase; CRP, C-reactive protein.





OPS/images/fpubh-09-708694/crossmark.jpg
©

2

i

|





OPS/images/fpubh-09-708694/fpubh-09-708694-g001.gif





OPS/images/fmed-08-749732/fmed-08-749732-t002.jpg
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Positive sample A 268 275 26.1 304
272 279 26.7 30.7

271 278 266 30.9

Positive sample B 34.2 nd 337 325
363 337 36.1 323

nd 339 34.4 31.7

Individual samples from positive or inconclusive pools were reassayed in triplicate,
reported here. nd = not detected.
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Zymo, extraction, RT-PCR
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50mL, extraction, RT-PCR
50mL, extraction, RT-LAMP
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Testing individual
samples

$12.50
$1.00
$2.96

$2.60
$13.28

$28.74
$18.06
$17.24

$6.56
$14.55

Testing in pools
of 5

$12.50
$1.00
$0.59

$0.52
$2.66
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$13.61
$4.25
$2.11
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Race

White only

Black only

Others.

Age group

18-44

45-69

70-95

Employment
Employed

Unemployed

Student

Retiredt

Homemaker
Homeowner

own

Rent

Others

Flu vaccinated

Yes

No

Myocardial infarction
Yes

No

Angina o heart disease
Yes

No

Stroke

Yes

No

Asthma

Yes

No

still have asthma

Yes

No

Skin cancer

Yes

No

Other cancer

Yes

No
COPD/emphysema/chronic bronchitis
Yes

No
Arthritis/Rheumatoid
Arthritis/lupus/fibromyalgia
Yes

No
Depression/dysthymia
Yes

No

Kidney disease

Yes

No

Diabetes

Yes

No

Diabetes diagnosis age
1845

45-70

70-96

Study Population

n

366
224

515

16

57

313

313

24

530

14

32

460

114

13

317

272

575

10

574

574

72
507

28
29

43
536

24

559

575

110
461

el

499

581

23

560

15

%

62.03
37.97

87.59
272
9.69

48.15
4815
3.69

90.60
0.85
2.39
5.47
0.68

78.36
19.42
=21

53.82
46.18

1.03
98.97

1.71
98.29

1.20
98.80

12.44
87.56

4912
50.88

7.43
92,57

412
95.88

0.69
99.31

19.26
80.74

13.67
86.33

051
99.49

3.95
96.05

34.78
65.22
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Year

2018

2019

2020

Time period

January 1 to May 31
Adjusted weeks 0 to 3°
Adjusted weeks 4 to 7*
January 1 to May 31
Adjusted weeks 0 to 3°
Adjusted weeks 4 to 7*
January 1 to May 31
Adjusted weeks 0 to 3°
Adjusted weeks 4 to 7*

Minimum

14,934
2,727
2,879
15,655
2,921
2,838
13,064
1,707
1,915

Median (IQR)

24,3335 (8,672.25)
4,410.5 (1,420.25)
46685 (1,707)
24,3305 (8,499)
4,543 (1579.75)
4,415.5 (1,420.75)
20,8895 (7,377)
2,845 (896)
3,424 (1,434.25)

Maximum

37,825
6,931
7174

33,954
6,481
5,943

28,856
4,122
4,521

Total

449,154
80,606
86,963

443,685
82,874
79,225
383,734
52,356
59,877

Summary of the admissions from January 1 until May 31 across all 18 participating sites stratified by year (weeks in 2018 and 2019 have been adjusted for Easter holideys in Germany:
adjusted weeks 0 to 3 correspond to calendar weeks (‘ow’) 12 to 15 2020 (cw 10~13 in 2018, cw 13-16 in 2019); adjusted weeks 4 to 7 correspond to cw 16 to 19 2020 (cw 1417
in 2020; cw 17-20 in 2019).
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January 1 to May 31 Adjusted weeks 0 to 3* Adjusted weeks 4 to 7*

1CD-10 chapter No. of inpatient Rel. Rel. No. of inpatient Rel. Rel. No. of inpatient Rel. Rel.
hospital changes changes hospital changes changes hospital changes  changes
admissions 2018 201810 2019 2018t0 2020 admissions 2018 2018102019 2018102020 admissions 2018 201802019 2018 to 2020

| certain infectious and parasitic diseases 10,352 4.41% -21.07% 1,841 13.96% —36.99% 1,950 2.41% —35.33%
Il Neoplasms: 88,976 -3.19% -9.82% 15,472 4.85% —12.85% 17,458 -11.76% —23.61%
1ll diseases of the blood, blood-forming organs 4,149 -6.51% —21.67% 650 16.46% —24.00% 863 —18.77% —35.11%
IV endocrine, nutritional and metabolic diseases 10,305 0.02% ~16.66% 1,723 16.77% ~39.99% 2,000 —10.10% —~34.40%
V mental and behavioral disorders 17,246 —6.24% -19.58% 2,934 —1.26% —44.17% 3,327 —14.16% —39.10%
VI diseases of the nervous system 22,042 0.49% -17.27% 3,951 4.35% -51.10% 4,245 —4.90% —36.49%
VIl diseases of the eye and adnexa 25,569 0.70% —20.32% 4,554 4.85% —54.17% 5,061 —8.56% —46.87%
Vil diseases of the ear and mastoid process 9,020 3.07% —22.68% 1,662 6.11% —61.86% 1,762 -11.12% -50.23%
IX diseases of the circulatory system 49,181 1.84% -12.04% 9,088 3.20% —37.36% 9,188 -3.71% —24.31%
X diseases of the respiratory system 25,308 -8.67% —24.84% 5,639 —23.20% —50.84% 4,123 -8.10% —51.08%
Xl diseases of the digestive system 28,815 2.03% —13.44% 5,102 7.96% —37.73% 5,468 —2.82% —27.65%
Xl diseases of the skin and subcutaneous tissue 9,966 -1.16% —26.38% 1,673 12.79% —57.50% 2,016 -16.17% —54.42%
Xill diseases of the musculoskeletal system 21,150 -0.06% -18.23% 3,644 3.54% —56.67% 4,048 —6.65% —40.07%
XIV diseases of the genitourinary system 19,803 0.80% -12.31% 3,623 5.13% —41.18% 3,767 -5.73% —28.86%
XV pregnancy, childbirth and the puerperium 19,570 —1.03% —6.96% 3,626 —2.90% —~16.08% 3,600 1.11% -9.33%
XVI certain cond. origin. in the perinatal period 5,694 0.90% ~5.06% 1,057 —-3.41% -8.14% 1,067 0.75% —~10.08%
XVII congenital malformations 7,328 1.92% -18.11% 1,357 9.21% —49.89% 1,478 —8.73% —37.55%
XVl symptoms, signs and abnormal findings 16,636 —2.30% —17.16% 2,847 —1.69% —40.57% 2,888 —8.59% —29.29%
XIX injury, poisoning and external causes 37,540 0.10% -10.82% 6,459 10.50% —28.64% 7,367 -3.35% —21.05%

Comparison of the inpatient hospital admissions across al 18 perticipating hospitals, grouped by ICD chapters for three different time periods (the complete period of January 1 to May 31, the acjusted weeks O to 3 and the subsequent
adjusted weeks 4 to 7). Relative changes in admission rates of 2019 and 2020 are compared with the corresponding periods of 2018 & a baseline (* weeks in 2018 and 2019 have been adjusted for Easter holideys in Germany: adjusted
weeks 0 to 3 correspond to calendar weeks (“cw”) 12 to 15 2020 (cw 1013 in 2018, cw 13-16 in 2019); adjusted weeks 4 to 7 comespond to cw 16 to 19 2020 (cw 1417 in 2020; cw 17-20 in 2019).
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Hospital il Inpatient  Number

consortium  hospital of
admissions _hospital
2018 beds
University Hospital Tuebingen DIFUTURE 74,001 1,685
Saarland University Medical Center DIFUTURE 54,703 1,445
University Medical Center Ulm DIFUTURE 49,890 1,274
University Hospital Regensburg DIFUTURE 356,525 839
Hannover Medical School HiGHmed 62,748 1,620
University Hospital Muenster HiGHmed 57,026 1,448
University Hospital Freiburg MIRACUM 71,469 1,616
University Hospital Ertangen MIRACUM 65,200 1,304
University Hospital Magdeburg MIRACUM 58,089 1,100
Carl Gustav Carus University MIRACUM 57,101 1,410
Hospital Dresden
University Hospital Giessen MIRACUM 54,971 1,145
University Hospital Marburg MIRACUM 53,280 1,080
University Hospital Frankfurt MIRACUM 51,160 1,496
University Medicine Greifswald MIRACUM 35,847 831
Jena University Hospital SMITH 59,840 1,392
University of Leipzig Medical SMITH 56,591 1,451
Center
University Hospital Aachen SMITH 49,233 1,602

University Hospital Halle SMITH 40,799 982
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Time period Comparison

January 1 to May 31 201810 2019
201810 2020
Adjusted weeks O to 3- 201810 2019
2018 to 2020
Adjusted weeks 4 to 7* 201810 2019
201810 2020

Minimum

-5,770
-10,439
-720
—3,040
—-1,563
-2,922

Median (IQR)

2385 (1,180)
3,343 (2,483.25)
1795 (296)
~1,524 (743.5)
279 (415.25)
—1,274 (702)

Maximum

2,461
—585
715
~735
303
704

Total

—5,469
—65,420
2,268
—28,250
—6,728
~26,076

Change in overall hospital admissions from 2018 to 2019 and 2018 to 2020 across all 18 participating sites for three different time periods (the complete period of Jenuary 1 to May 31,
the adjusted weeks 0 to 3 and the subsequent adjusted weeks 4 o 7). Negative numbers indicate a reduction, whereas positive numbers indlicate an increase in the respective yearly
comparison (* weeks in 2018 and 2019 have been adjusted for Easter holidays in Germany: adjusted weeks 0 to 3 correspond to calendar weeks (‘ow’) 12 to 15 2020 (cw 10-13 n
2018, cw 13-16 in 2019); adjusted weeks 4 to 7 comespond to cw 16 to 19 2020 (cw 14-17 in 2020; cw 17-20 in 2019).
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Country ~ Sample size

UsA 499
Indonesia 780
Israel 7,807
England 449

Switzerland 187

Iran 402
China 142
Spain 394
USA 79,381
Turkey 8
Iran 235
Belgium 186
England 134
Saudi 439
Arabia

Study
design

Cohort

Cohort

Cohort

Cohort

cohort

Case-control

Case-control

Case-control

Case-control

Case-control

Cross-sectional

Crossectional

Interim audit

Crossectional
study

Participants

VDD: 178
Vitamin-D sufficient: 321

COVID_19 patients

Covid-19 infected
individuals

COVID 19 patients

SARS-CoV-2
PCR-positive

Covid-19 positive: 201
Covid-19 Negative: 201

COVID-19 positive: 62
COVID-19 negative: 80

Covid-19 positive: 197
Covid-19 Negative: 197

‘Outcome

COvID-19
infection

COVID-19 related
mortality

Vitamin D status
among cases and
Controls

COVID-19
infection
25-hydroxyvitamin
D (25(0H) D) level
among the cases
and control group

Status of Vitamin
D among the
control and case
groups

Status of vitamin D
and severity of the
diseases.

Vitamin D status
and Covid-19
infection

Covid-19 positive: 7,883 Vitamin D status

Covid-
19negative: 71,498

Covid-19 positive: 40
Covic-19 Negative: 45

COVID-19 Patients

SARS-CoV-2-infected
patients

Patients with COVID-19

COVID-19 patients

and Covid-19
infection

Vitamin D status
and Covid-19
infection

COVID related
morbidity and
mortality

Analysis of
25(0HDin
COVID-19 patients
Level of vitamin D
among COVID-19
patients

VDD and mortality

Results and conclusion

VDD (R = 1.77) are at higher risk of Covid 19 infection as compared to vitamin D
sufficient, with predioted COVID-19 rates in the vitamin D deficient group of
21.6%(95%CI [14.0-29.2%]) vs. 12.2%(95% Cl [8.9-15.4%) in the vitarmin D
sufficient group

The odds of death were higher in cases with insufficient Vitamin D status (OR = 7.63;
p < 0.001) as compared to a normal level. When compared to cases with normal
Vitamin D status, death was approximately 10.12 times more likely for Vitamin D
deficient cases (OR = 10.12; p < 0.001)

Vitamin D Covid-19 case (400) Death due to COVID-19 (380)
Nomal (= 388) 872(93.0%)  16(4.2%)

Insufficient (213) 26 (6.5%) 187 (49.1%)

VDD: (179) 2(05%) 177 (46.7%)

Mean vitamin D level was significantly lower in COVID-19 patients than controls.
[19.00ng/mL (95% Cl: 18.41-19.59) vs. 20.55 (95% C 20.32-20.78)). Low plasimia
25(0H) D level appears to be an independent risk factor for COVID-19 infection and
hospitalization

There was no a potential link between vitamin D concentrations and risk of
COVID-19 infection

Significantly lower 25(0H)D levels were found in COVID-19 patients (median value
11.1 ng/mL) patients compared with control groups (24.6 ng/mL).

Vitamin D3 supplementation would be useful in the treatment of COVID-19 infection,
in preventing more severe symptomatology and/or in reducing the presence of the
virus in the upper respiratory tract and making the patients less infectious

The level of serum 25(0H) vitamin D was significantly lower in COVID-19

positive patients (p = 0.02) and the results demonstrated that there was a
significant relationship between the levels of serum 25(OH) vitamin D and

the vulnerability to COVID-19

Cases Controls
Insufficient 162 (80.5%) 132 (65.67%)
Sufficient 39 (19.4%) 69 (34.32%)

Vitamin D deficiency is one of the main predisposing factors associated with
the vulnerability to coronavirus infection in the lranian population
Significantly higher rates of VDD were found in COVID-19 cases (41.9%)
compared to control group (11.1%)

Cases Control Mild/mod Severe
Deficient 26 (42) 15(19) 18 (36) 8(80)
Non-deficient 36 (58) 65(81) 32 (64) 2(20)
VDD was a risk factor for COVID-19, especially for severe/critical cases

Cases Control
Deficient 82.2% 47.2%
Sufficient 17.8% 52.8%

Covid-19 positive patients had a lower vitamin D level than the control
groups. Moreover, 250HD levels are lower in hospitalized COVID-19
patients than controls. Serum 250HD levels are significantly lower in
hospitalized COVID-19 patients than in controls of similar age and sex, and
that these differences remain significant even after adjusting for the main
confounding factors.

Patients with vitamin D supplements had an overalllower percentage of the
combined severity endpoint and ICU admissions, as well as a shorter length
of hospital stay, although these data did not reach statistical significance

COvID-19 Positive Negative
Deficient: 4,899 34,201
Adequate: 2,984 37,207

SARS-CoV-2 positivity is strongly and inversely associated with circulating
25(0H) D levels, a relationship that persists across latitudes,
races/ethnicities, both sexes, and age ranges. Our findings provide impetus
to explore the role of itamin D supplementation in reducing the risk for
SARS-CoV-2 infection and COVID-19 disease

Cases Control
Deficient: 20 (72.5%) 29
Normal: 11 (27.5%) 16

Patients with COVID-19 had significantly lower vitamin D levels 13.14 pg/L
(4.19-69.28) than diid the controls 34.81 (3.8-77.42) ug/L (p <.001)

There was a significant association between vitamin D sufficiency and
reduction in clinical severity, inpatient mortality, serum levels of C-reactive
protein (CRP), and an increase in lymphocyte percentage. Only 9.7% of
patients older than 40 years who were vitamin D sufficient succumbed to
the infection compared to 20% who had a circulating level of 25(OH)D<
30ng/mL.

The severity of ciinical outcomes from COVID-19 and mortality was
dramatically reduced in patients who were vitamin D sufficient

Improving vitamin D status in the general population and particularly
hospitalized patients have a potential benefitin reducing the severity of
morbidities and mortality associated with acquiring COVID-19

250HD>30  250HD <30

N=77) N = 158)
Inpatient 9% (7) 20% (26)
mortality

Severity-critical  63.6% (49) 77.2% (122)

COVID-19 patients showed lower median 25(0H) D (18.6ng/mL, IGR
12.6-25.3, vs. 21.5ng/mL, IQR 13.9-65 30.8;) and higher VDD rates (58.6
vs. 45.2%)

A higher prevalence of VDD was observed in patients requiring intensive
therapy unit compared to patients managed on medical wards. While mean
serum 25(0H) D levels were comparable (p = 0.3), only 19% of ITU patients
had 25(0H) D levels greater than 50 nmol/L vs. 39.1% of non-ITU patients
(=002

74.7% of COVID-19 patients had VDD, and patients with 25(0H) D < 12.5
nmol/l were 7 times at risk of mortality [AHR 7.0 (CI 1.7-28.2),. VDD was
significant predictors of mortality among hospitalized Covic-19 patients
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Antiviral

HMO
>20 g/L in colostrum
12 g/Lin mature milk

Direct: inhibiting the adhesion of
pathogens

Indirect: act as a soluble analog of the
receptor for pathogens, prebiotics

Cytokines
IL1p

IL-1RA
IL-1 receptor antagonist
IL-2

L6
1.6ng/L
IL10
0.13ng/L

TGFp
1.5 mg/ml

TNFa
620 183 pg/mL

EGF

200 pg/ in colostrum
30-50 g/l in mature milk

HB-EGF
concentrations 2 to 3 times
lower than EGF

VEGF

74.3+34.9ng/ml on the first
day

6.24:2.3ng/ml on the fifth
day

4ng/mlin mature mik.

Bind to pathogen

Chemochine
G-CSF
MIF

Adipokins.

Lipids

omega-3 PUFAs.
Omega-3 + omega-6
PUFAs

Free fatty acids (FFAS) and
monoglycerides

EPA

Oxysterols

Inactivate pathogens
Lytic effect on several viruses
Inhibit the viral replication

Casein and lactoalbumin  Inhibit the acherence to human respi-
ratory tract epithelial cells

Prevents the attachment to the
mucosal acting as a receptor analog

Inhibit the proteases of viruses

Bind to pathogens

Inhibition of pathogen attachment to
mucosal surfaces

Secretory IgA
12 mg/ml in colostrum
1 mg/ml in mature milk

IgM High avidity IgM antibodies reactive
2-7 mg/100m| with viruses

19G bind, opsonization

1-3 mg/100mI and agglutination of pathogens
Lysozyme Inactivate, destroy or block the attack
3-110 mg/100mi of specific microbes on the surfaces

of the mucous membranes
Iron sequestration

Act as natural barrier of both
respiratory and intestinal mucosa
Revert the iron disordiers refated to
the viral colonization
LPS/ipothecoic acid interaction
Serin protease activty
Proteoglycans interaction and
inhibition of replication of virus

Cell wall breakdown

Lattoferin (lactoferricin)
0,5 gr/dl in colostrum,
02gr/dlat 1 month,
0.1 gr/dl later

Lacthoaderin Binds specifically virus
3-33 mg/100ml Inhibits virus replication
B defensin Antimicrobial activity
TLRs

Chondroitin sulfate Antiviral agent

Antioxidants.

Anti-proteasis.
(o-1-antitrypsin,
a-1-antichymotrypsin,
elastase inhibitor)
ol-Antitrypsin
2-5mg/100ml
MicroRNA

47,240 pg/L

Cells
10 000 to
13 000 000 cells/ml

Inhibition of MAC (membrane attack

Others complex)

Protectin
PGE1/E2

Antinflammatory

Prevent and decrease inflammatory response
Inhibit interferon production

Suppress activation of the NF-kB

Inhibit the adhesion of leukocytes to the
endothelium triggering inflammatory pathway
Suppress the infilration of leukocytes
Decrease acute phase inflammatory cytokine
secretion

Promote healthy intestinal microbiota
Regulate commensal bacteria with
antinflammatory response

Attenuates the activation of pro-infiammatory
IL-8 (1.2 ng/L)

Competes with the pro-inflammatory cytokine,
L1, for receptor binding

Has pro-inflammatory properties and is
present in the acute phase of infection

Inhibit the activity of Thi effector cells, NK
cells and macrophages and the production of
several pro inflammatory cytokines (IL-1, IL-6,
IL-8, and TNF-a)

Decreas pro-inflammatory cytokine
expression.

In association with its soluble receptor riduce
its pro-inflammatory activity

Upregulation of IL 10

Decrease livel of IL18 and mANA IL18

Decrease pro-inflammatory citokine
expression

Riduce TNFa and IL-6 levels

Influence polarization of macrophages to
anti-inflammatory phenotype

Inhibit expression of adhesion molecules
Downregulate proinflammator gene Decrease
NF-k8, bind to PPAR-y

Antiossidants properties

Increase anti-inflammatory microbes, such as
Lactobacilus and Bifidobacterium species.
Antagonize the pro-inflammatory effect of AA

Prevent inappropriate inflammatory responses
to pathogenic microbes and antigens.
Influence intestinal microbiome

Prevention of typical inflammatory response

Eliminate trigger for acute inflammatory
response

Eliminate trigger for acute inflammatoy
response

Inibit IL-1, IL-6, TNF-a, IL-8

Promote growth of probiotics

Induces IL-10 and TGF-b release from
regulatory T cells

Enhances the ability of macrophages to
phagocytize apoptotic cells

Blocks NK-kB pathway via TRL4 inhibition

Inhibit TLR7

Depress TLR signaling

Decoy receptor to inhibit IL-8, TNF
Decrease production of proinflammatory
cytokines

Stimulate specific antioxidant enzymes

Scavange free ragicals

Metabolize protease produced by
inflammatory cells

Release of inflammatory mediators
Prolferation of neutrophils and monocytes

Inhibit NF-kB pathway

Decrease pro-inflammatory cytokines and
iNOS

Increase SCFA production

Inhibition of neutrophil enzyme, release,
superoxide

Immunomodulation Anticoagulant
Promote the maturation of the immune

system

Create a more balanced Th1/Th2 cytokine

response

Modulate immune signaiing pathways,

including TLR3, TLRS, PAMP

Suppresses proinflammatory responses of
NF-kB signaling

Recruits T cell to stimulate an
antigen-specific immune response

Play an important role in the differentiation of
neonatal T cells toward a preferential Th1,
rather than Th2

Provide immunoregulation
Attenue the immune response
Promote immunoglobulin synthesis

Inhibits naive T cells from differentiation into
Thi and Th2 subtypes

Stimulates intestinal defense by switching
immunoglobulin classes from Ig to IgA in
B lymphocytes.

Factor inhibitory macrophage migration

Stimulate t cel
Tlymphocyte response
Regulate immune response and

prevent inflammation

Inhibits T-cell response (modification of fipid ~ Antithrombotic
rafts and caveolae structure of membrane)  properties
Decrease degree of inflammator

response-change membrane PL less

cconcentration
Decrease platelet activating factor (PAF)

thrombin prodiuction
less time of clot

induced TLR4 activation inhibit leukocyte  destruction
migration

Involved in the innate immune response minor alterations
against viruses of fibrinogen

-reducing platelet
aggregation by
changing the
composition of platelet
membrane
phosfoptides

Decrease the activity of pattem recognition
receptors
Immune exclusion

Immune-surveillance

Decrease pro-inflammatory cytokine
expression

Block excessive DC activation upon
TLR-induced inflammation

Regulate intestinal microbiome

Regulate innate and acquired immunity
Enhancing the activation of immune cells

Anti-fibrinolytic property

Prevent pro-inflammatory signaling and
decrease inflammatory response
Attenuate sepsis-induced apoptosis

Function as an
anticoagulant and
regulate haemostasis
via homology of the G2
domain to coagulation
factors Vill and V and
the competition
between them for PL.
membrane-

binding sites

Enhances TLR4/CD44-dependent intestinal
epithelial defense

Prevent pro-inflammatory cytokine
expression and inflammation

Inhibit activity of nuclear-factor
kappalight-chain enhancer of activated B
cells

Promote the proliferation of anti- inflammatory
IL-10-secreting T-regulatory cells

Has functions in
coagulation

Prevent inflammation

Prevent excessive inflammatory response

Regulation of T- and B-cell development
Regulation of function of dendritic cells
and macrophages

Promote anti-inflammatory commensal
bacteria proliferation

Decrease inflammatory response
Protective properties

Abiity to inftrate the infant's tissue

Repair of the damage

Stimulate maturation of
epithelial cells

Stimulate the prolferation
and diflerentiation of the
former and greater vitality in
the latter

Assistance with intestinal
mucosal repair

Promote growth and
maturation of the fetal
pulmonary epithelium
Stimulates synthesis of DNA
in the digestive tract
Acelerates wound healing
Role in repair of the intestine
during intestinal injury
orinfection

Stimulate angiogenesis
Prevent intestinal edema

Intestinal
trophic factor

Role in fluid homeostasis
and regulation of
cardiovascular system
Angiogenesis

Affect cell growth and
apoptosis

Maintaining membrane
integrity

Neurotrophic effect
Stimulus to the production
of neurons by stem cells

Apha-lactalbumin induces
apoptosis-like death with
oleic acid

Inhibition of hydroxyl radical
formation

Cell proliferation Maturation
of gut enzymes

Inhibits excessive
neutrophils infltrating to
organs

Moderate attenuation of
organ injury

Improves the
histopathology, the integrity
of the lung tissue and
decreases lung apoptosis
Reduction of renal tissue
histological damage
Promotion of mucosal
wound healing
Attenuation of intestinal
inflammation

Facitate necangiogenesis
Decrease in the long-term
tisk of gastrointestinal
inflammatory diseases

Enhance wound healing

Prevent injury

Epigenstic regulation of
stem cells fate and function

Restore intestinal
microbiome homeostasis
Repair of tissue or organ
darmage

Produce VEGF and HGF

Citoprotective effect
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Mechanism®, n (%)

MvG?

OR (95% Cl)
MBC*

OR (95% C)
Pl

OR (95% C)
Fall

OR (95% C)
Assault

OR (95% Cl)
Contactwith
sharp glass

OR (95% C)
Bum

OR (95% C)
Poisoning

OR (95% C)
Others

OR (95% C)

Year of ED admission®

2018

N =626

73(11.7)
064 (0.7-0.88)
43(69)
1.20 (0.75-1.90)
31(5.0)
1.07 (0.64-1.82)
219(35.0)
1.04 (081-1.34)
35(5.6)
121 (0.74-1.98)
36(58)

0.86 (0.54-1.37)
45(7.2)
1.23(0.79-1.93)
20(3.2)
1.98 (0.94-4.18)
124 (19.8)
1.23 (0.89-1.69)

2019

N =696

131(18.8)
Ref
38(5.5)
Ref
31(4.5)
Ref
231 (332)
Ref
35(5.0
Ref
46(6.6)

Ref
42(6.0)
Ref
142.0)
Ref
128(18.4)
Ref

29(10.8)
047 0.31-0.73)
14(62)
095 (0.50-1.79)
8(3.0)
0.66 (0.30-1.47)
98(36.4)
1.19(0.87-1.64)
28(10.4)
220 (1.80-8.74)
27(10.0)

1,65 (1.00-2.77)
4(15)

024 (0.08-0.67)
10(3.7)
237 (0.98-5.72)
51(19.0)
090 (0.581.39)

“Derived from multivariable binary logistic regression adjusting for demographic factors
including age, gender, occupation, and marital status and comorbidities including
dlabetes melltus, hypertension, respiratory diseases, dyslipidemia, depression, and

smoking status.
Pindependent Variable (V).
©Dependent Variables (DVS).

9MVC, Motor-vehicle crashes.

°MBC, Motorcycle and bicycle crashes.

1P, Pedestrian injuries.
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Year of ED admission®

Outcome® 2018 2019 2020
N=626 N=69% N =269
Death, n (%) 22(3.5) 13(1.9) 5(1.9
OR (95% CI)* 2.11(0.84-5.32) Ref 1.09 (0.25-4.85)
ICU admission, 1 (%) 120 (19.4) 127 (18.2) 33(12.3)
OR (95% CI)* 0.99 (0.67-1.46) Ref 0.43 (0.22-0.83)
Injury severity score (ISS), 1 (%)
Mild (SS<9) 360 (59.8) 395 (60.2) 147 (88.1)
Moderate (SS (9-15)) 145 (24.1) 159 (24.2) 68(26.9)
Severe (1SS>15) 97 (16.1) 102 (15.5) 38(15.0)
Missing 24 40 16
OR (95% CI)* 1.06 (0.81-1.40) Ref 0.90 (0.61-1.32)
Pre-existent disability score, n (%)
12 (Total independence) 374 (85.8) 464.(94.9) 189 (94.0)
<12 (Partial or total dependent) 62(14.2) 25(5.1) 12(6.0)
Missing 190 207 68
OR (95% CI)* 3.28(1.74-6.19) Ref 0.79 (0.28-2.24)
Discharge disabilty score
12 (Total independence) 147 (34.2) 143 (29.7) 47 (23.5)
<12 (Partial or total dependent) 283 (65.8) 339 (70.9) 153 (76.5)
Missing 196 214 69
OR (95% Ci) ¢ 1.25 (0.89-1.77) Ref 1.44 (0.90-2.31)
Disability score difference
Deterioration (Discharged with increased disabilty) 226 (52.6) 314/(65.1) 141 (70.5)
No deterioration 200 (46.5) 168 (34.9) 59(20.5)
Missing 200 214 79
OR (95% CI)* 0.87 (0.63-1.20) Ref 1.47 (0.94-2.28)
Hospital length of stay (days), median (IQR)' 3(1-9) 4(1-10) 3(1-8)
$(95% CI° ~0.21 (~0.63 to ~0.04) Ref ~0.35(~0.59 to ~0.10)

Al models are adjusted for demographic factors including age, gender, occupation, and maritel status and comorbidities including diabetes melitus, hypertension, respiratory diseases,
dyslipidemia, depression, and smoking status as well as prehospital transportation andvital signs upon arrival into ED.

Pindependent Variable (IV).

©Dependent Variables (DVs).

9Derived from multivariable binary logistic regression.

©Derived from mulivariable ordinal logistic regression. Severe injuries (1SS>15) is the reference group (i.., the value we were interested o predict in our model.

fIQR, Interquartile Range.

9Derived from multivariable negative binomial regression.
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Causes®, n (%)

mvee
MBC!

PO

Fal
Assault
Burn
Poisoning
Others

=123

23(18.7)
22(179)
17 (13.8)
18(14.6)
9(7.9
14.(11.4)
3(2.4)
17 (138)

Death or ICU admission or both® stratified by year of ED admission

2018

OR (95% CI)*

4.18 (1.06-16.47)
9.01 (2.18-37.22)
11.85 (2.60-52.17)
1.59 (0.40-6.31)
3.86 (1.04-14.32)
9.17 (2.47-30.04)
2.82 (0.46-17.31)
371 (0.95-14.46)

=127

31 (24.4)
12(9.4)
1187)
29(22.8)
5.9
15 (11.8)
6(4.7)
18 (14.2)

2019
OR (95% Cl)*

1.83 (0.62-5.36)
265 (0.78-9.01)
413 (1.18-14.51)
151 (0.52-4.38)
094 (0.25-3.62)
9.67 (3.08-30.31)
13.84 (3.07-62.37)
1.65 (0.53-5.18)

n=34

5(14.7)
2(59)
389
7(20.6)
6(17.6)
129
2(59
8(235)

2020

OR (95% Cl)!

2.14 (0.38-12.11)
1.98 (0.24-16.3)

7.81(0.95-64.12)
2.41(0.45-12.96)
4.47 (0.88-22.76)

10.47 (0.58-188.12)

585 (0.8-42.89)

416 (0.78-22.14)

“All models in this table were run separately for each year (ie., data were stratified by the year of ED admission) to investigate the influence of each cause in predicting death or ICU
admission or both during the lockdown period in 2020 compared with the similar periods of 2018 and 2019.

bindependent Variables (IVs).
©Dependent Variable (DV).

9Derived from multivariable binary logistic regression adjusting for age, gender and prehospital transportation.

°MVC, Motor-vehicle crashes.

MBC, Motorcycle and bicycle crashes.

9P, Pedestrian Injuries.
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Germany
Total
ad
Female
adj
Male
adj
Italy
Total
adj
Female
adj
Male
adj

2, relative in %.

rPLLE® (95%-Cl)

0.00 (<002, 0.08)
0.06 (0.04,0.08)
~0.01(~0.03,0.02)
0.06 (0.04,0.09)
001 (0.00,0.04)
0.06 (0.05,0.09)

0.04 (0.02, 0.06)
0.12(0.11,0.15)
0.03(0.01, 0.06)
0.14(0.11,0.16)
0.04(0.02, 0.06)
0.13(0.11,0.15)

BLLE, loss of lfe expectency.

ca, absolute in days.

a°LLE (95%-Cl)

034 (-2.07, 3.55)
8.34(5.93, 11.55)
—1.01 (~4.20,2.27)
8.86(5.58, 12.14)
1.66 (~0.67, 4.78)
866 (6.33, 11.78)

5.32 (2.80, 8.68)
18.72 (16.20, 22.08)
437 (0.91,8.70)
20.81(17.35, 25.14)
6.33(3.09, 8.76)
19.31(16.07, 21.74)

Yadj (adjusted), upwardly biased estimates assuming lowest weekly SMR <1 as reference.
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Variable

Age, mean (SD)
Age groups, n (%) <18
18-24
25-34
35-44
45-54
55-64
265
Gender, n (%) Male
Female
Occupation, n (%) Employed
Unemployed
Not recorded/not applicable
Marital status, n (%) Married
Unmarried
Child
Diabetes melitus, n (%) Yes
No
Hypertension, n (%) Yes
No
Respiratory disease, 1 (%) Yes
No
Dyslipidenia, n (%) Yes
No
Depression, n (%) Yes
No
Current smoker, n (%) Yes
No
Transport mode to hospital, 7 (%) Ambulance
Private
Other
Unknown
Glasgow Coma Scale (GCS), n (%) Mid (<9)
Moderate (9-13)
Severe (>13)
Missing
Systolic Blood Pressure (mmHg), median (IQR)®
Heart rate (beats per minutes), median (QR)
Oxygen saturation (%), median (QR)®
Respiratory rate (breaths per minute), median (QR)®

2018

N =626

32.1(235)
200 (31.9)
73(11.7)
121 (19.3)
73(11.7)
39(6.2)
38(6.1)
82(13.1)
450 (719)
176 (28.1)
94(15.0)
360 (57.5)
172(275)
189(30.2)
277 (44.2)
160 (25.6)
74 (11.8)
552 (88.2)
78 (12.5)
548 (87.5)
20(32)
606 (96.8)
23(37)
603 (96.3)
4(0.6)
622 (99.4)
33(53)
593 (94.7)
152 (24.8)
243 (38.8)
138 (22.0)
9B (14.9)
42(6.8)
24(3.9)
554 (89.4)
6
120 (109-135)
94 (82-110)
98 (97-99
20 (20-25)

Year of ED admission
2019

N =696

31.8(23.4)
215(30.9)
98 (14.1)
118(17.0)
87 (12.5)
50(7.2)
42(60)
86(12.4)
498 (71.6)
198 (28.4)
76(10.9)
337 (48.4)
283 (40.7)
226 (32.5)
346 (49.7)
124 (17.8)
83(11.9)
613 (88.1)
85(12.2)
611(87.8)
16(2.3)
680 (97.7)
30 (4.3)
666 (95.7)
10(1.4)
686 (98.6)
46 (6.6)
650 (93.4)
179 (26.7)
181(26.0)
195 (28.0)
141(203)
45(6.5)
32(46)
613 (88.8)
6
121 (109-135)
95 (82-112)
98 (97-100)
20 (20-24)

2020

N =269

32.7 (235)
77 (28.6)
37(13.8)
52(19.3)
33(12.9)

15(6.6)
21(7.8)
34(12.6)

196 (72.9)
73 (27.1)
32(11.9)
101 (37.5)
136 (50.6)
94/(34.9)
130 (48.3)
45 (16.7)
34 (12.6)
235 (87.4)
40 (14.9)
229 (85.1)

8(30)
261(97.0)
12 (4.5)
257 (95.5)
207
267 (99.3)
14(62)

255 (94.8)
82(30.5)
83(30.9)
52(19.9)
52(19.3)

13 (4.8)
13(4.8)
243 (90.3)
0
124 (109-140)
93 (80-110.5)
98 (97-99)
20 (20-23.5)

P-value

0.888*
0.925°

0921°

<0.001°

0.004°

0.939°

0.518°

0.596°

0.796°

0.348°

0519°

<0.001®

0.767°

0.302¢
0953
0.620°
0.389°

“Derived from Analysis of Variance (ANOVA) Fisher test.
bDerived from Chi-square test.

©IQR, Interquartie Range.

9IDerived from Non-Parametric Kruskal Wallis test.
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State/region

Lombardy
Trentino Alto Adige
Emiia Romagna
Aosta Valley

Liguria

Piedmont

Marche

Brandenburg

Bavaria

Veneto

Hamburg
Baden-Wuerttemberg
Bremen

Berlin

Hesse

North Rhine-Westphalia
Lower Saxony
Tuscany

Apulia

Mecklenburg Western-Pomerania
Saxony
Rhineland-Palatinate
Saarland
Saxony-Anhalt
Schleswig-Holstein
Friul Venezia Giulia
Thuringia

Abruzzo

Umbria

Sardinia

Calabria

Molise

Campania

Latium

Sicily

Basilicata

Country

T T T T T ST T 0T 000000 T T 00O O OO~ T~~~ —

SMR January~June

1.48
147
1.16
113
112
111
1.05
1.04
1.03
1.02
1.02
1.02
1.01
1.01
1.00
1.00
1.00
0.99
0.99
0.99
0.99
0.99
0.98
0.98
0.98
0.97
097
0.94
0.94
0.94
0.92
091
091
0.88
0.88
0.85

95%-Cl

1.42-1.54
1.13-1.22
1.13-1.20
1.04-1.22
1.07-1.17
1.07-1.15
1.01-1.10
1.00-1.08
0.99-1.08
0.99-1.04
0.98-1.06
0.98-1.06
0.96-1.08
0.97-1.04
0.97-1.04
0.96-1.03
0.97-1.04
0.96-1.02
0.94-1.04
0.94-1.04
0.94-1.04
0.95-1.03
0.92-1.06
0.93-1.03
0.94-1.02
0.94-1.01
0.92-1.02
0.90-0.99
0.89-0.99
0.90-0.98
0.88-0.97
0.86-0.96
0.87-0.95
0.84-0.92
0.84-0.91
0.80-0.90

Highest
SMR

3.99
237
213
329
2.10
2.08
1.85
117
1.28
143
125
124
131
114
1.15
113
112
1.28
117
1.16
111
1.07
1.16
1.15
1.10
1.31
1.10
143
122
1.18
112
1.19
1.05
1.07
1.04
1.01

95%-Cl

3.85-4.15
2.14-2.62
2.02-2.24
2.56-4.24
1.95-2.26
1.93-2.24
1.71-2.01
1.09-1.27
121-1.34
1.35-1.52
1.08-1.44
1.17-1.32
1.09-1.58
1.05-1.23
1.05-1.25
1.07-1.20
1.04-1.20
1.19-1.38
1.06-1.29
1.03-1.30
1.02-1.20
1.00-1.15
1.00-1.33
1.05-1.26
1.00-1.22
1.17-1.46
0.99-1.21
1.28-1.60
1.05-1.42
1.05-1.32
1.01-1.23
0.95-1.50
0.97-1.13
1.01-1.14
0.96-1.13
0.82-1.23
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Italy vs. Germany

Factor’ P-value
(indicators) in%
“Region” (236 <0.05
Age® 1.082 <0.05
Country? x Age 1,085 <0.05
Sext 1.026 <0.05
Week! (2-26) 50
Country? x Week' (2-26) <0.05
Alpha® 00112 -

Italy

Coefficient
(indicators)

(2-20p
1.083

1.020
(2-26)

0.0215

P-value
in%

<0.05
<0.05

39
<0.05

Germany

Coefficient
(indicators)

(22-36P
1.037

1.030
(2-26)

0.00040

P-value
in%

<0.05
<0.05

<0.05
<0.05

*Exponentiated regression coeffcient or st of binary indlctor variables (in parentheses).
Oltaly/Germany: 36 “regions” (reference: 1), Italy: 1-20 (ref: 1), Germny: 21-36 (ref: 21).

©265 years vs. <65 years (ref.

9ltaly vs. Germany (ref), x: interaction term.
eMale vs. female ().

"Weeks 1-26 in 2020 (ref: week 1)
9Overdispersion parameter estimate.
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Variable Frequency(%)

Did you take the influenza vaccine last year?
No 1,006 (87.9)
Yes 138 (12.1)

Do you know someone close to you who has been infected with
coviD-19?

No 534 (46.7)
Maybe 62(5.4)
Yes 548 (47.9)
Have you ever been infected with COVID-19?

No 1,014 (88.6)
Maybe 88(7.7)
Yes 4237)

In the event that you have COVID-19, are you ready to tell your
relatives and friends?

No 52(5.1)
Maybe 65(6.4)
Yes 897 (88.5)

In your opinion, what is the likelihood that you will be infected with
Coronavirus during the next 6 months

I think | will be infected and my symptoms will be severe 73(7.2)

I think | will be infected and my symptoms will be mild 597 (58.9)
Ido not think that | will be infected 344 (33.9)
If a vaccine is available for COVID-19, are you willing to take it?

No 421(36.8)
Not sure 302 (26.4)
Yes 421(36.8)
What procedures have you done to protect yourself from COVID-19?
Wearing face masks* 1,101 (96.2)
Washing hands with regular soup* 1,001 (95.4)
Using detergents” 1,070 (93.5)
Social distancing® 1,035 (90.5)
Avoid touching face/mouth/nose/eyes* 936 (81.8)
Consume vitamin C** (specifically as a protective measure) 727 (63.5)
Consurme Zinc™* (specifically as a protective measure) 412 (36.0)
Avoid eating meat** (specifically as a protective measure) 107 (9.4)
Consurme herbs™ (specifically as a protective measure) 453 (39.6)

Have you tested to see if you have COVID 19 (PCR test)?* 256 (22.4)

*Scientifically proven protective measure against COVID-19, **Non-scientifically proven
protective measure against COVID-19.
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B S.E. Wald df P OR 95% Cl for OR

Lower Upper
Sex

Female 022 0.15 207 1.00 0.15 1.25 0.92 1.69
Male Reference

Marital status

Not married -0.28 024 1.44 1.00 023 075 0.47 1.20
Married Reference

Age group

30-40 years -0.06 0.17 0.1 1.00 075 095 068 1.32
40-50 years 0.08 026 0.10 1.00 076 108 065 1.79
50-60 years -0.09 035 006 1.00 080 092 047 1.81
More than 60 years 007 033 005 1.00 082 108 057 2,05
18-29 years Reference

Do you have children?

No ~0.05 024 004 1.00 085 096 0.60 1.52
Yes Reference

Education level

High school or less —037 030 145 1.00 023 069 038 1.26
Diploma 0.26 032 062 1.00 043 1.29 068 243
University student -032 027 1.41 1.00 024 073 0.43 1.23
Bachelor's degree 0.26 0.19 1.97 1.00 0.16 1.30 0.90 1.87
Postgrad Reference

Are you working/studying in a medical filed?

No -0.28 0.15 365 1.00 006 075 056 1.01
Yes Reference

Residency

Al Zarqa ~0.15 0.19 062 1.00 043 086 059 125
South governorates —061 036 290 1.00 009 054 027 1.10
North governorates 0.13 020 043 1.00 051 114 077 1.70
Amman Reference

Do you know someone close to you was infected with COVID-19?

No -0.38 0.14 7.08 1.00 0.01* 069 052 091
Maybe —0.79 031 657 1.00 001 0.46 025 0.83
Yes Reference

Risk degree

High risk —037 0.17 439 1.00 0.04* 069 0.49 098
Medium risk 0.09 0.17 026 1.00 061 1.09 078 1.52
Low risk Reference

Household average monthly income

Less than 500 -054 0.19 854 1.00 0,00 058 0.40 0.84
500-1000 —0.45 0.16 7.46 1.00 0.01* 064 0.46 083

More than 1000 Reference

B, B coefficient; SE, standard error; Wald, Wald chi-square test; df, degrees of freedom; p, p-value; OR, odds ratio; Ci, confidence interval. *Significance taken at p < 0.05 (in BOLD),
‘Significance taken at p < 0.01 (in BOLD).
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Characteristic

Age group

Sex

Marital status

Are you pregnant?

