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Editorial on the Research Topic
 Emerging Pneumonia in Children



Given the development and progress of antimicrobial therapy, effective vaccines for pneumonia, and related guidelines management in the past several decades, pneumonia persists as a leading cause of death in children younger than 5 years in developing countries and accounts for ~20% of childhood deaths. Although advanced imaging modalities including chest sonography, computed tomography, and magnetic resonance imaging are promising for more accurate and timely diagnosis, their roles in clinical management need further investigation. Even though there are various specific or sensitive laboratory tests for upper respiratory tract samples or sputum, which can reveal nucleic acid from potential pathogens in children, it is, unfortunately, difficult to attribute the cause due to limitations in our ability to distinguish between the colonized organisms or pathogens in the upper respiratory tract. In addition, the emergence of other novel pathogens such as Covid-19 presents further issues. Thus, better diagnostic and therapeutic strategies are essential for children, and diagnostic and therapeutic guidelines also need to be updated with new evidence.

Due to the importance of emerging pneumonia, this special volume of Frontiers in Pediatrics invited contributions that highlight recent developments in this field. The main aim of this Research Topic is to consider the available data on pathogenesis, pathogens, imaging modalities, treatment, and the prevention of pneumonia in children. This special volume comprises ten articles.


FACE PROTECTION FOR CHILDREN IN HEALTHCARE SETTINGS (Vlacha and Feketea)

The COVID-19 pandemic has had a huge impact on countries around the world. It is important to reduce the spread of the virus in medical institutions between patients and medical staff. The first study in this volume provides evidence from the real world, showing the effects of state government mandates for face mask use in public. More than 200,000 COVID-19 cases were estimated to be avoided. The findings suggest that requiring face mask use in public could help in mitigating the spread of COVID-19. The CDC recommends that pediatric patients receive enhanced barrier prevention measures including face masks after entering the outpatient setting. However, due to the special characteristics of young children, the implementation of safety measures in outpatient pediatric centers can sometimes be extremely challenging. Based on personal experience, Vlacha and Feketea recommend the use of face shields for children who refuse to wear masks. Young children seem to tolerate face shields better than masks. Face protection equipment can ensure social distance, avoid the risk of suffocation and eliminate children's facial touching behavior. More evidence is expected to support the beneficial effect of face shields for children.



HIGHER HOSPITALIZATION RATE FOR LOWER AIRWAY INFECTION IN TRANSFUSION-NAïVE THALASSEMIA CHILDREN (Vlacha and Feketea)

Thalassemia is common among people of Italian, Greek, Middle Eastern, South Asian, and African descent. In China, the prevalence of α-thalassemia, β-thalassemia, and α + β-thalassemia were estimated at 7.88, 2.21, and 0.48%, respectively. Non-transfusion-dependent thalassemia patients can be at risk of ineffective erythropoiesis, peripheral hemolysis, and iron overload that contributes to a number of clinical morbidities. However, few articles discuss the infection susceptibility of non-transfusion-dependent thalassemia patients. Tsai et al. conducted a nationwide population-based retrospective cohort study using the Taiwan National Health Insurance Research Database. After confounding factors were adjusted, the hospitalization rate and incidence rate of bronchitis/bronchiolitis and pneumonia for transfusion-naïve thalassemia children were found to be higher than those for non-thalassemia controls. However, the exact pathologic mechanism needs to be further clarified. Whether the transfusion-naïve thalassemia patients also have a higher risk of other types of infection, such as urinary tract infection and acute gastroenteritis is worth further study. This finding reminds us to pay more attention to lower airway infection of non-transfusion-dependent thalassemia children in clinics.



CLINICAL FEATURES AND TEMPORAL CHANGES OF RT-PCR AND CHEST CT IN COVID-19 PEDIATRIC PATIENTS (Wei et al.)

Viral nucleic acid testing and chest CT have been considered as the main diagnostic methods for patients with suspected COVID-19 pneumonia. In adults, the positive rate of pharyngeal swabs reverses transcription polymerase chain reaction (RT-PCR) and is sometimes lower than that of RT-PCR in certain conditions, and chest CT is considered a more accurate early diagnostic tool. In contrast to adults, children with COVID-19 infection often present mild manifestation. Besides, children are more sensitive to radiation exposure than adults. Thus, a reasonable diagnostic approach for children suspected to have COVID-19 infection should be different from adults. In this study, Wei et al. investigated the clinical features and changes of RT-PCR and chest CT in COVID-19 children. They found that lung involvement in children with COVID-19 is mild, even with 28% of them as normal in CT. They concluded RT-PCR is more reliable than chest CT in the initial diagnosis of pediatric patients with COVID-19. Research from Guo et al. reflects the limitation of chest CT in the diagnosis of COVID-19 children.



NONINVASIVE VENTILATION AND MECHANICAL INSUFFLATOR-EXSUFFLATOR FOR ACUTE RESPIRATORY FAILURE IN CHILDREN WITH NEUROMUSCULAR DISORDERS (Chen and Hsu)

Non-invasive ventilation and secretion clearance strategy is a recent trend for patients of neuromuscular disease with respiratory failure. This strategy has the advantages of convenience, life-quality preservation, and low cost. In this review, Chen and Hsu. describe recent advances in this non-invasive strategy for this particularly vulnerable group of patients who are often threatened by respiratory failure or airway obstruction by inadequate clearance of secretions during respiratory infections.



FEATURES DISCRIMINATING COVID-19 FROM COMMUNITY-ACQUIRED PNEUMONIA IN PEDIATRIC PATIENTS (Guo et al.)

The clinical symptoms of COVID-19 pneumonia in children are similar to other pediatric community-acquired pneumonia but they have a different treatment strategy. It is important to distinguish COVID-19 from other pediatric pneumonias. Guo et al. compared the clinical, laboratory, and radiological results of COVID-19 children collected during the COVID-19 outbreak with other pneumonia patients collected before the COVID-19 outbreak in the same hospital, especially mycoplasma pneumonia. They found that no reliable specific features could discriminate COVID-19 from community-acquired pneumonia in pediatric patients. Even though more COVID-19 cases showed ground-glass opacity on CT scan and elevated level of ALT than other community-acquired pneumonia. A reliable and specific RT-PCR or antigen screening is necessary for quickly and accurately identifying the pathogen.



COVID-19 PNEUMONIA IN CHILDREN: FROM ETIOLOGY TO MANAGEMENT (Parisi et al.)

In this review article, Parisi et al. summarize the characteristics of COVID-19 in children, including pathological mechanisms, clinical manifestation, radiologic findings, and therapeutic strategies. For their unique immune response and ACE2 expression, the clinical manifestation of COVID-19 in pediatric patients is often much less severe than in adults, progression of the disease remains possible and should be intercepted with appropriate treatment. Besides children are important vectors of COVID-19. In this article, Parisi et al. also provided a clear graphic abstract illustrating the virus-host interaction and reasons why children are less affected.



POST-INFECTIOUS BRONCHIOLITIS OBLITERANS: HRCT, DECT, PULMONARY SCINTIGRAPHY IMAGES, AND CLINICAL FOLLOW-UP IN EIGHT CHILDREN (Chen et al.)

Bronchiolitis obliterans (BO) is an uncommon but challenging lung disease for pediatricians. It is characterized by chronic irreversible inflammation and limited treatment strategy, thus it is important to make a timely diagnosis and start treatment promptly. High-resolution CT (HRCT) is a widely used imaging modality for the diagnosis of BO, and scintigraphy is an alternative tool that can functionally evaluate BO. Another choice of imaging modality, dual-energy computed tomography (DECT), has also recently been applied to BO. In this retrospective study, Chen et al. showed that the most common HRCT finding of BO is a mosaic pattern, where matched ventilation/perfusion (V/Q) defect is an essential feature in pulmonary scintigraphy. Furthermore, they found that DECT could reveal various degrees of decreased perfusion, which was compatible with the decreased perfusion on pulmonary scintigraphy.



COVID-19 IN CHILDREN: RESPIRATORY INVOLVEMENT AND SOME DIFFERENCES WITH THE ADULTS (Hernández and Orozco)

In this review, Hernández and Orozco summarize some of the mechanisms and findings that are different between adult and pediatric COVID-19 infections. They also review some important issues about the physiopathology, diagnosis, clinical and paraclinical presentation, severity, treatment, and control of the disease. Immune responses, microbiota effects, ACE2 activity, and more preserved coagulation and endothelial function account for the clinical advantages that contribute to milder presentation in children with COVID-19 infection. CT scan is suggested if there is clinical worsening or suspicion of pulmonary embolism. Pediatric treatment focuses on supportive care as there is less research into vaccines and specific pharmacotherapy. There are still knowledge gaps in pediatric COVID-19 and further research on children is required.



ALL YOU NEED IS EVIDENCE: WHAT WE KNOW ABOUT PNEUMONIA IN CHILDREN WITH NEUROMUSCULAR DISEASES (Cherchi et al.)

Respiratory failure is the most common cause of mortality in patients with neuromuscular diseases (NMD). Respiratory weakness is defined as the inability of the respiratory muscles to generate sufficient levels of pressure and flow to overcome the respiratory load. Alveolar hypoventilation will develop first during sleep and then progress to involve wakefulness. In this review, Cherchi et al. summarize the pathophysiology, issues of inadequate clearance, respiratory interventions, and future therapeutic directions and shed some light on the more comprehensive understanding and management of pneumonia in children with NMD.



EMERGENT PNEUMONIA IN CHILDREN (Perret et al.)

After the outbreak of the COVID-19 pandemic, emerging pneumonia has become an important issue for pediatricians across all fields. In this review, Perret et al. classify emerging pathogens into three categories: 1) true emerging: SARS-CoV-1, SARS-CoV-2, avian influenza, MERS-CoV, and hantavirus; 2) re-emerging, including measles, tuberculosis, and antimicrobial resistant bacteria such as CA-MRSA, Pseudomonas aeruginosa, Acinetobacter baumannii, Stenotrophomonas maltophilia, Mycoplasma pneumoniae, and new serotypes of post-vaccine pneumococcal; and 3) old known with new presentations, including rhinovirus, and non-SARS coronavirus. In this article, the epidemiology, forms of presentation, therapy, and prognosis in children are comprehensively described and compared with those in adults.
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The healthcare system in several countries is overwhelmed due to the COVID-19 pandemic. The ambulatory care settings carry a substantial patient burden with the risk of potential rise after the ending of the lockdown. The nosocomial transmission of SARS-CoV2 has been well-described (1). It is extremely important to minimize the viral transmission in the healthcare facilities among patients and the healthcare personnel as well (2). However, the implementation of safety measures becomes extremely challenging in ambulatory pediatric centers due to particular characteristics of children.

We would like to propose enhanced barrier precautions for pediatric patients of almost all ages as soon as they enter the ambulatory setting. These would include a face mask for children above 2 years of age and their care givers, according to CDC recommendation (3). Additionally, we also strongly recommend a face shield for children from 1 to 2 years of age. We also propose an alternative facial protective gear using a face shield for children aged between 2 and 5 years as a substitute for a face mask. These recommendations are based on our personal experience that toddlers resist wearing face masks and they tolerate face shields better. In addition, the face shield for children aged 1–2 years offers a face barrier without the risk of suffocation. The goal is to achieve the maximal protection for the pediatric patients of almost all ages and the healthcare workers.

The current suggestions are based on the unique characteristics of the pediatric population compared to adults. Most of the children, particular toddlers, cannot effectively practice social distancing so the use of a facepiece is required even more as a barrier to viral spread. Another marked characteristic is the crying behavior of children especially when they visit a medical setting. The dynamic of the SARS-Cov2 spread during crying has not been yet studied. However, the analysis of the peak expiratory airflow in premature newborns revealed that it was on average 6.6 times higher during crying than the flow during quiet breathing. Moreover, the ventilation during crying increased by 255% in comparison to quiet ventilation (4). Thus, crying probably facilitates the viral spread. Most importantly, the facepiece seems to control the transmission from asymptomatic carriers. It is well-known that the silent spreaders have high prevalence among children (5). Finally, the face protection equipment may eliminate the children's face-touching behavior. This could result in breaking the transmission by self-inoculation. The face shields as mode of protection against influenza virus have been shown to reduce the viral exposure by 96% in an 18-inch distance from a cough simulator (6). A systematic review analysis published by Chu summarizes the importance of social distancing and face/eye protection (7).

There are several limitations to our proposal. During the global shortage of personal protected equipment, the need of child size face masks and face shields would lead to exhaustion of manufacturing. In addition, some children could not tolerate wearing a facepiece even if repeatedly instructed to do so. A third issue could be the parental concern of potential suffocation by the face protectors requiring reassurance from the healthcare providers. We strongly advise the children to be under parental supervision while wearing a face-protective equipment.

Children's face shields are available in the market as sun-protective or anti-dust equipment, and some parents may be familiar with their usage. They come in different sizes according to the child's head circumference or they are adjustable. In Figure 1, you can see a handmade face shield made by sewing a transparent plastic sheet on a baby's hat. Written informed consent for publication of the child's figure was obtained from the child's mother.


[image: Figure 1]
FIGURE 1. A 19-month-old child wearing a handmade face shield. It is being been published with permission.


It is important to apply additional safety measures for COVID-19 transmission, considering the unique children's characteristics, especially after lifting of pandemic restrictions.
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Objective: This work aims to investigate the clinical features and the temporal changes of RT-PCR and CT in COVID-19 pediatric patients.

Methods: The clinical, RT-PCR, and CT features of 114 COVID-19 pediatric in-patients were retrospectively reviewed from January 21 to March 14, 2020. All patients had chest CT on admission and were identified as positive by pharyngeal swab nucleic acid test. The clinical features were analyzed, as well as the features and the temporal changes of RT-PCR and CT.

Results: Fever (62, 54%) and cough (61, 54%) were the most common symptoms. There were 34 (30%) cases of concurrent infections. The most common imaging features on CT were ground-glass opacities (46, 40%) and consolidation (46, 40%). The bilateral lower lobes were the most common pattern of involvement, with 63 cases (55%) involving one to two lobes, and in 32 (28%) cases CT was normal. Throughout the whole duration of COVID-19 in children, the diagnostic positive rate of RT-PCR has been far higher than that of CT (all P < 0.05). For RT-PCR follow-up, reliable negative results were obtained only 7 days after the onset of symptoms. Though lung involvement on chest CT progressed rapidly in several cases, lung involvement in children with COVID-19 is mild, with a median value of 2 on CT score.

Conclusions: RT-PCR is more reliable than CT in the initial diagnosis of pediatric patients with COVID-19. On follow-up, reliable negative RT-PCR results are available 7 days after the initial symptoms. The use of CT should be considered for follow-up purposes only if necessary.

Keywords: COVID-19, polymerase chain reaction, computer tomography, child, infection


INTRODUCTION

Since December 2019, a newly discovered infectious disease named COVID-19, caused by a novel coronavirus (SARS-CoV-2), has wildly spread worldwide. Millions of COVID-19 patients have been confirmed, and thousands of children are also involved in this pandemic all over the world (1–3).

To date, viral nucleic acid testing and chest CT have been considered as the main diagnostic methods for patients with suspected COVID-19 pneumonia. However, in adults, the positive rate of pharyngeal swabs reverse transcription polymerase chain reaction (RT-PCR) is only 59–61.3% (4, 5). For adults, despite the possibility of false positives, the positive rate of chest CT is significantly higher than that of RT-PCR and is considered a more accurate early diagnostic tool (6–9).

For pediatric patients with suspected COVID-19, studies on chest CT values are limited (2, 10). Some studies have suggested that normal CT or lack of typical features were not uncommon in pediatric patients, especially during the early stage of the disease (11–14). The most common CT feature of pediatric patients was bilateral ground-glass opacities with a ratio of only 32.7% (11). However, the use of CT should be carefully assessed since pediatric patients are sensitive to radiation, and reducing CT scans for children is a top priority.

Compared with adults, the risk of severe or fatal COVID-19 disease is rare, while the majority of them were mild cases requiring only conventional therapy for viral pneumonia (11–13). In clinical practice, every child with fever and signs and symptoms of respiratory infection should be considered to have COVID-19, as during this pandemic healthy carriers or children with unproven COVID-19 can spread the infection to others.

In this pandemic emergency, it is important to optimize limited medical resources, reduce the radiation dose for children, and obtain a rapid and accurate diagnosis. Thus, we performed a longitudinal study to analyze the clinical characteristics, CT manifestations, and RT-PCR changes to explore early diagnosis strategies for pediatric patients.



MATERIALS AND METHODS


Study Design and Participants

The study was performed in accordance with the Declaration of Helsinki principles and good clinical practice. The study protocol was approved by the Institutional Review Board of Wuhan Children's Hospital and Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China). Written informed consent was waived because of the emergence of this infectious disease.

A medical record review was conducted using the institution's database from January 21 to March 14, 2020 in Wuhan Children's Hospital and Tongji Hospital. A prior study including only 20 patients in Wuhan Children's Hospital only described the general clinical and CT features without follow-up and did not include the evaluation of RT-PCR (12).

The inclusion criteria were (a) age <16 years old, in-patients, (b) positive RT-PCR results of COVID-19, (c) CT in the picture archiving and communication system (PACS) was performed, and (d) discharged patients only.

The exclusion criteria were (a) CT scans performed earlier than 1 month, (b) patients with suboptimal image quality for analysis due to breathing motion artifact, and (c) unknown date of RT-PCR.

The pharyngeal swab samples of all the pediatric patients in our study were collected, and SARS-CoV-2 RNA was detected by RT-PCR. The RT-PCR kits were from Wuhan Huada Biotechnology Co., Ltd., Shanghai Huirui Biotechnology Co., Ltd., or Shanghai BioGerm Medical Biotechnology Co., Ltd. These were approved by China Food and Drug Administration for the detection of SARS-CoV-2 nucleic acid.

The discharge criteria were as follows: (1) normal temperature for at least 3 days, (2) significantly improved respiratory symptoms, and (3) two consecutive SARS-CoV-2 throat swabs with negative RT-PCR results, performed at least 24 h apart. The second result of the two consecutive RT-PCR with negative results was considered as reliable.



Chest CT Protocols

All the CT scans, including repeated CT scans, were performed according to the clinical presentation judged by pediatricians. Non-enhanced chest CT was performed in either of the four CT units (SOMATOM Definition AS128, Siemens; uCT 780, United Imaging; Optima 660, GE; SOMATOM Definition AS+, Siemens) with the following parameters varying according to body weight: 80–120 kV, 50–120 mAs, and slice thickness of 10 mm. The scanning range covered from the lung apex to the diaphragm on axial plane taken under free breathing, with the patients in supine position. If necessary, 0.50 ml/kg body mass of 10% chloral hydrate was taken orally before the examination. Thin-section CT images were reconstructed with 0.625-mm collimation with a standard algorithm and then sent to the PACS for analysis.



Data Collection and Analysis

We reviewed the clinical charts of all the pediatric patients for demographic information, symptoms, date of symptom onset, admission date, discharge date, and dates and results of nucleic acid tests for COVID-19 and other identified concurrent infectious pathogens.

Two radiologists (WX and ZL, with 12 and 18 years of experience, respectively) independently reviewed the chest CT images on PACS; only decisions reached in consensus were reported. The initial CT images were stratified into one of two groups: normal or abnormal groups. The CT images in the abnormal group were further assessed for imaging features including (a) unilateral or bilateral distribution, (b) lobes involved, and (c) lesion characteristics. Lesion characteristics were subcategorized into (a) ground-glass opacity, (b) consolidation, (c) nodule, and (d) thickened interlobular septa.

The involvement of the lung was quantified according to a previously published paper, which had applied it in adults with COVID-19 (15). We divided each lung into the upper zone (above the carina), the middle zone, and the lower zone (below the inferior pulmonary vein). Each zone was scored for percentage of lung involved on a scale of 0–4 (0 for 0% involvement, 1 for <25% involvement, 2 for 25% to <50% involvement, 3 for 50% to <75%, and 4 for more than 75% involvement). The overall CT score of lung involvement was the summation of scores from all six lung zones.



Statistics

Statistical analysis was performed using SPSS 19 (IBM Corporation, NY, USA). The day of onset of symptom was set as day 0. The cumulative percentages of cases diagnosed by RT-PCR and CT as a function of time were plotted separately. Following an initial positive RT-PCR, the cumulative percentages on first negative results and final negative results of follow-up RT-PCR were plotted as well. The CT scores of lung involvement were plotted over time. The cumulative cases diagnosed by RT-PCR and CT at different time points were compared by chi-square test, two-tailed, and P < 0.05 was considered as a statistically significant difference, as well as for the comparison of chest CT features between cases with and without co-infection.




RESULTS

Between January 21 and March 14, 2020, the total number of RT-PCR confirmed COVID-19 pediatric discharged patients who have undergone CT was 123. Of those, nine cases with an unknown date of RT-PCR were excluded. The final number of patients included in this cohort was 114. All included patients were residents of Wuhan. The flow chart is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Flow chart of this study.



Clinical Characteristics

The demographics and the clinical characteristics of all the patients are summarized in Table 1. Male (69, 61%) and school-aged children (older than 6 years; 56, 49%) were more susceptible to COVID-19. In most cases, the duration from symptom onset to discharge was <21 days (87, 76%), with an average hospital stay of 13 days. Fever (62, 54%) and cough (61, 54%) were the most common symptoms. A concurrent infection was found in 34 (30%) cases, with mycoplasma (29, 25%) being the most common concurrent infectious pathogen.


Table 1. Demographics of the included 114 pediatric patients.
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Chest CT Features

The characteristics of chest CT are reported in Table 2. During the hospitalization period, 97 (85%) pediatric patients had no more than two chest CTs, while 17 (15%) cases had three or more CT scans, with intervals of 1 to 21 days (average, 8.9 days). Among all the patients, initially normal chest CTs were found in 32 (28%) cases, among whom 24 patients had undergone repeated CT scans. No more than two lobes were involved in 63 (55%) cases. Unilateral lung involvement was found in 46 (40%) cases, and bilateral lung involvement was found in 36 (32%) cases. The bilateral lower lobes were most susceptible to COVID-19, with 43 cases (38%) affected in both the left and the right lower lobes, respectively. Ground-glass opacity (46, 40%) and consolidation (46, 40%) were the most common lesion patterns (see Figures 2, 3 for details), while nodules were found in seven (6%) cases (see Figure 4 for details). A comparison of chest CT features between cases with and without co-infection is shown in Table 3.