Do you have children?

Are you a smoker?

Weight status

Residency

Education level

Household average monthly
income

Are you working/studying in
medical field?

18-29 years
30-40 years

40-50 years

50-60 years

More than 60 years
Female

Male

Not married
Married

No
Ex-smoker

Yes

Underweight

Normal weight
Overweight

Obese

Amman

A Zarga

Southern governorates
Northern governorates
High school or less
Diploma

University student
Bachelor's degree
Postgrad

<500

500-1000
More than 1000
No

Yes

Frequency (%)
(n=1,144)

625 (54.6)
308 (26.9)
104 .1)
55 (4.8)
52(45)
761 (66.5)
383 (33.5)
558 (48.8)
586 (51.2)
999 (98.9)
1(1.1)
602 (62.6)
542 (47.4)
816(713)
52(45)
276 (24.1)
161 (14.1)
533 (46.6)
392 (34.3)
58 (5.1)
769 (67.2)
179 (15.6)
39 (3.4)
157 (13.7)
7969
80(7.0)
122 (10.7)
612 (63.5)
251 (21.9)
301 (26.3)

471 (41.2)
372 (32.5)
605 (52.9)

539 (47.1)
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Characteristic Frequency(%)

Do you have any chronic diseases?
No 969 (84.7)
Yes 175 (16.3)
Do you have any of the following diseases (Type 2

diabetes mellitus/Chronic Obstructive Pulmonary

Disease (COPD)/Cancer/Kidney Failure/Heart

diseases/Organ transplantation/Sickle Cell Anemia)?

No 130 (74.9)
Yes 45(25.7)
Do you have any of the following diseases? (Type 1

diabetes mellitus/Hypertension/Bone marrow

transplant/ Cerebrovascular diseases or stroke/ Cystic
Fibrosis/Asthma/Taking steroids or

immunosuppressant drugs/Hepatic diseases/

Thalassemia/Lung fibrosis)

No 88(50.3)
Yes 87 (49.7)
Risk degree

High risk 348 (30.4)
Medium risk 315(27.5)

Low risk 481 (42.0)
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Knowledge determents

What are the symptoms of COVID-19?
Fevert

Chilst

Diarrhea®

Cought

Otitis mediia*

Loss of smell and taste senses’
No symptoms’

How is COVID-19 transmitted?
Drinking unclean water

Eating unclean food?

Inhalation of respiratory droplets of infected person'

Eating or touching wild animals®

Frequency(%)of
choosing “Yes”

1,116 (97.6)
802 (70.1)
815(71.2)

1,033 (90.8)
234 (205)

1,107 (96.8)

1,017 88.9)

153 (13.4)
217 (19.0)
1,185 (99.2)
256 (22.3)

What procedure do you think that may prevent COVID-19 infection?

Wearing face masks'

Washing hands with regular soup!

Using detergents’

Social distancing®

Avoid touching face/mouth/nose/eyes’
Consume vitamin C*

Consume Zinc*

Avoid eating meat*

Consume herbs*

Believe that there is a cure for COVID-19¢

t Correct information, *Incorrect information.

1,078 (94.2)
1,075 (94.0)
1,084 (94.8)
1,116 (97.6)
1,001 (96.4)
966 (84.4)
791 (69.1)
143 (125)
594 (52.2)
22(1.9)
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Records identified Additional records
through database identified through
searching (n = 1449) other sources

Identification

T

Duplicate records removed (n = 675)

M
2
H Titles screened Records excluded: not related
H (n=774) [~ toSARS-CoV-2 epidemiology
& or did not describe prevalence
(n=659)
Full-text articles Excluded full text articles:
assessed for || no incidence of
eligibility (n= asymptomatic COVID-19
115) cases (n =99)

Studies included in final quantitative synthesis (n = 16)

Studies included in subgroup analysis

| R S |

Included

Gender Clinical outcome of Age (n=8)
(n=7) asymptomatic case (n=10)
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SN StudyName  No of Asymptomatic Event Rate (95% C1) Relative
cases/ Total weight
confirmed cases

T Bagetetal 129/ 147 e om(s1-092) 722

2 Dongetal.  94/728  —e—t 013(011-0.16) 739

3 Huetal 2424 L 0m75-100) 379

4 Kimballetal  13/24 ——— 057(036-0.75) 686

5 Luetal 39171 —_— 023(0.17-030) 732

6 Mengetal  59/58 H e 099(088.100) 381

7 Mimotoetal, 328/ 634 — 052(048-056) 7.41

8 Nishwraetal  4/13 —— 031(0.12-059) 635

9 Panetal. 26/26 —e 093(076-100) 379

10 Quetal 10/36 e 028(016-0.44) 698

11 Songetal 18/83 —_— 022(014-032) 719

12 Swonetal, 29733 —e— 033(072-095) 655

13 Taoetal 207167 ——s 012(008-0.18) 721

14 Tanetal. W e— 005(0.03-0.08) 716

15 Wang etal 55/55 L 09087-100) 381

16 Zhoucetal, 13328 e— 004(0.02-007) 716

Overall (Total)* 873/ 2788 —— 048(030-0.67)
o 05 1

Heterogeneit: I =97.5, 7 = 2.119,p = 0001

* Random model
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Group  Subgroup Event Rates (95% CI) Heterogeneity

Clinical _ Presymptomatic +—e— 015 (007-0.30)

Outcome. Symptomatic —— 030(0.12-057) T*=1467
Trueasymptomatic ——e——  039(020-0,1) <0001
Total* —— 0.26(0.17-037)

 Gender Female e 056(044-067) F=589% 7=
£ e e 045(033-056) 0222.p=0003
[ — e g
£ :
F Age Chidren ——a——— 050(021-0

Adults —— o

Elderly — 0.17 (0.08- 0.

Total* i 026 (0.16-

o o5 1

~ Random model
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S.N. Study D Study period Country of study Total number of Asymptomatic cases
confirmed cases of ~among confirmed cases

covip-19 N (%)
1 @) April 2020 Homeless Shelter in Boston, USA 147 129 (87.8%)
2 (26) January 16 to February 8, 2020 China 728 94 (12.92%)
3 @n January 28 to February 9, 2020 The Second Hospital of Nanjing, China 24 24 (100%)
4 9 March 2020 Nursing Facility-King County, USA 23 13 (56.52%)
5 (9 January 28 to February 26,2020  The Wuhan Children's Hospital, China 171 39(22.81%)
6 (30) January 1 to February 23,2020  Renmin Hospital of Wuhan University, China 58 58 (100%)
761 February,2020 Diamond Princess cruise ship, Yokohama, Japan 634 328 (51.74%)
8 (3 February 6, 2020 Japan 13 4(30.8%)
9 @) January 10 to March 10,2020 China 2 26 (100%)
10 @9 January 17 to March 1, 2020 Three hospitals in Zhejiang province, China 36 10 (28%)
1 (84) January 26 to March 6, 2020 People’s hospital of Dafou county, China 83 18 (21.7%)
2@ March 22 to April 4, 2020 Two hospitals in New York, USA 33 29(87.9%)
13 (36) January to March 2020 Chongging Public Health Medical Center, Chongging, China 167 20 (11.98%)
14 January 20 to February 10,2020 China 262 13 (4.9%)
15 (37) February 23, 2020 Third People’s Hospital of Shenzhen, China 55 55 (100%)
16 (39) March 4, 2020 Shanghai Public Health Clinic Center, China 328 13 (3.96%)

Total 2,788 873





OPS/images/fmed-09-774550/fmed-09-774550-t002.jpg
n (%)

CT median (25th, 75th percentile) in positives

22.6(18.3,30.0)
24.0(18.0, 30.5)
216(18.4,29.8)
23.8(18.7,31.1)
216(17.7,29.5)
18.7 (165, 24.3)

26.0(19.9,31.1)

26.7 (19.6,33.4)

28.8(21.8,32.5)
19.9(175,25.3)

19.7 (17.3,26.0)

292(23.3,32.6)

18.3(229,30.2)
16.7 (20.4, 24.1)

19.6(17.0,24.0)

19.9(17.8,25.0)

Al probands 2,215 (100)
Age > median 1,099 (49.6)
Age < median 1,116 (50.4)
Women 1,211 (54.7)
Men 1,004 (45.3)
Reason for testing

Referral from 707 (31.9)
physician

Referral from 962 (43.4)
Health Department

(mostly contact

persons of

infected patients)

Other 546 (24.7)
Comorbidities

Any comorbidity 499 (22.5)
No comorbicity 1,716 (77.5)
Clinical symptoms.

Any clinical 973 (43.9)
symptoms

No clinical 1,242 (86.1)
symptoms

Vaccination status

Not vaccinated 2016 (91)
Vaccinated 198 (8.9)
Unknown 100
SARS-CoV-2 genotype (for Ct < 30)
N501Y and 166 (7.5)
delHBIN70 (Alpha

variant, B.1.1.7)

Variants of 81(3.7)
concern not found

(NIM genotypes)

Other 402)

Sensi

ity (%)
Roche-RDT  Abbott-RDT

60.4 56.8
56.8 55.7
64.2 58
56.9 53.4
64 60.4
795 78.7
49.5 443
50 45.8
38.2 34.4
74.4 7.0
75.2 743
31.8 283
59.8 56
733 733
774 72.3
87.7 84

“Sensitiity: Proportion of people with a positive RDT related to all persons with a positive SARS-Cov-2 iRT-PCR test.
‘Specificity: Proportion of indlviduals with a negative RDT to all persons with a negative @ SARS-Cov-2 rRT-PCR test.

" Not defined due to low numbers.

‘Roche-RDT vs. Abbott-RDT (test on equaliy, based on 5,000 bootstrap iterations).

prex

<0.0001
0.1993
<0.0001
0.0097
0.0031

0.4971

0.0003

0.6703

0.0051
0.0043

0.2145

<0.0001

<0.0001
0.9946

0.0021

0.0835

Specificity (%)**

Roche-RDT  Abbott-RDT

99.7 99.9
997 99.8
998 99.9
99.8 99.9
99.6 99.9
99.5 99.8
99.9 9.9
99.8 999
99.7 99.9
99.7 99.9
99.6 99.7
99.8 100
99.8 99.9
99.5 9.7

prex

0.0755
0.6847
0.4817
0.6536
0.2207

0.2059

0.9964

0.998
0.2263

0.6496

0.4775

0.2255
0.986

n. def.

n. def.
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Characteristics

N= 2215
Age, years® 39.9 % 13.3, 38 (20-50)
Women* 1,211 (54.7)
Men™* 1,004 (45.9)
Reason for testing

Referral from physician** 707 (31.9)
Referral from Health Department™* 962 (43.4)
Miscellaneous** 546 (24.7)
Comorbidities

Any comorbidity** 499 (22.5)
No comorbidity** 1,716 (77.5)
Hypertension™ 240 (10.8)
Dyslipoproteinaemia** 108 (4.9)
Diabetes melitus™ 49@2)
CoPD** 2(08)
Ischaemic heart disease™ 29(1.9)
Clinical symptoms

Any ciinical symptoms** 973 (43.9)
No clinical symptoms™ 1,242 (56.1)
Malaise™** 632 (28.5,65.0)
Shortness of breath*** 181(8.2,18.6)
Cough™™* 459(207,47.2)
Fever'** 149 (6.7,15.3)
Diarrhoea®** 154 (7.0,15.8)
Musculoskeletal pain*** 354 (16.0, 36.4)
Headache™* 507 (27.0, 61.4)
Nausea"™* 129(5.8, 133)
Vaccination status

Not vaccinated™* 2,016 (91)
Vaccinated" 198 (8.9)
Unknown** 1(0)

Vital signs (binary)

SysBP > 130 mmHg and/or DiasBP > 90 mmHg* 876 (39.5)
Other blood pressures” 1,339 (60.5)

Body temperature > 37°C* 28(1.9)

Body temperature < 37°C* 2,187 (98.7)
Oxygen saturation > median* 281 (12.7)
Oxygen saturation < median® 1,934 (87.9)

Vital signs (metric)

Systolic blood pressure, mmHg" 180 202, 130 (115-140)
Diastolic biood pressure, mmHg* 81+11.3, 80 (70-90)
Body temperature, °C* 36.1 0.6, 36.2 (36-36.4)
Oxygen saturation, %" 97.2.+ 8.3, 98 (97-98)

Data are given as n (%) or mean = SD with median (25%, 75%).
“Means  standard deviations and medians (25th and 75th percentie).

‘Numbers and percentages based on the entire cohort (n = 2,215).

‘Numbers and percentages based on the entire cohort (n = 2,215) and referring to
patients with at least one clinical symptom.
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Characteristic Intent to be Intent to be

vaccinated: vaccinated:
No vs. Yes Not sure vs. Yes
OR (95% Cl) OR (95% Cl)

Age

18-29 years 0.74(0.36-1.54) 1.1(0.48-2.51)

30-40 years 08(0.37-1.71) 1.23(0.53-2.88)

40-50 years 1.25(0.52-3.00) 081(0.29-2.28)

50-60 years 1.09(0.39-3.05) 1.14(0.36-3.60)

More than 60 years Reference

Sex

Female 3.00%(207-4.36)  1.49%(1.03-2.16)

Male Reference

Education level

High school or less 052(0.26-1.02) 0.7(0.34-1.46)

Diploma 0.69(0.34-1.41) 0.55(0.24-1.27)

University student 0.49°(0.26-0.91) 0.58031-1.11)

Bachelor's degree 0.68(0.44-1.03) 0.87(0.56-1.36)

Postgrad Reference

Marital status

Not married 0.45**(0.26-0.77) 0.65(0.36-1.15)

Married Reference

Do you have children?

No 1.07(0.62-1.88) 1.06(0.59-1.90)

Yes Reference

Risk degree

high risk 1.02(0.68-1.53) 0.95(0.62-1.46)

medium risk 0.89(0.60-1.31) 1.04(0.70-1.56)

low risk Reference

In your opinion, what s the likelihood that you will be infected with
coronavirus during the next 6 months

I think | will be infected and my 057(0.29-1.12) 1.06(0.56-1.97)
symptoms will be severe
| think | will be infected and my 0.83(0.59-1.16) 0.87(0.61-1.24)

symptoms will be mild
1 do not think that | will be infected Reference

In your opinion, how seriousis  0.75"(0.70-0.81)  0.88(0.81-0.95)
CovID-19?

Total knowledge 1.01(0.94-1.10) 1(0.92-1.08)

OR, odds ratio; Cl, confidence interval. *Significance taken at p < 0.05 (in BOLD),
‘Significance taken at p < 0.01 (in BOLD).
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Variable Answered yes to ever had
CovID-19

Degree of adherence with quarantine (0 not at all, 10 completely) 9.00(2.12)

Seriousness of COVID-19 (0 not at all, 10 extremely) 6.57(2.17)

Degree of anxiety (0 not at all, 10 extremely) 5.93(2.90)

Did you tell your relatives/friends when suspected/knew that you had COVID-19?

Yes 40(95.2)

No 204.8)

*Significance taken at p < 0.01 (in bold).

Answered maybe to ever had
COVID-19

7.612.77)
6.52(2.26)
5.97(2.82)

58(65.9)
30(34.1)

P-value

0.005%
0.91
0.94

<0.001*
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Reasons

Concerns about the vaccine

1:am concerned about the vaccine efficacy

1 am concerned about the vaccine safety and side effects

It might transmit the virus to me

The vaccine will be new, | won't be the first to get the vaccine
1:am concerned about the vaccine rigor of testing

The vaccine may contain heavy metals or odd materials
Vaccines cause autism

The vaccine may affect fertiity

Not convinced that it wil be effective, look at the fiu vaccine

My immune system is weak and | can't take inactivated vaccines/l have an allergy to many substances
and | may have an allergy to this vaccine

| don't think that | can afford the vaccine

Need additional information

It depends on what my doctor recommends

It dependis on the scale of the pandermic at the time of the vaccine. If very low, | may not do it

| don't want a vaccine | know nothing about. I'll make my decision if/when one becomes available
Attitudes

| don't feel I'm at risk

1 am religious and God will protect me

| don't take vaccines at all

1 am scared to put foreign objects in my body

1 would say that the vaccine should go to the people who are most risk of contracting it before | get it
because | am not putting myself at risk

Lack of trust
Any vaccine made for this virus | do not trust

If the government recommended it use | will not take it

There is no way | trust big pharmaceutical companies

I'm thinking a vaccine now might be approved too quickly because of poltical pressure
I believe that this virus was developed by the governments and | won't take any vaccine

Because | heard the government was to put a chip in you when you get the vaccination and | do not
want a chip inside of me

Others
| am afraid of needles

The bold values indicate the groups of reasons for vaccine hesitancy/refusal.

Total

714 (62.4)
608 (63.1)
679 (59.4)
308 (34.8)
629 (55)
613 (53.6)
508 (44.4)
89(7.8)
137 (12)
324.(28.3)
135 (11.8)

194 (17)
664 (58.0)
371 (32.4)
472 (413)
623 (54.5)
670 (58.6)
178 (15.6)
193 (16.9)
331 (289)
450 (39.3)
512 (44.8)

628 (54.9)
309 (34.9)
352 (30.8)
200 (25.3)
541 (47.3)
280 (24.5)
166 (14.5)

140 (12.2)

Intent to be vaccinated
No Not sure
414 (98.3) 300 (99.3)
369 (85.3) 249 (82.5)
400 (95) 279 (92.4)
266 (63.2) 132 (43.7)
356 (84.6) 273(90.4)
372 (88.4) 241 (79.8)
337 (80) 171 (56.6)
62 (14.7) 27(8.9)
92 (219) 45(14.9)
224 (63.2) 100 (33.1)
81(192) 54(17.9)
101 (24) 93(30.8)
370 (87.9) 294 (97.4)
153 (36.3) 218(72.2)
249 (69.1) 223 (738)
356 (84.6) 267 (88.4)
369 (94.1) 274.(90.7)
128 (30.4) 50 (16.6)
125 (29.7) 68(22.5)
220 (62.9) 111(36.8)
301 (71.5) 149 (49.9)
281 (66.7) 231 (76.5)
392 (93.1) 236 (78.1)
296 (70.9) 108 (34.1)
268 (63.7) 84(27.8)
206 (48.9) 84(27.8)
341(81) 200 (66.2)
206 (48.9) 74(24.5)
111 (26.4) 55(18.2)
85(202) 55(18.2)
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B SE. Wald Df P
Sex
Female 001 0.16 0.00 1.00 097
Male Reference
Age group
30-40 years -0.22 0.16 1.89 1.00 0.17
40-50 years 029 0.26 1.26 1.00 026
50-60 years 003 0.36 001 1.00 092
More than 60 years 088 0.35 6.41 1.00 0.01*
18-29 years Reference
Marital status
Not married -055 0.25 474 1.00 0.03*
Married Reference
Do you have children?
No 055 0.25 466 1.00 0.03*
Yes Reference
Are you working/studying in a medical filed?
No -008 0.15 0.29 1.00 059
Yes Reference
Residency
Al Zarga 039 0.20 401 1.00 0.045*
South governorates -0.30 0.39 061 1.00 043
North governorates 027 0.21 1.60 1.00 021
Amman Reference
Do you know someone close to you was infected with COVID-19?
Maybe 017 0.32 0.29 1.00 059
No -0.08 0.14 0.29 1.00 059
Yes Reference
Risk degree
High risk 024 0.18 1.68 1.00 020
Medium risk 025 0.17 215 1.00 0.14
Low risk Reference
Household average monthly income
<500 -0.15 0.19 0.66 1.00 0.42
500-1000 -009 0.16 0.30 1.00 058
More than 1000 Reference
Knowledge score 0.40 004 9984 1.00 <0001
In your opinion, what s the likelihood that you will be infected with corona virus during the next 6 months
I think | will be infected and my symptoms will be severe 0.12 0.29 0.18 1.00 067
I think | will be infected and my symptoms will be mild 0.00 0.15 0.00 1.00 098
1 do ot think that | wil be infected Reference
Estimation of disease seriousness 002 0.03 032 1.00 057

B, B coefficient; SE, standard error; Wald, Wald chi-square test; df, degrees of freedom; p, p-value; OR, odds ratio; Cl, confidence interval. *Significance taken at p < 0.05 (in BOLD),

‘Significance taken at p < 0.01 (in BOLD).

OR

1.01

0.80
075
1.03
242

0.58

178

0.92

1.48
0.74
1.30

1.19
0.93

127
077

0.86

0.91

1.50

113
1.00

1.02

95% Cl for OR

Lower

074

0.58
045
051
122

035

1.05

0.68

1.01
0.34
0.86

0.63
0.70

0.89
0.55

0.60

0.66

1.38

0.64
0.74

0.96

Upper

138

1.10
124
2.09
4.79

0.95

283

1.24

218
1.58
1.96

22
123

1.81
1.09

1.24

1.26

1.62

201
135

1.08
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1G levels (age <47) 22458 +:198.12  274.11:£281.78

Mean=SD 200.0(95.63;298.87) 211.36
Median (IGR) (126.40:310.0)
1gG levels (age >47) 200.75 + 165,55  580.62  487.68
Mean=SD 160.84(20.0,268.87) 412.82
Median (IGR) (165.44:642.93)

0.32

<0.0001

SD, standard deviation; IQR, Interquartile range; Median and IQR were used for data with

no normal distribution.
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Prior COVID-19 experience

Yes (n =81) No(n=271)  pvalue
Age, mean (SD), years 4971(1232)  47.55(1185) 020
Median (IGR) 51(40.75-59.25) 47 (39.0-57.0)

Sex: Male 38 (46.9) 118 (41.7) 0.41
Female 43(83.1) 158 (58.9)

Baseline 79 (97.31) 0 p <0001
SARS-CoV-2-1gG No (%)

Day 180 81(100) 271 (100) p=1
SARS-CoV-2-1gG, No (%)

Day 180 418.81 £ 415.01 21293+ p < 0.0001
SARS-CoV2-lgGlevel  248.96 (140.48-610.0)  182.98

Mean, (SD) BAU/mI 179.79

Median (IGR) (90.0-287.19)

Day 180" 77804+ 40.15 63050 361.46 p=0092
SARS-CoV2-1gG level 630.41 489.93

>384 BAU/ml (648.32-895.72)  (398.31-666.08)

Mean, (SD) BAU/mI

Median (IQR)

Day 180 81 (100) 178(65.89)  <0.0001
Neutralizing antibody >10,

No (%)

Day 180 419.08+£430.75 22027+  p=00009
Neutralizing antibody 231.52 21392

Mean (SD) (138.46-612.16) 200

Median (IQR) (90.0-310-72)

Day 180" 74024 £ 58837 246006517 p=032
Neutralizing antibody 663.36 246,09

>820 Mean, SD (209.04-921.54)  (200.0-202.17)

Median (IQR)

Day 180 IFN-y 81 (100) 267 (98.52) 058
No (%)

>100 miU/ml

Day 180 IFN-y 81 (100) 254 (93.72) 0.0161
No (%)

>200 miU/ml

Day 180 IFN-y 229997 £49125 120124+  p <0.0001
>100 miU/mi Mean (SD) 2,499.0 846.24

Median (IQR) (2,400.0-2,500.0) 9260

(463.0-2,272.0)

“1gG Mean values for subjects with results above the highest threshold of the assay;™
Mean titers of neutralizing antibodies among subjects with titers associated with strong
neutralizing capacity.
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Characteristics Univariable analysis

Multivariable analysis

OR(95%C) P AOR P
(95% Cl)
Age, years 093 <0.001 092 <0.001
(0.92-0.93) (0.92-0.93)
Meale (vs. female) 105 0.376 128 <0.001
(0.95-1.15) (1.11-1.36)
White (vs. others) 0.73 0.007 096 0.780
(058-0.92) (0.76-1.23)
Ever smoke (vs. never) 0.99 0.836 121 <0.001
(0.90-1.09) (1.09-1.35)
Comorbidity Index! 0.91 <0.001 0.99 0.601
(0.88-0.95) (0.95-1.03)
Evertaken  Anytimes 122 0.001 081 0.001
cannabis (1.09-1.87) (0.71-0.92)
(vs. others)
>3 times 124 0.003 0.76 <0.001
(1.07-1.42) (0.65-0.88)
>1 /month* 117 0.087 071 <0.001
(0.98-1.39) (0.58-0.86)

OR, odds ratio; 95% Cl, 95% confidence interval; AOR, adjusted odds ratio.

*Charison-Quan Comorbicity Index was calculated by summing all the weights (from 1 to
6 of each comorbidity category based on inpatient ICD-10 records.

*Maximum frequency of taking cannabis.
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Ptinitials Gender

D'AG
VA

cM

g Tz Tz

Age

35
67
57
57
59
70

1G level
BAU/mI

311.14

172.39

105.53
160
200
80.6

IGRA
titers
miU/ml

905.1
750
420
360
620
100

Neutralizing
antibody
dilution

14.1
71
5
10
20
5
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Hypothetical cohort
(assumed number =
10,000)

Symptomatic persons

Symptomatic persons:
SARS-CoV-2 NIM

Symptomatic persons:
SARS-CoV-2
Alpha variant

Asymptomatic persons

Asymptomatic persons:
SARS-CoV-2 NIM

Asymptomatic persons:
SARS-CoV-2
Alpha variant

“mean (2.5%,97.5%).

Prevalence

rate

0.06
0.10
0.20
0.05

0.10
0.20
0.05

0.10
020
0.006
0.01
0.02
0.005

0.01
0.02
0.005

0.01
0.02

Expected
number of
true
positives

500
1,000
2,000

500

1,000
2,000
500

1,000
2,000

100
200

100
200

100
200

74.32
74.32
74.32
7810

78.10
78.10
7112

Tid2
7112
23.28
23.28
23.28
24.39

24.39
24.39
21.58

21.58
21.58

Specificity
(%)

99.73
99.73
99.73
99.73

99.73
99.73
99.73

99.73
99.73
99.96
99.96
99.96
99.96

99.96
99.96
99.96

99.96
99.96

Number of false
positives (95%
cr

25 (16, 36)
24 (15,34)
21(13,31)
25 (16, 36)

24(15,34)
21(18,31)
25 (16, 36)

24(15,34)
21(13,31)
4(1,9
4(1,9)
4(1,9
4(1,9)

4(1,9)
4(1,9
4(1,9)

4(1,9)
4(1,9)

Number of false
negatives (95%
cr

128 (107, 161)
257 (227, 287)
513 (472, 556)
110(90, 130)

219 (191, 248)
438 (398, 479)
144 (121, 169)

289 (256, 322)
577 (532, 622)
38(27,51)
77 (60, 94)
153 (130, 178)
38(27,50)

76 (59, 93)
152 (128, 176)
39(28,52)

78 (61, 96)
157 (133, 183)
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Hypothetical cohort
(assumed number =
10,000)

Symptomatic persons

Symptomatic persons:
SARS-CoV-2 NIM

Symptomatic persons:
SARS-CoV-2 Alpha variant

Asymptomatic persons

Asymptomatic persons:
SARS-CoV-2 NIM

Asymptomatic persons:
SARS-CoV-2 Alpha variant

“mean (2.5%,97.5%).

Prevalence
rate

0.05
0.10
0.20
0.05

0.10
0.20
0.05

0.10
0.20
0.005
0.01
0.02
0.005

001
0.02
0.005

0.01
0.02

Expected
number of true
positives

500
1,000
2,000

500

1,000
2,000
500

1,000
2,000
50
100
200
50

100
200
50

100
200

Sensitivity
(%)

75.23
75.23
76.23
79.30

79.30
79.30
71.76

71.76
71.76
31.90
31.90
31.90
32.65

32.65
32.65
30.75

30.75
30.75

Specificity (%)

99.60
99.60
99.60
99.60

99.60
99.60
99.60

99.69
99.60
99.82
99.82
90.82
99.82

99.82
99.82
99.82

99.82
99.82

Number of false
positives (95%
c

38 (26, 51)
36 (25, 48)
32 (22, 44)
38 (26, 51)

36 (25, 48)
32 (21, 43)
38 (26, 50)

3625, 48)
32 (21, 44)
18 (10, 26)
18 (10, 26)
17 (10, 26)
18 (10, 26)

18 (10, 26)
17 (10, 26)
18 (10, 27)

18 (10, 26)
17 (10, 26)

Number of false
negatives (95%
ci

124 (103, 147)
248 (218, 278)
495 (454, 537)
104 (84, 123)

207 (180, 235)
414 (376, 454)
141 (119, 165)

282 (251, 316)
564 (519, 609)
34 (23, 46)
68 (52, 85)
136 (115, 159)
3423, 45)

67 (52, 84)
135 (118, 157)
35 (24, 47)

69(53, 85)
139 (116, 162)
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Roche-RDT Abbott-RDT

Covariable OR (95% Cl) P OR (95% Cl) P
Age and sex Age, per year 099096, 1.02) 0557 1.08(0.99, 1.07) 0,008

Men 1.0 reference) 1.0 (reference)

Women 1.14.(0.46, 2.81) 0.776 0.79(0.32, 1.94) 0,605
Ctvalue Ct value on rRT-PCR, per unit 0.68 (0.6, 0.78) <0.0001 0.64 (0.56, 0.74) <0.0001
Reason for testing Referral from physician 1.0 (reference) 1.0 (reference)

Referral from Health Department 053 (0.16, 1.71) 0.287 054(0.47,1.72) 0.207

Miscellaneous reasons 1.95 (0.1, 39.67) 0.665 087 (0.07, 10.66) 0914
Comorbidities No comorbidity 1.0 (reference) 1.0 (reference)

Any comorbidity 0.89(0.34,2.33) 0.807 0.81(0.29, 2.24) 0,681
Clinical symptoms No clinical symptoms 1.0 (reference) 1.0 (reference)

At least one clinical symptom 2.22(0.91,5.38) 0079 551 (2.18, 13.91) 0.0003
SARS-CoV-2 genotype SARS-CoV-2 NIM 1.0 (reference) 1.0 (reference)

N501Y and delHB9/V70 (alpha variant, B.1.1.7) 0.33(0.12,0.95 0.040 0.28(0.1,083) 0,022

“Dependent variables: Positive result of either the Roche-RDT or the Abbott-RDT. Independent variables: age, sex, Ct value, reason for testing, comorbidies, clincal symptoms, SARS-
CoV-2 genotype, all simultaneously included into two single modiels. This means that each OR is adjusted for the full complement of concomitant covariables. The bold values represent
statistical significant values (o <0.05).
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PPV (%) prsse NPV (%)** pron

Roche-RDT  Abbott-RDT Roche-RDT  Abbott-RDT
Al probands 976 99 00717 93 928 <0.0001
Age > median 971 98 05867 924 922 02975
Age < median 9.4 995 07759 943 93 <0.0001
Wormen o8 989 05437 92 927 00149
Men 972 99 0.1865 B4 9238 0.0031
Reason for testing

Referral from o7 99 0.1377 %59 957 0.7907
physician

Referral from % 988 06819 838 87.8 0.0003
Health Department

(mostly contact

persons of

infected patients)

Other 923 95.7 0.7045 o7.7 976 0.3320
Comorbidities

Any comorbidity 98.0 98.9 05627 819 81 0.0025
No comorbicity 975 987 02111 96.6 962 0.0071
Clinical symptoms

Any ciinical 982 988 05469 %2 929 03247
symptoms

No clinical 94.9 982 0.7659 9.4 7 <0.0001
symptoms

Vaccination status

Not vaccinated 98 98.9 02143 929 923 <0.0001
Vaccinated 91.7 957 09912 o7.8 97.9 0.987
Unknown
SARS-CoV-2 genotype (for Ct < 30)

N501Y and 100 100 1 0 0 1

delHBINVTO (Alpha
variant, B.1.1.7)

Variants of 1 1
concern not found

Other oy

“PPV (predictive value of the positive tests): Proportion of true positive RDTS to all positive RDTs.
“PNV (predictive value of the negative tests): Proportion of true negative RDTs to all negative RDTs.
EFF (diagnostic efficiency): The ratio of correctly predicted and correctly excluded SARS-CoV-2.
“Roche-RDT vs. Abbott-RDT (test on equality, based on 5000 bootstrap iterations).

lot defined due to low numbers.

EFF (%)™
Roche-RDT  Abbott-RDT
937 %3
%28 %7
%6 %9
93.6 93.2
938 934
% 9.2
898 8838
976 975
836 87
%7 96.4
% 89
93.5 928
934 %29
975 97.7
774 728
87.7 84

prase

0.0037
0.5433
0.0036
0.0429
0.0676

0.5533

0.0003

0.4843

0.0107
0.0589

0.6727

0.0011

0.0016
0.9888

00021

00835
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Variables

Attime of intubation
Paoy/Fio;
At time of intubation mSOFA
Sedative use
GABA receptor ligand
(any) use
Propofol
Midazolam
Lorazepam
Ketamine
Opioid use
Corticosteroid (any) use
Methylprednisolone
Dexamethasone
Hydrocortisone
Prednisone
Remdesivir use
Hydroxychloroguine use
Antibiotic (any) use
Agithromycin
Anticoagulant (any) use
Enoxaparin
Bivalirudin
Heparin
Apixaban
Argatroban
Rivaroxaban
Warfarin
Fondaparinux
Inhaled nitric oxide use
Vasopressor use
Paralytic / neuromuscular
blockade use
Prone positioning use
Renal replacement therapy
use

Extracorporeal membrane
oxygenation use

Dexmedetomidine

n=152

80(7.6-8.5)

152 (100%)
150 (98.7%)

146 (96.1%)
117 (77.0%)
99 (65.1%)
47 (30.9%)
143 (94.1%)
85 (55.9%)
31(204%)
29(19.1%)
42 (27.6%)
17 (11.2%)
29(19.1%)
52 (34.2%)
139 (91.4%)
46 (30.3%)
143 (94.1%)
128 (84.2%)
32(21.1%)
83(57.9%)
39(25.7%)
7 (4.6%)
11(7.2%)
5(3.3%)
1(0.66%)
6(3.9%)
142 (93.4%)
106 (69.7%)

99(65.1%)
3(2.0%)

5(3.3%)

No

Dexmedetomidine

n=62

132.7 (120.8-144.6) 122.8(101.5-144.1)

83(7.4-9.2)

62 (100%)
62 (100%)

55 (88.7%)
31(50.0%)
13 (21.0%)
6(9.7%)
57 (91.9%)
29 (46.8%)
12(19.4%)
4(6.5%)
14 (22.6%)
58.1%)
4(6.5%)
21 (33.9%)
50 (80.6%)
23(37.1%)
55 (88.7%)
35 (56.5%)
6(9.7%)
34 (54.8%)
4(6.5%)
1(1.6%)
2(3.2%)
3(4.8%)
0(0.00%)
2(3.2%)
45 (72.6%)
42 (67.7%)

24.(38.7%)
1(1.6%)

0(0.00%)

p-value

0.40

055
>0.999
>0.999

0.08
<0.001
<0.001

0.001

055

022

0.86

0.02

045

0.50

0.02

096

0.03

0.33

025
<0.001

0.05

0.68

0.001

0.44

0.36

0.69
>0.999
>0.999
<0.001

077

<0.001
>0.999

032

Continuous variables represented by mean (95% Ci) with p-values represented by
independent samples t-test or Mann-Whitney U test as appropriate; categorical variables
represented by count and (%) of group with p-values represented by Pearson’s chi-
squared test or Fisher's exact test as appropriate. GABA, gamma-aminobutyric acid;
Paoy/Fioz, ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen;
mSOFA, modified sequential organ failure assessment. Bold values indicate p < 0.05.
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Characteristics No p-value
Dexmedetomidine
n=62
Age 60.1(58.1-622)  59.1(649-632)  0.83
Male sex 95 (62.5%) 38(613%) 0.87
Race
American Indian or 0(0.00%) 0(0.00%) >0.999
Aaska Native
Asian 5(3.3%) 1(1.6%) 0.67
Black or Afican 52(34.2%) 27 (43.5%) 020
American
White 38 (25.0%) 15 (24.2%) 090
Other / Not specified 57 (37.5%) 19 (30.6%) 0.34
Ethnicity
Hispanic or Latino 66 (43.4%) 20 (32.3%) 0.13
Not Hispanic or Latino 84 (55.3%) 40 (64.5%) 021
Other / Not specified 2(1.3%) 2(32%) 058
Active Cancer 13 (8.6%) 5(8.1%) 091
Cardiovascular disease
Hypertension 120 (78.9%) 38(61.3%) 0.008
Coronary artery disease 35 (28.0%) 7 (11.3%) 0.05
Congestive heart failure 38 (25.0%) 14 (22.6%) 071
Chronic respiratory disease
Asthma 13 (8.6%) 7 (11.3%) 053
CcoPD 25 (16.4%) 10 (16.1%) 095
Interstitial pulmonary 7 (4.6%) 1(1.6%) 0.44
disease
Obstructive sleep 21 (18.8%) 10 (16.1%) 0.66
apnea
Immunosuppression
HIV 1(0.66%) 0(0.00%) >0.999
History of organ 3(2.0%) 3(4.8%) 036
transplant
Kidney disease
Chronic 49 (32.2%) 13 (21.0%) 0.10
End-stage 15 9.9%) 4(6.5%) 043
Liver disease
Cirrhosis 7 (4.6%) 1(1.6%) 0.44
Chronic
Hepatitis B 0(0.00%) 0(0.00%) >0.999
Hepatitis C 1 (0.66%) 0(0.00%) >0.999
Metabolic disease
Obesity (BMI 2 30-40) 65 (42.8%) 27 (43.5%) 092
Morbid obesity 27 (17.8%) 15 (24.2%) 028
(BMI = 40)
BMI 335(32.1-849) 847 (324-87.0) 036
Diabetes 70 (46.1%) 25 (40.3%) 0.44
Modified Charlson 25(21-2.9) 1.8(1.2-2.4) 007

Comorbidity Index

Continuous variables represented by mean (95% CI) with p-values represented by
independent samples t-test or Mann-Whitney U test as appropriate; categorical variables
represented by count and (%) of group with p-values represented by Pearson's chi-
squared test or Fisher's exact test as appropriate. COPD, chronic obstructive pulmonary
disease; HIV, human immunodeficiency virus; BMI, body mass index. Bold values indicate
p <0.05.
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AstraZeneca (EU)

Reaction

Pulmonary embolism

Dyspnoea

Thiombosis

Cerebral haemorthage
Myocardial infarction

Gerebral venous sinus thrombosis
Cough

Pneumonia

Acute myocardial infarction

Deep vein thrombosis

Moderna (EU)

Reaction

Dyspnoea
Myocardial infarction
Pneumonia

Pulmonary embolism
Cardio-respiratory arrest
Cough

Acute respiratory failure
Respiratory failure
Respiratory arrest
Hypotension

Janssen (EU)

Reaction

Dyspnoea
Thrombosis

Cough

Myocardial infarction
Pulmonary embolism
Cerebral haemorthage

Dizziness
Cerebral venous sinus thrombosis
Deep vein thrombosis
Pneumonia

Pfizer (EU)
Reaction
Dyspnoea

Cardio-respiratory arrest
Myocardial infarction
Pulmonary embolism
Pneumonia

Cerebral haemorthage
Respiratory failure

Acute myocardial infarction
Respiratory arrest

Cerebral infarction

Cases

351

219
218
199
128
106
83
87
73

Cases

342
141
130
100
98

74
73
63
67

Cases

91
65

a7
43

21

19
15

Cases

519
465
375
318
313
257
190
159
140
14

Moderna (US)

Reaction

Dyspnoea
Pneumonia

Cough

Myocardial infarction
Hypoxia

Acute respiratory failure
Acute Kidney injury
Hypotension

Syncope
Cardio-respiratory arrest

Janssen (US)

Reaction

Dyspnoea
Cough

Acute respiratory failure
Pulmonary embolism
Hypoxia

Thrombosis

Acute kidney injury
Hypotension

Cerebral haemorthage
Peumonia

Pfizer (US)

Reaction

Dyspnoea
Cough

Pneumonia

Hypoxia

Acute respiratory failure
Acute Kidney injury
Myocardial infarction
Respiratory failure
Syncope
Cardio-respiratory arrest

Cases

433
147
139
17
101
94
86
84
83
77

Cases

116
44
34
34
32
22
2
a1
19
19

Cases

513
226
174
168
149
127
103
95
82
75

CTC categories excluded: Other reactions, allergic, constitutional, gastrointestinal, and

pain reactions.
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Fibrosis scores

FIB-4

Continuous (n = 294)
FIB-4 < 2.67 (0 = 194)
FIB-4 > 2.67 (1= 100)
APRI

Continuous (1 = 204)
APRI=1.0 (n = 230)
APRI = 10 (0= 64)
NEs'

Continuous (1 = 262)
NFS < 0,676 (n = 163)
NFS > 0676 (1 = 99)

Model 1 was adjusted for sex.

Model 2 was Model 1+ COPD, Diabetes melitus, coronary artery disease, hypertension, Moderate to severe kicney disease, Congestive heart failure.

Cases (%)

31 (10.5)
8(a.1)
23(23.0)

31(105)
16 (7.0
15 (23.4)

28(10.7)
6(37)
22 (222)

Crude

HR (95%Cl)

1.03 (1.01,1.08)"
Ref
6.33(2.83,14.17)"

1.12 (1,08, 1.21)"
Ref
367 (181,7.43)

1.41(1.21,1.65)"
Ref
6.59 (2.67, 16.25)"

Model 1

HR (95%Cl)

1.03 (1.01, 1.05)"
Ref
6.38(2.85, 14.27)"

1.13(1.04, 1.23)"
Ref
3.98(1.95,8.11)"

1.39(1.19, 1.63)"
Ref
6.40 (259, 15.80)"

Model 2

HR (95%Cl)

1.08 (1.01, 1.08)"
Ref
520 (2.26, 11.93)"

1.41(1.01, 1.22)°
Ref
3.42(1.66, 7.06)"

140 (1.17, 1.69)
Ref
530 (2.08, 13.49)"

t . . - &
Model 2 was Model 1+ COPD, coronary artery disease, hypertension, Moderate to severe kidney disease, Congestive heart failure.

Mode! 3. was Model 2+ respiratory SOFA score, Corticosteroids use during hospitalization.

Model 3

HR (95%Cl)

1.02(1.00, 1.05)
Ref
5.13(2.18, 12.07)"

1.08 (0.98, 1.19)
Ref
285 (1.35,6.03)"

1.28(1.06, 1.55)
Ref
447 (162, 10.72)"

BMI, body mess indeex; COPD, chronic obstructive pulmonery disease; ACEI, angiotension converting enzyme inhibitors; ARB, Angiotensin Receptor Blockers; NSAID, non-steroidel anti-
inflammatory ciugs; SOFA, Sequential Organ Faiure Assessment; BUN, blood urea nitrogen; ALT, alamine aminotransferase; AST, aspartate aminotransferase; AL, alkaline phosphatase;
ALB, albumin; FIB-4, Fibrosis-4; APRI, Aspartate Aminotransferase -to-platelet ratio index. *Represents P < 0.05.
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cTC

Allergic

Arythrmia
Haematological
Cardiovascular
Coagulation
Constitutional
Dermatological
Gastrointestinal
Haemorraghe
Neurological
Ocular

Localised pain
Non-localised pain
Pulmonary
Renal/Genitourinary
Sexual organs
Thrombosis

Other reactions

Janssen

RR 95% CI

857 8.15-9.01]
17.77 [15.48-20.39)
27.56 (14.19-53.55]
34.70 (27.15-44.34)
58.80 [37.04-93.34]
18.47 [17.37-19.64]

1.60 [1.50-1.71]
14.47 (13.47-15.54)
16.44 [10.82-24.97)
13.27 [12.52-14.06)
13.03 [11.20-15.16)

3.95 [3.63-4.31]

9.19[8.84-9.55]
18.06[16.20-20.15]
21.16 (12.10-37.00]
97.04 [51.66-182.27]

417.54 [145.56-1197.72)

9.10(8.97-9.22)

Moderna

RR 95% CI

65.58 [62.62-68.68)
56.87 [49.77-64.99]
102,01 [53.28-195.30]
132.48 [104.13-168.53]
115.40 [72.94-182.59]
83.65 [78.74-88.66]
39.56 [37.74-41.47)
62.41 (58.27-66.85]
52,62 (35.13-78.82)
47.04 [44.51-49.72)
40.76 [35.26-47.12)
37.56 (34.91-40.41)
43.79 [42.24-45.40]
70.69 [63.62-78.56]
99.07 [57.63-170.32)
345.89 [184.90-647.06]
659.40 [230.06-1889.96]
45.71 [45.12-46.30]

Pfizer-BioNTech

RR 95% CI

39.26 [37.47-41.13]
70.80 [61.98-80.88]
111.12 (58.07-212.66]
154.38 [121.37-196.35)
132.97 [84.08-210.29]
68.36 [64.41-72.56]
10.17 [9.67-10.69]
57.76 [53.92-61.87)
61.74 [41.26-92.39]
54.57 [51.64-57.67)
46.51 [40.25-63.75)
19.57 [18.16-21.09]
3821 [36.85-39.62)
85.32 [76.80-94.80]
113.13 (65.84-194.87)
572.52 [306.24-1070.35)
777.70 (271.39-2228.54)
44.14 [43.58-44.71]
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Fibrosis scores

FIB-4
Continuous (n = 204)
FIB-4 < 2.67 (0 = 194)
FIB-4 > 2.67 (1 = 100)
APRI

Continuous (1 = 204)
APRI < 1.0 (0 =230)
APRI> 1.0 (0= 64)
NFs'

Continuous (n = 262)
NFS < 0,676 (n = 163)
NFS > 0676 (n = 99)

Model 1 was adjusted for sex.

Cases (%)

237 (80.6)
170 (87.6)
67 (67.0)

237 (80.6)
195 (84.8)
42 (65.6)

210(80.2)
146 (89.6)
64 (64.5)

Crude

HR (95%Cl)

0.95 (092, 0.99)"
Ref
0.51(0.38,0.68)"

0.90 (0.83, 0.99)"
Ref
055 (0.39, 0.76)"

0.86 (0.80, 0.91)"
Ref
0.46 (034,061

Model 1

HR (95%Cl)

095 (092, 0.99)"
Ref
0.51(0.38,0.68)"

0.90 (0.83, 0.99)"
Ref
054 (0.38, 0.75)"

086 (0.80, 0.91)"
Ref
0.46 (0.34,061)"

Model 2

HR (95%Cl)

0.96(0.93, 1.00)"
Ref
052 (0.38, 0.69)"

091 (0.84, 1.00)"
Ref
055 (0.39, 0.77)"

0.83(0.78, 0.90)"
Ref
0.41(0.30, 0.58)

Model 3

HR (95%Cl)

0.98(0.95, 1.01)
Ref
062 (0.46, 0.84)"

0.96(0.89, 1.04)
Ref
0.62(0.44,0.87)"

0.87 (0.81,0.94)"
Ref
050 (0.35, 0.69)"

Model 2 was Model 1+ COPD, Diabetes melitus, coronary artery disease, hypertension, Moderate to severe kidhey disease, Congestive heart faiure, A prior myocardial infarction,

erebrovascular disease.

Model 2 was Model 1 + COPD, coronary artery disease, hypertension, Moderate to severe kidhney disease, Congestive heart faiure, A prior myocardial infarction,

Cerebrovascular disease.

Mode! 3 was Model 2+ respiratory SOFA score, Corticosteroids use during hospitalization.

BMI, body mass index; COPD, chronic obstructive pulmonary disease; ACE, angiotension converting enzyme inhibitors; ARB, Angiotensin Receptor Blockers; NSAID, non-steroidal anti-
inflammatory ciugs; SOFA, Sequential Organ Faiure Assessment; BUN, blood urea nitrogen; ALT, alamine aminotransierase; AST, aspartate aminotransferase; ALR, alkaline phosphatase;
ALB, albumin; FIB-4, Fibrosis-4; APRI, Aspartate Aminotransferase -to-platelet ratio index. *Represents P < 0.05.
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cTC

Alergic
Arrythmia
Haematological
Cardiovascular
Coagulation
Constitutional
Dermatological
Gastrointestinal
Haemorraghe
Neurological
Ocular

Localised pain
Non-localised pain
Pulmonary
Renal/Genitourinary
Sexual organs
Thrombosis

Other reactions

Influenza cases

3197
384
16
116
32
1925
3120
1447
42
2249
329
1298
5281
611
23
17
6
41992

Rn

0.89
0.1
0.00
0.03
0.01
0.53
0.86
0.40
0.01
0.62
0.09
0.36
1.46
0.17
0.01
0.00
0.00
11.63

Cases

15597
3884
251
2201
1071
20242
2844
11916
393
16985
2440
2922
27614
6282
217
939
1426
217461

Janssen

Re

7.59
1.89
0.12
111
0.52
9.85
1.38
5.80
0.19
827
1.19
1.42
13.44
3.06
0.13
0.46
0.69
105.83

Moderna

Cases

119339
12431
929
8747
2102
91652
70249
51404
1268
60221
7633
27747
131636
24586
1207
3347
2252
1092460

Re

58.08
6.05
0.45
4.26
1.02

4456

34.19

25.02
0.61

29.31
371

13.50

64.06

11.97
0.63
1.63
1.10

531.66

Pfizer-BioNTech
Cases Re
71438 3477
15476 753

1012 0.49
10193 4.96
2422 1.18
74901 36.45
18080 8.79
47570 23.16
1476 072
69858 34.00
8710 424
14459 7.04
114852 55.89
29674 14.44
1481 072
5640 270
2656 1.29
1086122 513.49

Denominators of Ry and Re: 3.61 x 10® and 205, 482,061 exposed individuals, respectively. Only the last two decimals of the risk estimates are reported.
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Characteristics

Age, years

Sex, male

Race

White or Caucasian

Black or African American
Others

BMI, kg/m?

Scores, FIB-4

Chronic health conditions
Peripheral vascular disease
COPD

Hypertension

Coronary artery disease
Diabetes melltus

i N  §
Moderate to severe kidney disease’

Congestive heart failure
Prior myocardial infarction
Cerebrovascular disease
Liver diseases

Home medication
Corticosteroids

ACE inhibitors

ARB

NSAIDs

Symptoms of acute respiratory infection

Cough
Fever

Shortness of breath
Sore throat

Pre-medication up to randomization

Hydroxychloroquine
Remdesivir
Lopinavir/ritonavir
Corticosteroids
Azithromycin

Chioroquine

In-hospital medication
Corticosteroids
Tociizumab

Sarilumab

Interferon
Immunomodulating medication
Bilateral opacities/infirates
Lab test

Respiratory SOFA score

Systolic blood pressure, mmHg
White blood cell count, /mm?®
Hemoglobin, g/dL.

Platelet, /mm3

BUN, mg/dL.

AST, UL

ALT, UL

ALP, UL

ALB, g/dL

Total}

(n=294)

565+ 156
176 (69.9)

127 43.2)
74(25.2)
97 (230)

31.1 (268,
37.1)

1.89(1.19,
3.45)

12 (@4.1)
268.8)
152 (51.7)
21(7.9)
107 (36.4)
27(9.2)
25(8.5)
15 (6.1)
1768)
72.4)

32(109)
44.(15.0)
28(9.5)
41(13.9)

171 (58.2)

170 (67.8)

216 (73.5)
20(6.8)

2(07)
18(6.1)
0(0.0)
2702

94 (32.0)
0000

67 (22.8)
21(7.1)
009
0(0.0)
4(1.4)
192 (65.9)

2.00(1.00,
2.00)

109.0(99.0,
123.0)
6,190 (4,300,
8,008)
129(115,
14.2)
217.5 (1628,
2705)
14.0(110,
26.0)

415 (288,
66.3)

300(198,
52.5)

75.0 (58.0,
95.0)

35(3.1,3.9)

<267
(n=194)

5210+ 145
116 (59.8)

81(418)
46 (23.7)
70 (36.1)"

312(7.4,
38.4)

1.46 (1.01,
1.89)

736
15 (7.7)
91 (46.9)
8(a.1)
65(33.5)
116.7)
10(5.2)
9(4.6)
8(a.1)
4@2.1)

16 (8.2)
26 (13.4)
17 88)
26 (13.4)

118 (60.8)

108 (85.7)

147 (75.8)
15(7.7)

2(1.0

16.7)
0(0.0)

18(93)
59 (30.4)
0(0.0)

39(20.1)
16.7)
0(0.0)
0(0.0)
2(10

123 (63.4)

1,00 (1.00,
2.00)

110.5 (101.3,
123.8)
6,500 (4,600,
8,450)
130(11.7,
14.2)
243.0 (1050,
199.0)
135 (100,
21.0)

35.0(25.0,
483)

27.0(188,
4739)

740 (583,
93.0)

361,39

FIB-4

>2.67
(n = 100)

64.95 £ 14.1"
60 (60.0)

46 (46.0)
28(28.0)
27 (27.0)

20.4(265,
35.9)

4.433.41,
6.56)"

5(5.0)
11(11.0)
61(61.0)"
13 (18.0)"
42 (42.0)
16 (16.0)°
15 (15.0
6(6.0)
9(9.0)
3(30)

16 (160
18 (18.0)
11(11.0
15 (15.0)

53(53.0)

62 (62.0)

69 (69.0)
5(5.0)

0(0.0)
700
0(0.0)
9(9.0)

35(35.0)
0(0.0)

28(28.)
10 (10.0)
0(0.0)
0(0.0)
220
69(99.0)

2.00(1.00,
3.00)
106.0 (96.0,
120.0)
5,300 (4,080,
6,700)"
12.8(113,
14.4)
1465 (117.3,
199.3)"
19.5(12.0,
35.8)"

67.0(42.5,
111.0)"

385(24.0,
65.01

76.0(88.0,
104.0)

34@3.1,38)

(IQR) for non-normally distributed data, M £ SD for normally distributed data, and n (%) for categoric variables.
BMI, body mass index; COPD, chronic obstructive pulmonary disease; ACEI, angiotension converting enzyme inhibitors; ARB, Angiotensin Receptor Blockers; NSAID, non-steroidal anti-inflammatory drugs; SOFA, Sequential Organ
Failure Assessment; BUN, blood urea nitrogen; ALT, alamine aminotransferase; AST, aspartate aminotransferase; ALF, alkaline phosphatase; ALB, albumin; FIB-4, Fibrosis-4; APRI, Aspartate Aminotransferase -to-platelet ratio index.
t

Moderate to severe kidney disease was defined as Cr >3, ESRD, chart diagnosis of CKD stage 5 (eGFR <15 mL/min/1.73m) not on dialysis.

*Excluding patients with missing values for ALT, AST and PLT.

$Excluding patients with missing values for BMI, ALT, AST, PLT, and ALB. *Represents P < 0.05.

APRI

<10
(n=230)

56.00 % 16.1
182 (67.4)

93 (40.4)
61(26.5)
79(34.3)

31474,
37.7)

0.42(0.26,
0.60)

10(4.3)
208.7)
116 (50.4)
16(7.0)
83(36.1)
19(83)
19(83)
12(52)
12(52)
6(26)

22(9.6)
33(14.3)
208.7)
21(13.9)

185 (58.7)

133 (57.8)

168 (73.0)
17 (7.4)

2(09)
15(6.5)
0(0.0)
22(06)

69(30.0)
0(0.0)

49219
1366.7)
0(0.0)
0(0.0)
3(13)

146 (66.7)

1.00 (1.00,
2.00)

110.0(100.0,
123.0)
6,300 (4,450,
8,300)
12.9(11.5,
14.1)
233.0(185.8,
286.5)
14.0(110,
24.0)
37.027.0,
49.0)

250(17.8,
43.0)

75.0(88.38,
93.0)

36(3.1,39)

>1.0
(n=64)

59.50 + 14.6
44(68.8)

34/(53.1)
18 (203)
18 (28.1)

30.1 (258,
36.0)

1,66 (1.20,
281)°

2@3.1)
6(9.4)
36(56.3)
5078
24(375)
8(12.5)
6(9.4)
3(.7)
5(7.8)
1(1.6)

10(15.6)
1(172)
8(12.5)
9(14.1)

36(56.3)

37(578)

48(75.0)
4(4.7)

0(0.0)
3(4.7)
0(0.0)
5(7.8)

25 (39.1)
0(0.0)

18(28.1)
8(12.5)
0(0.0)

0(0.0)

1(1.6)

46 (73.0)

2.00(1.00,
3001

106.5 (935,
121.5)
5,300 (4,000,
7,050)
18.4(119,
14.9)
145.5 (1093,
2023y
17.5(113,
35.0)

95.0(735,
156.5)"

62.0(383,
928

770675,
140.0)

35(3.1,38)

Total®

(n=262)

56.16% 155
155 (59.2)

112 (42.7)
70(26.7)
83(31.7)

314 (274,
37.4)

0.06(~1.18,
1.59)

10(38)
218.0)
135 (51.5)
19.(7.3)
94(35.9)
22(8.4)
22(8.4)
15(5.7)
14(53)
623

30(115)
41(156)
27(103)
34 (18.0)

154 (18.8)

151 (57.6)

196 (74.8)
16(6.1)

2008
16(6.1)
0(0.0)
23(8.8)

86(32.8)
0(0.0)

62(23.7)
218.0)
0(0.0)
0(0.0)
4(15)
172 (65.6)

2.00(1.00,
2.00)

109.0 (99.0,
123.0)
6,200 (4,240,
8,175)
13.0(116,
14.8)
216.0(162.0,
272.9)
14.0(11.0,
250)

41.0(290,
66.3)

30,0 (200,
525)

75.0(57.5,
93.0)

36(@3.1,39

NFsS

<0676
(n=163)

53.36 + 15.4
102 (62.6)

69 (42.3)
36(22.1)
59(36.2)

20.4(25.9,
20.4)

-086
(~1.80,
~0.17)

5@.1)
10 (6.1)
74(45.4)
6(3.7)
34(20.9)
6(.7)
6(3.7)
12(7.4)
6(3.7)
201.2)

19(11.7)
21(12.9)

16(08)
19(11.7)

96 (58.9)
90(55.2)

121 (74.2)
11(6.7)

2(1.2)
8(4.9)
0(0.0)
19(11.7)
47 (288)
0(0.0)

32(196)
10(6.1)
0(0.0)
0(0.0)
2(12)

107 (69.0)

1.00 (1.00,
2.00)
112.0 (102.0,
124.0)
6,500 (4,700,
8,700)
132121,
14.4)
243.0(196.0,
311.0)
13.0 (100,
19.0)
380 (27.0,
61.0
31.0 (210,
59.0)
750 (67.0,
90.0)
3633, 4.0)

>0.676
(n =99)

60.77 £ 14.5"
53(53.5)

43 (43.4)
34343
27 (24.3)

345 (202,
43y

1.96 (1.19,
288

5(.1)
11 (11.1)
61(61.6)
143 (18.4)"
60 (60.6)"
16(16.2)"
16(16.2)
3(3.0)
8(8.1)
440

1(11.1)
20(20.2)
11(11.1)
15 (15.2)

58(58.6)

61(61.6)

75 (75.8)
5(6.1)

0(0.0)
8(8.1)
0(0.0)
4(4.0y

39(30.4)
0(0.0)

30(303)
11(11.1)
0(0.0)
0(0.0)
220
65 (68.4)

200 (1.00,
3.00)

106.0 (95.0,
122,07
5,800 (4,125,
7,450)
12,5 (108,
144
1780 (127.0,
219,07
21.0(13.0,
35,01

47.0 34.0,
7907

280 (180,
43.0)

74.0 (59.0,
1015)

33(28,3.7)
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Variable

Age (median, IGR) in years
Male
Preexisting medical conditions
Diabetes
Hypertension
Asthma
Missing
Other
Previous SARS-CoV-2 infection
Vaccinated against COVID-19

Presence of respiratory symptoms at the time of testing

Cough

Difficulty breathing

Fever

Loss of taste/smell

Muscle ache

Upper respiratory symptorms
Positive SARS-CoV-2 PCR

Asymptomatic infection

n (%) (0 =991)

402 (32.3-47.8)
932 (94.0%)
63(6.9)
34(539)
24 (38.1)
3(47)
463
5079
28(2.8)
248 (25)
30(30)
17 (56.6)
2(66)

16 (53.3)
189
4(13.3)
2(66)
62(6.2)
48(77.4)





OPS/images/fpubh-09-756633/fpubh-09-756633-t003.jpg
cTC

Allergic

Arythmia
Haematological
Cardiovascular
Coagulation
Constitutional
Dermatological
Gastrointestinal
Haemorraghe
Neurological
Ocular

Localised pain
Non-localised pain
Pulmonary
Renal/Genitourinary
Sexual organs
Thrombosis

Other reactions

AstraZeneca

RR 95% CI

27.73 [26.14-29.41)
27.43 [23.17-32.48)
7.00[2.76-17.75)
28.18 (22.95-34.61)
81.60 [39.89-166.93)
58.56 [54.65-62.76]
501 [4.72-5.32]
38.17 [34.92-41.71)
3091 [21.43-44.58)
25.60 [28.71-27.64)
39.28 [31.08-49.65]
15.00 (13.81-16.29)
35.37 [33.49-37.87)
16.59 [14.68-18.74]
9.82 (5.88-16.40)
344,91 [146.10-814.27]
207.03 [110.79-386.86)
2139 [20.79-22.00)

Janssen

RR 95% Cl

1.97 [1.85-2.10]
2.25 [1.88-2.69]
3.44[1.33-8.91]
4.13[3.85-5.11)
16.19 [7.87-33.30)
682 (6.36-7.32)
0.72[0.67-0.77]
283 [2.68-3.11]
256 [1.73-3.74]
1.83(1.68-1.98)
2.44(1.90-3.12)
1.66 (1.43-1.71)
2.96 [2.79-3.13]
1.75 [1.54-2.00]
1.71(0.99-2.96]
44.37 [18.75-105.03]
41.19 [22.00-77.11)
1.98(1.92-2.04)

Moderna

RR 95% CI

8.28(7.80-8.78)
15.22 [12.85-18.04)
2.03[0.76-5.41)
17.62 (14.34-21.65)
12.80(6.21-26.37)
16.51[16.40-17.70)
6.235.87-6.61]
11.08 (10.08-12.06)
9.41 [6.50-13.62)
7.99 [7.40-8.64)
10.19 [8.04-12.91)
7.63(7.02-8.30]
9.72[9.20-10.28)
9,60 (8.57-10.96]
10,56 (6.32-17.61)
174.19 [73.76-411.39]
50.92 (32.03-112.00]
8.02 [7.79-8.25)

Pfizer-BioNTech

RR 95% CI

2159 [20.36-22.90]
42.91 [36.25-50.79]
16.18 [6.45-40.59]
54.44 [44.36-66.82)
52.71 [25.75-107.91)
50.22 [46.86-53.82]
763 [7.19-8.09]
36.60 [33.48-40.00]
30.34 [21.03-43.75]
28.35 (26.26-30.61)
3451 [27.30-43.62)
25.05 (28.07-27.20)
34.64 [32.80-36.60]
27.56 [24.41-31.12)
18.01 [10.82-29.97)
926.63 (392.61-2187.06)
149.93 [80.22-280.21]
25.29 [24.58-26.01)
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cte Influenza cases
Alergic 1941
Arrythmia 235
Haematological 8
Cardiovascular 159
Coagulation 13
Constitutional 1392
Dermatological 1966
Gastrointestinal 848
Haemorraghe 50
Neurological 1144
Ocular 122
Localised pain 990
Non-localised pain 2225
Pulmonary 455
Renal/Genitourinary 2
Sexual organs 9
Thrombosis 17
Other reactions 8450

Denominators of Ry and Re: 7.71 x107 and 246,534,547 exposed individuals age 18 and older, respectively. Only the last two decimals of the risk estimates are reported.

Ry

252
0.30
0.01
021
0.02
1.81
2565
1.10
0.06
1.48
0.16
1.28
2.89
0.59
0.03
0.01
0.02
10.96

AstraZeneca

Cases

172092
20614
179
14328
3392
260666
31509
103489
4942
93643
15325
47475
251668
24134
816
9926
11254
577904

Re

69.80
836
0.07
5.81
1.38

105.73

12.78

41.98
2.00

37.98
6.22
19.26

102.08
979
033
4.03
456

234.41

Janssen
Cases R
12216 4.96

1690 0.69
88 0.04
2102 0.85
673 0.27
30361 12.32
4534 1.84
7684 3.12
407 0.17
6680 27
951 0.39
4936 200
21036 8.63
2550 1.08
142 0.08
1277 0.62
2239 091
53467 21.69

Moderna
Cases Re
51360 20.83
11438 464

52 0.02
8959 3.63
532 022
73477 29.80
39148 15.88
20897 12.13
1504 061
29240 11.86
3976 161
24161 9.80
69183 28.06
14101 572
877 036
5013 2.03
3257 1.32
216670 87.89

Pfizer-BioNTech

Cases

134015
32245
414
27679
2191
223516
47936
99231
4850
103704
13463
79290
246484
40103
1497
26667
8150
683218

Re

54.36
13.08
0.17
11.23
0.89
90.66
19.44
40.25
1.97
42,068
5.46
32.16
99.98
16.27
061
10.82
331
277.13
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EudraVigilance VAERS

Exposed Cases R RR99% CI Exposed Cases R RR99% CI
Death cases

Age®® 18-64 Years 183,061,142 3,750  2.083 Ref. 15,2704,862 1,781 1.166 Ref.

More than 65 Years 63,473,405 11,200 17.659 8.60[8.19-9.03] 52,777,199 5297  10.037 8.61[8.02-9.23]
Sex Female 1232672735 7,202 5843 Ref. 102,741,030 3,029 2948 Ref.

Male 1232672735 8330  6.758 1.16[1.11-1.21] 10,2741,080 3970  3.864 1.31[1.23-1.39]
COVID vaccine Astra 34,643,783 3574 10316 2.09[1.88-2.32)

Janssen 14,723,578 727 4.938 Ref. 17,509,539 636 3.632 Ref.

Moderna 24957523 3680  14.745 2.99[2.69-3.32) 80561024 3238 4.019 1.11[0.99-1.24]

Pfizer 172,200,328 7,920  4.604 0.93 [0.84-1.03] 107,411,499 3204 2983 0.82 [0.73-0.92]
All COVID vaccines 246,534,547 15910 6.453  42.53([33.49-54.01] 205,482,061 7,078  3.445 345.42[224.61-531.20]
Influenza vaccines 7.71e+07 17 0152 Ref. 3.61e+08 36 001 Ref.

Hospitalisations

Age 18-64 Years 183,061,142 54,786 29.928 Ref. 15,2704,862 16,990 11.126 Ref.

More than 65 Years 63,473,405 33,872 53.364 1.781.75-1.82) 52,777,199 16,799  31.83 2.86 [2.78-2.94]
Sex Female 1232672735 51,885 42.091 Ref. 102,741,030 17,862 17.385 Ref.

Male 1232672735 39,879 32352  0.77[0.76-0.78]  10,2741,030 15812 1539 0.89 (0.86-0.91]
COVID vaccine Astra 34,643,783 25,453 73.471 2.56 [2.45-2.67]

Janssen 14,723,578 4231 28.736 Ref. 17,509,639 3670  20.96 Ref.

Moderna 24,957,523 19,864 79.501 2.77 [2.65-2.89) 80561024 13628  16.916 0.81[0.77-0.85]

Pfizer 172209328 43420 26.214 0.88 [0.84-0.91] 107,411,499 16,491 15.353 0.73[0.70-0.77]
All COVID vaccines 246534547 92988  37.71  45.71[41.26-50.65] 205,482,061 33,789 16.444 189.65 [163.85-219.53]
Influenza vaccines 7.71e+07 636 0.825 Ref. 3.61e+08 313 0.087 Ref.

Life-threatening reactions

Age 18-64 Years 18,3061,142 13,997  7.646 Ref. 152,704,862 57,07  3.737 Ref.

More than 66 Years 63,473,405 7,248 11419 1.49 [1.44-1.55] 52,777,199 3,139 5948 1.69 [1.50-1.69]
Sex Female 1232672735 12,122  9.834 Ref. 102741030 4858 4.728 Ref.

Male 1232672735 9785 7.938 0.81[0.78-0.84] 102,741,030 3958  3.852 0.81[0.77-0.86]
COVID vaccine Astra 34643783 7534 21747  2.75[2.54-2.99

Janssen 14723578 1163 7.899 Ref. 17509539 1108 6.328 Ref.

Moderna 249,57,523 4,336  17.374 2.20[2.02-2.39] 80,561,024 3535 4.388 0.69 [0.63-0.76]

Pfizer 172,209,328 9,221 5.365 0.68 [0.63-0.73] 107,411,499 4,208 3913 0.62 [0.567-0.67]
All COVID vaccines 246,534,547 22,254 9.027  56.13[44.51-70.78] 205,482,061 8,846  4.305 196.72 [147.04-263.19]
Influenza vaccines 7.71e+07 124 0.161 Ref. 3.61e+08 79 0.022 Ref.

Ref: Reference category for the estimation of the relative risks.

4The number of exposed individuals aged 18 to 64 years in the European Union corresponds to the interval 18-69 years since the offiial EU statistics on vaccination coverage contains
only 10-year age intervals.

bGermany, Liechtenstein and Netheriands supply total numbers only. Based on national health authorities estimates, the number of exposed individuals in the 18-69 age interval is
about 60%.
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Regression model HR aHR  p-value

Multivariable! Cox regression (DEX use) 019 <0.001
(0.10-0.33)

Univariable Cox Regression (DEX use) 025 <0.001

(0.16-0.39)

Multivariable! Cox Regression (DEX use) 051 0.03

with DEX use as a time-varying covariate (0.28-0.95)

Univariable Cox Regression (DEX use) 0.56 0.02

with DEX use as a time-varying covariate (0:35-0.91)

Values represented by hazard ratio (HR) or adjusted hazard ratio (aHR) (95% CJ). Variables
in multivariable analysis include: () DEX use (i) age at hospitel admission; (i) body mass
index (BMI) at hospital admission; (i) mCCl at hospital admission; (v) Paoa/Fioy at
intubation; (vi) mSOFA at intubation; (vi) corticosteroid use; (viij) prone positioning use.
DEX, dexmedetomidine. Bold values indicate p < 0.05.
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Patients’
characteristics

Sex
Age (years) [median (range, IQR)}
Asymptomatic

Symptomatic

Symptoms*

Presentation to ED within the first
week of symptom onset*

Male
Female
50 (18-89, 27)

First-visit
Previously diagnosed
Fever

Cough
Headache
Dyspea
Diarrhea
Weakness
Myalgia
Pharyngodynia
Anosmia
Ageusia
Emesis
Rhinorrhea

No of patients
(n =263)

148 (56%)
115 (44%)

218%)
212 (81%)
30 (11%)
188 (78%)
98 (40%)
37 (15%)
31(13%)
29 (12%)
28 (12%)
24 (10%)
21 (9%)
14 (6%)
13 (5%)
12 (6%)
3(1%)
235 (97%)

*Percentages were calculated based on the number of symptomatic patients (n = 242).

ED, emergency department.
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Variable

Gender

Age

Education

Marital status

Length of hospitalization

Group

Femal
Male

20-30

31-50

Over 50

Under diploma
Diploma to graduate
Higher than graduate
Marie

Single

<1 week

1-2 weeks

More than 2 weeks

Frequency

15
18
8
12
13
9
15
s
20
13
15
1
7
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Questions

How did you find out you had COVID-19? What was your reaction? Explain.
How did you feel about yourself and others when you found out you had
COVID-19? What were you thinking of?

What problems did you face physically and mentally after having COVID-19?
How did your family, medical staff and others react and how did you feel
about them?

What made you more annoyed during the treatment? Explain.

What changes have taken place in your relationship with your family
members? Explain.

How did you calm down after getting COVID-19?

During treatment, what strategies did you use to cope with COVID-19?
Explain.
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Outcome

Vaccines acceptance

Subgroup:
Study designs

Sampling methods

Regions

Population

Gender

Vaccines effectiveness

Survey time

aTest for overall effect.

Total
Cohort

Cross sectional
Descriptive
Longitudinal
Combination

Total

Probabilty
Non-probablity

Total

African

American

Eastern Mediterranean
European

South-East Asian
Western Pacific

Total

College students
General adult
Healthcare workers
High risks

Parents and caregivers
Total

Male

Female

Total

At90% effective

At 95% effective

Total

First survey

Second survey

No. of studies

170

170

138

23

81

27

54

165

35

33

46

32

170

105

33

23

89

89

89

Proportion
(95% CI)

061
(059, 0.64)

061
(0.59,0.64)
0.77
(0.78,081)
0.60
(057,0.69)
069
(062, 0.75)
0.64
(0.49,0.78)
039
(0:37,0.40)
061
(058, 0.65)
061
(0.55,0.67)
062
(0.57,0.66)
062
(059, 0.64)
053
(0:39,0.67)
062
(057,067)
052
(0.45,0.59)
065
(059,0.71)
074
(0.64,084)
0.66
(060,0.79)
061
(059, 0.64)
062
(052,0.79)
061
(0.58,0.65)
063
(056,0.71)
061
(052, 0.70)
052
(0.40,0.65)
0.60
(0.56,0.65)
064
(0.67,0.71)
057
(048, 0.65)
071
(0.68,0.79)
062
(0.40, 0.84)
077
(0.69,0.85)
065
(0.54,0.75)
068
(0.56,0.79)
062
(0.43,0.81)

7 (%)

100

100

100

100

NA

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

p-value®

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

NA

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0001

p <0.001

p <0001

p <0001

12 diff (%)

s

448

365

p-value®

p <0.001

0.82

0.004

0.66

0.18

021

0.64
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Reference assay

+ 4+ | m

RdRp/S

+ 4+

+ o+

Biological Specimens

NP swabs (no. of samples)

134

1,081

Saliva (no. of samples)

87

1,127

Results

SARS-CoV-2 detected

Inconclusive
SARS-CoV-2 not detected
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Characteristics

Age, years

Male (vs. ferale)

White (vs. others)

Ever smoke (vs. never)

Comorbidity Indext

Ever taken cannabis (vs. others)  Any times
>3 times
>1/month®

‘COVID-related survival

HR (95% CI)

1.18 (1.18-1.24)
2.96 (1.66-5.63)
240 (0.33-17.41)
2.90 (1.66-5.39)
1.43 (1.28-1.59)
050 (0.23-1.12)
069 (0.27-1.79)
128 (0.51-3.24)

P

<0.001
0.001
0.385
0.001
<0.001
0.002
0.426
0.598

HR, hazard ratio; 95% Cl, 95% confidence interval: AHR, adjusted hazerd ratio.
" Ghartson-Quan Comorbiaity Index was caloulated by summing all the weights (fom 1 to 6)of each comorbidty category based on inpatient ICD-10 records.

*Maximum frequency of taking cannabis.

AHR (95% Cl)

147 (1.11-1.28)
1.79 (0.98-3.45)
089 (0.12-6.63)
1.71(0.88-3.34)
1.25 (1.00-1.44)
087 (0.38-2.02)
1.58 (0.60-4.16)
2.81(1.04-7.59)

P

<0.001
0.082
0.908
0.113
0.001
0.763
0.357
0.041

HR (95% CI)

1.18 (1.13-1.23)
2.40 (1.39-4.16)
1.69 (0.41-6.95)
2.43 (1.42-4.15)
1.41 (1.27-1.55)
052 (0.26-1.06)
054 (0.22-1.36)
1.00 (0.40-2.49)

Overall survival

P

<0.001
0.002
0.465
0.001
<0.001
0.068
0.191
0.993

AHR (95% CI)

147 (1.12-1.23)
1.48 (0.85-2.60)
068 (0.16-2.88)
1.41(0.79-2.50)
1.23 (1.08-1.39)
089 (0.42-1.86)
1.17 (0.45-3.02)
1.93 (0.73-5.08)

P

<0.001
0.168
0.601
0.245
0.002
0.749
0.750
0.185
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Variables Pre-COVID-19 peak
cardiovascular
response, n =6,

mean (SD)

*HR, bpm 71.46 (1.93)

®HRV, ms 58.33 (10.67)

°RR, count 13.98(0.35)

Skin temperature 0.06 0.16)

deviation, Celsius

Sleep duration, 9.42 (0.99)

hours

Stages of sleep,

hours

Deep 1.98(0.33)

IREM 1,62 (0.36)

Light 4.10(0.23)

“'p < 0.05, and *"'p < 0.01.
3HR, resting heart rate.

bHRV, resting heart rate variability.
°RR, resting respiratory rate.
9REM, rapid eye movement.

COVID-19 peak T-test
cardiovascular  (pre-peak
response,n =6,  vs. peak)
mean (SD)
7856 (4.65) 0.006"*
41.42 (11.85) p=0027"
14.47(040)  p=0.048"
0.12(0.30) p=08661
805 (2.31) p=0213
157 (0.22) P =0029"
1.23(0.59) p=0198
3.26(1.82) p=0.157
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Codes

Experiences and
challenges

disease adaptation
strategies

Subcategories

Ignoring the disease

Blaming

Physical health
disorders

Mental health problems
Guilt and remorse

Being blamed
Living a ife of
disappointment and
ambiguity

Emotional challenges

Frustrating reactions.
from others

Helplessness and
limitation

Spirituality

Increasing knowledge
about COVID-19

Doing useful and fun
activities

Participating in
treatment
Strengthening one’s
spirit and hope

Trying to make up for
past mistakes

Virtual communication

Categories

Denial of the disease, denial of the symptoms of the disease, delay in seeing a doctor, considering the symptoms
of the disease as a cold, not observing health issues at the beginning of the disease

Blaming themselves, blaming others, blaming government officials, blaming the Chinese lifestyle

Shortness of breath, high fever, dry and severe cough, deliium, nausea, fatigue and exhaustion, loss of smell and
taste, sleep and eating disorders

Aggression toward family and medical staff, depression, extreme stress and fear, suicidal ideation, wishing to die,
growing negative feelings toward others, tendency to take revenge on society

Felt guilt and remorse due to not observing health protocols, fell guilty for increasing the burden on nurses and
medical staf, feel guilty for disrupting the lives of family members and endangering their health

Blamed by the medical staff, being blamed by family members, being blamed by friends and relatives

Fesling of failure and hopelessness in treatment, prolongation of the treatment process, worry about long-term
complications of the disease, ambiguity of burial condition, ambiguity about the future condition of the disease

Disorders in emotional and sexual relationships with spouse, disorders in relationships with chidren and other
family members, disorders in relationships with friends and relatives, distance from family in difficult moments of
ilness

Not understanding the patient's condition, talking about death and burial before the patient, not having hope for
the patient's survival, putting fear and stress into the patient

Tired of staying home, tired of prolonged treatment, restrictions on going out, deprivation of daily recreation,
restrictions on work activities

Benediction, prayer, making oblation, donating a part of their property to charity and religious organizations,
considering the disease as a test of God and seeing God's wisdom in the creation of the disease

Learning about ways of COVID-19 transition, learning about COVID-19 treatment, learing about the possible
effects of COVID-19, learning about how to care for and quarantine at home

Reading books, doing educational and work projects, watching movies

Caring the other family members, taking medication on time, listening to nurses and doctors, staying in home
quarantine, observing health principles, enough eating and sleep

Optimism, avoidance of negative news, avoidance of (ignoring) cyberspace news and rumors, watching hopeful
movies, talking with inspiring people, communicating with patients recovered from COVID-19

Asking for forgiveness from others, reconciing with others, making up for bad deeds, calling old friends and
reviewing memories

Making voice and video calls with family members and friends, creating a Telegram group and sharing their
experiences
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Variables

SHR, beats per minute
(bpm)

®HRV (RMSSD),
millsecond (ms)

°RR, count

Skin temperature
devation, Celsius

Sieep duration, hours
Stages of sleep, hours
Deep

IREM

Light

Pre-COVID-19 peak
cardiovascular
response, n = 4,

mean (SD)

64.66 (2.57)

55,00 (8.52)

14.41(0.37)
005 (0.12)

8.53(0.98)

2.09(0.43)
1.82 (0.46)
3.90(0.77)

p < 0.1, "p < 0.0, and ***p < 0.01.

SHR, resting heart rate.

YHRV, resting heart rate variability.

°RR, resting respiratory rate.
IREM, rapid eye movement.

COVID-19 peak
cardiovascular
response, n =3,
mean (SD)

7204 (2.65)

40.33 (2.08)

14.71(0.38)
0.16(0.28)

8.21(1.42)

1.7 (0.56)
1.65 (0.46)
4.03(0.39)

Post-COVID-19 peak
cardiovascular
response, n =3

mean (SD)

63.42 (0.65)

46.33 (0.58)

13.63 (0.66)
—021(0.12)

8.89 (1.49)

2.73(0.43)
2.47(0.66)
3.12(0.35)

T-test

(pre-peak vs.

peak)

p=0014"

p=0036"

p=0342
p=0506

p=0730

p=0426
p=0687
p=0805

T-test
(peak vs.
post-peak)

P =0005"

p =0.009"

p=0.069"
p=0.107

p =059

T-test
(pre-peak vs.
post-peak)

p=0.461

p=0147

p=0.101
p=0036"

p=0.716

p=0.110
p=0.451
p=0.167
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COR 95% CI p-value
Age 099 096-1.02 0.42
Gender (ferale) 0.41 0.17-0.97 0.04
Marital status (married) 3.15 08-12.42 0.1
Specialty (no) 0.78 0.41-1.47 0.44
Experience 099 096-1.02 0.44
Environmental (rural) 298 1.18-7.84 0.03
Near hospital (no) 0.89 05-158 068
Pharmacy type (chain) 052 024-1.13 0.1
at (no) 0005 0.001-0.02 <0.0001
@8 (no) 023 0.12-0.42 <0.0001

COR, crude odds ratio; AOR, adjusted odds ratio.
Cox & Snell R? = 0.595; Nagelkerke R? = 0.78; accuracy

2%; Hosmer and Lemeshow test, p = 0.219.

AOR

0.145

1.008

0.004
0.38

95% ClI

0.02-1.004

0.24-4.15

0.001-0.02
0.13-1.13

p-value

0.05

0.99

<0.0001
0.08
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Variables

Age in years-Mean  SD
Meale-no. (%)

Symptoms Onset in
days-Median (QR)

Prevalence-no. (%)

Ct Value of PCR positive
cases-Median (IOR)

4,183
4,183
1,301

4,183

309+ 145
2,365 (56.5%)
2(1-8)

733 (17.5%)
22(20-24.5)





OPS/images/fmed-09-748522/fmed-09-748522-t001.jpg
Tests

NAAT

NAAT (POC)

Sequencing

Serology IgG and/or IgM

Serology IgG and IgM
Serology IgG
Serology IgM
Serology Ab

Serology IgA

Serology (POC)-IgG and/or
IgM

Serology (POC)-IgG and
IgM

Serology (POC)-gG
Serology (POC)-IgM
Serology (POC)-AB
Antigen test (POC)-N
antigen

Imaging

Imaging Al

Clinical and/or laboratory
NAAT + Imaging

Serology + Serology +
Serology (POC)-IgG:

Serology + Serology +
Serology (POC)-IgM

Serology + Serology +
Serology (POC)-AB

Serology + Serology-igM
Serology + Serology-IgG

*Resuits were not pooled due to insufficient stucfes.
AMeay consist of overlapping samples/patients due to the recruitment of same population for different test kit within the study.

No. of studies

34

16
16
12

28

6

10
10

1
1

Cases
(samples/
patients)*

1,227

524

19
9
1,238

1,258
1,350
1,859

216
1,632

970
967

56

1,122
1,731

564
87

& Q]

Controls
(samples/
patients)*

2,117

431

1,252

569

1,654
2,096
3,857

669
659
209
31

1,598
3,623

352
481
100

209

209

64
64

Sensitivity

98 (95, 99)
9791, 99)

100* (82, 100)
100* (66, 100)
89 (82, 93)

55 (43, 67)
78 (64, 88)
81(71,88)
96 (91,98)

93 (78, 99)
99° (96, 100)
69 (61,77)

64(42,82)

56 (28, 81)
40 (19, 66)
97* 1, 100)
98" (90, 100)

82 (65,91)
89 (84, 93)

86(75,92)
91* (83, 96)
94° (86, 98)
94° (86, 98)

99" (93, 100)

38 (27, 51)
23" (14,35)

Specificity

99 (98,100)

100 (92, 100)

43 (10, 82)
0°(0,60)
98 (71, 100)

95 (86,98)
9991, 100)
96 (76,99)

100 (98, 100)

93" (85, 97)
98" (96, 99)
96 (92,98)

99 (92, 100)

98 (83, 100)
95 (84,99)
95° (91, 98)
100* (89, 100)

62 (47,75)
93 (87,96)

84(72,92)
67 (61,72)
99* (95, 100)
97" (04, 99)

94* (90, 97)

98" (92, 100)
100* (94, 100)

57194 (2936,
1,114.1)
1,265.5 (457.6,
3,500.0)

NA

1106 (149,
818.4)

21.1 (1.7, 264.0)
90.1(24.6,329.7)
484 (11,2119

1,936.7 (605.5,
6,194.6)
NA

37.6(16.0,88.0)

81.2(9.0,729.3)

20.4 (2.7, 154.2)
88(20,387)
NA

NA

73(39,136)
104.8 (37.0,
297.7)
29.2(9.8,86.9)
NA

NA

NA

NA

NA
NA

SROC

0.976

0.987

NA

0.824

0.895
0911
0.871
0.987

NA

0.873

0928

0.832
0.798
NA
NA

0.767
0.932

0.908
NA
NA

NA

NA

NA
NA
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COR 95% CI p-value AOR 95% CI p-value
Age 1 096-1.05 0.99
Gender (ferale) 0.84 028-2.54 076
Marital status (married) 024 005-1.29 0.09
Specialy (n0) 0.42 022-0.79 0.008 066 0.22-198 046
Experience 1.05 099-1.1 0.07
Environmental (rural) 0.64 021-1.92 0.42
Near hospital (no) 0.45 022-0.94 0.03 062 0.15-2.49 0.49
Pharmacy type (chain) 067 036-1.26 021
at (no) 0.01 0.003-0.03 <0.0001 0011 0.003-0.04 <0.0001
@8 (no) 0085 004-0.17 <0.0001 0004 0.029-0.31 <0.0001

COR, crude odds ratio; AOR, adjusted odds ratio.
Cox & Snell R? = 0.576; Nagelkerke R? = 0.77; accuracy = 89.5%; Hosmer and Lemeshow test, p = 0.236.
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Age
Gender (ferale)
Mearital status (married)
Specialty (no)
Experience
Environmental (rural)
Near hospital (no)
Pharmacy type (chain)
Qft (no)

@8 (no)

COR, crude odds ratio; AOR, adjusted odds ratio.
Cox & Snell R? = 0.329; Nagelkerke R? = 0.44; accuracy

COR

1.02
0.67
3.15
037
1.02
78
0.99
0.38
0
0.08

95% Cl

0.99-1.05
0.20-1.51
0.73-13.72
0.14-0.96
0.99-1.05
0.92-66.28
0.63-1.84
0.2-0.71
[
0.04-0.17

p-value

0.13
0.33
0.13
0.04
0.12
0.06
0.96
0.002
0.99
<0.0001

38%; Hosmer and Lemeshow test, p = 0.316.

AOR

0.41

3.32

0.37

0.08

95% Cl

0.18-1.31

0.3-36.14

0.17-0.81

0.04-0.17

p-value

0.133

0.325

0.014

<0.0001
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Variable

Platelet <100 (x 109/1)
Platelet 100-300 (x 10%/L)
Platelet 300-400 (x10°/L)
Platelet >400 (x 10°/1)
Age (years)

Sex (Female), n (%)
Smoking, n (%)

Cardiovascular disease, n (%)

Puimonary disease, n (%)
Diabetes, n (%)
Hypertension, n (%)
BMI (Kg/m?)