Table 2. CT characteristics of the included 114 pediatric patients.
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[image: Figure 2]
FIGURE 2. Axial chest CT images of a 13-year-old boy with fever and cough for 10 days. Pharyngeal swab RT-PCR tests were performed on February 4, 5, and 16, 2020, with positive results, and on February 20 and 21, 2020, with negative results. Chest CTs were obtained on February 10 (A) and 15 (B). (A) The typical ground-glass opacities are shown in the bilateral lower lobes. (B) The ground-glass opacities are obviously absorbed.



[image: Figure 3]
FIGURE 3. Axial chest CT images of a 14-year-old girl with fever and cough for 6 days. Pharyngeal swab RT-PCR tests were performed on February 9, 2020, with positive results, and on February 6, 13, and 15, 2020, with negative results. Chest CTs were obtained on February 10 (A) and 15, 2020 (B). (A) Consolidations were seen in the right lower lobe. (B) The consolidations were obviously absorbed.



[image: Figure 4]
FIGURE 4. Axial chest CT images of a 15-year-old girl with fever, cough, diarrhea, and headache for 7 days. Pharyngeal swab RT-PCR tests were performed on February 12, 2020, with positive results, and on February 15 and 17, 2020, with negative results. Chest CTs were obtained on February 8 (A) and 14, 2020 (B). (A) The subpleural consolidations and nodules were seen in the right lower lobe and the left upper lobe. (B) The consolidations and nodules were obviously absorbed.



Table 3. Comparison on CT findings between 34 patients with co-infection and 80 patients without co-infection.
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RT-PCR Characteristics

Detailed information on RT-PCR is displayed in Table 4. All the cases have three to 12 times RT-PCR during their hospital stay, and 89 (77%) cases have five or less RT-PCR assays, with intervals of 1–13 days (average, 3.5 days). The duration from the first positive result to the final negative result was within 21 days in 105 (92%) cases. The most common temporal tendency pattern of RT-PCR was positive to negative (91, 80%).


Table 4. Characteristics of RT-PCR test in 114 pediatric patients.
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Temporal Changes of Initial Chest CT and RT-PCR

The cumulative percentage of cases identified by RT-PCR and initial chest CT is shown in Figure 5. In the first week after the onset of symptoms, the cumulative percentage of RT-PCR and CT both increased rapidly. On the 4th day after the onset of symptoms, 72 (63%) patients had a positive RT-PCR, but only 36 (42%) patients had infiltrates in the chest CT at the same time (χ2 = 22.8, P < 0.05). On the 7th day after the onset of symptoms, RT-PCR confirmed 89 cases (78%) of COVID-19 pneumonia, while chest CT confirmed only 53 cases (46%) (χ2 = 24.2, P < 0.05). By the 14th day of symptom onset, 112 cases (98%) were confirmed by RT-PCR, but only 76 cases (67%) were positive for chest CT (χ2 = 39.3, P < 0.05). At 18 days after the onset of symptoms, the last patient was confirmed by RT-PCR, compared to 77 (68%) identified cases by CT (χ2 = 44·2, P < 0.05). As the chest CT of 32 children was normal, the cumulative percentage of cases identified by CT was only 72% (82), compared to 114 (100%) cases identified by RT-PCR (χ2 = 37.2, P < 0.05), by day 22 after the onset of symptoms. Throughout the whole duration of COVID-19 in children, the diagnostic positive rate of RT-PCR has been far higher than that of CT (all P < 0.05), as shown in Table 5.


[image: Figure 5]
FIGURE 5. The cumulative percentage of identified cases by RT-PCR and chest CT. Both curves of RT-PCR and CT increased rapidly after the onset of symptoms (n = 114). By the 7th day after the onset of symptoms, 89 (78%) cases have been confirmed by RT-PCR, compared to 53 (46%) cases by chest CT (P < 0.05). By day 14 after the onset of symptoms, RT-PCR diagnosed 112 (98%) cases, but chest CT was positive in only 76 (67%) cases (P < 0.05). 95% CI, 95% confidence interval.



Table 5. Comparison of identified cases by RT-PCR and chest CT over time.
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At the same time, it was found that, after the first week of symptoms, the rise of cumulative percentage of cases identified by RT-PCR and chest CT became less and reached a plateau after 11 days. Compared with the initial chest CT, the cumulative percentage of cases identified by RT-PCR is more significant.



Temporal Changes of RT-PCR and Chest CT

For treatment response, a review of the follow-up RT-PCR for children indicated that (Figure 6) there were no reliable negative RT-PCR results until 7 days after the onset of symptoms; otherwise, it should be false negative. There were 52 (46%) reliable negative RT-PCR result cases on the 14th day, 92 (81%) cases on the 21st day, and 106 (93%) cases on the 28th day, and the latest time for RT-PCR to turn negative was 37 days after the onset of symptoms.


[image: Figure 6]
FIGURE 6. The cumulative percentages of the follow-up RT-PCR. The cumulative percentages of the first and the final negative results of follow-up RT-PCR (n = 114). The first negative RT-PCR results could be obtained as early as 3 days from the onset of symptoms in four cases, but they returned to positive later. A reliable final negative RT-PCR result could not be obtained until 7 days after the onset of symptoms. 95% CI, 95% confidence interval.


A total of 215 chest CTs were obtained from 114 children with COVID-19. In Figure 7, the CT scores on lung involvement were plotted as a function of time. The CT score reached 14 in one case during 0–5 days from the onset of symptoms, but the median values of the CT scores were low before the 11th day from the onset of symptoms, with a median value of 1. The median value of CT score on lung involvement reached a peak at 12–17 days, with a median value of 2. After the 24th day from the onset of symptoms, the median value of CT score fell back to 1.


[image: Figure 7]
FIGURE 7. The temporal change of CT scores on lung involvement. The CT scores on lung involvement in all chest CT scans (n = 215). Throughout the whole duration of COVID-19 in children, the median value of CT scores was low, with a median value of 1 or 2. It was worth noting that the CT score reached 14 in one case during 0–5 days from the onset of symptoms. The bounds of the boxes represent the 25th to the 75th percentiles; the line in the middle of the box is plotted as the median. The whiskers and the outliers are drawn according to Tukey method.





DISCUSSION

In the current study, the length of hospital stay in most pediatric patients with COVID-19 (average, 13 days) was not significantly different from pneumonia caused by other pathogens (average, 11.2 days) (16). Interestingly, the number of pediatric patients younger than 6 months was significantly less than that in other age groups, which may be related to residual protection from maternal immune factors, such as virus-specific antibodies according to Zeng et al. (17). The number of patients in two other age groups was not significantly different from each other. Similar to results reported in previous studies, according to lung involvement, the majority of cases were mild cases (11, 12, 18). Severe and fatal cases in pediatric patients were very rare. Thus, except for treatment for individuals, early diagnosis to avoid the further spread of the disease was an essential issue under this pandemic circumference.

In the current study, chest CT had similar characteristic manifestations including ground-glass opacities and consolidations with bilateral lower lobes, as was recently published (12, 19). Of all COVID-19-positive children in this study, completely normal chest CT was not uncommon, infiltrates on chest CT were not severe in most of them, and concurrent infections may lead to ambiguous CT imaging. Similar to previous studies, CT of the chest is often atypical, especially in the early stage, resulting in difficulty in diagnosing or ruling out COVID-19 (20). In addition, in our study, the cumulative percentage of identified cases by chest CT was low throughout the course of COVID-19, compared to RT-PCR. This is totally different from the results of related research in adults. In adults, as an important complementary tool for less-sensitive and time-consuming RT-PCR, chest CT has first been considered as a diagnostic tool for clinically confirmed cases of COVID-19 in China (21, 22). Considering that the clinical manifestations and CT features of most children are mild, CT has limited diagnostic value for children (especially 0–7 days after onset). Therefore, CT of the chest is of limited value in diagnostic algorithm and should be discouraged to reduce the radiation dose to children.

In the current study, throughout the entire course of COVID-19 pneumonia in children, the diagnostic positive rate of CT has been far lower than that of RT-PCR (all P < 0.05), and 28% of children have no obvious abnormal signs of CT. However, in adults, previous studies have shown that the positive rate of RT-PCR is only 59–61.3%, while the positive rate of chest CT is 88% (4, 5). These findings suggest that most infected pediatric patients have less lung involvement in the early stages of COVID-19 infection. As some COVID-19 cases confirmed by RT-PCR could have no lesions on chest CT, pathogen identification by RT-PCR has a more important role in the management of an infectious source. RT-PCR may be more reliable than CT in pediatric patients' diagnosis, and repeated RT-PCR every other day is the recommended screening for pediatric patients during the first 7 days.

In addition, the main indicator of children's discharge criteria is to determine the reliable RT-PCR negative examination results. As inappropriate sampling, preservation, and processing may lead to a low virus level, we may inevitably get false negative RT-PCR results in treatment response evaluation. Our research shows that negative RT-PCR results obtained 7 days after the onset of symptoms are reliable. This indicates that, for children whose clinical symptoms have disappeared and who may totally recover, follow-up tests of RT-PCR must be performed at least after day 7 to evaluate the efficacy.

To reduce radiation dose among the pediatric patients included in this study, most cases (85%) had one or two chest CT scans during their hospital stay. In our study, it was found that the median values of CT scores were low before the 11th day from the onset of symptoms, with a median value of 1. The median value of CT score on lung involvement reached a peak at 12–17 days, with a median value of 2. After the 24th day from onset of symptoms, the median value of CT score fell back to 1. Compared to the median CT score of 5 on lung involvement in adults reported in a previous study (15), it indicates that children with COVID-19 pneumonia are relatively mild. As reported, lung involvement peaked on 6–11 days from symptom onset in adults, while the delayed peaking in children may be related to a different immune reaction to the virus (15). In our study, the CT score reached 14 in one case during 0–5 days from the onset of symptoms, which suggested that rapid progression could also be observed in pediatric patients, even if it was rare.

There are several limitations in our study. First, even if the sample was the largest as we know, the overall cases in the two included hospitals were still limited. Second, as a retrospective study, selection bias could not be avoided. Third, during this outbreak period of COVID-19, delay in seeking care (more than 7 days from symptom onset) would influence the diagnosis and the prognosis.

In conclusion, chest CT is not recommended as a primary method for early diagnosis in children with COVID-19, especially to avoid repeated CT scans. While RT-PCR may have a more valuable position, repeated RT-PCR every other day is the recommended screening for pediatric patients during the first 7 days. For treatment response, reliable negative RT-PCR follow-up results, in accordance with discharge criteria, are not available until at least 7 days after the onset of symptoms. CT can be employed as a tool to assess lung involvement only if necessary.
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Children with neuromuscular disorder (NMD) usually have pulmonary involvement characterized by weakened respiratory muscles, insufficient coughing, and inability to clear airway secretions. When suffering from community-acquired pneumonia, these patients are more likely to develop acute respiratory failure (ARF). Therefore, recurrent pneumonias leading to acute on chronic respiratory failure accounts for a common cause of mortality in children with NMD. For many years, noninvasive ventilation (NIV) has been regarded as a life-prolonging tool and has been used as the preferred intervention for treating chronic hypoventilation in patients with advanced NMD. However, an increasing number of studies have proposed the utility of NIV as first-line management for acute on chronic respiratory failure in NMD patients. The benefits of NIV support in acute settings include avoiding invasive mechanical ventilation, shorter intensive care unit or hospital stays, facilitation of extubation, and improved overall survival. As the difficulty in clearing respiratory secretions is considered a significant risk factor attributing to NIV failure, combined coughing assistance of mechanical insufflator-exsufflator (MI-E) with NIV has been recommended the treatment of acute neuromuscular respiratory failure. Several recent studies have demonstrated the feasibility and effectiveness of combined NIV and MI-E in treating ARF of children with NMD in acute care settings. However, to date, only one randomized controlled study has investigated the efficacy of NIV in childhood ARF, but subjects with underlying NMD were excluded. It reflects the need for more studies to elaborate evidence-based practice, especially the combined NIV and MI-E use in children with acute neuromuscular respiratory failure. In this article, we will review the feasibility, effectiveness, predictors of outcome, and perspectives of novel applications of combined NIV and MI-E in the treatment of ARF in NMD children.
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PATHOPHYSIOLOGY UNDERLYING ACUTE RESPIRATORY FAILURE IN CHILDREN WITH NEUROMUSCULAR DISORDER

Neuromuscular disease (NMD) is a heterogeneous group of diseases caused by various defects from multiple sources, including skeletal muscle, motor neurons, peripheral nerves, and neuromuscular junctions (1–4). Most primary NMD is associated with an inherited gene defect and usually onset in childhood with progressive degeneration. Due to weakened either one or all of the main respiratory muscle groups and impaired coughing ability, the respiratory dysfunction represents not only a critical health issue but a frequent unmet medical need of NMD patients (2, 5, 6).

Children with NMD may have progressively developed chronic respiratory failure in the process of disease course. However, episodic attacks of acute respiratory failure (ARF) may further aggravate the already existed respiratory compromises (7). Factors posing a risk of ARF in children with NMD are usually multifactorial and occur simultaneously (8–11). Table 1 summarizes the risk levels of various NMD potentially affected by the acute respiratory compromise. According to the timing of ARF occurrence, NMD can also be classified into two main categories: (1) early-onset (may as early as in neonatal period) with rapidly progressive NMD with acute episodes of respiratory failure; (2) late-onset and slowly progressive NMD with acute exacerbations of chronic respiratory failure (12, 14).


Table 1. Risk levels and susceptible age groups of acute respiratory compromises in different neuromuscular disorders.
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As shown in Figure 1, the pathophysiological mechanism of respiratory muscle groups involved in NMD patients can be summarized into three main components and several predisposing factors (6, 7, 9, 13, 14). First, the weakness of bulbar muscles impedes the protection against the risk of aspiration of the food or airway secretions, which may lead to frequent atelectasis and pneumonia (14). Additionally, weakness of bulbar muscles and tongue, and paralysis of vocal cords may cause mechanical obstruction of the upper airway, particularly in the supine position, and increase the likelihood of aspiration (9, 14). Second, weakness of the inspiratory muscles leads to reduced lung expansion and impaired coughing ability, which may lead to a ventilation/perfusion mismatch and consequent hypoxemia. Compensatory tachypnea due to small tidal volumes may further increase the mechanical load on already weakened respiratory muscles (6, 7, 13). Third, the weakness of expiratory muscles leads to ineffective coughing and encumbrance of airway secretion, which consequently increases breathing load (14).


[image: Figure 1]
FIGURE 1. Pathophysiological mechanisms underlying ARF in children with NMD.


On the other hand, other systemic involvements associated with NMD may further aggravate the impairment of lung function, which precipitate the occurrence of ARF (5, 6, 14, 15). In the advanced stage of NMD, progressive scoliosis is common and usually causes reduced chest wall compliance and unequal lung expansion. Patients with certain types of NMD, such as Duchenne muscular dystrophy and Emery-Dreifuss muscular dystrophy, frequently have cardiac involvement that may further worsen the respiratory function (e.g., pulmonary edema related to congestive heart failure) (11, 12). ARF may also occur in the perioperative period of some major surgeries, for example, correction of scoliosis or insertion of percutaneous gastrostomy. Such ARF episodes usually happen after extubation and are associated with bulbar dysfunction, postoperative pain, use of pain medications, or atelectasis caused by mucus plugging (16, 17). Malnutrition and dehydration developing during an acute illness should be aggressively intervened, as unmet caloric and metabolic needs may further aggravate ARF. Thus, each of these comorbidities necessitates multidisciplinary interventions and meticulous monitoring (5, 18–23).

In most cases, the occurrence of ARF in children with NMD is usually initiated by an upper respiratory tract infection, followed by complications of congested airway secretions, mucus plugs, and atelectasis (9, 24, 25). In addition, increased nasal airflow resistance with nasal congestion in the setting of pre-existing upper airway obstruction from bulbar dysfunction also increases respiratory muscle load in the absence of bronchial secretions. Due to community pneumonia, the decreased lung compliance and the increased workload of already weak muscles may further contribute to the onset of ARF (6). Among children with NMD, ARF is the main cause of unscheduled admissions and prolonged stay in the pediatric intensive care unit (ICU) (11, 26). Moreover, complications known to be associated with prolonged ICU stay and conventional invasive mechanical ventilator (IMV) may also contribute to high ICU mortality (27, 28). As a consequence, acute-on-chronic respiratory failure represents the most common cause of morbidity and mortality in children with NMD (9, 29).



NONINVASIVE VENTILATION IN CHILDHOOD ACUTE NEUROMUSCULAR RESPIRATORY FAILURE

In the past few decades, noninvasive ventilation (NIV) has been regarded as a life-prolonging tool for managing chronic respiratory failure in patients with NMD (6, 11, 21, 30). On the other hand, recent studies and guidelines have also proposed the role of NIV as a first-line intervention for ARF in NMD patients to avoid endotracheal intubation and the use of invasive mechanical ventilation (IMV) (11, 31, 32). Support for alternative use of NIV is based on concerns about the many complications of IMV use in patients with NMD. These include laryngeal edema, subglottic stenosis, barotrauma, and ventilator-associated pneumonia, leading to subsequent tracheotomy and poor quality of life (17, 33–35). Besides, long-term dependence on IMV and prolonged ICU stay are associated with nosocomial infections, aspiration, atelectasis, thromboembolic events, contractures, and bedsores, all of which can lead to high mortality in NMD patients (8). In this regard, emerging evidence supports the alternative NIV administration to manage ARF in patients with NMD (36–38). Indeed, several studies have indicated several potential benefits of NIV in treating ARF of NMD patients, including shortening the ICU and hospital stay, facilitating extubation, and improving the overall survival (16, 39–42).



ROLE OF AGGRESSIVE SECRETION MANAGEMENT IN MANAGING ARF OF NMD CHILDREN

Mucociliary clearance is generally not affected by NMD, except for damage to the ciliary epithelium due to repeat aspiration or acute chest infection (43). Aggressive secretion clearance is crucial for children with NMD to avoid progression to severe respiratory compromises during respiratory infections (44, 45). Also, excessive secretion has been regarded as a major risk factor causing NIV failure in treating ARF of NMD patients (6, 46, 47). Therefore, facilitating secretion clearance and normalizing gas exchange by augmenting cough ability is the mainstay to treat ARF in children with NMD (48).

Although NMD patients rarely achieve sufficient chest and abdomen pressure due to the weakness of the intercostal and abdominal muscles, the coughing can be augmented manually or mechanically. Among various coughing-assist techniques, the mechanical insufflator-exsufflator (MI-E) represents the most powerful tool that can promote the most effective peak flow to expel mucus plugging and resolve atelectasis (7, 49, 50). MI-E can deliver a brief positive inspiratory pressure through a mask, mouthpiece, tracheostomy, or endotracheal tube to fully expand the chest, allowing air to enter the distal end of the mucus plugging, and then applying negative pressure, resulting in expiratory “cough” flow to remove airway secretions (45). A previous study showed that MI-E is superior to manual cough assistance in increasing cough flow in healthy subjects as well as in patients with amyotrophic lateral sclerosis (ALS), regardless of bulbar weakness (51). The additional use of MI-E helps to resolve excessive secretions and eliminate the risk of NIV failure in treating ARF of NMD patients. Therefore, recent evidence suggests that combining NIV and MI-E can be used as the first-line treatment for ARF in children with NMD (14, 44, 45, 47, 50). Our experiences also show that it can effectively treat ARF even for the most severe types of NMD (Figure 2).
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FIGURE 2. Resolution of right upper lobe opacification in an infant with severe type 1 spinal muscular atrophy (SMA) after combining NIV and MI-E. (A) Chest X-ray on admission showing right lung pneumonia with significant atelectasis complicated by copious secretions. (B) A significant improvement was found after 2-days treatment, with a resolution of atelectasis. (C) A progressive improvement of the pneumonic patch was observed on day 7 when discharged from PICU.




EFFECTIVENESS OF NIV IN POST-EXTUBATION SUPPORT FOR CHILDREN WITH NMD

After recovering from an acute illness or surgery requiring sedation, a considerable number of NMD patients may not pass the IMV-dependent weaning tests, resulting in a high failure rate of extubation (26–28). Post-extubation ARF in NMD patients shares several pathomechanism features with episodic ARF, such as weak respiration drive, airway mucus-plugging due to difficulty in expectorating secretion, mostly categorized as type 2 (hypercapnic) ARF (28). The advent of active NIV support reduces the need for extensive weaning trials before extubation, which requires prolonged pressure support and spontaneous breathing. Some studies have validated that prompt NIV and MI-E use after extubation can significantly eliminate the risk of reintubation in NMD patients (40, 52, 53). There is a general agreement that, if not contraindicated (e.g., uncontrolled airway secretions or severe bulbar dysfunction), patients with chronic NMD should be extubated directly to NIV combined with MI-E (28, 54). The effectiveness of this NIV support is significant in preventing reintubation in young children with NMD (Figure 3).
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FIGURE 3. Demonstration of chest X-ray in a toddler with congenital myopathy who immediately received NIV and MI-E for post-extubation respiratory support. (A) Previously failed extubation in another hospital was related to frequent right lung atelectasis and mucus plugging developing soon after extubation. (B) In our hospital, appropriate expansion of both lungs were noted before extubation. (C) Day 2 post-extubation showed mild right lung infiltration without atelectasis. (D) Discharge from PICU on day 7 post-extubation showed re-expansion of both lungs.




REVIEW OF CLINICAL STUDIES ON NIV FOR THE TREATMENT OF ACUTE-ON-CHRONIC NEUROMUSCULAR RESPIRATORY FAILURE

There are relatively few prospective studies on the management of NMD patients with ARF, which may be because most chronic NMDs are rare diseases, making it difficult to recruit patients. As shown in Table 2, evidence that NIV can help avoid intubation of patients with chronic NMD during the ARF episodes comes from 11 non-randomized observational studies of a total of 178 subjects (age range 2 months to 69 years), of which most subjects are known to be under 25 years (36, 37, 39–42, 52, 53, 56, 57). However, in most studies, there are few descriptions of methods to manage airway secretions, and its role in contributing to the success of NIV in treating ARF is not well defined (45). Even though an increasing number of studies have recognized the benefit of combined NIV and MI-E use in the ARF management and facilitation of extubation in adult NMD patients (37, 40, 54), similar studies on the pediatric NMD populations are scarce. In heterogeneous pediatric populations, several risk factors for predicting the failure of NIV treatment fo ARF have been reported (11, 32, 44), but it is still unclear whether similar factors exist in a specific pediatric NMD population.