D-dimer (ug/)

Fenritin (ng/m)

EGFR (mV/min/1.73m?)
Lymphocyte (x109/L)
LDH (U1

Fibrinogen (mg/dl)
APTT (seconds)

Univariate logistic analysis
OR (95%Cl)

3.72 (2.03-6.81)
1.67 (1.10-2.54)
1.00 (Ref)

1.18 (0.64-2.19)
1.08 (1.07-1.09)
0.74 (0.59-0.92)
1.07 (0.62-1.84)
2.30 (1.76-3.00)
1.36 (1.03-1.80)
208 (1.62-2.67)
2.83 (2.25-3.56)
0.99 (0.98-1.00)
1.002 (1.001-1.003)
1.00 (0.9999-1.0001)
0.98 (0.978-0.983)
1.04 (0.98-1.10)
1.002 (1.001-1.008)
1.00(0.999-1.000)
0.997 (0.988-1.007)

P-value

<0.001
0.016

0.595
<0.001
0.008
0.8054
<0.001
0.0311
<0.001
<0.001
0.022
<0.001
0.705
<0.001
0.234
<0.001
0.044
0613

Multivariable logistic analysis
OR (95%Cl)

3.65 (1.74-7.66)
1.93(1.18-8.16)
1.00 (Re)

1.50 (0.73-8.09)
1.09 (1.07-1.101)
0.53(0.39-0.70)
1.16(0.58-2.31)
0.87 (0.62-1.22)
1.43 (1.01-2.01)
1.39 (1.02-1.90)
097 (0.71-1.32)
0.997 (0.96-1.08)
1.003 (1.002-1.004)
1.00(0.9999-1.0002)
0.998 (0.989-1.01)
1.06 (0.98-1.15)
1.004 (1.003-1.004)
1.00(0.999-1.001)
1.009 (0.995-1.024)

P-value

0.001
0.009

027
<0.001
<0.001

0.682
0.407
0.042
0.040
0.830
0.845
<0.001
0.459
o721
0.181
<0.001
0.600
0.193
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COR

95% Cl  p-value AOR 95% Cl  p-value

Age 104 092147 055
Gender (ferale) 074 009-629 078
Marital status (married) 047 0.18-1.78 027
Speciatty (n0) 043 0.11-166 022
Experience 102 09-1.15 075
Environmental (rura) 028 0.03-2.99 029
Near hospital (o)~ 044 0.09-247 031
Pharmacy type (chain) 272 0.33-22.65 035
Qt (no) 002 0.001-0.16 <0.0001 0,03 0.001-082 0.038
@8 (no) 0,014 0.002-0.12 <0.0001 0.02 0.002-0.001 0.001

COR, crude odds ratio; AOR, adjusted odds ratio.
Cox & Snell R? = 0.274; Nagelkerke R = 0.59; accuracy = 94.5%; Hosmer and

Lemeshow test, p = 0.131.
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Positiverectal  Negative  P-value
swab. rectal swab

N =22(53.7%) N =19 (46.3%)

Vital signs

PaOy, kPa, median (range)® 875(5.4-12) 88(47-151) 051
Peripheral oxygen saturation, %, median 94 (90-100)  95(89-99)  0.73
(range)

Temperature, °C, median (Cl) 37.3 37(37.0-380) 079

(87.2-38.1)

Systolic blood pressure, mm Hg, median 136 (114-192) 134 (96-162)  0.24
(range)

Laboratory findings
Leucocytes,10%, median (range) 6.1(02-236) 86(8-126) 083
Increased (>10.0), N (%) 60273 6(316) 1.00
Decreased (<8.5), N (%) 5(22.7) 2(105) 0.54
Platelets, 10%/, median (range) 196(33-619) 249 (96-435)  0.48
Increased (>400), N (%) 2004 2(105) 1.00
Decreased (<148), N (%) 8(36.4) 5(26.3) 072
CRP, mg/, median (range}® 76(54-260) 695 (18-181) 091
Normal (<10 mg/), N (%) 2(95) 0(0.0) 052
Midly elevated (10-19 mg/), N (%) 2(95) 16.6)
Moderately elovated (20-59 mg/), N(%)  6(28.6) 7@89)
Severely elevated (60-300mg/), N (%) 11 (52.4) 10(55.6)
D-dimer, mg/, median (range)® 1.35 092 026
036-229)  (031-19.4)
Increased (>0.50), N (%) 13(029) 9(69.2) 028
Ferrtin, wg/l, median (range) 605 (45-3767)  716(30-1700)  0.73
Increased (>355), N (%) 1773 14.(73.7) 1.00
LDH, UA, median (range) 272(143-555) 286 (164-454)  0.99
Increased (>256), N (%) 12(54.5) 1473 035
ALAT, UA, median (range) 26(10-164)  45(19-110) 0087
Increased (~50), N (%) 5(227) 7(36.8) 052
Total biiubin, jmolA, median (range) 7.5(¢-24) 9(4-28) 079
Increased (>25), N (%) 0(00) 163 094
Decreased (<5), N (%) 15) 169 1.00
Creatinine, wmol, median (range) 75(@6-120)  77(41-13) 089
Increased (>105), N (%) 4(182) 2(105) 080
Decreased (<45), N (%) 0(00) 163 094
Infitrates on chest X-ray, N (%)
Yes 17773 15 (78.9) 1.00
No 4(182) 4@1) 1.00
Not investigated 165) 0000 1.00

Allthe laboratory findings were obtained from the time of inclusion in the study. Threshold
values of the biochemical data are based on guidelines provided to the healthcare services
in the North Denmark Region. *Patients were excluded from the statistical analysis
because of undetectable or missing values. For PaOy, the statistical analysis was based
on 18 rectel positive patients and 16 rectal negative patients. When measuring PaOs,
61.1% rectal positive patients and 43.8% rectal negative patients received oxygen supply.
When measuring saturation, 50.0% rectal positive patients and 52.6% rectal negative
patients received oxygen supply. The oxygen supply ranged from 1 to 151. For CAR, the
statistical analysis was basedon 21 rectal positive patients and 18 rectal negative patients.
For D-dlimer, the staistical analysis was based on 14 rectal positive patients and 13 rectal
negative patients. Cl, Confidence interval; kPa, Kiopascal: POz, The partial pressure of
oxygen in arterial blood; CRP, C-reactive protein; LDH, Lactate dehydrogenase; ALAT,
Alanine aminotransferase.
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Threshold of driving pressure OR

<370 x 109 0996
>370 x 1091 1.011
Non-linear test

Adjusted for all covariates in Table 2.

95% CI

0.994-0.998
1.001-1.021

P-value

<0.001
0.029
0.087
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Items [frequency of “yes” answer (percentage)] Albania Bulgaria Romania Serbia p-value

(n =109) (n=168) (n=171) (n=188)
at 104 (95.4%) 112 (66.7%) 98 (57.3%) 112 (59.6%) <0.0001
Q2 99 (208%) 76 (45.2%) 91(53.2%) 102 (54.3%) <0.0001

101 (92.7%) 89 (53%) 92 (53.8%) 106 (56.4%) <0.0001
Q4 81 (743%) 56 (33.3%) 65 (38%) 76 (104%) <0.0001

61 (56%) 28(16.7%) 35 (205%) 57 (30.0%) <0.0001
Qs 69 (63.3%) 104 (61.9%) 136 (79.5%) 118 (62.8%) 0,001
a7 <0.0001
National health insurance 61 (56%) 96 (57.1%) 122 (71.3%) 129 (68.6%)

Patient 11(10.1%) 32 (19%) 17 (9.9%) 23(12.2%)

No payment 23 (21.1%) 37 (22%) 10 (5.8%) 32(17%)

Others 14 (12.8%) 3(1.9%) 22 (12.9%) 421%)

a8 89 (81.7%) 73 (43.5%) 84 (49.1%) 105 (55.9%) <0.0001

Q1: “Do you agree that pharmacy students must be trained to administer vaccines in a community pharmacy and administering vaccines should be part of the curricula taught to
pharmecy students?’;

Q2: *Do you agree that pharmacists could administer vaccines (in general) in a community pharmecy’.

Q3: "Do you agree that pharmacists could administer well-esteblished vaccines (safe, with rare adverse drugs reactions, as, for example, the flu vaccine) in @ community pharmacy?"
Q4: “Do you agree that pharmacists could administer new vaccines (as Coronavirus disease (COVID-19) vaccine) in & community pharmacy?"

Q5: *Do you agree that pharmacists would provide the vaccination service for free because, after ai, they have benefited from the sales?”

Q6: *Do you think the vaccination service provided by the pharmacists should be paid?”

Q7: “Who should pay for the vaccination service provided in pharmacies?”

Q8: “Do you think the community pharmacy where you work could arrange a special space for administration of the vaccines by pharmacists.”
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Information from
the admission swab

N =22 (83.7%)

Positive rectal

Negative rectal

swab

N =19 (46.3%)

Days from fist positive 5.5 (4.76-9.89) 10 (8.47-12.6)
pharyngeal test to
sample collection,
median (Cl)
Days from admission 6(6.24-14.5° 6(5.34-9.51)
to discharge, median
©n
Medical treatment, N (%)
Antibiotics 14(63.6) 8(42.1)
Corticosteroids 16 (72.7) 14 (73.7)
Antiviral drugs 13 (59.1) 14 (73.7)
Drug trial® 718 4(222)
Oxygen support (at inclusion/at the patients’ worst), N (%)
No oxygen support 11(50.0/7 12 (63.2/3
©1.8) (15.8)
Oxygen by mask or 11 (50.0/9 7 (36.8/12
nasal prongs (40.9) (63.2)
Oxygen by NIV or 0(0.0/3 (13.6) 0(0.0/3 (15.8)
high flow
Intubation and 0(0.0/0(0.0) 0(0.0/0 (0.0)
mechanical
ventiation
Mechanical 0(0.0/3 (13.6) 0(0.0/1 63)
ventilation or
vasopressors
Mechanical 0(0.0/0(0.0) 0(0.0/0 (0.0)
ventiation and
vasopressors,
dialysis
or ECMO
Disease severity (at inclusion/at the patient's worst), N (%)
Moderate 21 (95.5)/16 19 (100.0/15
72.7) 78.9)
Severe 1(4.5)4 (18.2) 0(0.0/3 (15.8)
Dead 0(0.0y2 (9.1) 0(0.0/1 (5.3)
Aditted to the ICU 5(22.7) 2(105)
Outcome within 60 days, N (%)
Recovered 19 (86.4) 18 (94.7)
Not recovered 1(4.5) 0(0.0)
Died 2(9.1) 163)

P-value

0.06

0.81

0.29
1
0.51
0.76
0.60/0.41
0.60/0.27

NA/1.00

NA/NA

NA/0.71

NA/NA

1.00°/0.86

0.54

0.71
1
1

Antibiotics include  trimethoprim, moxifloxacin, piperacilln/tazobactam,  meropenem,
sulfamethoxazole/trimethoprim, ciprofloxacin, clarithromycin, amoxicilln/clavulenic acid,
‘gentamicin, penicilln, pivmecilinam, and ampicilin. Corticosteroids include predhisolone
and dexamethasone. Antiviral drugs include remdesivir and aciclovir. *One patient was
stil admitted at the time of data analysis and was not included in the statistical analysis of
days from admission to discharge. ®Patients were excluded from the statistical analysis
because of undetectable or missing values. For drug tral the statistical analysis was based
on 22 rectal positive patients and 18 rectal negative patients. Disease severity is based
on the WHO clinical progression score obtained at inclusion and at the patient's worst
(Supplementary Table 4) (37). ©Statistical analysis was based on the moderate and
severe disease stages. CI, Confidence interval; NIV, Non-invasive ventiation; ECMO, Extra
Corporeal Membrane Oxygenation; NA, Not available; ICU, Intensive care unit.





OPS/images/fmed-09-748522/fmed-09-748522-g002.gif





OPS/images/fmed-09-802412/fmed-09-802412-t002.jpg
Variables

Age (years)
Sex (Female), n (%)

Smoking, n (%)
Cardiovascular disease, n (%)
Pulmonary disease, n (%)
Diabetes, n (%)
Hypertension, n (%)

BMI (Kg/m?)

D-dimer (ng/l)

Ferritin (ng/m)

EGFR (mV/min/.73m?)
Lymphocyte (x 109/L)

LDH (UL

Fibrinogen (mg/dl)

APTT (seconds)

Total
(n =2,006)

659+ 16.5
854 (42.6)
78(39)
312(15.6)
382 (16.6)
400 (19.9)
895 (44.6)
282+60
623 (336, 1,106)
775 (394, 1,484)
89.7(76.4, 101.2)
10(07,183)
298 (233, 384)
7035 % 206.0
31179

<100
1(n=81)

693 17.0
27 (333)
387)

20 (24.7)

17 1)

17 (21)

40 (49.4)
285£52
807 (424, 1,442)
879 (425, 1,608)
89.7(76.4,100.3)
07(05,1.1)
278 (209, 352)
615.1 £ 167.4
32559

Baseline platelet count (x10°/L)

100-300
2(n=1,561)

660+ 165
655 (42.0)
62(4.0
234 (15)

271 (17.4)
298(19.2)
695 (44.5)
283+ 6.0
567.0 (318, 1,016)
775.0(876, 1,476)
88.7 (75.4, 99.9)
09(07,13)
293 (232, 380)
690.3 + 191.7
31286

300-400
3(n=225)

645+ 16.8
113(50.2)
9(4.0)
39(17.3)

32 (14.2)
50(22.2)
98(43.6)
286+68
730 (391, 1,330)
756 (388, 1,428)
94.4 (80.4, 103.6)
1.1(08,1.4)
320 (257, 409)
7756 4 253.7
303+ 4.4

2400
4(n=139)

64.4 % 166
59 (42.4)
429
19(13.7)
12(8.6)
35(25.2)

62 (44.6)
266+4.7
1002 (593, 2,110)
783 (532, 1,430)
94.7 (78.9, 105.3)
1.1(07,15)
326 (248, 399)
786.6 + 2416
807 £47

BMI, body mass index; €GFR, estimated glomerular fitration rate; LDH, lactate dehydrogenase; APTT, activated partial thromboplastin time; SD, standard deviation.

P-value

0.108
0.038
0.964
0.097
0.027
0.287
0.840
0.157
<0.001
0.597
0.002
<0.001
<0.001
<0.001
0.158
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Age (years)

Mean (:SD)

Median (IQR)

Gender (female, #)

Marital status (#)

Married

Not married

Divorced

Specialty (yes, #)

Experience working as a pharmacist (years)

Mean (D)

Median (IQR)

Location of community pharmacy (#)

Urban

Rural

Is the community pharmacy you work for next to a hospital? (“yes”, #)
Type of a community pharmacy you work for (chain, )

SD, standard deviation; IQR, interquartie range.
* Data are presented as frequency (oercentage).

Albania
(n=109)

296 (+6.3)
27 (25-33)
95 (87.2%)

47 (43.1%)
61 (56%)
1(0.9%)

83(76.1%)

5.8 (5.7)

3(1.25-9)

105 (96.3%)
4@7%)
38 (34.9%)
24 (22%)

Bulgaria
(n=168)

35 (+11.1)
30 (26-42.8)
140 (83.3%)

92 (54.8%)
67 (39.9%)
9(5.4%)
21 (12.5%)
10.3 (+10.8)
6(2-15)

161 (95.8%)
7(62%)
66 (39.3%)
86 (51.2%)

Romania
(n=171)

3361 (£6.8)
32 (28-39)
157 (91.8%)

92 (53.8%)
71 (41.5%)
8(4.7%)
63 (36.8%)
7.9(£6.2)
6(3-11)

157 (91.8%)
14 8.2%)
43(25.1%)
107 (62.6%)

Serbia
(n=188)

395 (£11.6)
39 (20-48)
159 (84.6%)

104 (55.3%)
69 (36.7%)
15 (8.1%)
54 (28.7%)
12 (£10.3)
10 (3-20)

163 (86.7%)
25 (13.3%)
96(51.1%)
154 (81.9%)

p-value

<0.0001

0.083
<0.0001

<0.0001
<0.0001

0.004

<0.0001
<0.0001
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Demographics Positive rectal  Negative rectal  P-value
swab swab

N=22(537%)  N=19(46.3%)

Age, years, median (C) 725 (65.4-75.5)  68(62.1-71.5) 0.10
Gender, N (%)
Male 15 (68.2) 12 (63.2) 099
Female 7318 7(36.8) 099
BMI, mean (C) 28.1(259-80.3)  206(27.3-31.9) 036
Living in a nursing 29.1) 0(00) 053
home, N (%)
Smoking, N (%)
Yes 0000 3(15.8) 0.18
No 8(36.4) 8(42.1) 096
Former 14 (63.6) 8 (42.1) 029
Alcohol consumption, N (%)
More units/week 2@.1) 2(105) 1.00

than recommended®
Occupation, N (%)

Healthcare 200.1) 2(105) 1.00
Educational sector 0000 0(0.0) NA
Eldercare 0(00) 0(0.0) NA
Children and 0(0.0) 0(0.0) NA
adolescents
Retired 16 (72.7) 12(63.2) 075
Other 4(182) 5(26.3) 080
Clinical Positive rectal Negative rectal  P-value
characteristics swab swab

N=22(53.7%) N =19 (46.3%)

Intestinal disease, N (%) 5(22.7) 1(63) 026
Risk factors, N (%)
Cardiovascular 15 (68.2) 12 (63.2) 099
disease
Hypertension 13 (69.1) 11(67.9) 1.00
Pulmonary disease 9(40.9) 6(31.6) 077
Asthma 4(182) 163 0.43
COPD 5(2.7) 3(158) 0.87
Severe overweight 8(36.4) 10 (62.6) 0.46
(BMI > 30)
Gancer 5(2.7) 4@1.1) 1.00
Type 1 or 2 diabetes 3(13.6) 4@1.9) 083
Symptoms, N (%)
Cough 18 (81.8) 17 (89.5) 0.80
Dyspnea 16 (72.7) 14.(73.7) 1.00
Fever 12 (64.5) 12(63.2) 081
Gastrointestinal 13 (69.1) 8(42.1) 0.44
symptoms
Nausea 7(318) 5(263) 097
Vomiting 4(182) 1(63) 0.43
Stomach ache 6(27.3) 5(263) 1.00
Diarhea 11(50.0) 6(31.6) 038
Sore throat 11(50.0) 5(26.9) 0.22
Affected taste or 10 (45.5) 6(31.6) 056
smell
Headache 7018 6(316) 1.00
No symptoms 0(0.0) 0(0.0) NA
Vaccination, N (%)°
Vaccinated with first 167) 0(00) 1.00
dose
Fully vaccinated 0(0.0) 0(0.0) NA

#Alcohol consumption was assessed according to the recommendations made by the
Danish Health Authority about the low-risk it for women (7 units per week) and men
(14 units per week). Intestinal disease includes Crohn's disease, diverticultis, steatosis,
bowel cancer, gastric bypass, and intestinal resection. Gardiovascular disease includes
hypertension, transient cerebral ischemia, ischemic heart disease, non-STEMI coronary
thrombosis, atrial fibrilation, hypercholesterolemia, arterial sclerosis, femoral bypass
surgery, cardiac insufficiency, cerebral apoplexy, normal pressure hydrocephalus, and 3rd
degree AV block with subsequent pacemaker implantation. Pulmonery disease includes
asthma, chronic obstructive pulmonary disease, sleep apnea, and partiallung resection.
Vaccination status was self-reported. ®Patients were excluded from the statistical analysis
because of undetectable or missing values. For vaccination status staistical analyses
were based on 15 rectal positive patients and 8 rectal negative patients. Cl, Confidence
interval; BMI, Body Mass Index; COPD, Chronic Obstructive Pulmonary Disease; NA,
Not available,
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Variable Total In-hospital Model | P-value Model Il P-value Model 1l P-value

n mortality n (%)  OR (95%Cl) OR (95%Cl) OR (95%CI)
Platelot <100 (x109/L) 81 28(346) 8.72(208-681) <0001  3.08(154-598 0001 365(1.74-7.66)  0.001
Platelet 100-300 (x10°%) 1561 300(192)  167(1.10-254) 0015 1.58(1.00-2.48) 0048 193(1.18-3.16) 0,009
Platelot 300-400 (x10°) 225 28 (12.4) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
Platelet 2400 (x109/L) 139 20(144)  1.18(064-2.19) 0595 119 (0.61-233) 0613 150(0.78-309) 0270

Model/, No adjustment.
Model 1}, Adjusted for age and sex.
Model Ifl, Adjusted for all covariates in Table 2.
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Non-hospitalized
participants

Hospitalized
participants

Total

Participants Participants with

219

55

274

positive
pharyngeal swab

N (% of
participants)

10 (4.6)

42 (76.4)

52 (19.0)

Participants with
positive rectal swab

N (% of
participants/% of

participants with a
positive pharyngeal
swab)

5 (2.3/50.0)

23(41.8/54.8)

28 (10.2/53.8)
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Demographics and comorbidities

Disease severity
Age

Sex, Female/Male
Arabs National
BMI

Hypertension

DM

CKD

cvA

cvo
Asthma/COPD
Laboratory biomarkers
LN ratio

RDW

CRP

LDH

D dimer

Alburmin

eGFR

Direct bilirubin
Tioponin

Critical lliness
Age

Sex, Female/Male
Arabs National
BMI

Hypertension

DM

CKD/ESKD

cvA

oo
Asthma/COPD
Laboratory biomarkers
LN ratio

RDW

CRP

LDH

D dimer

Alburmin

eGFR

Direct bilirubin
Troponin

0.033
0.701
0.056
0.016
0.231
0516
1.021
2134
0.552
-0.614

-2.370
0.091
0.013
0012
0.326

-0.217

—0.007
0.058
0.001

0.049
0316
-0.211
0.012
0.388
0.948
1.147
1.927
0.611
—0.2956

-3.017
0.191
0.010
0.008
0.293

-0.203

-0.016
0.063
0.001

Univariate analysis

S.E.

0.007
0.245
0.269
0.016
0.203
0.205
0.326
0.770
0.305
0.641

0.197
0.019
0.001
0.001
0.032
0.011
0.001
0.008
0.001

0.009
0.201
0.308
0.019
0.237
0.237
0324
0.571
0.330
0.647

0.294
0.021
0.001
0.001
0.028
0.011
0.002
0.009
0.001

sig.

0.001
0.004
0.834
0.330
0.256
0.012
0.002
0.006
0.07
0.266

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.041

0.001
0278
0.493
0525
0.102
0.001
0.001
0.001
0.064
0.648

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.169

Exp(B) (95% Cl)

1.083 (1.019-1.048)
2,016 (1.248-3.256)
1.068 (0.624-1.798)
1.016 (0.984-1.049)
1.260 (0.845-1.877)
1.675 (1.120-2.504)
2.776 (1.464-5.265)
8.448 (1.867-38.224)
1.787 (0.955-3.160)
0541 (0.187-1.563)

0003 (0.063-0.138)
1.095 (1.055-1.136)
1.013 (1.012-1.015)
1.012(1.011-1.013)
1.386 (1.301-1.476)
0.805 (0.788-0.822)
0.993 (0.990-0.995)
1.060 (1.044-1.077)
1000 (1.000-1.000)

1.050 (1.082-1.067)
1,871 (0.775-2.425)
0.810 (0.443-1.481)
1.012 (0.976-1.049)
1.474 (0.926-2.347)
2.580 (1.621-4.104)
3.148 (1.669-5.938)

6.869 (2.245-21.019)
1.842 (0.966-3.515)
0744 (0.200-2.645)

0049 (0.028-0.087)
1.210 (1.163-1.260)
1.010 (1.009-1.012)
1.006 (1.005-1.007)
1.340 (1.269-1.414)
0817 (0.799-0.835)
0.985 (0.982-0.988)
1.065 (1.048-1.084)
1.000 (1.000-1.000)

0.030
0.950

0.083
0.666
1.420
0.108

-0.607
0.108
0.003
0.011
0.088

-0.129

-0.001
0.013
0.001

0.039

0.353

0.443

1.032
-0.214

-0.746
0.210
0.004
0.005
0.107

-0.095

-0.008
0.038

Multivariate analysis

S.E.

0.008
0.267

0.242
0.375
0.809
0.349

0.194
0.026
0.001
0.001
0.083
0.014
0.002
0.010
0.001

0.010

0.271
0.378
0.612
0.383

0.267
0.026
0.001
0.001
0.026
0.015
0.002
0.010

sig.

0.001
0.001

0.794
0.076
0.079
0.757

0.002
0.001
0.002
0.001
0.007
0.001
0711
0.192
0.722

0.001

0.193
0241
0.091
0.577

0.005
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Exp(B) (95% CI)

1.03(1.013-1.04)
2.58 (1.530-4.36)

1.06 (0.663-1.71)
1.94 (0.984-4.06)
4.13(0.848-20.2)
089/(0.458-1.77)

0.545 (0.372-0.797)
1.114(1.059-1.172)
1.003 (1.001-1.004)
1.011(1.010-1.012)
1.092 (1.025-1.164)
0.879 (0.854-0.904)
0.999 (0.996-1.003)
1.013 (0.993-1.034)
1.000(1.000-1.000)

1.039 (1.020-1.060)

1.423 (0.837-2.421)
1.557 (0.743-3.269)
2.808 (0.847-9.310)
0.808 (0.381-1.712)

0.474 (0.281-0.800)
1.234 (1.173-1.297)
1.004 (1.003-1.006)
1.005 (1.004-1.005)
1.112 (1.067-1.171)
0,910 (0.884-0.936)
0.992 (0.988-0.995)
1,039 (1.018-1.060)
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Characteristics

Duration from illness onset
to admission-days

Duration of SARS-CoV-2
RNA positive

Treatment—n (%)
Antiviral therapy
Administration of oseltamivir
Antibiotic therapy

Use of corticosteroid
Traditional Chinese medicine
Oxygen support—n (%)
Complications—n (%)
Acute respiratory distress
syndrome

Prognosis—n (%)
Hospitalization

Discharge

Data are presented as medians (interquartie ranges, IQR) and (%)

Al patients
(n=10)

0(0-1.0)

10 8-13)

57(81.4)
24 (42.1)
20(28.6)

5(7.1)
54(77.1)
53(75.7)

1(1.4)

30 (42.9)
40 (57.1)

Disease severity

Non-severe case

(n=60)
0(0-1)

10 68-12)

47(78.9)
16 (26.7)
11(183)
3(5.0)
50 (83.3)
43(71.7)

0(0.0)

37(61.7)
23(38.9)

p-values comparing severe pneumonia and the other cases are from x" test, Fisher's exact test, or Mann-Whitney U test.

Non-severe case including uncomplicated ilness and mild pneumonia.

Severe case
(n=10)

25(2-10)

14 (11-16)

10/(100.0)
8(80.0)
9(90.0)
2(20.0)
4400

10(100.0)

1(10.0)

3(30.0)
7(70.0)

P-value

<0.001

0.002

0.190
0.002
<0.001
0.146
0.007
0.104

0.143

0.087
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PCR +

Antigen test positive 602
True

positive
Antigen test negative 131
False

negative

Total PCR results 733

PCR -ve

30
False
positive
3420
True
negative

3,450

Total antigen resuits

632

3,551

Total cases: 4,183
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Laboratory and radiographic
findings

White blood cell count, x 10%/L
<4
>10
Neutrophil count, x 109/
Lymphocyte count, x 109/L.
<11
Haemoglobin, g/dL
Platelet count, x 10%/L.
<100
Prothrombin time, s
Fibrinogen, g/L
Alanine aminotransferase >40
U/L—n/N (%)
Aspartate aminotransferase>40
UIL—n/N (%)
Alkaline phosphatase> 150 U/L—n/N
(%)
Glutamyl transpeptidase >50
U/L—n/N (%)

Total bilirubin, umol/L.
Direct biliubin, umol/L.

Indirect bilrubin, umol/L.

Blood urea nitrogen, mmol/L
Serum creatinine, umol/L
Phosphocreatine kinase, U/L
Lactate dehydrogenase >245
UIL—n/N (%)

Hydroxybutyrate
dehydrogenase>182 U/L- n/N (%)
Potassium, mmolL

Sodium, mmol/L

Erythrocyte sedimentation rate (1 =
36)

Creactive protein=5 mg/l—n/N (%)
Abnormaliies on chest GT—n/N (%)
Ground-glass opacity
Local patchy shadowing
Bilateral patchy shadowing
Interstitial abnormalities

Data are presented as medians (Interquartile ranges, IQR) and /N (%), where N is the total number of patients with available data.

Al patients
(n=10)

5.3 (4.8-6.6)
7/70 (10.0)
3/70(4.3)

37(29-6.1)

1.3(0.9-1.6)

24/70 (34.3)

146 (125-161)

131 (100-176)
18/69 (26.1)

127 (11.9-13.6)
25(2.1-3.1)

32/70 (45.7)

2270 (31.4)
12/70 (17.1)
32/70 (45.7)

7.4 (4.7-12.4)
36 (2.3-5.11)
40 (2.1-6.8)
38(3.2-4.8)
632 (51.8-75.6)
67.3(51.4-101.4)
40/69 (58.0)

41/70 (58.6)

39(36-4.2)
1363
(134.8-138.2)

19.0 (10.3-26.8)

27/67 (40.3)
52/69 (75.4)
13/69 (18.8)
5/69(7.2)
30/69 (43.5)
4/69(5.8)

Uncomplicated
illness (n = 16)

56(5.2-6.8)
1/16(6.2)
1/16 6.2)
39 (2.7-29)
1.7 (1.3-2.2)
2/16(12.5)
134 (122-154)
176 (98-221)
4/16 (25.0)
12,9 (12.3-13.7)
22(19-2.8)
5/16(312)

1/16(6.2)
7/16(43.8)

1/16(6.2)
7.5 (4.1-14.8)
26(1.8-6.9)
48(2.1-83)

42(35-5.0)
53.8 (49.1-73.2)

86.9 (57.5-104.5)

6/16(37.5)
6/16(37.5)

39(3.7-45)

136.3
(135.7-187.9)

15.0 (9.0-22.3)

114(7.1)
0/15 (0.0)
0/15 (0.0)
0/15 (0.0)
0/15 (0.0)
0/15(0.0)

Disease severity

Mild pneumonia

=44

5.4 (4.5-6.4)
4/44 .1
1744 2.3)

36(3.06.2)

1.3(0.9-1.5)

15/44 (34.1)

149 (129-161)
131 (102-174)
10/43 (23.9)
12,6 (11.9-13.3)
25(2.1-3.0)

2244 (50.0)

16/44 (36.4)
5/44(11.4)
26/44 (69.1)

6.5(4.5-11.7)
35(2.2-4.6)
33(1.7-6.1)
3.6(3.2-4.3)
64.6 (53.9-77.1)
66.5 (45.1-91.2)
25/43 (58.1)

26/44 (59.1)

38(3.6-4.1)
1373
(134.9-138.6)

19 (9.8-27.0)

18/43 (41.9)
42/44(95.5)
13/44 (29.5)
5/44 (11.4)
24/44 (54.5)
0744 (0.0)

p-values comparing severe pneumonia and the other cases are from x? test, Fisher’s exact test, or Kruskal-Wallis H test.

Severe pneumonia
(n=10)

52(39-59
2/10(20.0)
1/10 (10.0)

342.7-54)

0.9(0.5-1.7)
7110 (70.0)

159 (182-168)

107 (84-130)
4/10 (40.0)

13.8(11.5-15.0)
32(2.1-4.2)
5/10(50.0)

5/10(50.0)
0/10(0.0)
5/10 (50.0)

82(6.2-12.1)
433873
4.42.7-50)
35(29-5.8

58.8 (50.6-82.3)

60.2 (43.9-108.4)
9/10/(20.0)

9/10(20.0)

4137-4.7)
134.0(131.0-135.9)

22.0(13.8-335)

8/10(80.0)
10710 (100.0)
010 0.0)
010 0.0)
6/10(60.0)
4/10 (40.0)

p-value

0.380
0516
0.309
0.850
0.006
0.011
0.380
0.162
0.617
0.620
0179
0.417

0.022

0.006

0.001

0.400
0.450
0573
0.120
0.352
0.239
0.026

0.031

0.350
0.001

0.626

<0.001
<0.001
0.009
0.398
<0.001
<0.001
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Clinical characteristics,
symptoms or signs

Characteristics
Age, median (range) -years
Age group—n (%)
<18
18-45
46-65
>65
Sex—n (%)
Women
Men
Nationality—n (%)
Han
Tibetan
Underlying diseases—n (%)
Hypertension
Digestive system disease
Tuberculosis
Cardiopathy

Chronic obstructive pulmonary
disease

Diabetes
Hepatitis B infection
Signs and symptoms—n (%)
Fever
Cough
Fatigue
Expectoration
Dyspnoea
Headache
Myalgia
Diarrhoea
Nausea or voritting
Abdominal pain
Chest pain
Sore throat
Heart rate-Times/min
Oxyhemoglobin saturation—%

Data are presented as medians (interquartie ranges, IQR) and n (%).

Al patients
N =70

45 (28-54)

5(7.1)
30 (42.9)
27(38.6)
8(11.4)

3245.7)
38(54.3)

229
68(97.1)
30 (42.9)
17 (24.3)
8(11.4)
7(10.0)
4(57)
3(4.3

3(43)
3(4.9)

9(12.9)
53(75.7)
42(60.0)
9(12.9)
9(12.9)
467)
46.7)
4(57)
46.7)
3(4.9)
1(1.4)
1(1.4)
86 (77-96)
92 (90-95)

Uncomplicated
illness (N = 16)

19 (12-28)

5(31.3)
9(56.3)
2(125)
0(0.0)

8(50.0)
8(50.0)

0(0.0)
16 (100.0)
4(25.0)
162
2(125)
2(125)
0(0.0)
0(0.0)

0(0.00)
2(125)

1(62)
12 (75.0)
8(50.0)

162
1(62)
1(62)
0(0.0)
1(62)
0(0.0)
0(0.0)
0(0.0)
0(0.0)
87 (79-98)
92 (91-95)

Disease severity

Mild pneumonia
(N =44)

49 (37-55)

0(00)
19 (43.2)
18 (40.9)
7(15.9)

19 43.2)
25 (56.8)

0(00)
44(100.0)
18 (40.9)
12(27.3)
401
5(11.4)
2(45)
2(45)

0(00)
128

401
32 (72.7)
27 61.4)

401
2(45)
0(00)
3(68)
2(45)
1(28)
2(45)
1(28)
1(23)
85 (74-94)
93 (90-95)

p-values comparing severe pneumonia and the other cases are from x? test, Fisher’s exact test, or Kruskal-Wallis H test.

Severe pneumonia
N =10)

52(45-57)

0(0.0)
2(200)
7(700)
1(10.0)

5(50.0)
5(50.0)

2(20.0)
8(80.0)
8(80.0)
4 (40.0)
2(20.0)
0(0.0)
2(20.0)
1(10.0)

3(30.0)
0(0.0)

4(40.0)
9(90.0)
7(70.0)
4(40.0)
6(60.0)
3(30.0)
1(10.0)
1(100)
2(20.0)
1(100)
0(0.0)
0(0.0)
92 (82-98)
88 (85-90)

p-value

<0.001
<0.001

0.858

0.019

0.011
0.093
0.489
0.719
0.130
0.482

0.002
0.180

0.029
0.782
0.561
0.029
<0.001
0.004
0.456
0.769
0.084
0.482
1.000
0.782
0.838
0.001
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Admission after ~ Active screening  p-value

symptoms onset N=58
N=12
COVID-19 -n/N (%) <0.001
Uncomplicated 3/12(25.0) 13/58 (22.4)
illness
Mid pneumonia 3/12(25.0) 41/58 (70.7) -
Severe pneumonia 6/12(50.0) 4/58 (6.9) E
Signs and symptoms -n/N (%)
Fever 412 (33.3) 5/58 (8.6) 0.041
Cough 712 (88.3) 46/58 (79.3) 0.281
Fatigue 6/12 (50.0) 36/58 (62.1) 0542
Dyspnoea 512 (41.7) 4/58 (6.9) 0.006
Abnormalities on chest CT -n/N (%)
Ground-glass 0/12 (0.0) 13/57 (22.8) 0.104
opacity
Local patchy 0/12 (0.0) 5/57 (8.8) 0578
shadowing
Bilateral patchy 6/12 (50.0) 24/57 (42.1) 0.751
shadowing
Interstitial 3/12(25.0) 1/57 (1.8) 0.015
abnormalities
Data are presented as n/N (%).

p-values comparing severe pneumonia and the other cases are from Fisher's exact test.
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ct Ag Cut off 100 TCIDso/mL. Ag Cut off 200 TCIDso/mL.

Sensitivity 1C 95% Sensitivity IC 95%

(@)

<25 100 96.7-100.0 100 96.7-100.0
<275 100 96.7-100.0 92.09 86.3-96.0
<80 91.36 86.9-952 81.48 74.6-87.1
<325 80.83 74.6-86.1 69.43 62.4-75.8
<35 67.81 61.4-73.8 5751 50.9-63.9
<40 543 48.4-60.1 46.05 40.2-52.0

Copies/mL  Ag Cut off 100 TCIDso/mL Ag Cut off 200 TCID50/mL.

Sensitivity 1C 95% Sensitivity IC 95%
(b)
>10° 100 97.0-100.0 100 97.0-100.0
>10° 93.63 88.6-96.9 84.08 77.4-89.4
>10* 80.83 74.6-86.1 69.43 62.4-75.8
>10° 66.29 58.9-71.3 56.37 48.9-61.7
>10? 543 48.4-60.1 46.05 40.2-52.0

TCID, Tissue Culture Infectious Dose per miliiter.
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Age (years)
13-44 vs. 0-12
45-64 vs. 0-12
>65 vs. 0-12
Gender
Female vs. male
Comorbidties
Hypertension yes vs. no
Diabetes yes vs. no

Lung disease yes vs. no
Cardiovascular disease yes vs. no
Imported cases
Yes vs. no
Clustered cases
Yes vs. no

OR (95% Cl)
Univariate Multivariate

1.03(0.38-2.8) 1.21 (0.42-3.45)
1.97 (0.71-6.43)  1.89 (0.65-5.49)
2.49(0.75-8.23) 1.49 (0.41-6.44)
1.47(097-222) 091 (0.58-1.44)
1.51(065-851)  0.87 (034-2.29)
7.88(0.71-87.68)  7.69 (0.63-94.66)
4.06(1.40-11.81) 2,04 (0.66-6.34)
1.96 (0.35-10.82) 1.18(0.2-7.15)
023(0.15-035) 0.2 (0.12-0.33)
1.1(0.72-1.68) 0.59 (0.36-0.95)

OR (95% Cl)
Univariate Multivariate
059(0.23-151) 074 (0.27-2.03)
1.35(052-852)  1.29(0.46-3.61)
1.7(062-6.49)  0.84(0.23-3.1)
1.67(1.06-2.68) 096 (0.58-159)
201(086-4.69)  1.04(0.89-2.75)
26,65 29.43
(3.08-230.89) (8.00-288.66)
1.45(030-7.11)  058(0.11-3.09)
3.88(0.85-17.65)  2.28(0.45-11.65)
0.15(0.09-026)  0.13(0.07-0.24)
134(084-2.13)  0.58(0.34-0.98)

OR (95% Cl)

Univariate

373 (1.11-12.55)
7.94/(2.34-26.98)
7.54(1.98-28.7)

1.65 (1.20-2.25)

266 (1.48-4.77)

3051
(4.02-231.42)

402 (1.62-9.98)
6.08 (1.96-18.85)
0.05 (0.03-0.09)

0.67 (0.48-0.95)

Multivariate

4.08(1.13-14.76)
591(1.61-21.7)
222(051-9.7)

082 (0.56-1.21)

1.27 (0.69-2.73)

41.72
(4.56-381.92)

1.49 (0.58-4.23)
3.64(097-13.7)
0.04(0.02-0.06)

0.27 (0.17-0.41)
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Ct n  Ag cut-off: 200 TCIDso/mL  Ag cut-off: 100 TCIDso/mL.

Positive  Negative Positive  Negative
<20 49 49 0 49 0
202499 62 62 0 62 0
262749 28 17 1 28

2752099 23 4 19 9 14
80-3249 31 2 29 8 23
3250-34.99 40 0 40 2 38
36-40 58 0 58 0 58
Negative 670 0 570 4 566

Ct, cycle threshold; Ag, antigen; TCID, Tissue Culture Infectious Dose per milliiter.
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Characteristics

Age group, n (%)
0-12
13-44
45-64
265
Gender
Male
Female
Hypertension
Yes
No
Unidentified"
Diabetes
Yes
No
Unidentified”
Lung disease
Yes
No
Unidentified”
Cardiovascular disease
Yes
No
Unidentified”
Imported cases
Yes
No
Clustered cases
Yes
No
Unidentified*

*Missing values.

Group 1
(n=541)

26 (65.00)
349 (56.93)
140 (40.70)
26(37.14)

388 (55.51)
153 (41.58)

23 (31.51)
511 (51.89)
7(87.50)

2(7.69)
532 (51.50)
7 (87.50)

7(21.88)
527 (51.31)
7 (87.50)

5 (20.00)
529 (51.16)
7(87.50)

354 (80.45)
187 (29.82)

146 (51.77)
324 (48.80)
71(68.68)

Group 2
(n=134)

5 (12.50)
69(11.26)
47 (13.66)
13 (18.57)

84(12.02)
50 (13.50)

9(12.33)
125 (12.68)
0(0.00)

3(11.53)
131 (12.68)
0(0.00)

8(25.00)
126 (12.27)
0(0.00)

4(16.00)
130 (12.57)
0(0.00)

40(9.09)
94 (14.99)

40(14.18)
81(12.20)
13 (10.74)

Group 3
(n =106)

6(15.00)
50(8.16)
41(11.92)
10 (14.29)

618.73)
45 (12.23)

10 (13.70)
95 (9.63)
1(12.50)

5(19.23)
101 (9.78)
1(12.50)

2(6.25)
104 (10.13)
1(12.50)

3(12.00)
103 (9.96)
1(12.50)

23(5.29)
83 (13.24)

34 (12.06)
58(8.79)
14.(11.67)

Group 4
(n = 286)

3(7.50)
145 (23.65)
116 (33.72)
21(30.00)

166 (23.75)
120 (32.61)

31 (42.47)
255 (25.86)
0(0.00)

16 (61.54)
260 (26.04)
0(0.00)

15 (46.87)
270 (26.29)
0(0.00)

13 (52.00)
272 (26.31)
0(0.00)

23(5.23)
263 (41.95)

62 (21.99)
201(30.27)
23(19.01)

Total
(n=1,067)

40
613
344

70

699
368

73

986

26
1,033

32
1027

25
1,034

440

627

282

121
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Ct=30 Ag cut off 200 Ag cut off 100

TCIDso/mL. TCIDso/mL.
A
™ 132 148
N 570 566
FP 0 4
FN 30 14
Positive likeihood ratio Not applicable 130.19 (48.97-346.08)
Negative likelihood ratio 0.19 (0.13-0.26) 0.09 (0.05-0.14)
VPP 100 56.8 (33.10-77.76)
VPN 99.81 (99.74-99.86) 99.91 (99.86-99.95)
ct=40 Ag cut off 200 Ag cut off 100

TCIDso/mL. TCIDso/mL.
B
™ 134 158
N 570 566
P o 4
N 157 133
Positive likeihood ratio Not applicable 77.37 (28.97-206.61)
Negative lielihood ratio 054 (0.49-0.60) 0.46 (0.41-052)
PP 100 43.87 (22.64-67.61)
VPN 99.46 (99.40-99.51) 99,54 (99.48-99.59)

Ct, cycle threshold; TCID, tissue culture infectious dose per milliter; TP true positive; TN,
true negative; FP, false positive; FN, false negative.