Table 2. Noninvasive airway approaches for patients with NMD with acute on chronic respiratory failure.
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However, only one randomized controlled study has investigated the efficacy of NIV in treating children with ARF but has excluded children with underlying NMD (31). Two recent studies reported by the same team described the protocol and effectiveness of a combination of NIV with MI-E in treating ARF of children with chronic NMD (52, 57). The pilot study of children encompassing various NMDs has demonstrated the feasibility of this combined noninvasive approach. The following research on a larger cohort of NMD patients further verified its safety and effectiveness. Overall, combining the data of these two studies on 71 NMD patients shows that timely implementation of NIV and MI-E can avoid intubation or reintubation in 75–86% of ARF events, of which 80% are pediatric cases. The PICU and hospital stay of children successfully rescued through NIV/MI-E is shorter than that of children who received intubation. Besides, several predictors of NIV failure were identified, including physical parameters (changes in respiratory rate) and laboratory variables (changes in PaCO2 and pH value of arterial blood gas).



COMBINED NIV AND MI-E IN ARF TREATMENT OF NMD CHILDREN

The interface connects the ventilator tubing to the patient to deliver pressurized gas to the airway during NIV administration. It may take several attempts to find a suitable interface, but this is the key to successfully treating ARF in NMD children with NIV while minimizing air leakage, maximizing patient comfort, and synchronizing with the ventilator (44, 58, 59). However, although interface tolerance is a pivotal factor associated with NIV success, comparative data on the interface of infants and young children is scarce (60).

A transparent interface is highly recommended to ensure correct positioning and enhance patient monitoring (59). The medical team should be well trained to select the most suitable interface individualized for each critically ill child (61). As proof of principle, the smallest interface with the least air leakage should be selected to minimize the dead space. For infants, nasal interface (nasal cannula, nasal prong, or nasal mask) is recommended the interface of first choice (6, 44). Otherwise, choosing the right interface for older children is usually based on available materials and training of an experienced medical team, not on scientific data. Generally, in older children and young adults with ARF, full oronasal face masks are preferable to nasal interfaces because of better tolerance and a better sealing with less air leak (60, 62). Although some studies have shown that the feasibility and effectiveness of helmets in infants and young children, the experience of using helmets as interfaces in children is even rarer (62). It should be kept in mind that there is no single interface suitable for all situations, and the use of these interfaces in NMD children, especially in the critical care setting, requires better evidence support (59).

Recommendations for the initial setting of NIV are mainly based on clinical experience and expert consensus as there are no consistent data on optimal settings. If not contraindicated as the list aforementioned, the initial settings chosen should be disease and device-specific. Importantly, the information regarding the potential contraindications or complications related to NIV administration in the NMD patient population should be addressed (6, 11). Generally, the administration of NIV support should be set low initially to allow patient acclimation and then increase according to the physiologic needs and patient tolerance. According to our protocol specialized for NMD children, bilevel positive airway pressure (BLPAP) with an adequate interface is always effective in rescuing ARF (52, 57). Especially during an acute chest infection, NIV should be used more intensively for these patients. Under adequate approaches of secretion clearance, supplemental oxygen may be added to NIV to maintain appropriate oxygenation. However, if the patient becomes almost whole-day dependent on NIV during an acute event, consider alternating masks to prevent pressure sores and alternate day and night between two ventilators of the same model so as not to run a ventilator continuously for days. The MI-E can be applied either in combination with NIV through a full-face mask or solitarily used in intubated patients via the endotracheal or tracheostomy tube with the cuff inflated. If applicable, supplementary manual augmentation of cough may be applied intermittently, followed by MI-E use.

In addition to noninvasive airway approaches, all other sensible standard measures can be taken during ARF episodes. These approaches include adapting a low threshold to deliver broad-spectrum antibiotics, adequate hydration, and attention to nutritional support. Humidification of the ventilator is often beneficial in reducing sputum viscosity and mobilizing secretions. Therapies of nebulized bronchodilator or systemic steroid may be considered if evidence of asthma or asthmatic bronchitis (10, 60).

From the perspective of chronic respiratory care, proactive use of NIV, and cough assistant MI-E in NMD children has been shown to reduce the rate of hospitalization and ICU admission (63–65). The familiarity of NMD patients with NIV use can help the effectiveness of NIV in the treatment of ARF (60). Several studies have shown that prior training of NIV and MI-E at home can contribute to a higher success rate in acute care settings (14, 52, 66). In this regard, the proactive use of NIV and MI-E in the routine respiratory care of children with chronic NMD may also be beneficial (65).

Besides MI-E, high-frequency chest wall oscillation (HFCWO) has recently been proposed as a potential intervention used to facilitate secretion clearance in NMD patients. HFCWO delivers pressure to the chest wall accompanied by high-frequency vibration, which shows to move secretions from peripheral airways toward more central airways (67). However, the safety and effectiveness of HFCWO have not been well studied in managing ARF of NMD children, and its benefit in acute care settings is unclear (68). There is still a lack of data on the safety and effectiveness of NMD infants and young children known to be more susceptible to consistent and high frequent oscillation waves. Further research on HFCWO in NMD children is needed.



CONTRAINDICATIONS AND COMPLICATIONS OF NIV AND MI-E

The patient selection remains the most critical factor for the success of NIV in treating ARF. The contraindications to the NIV use include hemodynamic instability, severely decreased consciousness level, severe bulbar dysfunction (i.e., absence of gag reflex, or vocal cord paralysis), un-drained pneumothorax, facial deformity or injuries, recent surgery of facial, upper airway, or upper gastrointestinal tract, intolerance to NIV interface, multi-organ failure, life-threatening hypoxemia (PaO2 <60 mmHg with FiO2 > 0.6), and lack of familiarity of health-care provider with NIV operation (6, 14, 62, 69, 70).

In general, NIV is a safe approach in managing ARF of infants and children with NMD, and the adverse effects described are minor (71). However, similar to any ventilation therapy, there are some adverse reactions and severe complications worthy of understanding. Reducing complications of NIV and MI-E largely depends on the well-trained and experienced staff of a multidisciplinary care team (21, 44, 62, 72). Gastric distension may occasionally occur, which can be ameliorated by nasogastric tube insertion and keeping adequate enteral feeding. Barotrauma may occur, but the risk is extremely low during NIV and much lower than during mechanical ventilation (73). For patients with hypovolemia, NIV should be used with caution, because NIV can cause an additional increase in intrathoracic pressure, which may result in a decrease in venous return (preload) and further deteriorate cardiac output (74).

Agitation may develop, especially during the initial interface placement on a child, but it is not necessary to discontinue NIV for this reason. Pharmacological sedation may be required, especially for children with NMD who receive NIV for the first time (75, 76). Choosing a more comfortable interface and fine-tuning NIV settings can reduce the need for sedatives (62). Other related complications include skin lesions, discomfort, claustrophobia, nasal mucosa trauma, and conjunctivitis, which may be prevented by a sophisticated selection of appropriate interface, alternating interface intermittently, and humidification of the ventilator (59, 60).



CONCLUSIONS

The care of chronically progressive NMD has evolved significantly in the last decade, and many NMD children are now achieving prolonged survival through the advances in novel treatments (e.g., gene and molecular therapies) as well as respiratory care. However, there is still no consensus on the timing and limitations of NIV use in the treatment of ARF in children with NMD. Therefore, the administration protocol must be integrated with individualized clinical judgment. NMD usually includes various diseases of different severity, and the pathomechanism of ARF may vary with the type of NMD. Thus, it is unclear whether certain types of NMD may be more sensitive to NIV treatment for ARF. The variety and complexity of specific problems presented by different NMD necessitate separate remarks on the early recognition and adequate management of ARF in children with NMD. More future researches designed specifically for the pediatric NMD population are still needed, and several issues remain to be clarified.
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Purpose: To discuss the different characteristics of clinical, laboratory and chest computed tomography (CT) between coronavirus disease 2019 (COVID-19) and community-acquired pneumonia (CAP) in pediatric patients.

Methods: We retrospectively retrieved data of inpatients with COVID-19 from January 21st to March 14th, 2020, and CAP from November 1st, 2019 to December 31st, 2019 in Wuhan Children's Hospital. We divided CAP into mycoplasma pneumonia and other viral pneumonia. We analyzed clinical and radiological features from those patients, and compared the differences among COVID-19, mycoplasma pneumonia and other viral pneumonia.

Results: Eighty COVID-19 inpatients from January 21st to March 14th, 2020, as well as 95 inpatients with mycoplasma pneumonia and 50 inpatients with other viral pneumonia from November 1st, 2019 to December 31st, 2019 were included in our study. All patients were confirmed with RT-PCR. The clinical symptoms were similar in the three groups. Except fever and cough, diarrhea (6/80, 7.5%), tachypnea (2/80, 2.5%), and fatigue (6/80, 7.5%) were less common in COVID-19 patients. Compared to mycoplasma pneumonia and other viral pneumonia inpatients, COVID-19 patients present remarkably increased alanine aminotransferase (69/80, 86.3%). The typical CT feature of COVID-19 is ground-glass opacity, and it was more common in COVID-19 patients (32/80, 40%).

Conclusion: The COVID-19 shared similar onsets with CAP. Even though the ground-glass opacity and elevated level of ALT were frequent in COVID-19, the better way for treatment and management of this disease is quickly and accurately identifying the pathogen.

Keywords: COVID-19, children, computed tomography, Community-Acquired Pneumonia (CAP), respiratory infection


INTRODUCTION

In late December 2019, the pneumonia caused by a novel coronavirus (SARS-Cov-2) was identified in Wuhan Hubei province, China (1). The world health organization named the disease caused by SARS-Cov-2 coronavirus disease 2019 (COVID-19) (2). By September 1st, 2020, 90,383 confirmed cases of COVID-19 in China, and 25,118,689 cases in 216 countries (3). Person-to-person transmission of SARS-CoV-2 occurs through close contact with infected person, mainly via respiratory droplets and after touching contaminated objects (4). And the infections showed familiar aggregation, pediatric patients infected by SARS-CoV-2 appeared later than adult (5, 6). At present, defining the clinical characteristics of the disease in large cohorts of patients is an urgent need. While plenty of data are available for adult patients with COVID-19, limited reports were available for pediatric patients infected with SARS-CoV-2 (5–7).

Pneumonia is the most common cause of illness in children (8). Community-acquired pneumonia accounts for a large part of pediatric pneumonia. Many pathogens, including bacteria, viruses and other microorganisms, are associated with pneumonia. And viral pneumonia and mycoplasma pneumonia in children are common during autumn and winter (9). So it is very hard time for public health and doctors in this outbreak.

Mycoplasma pneumoniae (MP) is one of most important etiologic agents causing community-acquired pneumonia (CAP) in children (10, 11). The common pathogens of pediatric viral pneumonia include respiratory syncytial virus, influenza A/B virus and so on (11–13). The clinical symptoms of COVID-19 are similar to the other pediatric pneumonias, but there were effective treatments for pneumonia caused by these pathogens already (11). So it is important to distinguish COVID-19 from other pediatric pneumonias.

The aim of this study was to compare clinical, laboratory and radiological results of COVID-19 patients collected during the COVID-19 outbreak with other pneumonia patients collected before COVID-19 outbreak in the same hospital. If early discriminating features are recognized, they may facilitate the diagnosis of COVID-19 and timely control the transmission of COVID-19, since the overall detection rate for SARS-CoV-2 RNA by PCR assays is currently only 60% in the 1st week of illness. It would be important to find the differences in distinguishing SARS from other respiratory illnesses.



METHODS


Patients

For comparative study, we extracted data of 109 COVID-19 inpatients from January 21st to March 14th, 2020 and 166 non-COVID-19 inpatients from November 1st, 2019 to December 31st, 2019, before this outbreak, at Wuhan Children's Hospital. Among 109 COVID-19 inpatients, 26 patients had COVID-19 co-infection with mycoplasma pneumoniae, three patients had COVID-19 co-infection with other viruses. Among 166 non-COVID-19 inpatients, 50 patients infected by other virus (influenza A virus, influenza B virus, respiratory syncytial virus, parainfluenza virus and adenovirus) and 95 patients infected by mycoplasma pneumoniae, 18 patients had mycoplasma pneumoniae co-infection with other viruses, three patients infected with multi-viruses. Excluded all co-infected patients, 80 COVID-19 patients, 50 patients infected by only one type of virus and 95 patients infected by mycoplasma pneumoniae were included in our study. We defined patients infected with mycoplasma pneumoniae as mycoplasma pneumonia patients, and defined patients infected with only one type of virus as other viral pneumonia patients.



Inclusion and Exclusion Criteria

Patients were included in the study if they met the following criteria: (a) presented to the emergency department and required hospitalization; (b) had a respiratory illness, as defined by the presence of lower respiratory symptoms (cough, sputum production, shortness of breath); (c) performed a chest CT scan; and (d) had positive etiological confirmation and identified a single pathogen infection. Patients without established etiologies or co-infected were excluded.



Identification of Pathogens

According to the guideline of laboratory detection for COVID-19 (14), we collected throat swabs or/and sputa from suspected patients to detect the pathogen by RT-PCR. Serological assays were performed to detect mycoplasma pneumoniae by detecting IgM and Respiratory Virus Identification Kit (D3 Ultra TM DFA, Diagnostic Hybrids) was used to detect and identify influenza A virus, influenza B virus, respiratory syncytial virus, parainfluenza virus, adenovirus.



Data Collection

We reviewed clinical chart, laboratory findings and chest CTs for all COVID-19 and non-COVID-19 patients. The admission data of these patients were from Nov 1st to Dec 31st, 2019 and January 21st to March 14th, 2020. For all patients, non-contrast chest CT studies were performed on SMATON Definiton AS128 unit (Siemens, Siemens medical system, Germany). All the images were reviewed by two experienced pediatric radiologists.



Statistical Analysis

Demographic, clinical, laboratory and radiological features were analyzed using Chi-square test or Fisher's exact test for categorical variables. Continuous variables were expressed as mean ± SD and compared with the Mann-Whitney U-test. Data were analyzed using SPSS version 25. All analyses were two tailed and a p-value of < 0.05 was considered statistically significant.




RESULT

We reported a comparative analysis on 80 pneumonia patients with SARS-CoV-2 infection, 95 pneumonia patient with mycoplasma pneumoniae infection and 50 pneumonia patient with other virus infection. Other viral pneumonia patients consisted of 35 patients infected with respiratory syncytial virus, one patient infected with influenza A, six patients infected with influenza B, six patients infected with parainfluenza virus and two patients infected with adenovirus. All patients are identified as a single pathogen infection (Figure 1).


[image: Figure 1]
FIGURE 1. Flow chart for patient selection.



Clinical Features of Cases

The demographic characteristics of pediatric COVID-19 patients and non-COVID-19 patients were displayed in Table 1. In this study, patient ages ranged 18 days to 15 years old, the mean age was 5.99 ± 4.77 in COVID-19 patients, 5.03 ± 3.26 in mycoplasma pneumoniae patients and 1.03 ± 1.38 in other viral pneumonia patients. COVID-19 patients and mycoplasma pneumonia patients were mainly distributed in the group of over 6 years old (48.8 and 48.4%), while other viral pneumonia patients were concentrated in the group of under 1 year old (68%), and the proportion of population in the COVID-19 patients and other viral pneumonia patients is significantly different between the group under 1 year old (p < 0.0001) and the group over 6 years old (p < 0.0001). Twenty eight (35%) were female in COVID-19 patients, 59 (62.1%) in mycoplasma pneumoniae patients, and 14 (28%) in other viral pneumonia patients. On admission, the most common symptoms were fever and cough in all patients, COVID-19 (38/80 [47.5%] and 39/80 [48.4%]), mycoplasma pneumoniae (77/95 [81.1%] and 83/95 [87.4%]), other viral pneumonia (25/50 [50%] and 48/50 [96%]). Less common symptoms in COVID-19 patients were diarrhea (6/80, 7.5%), tachypnea (2/80, 2.5%) and fatigue (6/80, 7.5%). These symptoms were less common in mycoplasma pneumoniae patients too, but proportion of tachypnea in other viral pneumonia patients (30/50, 60%) was higher than other groups. In comparison, no significant differences were observed between COVID-19 and mycoplasma pneumoniae patients on these symptoms, but there were significant differences between COVID-19 and other viral pneumonia patients in age distribution of onset and some symptoms.


Table 1. The Clinical features of pediatric patients.
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Laboratory Findings of the Patients

Table 2 shows findings of laboratory examinations related to immunological responses and cardiac, liver damage. There were significant differences between COVID-19 patients and mycoplasma pneumonia patients in many laboratory findings except for procalcitonin (PCT) and Creatine kinase-MB (CK-MB). WBC count of most COVID-19 patients (7.67 ± 3.08, *109/L) were less than mycoplasma pneumonia patients (11.58 ± 6.78, *109/L) (p < 0.0001). The level of C-reaction protein (CRP) in mycoplasma pneumonia patients (1.22 ± 7.16) was higher than COVID-19 patients (4.21 ± 8.97) (p < 0.0001). While lymphocytes and alanine aminotransferase (ALT) in COVID-19 patients were higher than mycoplasma pneumonia patients. The laboratory characteristics of COVID-19 patients are similar to those of other viral pneumonia patients. It was worth noting that the level of CRP in COVID-19 patients (4.21 ± 8.97) was lower than other viral pneumonia patients (9.85 ± 16.77) (p = 0.032). And ALT of COVID-19 patients was highest in three group. As the reference range were different for WBC, lymph in different age groups, we had to categorize them as elevated, normal or decreased one according to the reference values (15–17). We represented it in Supplementary Table. The laboratory findings of COVID-19 pneumonia and other viral pneumonia were similar, except decreased ratio of lymphocytes (p < 0.0001), elevated PCT (p < 0.0001) and elevated ALT (p < 0.0001). There were significant differences between COVID-19 patients and mycoplasma pneumonia patients in many laboratory findings except for CK-MB. WBC count of most COVID-19 patients were in normal range (66/80, 82.5%), while that was not common in mycoplasma pneumonia patients (45/95, 47.4%) (p < 0.0001). Decreased ratio of lymphocytes in mycoplasma pneumonia patients (79/95, 83.2%) was more common than COVID-19 (14/80, 17.5%) (p < 0.0001), and elevated levels of CRP in mycoplasma pneumonia patients (66/95, 69.5%) was also more common than COVID-19 (20/80, 25%) (p < 0.0001). Comparison of three groups, elevated ALT (69/80, 86.3%) (p < 0.0001) was more common in COVID-19 than non-COVID-19. This reminded us that COVID-19 patients would suffer liver injury, even though most COVID-19 patients presented with mild symptoms. According to our findings, it was easy to distinguish COVID-19 and mycoplasma pneumonia in laboratory examinations, while laboratory findings of COVID-19 were similar to other viral pneumonia. It was noteworthy that the level of ALT in most COVID-19 patients were abnormal (69/80, 86.3%), and we should pay more attention to liver function in treatment.


Table 2. Laboratory features of pediatric patients.
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The Features of CT Images

CT imaging findings were shown in Table 3. Although COVID-19 patients were confirmed by RT-PCR tests, only 56 (70%) COVID-19 cases had definite pneumonia visible on chest CTs, while all patients infected by mycoplasma (p < 0.0001) or other virus (p < 0.0001) had abnormal on chest CT. There were more patients presented with unilateral pulmonary lesions in COVID-19 (34/80, 42.5%), while there were more inclined to bilateral lesions in other viral pneumonia patients (46/50, 92%) (p < 0.0001). The lesions were more concentrated in the lower lobes in all patients. The typical feature of COVID-19 is ground-glass opacity (6), and it presented more in COVID-19 patients (32/80, 40%) than mycoplasma pneumonia (5/95, 5.3%) (p < 0.0001) and other viral pneumonia patients (1/50, 2%) (p < 0.0001). The other typical feature is consolidation (6), while it was more common in mycoplasma pneumonia (93/95, 97.9%) (p < 0.0001) and other viral pneumonia patients (49/50, 98%) (p < 0.0001) than COVID-19 patients (31/80, 38.8%). In the three groups, the streaky sign was not as obvious in COVID-19 patients (3/80, 3.8%) as mycoplasma pneumonia (14/95, 14.7%) (p = 0.014) and other viral pneumonia patients (7/50, 14%) (p = 0.033).


Table 3. CT imaging findings in pediatric patients.
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DISCUSSION

Until now, COVID-19 still poses a huge threat to human survival. More and more children are infected all over the world, it is important to understanding the manifestations of COVID-19 in children. Pneumonia is the most common disease in children, understanding the clinical features of COVID-19 in pediatric patients and distinguishing CAP in children are important for diagnosis and effective treatment.

In our study, the prevalence of COVID-19 patients and other viral pneumonia patients is significantly different between the group under 1 year old and the group over 6 years old (Table 1). School-age children are more susceptible to COVID-19. Since the outbreak of COVID-19 in the winter vacation, school-age children have their own small social circle, they would be exposed to more potential patients, so the prevalence of COVID-19 in this age group was higher than other viral pneumonia. The clinical symptoms were similar in three groups. Fever and cough were common in cases with COVID-19, mycoplasma pneumonia or other viral pneumonia. As COVID-19 was mostly mild in children, tachypnea (2.5%) and fatigue (7.5%) were less common in COVID-19. The similar symptoms make it hard to distinguish the pathogens, as well as control this epidemic. So it is very important to identify the pathogen.

As the symptoms were similar in COVID-19 and CAP, we analyzed laboratory and radiological features. A striking characteristic of COVID-19 differs from CAP is that it affects the function of liver, as shown by elevated amounts of alanine aminotransferase (86.3%), even though all children with COVID-19 was mild or moderate according to clinical type. Previous reports showed that adult patients with COVID-19 had different degrees of liver function abnormality (18, 19), but it was infrequent in pediatric patients. Elevated level of ALT may be important for subsequent treatment planning.

Because clinical signs and symptoms are poor predictors for pediatric pulmonary infections, and chest radiography is not sensitive enough, chest CT will be helpful with diagnosis. Our study of chest CTs in COVID-19 in children showed the lung lesions were mainly concentrated in the lower lobes, while lesions of mycoplasma pneumonia and other viral pneumonia patients are more diffuse (Figure 2, Table 3). And the ground-glass opacity (40%) and consolidation (38.8%) were typical manifestations in COVID-19 pediatric patients (6), similar to those in adults (20). And the ground-glass opacity was rare in mycoplasma pneumonia (5.3%) and other viral pneumonia (2%). Even though the ground-glass opacity can be used as a typical sign, there were 24 (30%) COVID-19 patients showed normal on chest CT.


[image: Figure 2]
FIGURE 2. Chest CT images of patients. (A,B) COVID-19. Male, 15 years old. On admission, chest CT showed ground-glass opacities in the inferior lobe of the right lung. (C,D) Mycoplasma pneumonia. Male, 4 years old. Chest CT showed bilateral lesions with consolidation in inferior lobe of the left lung. (E,F) Other viral pneumonia (respiratory syncytial virus). Male, 1 month old. Chest CT showed diffused consolidations in both lungs. CT, computed tomography.


Above all, it is difficult to distinguish COVID-19 and CAP in children from these clinical features. As a high morbidity of COVID-19, and at this time there are no specific vaccines or treatments, establish a method to quickly and accurately identify the pathogen is a reasonable strategy and is likely to be more effective in treatment and management.

Nevertheless, the present study had several limitations. It was conducted at a single center, the applicability of our findings may vary depending upon the relative prevalence of the etiological agent during any particular period. And the non-COVID-19 groups are comprised of relatively severe pneumonia patients. The non-COVID-19 patients with mild pneumonia were excluded. There was a selection bias in the non-COVID-19 group. There were limitations of our study.

In conclusion, the results of this study indicated COVID-19 has similar onsets with mycoplasma pneumonia and other viral pneumonia, while it appears to have a mild or moderate course in pediatric patients. And there was less fever, cough and tachypnea in the COVID-19 patients than CAP patient. Remarkably, liver function damage is more frequent in COVID-19 than CAP patients. On chest CTs, the ground-glass opacity is the typical feature. In this study, we compared COVID-19 and other common pneumonia in pediatric patients, and we suggest to consider the clinical features, laboratory results and CT findings together on pediatric patients with COVID-19. Combining with pathogen identification, reasonable management could be drawn out under this circumstance.
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Few studies have addressed the risk of infection in transfusion-naïve thalassemia patients. We aimed to investigate whether transfusion-naïve thalassemia population has higher hospitalization rates for lower airway infection-related diseases than non-thalassemia population in children. A nationwide population-based retrospective cohort study was conducted using detailed medical records of the Taiwan National Health Insurance Research Database. Transfusion-naïve thalassemia patients were compared with a matched cohort at a ratio of 1:4. Data of the selected patients were adjusted for age, sex, and related comorbidities. We recorded the frequency of admissions or outpatient clinic visits for patients with a diagnosis of pneumonia or acute bronchitis/bronchiolitis. Based on our results, the hospitalization rates and incidence rate ratios of bronchitis/bronchiolitis and pneumonia for transfusion-naïve thalassemia children were all higher than those for non-thalassemia controls. Therefore, we conclude that transfusion-naïve thalassemia children are more likely to experience lower airway infections and have a higher probability of hospitalization for these conditions.

Keywords: thalassemia, transfusion-naïve, pneumonia, bronchitis, children


INTRODUCTION

Thalassemia is a common autosomal-recessive hereditary hemoglobinopathy, mainly characterized by a point mutation on globin gene expression (1). In adults, hemoglobin comprises four protein chains (two α and two β globin chains) that are assembled into a heterotetramer. In α-thalassemia and β-thalassemia, the production of the α and β globin chains is affected, respectively. Thalassemia is commonest among people of Italian, Greek, Middle Eastern, South Asian, and African descent (2). In China, the prevalence of α-thalassemia, β-thalassemia, and α + β-thalassemia were estimated at 7.88, 2.21, and 0.48%, respectively (3). In a previous study, the prevalence of α-thalassemia traits in Taiwan was 3.4% (4).

Clinical manifestations of thalassemia may range from no symptoms to severe lethal complications depending on how many of the four genes for α globin or two genes for β globin are involved. People with thalassemia may have iron overload (owing to the disease itself or frequent blood transfusions), infection, splenomegaly, slowed growth rates, or heart disease. Infection is a major cause of morbidity and mortality in patients with thalassemia major and is assumed to result from splenectomy, blood transfusion, and immunological changes with iron overload (2, 5). Patients with splenectomy are more susceptible to gram-negative microorganisms and pneumococcus than other organisms (6, 7), and patients who receive regular blood transfusions are at a risk of developing transfusion-transmitted infections such as Toxoplasma gondii, hepatitis C virus, and hepatitis B virus (8–10).

Unlike thalassemia major, patients with non-transfusion-dependent thalassemia (NTDT) (including those with various phenotypes) do not require lifelong regular transfusion therapy for survival. NTDT patients can be at risk of ineffective erythropoiesis, peripheral hemolysis, and iron overload that contribute to a number of clinical morbidities (11, 12), and these patients with iron overload may have higher risk for severe bacterial infection (13).

Intracellular iron overload has been proven to lead to DNA damage of lymphocytes and immune dysfunction in thalassemia major patients who receive blood transfusions (14). However, whether the immune function in NTDT patients is impaired is still unclear. Some reports suggested the presence of decreased CD4+/CD8+ ratios and increased Treg cells, which might suppress immune activation status, in β-thalassemia major patients, but not in those with β-thalassemia traits, compared to controls (15, 16). Another report stated that reduced CXCR2 expression and neutrophil migration were observed in NTDT patients (17). Therefore, this study aimed to examine whether NTDT children without history of blood transfusion have a higher risk of infection, especially lower respiratory tract infections.



METHODS


Data Source

Nearly the entire Taiwanese population, i.e., over 23 million people, have been enrolled in National Health Insurance since 1995. Details of the medical records of each person are stored in the National Health Insurance Research Database (NHIRD), which was created by the National Health Research Institutes (NHRI). In this retrospective cohort study, we used the Longitudinal Health Insurance Database 2010 (LHID 2010), released by NHRI, as our data source. The LHID 2010 includes one million people randomly selected from the 2010 Registry for Beneficiaries. The database contains detailed medical records of each insurant from 1997 to 2013. Among these one million people, we selected people whose birth year was from 1998 to 2007, so all people we analyzed were children and adolescents. International Classification of Diseases, ninth revision (ICD-9-CM) coding was used for disease identification. The study protocol was approved by the institutional review board of the study hospital.



Sampled Participants

We defined patients as having thalassemia if they were diagnosed with thalassemia (ICD-9-CM: 282.4) once during hospitalization or at least twice when examined at the outpatient department in 1 year. We excluded patients with a history of catastrophic illness certificates, blood transfusion (ICD-9 procedure code 94005C or 990), partial or total splenectomy (ICD-9 procedure code 70001B, 70003B, and 70006B), immunodeficiency (ICD-9-CM: 279) and other hematological disorders, including iron deficiency, and other deficiency anemias (ICD-9-CM: 280~281), sickle-cell anemia and other hemoglobinopathies, hereditary/acquired hemolytic anemia, aplastic anemia, and chronic disease-related anemia (ICD-9-CM: 282.6~285.8), myelodysplastic syndrome (ICD-9-CM: 238.7), hyperferritinemia and primary or secondary hemochromatosis (ICD-9-CM: 275.0), and hematological malignancies (ICD-9-CM: 200~208) diagnosed once during hospitalization or more than once in the outpatient department in 1 year. We also excluded patients for whom information on age or sex was missing. The catastrophic illness certificates in Taiwan include cancer, hematologic abnormality, renal failure with hemodialysis required, generalized autoimmune diseases with life-long treatment required, chronic mental disorders, congenital metabolic disorders, major organs and genes abnormality (e.g., congenital anomalies of heart), massive burns, major organs transplantation, complicated nervous, or musculoskeletal disorders (e.g., cerebral palsy), injury severity scores more than 16, chronic respiratory failure with ventilator required, uncorrected malnutrition status, Myasthenia gravis, spinal cord injuries, occupational diseases, acute stage of cerebrovascular diseases, multiple sclerosis, leprosy, liver cirrhosis with complication, complications related to prematurity, toxic effect of arsenic and its compounds, Creutzfeldt-Jakob disease, and other rare diseases (e.g., cystic fibrosis).

One thalassemia patient was matched with four control patients without thalassemia (1:4 matching) according to birth year, sex with frequency match. The comorbidities included were asthma (ICD-9-CM: 493), diabetes mellitus (DM) (ICD-9-CM: 450), chronic lung disease (ICD-9-CM: 770.7), heart failure (ICD-9-CM: 428), epilepsy (ICD-9-CM: 345), and chronic kidney disease (CKD) (ICD-9-CM: 580~589), diagnosed once at hospitalization or at least thrice in the outpatient department in 1 year. These medical conditions were proved to be risk factors of pneumonia (18, 19). The propensity score was calculated using the Statistical Analysis System 9.4 program (SAS Institute, Cary, North Carolina, USA).



Outcome and Comorbidities

The patients in this cohort study were followed up from their birthday to death or 2013/12/31. The outcome was defined as having records of lower airway infections such as acute bronchitis/bronchiolitis (ICD-9-CM: 466) and pneumonia (ICD-9-CM: 480~486), diagnosed at hospitalization or at least thrice in the outpatient department in 1 year. Each incident of hospitalization due to lower respiratory tract infection was included for analysis. The effects of baseline comorbidities, which may be related to lower airway infection, were eliminated via the propensity score model.



Statistical Analysis

Differences between the demographic characteristics and comorbidities and the events of hospitalization due to lower airway infections in patients with thalassemia and matched non-thalassemia controls were analyzed using the chi-square test. The incidence rate ratios (IRRs) and 95% confidence intervals (CIs) were estimated using Poisson regression. A P < 0.05 in 2-tailed tests was considered statistically significant.




RESULTS

One million people were randomly selected from LHID 2010, and those born between 1998 and 2007 were selected for further analysis. Subjects who matched the inclusion and exclusion criteria were separated into a group with thalassemia and a group with non-thalassemia. Details of these processes are shown in Figure 1. Finally, 393 patients were identified in the thalassemia group and 1,572 controls in the non-thalassemia group (the control group), with 1:4 matching according to birth year, sex, and propensity score.


[image: Figure 1]
FIGURE 1. Flow chart of matched cohorts' selection. One million people were randomly selected from the Longitudinal Health Insurance Database 2010 (LHID 2010). After the screening process, 393 persons in the thalassemia group and 1,572 persons in the non-thalassemia group were analyzed.


Demographic characteristics and comorbidities in these matched cohorts are shown in Table 1. Similar distributions occurred with sex, age, place of residence, income, and comorbidities, including asthma, DM, CKD, chronic lung disease, heart failure, and epilepsy between the thalassemia and non-thalassemia groups because both cohorts were matched for factors. For lower respiratory diseases, the patients in the thalassemia group had a higher prevalence of acute bronchiolitis/bronchitis (92.88% vs. 87.60%, P = 0.003) and pneumonia (60.65 vs. 36.96%, P < 0.001) than those in the non-thalassemia group.


Table 1. Demographic characteristics and comorbidities in matched cohorts.
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Thereafter, we focused on events related to hospitalization due to lower respiratory diseases (Table 2). The hospitalization rates for acute bronchitis/bronchiolitis (31.55 vs. 13.42%, P < 0.001) and pneumonia (49.11 vs. 23.22%, P < 0.001) were also higher in the thalassemia group than in the non-thalassemia group. The average number of admissions for inpatients and the average number of hospitalization days each time were also compared, and there was almost no difference between these two groups. Figures 2, 3 show the cumulative number of admissions or hospitalization days per person due to acute bronchitis/bronchiolitis and pneumonia across the 17 years, respectively. For both acute bronchitis/bronchiolitis and pneumonia, the cumulative rates for the thalassemia group were obviously higher than for the non-thalassemia group.


Table 2. Number of inpatients, number of admissions and hospitalization days for lower airway disease (acute bronchitis/bronchiolitis and pneumonia) from matched cohorts.
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FIGURE 2. Cumulative number of admissions due to acute bronchitis/bronchiolitis for patients with (dashed line) or without (solid line) thalassemia, and cumulative hospitalization days for patients with (white bar) or without (black bar) thalassemia. The x-axis is the cumulated years from 1997 to 2013, 17 years in total. The cumulative rate for the thalassemia group was higher than that for the non-thalassemia group.



[image: Figure 3]
FIGURE 3. Cumulative number of admissions due to pneumonia for patients with (dashed line) or without (solid line) thalassemia, and cumulative hospitalization days for patients with (white bar) or without (black bar) thalassemia. The x-axis is the cumulated years from 1997 to 2013, 17 years in total. The cumulative rate for the thalassemia group was higher than that for the non-thalassemia group.


The IRR of admissions due to acute bronchitis/bronchiolitis and pneumonia was also analyzed (Tables 3, 4, respectively). Age of the study patients was classified into three groups: preschooler (<6 years); grade schooler (≥6 to <12 years); and teenager (≥12 to <16 years). In Tables 3, 4, “Age (year old)” implied the age of the patient at the date of admission, and “Times” implied the number of admissions. Person-years (PY) was calculated as:
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For acute bronchitis/bronchiolitis, those with transfusion-naïve thalassemia had a higher incidence rate of admission than the non-thalassemia controls, irrespective of sex, age, or whether there was comorbidity or not. The only exception was patients with epilepsy or chronic kidney diseases, but these were not statistically significant because only few data were included for analysis. Comparing the age at admission, grade schoolers (≥6 to <12 years) had higher IRR (IRR 4.48, 95% CI 2.64–7.61) than preschoolers. The IRR of teenagers could not be calculated because no non-thalassemia teenagers were admitted for acute bronchiolitis/bronchitis during our study period. The admissions due to pneumonia showed the same trend. Those with transfusion-naïve thalassemia had higher incidence rates of admissions than non-thalassemia controls, irrespective of sex, age, or presence of comorbidity, except for the patients with chronic lung diseases or epilepsy. The highest IRR according to age of admission was observed in the teenager group (IRR 23.98, 95% CI 2.89–199.22). Most inpatients who were admitted for acute bronchitis/bronchiolitis or pneumonia were aged below 6-year-old.


Table 3. Incidence rate ratio of admissions for acute bronchitis/bronchiolitis.
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Table 4. Incidence rate ratio of admissions for pneumonia.
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DISCUSSION

Thalassemia is a common hematologic disorder, and its complications include bone dysmorphism, hemochromatosis, splenomegaly, infection, endocrine disorders, and heart failure. Some of these complications result from long-term, repeated blood transfusions (20). Infection is a major issue for patients with the severe form of thalassemia, and the proposed predisposing factors are anemia, iron overload, splenectomy, transfusion-associated viral infections, and a range of immune abnormalities (2). For thalassemia patients without a history of blood transfusion, although there may be no symptoms of anemia or it may be mild, such as thalassemia minor patients, they also have a higher risk of coronary artery disease, erectile dysfunction, and fractures (21–23). Their hematopoiesis may be less effective, and the abnormal erythrocyte cell membrane structure leads to peripheral hemolysis and subsequent iron overload, which are risk factors for susceptibility to infection (11, 12). However, no strong evidence to this effect has been provided before our study.

The risk of infection for thalassemia major patients has been demonstrated in previous studies; our study, a nationwide, population-based cohort study, revealed that transfusion-naïve thalassemia children are also susceptible to lower respiratory tract infection. This present study showed a higher prevalence of acute bronchitis/bronchiolitis and pneumonia, common diseases related to lower respiratory infection, in the transfusion-naïve thalassemia population compared to the non-thalassemia controls. Previous studies had shown that non-transfusion-dependent thalassemia (NTDT) patients may have altered immune function and increased susceptibility to severe bacterial infections, especially for patients with iron overload or post splenectomy (13, 17). The NTDT patients do not need lifelong regular blood transfusion but occasional blood transfusion may be required for some stressful conditions. Patients who had ever received blood transfusion, splenectomy, or had been diagnosed as having other hematologic disorders were excluded based on the ICD-9-CM codes in this study. Thus, our study group is in a milder status than NTDT. We assume that the thalassemia patients that included are silent carriers and have α- or β- thalassemia minor or α- or β-thalassemia intermedia without a history of blood transfusion.

The effects of confounding factors, i.e., age, sex, and comorbidities of asthma, heart failure, DM, chronic lung disease, epilepsy, and CKD, were adjusted for when matching the thalassemia and control groups. Focusing on those who were hospitalized with diseases related to lower respiratory infection, the thalassemia group had a higher percentage of admissions for both acute bronchitis/bronchiolitis and pneumonia compared to the control group. However, there was almost no difference between the two groups with respect to average number of admissions and average days of hospitalization of inpatients. It seemed that although transfusion-naïve thalassemia patients had a higher possibility of hospitalization than the non-thalassemia controls, irrespective of sex, age, or presence of comorbidity, the severity of the diseases was similar. In this study, most inpatients were aged below 6 years, which may be because the immune system of preschoolers is relatively immature (24, 25), and to some extent, the criterion of admission maybe loose. Among different age groups, the highest IRR fell into the teenager (≥12 to <16 years).

Similar to previous similar studies, this study has several limitations (21–23). First, there are several genotypes of thalassemia, in which the structure of hemoglobin is different. Thus, thalassemia patients have varying hemoglobin and ferritin levels. These data may affect the risk of infection and they could not be obtained from the NHIRD. However, the proportion of thalassemia intermedia is just about 1.5 percent among the NHIRD (26). We had also excluded cases that received blood transfusion and splenectomy, which account for near 50% and 30 of thalassemia intermedia (27). Thus, the effect of thalassemia intermedia in NHIRD is too small and can be neglected. Second, although we used ICD-9 codes to screen out thalassemia patients, some asymptomatic patients were missed because the physicians did not include thalassemia in the diagnostic lists for this population. There might have been some thalassemia patients in the control group. Thus, the hospitalization rate for lower airway infection in the control group may be overestimated. In other words, in real condition, the NHIRD may have higher hospitalization rates for lower airway infection than control. The incidence of pneumococcus disease decreased dramatically after the introduction of pneumococcal vaccine (28). In Taiwan, pneumococcal vaccine has been provided for free since 2015 to all young children (29), which was beyond our study period (1997–2013). The introduction of pneumococcal vaccine should have no influence on our data.

Nowadays, the number of cases of severe thalassemia in Taiwan is decreasing because of the policy of prenatal screening. Most thalassemia patients are silent carriers or have thalassemia minor. Previously the prevention of infections was usually focused on thalassemia patients with history of blood transfusion. The main contribution of our study is the elucidation of the risk of lower airway infection in transfusion-naïve thalassemia patients. It is therefore important to identify the nearly asymptomatic thalassemia populations and educate them regarding the importance of preventing themselves from acquiring airborne or droplet-transmitted infections.

The phenomenon that transfusion-naïve thalassemia patients are susceptible to lower respiratory tract infection was observed in our study, and this observation proved that besides of blood transfusion, there are other mechanisms contributes to higher infection risk, like ineffective erythropoiesis and increased intestinal iron absorption (30), although the exact pathologic mechanism remains unclear. Further studies should be designed to obtain more details on the pathophysiology concerned. In addition, it would be valuable to study whether these transfusion-naïve thalassemia patients have a higher risk of other types of infection, such as urinary tract infection and acute gastroenteritis.
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COVID-19 is less serious in children than in adults. However, respiratory management dominates the clinical picture of hospitalized COVID-19 even in children. In some case series, deterioration of the clinical picture wherein dyspnea, cyanosis, and the onset of acute respiratory distress syndrome (ARDS) emerged ~8–10 days after the onset of SARS-CoV-2 infection, which could rapidly progress to multiple organ failure and death. This review aimed to evaluate the characteristics of COVID-19 pneumonia in pediatric populations, beginning from its etiology and pathological mechanisms and closing with its clinical management.
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INTRODUCTION

At the close of December 2019, a new coronavirus originating from the Chinese city of Wuhan began to spread rapidly throughout the world (1). At the beginning of 2020, the International Committee on Taxonomy of Viruses denominated this new virus Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) (2). SARS-CoV-2 is the causative agent of the disease COVID-19, an abbreviation decided by the World Health Organization (WHO). In other words, SARS-CoV-2 is the etiologic agent, while COVID-19 is the disease (3).

The clinical spectrum of COVID-19 is wide, varying from completely asymptomatic forms to those characterized by severe respiratory distress requiring intensive care. SARS-CoV-2 causes acute viral infection of both the upper and lower respiratory tract, with an incubation period varying from 1 to 15 days (average: 3–7 days). The most common symptoms of COVID-19 include fever, cough, sore throat, headache, asthenia, diarrhea, and vomiting (4).

There is ample evidence in the literature that COVID-19 is less serious in children than in adults (5–10). Lu et al. found the main symptoms in 171 children with COVID-19 to be cough (48.5%), pharyngitis (46.2%), fever (41.5%), diarrhea (8.8%), and vomiting (6.4%); only 2.3% of cases experienced desaturation upon hospitalization, while 15.8% of cases were asymptomatic (9). Olfactory and gustatory anomalies characteristic of adult COVID-19 cases are rare in pediatric populations (11, 12).

The underlying cause of the lower incidence and pathogenicity of SARS-CoV-2 infection in children remains unclear at present. Although this lower incidence and morbidity was attributed to a reduced exposure and the presence of risk factors during the initial phase of the pandemic, it is now clear that biological factors that intervene in the pathogenesis of the infection and in the immune response may play a protective role in children against the more aggressive clinical manifestations seen in adults (13).