OPS/images/fpubh-10-795734/fpubh-10-795734-g004.gif





OPS/images/fmed-09-850736/fmed-09-850736-g002.gif





OPS/images/fpubh-09-788581/fpubh-09-788581-g002.gif
g (TG00 /mb)






OPS/images/fpubh-10-795734/fpubh-10-795734-g003.gif





OPS/images/fmed-09-850736/fmed-09-850736-g001.gif





OPS/images/fpubh-10-795734/fpubh-10-795734-g002.gif





OPS/images/fmed-09-850736/crossmark.jpg
©

2

i

|





OPS/images/fpubh-10-840984/fpubh-10-840984-t002.jpg
NP oP

Overall sensitiity 81% (73-87%) 51% (42-59%)
Specificity 99% (95-100%) 100% (96-100%)
PPV 99% (94-100%) 1009% (93-100%)
NPV 83% (76-88%) 66% (59-73%)

PPV, positive predictive value; NPV, negative predictive value.
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Model

AUC (95% CI)

Only suPAR 0.73 (0.61-0.86)

Optimised

0.80 (0.69-0.91)

Baseline variable

SUPAR
SUPAR
BMI
NLR
LDH (excluded)

OR (95% CI)

1.35 (1.04-1.75)

1.42 (1.04-1.94)

1.16 (1.02-1.33)

1.1 (0.99-1.28)
NA

P-value

0.023
0.025
0.024
0.077
NA
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Variables overall With GI symptoms Without GI symptoms

No. Pts Median (range) or No. Pts Median (range) o No. Pts Median (range) or
frequency frequency frequency
(percentage); (percentage); (percentage);
Mean & SD Mean & SD Mean & SD

COVID-19 treatments during hospitalization

Antivirals 2,552 1,325 (51.9%) 537 311 (57.9%) 2015 1,014 (50.3%)
Antibiotics 2,552 834 (32.7%) 537 227 (42.3%) 2,015 607 (30.1%)
Corticosteroids 2,552 382 (15.0%) 537 115 (21.4%) 2015 267 (13.3%)
Traditional Chinese 2,552 2,131(83.5%) 537 453 (84.4%) 2015 1,678 (83.3%)
medicines

ECMO/CRRT 2,552 17 (0.7%) 537 8(1.5%) 2015 9(0.4%)
Hospital length of stay 2,252 14.85 + 884 537 18.16 + 10.62 2,015 13.97 + 8.07
(days) 13.00 (0-62) 16.00 (2-61) 12.00 (0-62)
Outcomes

icu 2,552 83(3.3%) 537 32(6.0% 2015 51(2.5%)
Mechanical ventiation 2,552 72(2.8%) 537 26 (4.8%) 2015 46 (2.3%)
Death 2,552 53(21%) 537 19(3.5%) 2015 34 (1.7%)
Composite endpoint 2,552 102 (4.0%) 537 39 (7.3%) 2015 63(3.1%)

COVID-19, coronavirus disease 2019; ECMO, extracorporeal membrane oxygenation; CRRT, continuous renal replacement therapy; ICU, intensive care unit.
Bold value means there is a statistical difference between the two groups.

P-value

0.002
<0.001
<0.001
0.548

0.008
<0.001

<0.001
0.001

0.008
<0.001
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P-value  Standardised  Adjusted model
beta R?

Model 1 0.16
SUPAR 0.001 0.42

Excluded from the model:

Lactate dehydrogenase

Lymphocyte count”

CRP

Model 2 023
SUPAR 0.003 037

NLR 0.022 028

Excluded from the model:

Lactate dehydrogenase

CRP

SUPAR; soluble urokinase activator receptor, NLR; neutrophi-to-lymphocyte ratio, CRP;

C-reactive protein. *Lymphocyte count and NLR were tested in separate models because
of their interrelationship.
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Variables Overall With GI symptoms Without Gl symptoms P-value

No.Pts Median (range) or No. Pts Median (range) or No. Pts Median (range) or
frequency frequency frequency
(percentage); (percentage); (percentage);
Mean & SD Mean £ SD Mean & SD
Age (>60 years) 2,562 1,227 (48.1%) 537 208 (55.5%) 2015 929 (46.1%) <0.001
Male (%) 2552 1,287 (50.4%) 537 243 (45.3%) 2015 1,044 (51.8%) 0.007
COVID-19 symptoms
Fever (%) 25652 1,857 (72.8%) 537 393 (73.2%) 2015 1,464 (72.7%) 0.807
Cough (%) 2,562 1,774 (69.5%) 537 365 (68.0%) 2015 1,409 (69.9%) 0.382
Fatigue and/or myalgia 2562 1,430 (56.0%) 537 315 (58.7%) 2015 1,115 (65.3%) 0.168
(%)
Dyspnea (%) 2,562 850 (33.3%) 537 190 (35.4%) 2015 660 (32.8%) 0.251
Chest distress and/or 2552 583 (22.8%) 537 150 (27.9%) 2015 433 (21.5%) 0.002
shortness of breath (%)
Expectoration (%) 2,562 293 (11.5%) 537 68(12.7%) 2015 225 (11.2%) 0334
Comorbidities
Diabetes (%) 2,562 374 (14.5%) 537 85 (15.8%) 2015 286 (14.2%) 0.339
Cardiovasoular disease 2552 894 (35.0%) 537 205 (38.2%) 2015 689 (34.2%) 0.086
©)
Cerebrovascular 2,562 115 (4.5%) 537 25 (4.5%) 2015 90 (4.5%) 0.851
disease (%)
Chronic renal disease 2,552 34(13%) 537 11 (2.0%) 2015 23(1.1%) 0.103
(%)
Chronic respiratory 2552 118 (4.6%) 537 22(4.1%) 2015 96 (4.8%) 0513
disease (%)
Mealignant tumor (%) 2,562 56 (2.29%) 537 7 (1.3%) 2015 49 (2.4%) 0.113
Laboratory tests
Hb (/) 2018 124.45 + 18.19 406 122,05 20.88 1,612 125.06 & 17.41 0.003
124.00 (42.00-318.00) 123.00 (49.00-318.00) 125.00 (68.00-267.00)
WBC (10°7) 2,020 6.17:£254 406 6244281 1614 615247 0.862
5.70 (1.70-49.30) 5.75 (2.40-34.10) 5.70 (1.70-49.30)
PLT (101) 2016 22084 + 76.15 406 229.71 £ 70.85 1,610 22088+ 77.45 0.493
220 (6.00-662.00) 222,00 (48.00-483.00) 219.00 (6.00-622.00)
TBIL (umolL) 1,883 10.83 + 6.72 371 1093 +7.10 1,612 10.81 £ 6.33 0.906
9.80 (2.40-112.20) 9.70 (2.40-112.20) 9.80 (2.40-72.30)
AST (ULL) 1,885 2357 +17.73 371 25.12 + 23.69 1514 23.19+ 15.92 0677
19.00 (6.10-310.40) 19.00 (6.40-310.40) 19.05 (6.10-234.50)
ALT (UIL) 1,883 29.78 £ 28.76 371 28.40 + 2635 1,512 30.13 +20.31 0.157
21.30 (1.70-403.00) 20.00 (1.70-245.40) 21.40 (4.50-403.00)
AKP (IU/L) 1,883 7414 £27.29 371 7332+ 33.74 1,512 74.34 £25.46 0.067
69.60 (6.00-493.30) 67.70 (6.00-493.30) 70,35 (16.60-274.60)
GGT (/L) 1,883 40,66+ 38.02 371 38.72+ 3835 1,512 4114 +87.94 0314
28,60 (5.40-427.40) 27.80 (7.90-427.40) 28,80 (5.40-336.60)
Albumin (g/L) 1,883 3828+ 4.10 371 3716+ 4.48 1,512 3855+8.95 <0.001
38,60 (16.40-60.00) 37.80 (16.40-47.10) 38.80 (22.00-60.00)
D-dimer (mg/L) 1,644 083 1.83 303 099 1.70 1,341 079+ 1.92 0015
0.37 (0.01-40.00) 0.4 (0.01-15.34) 0.36 (0.01-40.00)
PT (seconds) 1,629 12.97 £ 124 308 12,92+ 128 1,326 12,90+ 124 0219
12,81 (9.20-24.36) 12.76 (10.20-22.32) 12,81 (9.20-24.36)
Severity of COVID-19 at admission
Mild type 2552 28(1.1%) 537 5(0.9%) 2015 23(1.1%) 0678
Moderate type 2,562 1,827 (71.6%) 537 352 (65.5%) 2015 1,475 (73.2%) <0.001
Severe type 2562 659 (25.8%) 537 165 (30.7%) 2015 494 (24.5%) 0.003
Critical type 2,552 38 (1.5%) 537 15 (2.8%) 2015 23(1.1%) 0.005

COVID-19, coronavitus disease 2019; Gl, gastrointestinal; Hb, hemoglobin; WBC, white blood cell; PLT, platelet count; TBIL, total bilrubin; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; AKF, alkaline phosphatase; GGT, gamma-glutamyl transpeptidase; PT, prothrombin time.
Bold value means there is a statistical difference between the two groups.
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Patients, number (1) 60

Meale sex, n, (%) 40 (67)
Age, years median (range) 57.5(23-91)
Current or ex-smoker, n (%) 34(67)
Cardiovascular disease, n (%) 34(67)
Chronic pulmonary disease, n (%) 15 (25)
Acute renal failure, n (%) 10(17)
Chronic renal failure, n (%) 7(12)
Renal replacement therapy, n (%) 36)
Diabetes, n (%) 16 (25)
Body mass index (kg/m?), median (range) 30 (22-45)
Immunocompromised” at inclusion, (%) 8(13)
Symptom duration, days median (range) 10 (2-30)
Length of hospital stay, days median (range) 7 (2-54)
Deceased, n (%) 20
COVID-19 severity:

Mild, n (%) 6(10)
Moderate 25 (42)
Severe, n (%) 21(35)
Critical, n (%) 8(13)
Mechanical ventilation, n (%) am
Mechanical ventilation, days median (range) 135 (2-21)
Intensive care, n (%) 8(13)
Stay atintensive care unit, days median (range) 9 (1-24)
Anticoagulants, n (%) 60 (100)
Remdesivir, n (%) 23(38)
Corticosteroid therapy, n (%) 38(63)
Biochemical variables at inclusion:

Haemoglobin g/L., median (range) 127 (87-171)
White blood cell count (x 10%/L), median (range) 6.7 (04-47)
Platelet count (x 10%/L), median (range) 240 (20-668)
Neutrophil count (x 10°/L), median (range) 50(0.1-17.5)
Lymphocyte count (x 10°/L), median (range) 1.0(0.1-33)
NLR, median (range) 49(02-88)
NMR, median (range) 13.1(4.0-180)
G-reactive protein (mg/L), median (range) 62,5 (6-477)
Sodium (mmol/L), median (range) 138 (128-144)
Potassium (mmol/L), median (range) 39(3.2-4.8)
Plasma creatinine (mol/L), median (range) 69.5 (36-1224)
©GFR MDRD (mL/min/1.73m?), median (range) 69 (4->90)
Lactate dehydrogenase (kat/L), median (range) 6.5(3.2-16)

# Disease and/or current medical treatment that suppress the immune system, such
as haematological or other malignancy, rheumatic disease, and organ transplantation.
HFNOT, high flow nasal oxygen therapy; GFR, estimated glomerular firation rate; NLR,
neutrophil-to-lymphocyte ratio; NMR, neutrophil-to-lymphooyte ratio. Disease severity
was classified according to the National Institute of Health and approximated with respect
to maximum oxygen need as mild (pandemic department, no oxygen supplementation),
moderate (pandemic department, oxygen supplementation <5L/min), severe (pandemic
department or intermediate care unit, oxygen need >5L/min supplemented by high-flow
nasal oxygen therapy or continuous positive aivay pressure therapy) and critical ilness
(intensive care unit, with or without mechanical ventilation).
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Overall cohort, any Overall cohort,

exposure inpatient use
(N =2,627) (N =2,534)
Adjusted OR ~ P-value  Adjusted OR  P-value
(95% CI) (95% C)

DRUGS

Alpha-1 blockers 0699 0,039 0.624 0012
(0.498-0.982) (0.431-0.903)

ACE inhibitors 1.419 0583 1.020 0925
(0.750-1.670) (0.672-1.549)

ARBs 1.285 0232 1.261 0290
(0.852-1.987) (0.821-1.987)

Diuretics 1.222 0232 1.192 0311
(0.879-1.698) (0.848-1.675)

Beta blockers 1.496 0.007 1.681 0003
(1.115-2.008) (1.166-2.144)

Calcium-channel 0648 0006 0577 <0.001

blockers (0.476-0.883) (0.418-0.796)

Statin 0830 0.246 0.831 0267
(0.606-1.137) (0.599-1.152)

Glucocorticoid 1.468 0017 1672 0007
(1.070-2.015) (1.184-2.178)

PATIENT CHARACTERISTICS

Age 1.070 <0001 1.069 <0.001
(1.054-1.086) (1.053-1.086)

Race: African 0824 0.360 0773 0235

American (0.545-1.246) (0.505-1.183)

Race: Asian 0836 05616 0733 0.409
(0.416-1.682) (0.351-1.531)

Race: Hispanic 0953 0.799 0.852 0416
(0.656-1.384) (0.579-1.254)

Race: Other 0.797 0323 0737 0.194
(0.508-1.250) (0.465-1.168)

Race: Unknown 1.183 0.707 1.148 0.760
(0.493-2.836) (0.473-2.788)

‘Smoking status: 1.193 0.356 1.191 0.372

not asked (0.820-1.735) (0.812-1.746)

Smoking status: 1.439 0,036 1.387 0069

quit (1.025-2.020) (0.975-1.974)

Smoking status: 1.536 0.208 1.699 0.125

yes (0.789-2.990) (0.864-3.340)

BMI 1.016 0.156 1.017 0.127
(0.994-1.038) (0.995-1.040)

Temperature 0983 0,607 0983 0598
(0.927-1.052) (0.923-1.047)

Max. temperature 1225 <0001 1223 <0.001
(1.126-1.333) (1.122-1.334)

02 saturation 1.000 0997 1.003 0777
(0.980-1.020) (0.983-1.024)

Min. O2 saturation 0.946 <0.001 0.942 <0.001
(0.985-0.957) (0.930-0.954)

Heart rate 0995 0.158 0993 0082
(0.987-1.002) (0.985-1.001)

Respiratory rate > 1.500 0025 1.437 0052

25 (1.053-2.137) (0.997-2.072)

High BP (SBP > 1.234 0.153 1.222 0.183

1400rDBP > 90)  (0.925-1.645) (0.907-1.646)

COMORBIDITIES.

Asthma 0399 0055 0.391 0.069
(0.166-1.020) (0.142-1.074)

COPD 1.329 0367 1471 0635
(0.717-2.463) (0.610-2.249)

Hypertension 0869 0.442 0877 0492
(0.608-1.243) (0.603-1.275)

Obstructive sleep 1.355 0510 1.394 0.482

apnea (0.549-3.346) (0.552-3519)

Obesity 1.245 0.465 1.248 0478
(0.692-2.242) (0.677-2.301)

Diabstes melltus 0940 0745 0.939 0749
(0.648-1.364) (0.637-1.383)

Ghronic kidney 1.184 0476 1.236 0391

disease (0.744-1.884) (0.762-2.003)

HIV 1.930 0.160 1.479 0.442
(0.771-4.830) (0.546-4.006)

Cancer 0878 0575 0.891 0636
(0.558-1.382) (0.554-1.435)

Coronary artery 1.007 0973 1.106 0657

disease (0.656-1.547) (0.709-1.727)

Atrial fibrillation 0903 0701 0947 0.846
(0.535-1.523) (0.546-1.641)

Heart failure 0.789 0397 0.866 0620
(0.457-1.364) (0.490-1.530)

Chronic viral 0672 0536 0535 0375

hepatitis 0.191-2.362) (0.185-2.131)

Liver disease 1.244 0.623 1.494 0.374
(0.521-2.968) (0.616-3.619)

Acute kidney injury 0.893 0.660 0.819 0.469
(0.539-1.480) (0.477-1.405)

LABS

WBC 1.018 0175 1.022 0.126
(0.992-1.044) (0.994-1.052)

Creatinine > 1.2 1.474 0020 1.458 0.030
(1.062-2.047) (1.038-2.049)

Anion gap 1.059 0.001 1.061 0.001
(1.023-1.096) (1.024-1.100)

Potassium 1.157 0.106 1.103 0299
(0.969-1.381) (0.917-1.326)

ALT 1.001 0.440 1.001 0.488
(0.999-1.003) (0.999-1.003)

Feritin 1.000 0886 1.000 0.836
(1.000-1.000) (1.000-1.000)

HOSPITAL CONDITIONS

icu 2617 <0.001 2.648 <0.001
(1.838-3.726) (1.830-3.812)

Duration (days) 0.957 <0.001 0.959 <0.001
(0.937-0.978) (0.937-0.980)

ACE, angiotensin-converting enzyme; ARBs, angiotensin Il receptor blockers; BMI, body
mass index; BR, blood pressure; SBR, systolic blood pressure; DBR, diastolic biood
pressure; COPD, chronic obstructive puimonary disease; HIV, human immunodeficient
virus; WBC, white blood cell count; ALT, alanine aminotransferase.
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Non-alpha-blockers  Alpha-blockers P-value Inpatient alpha-blockers P-value
N 2,191 436 343

Age 64 56.74] 73(6681] <0001 7365, 80] <0001
Race, n (%) 0.004 0065
African-American 514 (23.5) 86 (19.7) 68(19.8)

Asian 1146.2) 19 (4.4) 12(35)
Hispanic 624 (28.5) 130(20.8) 104 (30.9)
Other 336 (15.3) 49(11.2) 43(12.5)
Unknown 69(3.1) 10(23) 10(29)
White 534 (24.4) 142 (32.6) 106 (30.9)

BMI (kg/m?) 27.0 23.8,30.9) 26.0[23.2,30.0) 0,003 265 [23.6,30.2) 0.113

Smoking status, n (%) <0.001 0.004
Never 1,023 (46.7) 202 (46.9) 158 (46.1)

Not asked 525 (24.0) 66 (15.1) 60(17.5)
Quit 527 (24.1) 148 (33.9) 110 (32.1)
Yes 116(5.3) 20 (4.6) 15 (4.4)

Temperature (F) 986 [97.9,99.8) 98.5(98.0,99.5] 0.365 98.6[98.0,99.7) 0827

Meax. temperature () 100.4 [99.1,102.1) 100.8(99.6,102.4) <0001 101.1(99.8, 102.5] <0001

02 Saturation (%) 96.0[92.0,98.0) 95.0 (92.097.0) 0.168 95.0[92.0,97.0) 0056

Min. O2 saturation (%), 90.0[82.0,94.0) 83.0(78.091.0] <0.001 88.0[77.0,91.0) <0.001

Heart rate (BPM) 94.0 (82.0,108.0) 91.0 77.0,104.0) 0.001 90.0 77.0, 103.0] <0.001

Respiratory rate > 25, (%) 317 (14.5) 64 (14.7) 0.968 52(15.2) 0798

High BR n (%) 817 (373) 163 (37.4) 0.987 134 (39.1) 0567

ACEinhibitors, n (%) 267 (12.2) 90 (20.6) <0.001 70 (20.4) <0.001

ARBS, n (%) 222(10.1) 88(20.2) <0.001 70(20.4) <0.001

Diuretics, 1 (%) 629 (28.7) 203 (46.6) <0.001 155 (45.2) <0.001

Beta blockers, 1 (%) 623 (28.4) 204 (46.8) <0.001 154 (44.9) <0.001

Calcium-channel blockers, 1 (%) 627 (28.6) 213 (48.9) <0.001 161 (46.9) <0.001

Statin, n (%) 711 (325) 249 (67.1) <0.001 198 (56.9) <0.001

Glucocorticaid, n (%) 745 (34.0) 218(50.0) <0.001 167 (48.7) <0.001

Asthma, 1 (%) 52(2.4) 1739) 0.008 12(35) 02904

COPD, n (%) 76(3.5) 30(6.9) 0.002 19(5.5) 0085

Hypertension, n (%) 625 (28.5) 186 (42.7) <0.001 142 (41.4) <0.001

OSA, n (%) 36(1.6) 14(32) 0.046 13(38) 0013

Obesity, n (%) 127 (5.8) 29(6.7) 0563 23(6.7) 0589

Diabetes melitus, n (%) 405 (18.5) 130 (20.8) <0.001 99 (28.9) <0.001

Chronic kidney disease, 1 (%) 216(0.9) 75(17.2) <0.001 59(17.2) <0.001

HIV, (%) 48(2.2) 9(2.1) 0.989 720 0982

Cancer, n (%) 165 (7.5) 66 (15.1) <0.001 45 (13.1) 0.001

Coronary artery disease, n (%) 255 (11.6) 90 (20.6) <0.001 64(18.7) <0.001

Atrial fibrillation, 1 (%) 119 (5.4) 59 (13.5) <0.001 37(10.8) <0.001

Heart failure, 1 (%) 131(6.0) 51(11.7) <0.001 32(0.8) 0026

Chronic viral hepatitis, (%) 27(1.2) 7016 0.691 4(12) 1.00

Liver disease, n (%) 47 (2.4) 13(3.0) 0372 132 0304

Acute Kidney injury, n (%) 150 (6.8) 47 (10.8) 0.008 32(9.3) 0.123

WBG (K/u) 79(6.7,109) 7.7(54,11.4] 0531 766.4,11.4] 0527

Creatinine > 1.2, n(%) 903 (41.2) 231 (53.0) <0001 187 (54.5) <0001

Anion Gap (MEQ/L) 12.3[10.7,15.0] 12.4[102,15.0] 0413 12.4[102,14.7) 0396

Potassium (mmol/L) 4414048 43[3948) 0622 43[39,48) 0200

AT (U) 340(21.0,57.0] 29.0(18.0,50.0) <0.001 30.0(18.0, 51.0) 0001

ICU, n (%) 431(19.7) 112(25.7) 0.006 94 (27.4) 0.001

Duration (days) 47(1.195) 70(36,115] <0001 754.0,12.0] <0001
Hospital status, 1 (%) 0033 0.153
Deceased 620 (28.7) 148 (33.9) 112(32.7)
Discharged 1562 (71.3) 288 (66.1) 231(67.9)

Pationt characteristics are summarized as median and interquartie range (IQR) for continuous variables. Categorical variables are displeyed as number and percentage (%). The
Kruskal-Walls test was used to test for differences for continuous variables, and the x? test ws used for categorical variables.

BMI, body mass index; BPM, beats per minute; B, blood pressure; SBR. systolic blood pressure; DBR, diastolic blood pressure; ACE, angiotensin-converting enzyme; ARBS,
angiotensin Il receptor blockers; COPD, chronic obstructive pulmonary disease; OSA, Obstructive Sieep Aonea; HIV, human immunodeficient virus; WBC, white blood cell count;
ALT, alanine aminotransferase.
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Study name First Publication WHO guidelines German guidelines US guidelines
Author publication  type
date (epub date if
available)
27-  02- 20- 17- | 16- 21 28 28 | 21-  25-  17-  30- 27 03
May- Sep- Nov- Dez | Jun- Jul-  Nov- Feb- | Apr- Jun- Jul-  Jul  Aug- Nov-
20 20 20 20 20 20 20 21 20 20 20 20 20 20
Huang 24-Jan-20 Study © © © © ©O
Yang 24-Feb-20 Study ©P
Guan 28-Feb-20 Study (©Op
Zhou 9-Mar-20 Study ©F
Wang 12-Mar-20 Preprint o o © o O (©O
13
Wu 13-Mar-20 Study ©F [ [l o o o
Sun 17-Mar-20 Preprint o
Lu 11-Apr-20 Preprint ©F ©)
19-May-20 Study o o o o
Li 12-Apr-20 Study ©f or
Wang 28-Apr-20 Letter o o o
Fadel 19-May-20 Study o o o o o
Yuan 2-Jun-20 Study o o o o
Fernandez-Cruz Study o o o
22-Jun-20
Keller 22-Jul-20 Brief o o o
report
Nelson 9-Aug-20 Study o o
Li 2-Sep-20 Study o
Salton 12-Sep-20 Study o
GLUCocovID Preprint R RS R® ®R* R R R R R R
Corral 18-Jun-20
MetCOVID Study R7 RS7 RS7 R R
Jeronimo
12-Aug-20
CAPE COVID Study R’ R RS/ RS7 R R’
Dequin 2-Sep-20
CoDEX Tomazini Study R R RS/ RS R R
2-Sep-20
COVID STEROID Meta- Ry Ry Ry Ry
2-Sep-20 analysis
DEXA-COVID Meta- ® ®F ®’ R’
2-Sep-20 analysis
Steroids-SARI Meta- Ry RY RY RY
2-Sep-20 analysis
Farahani 9-Sep-20 Preprint ®Y
Edalatifard Study ®Y R
17-Sep-20
RECOVERY Horby ~ Press P P P P P 3
16-Jun-20 release
22-Jun-20 Preprint P [ ®P P P P P P
17-Jul-20 Study P7 PS pS7 P pe7 P P P7
REMAP-CAP Study P P PS7 PS7 P 7
Angus 2-Sep-20
Mild—moderate ¢ ¢ ¥ |- - - = R A T B S 4
Severe—orial ¢ & S S % S S S T S S S b D

1, (42); 2, (36); 3, (37); 4, (43); 5, 3 Version (Updiate 2) (44); 6, (14); 7, (32).
Allguideline versions that include further evidence on the ciinical benefit or safety of corticosteroids comparedito the previous version are listed Studies directly and/or indirectly (brackets)
referenced. Secondary sources according to footnotes. Treatment guidelines for patients with mild—moderate and severe—critical ness were abstracted together into “thumbs down”

for recommendation against, “thumbs up” for recommendation for (with restrictions) and “~" when this patient group is not mentioned. O, observational: R, RCT; P, Platform trial.
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Input: Breaking dates To, T1, T2, T3, Ts;
Output: Functions f* and coefficients ., i = 1,2,3,4,j € J.
begin

L0

Initialize A; m’V’ Ji

Initializeﬁ( , Vi,j with appropriate parameters;
k=0

while Not Converged or k == 0 do

Solve problem (6a) with fixed 1/ for f/+);

Solve problem (6a) with ﬁxedflj(k“) for A’;(k“);

k=k+1;
end while
Ou!putfi" =
end

i](k) and A{:* =
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Input: Selected dates Ty, Tf, T;, Tf, Tf), Tf, T{’, Ty
Output: Breaking dates T}, T}, T%, functions f;” and coefficients
Mi=1234j€].
begin
for Ty =TP —7,--- , TP + 7 do
for T, =T —7,---, T + r do
for T; = TP —7,---, TP + v do
Solve problem (6a) to evaluate I(T}, T» T3}
end for
end for
end for
(7,13, 19) = arg i, L(Ty, T3, T3).

end






OPS/images/fpubh-10-804404/fpubh-10-804404-g003.gif





OPS/images/fpubh-09-782296/fpubh-09-782296-t004.jpg
Measure August  October

Median IQR Median IQR

Case timeline

Symptom onset to specimen collection, days 3 16 2 16
Specimen collection to state notification, days 2 28 2 12
State notification to interview, days 112 1 12
Specimen collection to interview date, days 4 35 3 24
Symptom onset to interview date, days 7 510 6 48
Contact timeline

Case specimen collection to contact interview, days 4 35 3 2-4
Gase interview to contact interview, days 0 00 0 01

Case symptom onset to contact interview date, days 7 5-10 6  4-8

IQR, interquartile range.
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Input: Daily cases p; at time ¢, error threshold M, marginal error
factor p;
Output: Corrected cases p at time t.
begin
t =argmint
PO
while t < T do
if pr # 0 then
=
t=1t+1
else
k=1
while t + k < Tand p;4x = 0 do
k=k+1
end while
ift + k < T then
avg(t,t + k)?
end if
t=t+k+1
end if
end while

t =argmint
Pi#E0
whilet < T do
if pr — pr—1 > Mand p; > pp;— then
if and p; < pp;— then

avg{t —1,t}
else
avg{t — 2,1t}
end if
end if
t=t+1
end while

end
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Input: Cumulative cases Py at time t;
Output: Corrected cases Py at time f.

begin
Pp=Pr
t=T—1
while t > 1 do
if Pr > Py, then
P =Py
else
Pr=P
end if
t=t—1
end while

end
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Measure

Cases
Total diagnoses of COVID-19°
Indivicuals with COVID-19 referred to state for case investigation
Individuals called by investigator
Individuals interviewed
Individuals unable to be interviewed
Refused
No response to phone calls
Non-working phone number
Contacts
Total contacts elicited
Contacts listed per case (mean)
Contacts interviewed
Contacts unable to be interviewed
Refused
No response to phone calls

#Percentages may not sum to 100% due to rounding.

DStatistical testing is comparing categories or means between August and October.

12,521
4,600
4,600
3,000
1,600

890
143

2,584
26
2212
372
77
295

August

o%a

37
100

12
19

86
14

1

16,269
2,166
2,166
1,639
627

342
32

2,218
3.0
1,730

78
410

October

o%a

13
100
76
24

16

78
22

18

p-value®

<0.001
<0.001

Represents total diagnoses from all local health jurisdictions that referred cases to the Washington State community contact tracing program during August and October, respectively.
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MSA

Los Angeles
New York
Chicago
Dalas
Houston
New Jersey
Washington
Philadelphia
Aanta
Boston
Phoenix
San Francisco
Riverside
Detroit
Seattle
Minneapolis
San Diego
Denver

St. Louis
Baltimore
San Antonio
Portland
Pittsburgh
Sacramento
Gincinnati
Las Vegas
Kansas City

1 Week Ago

Positive

28859
21429
12661
26485
26627
92038
6210
7265
20027
4669
17118
7104
10758
3835
8306
4480
8002
3425
8039
2578
14950
3936
2275
5834
3328
5494
6328

Fatality

143
70
59
109
171
23
19

45
20
40
16
27
10

15

20
73

13

153
39

2 Weeks Ago
Positive Fatality

32351 145
18844 91
9858 42
18859 91
18359 124
8047 40
7370 23
5862 10
21939 78
5618 21
14706 34
6683 1
13719 18
3679 26
10210 12
3988 26
7662 6
3153

6097 56
2588 24
13149 60
4692 13
2679 12
5891 28
4025 5
4386 141
5407 4

3 Weeks Ago
Positive Fatality
32400 102
21163 0
10541 69
25286 81
20507 129
6684 52
6526 23
6515 34
15970 42
5372 27
16849 56
6835 37
10128 45
3821 4
8170 1
4688 17
9819 9
3704 18
6199 24
1790 18
12838 el
4041 7
2323 20
5631 18
4633 0
5187 146
5059 43

4 Weeks Ago
Positive Fatality

29610 143
16542 9%
12684 36
23373 72
18249 138
9313 34
5830 21

7549 23
20562 58
4753 17
16647 32
6867 22
12338 42

4892 28
10215 12

3948 9

9837 19
4688 4

7748 46
2226 19
10353 103
3531 7

2289 8

4541 19
4419 2

4410 171
6325 75

Reported
Positive  Fatality
28854 128
20525 79
11827 51
20223 ot
22795 146
8235 38
6862 16
7008 21
18875 62
5085 25
14632 50
7430 25
11548 33
4388 28
8725 16
4493 16
8615 13
3926 13
6913 39
2229 13
12684 80
4270 14
2389 12
5502 24
4020 4
5405 142
5599 58
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Measure August October

n or Median % or IQR® n or Median % or IQR?

Cases

Total diagnoses of COVID-19° 12521 - 16,269 -

Individuals with COVID-19 not referred to state contact tracing program® 7,921 63 14,103 87

Individuals with COVID-19 referred to state for case investigation 4,600 37 2,166 13
Age (median, years) 35 23-49 35 23-50
0-17 years 642 14 258 12
18-22 years 481 10 242 1
23-44 years 2,003 44 945 a4
45-64 years 1,102 24 490 23
=65 years 370 8 231 1
Unknown age 2 0 - -
Female 2,145 a7 989 46
Male 2,087 5 1,012 a7
Unknown sex 368 8 165 8
Hispanic 1,954 42 715 33
Non-Hispanic white 902 20 694 32
Non-Hispanic black 129 3 80 4
Other or unknown race/ethnicity 1615 35 677 31
Metropolitan® 3911 85 1,690 78
Micropolitan® 407 9 362 17
Smalltown or rural® 263 6 104 5
Unknown urbanicity® 19 [ 10 [

Contacts

Total contacts elicited 2,684 - 2218 -
Household contact 2,060 80 1,649 74
Non-household contact 504 20 567 2
Unknown household status 20 1 2 0
Age (median, years) 33 21-45 36 25-47
0-17 years 459 18 258 12
18-22 years 266 10 209 9
23-44 years 1,195 46 1,084 49
45-64 years 523 20 496 22
265 years 141 5 171 8
Female 1,326 51 1,097 49
Male 1,088 40 28 42
Unknown sex 220 9 193 9
Hispanic 1512 59 984 a4
Non-Hispanic white 756 29 827 37
Non-Hispanic black 76 3 78 4
Other or unknown race/ethnicity 240 9 329 15
Metropolitan® 1,943 75 1,431 85
Micropolitan® 235 9 407 18
Smalltown or rural® 148 6 101 5
Unknown urbanicity* 268 10 279 13

IQR, Interquartie range.

“Percentages may not sum to 100% due to rounding.

bRepresents the totel diagnoses from alllocal health jurisdlctions that referred cases to the Washington State community contact tracing program during August and October, respectively.
©Local health jurisdlictions provided case investigation and contact tracing for these individuels (e., these indivicuals were ot referred to the state for case investigation), and thus were
not inclucied in this analysis.

9Defined using US Department of Agriculture Economic Research Service rural-urban commuting area codes, where values 1 through 3, 4-6, and 7 and above were considered
metropolitan, micropolitan, and small town or rural, respectively fsee reference (14)].
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Model 1 Week Ago 2 Weeks Ago 3 Weeks Ago 4 Weeks Ago Rank

BPagano-RtDriven 5718 7075 6374 5516 3
CEID-Walk 4575 3530 2462 1830 23
COVIDhub-baseline 4535 3561 2532 1921 21
CU-select 4998 5719 6550 9264 4
DDS-NBDS 5054 5323 7683 2671 7
Epiforecasts-ensembiet 5470 4855 5959 2525 11
GT-DeepCOVID 5487 5187 3008 2190 13
IEM_MED-CovidProject 5367 3851 2549 1311 20
JHU_CSSE-DECOM 5461 5809 4375 3896 5
JHUAPL-Bucky 6239 5764 6436 13031 8
Karlen-pypm 7190 8509 10906 10857 6
LANL-GrowthRate 5216 4106 2569 2579 15
MIT_ISOLAT-Mixtures 6390 2607 2403 1397 19
MIT-Cassandra 5940 2081 2081 2675 18
MOBS-GLEAM_COVID 5337 4883 4023 3775 12
MUNI-ARIMA 4153 4444 3323 1881 17
PSI-DRAFT 2314 2746 1885 2392 24
RobertWalraven-ESG 4038 4023 2678 3796 16
SteveMcConnell-CovidComplete 6920 7863 6901 5000 1
UA-EpiCovDA 4930 4172 2729 4646 14
UCM_MESALab-FOGSEIR 4768 3552 2475 1841 22
UCSD_NEU-DeepGLEAM 5404 4940 4051 3870 9
USC-SI_kialpha 7702 9601 10184 10918 10
UH-CF 7253 7082 6832 6656 2

Reported 6991(963903)
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Nipah virus strain Genotype Species Ngene

503 505 520 594 597 614 752 758 761 818 820 830 831 833 843 844 845 900 919 921 954 958 982 1162 1188 1216

NG 002728.1 NiV/MY/HU/1999/CDC M Huan § R P G § T E @ R R I @ AD G P K s T D P s a A M &
Reference genome of Nipah virus
NiV/india/HU/2021/sample | e - Nl N RCRCER - RORCR-ROECE-RCR R RUR - RiR RiR R 1>d
MH523642.1 | Human N | = /s |- |- - |& E |- H L K I l@ - 'L |- |- N|-LINR T - D
NiV/india/HU/2018/MCL-18-H-1088
MN549409.1 | B¢ N - s - |- - 6|E - HIL - 1&|-/L - -N-=--=RT - D
NiV/India/Pmedius/2019/MCL-19-
BAT-572-7
MK673592.1 B Human = K = = P = = = K - - |- I & - - -1 - N - = = = - |-
NiV/BD/HU/2014/201601241
MK575070.1 B8 Bat =K = R [=| A = = = H] == T = D PR e N = e e B
NiV/BD/P.medius/EHA/2013/Sylhet 191
F gene G gene L gene

15 19 344 384 386 427 498 94 112 632 633 639 642 658 665 1262 2037
NC 002728.1 M Human | M R | K V T I K N V N N H T R N
NiV/MY/HU/1999/CDC
NiV/india/HU/2021/sample | Human L - M V - | - T - - - - ¢ Y - - -
MH523642.1 I Human L - M V - | - T - - - - Y Y - - -
NiV/India/HU/2018/MCL-18-H-1088
MN549409.1 | Bat L - MV - I - T - = - - Y - - - -
NiV/India/Pmedius/2019/MCL-19-
BAT-672-7
MK673592.1 B Human - | K - E - K - - - - - Y Y - K D
NiV/BD/HU/2014/201601241
MK575070.1 B Bat - - K - E - K TR S M D - Y I K D

NiV/BD/P.medius/EHA/2013/Sylhet191

The bold values are the amino acid at positions mentioned in the table for each gene of the reference Nipah virus strain, NC 002728.1 Niv/MY/HU/1999/CDC.
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Variable

Age group
18~30
31~40
41~50
51~60
> 60
Gender
Female
Male
Region
Central
East
West
Living residence
Urban
Rural
Marriage
Married
Others (single, divorced or widowed)
Education
Middle school and below
High school
Bachelor
Master and above
Employment
Employed
Others
Household income
<50,000
$50,000-100,000
100,000-150,000
150,000-200,000
200,000-300,000
2300,000
Household size
-2
3-4
25
Has the elderly at home
Yes
No
Health status
Very good/good
Normal/poor
Has chronic disease
Yes
No

Online survey (n = 2,013)

Ref
0.358
0.183
0.069
0.018

Ref
0518

Ref
0.208
0.149

Ref
0.833

Ref
0.729

Ref
0.284
0.610
0.049

Ref
0.848

Ref
0.249
0.240
0.194
0.139
0.073

Ref
0.609
0.288

Ref
0.445

Ref
0.268

Ref
0.129

Mean

On-site survey (n = 4,316)

0.380
0.161
0.089
0.021

0510

0218
0.157

0.845

0.720

0.242
0.623
0.088

0.859

0.185
0.197
0.238
0.087
0.113

0518
0.352

0516

0.196

0.107

The bold values means that the standardized mean bias percentage of that variable is larger than 5%. *P < 0.05.

Y%bias

—5.300
6.300
—6.800
—1.000

1.600

—2.200
—2.200

—2.700

2.200

10.000
—2.700
-22.500

—2.600

14.100
10.600
-13.500
17.500
~17.700

18.600
-14.700

—-14.400

20.600

5.400

t-value

~1.440
1.840

-2.390

-0810

0.500

—0.750
-0.750

-0.970

0.650

3.040
—-0.830
—4.830

—1.000

4820
3.240
—-3.380
5.150
—4.230

5760
-4.480

-4.490

5.380

2.140

T-test

P-value

0.151

0.085
0.017*
0.417

0.620

0.455
0.453

0.330

0.519

0.002*
0.404
<0.001*

0318

<0.001"
<0.001"
<0.001*
<0.001*
<0.001*

<0.001*
<0.001*

<0.001"

<0.001"

0.032*
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Model Open source Well Accounting for Low number of Reported COVID-19 statistics

documented" seasonality parameters
COVIDHunter (this work) v v v v V (R, cases, hospitalizations, and deaths)
1BZ (1) v 2 X v X (only A)
LSHTM (7) v x x v x (only cases)
1CL(9) v v x x v (R, cases, hospitalizations, and deaths)
IHME (10) v x x x x (cases, hospitalizations, and deaths)

*The available packages are configured only for the IHME infrastructure. # Based on the documentation available on each model’s GitHub page (all models are available on GitHub).
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On-site
Online

Total

off support

1,131
51

1,182

On support

3,163
1,962

5,125

Total

4,204
2,013

6,307
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Variable sample Online survey (n =2,013)  On-site survey (1 =4,316) AT  Standarderror  t-value

Acceptance to vaccination  Unmatched 0.900 0.821 0.079 0.010 8.170"
Under nearest neighbor matching 0.900 0.786 0.114 0.114 3.240%

*P < 0.05.
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Survey type

Characteristics

Survey type
Online
On-site
Age group
18~30
31~40
41~50
51~60
>60
Gender
Female
Male
Region
Central
East
West
Living residence
Urban
Rural
Marriage
Married
Others (single, divorced or widowed)
Education
Middle school and below
High school
Bachelor
Master and above
Employment
Employed
Others
Household income
<50,000
50,000-100,000
100,000-150,000
150,000-200,000
200,000-300,000
>300,000
Household size
1-2
34
>5
Has the elderly at home
Yes
No
Health status
Very good/good
Normal/poor
Has chronic disease
Yes
No

‘P < 0.05.

Online vs. on-site

OR

Ref
0.494*

Ref
0.953
0.838
0.952
0.727*

Ref
1.030

Ref
1.274*

Ref
0.982

Ref
1.101

Ref
1.069
1.348*
1.776*

Ref
1.451%

Ref
1.028
0.935
0.822
1.085
0.940

Ref
1.279*
1.386*

Ref
1.368"

Ref
0.578"

Ref
1.274*

95%Cl

(0.387, 0.630)"

(0.740, 1.226)
(0,638, 1.102)
(0.704, 1.288)
(0.536, 0.984)"

(0.893, 1.188)

(1.070, 1.518)"
(1,677, 2.624)"

(0.834, 1.156)

(0.914, 1.327)

(0.868, 1.316)
(1.070, 1.697)"
(0.950,3.316)"

(1216, 1.730)"

(0.852, 1.240)
(0.744,1.175)
(0.615, 1.099)
(0.778,1.514)
(0.618, 1.431)

(1.063, 1.539)"
(1.122, 1.709)"

(1.156, 1.618)"

(0.445,0.751)"

(1.061, 1.529)"

OR

Ref
0.931
0.864
0.653"

1.077

Ref
1.043

1.431*
1.161

Ref
0.771

Ref
1.248

Ref
1.31
1.616
1.903

Ref
1551"

Ref
1.344
1.144
1.806"

2.009%
1.208

Ref
1.806*
1.691*

Ref
1.388"

Ref
0.497*

Ref
2.415%

Online

95%Cl

(0.607, 1.426)
(0.528, 1.414)
(0302, 1.012)"
(0.306, 3.786)

(0.766, 1.421)

(0.944,2.471)
(0.753,1.792)

(0.495,1.201)

(0.824,1.889)

(0.712,2.413)
(0.872,2.996)
(0.600, 5.247)

(1.016, 2.369)"

(0.813,2.220)
(0.673,1.943)
(0.971, 8:359)"
(1.025, 4.298)"
(0,595, 2.832)

(1.166, 2.795)"
(0.974, 2.936)"

(0.964, 1.999)"

(0:311,0.792)"

(1.358, 4.295)"

OR

Ref
0.862
0.776
1.000
0.662*

Ref
1.013

Ref
1.21*
2.348"

Ref
1.007

0.982

Ref
1.083
1.308"
1.628

Ref
1.363"

Ref
1.028
0.959
0.662*
0.863
0.918

Ref
1.185
1.396"

Ref
1.373"

Ref
0.741

Ref
1.157

On-site

95%Cl

(0.621,1.197)
(0.550, 1.096)
(0.696, 1.437)
(0.464, 1944y

(086, 1.192)

(0.99, 1.478)"
(1.809, 3.046)"

(0.842, 1.203)

(0.791,1.219)

(0.863, 1.360)
(1,008, 1.703)"
(0.657, 4.035)

(1.120, 1.658)"

(0.838, 1.260)
(0.787,1.247)
(0.398, 0.794)*
(0585, 1.273)
(0,544, 1.550)

(0.965, 1.455)
(1.106, 1.760)"

(1.129, 1.669)"

(0.204, 2.701)

(0.949, 1.410)
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N PCR positive Unadjusted hazard p-value  Adjusted hazardratio  p-value

n (%) ratio (95%Cl) (95%C)

Gender 0.156

Male 4,448 113(2.5) 1

Female 1,884 60(3.2) 080 (0.58-1.10)

Age (years) 0804

<30 1,799 492.7) 081 (0.41-159) 0533

30-59 3,740 102 (2.7) 081 (0.42-154) 0516

260 296 10 (3.4) 1

Month of arrival (in 2020) <0.001 0.001

April 70 7(10.0) 4.36 (2.01-9.46) <0.001 356 (1.62-7.81) 0.001

May 447 214.7) 2.03 (1.25-3.29) 0.004 1.92 (1.18-3.12) 0.008
June 633 25(3.9) 1.70 (1.08-2.68) 0021 1.51(0.95-2.39) 0076
July 1,914 4423 099 (0.68-1.43) 0951 0.96 (0.67-1.40) 0853
August 3,268 7623 1 1

Continent of departure 0.977

Africa 3986 110 (2.8) 1

Europe 1,301 35(2.7) 0.98 (0.67-1.43) 0.895

America 378 9(2.4) 0.86 (0.44-1.71) 0674

Asia 458 1328 1,03 (0.58-1.88) 0921

Exposure’s history to symptomatic COVID-19 <0.001

patient

No 6,307 169 (2.7) 1

Yes 25 4(16.0) 6.14 (2.28-16.56)

Stay in epidemic area in the last 2 weeks 0514

No 526 12(23) 1

Yes 5806 161 (2.8) 1.22 (0.68-2.19) 0514

Number of symptoms <0001 <0.001
No 6,249 159 (2.5) 1 1

one 58 6(103) 413 (1.83-9.32) <0.001 371 (1.63-8.49) 0.002

A least two 25 8(32.0) 13.39 (6.58-27.25) <0.001 10.82 (5.24-22.30) <0.001
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Characteristics

Total

Age group
18~30
31~40
41~50
51~60
>60

Gender
Female
Male

Living residence
Urban
Rural

Region
Central
East
West

Marriage
Married

Others (single, divorced or widowed)

Education level
Middle school and below
High school
Bachelor
Master and above

Employment
Employed
Others

Annual household income (CNY)
<50,000
50,000-100,000
100,000-150,000
150,000-200,000
200,000-300,000
300,000

Household size
1-2
3-4
25

Has the elderly at home
Yes
No

Health status
Very good/good
Normal/poor

Has chronic disease
Yes
No

Online survey respondents

Total

N (%)

2,018 (100.0)

766 (38.1)

717 (35.6)

360 (17.9)
135 (6.7)
35(1.7)

987 (49.0)
1,026 (61.0)

1,680 (83.5)
333 (16.5)

409 (20.3)
1,311 (85.1)
293 (14.6)

1,456 (72.9)
557 (27.7)

111(65)
585 (29.1)
1,214 (60.3)

108 6.1)

1,714 (85.1)
299 (14.9)

207 (10.3)
490 (24.3)
489 (24.3)
395 (19.6)
284 (14.1)

148 (7.4)

209 (10.4)
1,225 (60.9)
579 (28.8)

906 (45.0)
1,107 (65.0)

1,366 (68.0)
647 (32.0)

254 (12.6)
1,750 (87.4)

Accept
vaccination

N (%)

1,812 (90.0)

686 (34.1)
659 (32.7)
323 (16.1)
113 (5.6)
31(15)

891 (44.3)
921 (45.8)

1,513 (74.2)
299 (14.6)

375 (18.6)
1,175 (58.4)
262 (13.0)

1,328 (66.0)
484 (24.0)

%2 (4.6)

517 (25.7)

1,107 (55.0)
96 (4.8)

1,661 (77.6)
251 (12.5)

173 86)
435 (21.6)
435 (21.6)
367 (182)
268 (13.9)
135 (6.71)

168 (8.0)
1,113 (52.9)
531 (25.3)

832 (41.3)
980 (48.7)

1,262 (62.7)
550 (27.3)

237 (11.8)
1,675 (78.2)

On-site survey respondents

Total

N (%)

4,316 (100.0)

727 (16.9)
609 (14.1)
515(11.9)
591 (13.7)
1,874 (43.4)

1,869 (43.4)
2,447 (55.6)

2,773 (64.2)
1,643 (35.8)

2,007 (46.5)
1,350 (31.9)
959 (22.2)

3,495 81.0)
821(19.0)

2,152 (49.9)

835 (19.9)

1,281 (29.7)
48(1.1)

2,249 (52.1)
2,067 (47.9)

1,637 (35.6)
1,420 (33.0)
709 (16.4)
268(6.2)
251(68)
181 (3.0)

1,872 (31.8)
1,711 (39.6)
1,233 (28.6)

2,514 (58.2)
1,801 (41.8)

4,095 (95.0)
221(5.0)

1,396 (32.3)
2,920 (67.7)

Accept
vaccination

N (%)

3,543 (82.1)

631 (14.6)
519(12.0)
431(10.0)
499 (11.6)

1,463 (33.9)

1,626 (35.4)
2,017 (46.7)

2,286 (53.0)
1,257 (29.1)

1,625 (37.7)
1,058 (24.5)
860 (19.9)

2,871 (66.5)
672 (15.6)

1,715 (39.7)

686 (15.9)

1,100 25.5)
42(1.0

1,920 (44.5)
1,623 (37.6)

1,245 (28.9)
1,194 (27.7)
591 (13.7)
200 (4.6)
205 (4.8)
108 (2.5)

1,069 (24.8)
1,427 (33.1)
1,047 (24.3)

2,064 (47.8)
1,479 (34.9)

3,371 (78.1)
172 (4.0)

1,117 (25.9)
2,426 (56.2)
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Gender

Male 4,448
Female 1,884
Age (years) (n = 5,835)

<30 1,799
30-59 3,740
260 296
Month of arrival (in 2020)

April 70
May 447
June 633
July 1,914
August 3,268
Continent of departure (n = 6,122)
Africa 3,876
Europe 1,266
America 368
Asia 445
Exposure’s history to symptomatic COVID-19 patient
No 6,307
Yes 25
Stay in epidemic area i the last 2 weeks
No 526
Yes 5,806
Number of symptoms

No 6,249
One 58
Atleast two 25

Frequency

Percentage

702
29.8

30.8
64.1
51

1.1
71
10.0
30.2
516

65.1

212
6.2
7.4

%6
04

83
91.7

98.7
09
04
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Model

Symptom onset
within 7 days
Symptom onset
within 5 days
Excluding cases with
Otz 30

Excluding cases with
Ct>24

Symptom onset
within 7 days and
Excluding cases with
Ot>30

Symptom onset
within 7 days and
Excluding cases with
Ct>24

Symptom onset
within 5 days and
Excluding cases with
Ct>30

Symptom onset
within 5 days and
Excluding cases with
Ct>24

1,200

1,262

4,148

3,996

1274

1220

1,236

1,184

Prevalence

20%
(18-22.8%)
20%
(18-22.8%)
17%
(16-18.1%)
14%
(13-15%)
20%
(17-21.8%)

16%
(14-18.3%)

19%
(17-21.8%)

16%
(14-18.3%)

Sensitivity

82.6%
(77.5-87%)
82.4%
(77.2-86.9%)
84.5%
(81.6-87.1%)
87.9%
(84.9-90.5%)
86.3%
(81.4-00.4%)

89.3%
(84.2-93.3%)

86.3%
(81.3-90.4%)

89.5%
(84.2-93.5%)

Specificity

99.3%
(98.6-99.7%)
99.3%
(98.6-99.7%)
99.1%
(98.8-99.4%)
99.1%
(98.8-99.4%)
99.3%
(98.6-99.7%)

99.3%
(98.6-99.79%)

99.3%
(98.6-99.7%)

99.3%
(98.6-99.7%)

Negative
predicted value

95.7%
(94.3-96.8%)
95.6%
(94.2-96.8%)
96.9%
(96.3-97.5%)
98.1%
(97.6-98.5%)
96.8%
(95.5-97.8%)

98%
(96.9-98.7%)

96.8%
(95.5-97.8%)

98%
(96.9-98.8%)

Positive
predicted value

96.9%
(93.7-98.7%)
96.8%
(93.5-98.7%)
95.2%
(93.2-96.7%)
94.2%
(91.8-96.1%)
96.8%
(93.6-98.7%)

96.2%
(92.3-98.4%)

96.7%
(93.4-98.7%)

96%
(92-98.4%)

Kappa (p < 0.001)

86.6%
(83.1-90.1%)
86.5%
(82.9-00.1%)
87.5%
(85.5-89.6%)
89.5%
(87.5-91.6%)
89.3%
(86.1-02.5%)

91.3%
(88.1-94.5%)

89.3%
(86.0-92.5%)

91.3%
(88.1-94.5%)
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Value

Prevalence 17.6%
Sensitivity 82.1%
Specificity 99.1%
Positive predicted value 95.3%
Negative predicted value 96.3%
Positive likelihood ratio 944
Negative likelihood ratio 018
False discovery rate 3.8%
Kappa cosfiicient™ 85.9%

'The p-value of the kappa coefficient p < 0.001

16%
79.2%
98.8%
93.3%
95.6%

66
0.154
3.3%
83.8%

95% CI

18.7%
84.8%
99.4%
96.8%
96.9%
135
0211
4.4%
88%
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Measure

Individuals interviewed®
Individuals with COVID-19 reporting contacts®
0-17 years
18-22 years
23-44 years
45-64 years
265 years
Female
Male
Hispanic
Non-Hispanic white
Non-Hispanic black
Other or unknown race/ethnicity
Metropolitan®
Micropolitan®
Small town or rural?

August

n

%

3,000 65

902
149
95
435
239
74
481
424
563
301
30

33
34
31
33
33
34
34
32
34
37
25
26
33
35
33

October

n

1,639
739
83
72
339
172
73
347
331
300
301
2
112
550
144
42

%

7
45
42
40
47
45
a7
6
44
46
48
34
40
3
53
57

p-value®

<0.001
<0.001
0.05
0.04
<0.001
<0.001
0.01
<0.001
<0.001
<0.001
<0.001
0.18
<0.001
<0.001
<0.001
<0.001

Statistical testing is comparing categories or means between August and October.
PDenominator is the total number of individuals with COVID-19 referred for

case investigation.

©Denominators for reporting of contacts and coresponding rows below it are the total
number of indivicuals interviewed, by respective demographic group where applicable.
9Defined using US Department of Agriculture Economic Research Service rural-urban
commuting area codes, where values 1-3, 4-6, and 7 and above were considered
metropolitan, micropolitan, and small town or rural, respectively fsee reference (14)].
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Predictors OR cl OR cl OR
(Intercept) 006  004-011 002  000-0.06 000
Treatment group

Control group 593 151-39.26  7.38"
Comorbidities 157
Age

BMI

CLD Yes

CLDNo

Vit.D Levels

Female

Male

N 200 200 200
R? Tiur 0.00 0.03 0.14
Log likelinood -45.39 —41.96 ~37.39
Akaike Inf. Crit. 92.79 87.92 80.77

OR refers to Odds Ratios. Cl are 95% Confience Intervals. *p < 0.05; **p < 0.01; ***p < 0.001.

cl OR

0.00-0.01 0.05

1.81-50.29 6.89
1.17-2.20 1.66"
0.95

200
0.12
-36.86
81.73

cl

0.00-76.41

1.68-7.09
1.21-2.38
0.85-1.05

OR

0.03

698"
164
095
102

200
0.12
—-36.81
83.61

cl

0.00-11.80

1.68-7.39
1.20-2.37
0.85-1.06
0.90-1.15

0.64

OR cl

0.03 0.00-13.26

6.32" 1.51-3.56
1.68* 1.22-.43
0.95 0.85-.06
1.02 0.90-1.15

0.23-1.58 0.63

200
0.12

—36.34

84.69

OR

0.03

6.09"
1.68"
0.95
1.01

0.22-1.69

1.00

1.06
197
0.12
—36.00
87.99

cl

0.00-14.88
1.45-42.12
1.22-2.43

0.85-1.08
0.89-1.15

0.96-1.06

0.28-8.69
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Parameter

Glucose (mg/d)
Total bilirubin (mg/dl)
Indirect (mg/cl)
Direct (mg/dl)
Amylase (U/)

Lipase (U/)

Calcium (mg/mi)
Albumin (g/)

CRP (mg/d))

PCT (ng/m)
Hemoglobin (g/dl)
WBC count (cells/j)
Neutrophil (%)
Lymphocyte (%)
D-dimer (mg/)

PCT, procalcitonin; CRP, C-reactive protein; WBC, white blood cell.

Case 1

133
228
1.42
0.86
416
2,384
8.1
33
28.57
0.85
16.8
8,900
82.4
105
097

Case 2

266
1.1

679
1,831
78
27
15.38
1.05
9.4
3,800
57.9
326
1.92
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Treatment  Control Overall P-value
(N=104)  (N=9)  (N=200)

Age 0,003
Mean (SD) 740674 711815  738(6.83)
Median [Min, 740500, 710520,  740(500,
Max] 85.0] 820) 85.0]
Missing 1(0.5%) 0(0%) 1(05%)
BMI 0.127
Mean (SD) 20.1(503) 31.8(4.09) 203(5.02)
Median [Min, 287166, 821254, 289(1686,
Max] 46.7) 37.2) 46.7)
wec 0.452
Mean (SD) 720(2.24)  641(1.79) 7.6 (2.23)
Median [Min, 680[200, 555[4.70,  6.70(2.00,
Max] 13.6) 10.1) 13.6)
Missing 12 (6.2%) 1(9.1%) 13 (6.3%)
Hgb 0907
Mean (SD) 20.6(959) 129(1.43  20.2(93.4)
Median [Min, 134680, 125[115,  13.4[6.80,
Max] 1310) 15.7) 1310)
Missing 12 (6.2%) 1(9.1%) 13 (6.3%)
Platelet count 0686
Mean (SD) 243(66.4)  252(70.4) 243 (66.5)
Median [Min, 237(930,  287[174, 237930,
Max] 447) 411) 447)
Missing 18(67%  101%  14(6:8%)
HgbAtc 0617
Mean (SD) 725(120) 7.45(1.24)  7.24(1.19)
Median [Min, 7.00(5.40,  7.20(550,  7.00(5.40,
Max] 9.70) 8.70) 9.70]
Missing 132 5 (45.5%) 137
(68.0%) (66:8%)
or 0936
Mean (SD) 1.49 (6.92) 1.04 1.46 (6.74)
(0.333)
Median [Min, 0870 0985 0870
Max] [0.520, 0.630, (0520,
94.0) 1.50) 94.0)
Missing 1262%)  101%  13(6:3%)
Bun 0471
Mean (SD) 182(5.43)  209(557)  18.3(5.46)
Median [Min, 180[800, 21.0[130,  18.0[8.00,
Max] 38.0) 300] 38.0]
Missing 12(62%)  1(0.1%) 13 (6.3%)
SGRF 0563
Mean (SD) 734(195)  67.4(19.1) 731 (19.5)
Median [Min, 760[240, 685[440,  755(24.0,
Max] 158) 93.0) 158)
Missing 1262%  101%  13(6:3%)
Ab 0.444
Mean (SD) 4.44 4.39 4.43
(©0:278) (0.370) (0.282)
Median [Min, 440350, 430[390,  4.40[3.50,
Max] 520) 5.10) 520]
Missing 1507%)  1(9.1%) 16 (7.8%)
Vitarmin D 0559
Mean (SD) 413(154) 84.4(148)  40.9(15.4)
Median [Min, 390(142, 33.1[210, 386[142,
Max] 98.0] 69.6) 98.0]
Missing 1472%)  101%)  15(7.3%)
Comorbidites* 0.458
Mean (SD) 527(225) 505(207)  547(2.17)
Median [Min, 500[100, 500[1.00,  500[1.00,
Max] 9.00] 9.00] 9.00]

*Comorbidities refers to cardiovascular disease, diabetes, COPD, chronic renal failure,
recent cancer (<2 years), smoking and alcohol use.
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Treatment Control Overall
(N =104) (N =96) (N=200) P-value
Gender 0999

Female 64(615%)  59(615%)  123(615%)

Male 40(385%)  O7(385%)  77(385%)
Cardiovascular 0999
disease

No 13 (12.5%) 3(3.1%) 16 (8.0%)

Yes 91(87.5%)  93(96.9%)  184(32.0%)
Diabetes 0251

No 66(635%)  53(552%)  119(59.5%)

Yes 38(365%)  43(44.8%)  81(40.5%)

CoPD 0033

No 49(47.1%)  60(625%) 109 (54.5%)

Yes 56(52.9%)  36(37.5%)  91(45.5%)

Chronic renal 0069
faiure

No 84 (80.8%) 87(90.6%)  171(85.5%)

Yes 20 (19.2%) 9(0.4%) 29 (14.5%)

Recent cancer 0825

No 93(894%)  84(87.5%) 177 (88.5%)

Yes 11(106%)  12(12.5%)  23(115%)

Alcohol 0347

No 78(75.0%)  66(688%) 144 (72.0%)

Yes 26(250%)  30(312%) 56 (28.0%)

Coffee 0557

No 14(135%)  16(16.7%)  30(15.0%)

Yes 90(86.5%)  80(833%)  170(85.0%)
Tobacco 0.448

No 97(933%)  86(89.6%)  183(91.5%)

Yes 7(6.7%) 10(104%) 17 (8.5%)
Symptomatic 0015
Covid-19

No 102(98.1%)  86(89.6%)  188(94.0%)

Yes 2(1.9%) 10(10.4%)  12(6.0%)

Covid mortality 0.480

No 104(100%)  95(99.0%) 199 (99.5%)

Yes 0(0%) 1(1.0%) 1(05%)
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Variable Crude odds ratio (95% Cl) P-value Adjusted odds ratio (95% CI)* P-value

Number of people per room (area > 4 m?)

Reference: <1 (n=1378) (n=1,360)
=1 2.09(1.60-2.73) <0001 1.47 (1.10-1.97) 0,010
Occupation/professional situation

Reference: Education (n=1380) (n=1.362)

Civil construction 3.75 (1.42-10.90) 0.010 1.01(0.34-3.20) 0.986
Cleaning 2.88(1.26-6.86) 0014 1.12 (0.46-2.84) 0.807
Restaurant industry 2.29(0.96-5.68) 0.066 0.79 (0.31-2.09) 0,631

Healthcare 2.05(1.01-4.23) 0.048 1.74(0.81-8.77) 0.155
Industry 2.14(0.74-6.56) 0.165 0.76 (0.24-2.53) 0,651

Senior care 1062 (2.60-71.27) 0.003 4.08(0.94-28.25) 0.003
Other ocoupation 087 (0.50-1.54) 0628 062 (0.34-1.15) 0.125
Student 1.85 (0.87-3.96) 0.110 0.41(0.18-097) 0.042
Retired 0.43(0.24-0.79) 0.006 0.49 (0.24-1.01) 0,052
Unemployed 1,69 (0.87-3.30) 0.124 0.80 (0.39-1.66) 0543
Another professional situation 1.31(0.59-1.54) 0511 065 (0.27-158) 0343
Remote working

Reference: No (working in-office) (h=1016) (n=1.009)

Unemployed 1.09 (0.72-1.67) 0.680 0.80(0.51-1.28) 0.353
Yes 021(0.14-0.30) <0001 0.27 (0.18-0.40) <0001
Used public transportation

Reference: No (n=1384) (n=1.366)

Atleast once 1.73 (1.32-2.25) <0001 1.16 (0.86-1.57) 0333
Went to restaurants and other dining spaces

Reference: No (n=1378) (n=1.360)

Atleast once 0.71(057-088) 0002 0.79(0.61-1.02) 0069
Went to grocery stores

Reference: No (n=1382) (n=1,364)

At least once 0.48 (0.37-0.62) <0.001 0.47 (0.35-0.63) <0.001
Went to shopping malls/shops

Reference: No (n=1,383) (n=1,365)

Atleast once 061(0.48-0.77) <0001 056 (0.43-0.73) <0001
Went to hair salons/aesthetic centers

Reference: No (n=1383) (n=1.365)

Atleast once 054 (0.41-0.71) <0.001 058 (0.43-0.78) <0001
Went to gyms/sports studios

Reference: No (n=1379) (n=1,361)

Atleast once 1.18 0.77-1.67) 0528 1.23(0.79-1.92) 0359

Analysis restricted to the cases and controls reporting no known contact with cases of SARS-CoV-2 infection in the reference period.
aAdjusted for sex, age, education level, and citizenship. 95% CI, 95% Confidence Interval.
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Variable

No. of people per room (area > 4 m?)
Reference: <1

=1

Occupation/professional situation
Reference: Education

Construction

Cleaning

Restaurant industry

Healthcare

Indlustry

Senior care

Other cccupation

Student

Retiredt

Unemployed

Another professional situation
Remote working

Reference: No (working in-office)
Unemployed

Yes

Used public transportation
Reference: No

At least once

Went to restaurants and other dining spaces
Reference: No

Atleast once

Went to grocery stores.

Reference: No

At least once

Went to shopping malls/shops
Reference: No

Atleast once

Went to hair salons/aesthetic centers
Reference: No

At least once

Went to gyms/sports studios
Reference: No

At least once

Crude odds ratio (95% CI)

(n=1867)
223(1.77-2.89)

(n=1867)
3.97 (1.65-10.73)
256 (1.21-5.64)
251(1.17-5.68)
2.14 (1.17-3.96)
2.43(0.96-6.75)

12.75 (3.53-82.08)
090 (0.56-1.43)
1.92 (1.00-8.74)
0.46 (0.27-0.75)
1.70 (0.96-3.01)
173 (0.88-3.45)

(n=1,408)
1.05 (0.73-1.54)
022 (0.16-0.30)

(n=1871)
1.43(1.13-1.82)

(n=1:866)
065 (0.54-0.78)

(n=1867)
0.45(0.35-0.56)

(n= 1869
056 (0.45-0.68)

(n=1869)
050 (0.40-0.64)

(n=1868)
096 (0.68-1.36)

2Adjusted for sex, age, education level, and citizenship. 95% Cl, 95% Confidence Interval.

P-value

<0.001

0.003
0.016
0.022
0014
0.070
<0.001
0.660
0.053
0.002
0.068
0.115

0.799
<0.001

0.003

<0.001

<0.001

<0.001

<0.001

0.804

Adjusted odds ratio (95% CI)*

(n=1840)
1.47 (1.14-1.91)

(n=1,840)
1.1 (0.42-3.17)
0.89 (0.39-2.08)
0.93 (041-2.19)
1.87 (0.98-3.58)
0.83 (0.33-258)

4.99 (1.30-33.08)
0,66 (0.40-1.09)
0.44 (0.21-098)
054 (0.20-1.00)
0.80 (0.43-1.49)
0.91(0.43-1.95)

(n=1.386)
0.75 (050-1.14)
0.30 (0.22-0.42)

(n=1844)
0.98 (0.75-1.29)

(n=1839)
073 0.59-091)

(n=1840)
0.44 (0.34-057)

(h=1842)
051 (0.40-0.64)

(h=1842)
051 (0.39-0.66)

(h=1841)
1.04 (0.71-1.55)

P-value

0.004

0.842
0.782
0.860
0.058
0.808
0.041
0.109
0.030
0.049
0.484
0815

0.170
<0.001

0.897

0.005

<0.001

<0.001

<0.001

0.832
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Odds ratio (95% CI)

Education level

Reference: Tertiary n=1873)
<4 years 1.79 (1.33-2.42)

6 years 3.85 (2.50-6.08)

9 years 216 (1.61-2.90)
12 years 223(1.78-2.81)
Gitizenship

Reference: Portuguese (N=1.851)
Non-portuguese 5.47 (3.43-0.22)
Known contact with a case

Reference: No (N=1,874)

Yes 24.76 (16.45-39.18)

95% Cl, 95% Confidence Interval.

P-value

<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
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Diagnostic test

RT-qPCR

Antigen (mmunochromatography RDT)

Place

Army's Health Directorate Reference and Research Laboratory
Extemal Laboratories

Army’s Health Directorate Reference and Research Laboratory
‘and Operational Health Units in all departments of Colombia

Number of positive results

32,349
6,948
4,922
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Phenotype

Cohort

Plasma vitamin C levels Zheng etal.
13)

COVID-19 susceptivilty Susceptibilty

COVID-19 severity Hospitalized

Severe
disease

Source of genetic variants

Participants

Meta-analysis of GWAS of plasma Vitamin C levels

10,771 individuals from the Fenland study

16,841 individuals from European Prospective Investigation into Cancer and Nutrition (EPIC)-InterAct study
16,766 individuals from EPIC Norfolk study

7,650 individuals from the EPIC-CVD study

o Meta-analysis of 35 GWASs performed in individuals of European ancestry from 14 countries:

o Cases: 32,494 individuals with COVID-19 with laboratory confirmation chart review or se-report

« Controls: 1,316,207 indlviduals without confirmation or history of COVID-19

o Meta-analysis of 22 GWASs performed in individuals of European ancestry from 14 countries:

o Cases: 9,986 hospitalized individuals with COVID-19

« Controls: 1,877,672 individuals with COVID-19 who did not undergo hospitalization

« Meta-analysis of 15 GWASs performed in individuals of European ancestry from 10 countries:

« Cases: 5,101 SARS-CoV-2-infected hospitalized individuals who died or required respiratory support (ntubation,
CPAP, BIPAP, continuous external negative pressure, or high-flow nasal cannula)

« Controls: 1,383,241 without severe COVID-19

COVID-19 susceptibility and severity outcomes are taken from the COVID-19 Host Genetics Initiative. See S1 Data for details on cohorts of COVID-19 susceptibility and severity
phenotypes. BiPAR, bilevels positive airway pressure; CPAP, continuous positive airway pressure; GWAS, genome-wide association study.
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12 102081498
17 50448945
12 96249111

5 187517504
1 2326009

5 138637444
5 176799992
6 52736826
14 105253581
" 61570783

SNP

rs10128996
rs1010269
rs117885456
rs12617918
rs1123571
rs11242457
110051765
rs6910581
rs10136000
rs174547

Closet gene

BCAS3
BCAS3
SNRPF
KIF20A
RER1
MATR3
RGS14
GSTA11P
AKT1
FADS1

g

4> A A > > A > > >

3

0P 00O®OO06 OO0

EAF

05925
0.1791
0.0865
0.0379
0.4477
0.6912
0.6585
0.6693
0.2825
0.6721

Effect

0.0557
—0.0602
0.0781
-0.1107
-0.0393
0.0415
-0.039
0.0369
0.0404
-0.0364

SE

0.0063
0.0082
00116
0.017

0.0084
0.0069
0.0066
0.0063
0.0071
0.0066

F statistic

7817
53.90
45.33
42.40
8r.71
36.17
34.92
34.31
32.38
30.42

P-value

<1.00E-16
2.56E-13
1.69E-11
7.61E-11
6.26E-10
2.02E-09
3.64E-09
4.47€-09
1.13E-08
3.84E-08

N

52,081
52,081
52,081
52,081
52,081
52,081
52,081
52,081
52,081
52,081

Chr, chromosome; Pos, position for SNP; Closet gene, the nearest gene to Vitamin C associated SNP; Effect, the per-aliele effect on plasma Vitamin C; P-value, the value for the genetic
association; SNP, single-nucleotide polymorphism; EA, effect allele; OA, other allele; EAF, effect allele frequency; SE, standard error; N, sample size.
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No. (%)

Cases Controls
(n=1,088) (n =787
Sex
Female 637 (58.5) 490 (62.3)
Male 450 (41.4) 207 37.7)
Missing 10.1) 0(0.0)
Age, years
Mean (SD) 443(15.7) 52.9(16.0)
Median [min-max] 430(18.0-04.0] 52,0 (18.0-99.0)
Education level
<4 years 145 (13.3) 96(12.2)
6 years %4 8.6) 293.7)
9years 169 (15.5) 9B (119
12 years 363 (33.4) 193 (24.5)
Tertiary 316 (29.0) 375 (47.6)
Missing 10.1) 10.1)
Citizenship
Portuguese 943 (86.7) 760 (96.6)
Non-portuguese 129(11.9) 19(2.4)
Missing 16.(15) 8(1.0
Contact with known case
No 623(57.3) 763 (97.0)
Yes 465 (42.7) 23(2.9)
Missing 0(0) 10.1)
No. of people per room (area >4 m?)
<1 775(71.2) 662 (84.1)
>1 311(28.6) 119 (15.1)
Missing 2(0.2) 6008
Occupation/professional situation
Construction 36(3.9) 709
Cleaning 43(4.0) 13(1.7)
Education 44.(4.0) 34.(4.3)
Healthcare 86(7.9) 3139
Industry 22(2.0) 709
Restaurant industry 39(3.6) 12(15)
Senior care 33(3.0) 2003
Other occupation 458 (42.1) 393 (49.9)
Student 57(5.2) 23(2.9)
Retired 117 (10.8) 198 (25.2)
Unemployed 99(9.1) 45(5.7)
Another professional situation 47 (4.9) 212.7)
Missing 7(0.6) 1(0.1)
Remote working*
Unemployed 99(9.1) 46(5.8)
No 693 (63.7) 338 (42.9)
Yes 73(6.7) 159 (20.2)
Missing 223 (20.5) 244(31.0)
Used public transportation
No 854 (78.5) 661 (84.0)
Atleast once 231 (212) 125 (15.9)
Missing 3(0.3) 10.1)
Went to restaurants and other dining spaces
No 571 (52.5) 327 (41.6)
Atleast once 513(47.2) 455 (57.8)
Missing 4(0.4) 5(0.6)
Went to grocery stores
No 326 (30.0) 127 (16.1)
Atleast once 755 (69.4) 659 (83.7)
Missing 7(0.6) 1(0.1)
Went to shopping malls/shops
No 825 (75.8) 503 (63.9)
Atleast once 258 (23.7) 283 (36.0)
Missing 5(0.5) 10.1)
Went to hair salons/aesthetic centers
No 927 (85.2) 589 (74.8)
Atleast once 156 (14.9) 197 (25.0)
Missing 5(05) 1(0.1)
Went to gyms/sports studios
No 1008 (92.2) 723(91.9)
Atleast once 81(7.5) 61(7.7)
Missing 40.4 3(0.4)
Face masks in public spaces or workplace
Aways or almost always 1041 (95.7) 757 (96.2)
Sometimes 30(28) 19 (2.4)
Never or almost never 14(13) 7(0.9)
Missing 3(0.9) 4(08)
Face shields in public spaces.
Aways or almost always 33(3.0) 11(1.4)
Sometimes 23(2.1) 13(1.7)
Never or almost never 1029 (94.6) 759 (96.4)
Missing 3(00.3) 4(05)
Gloves
Aways or almost always 79(7.3) 30(3.8)
Sometimes 102 (9.4) 47 6.0)
Never or almost never 904 (83.1) 706 (89.7)
Missing 3(0.9) 4(08)
Hands’ hygiene (times/day)
26 times 837 (81.5) 647 (82.2)
3-5 times 176 (16.2) 125 (15.9)
<3times 21(1.9) 11(1.4)
Missing 4(0.4) 4(0.5)

“Restricted to those employed and unemployed, remaining observations deemed as
missing values.
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Symptoms. Incidence or Time from acute

proportion (reference) infection (days)
Cardiovascular
Myocardial oedema 54% of 26 (51) 47 (36-68)
Palpitations 56.4% of 354 [(19) ~ Non-hospitalised] 79417
39.3% of 112 [(19) - Hospitalised] 7917
10.9% of 130 (44) 60
6.5% of 150 (44) 30
9% of 1,733 (17) 186 (175-199]
“Deterioration of cardiac causes”/ 32% of 201 (28) 91
Cardiac impairment 49% of 200 (0) 28-42
Positive CMR findings 58% of 26 (51) 47 [36-58)
Stroke 3% of 287 (54) Unclear
Myocarditis 1% of 267 (54) Unclear
Amythmia <1% of 287 (54) Unclear
Elevated heart rate 57.7% of 354 [(19) - Non-hospitalised] 7917
51.8% of 112 [(19) - Hospitalised] 79£17
4.8% of 538 (15) 97 (95 - 102]
Pericardial effusion 6% of 145 (68) 63423
1% of 145 (68) 108 21
Diastolic dysfunction 60% of 145 (65) 63423
55% of 145 (68) 108 21
Newly diagnosed hypertension 1.3% of 538 (15) 97 (95-102)
Pulmonary
Pulmonary embolus 2% of 200 (50) 28-42
Lung infarots 1% of 200 (50) 28-42
Puimonary fibrosis 59% of 287 (54) Unclear
Chest imaging abnormalties 88% of 60 (67) 82 (range 56-84)
77% of 145 (68) 63423
63% of 145 (69) 108 21
Signs of pulmonary hypertension 10% of 145 (68) 63423
10% of 145 (68) 108 & 21
Impaired lung function 42% of 145 (68) 63423
36% of 145 (68) 108 4 21
Respiratory
Dyspnoea/breathlessness/shortness of breathvbreathing 87.1% of 201 (28) o1
problems 87% of 354 [(19) - Non-hospitalised] 79£17
80.3% of 112 [(19) - Hospitalised] 79417
71% of 183 (20) 35+5
64% of 58 (66) 70(63-77)
64% of 210 (21) 7917
57.1% of 91 (69) * on exertion 183
55% of 384 (56) 54 [47-59)
50.3% of 96 [(32) - I0U] >100
42.8% of 143 (24) 60+ 13
39.6% of 24 ((32) - Ward] >100
30% of 187 (27) 28
36% of 145 (68) 100
34% of 227 (59) Range 70-98
32% of 246 (23) 68416
20% of 1,021 (18) 28
28% of 287 (54) Undlear
28% of 1,939 (16) 7917
26.4% of 91 (25) “on slight exertion 183
26% of 1,733 (17) 186 (175-199]
20% of 60 (67) 82 (range 56-84)
16% of 451 (31) 117 (range 41-193)
14.5% of 55 (exertional) 71) “exertional Range 64-03
10.79% of 130 (44) 0
7.7% of 130 (44) 60
6.7 or 26% of 105 (22)"** 46 (43-48)
5.5% of 238 (29) 122
NRof 180 (63) 125 (range 45-153)
Cough 79.5% of 112 [(19) - Hospitalised] 7917
73.6% of 201 (28) o1
68.1% of 354 [(19) - Non-hospitalised] 79£17
63% of 1,021 (18) 28
61% of 183 (20) 355
55% of 384 (56) 54 (47-50)
30.7% of 167 (27) 28
25% of 96 [(32) - ICU] >100
21% of 227 (59) Range 70-08
20% of 60 (67) 82 (range 56-84)
17% of 145 (68) 100
15.8% of 143 (24) 60+ 13
14.6% of 24 [(32) - ward] >100
14.4% of 91 (25) 183
14% of 246 (23) 6816
7.1% of 538 (15) 97 (95-102)
1.8% of 55 (71) Range 64-03
NRof 180 (63) 125 (range 45-153)
NR of 1,939 (16) 79417
NRof 451 (31) 117 (range 41-193)
Runny nose 49.0 of 354% [(19) - Non-hospitalised] 79417
33.9% of 112 [(19) - Hospitalised] 7917
33.8% of 201 (28) 91
21% of 1,021 (18) 28
12.8% of 143 (24) 6013
<1% of 246 (23) 6816
NR of 451 (31) 117 (range 41-193)
NRof 180 (63) 125 (range 45-153)
Sore throat 71.1% of 201 (28) 91
54.5% of 354 [(19) - Non-hospitalised] 79417
43.8% of 112 [(19) - Hospitalised] 79417
27% of 1,021 (18) 28
13.6% of 187 (27) 28
10% of 143 (24) 60+ 18
4% of 17 (17) 186 [175-199)
3.2% of 538 (15) 97 (95-102)
<19 of 246 (23) 68416
0% of 238 (29) 122
NR of 451 (31) 117 (range 41-193)
NR of 180 (63) 125 (range 45-153)
Dry mouth NRof 17 (16) 79417
Dysphagia NRof 17 (16) 79+ 17
Low FVC 27% of 145 (68) 63423
229% of 145 (68) 108 & 21
13% of 58 (66) 701(63-77)
10.9% of 55 (71) Range 64-93
Impaired spirometry 18% of 227 (59) restriction Range 70-98
49 of 227 (59) *global Range 70-98
29% of 227 (59) “obstruction Range 70-98
Phiegm 37.5% of 112 [(19) - Hospitalised] 7917
35% of 183 (20) B£5
31.9% of 854 [(19) - Non-hospitalised] 1917
7.9% of 143 (24) 60+13
39 of 538 (15) 97 [95-102)
Blocked nose 22.9% of 167 (27) 28
Sino-nasal pain 9.7% of 187 (27) 28
Wheezing 48.3% of 201 (26) a1
NR of 451 (31) 117 (range 41-193)
Pain/ burning in lungs 47.3% of 112 [(19) - Hospitalised] 79+ 17
Sneezing 35.7% of 854 [(19) - Non-hospitalised] 7917
24.1% of 113 [(19) - Hospitalised] 7917
Polypnoea 21.4% of 538 (15) “post-activity 97 [95-102)
4.7% of 638 (15) “nonmotor 97 [96-102)
Chest Distress 14.1% of 538 (15) o7 [95-102]
Pain
Chest pain 73.1% of 201 (28) 91
62.6% of 354 [(19) - Non-hospitalised] 79£17
47.3% of 112 [(19) - Hospitalised] 79417
20% of 287 (54) Unclear
21.7% of 143 (24) 60+13
20% of 1,021 (18) ~28
18.0% of 150 (44) 30
13.1% of 130 (44) 60
12.3% of 538 (15) 97 [95-102)
11.6% of 24 [(32) - ward] >100
9.7% of 187 (27) 28
8:8% of 01 (25) 183
8:3% of 96 [(32)-1CU] >100
0.4% of 238 (29) 122
NR of 180 (63) “chest tightness 125 (range 46-153)
Headache 83% of 201 (28) 9t
79.1% of 854 [(19) - Non-hospitalised] 79£17
71.4% of 112 [(19) - Hospitalised] 7917
37.8% of 180 (43) 2
33% of 183 20) 85
20% of 287 (54) Unclear
23.7% of 187 (27) 28
18.8% of 55 (71) Range 64-93
18% of 227 (59) Range 70-98
8.7% of 143 (24) 6013
3.6% of 139 (64) Range 30-35
2% of 17 (17) 186 [175-199]
0% of 238 (29) 122
<19 of 246 (2) *cophalgia 68416
NRof 17 (16) 79417
NRof 451 (31) 117 (range 41-198)
NR of 180 (63) 125 (range 45-153)
Joint pain/arthraigia 78.1% of 201 (26) a1
47.3% of 112 [(19) - Hospitalised] 79+ 17
43.8% of 354 [(19) - Non-hospitalised] 79£17
31% of 287 (54) Unclear
30% of 183 (20) x5
28.6% of 91 (25) 183
27% of 143 (24) 6013
16.3% of 130 (44) 60
.8% of 150 (44) 30
9% of 1,788 (17) 186 [175-199]
7.6% of 538 (15) 97 [96-102)
NR of 180 (63) 125 (range 45-153)
Muscle pain/myaigia 53.6% of 354 [(19) - Non-hospitalised] 7917
43% of 183 (20) 3+5
37.4% of 91 (25) 183
33% of 112 [(19) - Hospitalised] 79+ 17
6.and 10% of 143 (24) 6013
4.5% of 538 (15) 97 [95-102)
2% of 1,733 (17) 186 [175-199]
NRof 451 (31) 117 (range 41-193)
Migraine 3% of 267 (54) Unlear
Pain or discomort 70% of 210 21) 7917
53.7% of 201 (26) a1
48% of 91 (25) 183
24% of 145 (68) 100
10.5% of 105 (22) *burning pain 46 [43-48)
8.7% of 187 (27) 28
2% of 1,733 (17) 186 [175-199]
NR of 1,939 (16) 7917
Myalgias-arthralgias 71% of 354 [(19) - Non-hospitalised] 79+ 17
68% of 201 (28) a1
53.6% of 112 [(19) - Hospitalised] 7917
20% of 187 (27) 2
20% of 227 (59) Range 70-98
5.9% of 288 (29) "arthralgia 122
5.9 % of 238 (29) * myalgia 22
Ear pain 21.4% of 354 [(19) - Non-hospitalised] 79+ 17
10.7% of 112 [(19) - Hospitalised] 7917
NRof 451 (31) 117 (range 41-198)
Abdorminal pain NRof 451 (31) 117 (range 41-193)
Thoracic pain 6% of 246 (23) 68416
Limb pain 1% of 246 (22) 6816
Limb odema 2.6% of 538 (15) 97 (96-102)
Fatigue
Muscle weakness 63% of 1,733 (17) 186 [175-199]
NR of 1,939 (16) 917
37.4% of 91 (25) 183
31.4% of 105 (22) 46 [43-48)
Fatigue/tiredness 93.9% of 354 [(19) - Non-hospitalised) 79417
92.9% of 112 [(19) - Hospitalised] 9% 17
90% of 201 (28) 91
83% of 183 (20) 355
69% of 124 (33) 91+ 14
67% of 384 (56) 54 [47-59]
58.3% of 96 (32) ~ 10U] >100
55% of 58 (66) 70(63-77)
54.2% of 24 [(32) - Ward] >100
53% of 143 (24) 6013
52.3% of 128 (26) 72 (62-87)
35% of 227 (59) Range 70-98
28.3% of 538 (15) 97 [96-102)
16.7% of 18 (30) 85 (range 20-105)
16.4% of 55 (71) Range 64-93
14% of 1,021 (18) ~28
13.9% of 187 (27) 28
1% of 246 (28) 68416
NR of 1,939 (16) 79417
NR of 180 (63) 125 (range 45-153)
Lack of energy 5.6% of 18 (30) 85 (range 20-105)
General infection
Nausea 45.5% of 112 [(19) - Hospitalised] 7917
35.9% of 354 [(19) - Non-hospitalised] 7917
2.6% of 187 (27) 28
NR of 1,939 (16) 79417
NR of 180 (63) 125 (range 45-153)
Diarthoea 50.2% of 201 (26) a1
50.0% of 150 (44) 30
43.8% of 112 [(19) - Hospitalised] 79417
43.5% of 354 [(19) - Non-hospitalised] 79£17
36% of 183 (20) x5
33.3% of 180 (44) 60
22% of 1,021 (16) ~28
11.9% of 187 (27) 28
1% of 227 (59) Range 70-98
9% of 145 (68) "diarthoea or vomiting 100
5% of 1,733 (17) “dlarthoea or vomiting 186 175-199]
2.8% of 143 (24) 6013
1.8% of 238 (29) 122
NR of 451 (31) 117 (range 41-193)
NR of 180 (3) 125 (range 45-153)
Upset stomach 30.9% of 56 (71) *gastrointestinal symptoms. Range 64-93
1% of 105 (22) 46 [43-48)
Fover 83.9% of 112 [(19) - Hospitalised] 7917
81% of 1,021 (18) 28
75.1% of 201 (28) a1
51.6% of 354 [(19) - Non-hospitalised] 79£17
20% of 183 20) 35x5
119 of 287 (54) Unclear
4.8% of 187 (27) 28
3.6% of 150 (44) 30
1% of 451 (31) 117 (range 41-193)
<19 of 20 (17) 186 [175-199]
<1% of 246 (23) 68416
0% of 238 (29) 122
0% of 130 (44) 60
NR of 1,939 (16) 7917
Ulcer 6% of 183 (20) 855
Vomiting 13% of 20 (18) >28
11.9% of 354 [(19) - Non-hospitalised] 7917
9% of 112 [(19) - Hospitalised] 79417
0% of 187 (27) 28
NRof 451 (31) 117 (range 41-193)
Chils 4.6% of 538 (15) 97 [96-102)
NRof 451 (31) 117 (range 41-193)
NR of 180 (63) 125 (range 46-153)
Psychological
PTSD 42.9% of 238 (29) 22
31% of 126 (42) 0£7
25% of 179 (58) 6130
15% of 402 (57) "IES-R 31416
7% of 124 (33) 91+ 14
Distress 30% of 61 (53) 41£19
12% of 124 (33) *stress reaction to traumatic event 91+ 14
Anxiety 429% of 402 (57) *state anxiety 31£16
36% of 402 (57) *trait anxiety 31£16
38% of 287 (54) Unclear
30% of 179 (58) 61430
209% of 105 (22) 46 43-48)
22.2% of 126 (42) 30x7
14% of 68 (66) 701(63-77)
10% of 124 (33) 91+14
6.5% of 538 (15) 97 [96-102)
NR of 50 (16) 79+17
Depression 38.1% of 126 (42) 30£7
31% of 402 (57) ZSDS 3116
30% of 179 (58) 6130
299% of 287 (54) Unclear
19% of 58 (66) 70 (63-77)
15% of 384 (56) 54(47-59)
12% of 124 (33) 91+ 14
119 of 402 (57) "BDI 31£16
1% of 105 (22) 46 (43-48)
4.3% of 538 (15) 97 [95-102)
NRof 50 (16) 7917
Anxiety or depression 46% of 91 (25) 183
23% of 50 (18) ~28
3% of 50 (17) 186 [175-199]
NR of 50 (16) 7917
Dementia/memory loss 37.5% of 24 (32) - ward] >100
20% of 287 (54) Unclear
20.8% of 96 (32) - 10U] >100
20% of 50 (16) >28
16% of 227 (59) Range 70-98
ocb 21% of 402 (57) "state anxiety 31416
5% of 287 (54) Unclear
Panic attacks 12% of 1,021 (18) >28
Peychiatric morbidity 39% of 179 (56) 61430
Emotional symptoms 19.8% of 126 (42) 39x7
11.1% of 18 (30) "severe mood swings 85 (range 20-105)
0.6% of 538 (15) *feelings of inferiority 97 [95-102)
Low QoL 72% of 124 (33) o1+ 14
67% of 227 (59) “QoL. reduction Range 70-98
67% of 91 (25) 183
59% of 210 21) "CCQ 79417
39% of 179 (58) 6130
39% of 210 (21) EQSD, 79£17
Dysphoria 1.7% of 538 (15) 97 [95-102)
Anorexia NR of 180 (63) 125 (range 45-153)
Cognitive
Loss of attention 50% of 18 (30) 85 (range 20-105)
20.2% of 24 (32) - ward] >100
24% of 1,021 (18) >28
16.7% of 96 [(32) - I0U] ~100
Confusion 21% of 183 (20) 855
NRof 451 (31) 117 (range 41-193)
Neurocognitive impairment 77% of 179 (58) 61430
40% of 58 (66) MoCA visuospatial 70(63-77)
40% of 105 (22) “impaired on MMSE 46 43-48)
28% of 58 (66) MoCA total 701(63-77)
17.1% of 105 (22) *cognitive deficiency 46 [43-48)
15% of 124 (35) "cogritive impairment o1+ 14
79 of 124 (33) Yissues with cognitive function o1+ 14
Concentration deficits 44.4% of 18 (30) 85 (range 20-105)
Short-term memory deficits 44.4% of 18 (30) 85 (range 20-106)
Word finding difficulty 27.8% of 18 (30) 85 (range 20-105)
Incoherent thoughts 5.6% of 18 (30) 85 (range 20-106)
Sensory
Hyposmia/Anosmia/Dysnosmia (smell dysnfunction) 100% of 23 (35) >30
64.6% of 354 [(19) ~ Non-hospitalised] 7917
60% of 35 (52) ~61
50.8% of 112 [(19) - Hospitalised] 79417
56% of 109 (47) >30
51.4% of 751 (45) a7
51.3% of 187 (27) “taste and smell 28
41% of 1,021 (16) ~28
37% of 183 (20) 35+5
27.8% of 150 (44) “taste and smell 30
22.7% 130 (44) “taste and smell 60
219% of 227 (59) "anosmia-dygeisua Range 70-98
19% of 145 (68) 100
14.8% of 143 (24) >100
14.6% of 24 [(32) - ward] 100
14.4% of 139 (64) Range 30-35
12% of 451 (31) 117 (range 41-193)
1% of O1 (25) 183
11% of 1,733 (17) 186 [175-199]
8.4% of 96 (32) - ICU] >100
5.7% of 105 (22) 46 (43-48)
4.6% of 238 (29) 122
4% of 246 (23) 68416
26% of 111 (61) *hyposmic 63446
1% of 111 (61) "anosmic 63446
NR of 90 (65) 61[QR7]
NR of 180 (63) 125 (range 45-153)
Hypogeusia/Ageusia/Dysgeusia (taste dysfunction) 65.2% of 112 [(19) - Hospitalised] 79417
63.2% of 354 (19) - Non-hospitalised] 79417
50% of 109 (47)° >30
46% of 1,021 (18) >28
44% of 183 (20) x5
16.7% of 96 [(32) - ICU] >100
18% of 111 (61) 63446
11.6% (64) Range 30-35
10% of 451 (31) 117 (range 41-193)
10% of 143 (24) 60+ 13
9.4% of 24 [(32) - ward] >100
7% of 1,733 (17) 186 [175-199]
7% of 111 (61) 63446
5.7 % of 105 (22) 46 (43-48)
5% of 238 (29) 122
1.1% of 55 (71) Range 64-93
NR of 180 (63) 125 (range 45-153)
Dizziness/impaired vision/vertigo 49.6% of 354 [(19) - Non-hospitalised] 79417
41.4% of 112 [(19) - Hospitalised] 7917
17% of 287 (54) Unclear
12% of 187 (27) 28
6% of 1,733 (17) 186 [175-199]
6% 10% of 143 (24) 6013
5% of 227 (59) Range 70-98
2.6% of 538 (15) o7 [95-102)
NRof 451 (31) 117 (range 41-193)
Loss of appetite 14% of 187 (24) 28
8% of 1,733 (17) 186 [175-199]
7.9% of 143 (24) 60+13
NRof 1,939 (16) 7917
Eye iritation 22.0% of 354 [(19) - Non-hospitalised] 79417
17.9% of 112 [(19) - Hospitalised] 79+ 17
20% of 183 (20) x5
10% of 143 (24) 60+ 13
49 of 1,021 (18) “conjunctivitis >28
NR of 451 (31) "conjunctivitis 117 (range 41-199)
Tinnitus 17% of 287 (5¢) Unlear
13% of 121 (60)
Phonophobia 5.6% of 18 (30) 85 (range 20-106)
Chemosensory Dysfunction 39% of 46 (70) Unclear
Dermatological
Rash 39 of 1,788 (17) 186 (175-199)
NRof 451 (31) 117 (range 41-193)
NR of 180 (63) 125 (range 45-153)
Cutaneous signs 16.4% of 160 (44) 30
11.5% of 130 (44) 60
8% of 227 (59) Range 70-98
Hair loss 28.6% of 538 (15) 97 [96-102)
25% of 96 [(32) - I0U] >100
22% of 1,783 (17) 186 [175-199]
18.8% of 24 ((32) - ward] >100
Functional
Mobilty problems 56% of 91 (25) 183
53.8% of 288 (29) 122
40.3% of 201 (26) o1
18% of 1,021 (18) >28
79% of 1,733 (17) 186 [175-199]
NR of 1,939 (16) 7917
Personal care problems 13% of 91 (25) 183
1% of 1,733 (17) 186 [175-199]
NR of 1,939 (16) 79+ 17
Usual activity problems 679% of 210 (21) 79417
37% of 91 (25) 183
2% of 1,733 (17) 186 [175-199]
NR of 1,939 (16) 79417
Low 6MWT 23% of 1,783 (17) 186 [175-199]
22.9% of 41 (72) 31+9
229 of 124 (39) o114
NR of 58 (66) 70(63-77)
Low 2MWT 31.5% of 288 (29) 122
sPEB 22.3% of 238 (29) 122
Decreased functional status 64% of 124 (33) o114
62.6% of 91 (25) 183
47.5% of 183 (69) 183
Other
Renal failure 3% of 58 (66) ‘renal impairment 70(63-77)
1% of 287 (54) Unclear
Constipation NR of 1,939 (16) 7917
Sleep dificulties/Insomnia 61% of 384 (56) 54 [47-59)
40% of 402 (57) *state anxiety s1£16
33.3% of 96 [(32) - ICU) >100
329 of 1,021 (18) ~28
30.8% of 91 (25) 183
30.2% of 24 (32) ward] >100
28% of 145 (69) 100
26% of 1,733 (17) 186 [175-199]
17.7% of 538 (15) *sominpathy 97 [95-102]
NR of 1,939 (16) 7917
Post-COVID Syndrome 41% of 227 (59) Range 70-98
Liver Injury 11% of 58 (66) “blood tests, 701(63-77)
10% of 58% (66) "MRI 70(63-77)
Sicca syndrome 12.8% of 143 (24) 6018
Flu-fike symptoms 36.0% 130 (44) 30
21.5% 150 (44) 60
Weight loss 37.5% of 112 (19) - Hospitalised] 79417
28.5% of 354 (19) - Non-hospitalised] 79417
17.2% 130 (44) 30
15.9% 150 (44) 60
Red spots on feet 8% of 112 [(19) - Hospitalised] 7917
4.3% of 354 [(19) ~ Non-hospitalised] 7917
Other 25.2% of 354 (19) - Non-hospitalised] 79417
17% of 112 (1) - Hospitalised] 7917
Night Sweats 24% of 145 (68) 100
Seizure/cramps NRof 451 (31) 117 (range 41-193)
Enlarged lymph nodes NRof 451 (31) 117 (range 41-193)
Low fat free mass 19% of 124 (33) o114
Sweating 23.6% of 538 (15) 97 (96-102)