Respiratory management dominates the clinical picture of hospitalized COVID-19 patients. In some case series, deterioration of the clinical picture wherein dyspnea, cyanosis, and the onset of acute respiratory distress syndrome (ARDS) emerged approximately 8–10 days after the onset of SARS-CoV-2 infection, which could rapidly progress to multiple organ failure and death (14). In a pediatric series of children with COVID-19, 30.8% presented shortness of breath that required oxygen supplementation and 23.1% were transferred to intensive care unit (ICU) for organ dysfunction (15). In another case series of 41 children hospitalized for COVID-19, 11 of these presented lung lesions compatible with a picture of interstitial pneumonia (16). Furthermore, in one of the largest published pediatric series that studied 585 children with SARS-CoV2 infection, 8% required ICU admission and 4% needed mechanical ventilation (17).

Although the clinical picture in pediatric populations is more complex, the severity of infection can be clinically classified as follows: asymptomatic, mild, moderate, severe, or critical (18, 19) (Table 1). This classification makes the idea that even pediatric patients can experience severe manifestations of the pathology, which must be addressed as early as possible to limit disease progression.


Table 1. Classification of COVID-19 in children.
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This review aimed to evaluate the characteristics of COVID-19 pneumonia in pediatric populations, beginning from its etiology and pathological mechanisms and closing with its clinical management.



METHODS

This review used PubMed and Science Direct to locate articles with at least an English abstract using the following keywords: (1) COVID-19 in children; (2) coronavirus in children; (3) COVID-19 pneumonia; (4) SARS-CoV-2 in children; (5) SARS-CoV-2 pneumonia; and (6) COVID-19 imaging. The abstracts of articles were reviewed to determine whether the article was appropriate for the topic. We also reviewed the references contained within the selected articles, and read the full articles that were deemed relevant.



EPIDEMIOLOGY

The SARS-CoV-2 virus is transmitted via droplets and through direct or indirect contact with infected objects (1). The time during which the virus remains active on surfaces remains unclear, but was found to be ~48–72 h on plastic and steel, and ~4–8 h on copper and cardboard (20). Cohabitation with symptomatic or asymptomatic patients is the main source of contagion for pediatric populations (21), but given the frequency of paucisymptomatic forms in pediatric populations, children are likely to be a frequent vector of infection for adults and the elderly. The positivity in reverse transcription polymerase chain reaction (RT-PCR) for SARS-CoV-2 in the stools of infants and children for several weeks, even after a negative nasopharyngeal swab (22), may indicate the stools could represent an additional means of transmission of the virus.

However, since growth of the virus in fecal culture—and therefore its viability on feces—has not been demonstrated, further research is needed to define a possible fecal–oral route of transmissibility of the virus. Similarly, maternal–fetal transmissibility of the virus has been explored since the beginning of the epidemic. A first report on nine women with COVID-19 in their third trimester of pregnancy confirmed the absence of SARS-CoV-2 in amniotic fluid, cord blood, and breast milk (23). More recently, the maternal–fetal transmission has been confirmed in three infants (transmission rate: 9%) born to a positive mother; one of these infants had onset of respiratory symptoms within 48 h of life (24). However, a larger retrospective cohort analysis involving 101 infants born to 100 SARS-CoV2 positive mothers did not show vertical transmission in any of these (25).



PATHOGENESIS OF LUNG DAMAGE

When SARS-CoV-2 enters the airways of a newly infected person, the viral S protein (spike protein) binds with high affinity to the angiotensin-converting enzyme 2 (ACE2) cellular transmembrane receptor found on the apical membranes of respiratory epithelial cells, mainly type II pneumocytes. Subsequently, the ACE2 receptor and SARS-CoV-2 are transported inside the cell and the S protein is cleaved by the protease TMPRSS2, inducing the release of the viral RNA within the cell and thereby allowing its replication (Figure 1). The ACE2 receptor is subsequently cleaved by a tumor necrosis factor alpha converting enzyme (TACE or ADAM17), a metalloprotease that allows the release of the ACE2 ectodomain (defined as soluble ACE2) into the extracellular space. Soluble ACE2 is enzymatically active and appears to be capable of binding with SARS-CoV-2. This led to speculation that administration of recombinant human ACE2 may reduce inflammation secondary to the action of SARS-CoV-2 (26).
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FIGURE 1. Graphic representation of the virus-host interaction and reasons why children are less affected. (1) Binding between SARS-CoV2 spike protein and ACE2 receptors; (2) transport of the ACE2 receptor/SARS-CoV 2 complex within the cell; (3) cleavage of the spike protein by the protease TMPRSS2; (4) release of viral RNA within the cell.


The immune response induced by SARS-CoV-2 infection is characterized by two phases: an initial immunoprotective phase and an activation phase of the cytokine storm, which yields a more severe clinical manifestation. In the first phase, a robust adaptive response can control the virus and block inflammatory progression. If the immune system fails to control this phase, cell damage in organs with high concentrations of ACE2, especially pneumocytes, progresses by the release of cytokines and chemokines (IL-6, IL-10, and interferon) and the recruitment of inflammatory cells, which mediate lung damage and progression toward ARDS (27). Xu et al. found evidence of diffuse alveolar damage with desquamation of pneumocytes, hyaline membrane formation, and the presence of fibromyxoid cells with interstitial lymphocyte infiltration during histopathological examination of a patient who died of COVID-19 (28). In fact, clinically speaking, SARS-CoV-2 causes interstitial pneumonia.

One of the possible complications of this “exaggerated” inflammation is Pediatric Inflammatory Multisystem Syndrome (PIMS) or Multisystem Inflammatory Syndrome of Children (MIS-C) which occurs when inflammation becomes generalized. This would appear to be a post-immunological reaction caused by non-neutralizing IgG antibody and worsened by a cytokine storm that causes generalized inflammation that resembles an atypical Kawasaki's disease or a toxic shock syndrome (29).


Why Are Children Less Affected?

Many explanations have been proposed for the fact that children appear to be less frequently affected and have milder manifestations of COVID-19; however, they remain assumptions given the lack of scientific evidence on the subject.

The immune response of children differs from that of adults, which progressively deteriorates with age such that preschoolers have a repertoire of immune cells 5–10 times larger than that of a 50-year-old, and 20 times larger than that of an 80-year-old. It remains to be seen to what degree this may play a role in mitigating the spread of the virus and in the cytokine signaling cascade triggered by SARS-CoV-2 as they relate to severe outcomes in adulthood (30).

A cross-reactivity between immune response to early childhood vaccines—especially MMR—and response to SARS-CoV-2 has also been proposed. However, no clear evidence has emerged to date to support this proposal, and paucisymptomatic cases are reported even in unvaccinated children. A large pediatric clinical series on 2,143 children reported a 5.9% rate of serious and critical cases—and only one death (31). Shekerdemian et al. reported a mortality rate of 4.2% in a cohort of 48 COVID-19-positive children admitted to the ICU, most of whom had previous comorbidities (disabling genetic diseases in 40% of cases) (32).

A second explanation for the tendency of children be less affected by SARS-CoV-2 relates to the ACE2 receptor which, as previously mentioned, binds the SARS-CoV-2 virus. In fact, the reduced maturity and functionality of ACE2 and its lower expression in the nasal epithelium in pediatric populations relative to adults could partly explain children's reduced susceptibility to COVID-19 (33, 34). However, studies do not unilaterally support this hypothesis. In fact, some evidence suggests that ACE2 expression in children is neither up- nor downregulated (35, 36). On the other hand, another study found that ACE2 is downregulated once the virus penetrates the cell and replicates, resulting in fewer receptors upon which the virus can act (37). In light of these data, the role of the expression levels of ACE2 in the pathogenesis of COVID-19-induced lung damage remains to be fully elucidated.




CHEST IMAGING

According to the American College of Radiology, pediatric radiologic imaging is recommended for patients with a confirmed diagnosis of COVID-19 with mild symptoms and pre-existing comorbidities, and for children with moderate to severe symptoms. Chest X-ray is the first choice exam; however, its lower sensitivity and specificity mean that pulmonary involvement cannot be excluded in patients with a laboratory-confirmed diagnosis of COVID-19. Unlike in adults, computed tomography (CT), is indicated in children in cases of suspicion of pulmonary embolism and clinical worsening (38).


Chest X-Ray

Pulmonary abnormalities on chest X-ray were found in 46–90% of cases (39, 40). The most common radiologic trends were peribronchial thickening, ground-glass opacities, consolidation, and pleural effusion (39). Lung findings were unilateral in 55% and bilateral in 45% of affected children, without any significant difference between the left and right lung, but with greater involvement of the lower lobes (40). Although these radiological abnormalities typically resolve during recovery from the disease, they have been reported to persist in ~16% of cases (39).



Chest Computed Tomography (CT)

The radiological anomalies evident on CT are certainly much more characterizing the disease, although these anomalies are less frequent and less specific than those described in adults (41). The most common findings are multifocal and peripherally located ground-glass appearance starting from the lower lobes, accompanied by thickening in the interlobular septa, prominent vascular structures, halo signs, and inverted halo signs. In severe cases, a striking paving appearance and fragmented consolidation are observed (40, 41).

Liu et al. described the radiological characteristics examined by high-resolution (HR)-CT of five children with a confirmed diagnosis of COVID-19, three of whom were asymptomatic. These three patients had unilateral ground glass opacities, whereas only one child had bilaterally distributed opacity, and another had a negative report (42). Some radiological differences between children and adults were highlighted (43). Although the ground glass finding is characteristic and common in both adulthood and childhood, 44% of adult patients also had thickening of the interlobular septum, bronchial texture, a striking paving pattern, and—less frequently—halo signs, pleural or pericardial effusion, and lymphadenopathy (44).

In a group of 98 patients of varying ages (4–88 years) with COVID-19, the majority of lung lesions upon HR-CT were located in the right lower lobe of the lung, possibly due to the thinner and shorter structure of the lower lobe bronchus, especially in the peripheral area of the lung. However, children and adolescents had fewer lung lesions, predominantly unilateral involvement, and smaller clusters than adults, with no signs of air bronchogram (45). Zheng et al. also reported a higher incidence of respiratory impairment in children <3 years of age, with bilateral lung involvement in >70% of children in this age group (46). A report of eight patients aged <15 years admitted to intensive care found abnormalities on CT scans in all cases (six children with bilateral involvement, two with unilateral involvement). Moreover, two of the eight patients that originally had a worse prognosis also had higher expression of IL-6 and IL-10, further corroborating a relationship between the severity of the pulmonary picture and activation of the cytokine cascade (47).



Lung Ultrasound

Several studies report the usefulness of pulmonary ultrasound for the diagnosis and follow-up of COVID-19 pneumonia, given that it is a simple and repeatable investigation that does not expose the child to radiation or sedation. Musolino et al. reported the main ultrasound findings of 10 children with COVID-19 as follows: B lines (70%), pleural irregularities (60%), white lung (10%), and subpleural thickening (10%) (48, 49). According to Allinovi et al., lung ultrasound may support diagnosis and monitoring of COVID-19 pneumonia, as it reveals a typical pattern of diffuse interstitial lung syndrome and correlates with chest CT findings (50).




MANAGEMENT AND TREATMENT OF COVID-19 PNEUMONIA

Given the paucisymptomatic course characteristic of children diagnosed with COVID-19, the majority of cases only require supportive home therapy. Evidently, cases must be isolated, and they require an adequate intake of fluids and calories (51, 52). For the management of fever, paracetamol is recommended. Some authors have proposed a correlation between the use of ibuprofen and a more aggressive course of SARS-CoV-2 infection (53); however, these data were not confirmed. For patients already being treated with topical steroids (e.g., for allergic rhinitis or bronchial asthma), continuation of basic therapy is indicated. In case of need for inhalation treatment with steroids and bronchodilators, the use of pressurized metered-dose inhalers with spacer is recommended over nebulizers, which could increase infectivity due to their aerosolization of particles (54).

Hospitalization is indicated when there is a need to ensure supportive therapy (e.g., pharmacological or respiratory support) or in severe forms of pathology (13, 19, 55). Upon entering the ward, performing laboratory blood testing may prove useful, even though it is often non-specific. In most children it is possible to find: (i) a normal or reduced number of white blood cells, accompanied by lymphocytopenia; (ii) normal or slightly increased C-reactive protein and procalcitonin values (in case of excessive upregulation, a bacterial superinfection should be considered); (iii) slightly increased transaminases and lactic dehydrogenases (13, 19, 55).

Patients with chronic diseases should be subjected to greater attention because the presence of comorbidities seems to be associated with a greater risk of fatal evolution (56). In this sense, these patients should be monitored more frequently and subjected to earlier treatments.


General Support

Hospitalized children must have their vitals monitored and have adequate intake of fluids and calories aimed at maintaining a hydro-electrolytic homeostasis. Additionally, bed rest and maintenance of cleared upper airways are recommended (13, 19, 55).



Oxygen Therapy

In case of hypoxia (SpO2 <95%) without signs of respiratory distress, the administration of oxygen via nasal cannulae or mask is sufficient, while constant monitoring of vital parameters and attending to changes in the acid-base balance may be indicative of clinical worsening (13, 19, 55).



Ventilatory Support

In case of respiratory distress associated with hypoxemia, simple oxygen administration is insufficient. In these cases, high-flow nasal oxygen (HFNO) or non-invasive ventilation, such as continuous positive airway pressure (CPAP), should be used (13, 19, 55). The utility of HFNO for COVID-19 treatment is the subject of debate given that the incontrovertible benefits afforded by this treatment are countered by the risk of viral particle aerosolisation within the patient's environment, thereby placing the safety of healthcare workers at risk (57). The World Health Organization (WHO) recommends that HFNO be used in single or negative pressure rooms “whenever possible.” This means that negative pressure room, while advantageous, are not essential (58). What is certainly essential, however, is the use of personal protective equipment (PPE) when entering patients' rooms (57).

A valid alternative to HFNO is CPAP—preferably helmet CPAP—with positive end-expiration pressure (PEEP) ranging from 5 to 10 cmH20 (59). In any case, the critically ill child should be transferred to a pediatric intensive care unit and, in the event of non-response to non-invasive ventilation or of onset of pediatric acute respiratory distress syndrome (PARDS), initiation of invasive mechanical ventilation should be considered and, ultimately, extracorporeal membrane oxygenation (ECMO) (19).



Pharmacological Treatment

There is little reliable evidence for the utility of drugs in treating COVID-19 pneumonia in pediatric populations, and any available data to date are based on observations in adult populations. For this reason, pharmacological therapy discouraged in milder COVID-19 forms, while recommended for more severe forms; such decisions should invariably be made on a case-by-case basis (13, 19, 51, 55, 60).

No specific anti-SARS-CoV-2 drug has yet been proven effective. Antiviral drug therapy seems to be effective if initiated before clinical deterioration. The drug most commonly used is interferon-alpha by nebulization, as it has shown effectiveness at reducing viral replication with consequent improvement of symptoms and reduction of the duration of the disease (21). Other possible pharmacological interventions include:

- Lopinavir/Ritonavir: A drug used in the treatment of HIV which appears to be effective in reducing viral replication as long as it is administered in the very early stages of the disease. Common side-effects include diarrhea and nausea, and it is contraindicated in cases of hepatic impairment (61).

- Ribavirin: A drug used in combination with interferon-alpha or Lopnavir/Ritonavir. Hemolytic anemia is a possible side-effect (19, 62).

- Remdesevir: A new-generation antiviral that has a potent antireplicative action against SARS-CoV-2 (63, 64).

- Hydroxychloroquine: A drug that, despite the initial enthusiasm surrounding its use for treatment of COVID-19, has not shown real efficacy according to the most recent scientific evidence (65). Table 2 summarizes the main antivirals, their formulations, and their respective dosages in pediatric patients.


Table 2. Summary of most common antivirals for COVID-19 in children.
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Other drugs worth mentioning include:

- Antibiotics: Their use is discouraged unless there are signs of bacterial co-infection. The usefulness of macrolides, especially azithromycin, for their anti-inflammatory properties is also questionable (19, 52, 60, 66).

- Corticosteroids: Their routine use is discouraged; however, they should be considered in cases of PARDS, secondary haemophagocytic lymphoistiocytosis, septic shock, or concomitant asthma. In these cases, the administration of methylpredisolone at a dose of 1–2 mg/kg/day for a maximum of 4–5 days is recommended (19, 52, 60).

- Gamma globulins: Their effectiveness is not clear. They can be attempted in particularly severe forms of COVID-19 and in those with symptoms similar to Kawasaki disease at the dose of 2 g/kg/day for one day, 1 g/kg/day for two days or 400 mg/kg/day for five days (67, 68).

- Tocilizumab: This human anti-IL-6 monoclonal antibody appeared to be effective in the treatment in adults with extensive and bilateral lung involvement (60). However, recently its effectiveness has been greatly diminished to the extent that it appears not effective for preventing intubation or death in moderately ill hospitalized patients with COVID-19 (69). For this reason, it should be used cautiously in children: 12 mg/kg in children weighing <30 kg, 8 mg/kg (max: 800 mg) in children >30 kg, to repeat once after 12 h if no improvement (60, 70).




CONCLUSION

This review summarizes the characteristics of COVID-19 in pediatric populations, with a focus on pulmonary involvement. Although clinical picture of COVID-19 in children is much less severe than in adults, progression of the disease remains possible and must, therefore, be intercepted with appropriate therapy. It should also be emphasized that children, although paucisymptomatic, are important vectors of the disease.
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Background: Bronchiolitis obliterans (BO), first mentioned in 1901, is a severe and rare chronic lung disease in children. BO has various etiologies and the most common in children is post-infectious BO (PIBO). High resolution CT (HRCT) is an often-used image tool for the diagnosis of BO, and pulmonary scintigraphy is an alternative tool that can functionally evaluate BO. Recently, dual-energy computed tomography (DECT) have also been applied to BO for its accuracy and safety. Here we described the characteristics of HRCT, pulmonary scintigraphy, DECT, and the clinical profiles of patients with PIBO.

Methods: This is a retrospective and descriptive study. Data were collected from patients diagnosed with PIBO from 2014 to 2019 in the Pediatric Cardiopulmonary Outpatient Clinics of Kaohsiung Medical University Hospital. The diagnosis was based on clinical, chest X-ray, and HRCT findings. Clinical profile, radiological characteristics, and images of pulmonary scintigraphy were documented.

Results: Eight children (4 boys and 4 girls) were diagnosed with PIBO at a mean age of 25.8 months (range 15 to 41 months). Two of our patients developed pulmonary hypertension. The most common HRCT finding is mosaic pattern, where match ventilation/perfusion (V/Q) defects is a general feature in pulmonary scintigraphy. DECT pulmonary blood vasculature images revealed various degrees of decreased perfusion and is compatible with the decreased perfusion on pulmonary scintigraphy.

Conclusion: The therapeutic strategy of PIBO is still lacking of standardization. HRCT and V/Q scans are important image tools in diagnosis and follow-up of BO. DECT may be used in BO patients as it has no additional radiation exposure and add value on functional information of HRCT.

Keywords: perfusion, ventilation, dual-energy CT (DECT), pulmonary scintigraphy, children, high resolution computer tomography, post-infectious bronchiolitis obliterans


INTRODUCTION

Bronchiolitis obliterans (BO) is an uncommon but severe lung disease (1). It is currently diagnosed according to a history of lower respiratory tract insults and persistent symptoms that do not respond well to the administration of systemic corticoids and bronchodilators for 2 weeks (2). Due to the chronic irreversible inflammatory process and limited treatment options for BO, it is important to make an early diagnosis and start treatment as soon as possible.

BO describes obliterative changes in the small airways that commonly occur in a variety of lung diseases, including lower respiratory infection, organ transplantation, connective tissue disease, toxic fume inhalation, chronic hypersensitivity pneumonia, aspiration, drugs and Stevens-Johnson syndrome (SJS) (2). However, post-infectious BO (PIBO) is the most common type in children (2). Histologically, two types of BO have been proposed: constrictive-type BO and proliferative-type BO (3). BO that develops during childhood is mainly the constrictive type, and it is characterized by peribronchiolar fibrosis with different degrees of lumen-narrowing (1). The severity of BO mainly depends on the degree of damage to normal tissue in the respiratory tract. However, due to the heterogeneous or patchy involvement of the disease, a lung biopsy has been reported to be non-diagnostic in up to one-third of patients (4). Moreover, due to concerns over the risk of invasive procedures in children, a lung biopsy is rarely performed in the diagnosis of BO (4). Currently, a confirmatory diagnosis is usually made according to typical clinical presentations, fixed airway obstruction on pulmonary function tests, and radiological findings (5). The most commonly used imaging methods to evaluate BO are conventional chest radiograph (CXR), high-resolution computed tomography (HRCT), and lung ventilation/perfusion (V/Q) scan (4, 6–8).

As the findings of BO on CXR are non-specific, HRCT is the most commonly used imaging tool for BO due to its high sensitivity and specificity, and because it can assess regional heterogeneity as well as the global severity of the lung. The typical findings of BO on HRCT include bronchial wall thickening, centrilobular opacities, central bronchiectasis, atelectasis, mucous plugging, and mosaic lung attenuation due to air trapping (6, 7, 9).

V/Q scans show a distinctive pattern of matched ventilation-perfusion defects and segmental, sub-segmental or lobar distribution in PIBO (10, 11). It provides an objective assessment of the distribution pattern of the lesions, and since they highlight more damaged broncho-pulmonary areas, it may also be considered to be an accurate diagnostic tool for BO (7). Furthermore, the degree of ventilation and perfusion abnormalities evaluated by V/Q scans have been associated with disease severity and may be used to predict the outcomes of patients with PIBO (12).

Dual-energy computed tomography (DECT) was first conceptualized in the 1970's (13–15). It enables the simultaneous evaluation of gray-scale vasculature with color-coded pulmonary blood vasculature (PBV) images, which represents parenchymal perfusion. DECT has been used to evaluate ventilation function after xenon inhalation, and this technique has been shown to provide more regional function information without additional radiation exposure in BO patients (4, 16). Therefore, the aim of this study was to investigate the diagnostic utility of HRCT, pulmonary scintigraphy, and DECT PBV images in our patients with PIBO. Moreover, we also discussed the initial clinical presentations and major treatment options for PIBO.



MATERIALS AND METHODS

This retrospective and descriptive study included patients with a diagnosis of PIBO who were followed up at the Pediatric Cardiopulmonary Outpatient Clinics of Kaohsiung Medical University Hospital and was approved by the Ethics in Research Committee of the institution where was conducted (KMUHIRB-SV(II)-20200063). The medical records of the enrolled children were reviewed retrospectively by Kaohsiung Medical University Hospital staff (KMUH) from January 2014 to December 2019. The diagnosis of PIBO was based on a typical clinical history followed by findings on CXR and thoracic HRCT that concurred with the diagnosis as follows: [1] history of acute and severe bronchiolitis/pneumonia; [2] recurrent cough, wheezing, respiratory distress after an acute event; [3] respiratory symptoms which were severe in disproportion to CXR findings; [4] mosaic pattern, air trapping or other typical patterns in HRCT; and [5] exclusion of other congenital heart diseases, immunodeficiency or V/Q scans and DECT were not available. Demographic information including age, sex, weight, onset of disease, clinical presentations, major treatment and cardiac echography reports were obtained.


HRCT and DECT Pulmonary Blood Volume Fused Images

HRCT and DECT images were generated on a Dual Source CT (Siemens Somatom Definition) in dual energy mode at 140 and 80 kVp with 1-mm collimation. The images were retrieved from the hospital records and were read in a random order by two experienced radiologists. The CT scans were performed while the patients were stable with no acute respiratory tract infections. They were investigated under sedation if uncooperative. Heart rate, respiratory rate, and oxygen saturation levels were monitored continuously.



Pulmonary 99mTc-Diethylenetriamine Penta-Acetic Acid (DTPA) Radioaerosol Ventilation Scintigraphy

99mTc-DTPA with an activity of ~370–900 MBq (10–25 mCi) was first put into a high-pressure oxygen jet nebulizer which produced radioaerosol particles at an oxygen flow rate of ~10 l/min (11). During inhalation, sealed oxygen masks were placed on the patient's face around the mouth region to minimize leakage of the radioaerosol into the surrounding environment. Anterior, posterior, and both lateral and posterior oblique views were acquired, with 250 Kcounts for each planar image using a gamma camera (Toshiba GCA 602A, LEGP collimator, Japan).



Pulmonary 99mTc-Macroaggregated Albumin Perfusion Scintigraphy

99mTc-macroaggregated albumin (0.5–2.0 MBq/kg) was injected intravenously slowly during three to five respiratory cycles while the patients were in a supine position (11). Anterior, posterior, and both lateral and posterior oblique views were acquired with 500 Kcounts using the same gamma camera. Two experienced nuclear medicine physicians independently interpreted the V/Q scans. A matched defect was defined as ventilation and perfusion defects in the same location. A mismatched perfusion defect was defined as a perfusion defect not accompanied by a corresponding ventilation defect, and a mismatched ventilation defect was defined as a ventilation defect without a corresponding perfusion defect.




RESULTS

This retrospective and descriptive study included 10 patients with a diagnosis of PIBO who were followed up at our Pediatric Cardiopulmonary Outpatient Clinics. Of the 10 patients, two were excluded due to congenital heart disease and because a full image study could not be obtained. The remaining eight patients were enrolled in the study (four boys and four girls). The mean age at symptom onset was 25.8 months (range 15–41 months). At the time of diagnosis, most of the patients had cough, tachypnea or dyspnea, and wheezing or crackles on auscultation (Table 1).


Table 1. Clinical and imaging characteristics of the patients with BO.
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Three of our patients were serum Mycoplasma pneumoniae IgM positive and recognized as Mycoplasma pneumoniae related BO; one was positive rapid antigen tests for influenza and others are unknown etiology. The common initial clinical presentation including dyspnea, cough and fever. Interestingly, one case revealed recurrent pneumomediastinum and wheezing (case 7).

An echocardiogram was requested to rule out heart disease and indirectly evaluated pulmonary arterial pressures in all patients. The max velocity (Vmax) was determining by tricuspid regurgitation, and pulmonary hypertension was recognized while Vmax more than 2.8 m/s (17). Subsequently, six patients had normal systolic pulmonary artery pressure (SPAP), whereas two patients had higher SPAP, with a range from 35 to 46 mmHg of SPAP.

All of the enrolled patients underwent HRCT, DECT, and pulmonary scintigraphy. In the main finding on HRCT, mosaic pattern is the most common feature (7/8) in our patients, followed by atelectasis (5/8). In lung pulmonary scintigraphy, two patients received only pulmonary perfusion scintigraphy, and the others received both ventilation and perfusion scintigraphy. In the 2 cases who only received perfusion scintigraphy, reduced pulmonary perfusion was noted, whereas unilateral or bilateral V/Q matched defects were present in the others. The DECT PBV image shows various degree of decreased perfusion, which is correlated to the decreased perfusion on pulmonary perfusion scan. Figures 1, 2 shows CXR, HRCT, perfusion scan, and reduced PBV images on DECT of case 1 and case 8.


[image: Figure 1]
FIGURE 1. A 4 years old girl diagnosed with post-infectious with initial clinical symptoms of cough and dyspnea. (A) Chest X-ray revealed peribronchial thickening and emphysema. (B) Axial view of HRCT revealed mosaic pattern and bronchiectasis (arrow). (C) Axial view of DECT reveal regional decreased pulmonary blood vasculature, and (D) Perfusion scintigraphy showed reduction blood flow in bilateral lungs. HRCT, high resolution computed tomography; DECT, dual energy computer tomography; R, right side; L, left side.



[image: Figure 2]
FIGURE 2. A 2-year-old boy presenting with tachypnea and dyspnea and receiving flexible bronchoscopy, which showed normal tracheobronchial appearance except much whitish sputum. (A) Chest X-ray revealed hyperinflation and attenuation of vascular marking in both fields. (B) Axial view of HRCT revealed mosaic pattern which are characterized by well-defined border, areas of decreased lung attenuation are associated with decreased pulmonary blood vasculature of DECT image (C). (D) Perfusion scintigraphy revealed marked lobar defects in right upper, left lower, and left upper lung fields. HRCT, high resolution computed tomography; DECT, dual energy computer tomography; R, right side; L, left side.


Five patients (case 1, 4, 6, 7, 8) underwent spirometry during follow-up, and the others were younger than 7 years or uncooperative. The results showed one was normal (case 6); two were mixed type pulmonary dysfunction (case 1 and 7); one was airflow obstruction (case 4); and one was restrictive pulmonary dysfunction. Four (case 1, 4, 7, 8) had a decreased end-expiratory flow (MEF25 < 35%).

Treatment varied and was individualized. Systemic or inhaled corticosteroids were administered to all of the patients. The mode of steroid administration was chosen empirically according to the severity of the case. Inhaled bronchodilators (short-acting ß-2) were administered to all of the patients who had exacerbations of the respiratory condition and in those who responded to it clinically. Long-term azithromycin was given to 5 of the patients for immunomodulation. Montelukast was given to five of the patients to control an unstable chronic respiratory status. Moreover, sildenafil was also given to two patients with pulmonary hypertension (PH) secondary to BO and both showed marked improvement of oxygenation and estimated SPAP.



DISCUSSION

Various respiratory viruses or bacteria including adenovirus, respiratory syncytial virus (RSV), Mycoplasma pneumoniae, type B Streptococcus, Legionella pneumophilia and Bordetella pertussis have been investigated in relation to the development of PIBO (18–21). Viruses can be identified by polymerase chain reaction, detection of antibodies, rapid antigen test, or virus isolation in acute infections of the respiratory tract. In our study, some of the patients were only referred to our center weeks or months after the acute infection stage, and so it was not possible to verify the pathogens. Three of the 8 patients were Mycoplasma pneumoniae IgM-positive at the initial hospitalization and were diagnosed with Mycoplasma pneumoniae-related PIBO.

PIBO is more common in children, especially in those under 1 year old; however, age does not appear to be a risk factor for the development of PIBO (22–24). The common features of BO are tachypnea, wheezing, and hypoxemia persisting for at least 2 months after a causative event (5). In our patients, dyspnea, abnormal breath sounds on auscultation, and cough were the most common symptoms. To the best of our knowledge, only two articles have reported the prevalence of PH in BO. Nathan et al. reported that 42.3% of the lung transplant recipients in their study had an elevated pulmonary pressure (25), and Pate et al. reported that 3 of 4 patients (75%) were diagnosed with PH after the diagnosis of BO at a median of 91 days after hematopoietic stem cell transplantation (26). There was no such study in the aspect of PIBO and our study revealed that two of eight (25%) has PH and start the treatment with sildenafil once the diagnosis was made. Taken together, patients with PIBO should be regularly screened for PH due to its high prevalence. In addition, since hypoxemia presents in both BO and PH, hypoxemia in a patient with BO is typically due to worsening PH, and PH may also contribute to hypoxemia.

Steroid therapy has always been the central of BO treatment (2, 5, 7, 8). However, the side effects of the long-term systemic administration of glucocorticoids and inhaled corticosteroids have caused investigators to search for an alternative treatment for BO. Recently, macrolides have been proven to have anti-inflammatory and immunomodulatory effects, and they have begun to be used for post-transplantation BO. A comprehensive analysis in 2014 and a large-scale randomized clinical trial in 2015 confirmed that azithromycin can improve the lung function FEV1 and reduce mortality of patients with post-lung transplant BO syndrome (27, 28). The recommendation of macrolides to treat post-transplantation BO is Grade IA and Grade 2C for PIBO (29). A more recent study demonstrated that combination therapy with budesonide, montelukast and azithromycin could improve pulmonary function and respiratory symptoms in children with PIBO who were under 5 years of age compared to unconventional treatment (budesonide for nebulization intermittently, prednisone, montelukast and antibiotics if necessary) (30). In our study, 3 of the patients received azithromycin and montelukast and had clinical improvement.

The obliterative changes in BO include divergent histologic and radiologic findings, the ability to progress to additional compartments of the lung, and different clinical outcomes (31). CXR images are non-specific, and can sometimes be normal or present with air trapping, atelectasis, bronchial thickening, or a more unilateral hyperlucent lung, known as Swyer-James syndrome (22). Similar to other studies on HRCT in BO, we also found that a mosaic pattern/attenuation was the most typical feature, and others included atelectasis, peribronchial thickening, air-trapping, and bronchiectasis (2, 22, 32). The mosaic pattern may be caused by vascular shunt from hypo-ventilated areas to normal or hyper-ventilated areas with decreased perfusion due to vessel constriction caused by regional tissue hypoxia (22). To further understand the distribution of pulmonary blood flow, a V/Q scan can provide functional lung imaging to diagnose BO (33, 34). In accordance with our previous study (11), decreased V/Q-matched defects were the major finding of pulmonary scintigraphy in the patients with BO in the current study.

DECT produces accurate anatomic and functional images by manipulating the differences in the interactions of high- and low-energy photon spectra with the atomic factors of various materials and tissues to accurately discriminate the chemistry of tissues of the body. Xenon ventilation DECT can provide two key insights into lung physiology, i.e., regional perfusion and ventilation, and it has been actively investigated with regards to clinically relevant applications (4, 16, 35). This functional information provided by DECT is supplementary because high-resolution thoracic anatomy is entirely preserved on dual-energy thoracic CT. In addition, virtual non-contrast imaging can omit pre-contrast scanning. In this respect, DECT imaging is at least dose-neutral, which is a critical requirement for pediatric patients (35). To the best of our knowledge, no previous study has compared DECT PBV images to perfusion pulmonary scintigraphy in patients with PIBO. Although we could not perform xenon ventilation CT scans at our facility, the results are the first to show that DECT PBV images and pulmonary perfusion scans are compatible in BO patients. This result could suggest that DECT may be used in BO patients as it has no additional radiation exposure and provides regional pulmonary perfusion information as pulmonary perfusion scan.



CONCLUSION

The therapeutic strategy and diagnostic tools of PIBO are lacking of standardization. HRCT and V/Q scans are important image tools in diagnosis and follow-up of BO, whereas DECT may be used in BO patients as it provides additional information on pulmonary vasculature. We suggested to gather DECT PBV when performing HRCT in patients with BO if available. Better understanding the image presentations and the feasible medication choice of PIBO will lead to better outcome for this lifelong respiratory disease.
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The coronavirus disease 2019 (COVID-19) represents a health problem with multidimensional impacts and heterogeneous respiratory involvement in children, probably due to the interaction between different and complex mechanisms that could explain its variable degrees of severity. Although the majority of reports reveal that children develop less severe cases, the number of patients is increasing with more morbidity. Most serious respiratory manifestations are acute respiratory distress syndrome (ARDS) and pneumonia. By understanding the key aspects that can be used to differentiate between pediatric and adult respiratory compromise by COVID-19, we can improve our knowledge, and thus decrease the negative impact of the disease in the pediatric population. In this mini review, we summarize some of the mechanisms and findings that distinguish between adult and pediatric COVID-19 and respiratory involvement, taking into account some issues related to the physiopathology, diagnosis, clinical and paraclinical presentation, severity, treatment, and control of the disease.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) is the result of infection by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1, 2). This coronavirus is characterized by its high level of transmissibility and pathogenicity, resulting in a pandemic, and its multidimensional impact (3–5). SARS-CoV-2 produces heterogeneous respiratory involvement, especially in children (6, 7). Some vascular, immunological, and molecular mechanisms probably explain its variable degrees of severity or atypical presentations compared to adults (8) and, consequently, some differences in diagnosis, severity, treatment, and control of the disease. Currently, pediatric patients with severe manifestations of the disease are increasing (9); pneumonia is the most common respiratory entity, and acute respiratory distress syndrome (ARDS) is the critical form (7).

With the aim of summarizing the mechanisms and findings that can be used to differentiate respiratory involvement between pediatric and adult COVID-19, taking into account issues related to the physiopathology, diagnosis, severity, treatment, and control of the disease, this paper elaborates on the characteristics of the SARS-CoV-2 pathophysiology, clinical and paraclinical presentation, diagnostic and therapeutic approach, and follow-up of COVID-19 in both populations. Using the Scopus and PubMed databases, the keywords SARS-CoV-2, COVID-19, respiratory involvement, respiratory system, pneumonia, and ARDS were searched. This review includes the differences in COVID-19 manifestations between children and adults.



EPIDEMIOLOGICAL ISSUES

COVID-19 occurs in children of all ages (10); however, the pediatric disease represents <5% of total cases (11). In this population, the infection predominates in school children and adolescents (12); the Center of Disease Control and Prevention (CDC) reports 386,329 cases in the United States (13). The percentage of cases is slightly higher in females compared with males (50.5 vs. 49.5%), and the rate of mortality is extremely low in both populations (<0.1%; 62 deaths) with a greater percentage of deaths in males (52.5%) (14). Despite these statistics, global data about morbidity in children may be understated because they have less frequent exposure to some sources of transmission, and the clinical course includes milder respiratory symptoms compared with adults (15–18). These situations may explain why children are less often tested (18, 19). For them, transmission of infection through familial clusters predominates (10).



PATHOPHYSIOLOGY

The Figure 1 shows the basic structure of SARS-CoV-2 and pathophysiology of COVID-19. SARS-CoV-2 infection causes heterogeneous respiratory involvement ranging from mild to severe respiratory failure. In pediatric and adult patients, this compromise can occur in three phases. In the first phase, the virus binds to epithelial cells of the respiratory tract to commence primary replication; most patients are able to contain the infection in this stage and thus present mild disease. In the second phase, SARS-CoV-2 migrates down the airways and enters alveolar epithelial cells facilitating pulmonary viral replication and localized inflammation (7, 20); most patients need hospitalization due to pneumonia. In the third phase, the rapid replicative process of the virus at the lung level may trigger apoptosis of cells with vascular leakage and the release of pro-inflammatory proteins (5). The simultaneous downregulation of ACE2 expression can alter the renin-angiotensin system with elevation of angiotensin-2, which increases inflammation and vascular permeability, causing pulmonary edema. Patients can develop a strong immune response (21, 22) with subsequent cytokine storm [e.g., release of IL-2, IL-6, IL-7, IL-10, GCSF, IP-10, MCP-1, MIP-1, and TNF-α; (5)] which causes ARDS and respiratory failure (23–25). The proportion of T cells (helper T cells and memory helper T cells) is diminished, and naïve helper T cell levels are elevated in the severe disease (5, 14). To date, pediatric moderate and critical respiratory cases are less frequent than those presented in adults.
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FIGURE 1. Basic structure of SARS-CoV-2 and pathophysiology of infection.


Generally, the SARS-CoV-2 viral load is elevated in the first week of clinical presentation, gradually reducing afterward (26). However, after 4–7 days of COVID-19, some patients present a critical evolution concurrent with a decrease in viral load and deterioration of inflammatory parameters. Among the more severe clinical cases, some patients can have a less steep and prolonged decline in the SARS-CoV-2 load (5). Around days 7–10 of symptoms, an elevation in IgG and IgM levels against antigens of the virus appears, and there is a progressive decrease in the viral load (5, 27, 28). The persistence of high viral load and exaggerated inflammatory response in severe lung involvement and multi-organ dysfunction is explained by the combination of virus-mediated cytopathic effects and immunologically mediated injury. Patients can gradually improve, or they do not recover (29).

Mechanisms have been proposed to explain the lower severity of respiratory involvement by COVID-19 in children compared to adults (30). From an immunological standpoint, the function of innate immunity with a predominance of natural killer cells and the previous development of immunological memory against other respiratory infectious processes seem to influence the response capacity against this beta coronavirus, minimizing its clinical impact (5, 31, 32). Likewise, the availability of a greater number of B and T lymphocytes observed in children can prevent an excessive inflammatory response, conferring a less severe course of illness (33), especially in pneumonia (34). In this way, another potential route that can provide clinical benefit is constant immunological training secondary to frequent exposure to early childhood vaccines, including immunization against HiB and pneumococcus (35).

At the vascular level, endothelial function, and coagulation are more preserved in children, reducing the possibility of vasculitic alterations or pulmonary thrombotic phenomena (36).

From a microbiological context, the presence of additional viral infections concomitant to SARS-CoV-2 occurs more frequently in children than in adults and seems to play a protective role by inhibiting the replicative process (37–40). Furthermore, the competitive effect of normal airway microbiota can decrease colonization and growth of the virus (41, 42) and interfere with the appearance or infection severity. Previous infection with other coronaviruses may influence development of cross-protection against the novel coronavirus (43).

In children, exposure to SARS-CoV-2 is usually less frequent and has a lower intensity due to adopted precautionary measures, favoring a milder clinical presentation of COVID-19 (44).

From a molecular perspective, in the pediatric and adolescent population with COVID-19, increased ACE2 activity is observed. This characteristic appears to have a protective function due to its participation in anti-inflammatory signaling (43, 45), leading to less severe disease in children compared to that in the elderly (29). However, Sharif-Askari et al. reported a low expression level of TMPRSS2 and ACE2 in the upper and the lower respiratory tract of children and adolescents in comparison to adults with COPD or who smoked, suggesting the negative impact of some clinical conditions on the severity of COVID-19 in adults (46).



DIAGNOSIS

The demonstration of SARS-CoV-2 through the reverse transcription polymerase chain reaction (RT-PCR) test confirms diagnosis (15, 19, 28, 47); it is particularly useful in children given their heterogeneity in presentation of COVID-19 (12). In some cases, it is possible to find patients with a high index of suspicion for this viral infection with suggestive symptoms and/or a history of exposure and a negative test result in whom it can be necessary to repeat (48).

Moreover, the serology is available to recognize the population with prior or recent SARS-CoV-2 infection (6). However, this test is not considered the only tool to support diagnosis of acute infection because of the variability in the time for the seroconversion or the detection of antibodies against SARS-CoV-2 (6, 43). The serological assay may be helpful in the case of an individual with a high likelihood of infection whose molecular diagnosis and antigen test show false-negative results (6, 49, 50). Unlike adults, the seroconversion rate can be lower among infected children (51, 52), which suggests a weaker seroconversion in asymptomatic cases and slight forms of COVID-19 (43). Rostad et al. found IgG antibodies to the virus in all children with multisystem inflammatory syndrome in children (MIS-C) and in more than 90% of those with severe or moderate COVID-19 by clinic and inflammatory parameters; however, antibody responses in children with a mild form were not detected (53). With these findings, a prognostic and diagnostic role of antibodies specifically for pediatric COVID-19 is suggested.



CLINICAL PRESENTATION

In about two thirds of pediatric cases of COVID-19, the child had physical contact with a confirmed case (54), and the exposure, different from adults, usually occurred at home (55). In children, most described symptoms are fever (47.5–51.6%) and cough (41.5–47.3%) (7, 10, 18, 21, 22, 36, 56, 57); however, dyspnea (40%) is the most common respiratory signal in more severe presentations, such as pneumonia and ARDS (7, 18). Relative to adults, pediatric cases present other concomitant symptomatology (e.g., fatigue and muscle pain) and more co-morbid conditions even in different systems in a representative proportion (55, 58).

The progression to severe or critical forms is infrequent in pediatric cases (10): 2% are severe cases, and <2% correspond to critical evolutions (7). Some cases are classified as moderate disease due to radiological findings, although the symptoms are few (2, 7, 59). The recovery is faster probably due to lower affectation and a better immune response (60), but complications in the presence of co-morbidities are more likely (10, 61, 62). Although mortality in cases requiring pediatric intensive care units (PICU) is low (12, 63), an increase is being observed.

Götzinger et al. explored various risk factors for admission to intensive care. Age below 1 month, male sex, clinical evolution with lower airway infectious compromise, and a history of co-morbidities showed relevance. They also identified a heterogeneity of previous diseases, including pulmonary entities, cardiac disturbances, malignant diseases, or nervous system disorders. Some patients received antivirals or immunomodulators due to a serious clinical course (64); however, the role of these agents in pediatric COVID-19 is not fully established.



RADIOLOGICAL FINDINGS

The American College of Radiology suggests performing chest x-rays (CXR) in pediatric patients with moderate or severe symptomatology, and in those with antecedents and previous risk factors (18) because they can need hospitalization and greater care (65). Peribronchial cuffing in both lung fields and central and peripheral ground-glass opacities (GGOs) are present in this group. However, these patterns are still non-specific. Another finding is bilateral or unilateral consolidation. Less common presentations include pleural effusion and mediastinal widening. During follow-up, radiological control depends on clinical evolution with rapid resolution of involvement in most of the cases. If patients worsen, a persistence of symptom exacerbation in findings or new consolidations can be observed (66).