Prevalence date are representetive of the follow-up time point (., persistent symptoms) rather than initiel classification at diagnosis of COVID-19.

*+, Table and text do not match; NR, reported s present in the cohort but no clear prevalence data; 3, prevalence in people with dysgeusia as initialtesting; BDI, Beck's depression
inventory; CMR, cardiovascular magnetic resonance; EQSD, EuroQol-8D: an instrument for measuring qualty of lie; IES-R, impact of events scale-revised ICU, intensive care unit;
CCQ, clinical chronic obstructive pulmonary disease (COPD) questionnaire; FVC, forced vital capacity; MMSE, mini-mental state exam; MoCA, Montreal cognitive assessment; MR,
magnetic resonance imaging; MWWT, minute walk test; OCD, obsessive compulsive disorder; QoL, qualty of fe; SPPB, short physical performance battery; PTSD, post-traumatic stress
disorder; ZSDS, Zung self-rating depression scale. Days are presented as mean < standard deviation or median finterquartile range] or mean (range) if present in the original study.
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Sample
size

238
202 (187 post)

126
143

130 (97 with
headache)

150

751

4
201

109 but only 42
confirmed C-19

50

141C-19 positive
and 78 Control

96
24

112
354

200
1,733

26 C-19 positive
and 20 control

34
183
61
287
23
79

1,939

384
1,021

402

179
210

277

121

1

12 C-19 positive
and 12 control

180

139

90

58 C-19 positive
and 30 control

60

145

451
183
91

105
128

246

124 (including 17
without a positive
test)

18 C-19 positive
and 10 control
533 C-19 positive
and 184 control
46

55

Study
registration

(Y/N)

z

2z

2z

2z

zzzzzz

Gender
split

Unclear
45% male

48% male
63% male
49% male

44% male

36% male

61% male
30% male

24% male

66% male

49% male

58% male
79% male

30% male
9% male

62% male
52% male
38% male

47% male
62% male
Unclear

36% male
39% male
53% male

15% male

62% male
75% male

66% male

59% male
12% male

53% male

Unclear

53% male

83% male

56% male

37% male

59% male
59% male

68% male

55% male

44% male
unclear
65% male

73% male
46% male

Unclear

60% male

42% male

46% male

unclear
58% male

Country
of study

Italy
italy

China
Italy
Spain

France

France

italy
UK

Denmark

France

Mexico

France
France

Netherlands
Netherlands

UK
China
China

Italy
USA
Italy
Egypt

Unclear
Greece

Netherlands and
Belgium

UK

Bangladesh

italy
Spain
Netherlands and
Belgium

Spain

UK

italy

Italy

Faroe Islands

France

Greece
UK

Canada

Austria

Norway
Spain
Spain

Italy
Ireland

Germany

The Netherlands

Germany

China

USA
China

Hospitalised
(Y/N)ICU or
general ward/length
of stay

Y/unclear/unclear
Unclear/unclear/unclear

Yiunclear/25 d
Y/both (14% ICUY/14 £ 10 d
Both (80%

hospitalisec)/unclear/unclear
Bothunclear/unclear
Both/unclear/unclear
YICU/18 £ 9 d

Both (18%
hospitalisec)/unciear/unclear
N

Y/unclear/unclear

Unclear/unclear/unclear

Yigeneral ward/7 & 5 d
YACU/27 +22d

Y/unclear/unclear
N

YACU/9 d
Y/both/14 (10-19) d
Y/unclear/unclear

Y/general ward/unclear
Yiunclear/=3 d
Yiboth/~17 d
Both/unclear/unclear
Unclear/unclear/unclear
Unclear/unclear/unclear

Unclear/general ward/unclear
Yiboth/7 (4-11) d

Undlear (some
asymptomatic)unclear/unclear

Y/ACU/15 £ 10d

Yiboth/7 (9-18) d
Unclear/unclear/unclear

Y/both/9 (6-12) d

Both/unclear/unclear

Unclear/unclear/unclear

Y/general ward/unclear

Bothv/unclear/2 (range 0-11) d

Both/unclear/unclear

Y/unclear/unclear
Y/both (36% ICUY9 (5-17)d

Yiunclear/10 (6-16) d

Both/both (22% ICU)/unclear

N
Y/both (18% ICUunclear
Y/ICU/35 + 21 d

Y/both/8 (6-11) d
Both (56%
hospitalised)/unclear/unclear

Bothvboth (<1% ICU)/unclear

Both (86%
hospitalised)/unclear/8 (5-14) d

Both/general ward/unclear

Y/unclear/unclear

Unclear/unclear/unclear
Y/unclear/unclear

Time from
acute infection
(days)

122
28

3947
60+ 13
42

60
a7

319
91

> 30

30

Possibly 60 but
unclear

>100

>100

79+ 17
7917

28-42
186 [175-199]
47 (36-58)

~61
35+5
4119
Unclear
>30

28

79£17

54 (47-59)
>28

31+ 16

6130
7917

Range 70-98

~56

63+ 46

63-91

125 (range 45-153)
30-35

61(QR7)
70(63-77)

82 (range 56-84)
63423

103 £ 21

117 (range 41-193)
183

183

46 (43-48)
72 (62-87)

68+ 16

91+ 14

85 (range 20-105)
97 95-102)

unclear
64-93

Participant
age (yrs)

61(50-70)
56 (20-89)

46+ 14
56+ 15
54+ 16

49+ 15
49+ 15
4113

72 £11
44+ 11

37 (34-41)
54 (42-62)
39

Unclear
Unclear

53 (46-60)
47 (34-54)

55415
57 (47-65)
38 (32-45)

48 + 13
57 (48-68)
~66+6
3249
29 (21-41)
3145

46+ 11

60+ 16
<9->60

58+ 13

57 [49-67)
4511

56 [42-68)
64 (range 44-62)
Grouped 18-39,
40-69. 70+
67+ 10

40+ 19

49+ 15

56+ 17
55+ 13

67 [54-74)
57414

50+ 15
unclear
66+ 10

55 [43-65)
50415

48 £ 15

59+ 14

42 (range 17-71)
52 [41-62)

unclear
48 £ 15

©-19, COVID-19; d, day; Y, yes; N, no; [CU, intensive care unit. Data are presented as mean + standard deviation, median finterquartile range}, or mean (range).
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Parameter Estimate 95% exact binominal CI
(Clopper-Pearson

intervals)
Sensitivity 94.34% (84.34-98.82%)
Specificity 98.65% (92.70-99.97%)
PPV 98.94% (89.55-99.95%)
NPV 96.05% (88.89-99.18%)
LR+ 69.81 -

LR- 0.06 -

Kappa 0.9349 (0.8721-0.9977)°

“Estimated using the standard normel distribution. Cl, Confidence Intervals; PPV,
predictive positive value; NPV, negative predictive value; LR+, positive likelihood ratio;
LR, negative likelihood ratio. Parameters estimated from the resuls of Saliva compared
with NPS.
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Characteristics

Clinical aspects
Symptomatic

Asymptomatic

No information

Motive

Close contact

Ciinical suspicion

Travel

Other (ACF or no data available)
Gender

Male

Female

Age group

<18

18-34

35-50

51-65

>65

Origin of specimens

Boca sur FHC

Lagunilas FHC

Victor Manuel Fernandez FHG
Guillermo Grant Benavente Hospital (Emergency Care Unit)

ACF, active case finding; FHC, Family Health Centers.

n, (%)

111(87.4)
15 (11.8)
108)

21 (165)
90 (70.9)
108)
15(11.8)

68(53.5)
59(46.5)

5039
69 (54.3)
29(22.8)
20(15.7)
4(3.)

55 (43.3)

51(40.2)

19 (14.9)
2(16)
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Sex

Total

Male

Female

Count
9% within result

Count
% within result
Count
% within result

143
100.0%

SARS-CoV-2 RT-qPCR

Negative

125
87.4%
18
12.6%

20
100.0%

Positive

19
95.0%
1
5.0%

163
100.0%

Total

144
88.3%
19
11.7%
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Factors

Mean age

Gender (male)

Influenza vaccination rate in 2019 (%)
Health screening test rate (%)
Income (more the 5 million won)

Deviance information criterion: 169.9.

Odds ratio

0.95
1.29
0.87
0.95
1.00

2.5%

0.87
1.09
077
0.87
0.99

97.5%

104
156
0.96
104
1.00
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Cluster category Total (1) Duration (day) Mean size (person) Cluster size (n)

2-5 6-9 10-19 20-29 30-39 40-49 50-99 100-149 150-199 200-299

Buildings/offices 6 175 19.7 - 3 - 1 2 - - - - -
Communities 407 6.2 35 875 20 8 - 2 - 1 1 - -
Detention 5 90 86 2 2 - 1 - - - - - -
centers/military units

Educational facilties 5 86 52 3 1 1 - - - - - - -
Medical facilies 37 216 282 5 5 7 - 2 1 3 3 1 -
Multilevel marketing 6 273 86.2 wt 1 1 e . 1 1 = 1 1
Religious facilities 17 179 31.3 1 3 3 3 1 4 1 1 = -
Restaurants/business 8 9.4 493 2 38 2 - - - - - - 1
establishments

Nursing homes 20 18.1 16.8 7 2 4 4 1 1 1 - - -
Workplaces 28 15.4 204 8 8 9 - 1 - - - 2 -
Total 539 9.1 9.2 413 48 35 9 9 7 7 5 4 2

Bold values refer to “total”.
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Overall cohort, any Overall cohort,
exposure inpatient use

Adjusted OR  P-value  Adjusted OR  P-value

(95% ClI) (95% CI)

Ages

45-65 0.555 0.119 0.483 0077
(N=1159 (0.266-1.163) (0.216-1081)

55-75 0.604 0.085 0535 0015
N=1312) (0.378-0.965) (0.323-0.885)

65-89 0815 0.283 0.727 0.124
N=1178) (0.562-1.183) (0.484-1.002)

Confounders: Angiotensin-converting enzyme inhibitors, Angiotensin Il receptor blockers,
Diuretics, Beta blockers, Calcium-channel blockers, Statins, Glucocorticoids, Age, Race,
Smoking Status, Body Mass Index, Temperature at admission, Max temperature
during hospitelization, 02 Saturation at admission, Minimum O2 saturation during
hospitalization, Heart rate at admission, Respiratory rate, High blood pressure, Asthma,
Chronic obstructive pulmonary disease, Hypertension, Diabetes Melitus, Obstructive
Sleep Apnea, Obesity, Chronic Kidney Disease, Human immunodeficient virus, Cancer,
Coronary artery disease, Atrial fibrilation, Heart faiure, Chronic viral hepatits, Liver
disease, Acute kidney injury, White blood cell count, Creatinine, Anion gap, Potassium,
Alanine aminotransferase, Ferritin, ICU, Hospital duration.
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Items Reference value Prior treatment Post-treatment P-value

WBGC (x 109) 4~10 9.50 £ 1.56 9.69+1.73 0.860
LYMPH% 0.20~0.50 0.08:£0.04 0224008 0.006
HGB (g/L) 130~175 107.00 + 20.55 103.40 + 12.30 0.745
PLT (x10°/1) 100~300 22220 +82.71 237.40 4 51.94 0.737
ALT (UA) 9~50 17.20 £ 455 19.00 £ 4.69 0.556
SCR (umol/L) 41~109 107.20 + 62.45 69.80 % 16.18 0.231
LDH (L) 140~271 415.20  119.61 201.80 4 40.35 0.005
CRP (mg/L) 0.068~8.2 7832+ 34.23 1224914 0.003
FiO2 (%) 49.80 % 12.66 31804 4.92 0016
Ol (mmHg) 460~530 191.99 £ 81.13 35572 + 131.92 005

P (A-a) 02 (mmHg) 25~75 161.16 + 62.19 66,02 +32.22 0.016
BNP (pg/mi) <125 1643.0 £ 411.3 7599 & 287.5 0.006
1L-6 (pg/mi) 1.18~5.30 452943373 721£7.42 0.038
1L-2 (pg/mi) 0.08~5.71 136+ 0.46 085 +038 0.048
1L-10 (pg/m) 0.19~4.91 14.06 + 8.09 481196 0.038
INF-a (pg/mi) 0.10~2.31 326+ 1.90 199+1.75 0.303
TNT (ng/L) <14 48.86 + 43.83 1323:+7.45 0.111
APACHE Il (score) 15.80 £ 3.49 6.40 + 089 0.001
SOFA (score) 7.80 £ 1.64 300126 0.001
PS| (score) 107.00  32.90 29.00 42104 0.001

LDH, lactate dehycrogenase; Fi02, fraction of inspiration O2; P/A-2)02, alveolar gas-arterial blood nitrogen partial pressure difference; OI, oxygenation indiex; BNR, Type B brain natiuretic
peptide; TNT, hypersensitive troponin T: APACHE f, acute physiology and chronic health evaluation scoring system; SOFA, sequential organ failre assessment; PSI, pneumonia
‘severity index.
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Items Case number (%)

Gender (male, n%) 4(80.00)
Age (£ 5) years (63 +17.87)
Complication

Diabetes melitus 2(4000)
CoPD 1(20.00)
Coronary heart disease (CHD) 1(20.00)
Malignancy 1(20.00)
Symptom

Fever 3(60.00)
Cough 2(4000)
Fatigue 3(60.00)
Headache 1(2000)
Naupathia 2(40.00)
Emesis 2 (40.00)
Complication

Myocardial damage 5 (100.00)
Acute kidney injury (AKI) 2 (40.00)
Acute liver injury (ALI) 4(80.00)
Preumothorax 1(20.00)
Respiratory support

Invasive ventiition (V) 1(20.00)
Non-invasive ventilation (NIV) 2 (40.00)
High flow oxygen therapy (HFNG) 3(60.00)
Remedy

Antiviral 5(100.00)
Antibiotics 5 (100.00)
Immune globulin 1(20.00)
Thymalfasin 5(100.00)
Hormone 5(100.00)
Blood purification 5(100.00)

I, invasive ventilation; NIV, non-invasive ventiation; HFNC, high flow oxygen therapy; AK,
acute liver injury.
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N (total = 1,378) Percentage

Do you have a fever today (>37.5°C)?

Yes, measured 2 0.1
Yes, feels like 1 0.1
No 1,875 998
Do you have to cough today?

Yes 8 06
Alitle 44 32
No 1,326 9.2
Do you fee tired today?

Yes 34 25
Alitle 143 104
No 1,202 87.2
Do you have heavy breathing today?

Yes 3 02
Alitle 16 12
No 1,359 98.6
Do you have muscle pain/body aches today?

Yes 13 09
Alitle 65 a7
No 1,300 943
Do you have a headache today?

Yes 54 39
Alitle 123 89
No 1,201 87.2
Do you have a sore throat today?

Yes 12 09
Alitle 67 49
No 1,299 943
Do you have a cold today?

Yes 32 23
Alitle 110 80
No 1,236 89.7
Do you have the fesling that your taste/smell i diferent?

Yes 2 0.1
Alittle 10 07
No 1,366 90.1

Is someone in your household quarantined due to contact with a SARS-CoV-2
positive person?

Yes 18 13

No 1,360 9.7

Did someone in your household show any of the symptoms mentioned above?
Yes a7 3.4

No 1,331 9.6

Did you spend time abroad the last 2 weeks?

Yes 13 09

No 1,365 99.1

Is/was anyone in your household ever tested positive for SARS-CoV-2?

Yes 3 02

No 1,375 998

How often did you leave your home for necessary supplies during the last week?
<2x/week 248 180
3-5x/week 507 3658
>5x/week 623 452

What is your experience with the daily sampling?

No problem 1,331 9.6

Slightly uncomfortable 42 30

Uncomfortable 5 0.4
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Characteristic*

Patients, 1 (%)
Age, median years
Bex, % women
Death,

Hospice, %

Rehab, %
Home, %t

LOS, median de
Intubated,

Intubated, median
days'

CKD, %"

ESRD, %

‘HTN, %

DM, %t

COPD, %

HF(EF

Obesity (BMI > 80), %|

Adithromycin, %!

Enoxaparin, %t
Heparin, %"
Hydrocortisone, %t
Hydroxychloroquine,
9%t
Methylprednisolone,
9%t

Sarilumab, %!
Tocilizumab, %!
Famoticine, %"

Endotype 1 Endotype 2

135 (26) | 100(19)

680 67.5
42
6
5
22
1
66
9
6
7

25
10
70
53
u
11
22
24
64
4
1
31

39

Endotype 3

169 (32)

66.0
42
21

3
a7
14
24
41
72
34

9
1
61
37
4
il
2
51
o
33
2
72

67

8
24
7

of f

Endotype 4

124 (29)
()
27
43
6
20
17
14
£
85
31

23
4
70

grou

teristic from red (high) to blec
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Feature* Endotype 1 Endotype 2 Endotype 3 Endotype 4

Fenitin_mediant
Ferritin_IQRT
IL6_median
IL6_IQR"
CRPHighSen:
CRPHighSens._ QR
ESR_mediant
ESR_IQRT
LDH_median'

NLR_mediant
Hemoglobin_mediant
RDW_median
 mediant
Procalcitonin_IQR
Platelet_median®
Platelet_IQRT
DDimer_mediant
Prothrombin_median'
Prothrombin_IQRT
PTT_mediant
hsTnT_mediant
CK_total_median
BNP_median®
Lactate_mediant
CO2_mediant
BUN_median’
Creatinine_median’
Glucose_mediant
Calcium_mediant
Phosphorus_mediant
AST_mediant
ALT_median®

Alkphos_mediant

Bilirubin_direct_median’
TotalProtein_median’
albumin_mediant
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Characteristic

Age - median (QR)
Sex 1 (%) women
Race
African American or Black-n (%)

American Indian or Alaska Nation - 1 (%)

Asian - (%)

Native Hawaiian or Other Pacific Islander— 11 (%)
Other combinations ot described - (%)

White - (%)
Declined - n (%)
Ethnicity

Not Hispanic or Latino or Spanish origin -1 (%)

Latino or Spanish origin - (%)
Deciined - n (%)
Comorbidity
CKD (not ESRD) - (%)
ESRD-n (%)
Hypertension-n (%)
Diabetes Meltus - n (%)
Asthma-n (%)
COPD-n (%)
Hyperiipidernia-n (%)
History of stroke- 11 (%)
HIV infection-n (%)
Heart failure- n (%)

Preserved ejection fraction-n (%)

Reduced ejection fraction- (%)
Unknown ejection fraction- n (%)
CAD-n (%)
Obesity (BMI > 30) - n (%)
Discharge outcome
Home -1 (%)
Rehab -1 (%)
Skilled nursing facilty - n (%)
Hospice - (%)
Death—n (%)
Hospitalization characteristics
Intubated ~ 1 (%)
Days intubated - median (QR)
Length of stay, days - n (IQR)

Cohort

66 (55-74)
209 (40)

103 (19.5)
1002
7(13)
2(04)

179(33.9)

119(22.5)

117 (22.2)

147 (27.8)
262 (49.6)
119 (22.5)

81(15.3)
2038
334 (63.9)
204 (38.6)
41(7.8)
30(5.7)
154 (29.2)
38(7.2)
1427
68(12.9)
27(5.1)
34 (6.4)
7(13
74(14.0)
144 (27.3)

208 (42.2)
54(102)
129 (24.4)
25(4.7)
97 (18.4)

234.(44.3)
31 (17-44)
19 (7-44)
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N

Perceived risk score

Survey 1

Median (P2s, Prs)

East region 5,146 2.0(2.0-20)
Centralregion 1,533 2.0(2.0-30)
West region 3,085 2,0(20-30)
Anxiety score

East region 5,146 7.0 (3.0-10.0)
Central region 1,533 7.0 (3.0-10.0)
West region 3,085 6.0 (3.0-10.0)
Preventive measures score

East region 5,146 4.0(3.0-4.0)
Centralregion 1,533 4.0(30-4.0)
West region 3,085 40(3.0-4.0)

634
2,366
282

2,366
282

634
2,366
282

Survey 2

Median (Pzs, Prs)

3.0 (2.0-4.0)
3.0(3.0-4.0)
3.0(1.0-4.0)

12,0 (10.0-13.0)
12.0 (10.0-13.0)
11.0 (10.0-18.0)

4.0(3.0-4.0)
4.0 (3.0-4.0)
4.0(3.0-4.0)

N

970
2,669
464

970
2,669
464

970
2,669
464

Survey 3

Median (Pzs, Prs)

2.0(10-3.0)
20(1.0-30)
2.0 (10-2.0)

80(5.0-10.0)
8.0(5.0-10.0)
7.0 (4.0-10.0)

4.0(3.0-4.0)
4.0 (3.0-4.0)
4.0(3.0-4.0)

N

875
330
464

875
330
464

875
330
464

Survey 4

Median (Ps, Prs)

20(1.02.0)
2.0(1.0-2.0)
1.0(1.0-2.0)

7.0 (4.0-9.0)
80(5.0-10.0)
7.0 (4.0-9.0)

4.0(4.0-4.0)
4.0 (4.0-4.0)
4.0(4.0-4.0)

P-values

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
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Frequency of attention to the epidemic (%)
Perceived risk (%)

No risk

Low risk

Medium risk

High risk

Extremely high risk

Anxiety (%)

Normal

Mid anxiety

Moderate anxiety

Severe anxiety

Measures taken (Do it, %)

Wearing mask

Avoiding crowdled places

Hand hygiene

Keeping the indoor and living environment clean

Surveyl

(28 January—3 February)

3,238 (97.0)

677 (20.9)
1,998 (69.7)
474 (14.1)
147 (4.9)
50 (1.5)

1,476 (44.2)
1,088 (32.6)
700 (21.0)
742.2)

3,238 (97.0)
3,288 (98.5)
3,048 (913)
2,443 (73.2)

Survey2

(10 February—12 February)

1,229 (84.5)

314/(21.6)
201(13.8)
343 (23.6)
360 (24.7)
237 (16.3)

219(15.1)
180 (12.4)
878 (60.9)
178 (12.2)

1,404 (96.5)
1,415 (97.9)
1,377 (94.6)
1132(77.8)

Survey3

(20 February—22 February)

1,120 (77.0)

607 (41.7)

446 (30.7)

317 21.8)
69(4.7)
16 (1.1)

602 (41.4)

291(20.0)

544 (37.4)
18(1.2)

1,412 97.0)
1,395 (95.9)
1,368 (94.0)
1,304 (89.6)

Surveyd

(1 March—10 March)

1,477 (88.5)

582 (34.9)

877 (52.5)
159 (9.5)
48(2.9)
3(02)

1,108 (66.1)

274 (16.4)

252 (16.1)
40(2.4)

1,641 (98.3)
1,676 (94.4)
1,602 (96.0)
1,182 (67.8)

P

<0.0001
<0.0001

<0.0001

0.0034
<0.0001
<0.0001
<0.0001

2vs.3

P

<0.0001
<0.0001

<0.0001

0.463
0.0632
0.524
<0.0001
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Gender
Male

Female

Age

<80 years

30-39 years

40-49 years

250 years

Education

Junior high school and below
Senior high school
Bachelor's degree
Master's degree or above
Marriage

Unmarried

Married

Divorced

Other

Occupation

Medical professional
Labors

Teachers and researchers
Government staff

€8S personnel

Students

Other*

Residence

Utban

Rural

Area

Wuhan city

Hubei province

Other provinces in China
Abroad

Health Status

Very healthy

Good healthy

Ordinary

Unhealthy

Total

Survey 1

N

3,271
6,493

3,124
2,803
2,236
1,611

449
1,269
5,575
2,461

3,154
6278
244

1,758
674
1,843
391
1,934
1,633
1,631

7,811
1,953

101
55
9,408
200

5,683
3,105
751
225
9,764

C&S, Commercial and service personnel.

*Including farmer, civil servant, self-employed, driver, retired people, unemployed, etc.

%

335
6.5

320
28.7
229
16.5

46
130
571
252

323
64.2
25
09

18.0
6.9
189
4.0
19.9
157
16.7

80.0
20.0

1.0
06
96.4
20

582

318
7.7
23

100.0

Survey 2
N %
1017 31.0
2,265 69.0
899 274
1,084 330
876 267
423 129
169 51
485 148
2,122 64.7
506 154
895 273
2215 67.5
143 44
29 09
457 139
29 09
339 103
312 95
718 23.7
373 1.4
994 303
2,564 78.4
718 219
634 193
282 86
2,310 713
2 08
1,302 39.7
1,458 444
491 150
31 10
3,282 100.0

Survey 3
N %
1,435 35.0
2,668 65.0
1,241 302
1,079 263
1,070 26.1
713 17.4
166 40
550 134
25586 63.0
801 195
1,179 287
2,734 66.6
165 40
2 06
1,099 268
52 13
398 97
526 128
814 19.8
669 163
545 133
3,151 768
952 262
1,461 35.6
693 17.0
1,933 471
16 04
2,171 529
1,615 39.4
291 74
26 06
4,108 1000

Survey 4
N %
768 46.0
901 540
384 230
472 283
437 262
376 226
87 52
174 10.4
986 59.1
422 252
389 233
1,228 736
38 23
14 08
249 149
150 90
416 249
85 5.1
312 18.7
162 97
205 177
ot 546
758 454
27 16
12 07
1,630 97.7
0 00
564 338
880 527
185 1.1
0 24
1,669 100.0

Total

6,491
12,327

5,648
5,438
4,619
3,123

871
2,478
11,269
4,190

5617
12,465
590
166

3,563
905
2,996
1,314
3838
2,737
3,465

14,437
4,381

2,223

1,042

15,311
242

9,720
7,058
1,718
322
18,818

%

345
655

30.0
289
245
16.6

4.6
13.2
59.9
223

298
66.2
341

0.8

189
4.8
159
70
204
145
18.4

76.7
233

18
55
81.4
13

51.7

375
9.1
AF

100.0
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Variable

Patients, no.
Male sex

Age, years

COl, points

Any comorbidity*
Cardiovascular disease
Hypertension

Diabetes

Chronic obstructive lung disease
WHO COVID-19 severity score
SOFA score

Peak FIO2, %

Remdesivir use

Baricitinib use

©GFR, ml/min

©GFR < 30 ml/min

CRP, mg/L

IL-6, pg/mL

D-dimer, mog/mL

Bllateral lung infitrates

Length of symptoms at admission, days

Length of hospital stay, days
Clinical events at 28 days
Overall mortality

NI or HFO

ICU admission

Mechanical ventiation
Documented infection
Thromboembolic events
Overall mortality at 60 days
Overall mortality at 90 days

Al

994
636 (64)
66 (54, 76)
3(1,4)
735 (74)
311 (31)
465 (47)
236 (24)
54(5)
4(4,4)
2(1,9)
36 (32, 50)
713 (72)
110 (1)
89 (69, 103)
50(5)
61(20, 118)
180 (74, 447)
1.0(0.6,2.0)
882 (89)
6,9
6(4, 1)

74(7)
123 (12)
93
75 ()
496)
48(5)
909
o1

Before propensity score matching

Tocilizumab + Baricitinib

110
74 (67)
7260, 79)
3(2,5)
99 (90)
4743)
64 (58)
35(32)

12 (11)
4(4,6)
3(2,4)
100 (100, 100)
86 (78)
110 (100)
83(55,98)
9
33(6, 104)
196 (84, 485)
1.1(06,2.1)
107 (97)
50,8
19(13,27)

28 (26)
94 (85)
42(38)
34 31)
19.(17)
21(21)
33(30)
33(30)

Tocilizumab

884
562 (64)
65 (54, 76)
2(1,4)
636(72)
264 (30)
401 (45)
201 (28)
42(5)
4(4,4)
2(1,2)
36 (32, 50)
627 (71)
0
90 (73, 104)
416
81(50, 128)
167 (44, 439)
0.9(05,1.8)
775 (88)
6.9
6(4,9)

46(5)
293
51(6)
41(5)
30
273)
57(6)
58(7)

After propensity score matching

Tocilizumab + Baricitinib

%
60 (63)
72 (62, 78)
32,5
85(90)
41(43)
53(56)
31(33)

12 (19)
4(4,6)
3(2,4)
100 (91, 100)
72(76)
95 (100)
77 (54, 99)
8(8)
336, 105)
196 (84, 486)
1.1 (0.6,2.1)
92 (97)
50,8
18 (12, 26)

24(26)
80 (84)
34(36)
26(27)
17(18)
11(12)
29(31)
2931)

Tocilizumab

%
56 (59)

72 (60, 80)
4(1,6)
76 (80)
40 (42)

55 (58)

35 (37)
70)
4(4,5)
32,9
100 (90, 100)
60 (63)
0
77 (50, 95)
14 (15)
81(50,129)
167 (44, 439)
09(05,1.8
87 (92)
6,9
107, 19)

15 (16)
19 (20)
18(19)
13 (14)
10(11)
3@
2021)
2021

The characteristics of both populations of patients, before and after PS matching, and unadjusted and adjusted hazard ratios (aHR) for 28-day all-cause mortality between the mated

groups are shown.

*This category included atleast one of the following: diabetes, cardiovascular including hypertension) respiratory, kidney, neurological disease, cithosis, or malignant neoplasm. Summary
Statistics are provided as medians with Q1, Q3, or numbers with percentages s appropriate.
CCl, Charlson comorbidity index; WHO, World Health Organization; SOFA, Sequential Organ Faiure Assessment; FO2, baseline fraction of inspired oxygen; eGFR, Chronic Kidney
Disease Epidemiology Collaboration (CKD-EP) estimation of glomerular fitration rate; CRR, C-reactive protein; L, Interleukin; NIV, Non-invasive respiratory support; HFO, high-flow nasal

oxygen; ICU, Intensive Care Unit.
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Results of training and fitting using the pandemic data before the.
predicted start date

Area

California
Florida
Georgia
Virginia
Texas

United States
Iran

Peru

Israel

Egypt

Iraq

Brazil

Hong Kong

Real integral

2,680,419
1,217,351
686,137
417,076
1,831,788
22,543,471
266,868
353,923
381,102
26,899
76,130
2,131,338
68,271

Fitting integral

2,784,677
1,241,724
677,325
413,676
1,796,822
22,541,901
277,238
356,882
378,118
26,373
79,508
2,146,708
66,389

Fitting
accuracy %

96.26
98.04
98.72
99.18
98.09
97.06
96.26
99.17
99.76
98.04
95.75
99.28
97.24

Results of retrospective prediction for the next 30 days

real integral

107,520
147,518
55,516
43,116
151,518
1,878,409
240,490
213,540
61,144
18,724
142,795
2,079,058
8,359

Prediction
integral

79,861
138,462
50,718
43,847
172,968
1,438,641
250,904
237,144
42,749
18,147
170,067
1,689,472
7,965

Prediction
accuracy %

74.28
93.86
91.36
98.33
87.60
7245
95.85
90.05
81.56
96.92
83.96
76.45
95.29
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Phase 1: CW32/20-CW51/20 School/pre-school opening phase
OW52/20-CW7/21 2nd Lockdown Germany
Phase 3 CW8/21-OW15/21 School/pre-school reopening phase
CW16/21-CW19/21 3rd Lockdown Germany

Phase
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Variable Univariate

B (95% CI)
Number of index cases overall 0534 (0.143, 0.926)
Affected person as index case
Child only (1) 1519 (1.159, 1.878)
Adult only (2)

Child + adult (3)"

Face mask obligatory for adults

No (0) ~0.902 (~1.343, —0.461)
Yes, under certain circumstances (1) *

Yes, while in the building (2)

Face mask obligatory for children

No (0) ~0.277 (~0.430, —0.125)
No/Yes, under certain circumstances (1)*

Yes, under certain circumstances (2)"

Yes, while i the building (3)

Setting

School (0) 0.592 (0.181, 1.003)
Pre-school (1)

p-value

0.008

<0.001

<0.001

<0.001

0.005

Common multivariate model

B (95% CI) p-value

0.092 (-0.315, 0.499) 0.657

1.340 (0.931, 1.748) <0.001

—1.830(-3.127,

.532) 0.006

—0.065 (~0.588, 0.453) 0.806

—1.372 (—2.406, —0.337) 0.009

Multivariate model adults
B (95% Cl)

0.088 (—0.317, 0.494)

1.343 (0.936, 1.750)

—1.941 (-2.886, —0.996)

—1.292 (-2.107, -0.476)

p-value

0.669

<0.001

<0.001

0.002

Multivariate model children

B (95% CI)

0.145 (-0.262, 0.552)

1303 (0.893, 1.712)

~0.565 (~0.944, ~0.186)

—1.275 (-2.311, -0.238)

p-value

0.484

<0.001

0.004

0.016

The coding of the respective categories of the nominal variables are shown in parentheses. For multivariate linear regression models time and location confounders were considered by CW (CW32, 2020 until KW19, 2021) and county

of the school/pre-school and as dummy-coded variables included in the model.
Values in bold are considered to be statistically significant (o-value < 0.05).

*This category was applied when a chid and an aclt were documented as index cases because it could not be differentiated which person was infected first, for example, because symptoms may have occurred at the same time or

two outbreaks may have occurred simultaneously

#Yes, under certain circumstances” was hereby applied if the mesk obligation existed not during the entire time spent in the school buidling/pre-school (Table 1). For schools, for example, this applies if there was no mask obligation
during lessons and in pre-schools if there was no mask obligation for staff during pedagogical work with the chidren.
$For schools with a primary and secondary part, different regulations applied with regard to the mask obligation for children of different age group.





OPS/images/fmed-08-781781/fmed-08-781781-g003.gif





OPS/images/fpubh-09-780039/fpubh-09-780039-t003.jpg
Phase 1 Phase 2 Phase 3 Phase 4 p-value
(CW32-CW51, 2020) (CW52, 2020-CW7, 2021) (CW8-CW15,2021) (CW16-CW19, 2021) Phase 1 vs.

n=84 n=60 n=201 n=93 Phase 3
Pre-schools open Yes No Yes No
County, no. (%) 0.001
Hansestadt Rostock 16 (17.9) 7(1.7) 11(5.5) 12 (12.9)
Landkreis Rostock 10(11.9) 13(21.7) 30 (14.9) 20 (21.5)
Ludwigslust-Parchim 19 (22.6) 7(11.7) 28(13.9) 12 (129)
Mecklenburgische Seenplatte 2(2.4) 3(6.0 21(10.4) 12 (12.9)
Nordwest-Mecklenburg 783 7(11.7) 34(16.9) 9(0.7)
Schwerin 3(36) 0(0) 16 (8.0) 5(5.4)
Vorpommern-Greifswald 15(17.9) 18 (30.0) 40(19.9) 15 (16.1)
Vorpommern-Riigen 13(15.5) 583 21(10.4) 8(86)
Average cases per infection event
Cases overall 1.63 320 303 1.65 0.002
Index cases 1.07 127 1.18 1.12 0070
Secondary cases 056 193 185 053 0.007
Index cases children 0.48 062 0,60 073 0.180
Index cases adults 0.60 0.65 0.58 0.39 0.512
Secondary cases children 0.19 118 1.18 043 <0.001
Secondary cases adults 0.37 0.76 0.67 0.10 0.120
Index cases overall, absolute no. % 76 237 104
Secondary cases overall, absolute no. 47 116 372 49
R-Factor (R-F) 052 153 167 047
Overall cases per infection event, no. (%) 0.005
One case overall 62(73.8) 38(63.) 112(85.7) 67 (72.0)
2-10 cases overall 22(26.2) 15 (25.0) 78(38.8) 25(26.9)
>10 cases overall 00 7(1.7) 11(5.5) 1(1.9)
Affected person as index case, no. (%) 0.337
Child only 36 (42.9) 24 (40.0) 97 (48.3) 60 (64.5)
Adult only 47 (56.0) 30(50.0) 97 (48.3) 32(34.4)
Child + adult** 101.2) 6(10.0) 7@35) 1011
Index case child only, no. (R-F*) 39 26 111 66
Secondary cases overall 19/(0.49) 25(0.96) 57 (0.51) 17 (0.26) 0729
Secondary cases adults 11(0.28) 8(0.31) 17 0.15) 4(0.08) 0378
Secondary cases children 8(021) 17 (0.65) 40(0.36) 13(0.20) 0586
Index case adult only, no. (R-F*) 48 32 107 35
Secondary cases overal 28(0.68) 37(1.16) 301 (2.81) 28(0.80) <0.001
Secondary cases adults 20(0.42) 23(0.72) 114 (1.07) 3(0.09) 0.008
Secondary cases children 8(0.17) 14(0.44) 187 (1.75) 25(0.71) <0.001
Index case child-+adult, no. 3 18 19 3
(child | aciult) 12 1117 (1019 @)
Secondary cases overall 0 54 14 4
(child | aclult) ©10) (0] 14) (1014) @12
Measure for containment, no. (%) <0.001
Contact person quarantine 9(11.7) 28 (48.3) 91 (45.5) 42 (45.2)
Cohort quarantine 45 (58.4) 16 (27.6) 79(39.5) 46 (49.5)
Closure of the entire facilty 23(29.9) 14 (24.1) 30 (15.0) 5(5.4)
*R-F, R-Factor.

**This category was applied when a child and an adult were documented as index cases because it could not be differentiated which person was infected first, for example, because
symptoms may have occurred at the same time or two outbreaks may have occurred simuiltaneously.
Values in bold are considered to be statistically significant (p-value < 0.05).
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Phase 1 Phase 2 Phase 3 Phase 4 p-value
(CW32-CW51,2020) (CWS52, 2020 - CW7,2021) (CW8-CW15,2021) (CW16-CW19, 2021) Phase 1 vs.

n=189 n=37 n=179 n=10 Phase 3
Schools open Yes No Yes No
Public school 169 (89.9) 28(77.8) 160 (89.4) 57 (86.4) 0.873
Private school 19(10.1) 8(22.2) 19 (10.6) 9(13.6)
County, no. (%)
Hansestadit Rostock 18(95) 4(108) 23(12.8) 13(18.6) 0.003
Landkreis Rostock 24(12.7) 6(16.2) 32(17.9) 9(12.9)
Ludwigslust-Parchim 39(20.6) 38.1) 18 (10.1) 14 (20.0)
Mecklenburgische Seenplatte 3(1.6) 38.1) 14(7.8) 467)
Nordwest-Mecklenburg 31(16.4) 4(10.8) 25 (14.0) 6(8.6)
Schwerin 16 (8.5) 00 10(5.6) 467
Vorpommern-Greifswald 23(12.2) 11(29.7) 32(17.9) 14(20.0)
Vorpommern-Riigen 35(18.5) 6(16.2) 25 (14.0) 6(8.6)
School type, no. (%) 0.007
Elementary school 4121.8) 13(36.1) 70 (39.3) 27 (40.9)
Special school 15(8.0) 383 14079 6(9.1)
Integrated/cooperative comprehensive school 35(18.6) 5(18.9) 24 (13.5) 9(13.6)
Regional school 67(35.6) 11(30.6) 46 (25.8) 22(333)
Grammar school 30(16.0) 4(11.9) 24(135) 2(30)
Average cases per infection event
Cases overall 244 1.86 157 1.34 0.084
Index cases 1.49 1.05 118 141 0865
Secondary cases 1.26 0.81 0.39 0.23 0.046
Index cases children 093 059 096 097 0412
Index cases adults 0.26 0.46 0.22 0.14 0.330
Secondary cases children 1.07 024 032 017 0.080
Secondary cases adults 017 057 007 0.06 0.103
Index cases overall, absolute no. 225 39 211 78
Secondary cases overal, absolute no. 236 30 70 16
R-Factor (R-F') 1.05 077 033 021
Overall cases per infection event, no. (%)
One case overall 126 (66.7) 31(838) 133 (74.9) 52(74.3) 0086
2-10 cases overall 57(30.2) 6(16.2) 45(25.1) 18(25.7)
>10 cases overall 6(32) 000 1(086) 0(0)
Affected person as index case, no. (%)
Child only 143 (75.7) 21(56.8) 143 (79.9) 61(87.1) 0620
Adult only 38(20.1) 16 (43.2) 30 (16.8) 7(10.0)
Child + adult* 8(4.2) 00 6(3.4) 229
Index case child only, no. (R-F*) 160 22 161 65
Secondary cases overall 42(0.26) 10 (0.45) 53(0.33) 10/(0.15) 0841
Secondary cases adults 11(0.07) 6(0.27) 9(0.06) 2(0.09) 0629
Secondary cases chidren 31(0.19) 4(0.18) 44027 8(0.12) 0395
Index case adult only, no. (R-F*) 40 17 32 8
Secondary cases overall 179 (4.48) 20(1.18) 15.(0.47) 5(0.69) 0.002
Secondary cases adults 22(0.55) 15(0.88) 4(0.13) 2(0.25) 0059
Secondary cases children 157 (3.99) 5(0.29) 11(0.34) 3(0.39) 0.001
Index case child + adult, no. 25 0 18 5
(child | aclult (15110) ©l0) 1117 @12
Secondary cases overall 15 0 2 1
(child | aclult (1510 ©l0) @0 (110
Measure for containment, no. (%) <0.001
Contact person quarantine 41(223) 17 (48.6) 83 (46.9) 38(65.9)
Cohort quarantine 128 (69.6) 16.(45.7) 90 (50.8) 30 (44.1)
Closure of the entire facility 15(8.2) 26.7) 423 0(0)

*RF, R-Factor.
**This category was applied when a chid and an adult were documented as index cases because it could not be differentiated which person was infected fist, for example, because
symptoms may have occurred at the seme time or two outbreaks may have occurred simultaneously.

Values in bold are considered to be statistically significant (o-value < 0.05).
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Face mask obligatory in halways, restrooms, schoolyard for staff

and students
Face mask obligatory during lessons/in pre-schools for staff

Face mask obligatory curing lessons/in pre-schools for children

Medical face mask recommended
1.5-m minimum distance, if possible

1.5-m minimum distance during lessons
Grouping children into defined groups (cohorting)
Voluntary preventive PCR testing for employees
Voluntary preventive PoG testing for children

Voluntary preventive PoC testing for staff

Mandatory PoC testing for stalf
Mandatory PCR testing for chidren in case of symptoms

Vaccination Prioritization for staff

Phase 1 (CW32-CW51, 2020)

School Pre-school

Yes, if notin one cohort No

o students grade 1-4

No, until 16th of No, only in case of

December 20 contact witha
symptomatic child

No No
No No
Yes Yes
No -~

Yes Yes
Yes Yes
No No
No No
No No
No No
No No

Phase 3 (CW8-CW15, 2021)

School
Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes

Yes, since 1st of March
21

Yes, since 1st of March
21

No

Yes, since 12th of April
21

Yes

Pre-school
No

No, only in case of
adult-aduit contact or
contact witha
symptomatic child

No
Yes
Yes
Yes
Yes
No

Yes, since 1st of April
21

No

Yes, since 12th of April
21

Yes

PoC, Point-of-care SARS-CoV-2 antigen tests.
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Location

Room 1

Room 2

Examination room

Staff equipment

Changing room

Type of sample*

Patient—hands
Patient—mouth
Tabletop by the window
Floor next to the bed
Cup + mobile phone
Door handies
Washbasin

Sink drain

Bedside table

Balcony handles + window handles
Floor in front of Room 1
Patient 1 —mouth
Patient 1—hands
Patient 2—mouth
Patient 2—hands
Patient 3—mouth
Patient 3—hands
Tabletop

Floor between the beds
Edge of the bed

Door handle
Washbasin

Sink drain

Balcony handles.

Floor in front of Room 2
PC keyboard

Shared mobile phone
Floor

Shoe sole

Face shield

Overall
Phonendoscope—ear attachments
Floor

*One sample was collected from each location (n = 33).
The quantity of virus (viral genomes) is related to the 5 yul of qPCR reaction.

negative.

Average
quantity of
virus

56
16
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1. Age —

2. Sex 011
3. Education —0.36™
4. Body mass index -0.03
5. Fear 011
6. Trust 002
7. Attention -0.13
8. Preventive behavior -007
9. Search —0.25™
10. Infectabilty -009

Sex (male vs. female) and education (unior high or below vs. senior high or above) were treated as dichotomous in the correlation matrix.
Fear, fear of COVID-19; Trust, trust in COVID-19 information; Attention,
news searching behavior; Infectabilty, perceived infectabilty

-3

o1
0.16
0.14
0.16
0.01
0.03
-0.18"
0.03
0.06

3

-0.36""

0.16
-0.04
-0.04
-0.06
0.19
-0.05
0.25"

0.04

4

-0.03
0.14
-0.04
0.05
—-0.06
0.04
0.08
011
-0.09

0.16
0.08
0.05
0.07
0.15
0.01
-0.07
0.04
0.40"

6

-0.19"
0.04
0.23°
-0.02
0.12
0.28"
-0.04
0.15
0.04

-0.06
0.11
0.15
0.02

042"
0.01

-0.02

0.23*
0.10

8

-0.06
0.03
0.15
0.09

032"

0.0

021*

-0.17*

-0.14

0.28"

10

0.19"
0.04
-0.06
0.04
0.49"
-0.09
0.34°
-0.01
0.29"

paying attention to COVID-19 news; Preventive behavior, preventive COVID-19 behaviors; Search, COVID-19

Coefficients in the lower triangular matrix are baseline measures examined from April 20, 2020, to May 15, 2020; coeficients in the upper triangular matrix are follow-up measures

examined from May 18, 2021, to June 14, 2021.

A community outbreak started in mid-May in Taiwan.

*p < 0.0 < 0.0

‘p < 0.001.
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Post office

Shopping center

Type of sample Number Type of sample Number
Customer 3 Self-senvice 6
retrieval terminal checkout display
Post counter 9 Shopping cart and 20"
basket handles
Door handies 2 Escalator handrail 4
Writing desk for 2 Tollet door handle 5
customers
Hands of 4 Hands of cashiers 6
operators
Elovators buttons 8
Buttons of the 2
parking terminal
sum 20 51

1t One sample consist of swab from 3 shopping cart or basket handles.
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Mean (SD) t (p-value)

Baseline Follow-up

Fear of COVID-19 181(082) 216 (0.63) 4.20 (<0.001)
Trust in COVID-19 information 2.94(0.53) 3.41(039) 8.49 (<0.001)
Paying attention to COVID-19 news 4.18(1.04) 389 (0.69) 2.75(0.007)
Preventive COVID-19 behaviors 4.79(0.53) 4.36(057) 7.09 (<0.001)
COVID-19 news searching behavior 1.99(1.42) 3.16(0.98) 8.29(<0.001)
Perceived infectabilty 1,54 (0.90) 216 0.90) 5.74(<0.001)

Cohen’s d

039
0.76
025
0.63
0.76
051

Baseline measures were examined from April 20, 2020, to May 15, 2020; follow-up measures were examined from May 18, 2021, to June 14, 2021.
A community outbreak started in mid-May in Taiwan.
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Across tertiles of perceived knowledge

Positive attitude

Per 1 unit increase in knowledge score

Demographics
Language: not Gresk

Male gender

Study level: Master's

Study level: Doctoral

Study level: Other

Not Health/Life sciences

Perceptions and Beliefs
Travel restrictions: necessary

Fear of spread: same

Antibiotics: know someone

Knowledge
score (0-10)

B coefficient
(95% Cl)
p-value

023 (0.17,0.29)
p <0001
026 (0.16, 0.36)
p <0001

~0.16 (030, ~0.01)

p=003

0.14 (0.03, 0.24)
p=001

035 (0.19, 0.51)
p <0001

0.7 (0.56, 0.98)
p <0001

~0.28(~0.89, ~0.18)
p <0001

0.33(0.14,0.53)
p=0001
0.19 (0,09, 0.30)
p <0001
~0.94 (~1.26, ~0.63)
p <0001

CI, confidence interval; COVID-19, coronavirus disease 2019.
@ncluded Statements 4 (“Doesn’t change the way | think about them’) and 5 (‘1 il try to support them as much as | can’) in their response along with other statements.
bincluded none other than Statements 4 and 5 in their response.

Knowledge
score =8

Ods ratio
(95% Cl)
p-value

1.19(1.08,1.32)
p=0001

1.30 (1.10, 1.53)
p=0002

1.28 (1.08, 1.51)
p=0.005
1.47 (1.15,1.89)
p=0002
1.81(1.34, 2.46)
p <0001
1.75 (1,05, 2.98)
p=003
0.73 (0.62, 0.86)
p <0001

1.79(1.28, 2.61)
p=0002
1,38 (1.17,1.69)
p=0009
0.41(0.21,0.80)
p <0001

Positive attitude
(at least)®

Ods ratio
(95% Cl)
p-value

1.12(1.08,1.17)
p <0.001

1.27 (1.06,1.53)
.01

Positive attitude
(only)®

Odds ratio
(95% Cl)
p-value

148 (1.13,1.24)
p <0001

1.47 (120, 1.80)
p <0.001
0.84 (0.72,0.98)
p=0038

1.36 (1.01, 1.80)
p=004
1.78(1.07,2.82)
p=003

119 (1.02,1.38)
p=003
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Age (year)

Sex (male)
Educational status
(unior high or
below)

Body mass index
(kg/m?)
Hypertension (yes)
Diabetes melltus
(yes)

Heart disease (yes)
Renal disease
(yes)

Stroke (yes)
Dementia (yes)
Depression (yes)
Canoer (yes)

N (%) or Mean (SD)/ range

Baseline (n = 139)

71.73 (7.90/60-97
42 80.2)
46 33.1)

23.82 (3.37)/16.41-36.05

51(36.7)
24(17.9)

14 (10.1)
53.6)

858
409
536

15 (10.8)

Follow-up (n = 126)

71.30 (7.23)/60-88
38 (30.2)
37 (20.4)

23.87 (3.39)/16.41-36.05

44 (34.9)
21 (16.7)

13 (103)
5(4.0)

648

3(2.4)

5(4.0)
13(103)

Baseline measures were examined from Apri, 20, 2020, to May 15, 2020; follow-up
measures were examined from May, 18, 2021, to June 14, 2021.
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Study program Curriculum: Epidemic management/PH response®

H&L Other p-value Yes No p-value
(N =1,496) (N =2,145) (N =926) (N =570)

Knowledge score (theoretical range 0-10)
Mean (SD) 6.4(1.6) 6.1(1.6) <0001 6.4(16) 63(15) 0.4
Perceptions and Beliefs

Know a person who takes antibiotics as a means of prevention

Yes 28% 2.6% 0.65 3.0% 25% 052
Striot travel restrictions a necessary measure for redcing rates of new cases

They are necessary 92.9% 93.1% 0.87 98.1% 92.6% 074
Spread in Cyprus, relative to ts population, in comparison with Europe

More 23.4% 27.4% 0.005 22.5% 24.0% 0.009
same 36.8% 37.4% 34.5% 40.7%

Less 40.1% 35.5% 43.1% 35.3%

Reasons to call the State number 1420

Symptoms of infection 76.0% 76.2% 0.90 74.8% 779% 0.18
Symptoms for >7 days. 55.6% 55.6% 0.99 55.3% 55.0% 0.80
Someone | know has symptoms 35.6% 36.9% 0.44 35.3% 36.1% 075
Symptoms and traveled abroad 90.1% 89.5% 056 89.0% 91.9% 0.06
Informed about symptoms 13.8% 10.8% 0.008 14.7% 12.5% 0.23
Informed about transmission 11.9% 9.1% 0.007 12.6% 10.7% 026
Medical emergency 302% 32.3% 0.18 28.9% 32.1% 020
Attitudes

Affect relationship with or opinion for a person with COVID-19

Neither relationship/opinion 86.4% 86.1% 073 87.7% 84.2% 0.12
Not opinion, but relationship 11.1% 11.0% 10.3% 12.5%

Relationship and opinion 25% 3.0% 24% 33%

Aperson you know has been infected. Which statements describe your opinion best

1. Bad self-hygiene 92% 7.8% 0.16 9.0% 95% 074
2. Negligent to self-protect 38.0% 37.3% 071 38.0% 37.9% 096
3. Avoid conduct in future 12.2% 12.8% 061 11.5% 13.3% 028
4. Doesn’t change way | think 78.5% 77.2% 0.36 78.4% 78.6% 0.93
5. Try to support them 66.6% 62.8% 0.02 67.7% 64.9% 027
Included 4 and 5 in response® 51.9% 48.4% 0.04 523% 51.2% 0.70
Answered 4 and 5 only® 20.1% 27.8% 0.40 20.8% 27.9% 0.43

COVID-19, coronaviius disease 2019; H & L, Health & Life; SD, standard deviation; PH, Public Health.

“Proportion of responders who included Statements 4 and 5 in their response along with other statements from the list of options.

bProportion of responders who included none other than Statements 4 and 5 in their response, indlicating a positive attitude toward a person with COVID-19.

©Sub-group of participants registered in *Health o Life Sciences” programs according to their response with regard to whether epidemic management and Public Health response was
covered in the curriculum,
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Al T4 (270) T2(71-82) T3 (83) P-value

A. Three main characteristic symptoms of COVID-19

1. Headache 277 (7.6%) 8.9% 66% 7.4% 008

2. Fever 3514 (96.5%) 96.1% 97.1% 96.5% 037

3. Shortness of breath 2,657 (73.0%) 72.0% 719% 75.0% 015

4. Chest pain 142 (3.9%) 4.3% 42% 32% 028

5. Cough 3,338 (91.7%) 90.9% 91.5% %2.7% 024

6. Diarthea 38(1.0%) 1.3% 08% 1.0% 054

7. Weakness/Fatigue 563 (15.5%) 16.0% 15.1% 15.2% 095

8. Runny nose 581 (16.0%) 15.5% 14.8% 16.0% 0.70

Answered 2, 5, and 7 only® 313 (8.6%) 86% 8.1% 9.0% 072

Answered 2, 3, and 5 only 2,290 (62.9%) 61.4% 62.1% 65.3% 0.10

B. Modes of transmission of the novel coronavirus

1. Sexual contact 756 (208%) 18.2% 21.1% 23.3% 0.008

2. Droplets sneezing/coughing 3,252 (89.3%) 82.1% 92.4% 94.6% <0001

3. Through breathing air 1,067 (29.3%) 28.6% 285% 30.9% 033

4. Consuming contaminated food 460 (12.6%) 10.1% 14.2% 14.0% 0,002

5. Contact with contaminated surface and touching 3,083 (83.3%) 76.9% 87.1% 87.0% <0.001
mouth, eyes, nose

Answered 2 and 5 only® 2,280 (37.4%) 34.1% 40.3% 38.4% 0.004

C. Maximum time between time of infection and first presentation of symptoms

Within 1 month 85 (2.3%) 21% 2.1% 2.8% 0.61

Within 2 weeks 3,058 (84.0%) 84.5% 83.9% 83.5%

Within 1 week 358(0.8%) 9.6% 10.7% 9.4%

Within 2 days 140 (3.9%) 3.9% 34% 43%

D. Average global fatality of COVID-19

Between 1-10% 2,676 (73.5%) 67.0% 76.3% 78.2% <0.001

Between 10-30% 417 (11.5%) 18.8% 10.7% 95%

Over 30% 128 (3.5%) 3.4% 3.1% 4.0%

Don't know 420 (11.5%) 15.7% 10.0% 8.3%

E. Vulnerable groups, i.e., those with higher risk of getting seriously ill or dying from COVID-19

1. Children 562 (15.4%) 16.9% 15.5% 13.8% 0.10

2. People over 65 years old 3,500 (96.1%) 94.4% 97.3% 97.0% <0001

3. Pregnant women 1,601 (44.0%) 44.4% 46:3% 41.4% 005

4. People with chronic diseases 3,324 (91.3%) 90.1% 92.2% 91.8% 0.13

5. Migrants/Refugees 114.(3.1%) 27% 36% 32% 041

6. People with low immune system 3,263 (89.6%) 88.6% 89.9% 90.6% 026

Answered 2, 4, and 6 only 1,412 (38.8%) 35.7% 37.2% 43.8% 0.001

F. Risk of infection reduced by washing hands thoroughly with water and soap

True 3,523 (96.8%) 95.2% 97.5% 97.8% <0.001

Not true 55(1.5%) 1.5% 1.5% 15%

Not sure 63 (1.7%) 3.3% 1.0% 0.7%

G. Protective measures should be mostly used by the elderly and populations at risk

True 1,615 (41.6%) 42.9% 41.1% 40.7% 064

Not true 2,037 (56.0%) 54.7% 56.8% 56.6%

Not sure 89 (2.4%) 2.5% 2.1% 1.8%

H. Preventative medicines or vaccines to reduce potential risk of being infected

True 171 (4.7%) 4.7% 4.0% 5.4% <0001

Not true 2,593 (71.2%) 65.3% 71.8% 77.4%

Not sure 877 (24.1%) 30.1% 242% 17.3%

1. Use of surgical masks by the healthy is regarded as a necessary protective measure

True 605 (16.6%) 17.2% 14.9% 17.6% <0001

Not true 2,609 (71.7%) 67.9% 74.14% 73.7%

Not sure 427 (11.7%) 16.0% 11.1% 8.7%

J. Telephone number to contact authorities

1420 2,907 (82.3%) 80.3% 83.2% 83.7% 005

Wrong or Don't remember 644 (17.7%) 19.7% 16.8% 16.3%

Sum of correct answers —knowledge score (theoretical range 0-10)

Mean (SD) 62(16) 59(16) 63(1.5) 6.4(15) <0001

Median (IQR) 6(6-7) 6(5-7) 6(5-7) 7(6-7) <0.001

Number of correct answers

Three or lower 181 (5.0%) 7.3% 3.6% 36% <0001

Four 370 (10.2%) 12.5% 9.3% 8.4%

Five 587 (16.1%) 16.9% 18.1% 18.4%

Six 833 (22.9%) 25.3% 21.2% 21.7%

Seven 921 (25.3%) 21.0% 26.1% 29.4%

Eight 525 (14.4%) 12.9% 14.2% 16.3%

Nine or higher 224 (6.2%) 41% 7.4% 7.3%

The sections (A-J) correspond to the respective sections as they appeared in the survey.

COVID-19, coronavirus disease 2019; IQR, interquartiee range; SD, standard deviation.

@Percentage of correct answer among those who responded that they knew the three main symptoms (N = 3,271, 89.8%) is 8.2 vs. 16.1% and 12.1% among those who responded
that they did not know (N = 31, 0.9%) or were unsure (N = 339, 9.3%), respectively (o = 0.01).

bPercentage of correct answer among those who responded that they knew how the novel coronavirus was transmitted (N = 3,357, 92.2%) is 40.3 vs. 25% and 1.1% among those
who responded that they did not know (N = 20, 0.6%) or were unsure (N = 264, 7.3%), respectively (o < 0.001).
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All(N =3,641) Study program Self-evaluation of knowledge (0-100 scale)

Health and life sciences Other P-value®  Median (IQR) P-value®
(N = 1,496, 41.1%) (N = 2,145, 58.9%)
Gender
Female 2,384 (65.5%) 69.5% 62.7% <0001 75 (65-85) <0001
Male 1,247 (34.3%) 30.3% 37.0% 80 (70-90)
Other 10 0.3%) 02% 03% 66 (50-70)
Study level
Bachelor 2,945 (80.9%) 81.8% 80.3% <0001 77 (65-85) 027
Master's 399 (11.0%) 8.6% 12.6% 78 (66-86)
Doctoral 224 (6.2%) 6.0% 6.3% 77 (68-90)
Other 73 (2.0%) 3.7% 08% 80 (70-87)
Native language
Gresk 3,115 (85.6%) 80.7% 89.0% <0001 76 (65-85) 0,004
Other 526 (14.5%) 19.3% 11.1% 80 (70-90)
Epidemic management/ Public Health response (N = 1,496)
Yes 926 (61.9%) 80 (70-90) <0001
No 570 (38.1%) 75 (62-85)
Health professionals’ first-degree relatives.
Yes 1,163 (31.9%) 43.2% 241% <0.001 80 (69-88) 0.003
No 2,365 (65.0%) 54.6% 722% 76 (65-85)
Not know 1138.1%) 2.2% 37% 75 (61-86)
The University will find ways to minimize the impact of the pandemic on your studies
Yes 2,830 (77.7%) 80.8% 75.6% 0001 78 (68-86) <0001
No 138 (3.7%) 3.0% 41% 79 (65-87)
Not sure 678 (18.6%) 16.2% 203% 75 (61-85)
Self-evaluation of knowledge about COVID-19 on a 0-100 scale
Mean (SD) 747 (16.8) 755 (16.5) 741 (16.9) 001
Median (IGR) 77 (66-85) 79 (70-87) 76 (65-85) 0.004

COVID-19, coronavirus disease 2019; IQR, interquartile range; SD, standard deviation.
Academic study program is not related to Health or Life Sciences, which includes Medicine, Nursing, Pharmacy, Biology, Microbiology, Public Health etc., p-value of x2-test, °p-value
of Kruskal-Walls test,
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1 positive sample in pool  All samples negative

in pool
Pooled positive result 107 0
Pooled negative result 0 183

Two hundred and seventy two pools were tested. Thirty two pools were discarded
because one or more of the corresponding indivicual sample tests was invalid, leaving
240 pools which corresponding exactly with the individual results. 107 positives includes
105 lab generated pus 2 natural positives.
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Parameter Meanings Baseline Reference

value

Transmission rate 0.468 (20)

v Fraction of exposed class who become 0.1818 (21)
infective

k Fraction of reduction in susceptibility to 03 Estimated
infection due to being aware
Growth rate of disease awareness from the 02 (14)
reported number of infections

« Growth rate of local disease awareness arising 03 (14)
from aware neighbors.

x Decay rate of information due to the decreasing 0.3 (22)
quality of the information

" Recovery rate for infected individual 0278 (23)

" Growth rate of disease awareness arising from 01 Estimated
global source

5 Rate of loss of awareness in susceptible 01 (14)
individuals

& Fraction of aware individuals who are 0.04  Estimated
vaccinated

» Rate of losing vaccine immunity 005  Estimated
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Knowledge Right/wrong
of COVID-19

1 785/25
Infectiousness

of

asymptomatic

patient

2. Medical 761/49
observation

and isolation

time

3. Disease 374/436
dlassification

and

management

grade in China

4. Main 547/263
transmission

route

5. Anti-virus 532/278
measures

Mean = standard deviation.

Perceived health

threat score®
Right

10.77 £ 2.61

10.74 £ 2.59

10.45 + 2.62

10.64 +£2.57

10.57 +2.68

Dt-test. *p < 0.05, *p < 0.01, ***p < 0.001.

Wrong

9.88 +£2.26

10.82 + 2.80

11.00 & 2.65

10.97 + 2.66

10.84 + 2.65

0.001

0.845

0.003**

0.095

0.161

Perceived severity

score®
Right

13.34 + 1.92

1333+ 1.88

13.41 £ 1.75

1339+ 1.78

13.45 +1.78

Wrong

12.32 £2.06

12,94 +£2.62

13.22 +£2.08

13.14 £2.22

13.24 £2.01

P>

0.009*

0.305

0.178

0.122

0.129

Perceived controllability

score®
Right Wrong
959260 9.52+231
958256 9.84+293
939249 976266
948+252 9.82+272
949245 9.65+265

I

0.889

0.494

0.040%

0.084

0.401

Perceived infection
possibility score®

Right

8.76+2.86

874 £2.82

8.37+268

876 £2.78

858 £2.70

Wrong

8.84 £258

8.98 £ 3.31

9.08 £2.95

8.74 £ 3.00

8.84 £292

I3

0.877

0.566

<0.001***

0915

0.219
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Socio-Demographic factors  Number (%) ~ Perceived health threat  Perceived severity  Perceived controllability  Perceived infection

possibility
Score® P Score® P Score® P Score® P

Sex®

Male 252(31.11) 10.85+285 0454 1337225 0561 978295 0202 892£3.12 0207

Female 558(68.89) 10.70 +2.48 13.28 £ 1.7 951 & 2.40 8684272

Province®

Zhejiang 649(80.12) 1081261 0145  1338+183 0086 957266 0578  892£284 <0001

Others 161(19.88) 1048+ 254 13.04 £232 968+ 2.25 806+2.78

Education level®

Junior college 3344128 1090£235 0159 1306218 0008"  9.41+265 0101 941+264 0002

Undergraduate 476(58.77)  10.64+2.76 1349177 9724254 850 2.97

Household monthly income per capita (RMB,Yuan)®

<2,000 126(15.56)  11.04 %243 13.40 = 191 993+ 2.49 9.06 2,63

2,000-3,999 221(27.28) 10.61+£240 0005  1307+1.96 0022° 938+233  0017°  866+282 0028

4,000-5,999 222(27.41)  10.31£2.47 1318+ 188 9324257 841266

6,000-7,999 102(12.59) 1091 £272 13.42 £ 1.80 950+ 2.53 8544283

28,000 139(17.16)  11.28+3.08 13.73 £2.04 10.12 £ 302 9.33£8.27

Major

Public health 169(2086) 10.71+282 13.15 % 1.91 065+ 2.58 8.60+2.86

Ciinical medicine 318(3026) 1074+281 0996 1365168 <0001 070+268 0619  855+£805 0247

Medical technology 155(19.14)  10.77 £ 2.42 18.27 £2.20 9524257 880285

Nursing 168(20.74)  10.77 £2.10 12.85 £2.05 939+ 2.43 9.07 +2.40

2Mean = Standard deviation.
bt-test. *p < 0.05, *'p < 0.01, *p < 0.001,
Cvariance analysis. *p < 0.05, *p < 0.0
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Factor

Perceived health threat of

the COVID-19 epidemic

Perceived severity of the
COVID-19 epidemic

Perceived controllability of
the COVID-19 epidemic

Perceived infection
possibilty of COVID-19

Items

1. Once infected with COVID-19, my
health wil be severely affected.

2. Even a person is cured of
COVID-19, there will be sequelae.

3. Once the COVID-19 breaks out
again, it will negatively impact the.
society immediately.

4. 1think this COVID-19 epidemic is
very widespread.

5. The COVID-19 i easy to spread
out.

6. | think the COVID-19 epidemic is
more serious than previous infectious
diseases (SARS, avian fl).

7. 1think the local status of COVID-19
is very serious.

8. 1 think the epidemic and spread of
COVID-19 i diffcult to control,

9.1 think the COVID-19 is very difficult
to treat.

10. 1am very likely to be infected with
COVID-19.

11. As long as | have been in contact
with the items of a COVID-19 patient,
| may be infected

12. Aslong as | am in the same
space with a COVID-19 patient, | may
be infected by him.

iincipal components; Rotation method: Varimax.

Components (rotation factor loadings)

Factor!  Factor2 Factor3 Factor4

0.833

0.776

0.692

0.869

0.864

0.676

0.788

0.678

0.640
0.502
0.866
0.854

Rotation sums of squared loadings

Total % ofvariance  Cumulative %

4209 35075 35.075
1854  15.453 50.527
1.182 985 60.378
1009 8412 68.790
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city
Harbin
Bejjng
Dalian

Tonghua
Guangzhou

Fanmily transmission

14(21.5)
60(17.9)
19(20.7)
46 (15.0)
76 (54.7)

Nosocomial infection

46 (70.8)
0(0.0)
0(0.0)
0(0.0)
0(0.0)

Indoor social gathering

4(62)
252 (75.2)
31(33.7)
107 (34.9)
6(4.3)

Other

1(15)
23(69)
42(45.7)
154(50.2)
57 (41.0)

Total

65 (100.0)
335 (100.0)
92 (100.0)
307 (100.0)
139 (100.0)
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city

Harbin

Bejing

Urumgi

Dalian

Kashgar Prefecture
Shijazhuang
Suihua

Tonghua

Rul

Guangzhou®

Start date*

April 9, 2020
June 11,2020
July 16,2020
July 22, 2020

October 24, 2020
January 2, 2021
January 9, 2021
January 12, 2021
March 30, 2021

May 21,2021

Duration (day)"

19
25
33
15

36
ar
29
&

Patients number Clinical subtype
(severe/moderate/mild)

65 -

335 6/274/55
822 s

% 1/68/23
78 -

870 -

489 -

307 29/128/332
) 0/53/40
139 -

*The start date was the day when the first symptomatic patient or asymptomatic patient was reported by the Health Commission.
#The duration included the time of first and last asymptomatic patient.

2By June 13, 2021.

Asymptomatic patients
(all/symptomatic later)

31/9
31/-
387/154
Q772
428/77
366/201
547/139
283/252
44119
42/34
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Socio- Perceived health threat Perceived severity Perceived controllability Perceived infection

Demographic possibility
factors
Model1 Model2 Model3 Model 1 Model2  Model3 Model 1 Model 2 Model 1 Model2  Model 3
[ B [ 8 L3 [ [ B [ [ [
Sex
Meale (ref)
Female -0.172 —-0.145 -0.077 0.008 0.122 0.083 -0.171 —-0.151 —0.442" —-0.475* -0.3773
Province
Zhejiang (ref)
Others -0293 -0280 -0844 -0380° -0896" 0356  0.103 00002 ~0.902""  —0.987"" 1089

Education level
Junior college (ref)

Undergraduate -0295 -0389 -0302  0.441 01410 005 0273 0373 -0628" 0420 0342
Household monthly

income per

capita(RMB,Yuan)

<2,000 (ref)

2,000-3,999 —0510 -0514 —0522° —0379 -0383 -0365 —-0496 ~0.586" -0498 0449  -0336
4,000-6,999 —0872" 0874 -0860" 0207  -0205  -0301 -0.686" ~0.619" ~0830"  -0818" -0.783"
6,000-7,999 -0373 -0876 -0385 -0104 0132 -0.122 0872 -0.478 —0789" 0728  -0635
8,000 013 01383 0127 0206 0163 0468  0.190 0.148 0076 0148  0.194
Major

Public health (ref)

Cinical medicine 0214 0271 0516"  0.498° -0.024 0021 0.136
Medical technology 0099 0111 0291 0.207 ~0.141 0376 0470
Nursing 0032 0026 -0.196  —0.189 0.081 0357 033
Knowledge of ~0.263" 0.154* —0.278" —0.257"
CoVID-19

A2 0026 002 003 0031 0043 0049 0019 0.029 0044 0048 0056
Adjusted R? 0017 0014 002 0022 0031 0036 0011 0016 0036 0086 0043
Fvalue 301 247 268 361 362 371 224 218 531 400 434
Pvalueof themodel ~ 0.004™  0018° 0002  <0.001"* <0001 <0.001"* 0.080" 0013 <0001 <0001  <0.001""
VIFmax 1953 2437 2410 2056 2065 2418 2056 2,065 2086 2437 2313
DW value 2087 2.036 2.021 1.858 1.882 1.894 1.880 1.931 1.901 1.886 1.862
Heteroscedasticity 0684 0355 0467 0053 0077 0100 0631 0.090 0059 0418 0066
Pvalue

2Multiple linear regression *p < 0.05, *'p < 0.01, ***p < 0.001.





OPS/images/fmed-08-781781/math_6.gif
hy = oy tanh (¢;)





OPS/images/fmed-08-781781/math_5.gif
o

(Wioxe + Wiohi—1 + Weoer + b,)

(5)





OPS/images/fmed-08-797109/crossmark.jpg
©

2

i

|





OPS/images/fmed-08-781781/math_4.gif
¢t = ficp—1 + 1@y





OPS/images/fmed-08-799640/fmed-08-799640-t001.jpg
Infection control
Masks health care workers (HCW)
Masks population

Quarantine national (closed airports;
supervised isolation)

Socialisolation separation
Ventiation and UV-C germicidal ighting
“Lockdown”

Vaccine

Financial and food support n isolation
Major populations affected

LMIC

People of colour

Poor

Elderly

HIV

DM

Renal failure

Respiratory failure

Direct anti-pathogen
Immunomodulation importance
Mortality (no therapy)

Transmission

Asymptomatic infection

Diagnostics
Molecular
Microscopy
Culture
Serology

Whole genomic sequencing/next
generation sequencing

Point of care

Prevention:

Local public health response

COVID-19
relevant

High
Medium
High

High
High
Medium-High
High
High

High
High

High

High
Medium
High

High
Common
No

High

High
Contact,
respiratory
High

High (e.g., QPCR)
Irrelevant
Irrelevant
Valuable

High

High

Essential

TB relevant

High
Medium
Medium

Medium
High
Medium
Medium
High

High
High
High
Medium
High
High
High
Rarer
Yes
Medium
High
Respiratory

High
High (e.g., PCR)
Some value

Essential
Research needed

High

High

Essential

COVID-19 missed opportunity

Variable
Importance
Missed

Variable separation distance chosen

Missec-importance recognised later

Most effective pre-vaccine approach

Likely most effective approach in absence of effective anti-virals
Essential to maintain isolation

New antivirals becoming available

Good TB therapy available, new antivirals for COVID

Stronger evidence supporting Importance of respiratory route for COVID-19
came 6 months into outbreak

Covid critical as 40% approx. transmit ve virus; T8 smaller % and transition to
asymptomatic infectious state

Value in COVID dependent on reason for use .g., rapid, asymptomatic; prior
exposure

WGS valuable in identifying COVID-19 (e.g., delta variant) or T8 clones and likely
transmission .g., nosocomial. Less useful for rapid diagnostics as siow

Near POC as usually clinic/lab based; true high sensitivity/specificity POC
needed

Many countries e.g., UK did this poorly e.g., contracting private organisations;
bypassing skilled public health expertise.
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Personal protective behavior

Hand washing times per day
Surface cleaning times per day
Air disinfection times per day
Attention to indoor ventilation®

Surgical masks

K]
g NS respirators
2 Face shields
528
% 5 Protestive clothing
283
5 *g g Goggles
&
Gloves

Fear of being infected®
Negative impact on treatment®

Before
vaccination

122
28

24

343

17.3%
11.4%

8.1%

274
265

After

vaccination

125
29
26
3.60

21.6%
14.6%

9.8%

3.04
223

p-value

0.008
<0.001
<0.001
<0.001

0.128
<0.001
<0.001
0.069
0.015
0.289

<0.001
<0.001

20n a scale of 1 to 5 where 1 indicates very lttle attention paid to indoor ventilation and
5 indicates a high level of attention paid to indoor ventilation. ®On a scale of 1 to 5 where
1 indicates that the respondent was very afraid of being infected with SARS-CoV-2 and 5
indicates that the respondent had no fear of infection during the pandemic. °On a scale of
1to 5 where 1 indicates that the pandemic had no negative impact on the respondent's
treatment of patients and 5 indicates that the pandemic had an extremely negative impact
on the respondent’s treatment of patients.
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Personal and Efficacy of  Injection again

hospital attributes after vaccine® after vaccine
failure
Total 1.87 88.1%
Education p <0001 p=0003
High school or lower 127 94.0%
University/junior college 1.36 88.3%
Master’s or higher 1.50 82.9%
Annual income (USD) p=0001 p=0003
<7,825 1.31 90.6%
7,826-15,650 1.87 90.0%
16,651-31,300 1.40 85.5%
31,300 151 80.4%
Oceupation p=0.162 p=0028
Physician - 84.7%
Nurse - 87.1%
Administrative staff - 93.4%
Cleaner - 100.0%
Hospital classification p=0002 p=0063
Grade 3A and higher 1.44 -
Grade 38 and 3C 1.38 -
Grade 2 1.38 -
Grade 1 and lower 1.27 -
Hospital department p=0016 p=0305
High-risk 1.40 o
Others 1.31 -

Influenced by
outbreak in
cities

60.2%
p=0005
49.7%
60.7%
65.4%
p=0.400

20n a scale of 1 to 5 where 1 means the respondents believed that the efficacy of
the vaccine was very high, while 5 means the respondents believed that the efficacy

was neglgible.
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Models CER (%)

GMM-HMM 18.68
Stacked LSTMs. 10.28
Stacked maxout LSTMs. 8.13

CER, Character Eror Rate; GMM-HMM, the Gaussian Mixture Models and Hidden
Markov Models; LSTMs, long short-term memory.
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Personal attribute Fearofbeing  Negative impact on treatment

infected® of patients®

Total 2.74 265
Age (years) p=0.309 p=0028
<25 - 247
26-35 - 269
36-45 - 274
>45 - 262
Education p=0020 p=0001
High school o lower 267 2.43
University/junior college 270 2,65
Master's or higher 289 285
Annual income (USD) p <0.001 p=0.466
<7,825 2.60 -
7,826-15,650 264 -
15,651-31,300 286 -
>31,300 3.09 -
Occupation p <0.001 p=0041
Physician 288 27
Nurse 261 270
Administrative staff 301 2.48
Cleaner 209 215

0n a scale of 1 to 5 where 1 means that the respondent is extremely afraid of being
infected in the hospital and § means that the respondent has no worry during the
pandemic. On a scale of 1 to 5 where 5 means that the pandemic has no negative
impact on the respondent's treatment of patients and 1 means that the pandemic has an
extremely negative impact on the respondent’s treatment of patients.
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Guidance opinion

Go to the fever clinic immediately and wear a face mask for protection.
Wear medical surgical masks or NO5 respirator and avoid taking public
transportation

Monitor body temperature continuously at home, take medicines for
colds properly, pay attention to hand hygiene, and drink more water. If
the body temperature is higher than 38°C or the discomfort symptorns
exacerbate, please visit to hospital in-person for further diagnosis and
treatment immediately

® The whole family and close contacts should be self-isolated at home
for observation more than 2 weeks. Wearing face masks to
communicate at home is recommended. If possible, please try to ive
alone or in a well-ventiiated single room

@ Please take more rest and drink more water, pay attention to hand
hygiene and disinfection of daily necessities. If you have fever and
symptoms of respiratory infection, you need to go to the designated
hospital immediately

Please wear a face mask, wash hands frequently, avoid public
gatherings, and reduce unnecessary outings.
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Personal attribute Hand washing Surface disinfection Air disinfection Indoor ventilation®

(times/day) (times/day) (times/day)

Total 1224 281 244 3.43
Gender® p <0001 p=0074 p=0.148 p=0369
Male 10.33 - - -
Female 1136 - - -
Age (years) p=025 p=0233 p <0.001 p=0009
<25 1174 - 3.16 339
26-35 1185 - 238 337
36-45 13.08 - 239 3.45
>45 12.31 - 2.00 355
Education p <0.001 p <0001 p=0010
High school or lower 958 401 358
University/junior college 12.87 236 3.43
Master's or higher 11.28 1.73 331
Annual income (USD) p <0.001 p <0001 p=0827
<7825 11.08 290 -
7.826-15,650 12,91 238 -
16,651-31,300 12.87 211 -
>31,300 11.74 213 -
Occupation p <0001 p <0001 p=0254
Physician 1136 - 1.95 -
Nurse 15.33 - 239 -
Administrative staff 9.32 - 3.11 -
Cleaner 852 - 329 -
Years of work experience p <0.001 p=0.468 p=0009 p=0013
<5 10.93 - 262 337
5-10 1194 - 255 339
10-20 13.44 - 247 3.48
>20 1305 - 195 353
Department, n = 1,332 p=0.148 p <0.001 p <0001 p=0001
High-risk (400) - 3.4 30 15
Others (932) - 26 22 16

20n a scale of 1 to 5 where 1 indicates very litte attention and § indicates a high level of attention to indoor ventiation. ®Because more than 97% of nurses and more than 70% of
cleaners and technicians were female, we considered physicians and administrative staff only when analyzing the correlation between gender and personal protective behaviors.
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Personal attribute

Total, N = 1,499 (%)
Gender, n = 1,499 (%)
Male

Female

Age, n = 1,499 (%)
<25 years

26-35 years

36-45 years

>45 years

Province, n = 1,247 (%)
Beiing (0 = 213)
Guangdong (1 = 292)
Hubei (n = 127)

Anhui (n = 615)

Vaccinated

1,332 (88.9%)

348 (92.8%)
984 (87.5%)
207 (92.0%)
545 (84.4%)
355 (92.4%)
205 (92.2%)

194 (91.7%)
273 (935%)
108 (85.0%)
539 (87.6%)

Not vaccinated

167 (11.1%)

27 (7.2%)
140 (12.5%)
18 (8.0%)
101 (15.6%)
29(7.6%)
19 (7.8%)

19(8.3%)
19 (6.5%)
19 (15.0%)
76 (12.4%)

p-value
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