Palabiyik et al. observed alterations in CXR in about half of children evaluated for pneumonia, particularly in the lower areas. The most frequent abnormality was unilateral increased density (67). Unlike adults, radiological compromise is less described in children possibly because the cases are mostly mild, the disease goes unnoticed, or it is poorly evaluated (68). Some authors emphasize atypical manifestations in pediatric pneumonia, including unilateral lobar or segmental consolidation, central bilateral or unilateral GGOs, and/or consolidation, single-round consolidation, pleural effusion, or lymphadenopathy (65, 69).

The COVID-19 alterations most recognized on a chest computerized tomography (CT) scan in pediatrics are GGOs and patchy shadowing (7). Although, this imaging study is not recommended for systematic use, it has shown utility mainly in the evaluation of children when the acute clinical course includes hypoxemia or dyspnea, deterioration in clinical or laboratory parameters (for example, a higher D-dimer), or there is a poor response to support therapy (9, 65, 66). Unlike adults, CT indications are more specific, such as in clinical worsening or suspicion of pulmonary embolism (30, 65), because the avoidance of radiation is necessary. Typical features more reported in pneumonia are bilateral, peripheral, and/or sub-pleural GGOs and/or consolidation, especially in the lower lobe—and the “halo” sign. In relation to the indeterminate pattern, the CT scan reveals similar findings to those previously described in CXR and in “crazy paving” signs. Discrete small nodules (tree-in-bud, centrilobular) and lung cavitation can be observed in atypical presentations as well as other alterations mentioned in the radiography. In cases of indeterminate or atypical patterns, it is recommended that additional investigations of differential diagnoses occur according to each case (61, 69).

In comparison to adults, children have a generalized peripheral distribution of lesions (68) and a lower percentage of cases with GGOs, consolidation, crazy paving pattern, pleural effusion, and bilateral compromise (70). The more pronounced difference between the groups corresponds to a higher frequency of unilateral lesions (30% of cases) and nodules (15%) in children (70, 71); this implies that atypical presentations should be considered more often in pediatrics (67). Also, ~20% of the pediatric population have normal CT, which reinforces the importance of its performance in selected cases (70).



LABORATORY DATA

Most children with COVID-19 have normal laboratory findings compared with adults; however, a variability in features is recognized (18). In a review that included 655 pediatric patients, 17.1% showed low leucocyte levels, and 13.3% had lymphopenia or neutropenia (18). In other publications that summarize various studies, high levels of ferritin in 26% of children (12), elevation of C-reactive protein in 19%, and procalcitonin in 25–31% have been reported (5, 12). All these alterations present possibly in the context of greater severity secondary to a more inflammatory response. In contrast, a lower presence of marked inflammatory changes and lymphopenia is possible (72). In relation to co-infection, the prevalence of other common respiratory pathogens is high in children; therefore, concomitant evaluation (37) in the peak season for viral respiratory illness is suggested (73).

In a study of 70 adolescents admitted to PICUs, 21 (30%) developed ARDS even in the first 2 weeks of admission with a prolonged hospital stay; most patients had bilateral infiltrates. The platelet counts were significantly lower, and levels of IL-6 were more elevated compared to those without ARDS. Although other markers (lactate, pro-B-type natriuretic peptide) were high, the results did not have statistical relevance (74). The overall mortality was 2.8% (74); however, in adults the percentage of mortality with this condition is higher.



TREATMENT

Generally, children with severe and critical presentations of COVID-19 require hospitalization. In addition, patients with non-severe forms and risk of severe disease due to pre-existing conditions can need hospital admission. Pediatric treatment focuses on supportive care by respiratory support with supplemental oxygen and invasive or non-invasive ventilation, fluid and electrolyte support, judicious use of empiric antibiotics as indicated for community-acquired or healthcare-associated pneumonia, systematic clinical follow-up, and laboratory monitoring (75). Unlike adults, anticoagulation seems to be less frequent in children, shown by lower presentation of embolic events. Evaluation of inflammation with C-reactive protein, D-dimer, LDH, ferritin, and IL-6 can be considered two to three times per week or if there is clinical worsening (75, 76). Other laboratory or imaging studies can be required according to each case. Special attention must be given to adequate nutritional support and temperature control. Table 1 summarizes respiratory management in children (49, 77).


Table 1. Key points in respiratory management of Covid-19 in Children (49, 77).
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There is no specific treatment for adult and pediatric COVID-19, and pharmacotherapy is controversial (64, 78). Therefore, clinical trials have been developed to investigate the use of antivirals, antimalarials, and adjunct therapies especially in adult patients with severe or non-severe manifestations. Other investigations have evaluated the impact of using different forms of oxygen therapy and prevention measures (79, 80). Few studies have included children. The main limitation in the research on antiviral therapy and other strategies has been the big difference in the number of pediatric and adult events in COVID-19 and asymptomatic infection or with minimal symptoms among children (81).

There are some conditional suggestions for the utilization of antiviral agents in pediatric COVID-19 given the lack of demonstrated efficacy. This therapy should be reserved for children with severe involvement secondary to confirmed disease. Remdesivir, a nucleotide analog prodrug that inhibits viral RNA polymerases (82), has been considered in pediatrics because randomized trials in adults suggest a potential benefit; however, the use of this agent must be individualized and, preferably, in the context of a clinical trial (75, 77, 81, 83). At this time, remdesivir is approved by the FDA for the treatment of COVID-19 in hospitalized patients aged >12 years and >40 kg in weight (84). Lopinavir/ritonavir is not recommended for routine use in children due to unfavorable pharmacodynamics and the absence of evidence for efficacy (77, 85, 86). Hydroxychloroquine and chloroquine are considered only in clinical trials and in hospitalization (77, 87–90).

As part of adjunctive therapy, low-dose glucocorticoids are suggested for select children with severe or critical disease who cannot participate in a clinical trial: the efficacy is uncertain given children have been underrepresented in the clinical trials (75, 79–81, 90–93). The use of other adjunctive treatment must be discussed case by case according to disease severity and in agreement with multidisciplinary teams as indicated (90). IL-6 inhibitors, interferon-beta 1b, and convalescent plasma from recovered COVID-19 patients are not recommended for routine use because the benefits/risks are uncertain in children (83, 84, 90, 94). Moreover, the clinical potential of other immunomodulators or passive immunization therapies must be elucidated with prospective, randomized, placebo-controlled trials in the pediatric group. Recently, evidence of potential therapeutic options in COVID-19 has been updated; however, it is necessary to develop high-quality trials to improve disease management (95).

Preventive measures to reduce viral spread utilize personal hygiene maintenance, including frequent hand washing, use of a face mask, disinfection of surfaces, social and physical distancing, home isolation, voluntary home quarantine, and operation adjustments in educative centers (77, 96).

Vaccination seems be the most effective method to avoid and control the illness (97, 98). Strategies include recombinant vectors, DNA, mRNA in lipid nanoparticles, protein subunits, inactivated viruses, and live attenuated viruses (7, 97, 99). Recently, the FDA approved the emergency use of two vaccines to prevent SARS-CoV-2 infection in individuals >16 years, generating profound worldwide expectation (100).



CONCLUSIONS

Various mechanisms and findings can be used to differentiate between adult and pediatric COVID-19, especially with respiratory involvement; however, children are less often tested. They have lower seroconversion and less exposure to some sources of transmission, although infection through familial clusters predominates. Adaptive and innate immune responses, previous or concomitant infection with other viruses, microbiota effects, increased ACE2 activity, and more preserved coagulation and endothelial function confer clinical advantages that contribute to the presentation of milder forms of the disease and a better prognosis. Fever and cough are more common manifestations, and dyspnea occurs in the context of pneumonia and ARDS. Co-morbidities can affect evolution. Most children show normal laboratory findings; however, there is certain variability and a lower prevalence of lymphopenia or marked inflammatory parameters. They can present atypical or normal images in a representative proportion of cases. CXR is preferred over CT. A CT scan is performed if there is clinical worsening or suspicion of pulmonary embolism. Pediatric treatment focuses on supportive care as there is less research into vaccines and specific treatments and thus a more conditioned use of pharmacotherapy.

Although there are still knowledge gaps in pediatric COVID-19 discussion, it is necessary to continue comprehensive and specific investigations to mitigate its consequences.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

This mini review was financed with own resources.



ABBREVIATIONS
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In recent decades there have been multiple pathogens, viruses and bacteria, which have emerged as causal agents of pneumonia affecting adults, albeit less frequently, to children. For the purposes of this article we have classified emerging pathogens as follows: True emerging, to pathogens identified for the very first time affecting human population (SARS-CoV-1, SARS-CoV-2, MERS-CoV, avian influenza, and hantavirus); Re-emerging, to known pathogens which circulation was controlled once, but they have reappeared (measles, tuberculosis, antimicrobial resistant bacteria such as CA-MRSA, Mycoplasma pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Stenotrophomonas maltophilia, and new serotypes of post-vaccine pneumococcal); and finally, those that we have called old known with new presentations, including common pathogens that, in particular condition, have changed their form of presentation (rhinovirus, and non-SARS coronavirus). We will review for each of them their epidemiology, forms of presentation, therapy, and prognosis in children compared to the adult with the aim of being able to recognize them to establish appropriate therapy, prognostics, and effective control measures.

Keywords: pneumonia - clinical features and management, children, emerging respiratory pathogens, re-emerging respiratory pathogens, COVID - 19


INTRODUCTION

Children are not exempt from developing pneumonia from emerging pathogens like adults. The consequences, the likelihood of becoming infected and the prognosis will depend on the pathogen, incidence, and other risk factors. Over the past decades several microbiological agents, including viruses and bacteria that compromise the lower respiratory tract have emerged (Figure 1).


[image: Figure 1]
FIGURE 1. Timeline of epidemics and pandemics involving the lower respiratory tract during the last two decades.


For the purposes of this review we have classified emerging pathogens into three categories: True emerging pathogens, to pathogens identified for the very first time affecting human population; Re-emerging, to known pathogens which circulation was controlled once, but they have reappeared or have developed significant antimicrobial resistance; and finally, those that we have called old known with new presentations, including pathogens that have always been present but in which new forms of respiratory involvement have been identified, other than those classically known so far.

In the first category we will discuss emerging new coronaviruses such as SARS-CoV-1, SARS-CoV-2, MERS-CoV, avian influenza and hantavirus (Andes virus). In the group of reemerging we will see the respiratory manifestations in children caused by measles, tuberculosis, bacteria with new developed antimicrobial resistances, new serotypes of post-vaccine pneumococcal; and in the old known with new behavior we will see rhinovirus and coronavirus (HCoV-NL63, HCoV-HKU1).

Traditional diagnostic methods, especially for viral respiratory pathogens, do not include many of these new agents so the possibility of identifying the etiology in episodes of low respiratory infections in children reaches 50% (1).

The objective of this review is to bring forward these respiratory pathogens, although with low frequency in children, which are certainly important to recognize to establish prognostics, appropriate therapy, and effective control measures. We do not include in this review certain pathogens, even though they were identified in the last 20 years, nowadays we know their behavior and it is possible to identify them with routine laboratory tests such as human metapneumovirus.



TRUE EMERGING PATHOGENS


Severe Acute Respiratory Syndrome Coronaviruses (SARS-CoV-1, MERS-CoV, SARS-CoV-2)

Coronaviruses are viruses with a single strand of RNA with positive polarity belonging to four genera: alpha, beta, gamma, and delta coronavirus. Human coronaviruses that have traditionally been responsible for the common cold or mild respiratory infections are HCOV-229E, HCoV-OC43, HCoV-NL63, and HCoV-HKU1. In the year 2003, the first coronavirus capable of producing a serious respiratory involvement with high mortality was identified, SARS-CoV-1, causing SARS and later, in the years to come MERS-CoV and recently in 2019 SARS-CoV-2, all belonging to beta coronaviruses and genetically closer to each other than to the traditional human coronaviruses (2), with zoonotic origin, probably bats. These coronaviruses are highly pathogenic and have high mortality when they infect humans (Figure 2).
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FIGURE 2. Number of cases of Severe Acute Respiratory Syndrome (SARS) caused by emerging coronaviruses worldwide from 2003 to 2020. SARS (purple), MERS (red), and COVID-19 (yellow) cases until December 21, 2020. Size of circles is proportional to the number of cases (range: 0–23,886,000 cases).



Severe Respiratory Syndrome (SARS)

This syndrome with respiratory failure was identified in 2002 by outbreaks of severe pneumonia in southern China. In February 2003, the World Health Organization (WHO) reported an emerging disease with severe respiratory involvement. Quickly and in collaborative work, the causal agent was identified as a new coronavirus called SARS Coronavirus (3, 4), which was transferred from wild animal species to humans. The virus spread rapidly affecting 32 countries with more than 8,000 cases and 916 deaths between 2003 and 2004 with nearly 10% case fatality rate (CFR). Infection in children during the SARS outbreak was uncommon, ~6% of cases in the Hong Kong outbreak and less than 5% in China were under the age of 18 and most of them were infected within their household (5). No transmission was documented in schools. Overall mortality was around 15% where older adults and people with associated comorbidity were most at risk of death. In pediatric age, adolescents were the ones who had the highest risk of serious illness (6). The epidemic ended abruptly in July 2003 and just isolated cases were documented in humans until 2004.


Clinical Manifestations

After an incubation period of 5 to 10 days, the most common form of presentation in children was fever, dry cough, and runny nose. It differed from adults in whom the most common form of presentation was fever, cough, and dyspnea, associated with myalgias, headache, and shivers. However, adolescents over the age of 12 developed similar symptoms to adults, more severe lung involvement and hypoxia with oxygen requirement (7). No child had wheezing, lymphadenopathies, or visceromegaly (8). Laboratory tests highlighted the presence of lymphopenia in up to 64% of hospitalized children, with elevation of LDH and CPK. Lymphopenia as well as odynophagia and neutrophilia at admission, were identified as predictive factors of extensive lung involvement and severity (8, 9). Lymphopenia and thrombocytopenia were more common in children >12 years compared to <12 years who had rather reactive thrombocytosis. Radiological changes in the lungs of hospitalized patients were observed in 55% of children. These changes consisted mainly of consolidations (46%) and ground glass opacification (GGO), usually in peripheral locations. Multifocal consolidations were observed in 22%, followed by peribronchial thickening in 14%. Only 1 patient out of a total of 62 had pleural effusion and none showed interstitial pattern (10). In the long term, 34% of children in follow-up had both functional and radiological long-term abnormalities, however, the children were asymptomatic (9).



Diagnosis

SARS diagnosis was made in cohorts of children who met the clinical definition and had epidemiological links, using PCR. Only 48% had positive PCR taken within the first 8 days of symptoms and in 16% the virus was isolated by culture from upper airway samples. The sensitivity of diagnostic methods did not vary depending on the age or severity of the picture. Seroconversion occurred in nearly 100% of children studied within 21 days of onset of symptoms, being as early as 8 days. At 4 to 6 months of follow up most of the children still had positive antibodies although the titles had decreased by more than half (8).



Treatment

Almost all children received ribavirin as part of treatment and 85% of those hospitalized received steroids. Those over the age of 12 were also given methylprednisolone due to the highest frequency of most severe cases in this age group (8).



Prognosis

No deaths were described within the pediatric group with SARS, the risk of serious illness was much lower than in adult patients, except in those over 12 years of age where clinical and radiological manifestations and severity approach adults. In the long term, it is described that a quarter of children had muscle weakness and transient hair loss but with full recovery after a few months (8).




Middle East Respiratory Syndrome (MERS)

MERS-CoV was first isolated from a patient in Saudi Arabia in 2012. Since then and until September 2019, more than 2,500 cases and more than 860 deaths have been identified. The CFR of MERS globally reaches 34.4% (11) and has affected 27 countries, mainly in the Middle East (Figure 2). It is thought it has been transmitted from camels to humans. This virus continues to circulate to these days, with low frequency.

The incidence in children is much lower than in adults. During the epidemic, 38 pediatric cases have been reported and 3 deaths have occurred. In the Saudi Arabia's cohort with 1,791 cases, 30 correspond to pediatric cases (1.7%), and most of them were exposed to a household case (12).


Clinical Manifestations

After an incubation period of 5 to 7 days (2–14 days), the most common symptoms in adults are fever, dry cough, myalgias, shivers, arthralgia followed by dyspnoea. Asymptomatic or oligosymptomatic infection is estimated to reach 25–50% of infected individuals. Risk factors for serious illness include age >65, high fever, thrombocytopenia, and lymphopenia as well as the presence of comorbidities such as immunosuppression. In these cases, the risk of mortality is very high (13).

In children the infection is milder than in adults with cough being the predominant symptom (14). In the Saudi Arabia's pediatric cohort, including 30 cases, 3 deaths have occurred: a 9-month-old infant with nephrotic syndrome, a 2-year-old with cystic fibrosis, and a 15-year-old adolescent. The average age of children was 11 years (0–17 years) and 80% of them were over the age of 10. The infection was asymptomatic in 43% (10/23) of patients. Hospitalization reached 50% (12/24) of children. In this cohort the frequency of hospitalization and complications in children was significantly lower than in adults but there was not statistically significant difference in mortality. However, the fatality rate in children is about 8%, much lower than described for adults. In the Thabet's series, that accounts for 14 pediatric cases and 2 deaths, they observed that severe cases of MERS in children had the same presentation as in adults with multiple organ failure and acute renal failure (15). The radiological changes described in the 3 children with the most serious disease, were bilateral diffuse chest infiltrations.



Diagnosis

Like SARS, the diagnosis is based on upper respiratory PCR and later, by the presence of MERS-CoV antibodies (13). The duration of viral excretion in children, especially asymptomatic ones, that could represent an important source for community transmission is unknown (12). Facing a child with low respiratory infection and epidemiological criteria such as travel to the Middle East or contact with someone who has traveled to that area, MERS should be studied as a possible causal agent.



Treatment

Different antiviral therapies have been attempted in adults to treat MERS such as ribavirin, lopinavir-ritonavir, remdesivir, interferon alfa, convalescent plasma but none of them have been studied in randomized clinical trials. The use of corticosteroids does not appear to be indicated in MERS and may even delay viral clearance in critically ill patients (16). None of these therapies have been evaluated in children.




COVID 19

This emerging infection is caused by the latest identified coronavirus, SARS-CoV-2, and it is currently in progress. COVID 19 was decreed pandemic by WHO in March 2020 and since its inception in China at the end of 2019, has affected nearly every country and caused more than 100 million cases worldwide and more than 2.3 million deaths (Figure 2). COVID19 has become the most severe pandemic in the last 100 years comparable to Spanish influenza in 1918 (17).

SARS-CoV-2 would apparently have been passed on to humans from its natural reservoir, the bats, but the intermediary species has not been discovered yet. Since the description of the first cases in China in 2019, it has demonstrated its rapid adaptation to human beings, capable of infecting them easily with a high rate of person-to-person transmission. Its incubation period is on average 3 to 5 days with a range between 2 and 14 days. It is transmitted mainly by respiratory droplets and fomites. Aerosol transmission has not been completely ruled out and might play a role in certain situations such as enclosed environments and from severe patients under procedures such as intubation, ventilatory support, airway aspiration, etc.

Although it affects all age groups, children become infected much less frequently than adults and with less severity, corresponding to ~2% of the total COVID19 cases (18). Most children become infected within their households. Risk factors for a serious infection are age >65 years, presence of comorbidities such as diabetes, chronic kidney failure, hypertension, obesity, immunosuppression. Overall mortality is 2.2% reaching up to 25% mortality in risk groups (17, 19).

In hospitalized adults described in Richardson's series, 14% required intensive care (ICU) management, 12% mechanical ventilation, and 21% died of COVID19 (20). Risk factors for severity were male gender and the presence of comorbidities such as high blood pressure, obesity, and diabetes. The incidence of disease in children is much less common with 0.8 to 1.7% of all patients in different series. The median age in the different series varies between 7 and 11 years. There is no significant difference by sex (21, 22). Initially during the pandemic, it was thought that children did not become seriously ill, however more evidence has accumulated showing that children may require intensive care by ~2 to 6% (22). The age group at higher risk is infants <1 year, who may have severe disease in about 11% of them, compared to 3% of adolescents (22, 23). However, COVID19 overall mortality in children is very low, <0.1% compared to 34% of fatality in people over 80. The most described comorbidities in children are chronic lung diseases (but not asthma), cardiovascular disease, and immunosuppression.


Clinical Manifestations

Children with COVID19 have mainly fever (70%), which is shorter in duration compared to adults, and dry cough (60%). The presence of dyspnea is less common than in adults. In children, gastrointestinal symptoms are more frequent. Progression to severe illness was observed between 0.5 and 2% and required admission to ICU (21, 22).

The chest X ray in children was abnormal up to 49.1% even some of them being asymptomatic (23). Pulmonary involvement in CT scan described by Simoni et al. in a systematic review, which brought together 166 children, showed mostly bilateral infiltration, between 57 and 75%, and a peripheral distribution between 12.5 and 51.7% (24). The presence of GGO was the most common finding in children with pulmonary involvement, followed by the combination of GGO and consolidation according to different series (24, 25). Predominance of lower lobes and upper lobes has been described according to different series suggesting that in children there is not a clear pattern of pulmonary involvement location. The halo sign was frequently observed in children, between 12.5 and 50%, being a rare presentation in adults (25). Pleural effusion and interstitial involvement are rare findings, as is air bronchogram and interlobular thickening. Alterations in pulmonary CT have been observed in asymptomatic children or with mild manifestations. In newborn abnormal radiological findings were described in 48% but specific lesions were not as frequent as in older children; 4% had GGO, 20%, unilateral patchy infiltration and 12% bilateral involvement (23).



Complications

Children develop a severe lung infection with low frequency unlike adults. However, a complication, formerly known as pediatric inflammatory multisystem syndrome (PIMS) and later on named as Multisystem inflammatory Syndrome in Children (MIS-C), has been described in children who presented with shock and a hyper-inflammatory state like observed in Kawasaki disease and is temporarily associated with SARS-Cov-2 infection. The average age of presentation in a Chilean series including 27 children, was 6 years, 52% male. Fever was the most common symptom and gastrointestinal manifestations such as diarrhea, abdominal pain, and vomiting were present in 63% of cases. Around 67% of children had at least one Kawasaki disease criterion. Alterations in heart function were observed in 31% of children and 60% required ICU management (26). This syndrome tends to be later on the disease's stages. Frequently COVID PCR is negative and specific antibodies are positive in children with this type of complication.



Diagnosis

Diagnosis in the acute phase is made by nasopharyngeal PCR and by serology in the following days 80% of children negativize PCR in the upper respiratory tract between 1 and 15 days of onset of symptoms and 6% persist positive for up to 1 month (27).



Treatment

Treatment in children will depend on the severity of the disease. Only symptoms relief treatment is indicated for mild to moderate cases. In cases of severe respiratory involvement, supportive therapy with oxygen administration and ventilatory support when required is the main pillar. Clinical trials to study different treatments for children have not been done. Remdesivir and dexamethasone can be used in the case of severe respiratory symptoms. Hydroxychloroquine, lopinavir/ritonavir, ribavirin have not shown efficacy in the management of patients with severe COVID19 (27). For systemic hyperinflammatory syndrome, treatment like Kawasaki disease with intravenous immunoglobulin and steroids has been proposed (28).




Avian Influenza

Two are the avian influenza viruses that have caused big outbreaks in humans in the last 15 years: influenza A H5N1 and influenza A H7N9. They share the same natural reservoir, wild and domestic birds, and have a low transmission capacity to humans but with serious lung compromise and high mortality.

The H5N1 avian influenza virus was first identified in birds by the death of geese in 1996 and the cases in humans were described for the first time in Guangdong, China in 1997. This outbreak was controlled with the slaughter of thousands of poultry. It re-emerges again in 2003 and since then, presents in seasonal waves during winter months being the last major wave of circulation in late 2014 and early 2015 (29). To date, 862 cases and 455 deaths with CFR close to 50% have been reported in 16 countries. The last human case diagnosed was in October 2020, in a 1-year-old infant in Laos (30). The H7N9 virus, second in importance in human cases, has a low pathogenicity in birds, first appeared in 2013, in Shanghai and since then 5 waves of human cases have occurred in China, the most intense being in 2017. In the latter wave the appearance of high pathogenic strains were documented. The last documented human case was in March 2019, an 81-year-old man in China. To date it accumulates 1568 laboratory-confirmed human cases and at least 613 deaths, with an overall mortality of 39% (31).

Birds are the main reservoir of influenza A virus. The H5N1 influenza virus emerged as a virus of high pathogenicity, that is, capable of producing great morbidity and mortality among birds, and when infects humans, which do not constitute its natural host, also causes serious lung involvement and high mortality. The H7N9 virus is a low pathogenic virus for birds, therefore it is very difficult to recognize it before cases in humans occur. The way of transmission is mainly from poultry or domestic birds to humans, but human-to-human transmission has also been identified in a much smaller proportion and sustained person to person transmission has not been described so far. The incubation period is longer than seasonal influenza being between 2 and 8 days but can reach up to 17 days. The influenza virus binds by its hemagglutinin molecule to the sialic acid receptor located in the airway epithelium. The human influenza virus has a higher affinity to the sialic acid-α 2,6 galactose receptor. The natural receptor of avian viruses is the sialic acid- α 2,3 galactose molecule found in the bird's airway. In humans, both receptors are present, the upper airway mainly contains the α 2,6 galactose while the lungs have α 2,3 galactose and sialic acid-α 2,6 galactose. Mutations in avian virus hemagglutinin promote the binding of avian virus to human influenza receptors in the airway. The H5N1 virus preferably binds to the α 2,3 galactose receptor, while H7N9 can bind both (32).

H5N1 infections are concentrated in a young population under the age of 40, while cases of H7N9 are grouped in persons over 50 years of age, probably due to the existence of oligosymptomatic or asymptomatic cases in children, which are not reported. There is a male gender predominance in H7N9 infection while in H5N1 there are no differences between sex. Different studies indicate the existence of a larger number of undetected mild cases of H7N9 due to a major proportion of asymptomatic cases. This suggests a more widespread genetic adaptability and higher susceptibility of humans to this virus and therefore with greater potential pandemic risk than H5N1. Influenza H5N1 has a higher frequency of clustered cases and a mortality somewhat higher than H7N9 (33, 34).


Clinical Manifestations

In a study series of 193 children with H5N1 the main symptom was fever. In children under 5 years of age, rhinorrhea was second in frequency after fever followed by vomiting and tachypnea. In older groups, the frequency of myalgia, odynophagia, and headache was higher. Tachypnea was equally common in all groups. Productive cough was more common in adolescents reaching 26%, than in younger children. Mortality was close to 50% and was higher in the adolescent group between 12 and 17 years old (80%) compared to children under 5 years of age whose mortality was 27% (35).

Upon admission to the hospital, which occurs on average on the fifth day of illness, all children showed abnormalities in chest X-ray. Initial changes were interstitial infiltrates that rapidly progressed to diffuse alveolar infiltrate with segmental distribution and air bronchograms mainly in the lower areas (36). No patients had pleural effusion, pneumothorax, or hilar lymphadenopathy. Patients with severe illness develop diffuse alveolar damage with progression in hours to adult respiratory distress syndrome. The laboratory highlights leukopenia with lymphopenia, thrombocytopenia, and transaminase elevation as a poor prognostic factor.

Clinical manifestations in children with H7N9 avian influenza are little described considering that most of the descriptions come from hospitalized patients. Because children are hospitalized less frequently than adults there is not much information about the clinical manifestation in them. Infection in children is most often mild or asymptomatic. The most common symptoms are high fever, cough followed by expectoration and dyspnea (37). Chest X-ray and CT Scan in several adults show alveolar involvement of GGO or multifocal consolidation, uni or bilateral, which progresses in extension rapidly in the first 2 weeks of onset of symptoms. CT compared to chest X-ray show greater compromise, becoming more sensitive in detecting lung damage (38).




Diagnosis

Diagnosis of avian influenza is made by specific PCR. Diagnostic tests of human influenza are not able to detect zoonotic influenza viruses so clinical suspicion based on clinical manifestation and epidemiology are relevant.



Treatment

The treatment of avian influenza is mainly based on antiviral drugs, neuraminidase inhibitors such as oseltamivir, peramivir, and zanamivir, which should be initiated immediately after clinical suspicion without diagnostic confirmation, given the severity of these infections (39). Oseltamivir is approved for use in children over 2 weeks of age, so it is the treatment of choice in children. However, it has been documented strains resistant to this drug considered the fundamental pillar of treatment (40). The duration of therapy, based on expert opinion, should be longer than for seasonal influenza, 10 days compared to 5 days, considering zoonotic influenza viruses have higher viral loads and longer viral replication. H5N1 and H7N9 viruses are adamantans resistant. Nitazoxanide, an antiviral that blocks the maturation of viral hemagglutinin, has shown in vitro to be effective against adamantine- and neuraminidase inhibitors resistant influenza viruses. It has synergistic effect with neuraminidase inhibitors in vitro (41). One study showed clinical efficacy in patients treated with 600 mg nitazoxanide twice daily for 5 days, in time to reduce symptomatology and in reducing the viral load of influenza, compared to placebo (42). Further studies are needed to confirm its effectiveness but could be an alternative to resistant strains in children as it is approved to be used over 1 year of age. The use of corticosteroids in patients with severe influenza H7N9 infection showed increased mortality at 30 and 60 days, so its use is not recommended (43).




Hantavirus

Hantavirus infection can be divided into the one that occurs in the Old World and is mainly presented as a hemorrhagic syndrome with renal failure, and the one of the New World whose clinical manifestation is Cardiopulmonary syndrome (HCPS). It is this latest one that we will refer to in this article.

Hantavirus infection was first documented in the United States in 1993 when cases of people with acute respiratory failure and shock appeared. The identified virus was called Sin Nombre virus (SNV). Subsequently, the same clinical entity was recognized in Argentina and Brazil in 1993 and 1994 respectively. Later, Chile diagnosed the first case in 1995 (Figure 3). Although hantavirus infection is currently endemic in many countries of the Americas, it is considered an emerging virus, capable of causing severe respiratory involvement, from which we are still learning its clinical course and treatment, and which must be suspected in patients with severe lung compromise associated with cardiogenic shock.
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FIGURE 3. Numbers of New World Hantaviruses confirmed cases in the Americas. Size of circles is proportional to the number of cases (range 6–2032 cases).


HCPS is produced in the Americas by different types of hantaviruses, in the USA is SNV, Argentina and Chile Andes virus (ANDV), in Brazil Laguna Negra virus or Castelo Do Sonhos virus, among others. The natural reservoir are wild rodents, which are specific to each type of hantaviruses and it is transmitted by inhalation of aerosolized viral particles from rodent feces and urine. Person to person transmission in ANDV has been confirmed and evidence still under investigation suggests possible transmission through breast milk (44–47). Children have the same risk factors of becoming infected as adults such as exposure to contaminated areas by wild rodent fluids. However, for ANDV the presence of a household member with hantavirus infection is also a risk factor given its rare but confirmed person to person transmission of this viral type.

Given the transmission through inhalation of viral particles from the feces or urine of wild rodents, most cases occur in young men during work activities in rural areas and 25% are associated with recreational activities. Other identified risk factors for infection include caring, sexual partner and sleeping with an infected person.

Mortality varies between hantaviruses. SNV, ANDV, Araraquara, and Juquitiba are responsible for the most severe manifestations with case fatality rates ranging from 25 to 40%. Hantaviruses in Panama (Choclo virus) and Paraguay (Laguna Negra) have a lower CFR of 10 and 15% respectively, causing milder infections (48).

In the Chilean series of cases, including 997 cases of ANDV, from the first cases identified in 1995 to 2016, children account for 18.6% of cases and the CFR of this group <15 years is 31%, lower than people of 45 to 59 years who have a CFR of 42.8% (49). Approximately 60 cases are reported on average annually in Chile, with an average incidence of 0.3/100,000 inhabitants in the last 20 years, with most cases concentrated during the summer months (50).


Clinical Manifestations

After an incubation period, which for ANDV virus is between 7 and 39 days with a median of 19 days, and for SNV the maximum incubation period can be up to 17 days, the patient complains of non-specific symptoms such as fever, headache, myalgias, arthralgias. After this prodromal period, the patient develops cardiopulmonary syndrome about 5 days after onset of symptoms, starting with respiratory symptoms such as cough and dyspnea and progressing rapidly to acute non-cardiogenic pulmonary edema caused by increase of capillary leakage associated to cardiogenic shock, which is the main cause of death (48). In cases of human-to-human transmission the incubation period ranges from 12 to 29 days (44–46). The median between onset of symptoms and death is 5 days in the Reyes series (49). In a study of 32 infected Brazilian children showed similar clinical manifestations to adults identifying the two phases, prodromal, with non-specific symptoms and the cardiopulmonary syndrome phase, where cough (46.9%) and dyspnea (59.4%) appears; 59.4% of these children were hospitalized and the CFR was 34.4%, like was described by Reyes (51). In countries such as Barbados where hantavirus infection is milder, the infection in children can occur as a non-specific febrile syndrome mistaken for arbovirus infections such as dengue (52).

The laboratory findings include thrombocytopenia in 94.7%, hemoconcentration in 63.1%, left shift leukocytosis in 47.3%, and atypical lymphocytes in 26.3% (51).

Typical radiological findings in children include interstitial infiltrate in the initial stage followed by alveolar infiltrate, bilateral, compatible with pulmonary edema. Pleural effusion may also be observed during the cardiorespiratory phase by increasing capillary permeability (Figure 4).
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FIGURE 4. Chest X-ray showing diffuse interstitial and alveolar infiltrates in a newborn with Hantavirus infection.




Diagnosis

The method of choice is the determination of hantavirus-specific IgM and IgG antibodies, which are present at the time of onset of symptoms of cardiopulmonary syndrome phase. There is a cross-reaction between the different hantaviruses so it is not possible to determine the type by antibodies. The sensitivity of serology decreases during the prodromal period, so a negative result at this stage does not rule out the diagnosis of hantavirus infection.

PCR can detect viremia 5 to 15 days before seroconversion and onset of symptoms of HCPS (44). For this reason, it is the method of choice for the monitoring of close contacts of confirmed cases, to be able to diagnose infection early on, even before symptoms appear, to start early with support measures to infected contacts. It can also be used for the diagnosis of patients in its acute phase due to its higher sensitivity, although its availability is low.



Treatment

The main treatment is the relief of symptoms and the use of support measures in a critically ill patient, such as oxygen therapy, use of vasoactive drugs, different types of ventilatory support including the use of ECMO in the most severe cases.

There is no specific antiviral therapy as in vitro efficacy of antivirals such as ribavirin has not been demonstrated in vivo. The use of convalescent plasma was shown to decrease CFR significantly, although it did not reach statistical significance (53). This is the standard therapy today in Chile for hospitalized patients with ANDV infection. Corticosteroids are not beneficial and should not be used to treat hantavirus cardiopulmonary syndrome.

Tables 1 and 2 are a summary and show a comparison between these true emerging diseases.


Table 1. Comparison of epidemiological, clinical, and radiological features between major emerging pneumonia in children.
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Table 2. Comparison of diagnosis, treatment and prognosis between major emerging pneumonia in children.
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RE-EMERGING PATHOGENS


Measles

Measles is a highly contagious viral infectious disease, with an estimated R0 of 12–18, which could be higher according to recent literature (54). The CFR reaches 5% but can rise to 30% when health service is not accessible or under humanitarian crises (55). Since the global introduction of the measles vaccine in the 1960s, the burden of the disease has decreased considerably worldwide. Despite the vaccine having an excellent efficacy and immunogenicity, some outbreaks continue to be seen around the world. However, during the last few years, these outbreaks have become more frequent, particularly in Africa and some European countries (56, 57). The patients were children and adolescents unvaccinated or with incomplete vaccination. The main risk factor for an outbreak is a low measle vaccination coverage, leaving a larger percentage of the population susceptible to the infection. Lack of vaccination can be due to a low coverage in an entire country, but it also occurs in countries with high vaccination coverage, which have groups of people with no access to healthcare, religious or philosophical beliefs who choose not to vaccinate their children (56–58). These outbreaks are controlled with emergency vaccination campaigns, educational, political, and technical assessments (59). To achieve measles elimination and to obtain herd immunity is essential to reach a 95% of vaccination coverage worldwide (60).


Clinical Manifestations

Measles is transmitted by droplet but also by small aerosolized particles favorizing contagiousness (61). After 7–14 days of incubation, the prodromal period appears characterized by high fever along with conjunctivitis, coryza and cough, which lasts 2–4 days. One or two days later, an oral mucosa involvement is observed with small white lesions at the level of the first molar known as Koplik spots, pathognomonic of measles. Then an erythematous morbilliform exanthema begins on the face and then spreads to the trunk and extremities. Symptoms usually last 7 days, and sometimes a fine scaling follows the rash (55). Measles can complicate with bacterial infection as otitis media or tracheitis, but can compromise any other organ presenting diarrhea, hepatitis, myocarditis, or less frequently central nervous system involvement (subacute sclerosing panencephalitis) (61).

Respiratory compromise, particularly pneumonia, is the most common severe complication and is responsible for hospitalization and death among children with measles (62). Pneumonia can be produced by other viral infections as adenovirus or rhinovirus, bacterial secondary infection, or measles alone (63, 64). Early in the course of the illness, after 2–7 days of fever and presence of rash, patients can evolve with dry cough and dyspnea. Young children characteristically present with bronchiolitis. In a recent measles epidemic developed in Italy, 30 (17%) young adults hospitalized with measles presented pneumonia, all of them unvaccinated (64). Five of them developed severe respiratory failure and two died. Having pneumonia was associated with thrombocytopenia and leukopenia. Most frequent findings in chest CT were bilateral lesions as centrilobular nodules and ground-glass opacity.



Treatment

Management of measles pneumonia is based on supportive measure. The role of antibiotics is still controversial. A review suggests, with poor evidence, a benefit of using antibiotics to prevent bacterial superinfection such as pneumonia or otitis media (65). Because cough is often dry, difficult the possibility to obtain bacterial culture and empiric antibiotics frequently are added in severe pneumonia or when secondary bacterial pneumonia is suspected by radiology (62, 64). Regarding vitamin A, there is still lacking evidence to prove it benefice reducing pneumonia associated mortality in children older than 2 years old, but the WHO recommend it use even in well-nourished children (66, 67). There is not sufficient evidence to support zinc supplementation as it has not demonstrated any effect on clinical outcome of children with measles (68).




Pulmonary Tuberculosis

Tuberculosis (TB) is an infectious disease caused by Mycobacteria tuberculosis that has had a major impact on public health along the history of humanity. However, with hygiene improvement, social and economic development, production of appropriate drugs therapies and preventive measures, the incidence of this disease has significantly decreased, particularly in high-income countries (69). On the contrary, in low and middle-income countries, tuberculosis continues to be a leading cause of morbidity and mortality, with 44% of TB cases in South-East Asia, 25% in Sub-Saharan Africa, 18% in Western Pacific, and 8.2% in Eastern Mediterranean (70, 71). In 2019, the WHO estimated that 10 million people were ill with TB, with 1.2 million deaths among HIV-negative individuals and 208.000 among HIV-infected subjects (70). Regarding age distribution, 12% of total cases, and 16% of death from TB were in children under 15 years old, without gender predominance (70).

Few decades ago, tuberculosis re-emerged due to multifactorial causes, increasing its incidence in some countries and slowing its decline in others. The HIV epidemic left this population susceptible to mycobacterial infection, which increased the incidence of TB particularly in Sub-Saharan Africa and South East Asia (70, 72). Tuberculosis is the major cause of morbidity and mortality in HIV infected individuals, being the most common cause of hospital admission in this population (72). On the other hand, the increase in the mobility of population allowed the disease to reappear in places where incidence was low, as in Western Europe (73). Frequently, migrants are exposed to over-crowded facilities, poor hygiene conditions and inadequate access to health care systems increasing their risk of infection and appearance of multidrug resistant TB (MDR-TB). The appearance of these resistant mycobacteria has made the treatment and eradication of the disease difficult. The WHO estimates that 3.3% of new TB cases and 18% of cases already treated were MDR-TB, and the countries with the highest prevalence are India, China, and Russian Federation (70). Among the pediatric population is estimated that 3% of infected children have MDR-TB (74). Finally, the development of new therapies such as anti-TNF, which leave the host highly susceptible to mycobacterial infection, have reflected a reappearance of this infection, particularly in high-income countries (75).


Clinical Manifestations

Tuberculosis infection in children is most frequently asymptomatic. Younger children are at a highest risk to present a symptomatic disease (76). When symptoms occur, they usually begin 1 to 6 months after primary infection but can appear several months after. Non-specific symptoms are often seen such as failure to thrive, and less frequently fever, night sweats or chills. Intrathoracic involvement is the most common manifestation, with enlarged lymphadenopathy or pulmonary lesions (77). Persistent cough, wheezing, or dyspnea can be present and be confused with viral or bacterial pneumonia. Pulmonary involvement varies with age; adolescents can present with typically childhood manifestation but also with a cavitary phenotype as seen in adults (77). Children under 5 years old are at a higher risk to present a disseminated disease with compromise of other organs, such as lymphadenopathies, CNS and osteoarticular, among others.

Radiological findings in pulmonary TB are non-specific, but intrathoracic lymphadenopathy, airway compression, air-space disease, and less often military nodules and cavitation (78). CT is more sensitive to identify lymphadenopathy and parenchymal compromise. Further research should evaluate the role of magnetic resonance imaging and ultrasound for the diagnostic of intrathoracic TB.



Diagnosis

As clinical and radiologic manifestation are poorly specific, pulmonary TB diagnosis in children is challenging. Moreover, children usually have a low bacillary load, which, added to the low sensitivity of diagnostic techniques and the difficulty in sampling, complicates the identification of mycobacteria. A recent meta-analysis demonstrates a lower positivity in smears from children, particularly those younger than 4 years old, compared to adults (79). Mycobacterial culture is the gold-standard for TB diagnosis but is a time-consuming technique and its sensitivity can be as low as 7–40% in children (77).

A recent meta-analysis showed that molecular technique as Xpert MTB/RIF performed in expectorated, induced sputum or gastric lavage has a higher sensitivity compared to microscopy. However, this rapid confirmatory method is still less sensitive than the culture, so a negative test does not rule out the infection (80). To improve the sensitivity of this method, repeated sampling is recommended in the pediatric population (77). Regarding screening tests to evaluate evidence of exposure to mycobacteria, IGRAs have a high specificity, particularly in BCG-vaccinated children, and sensitivity above 90% in children older than 2 years old. Nonetheless, a negative result in a symptomatic child never rules out the infection (81).



Treatment

For the management of pulmonary TB in children, the WHO recommends a regimen of 2 months of three drugs (isoniazid, pyrazinamide, and rifampin) and 4 months of two drugs (isoniazid and rifampin), with exception of extensive pulmonary disease, living in settings with high prevalence of HIV or isoniazid resistance or in HIV-infected children (82). In these scenarios, a regimen of four drugs (isoniazid, pyrazinamide, rifampin, and ethambutol) and two drugs for another 4 months (isoniazid and rifampin) is recommended. When MDR-TB is suspected, it is essential to confirm the diagnosis, with culture and rapid drugs susceptibility testing as molecular tests (Xpert MTB/RIF). Regimens of 4 to 5 drugs (as fluoroquinolones, linezolid, clofazimine, ethambutol, among others) for 9 to 18 months or shorter regimens including an intravenous drug are recommended (74).




Bacteria With New Developed Antimicrobial Resistances


Community-Acquired Methicillin-Resistant Staphylococcus Aureus (CA-MRSA)


Pathophysiology

S. aureus has many virulence factors that help it to instigate colonization, evade host-immune responses, cause tissue injury, and disseminate to other organs. In establishing infection, S. aureus expresses surface proteins that mediate adherence and impair local defenses, while later in the infection secreted exotoxins disrupt epithelial barriers and immune cell function responses, thereby facilitating tissue invasion (83).

Although it has long been recognized as an important cause of necrotizing pneumonia (NP), the interest in this pathogen was renewed by recent studies linking strains expressing the virulence factor, Panton-Valentine leukocidin (PVL), with severe forms of this disease in previously healthy children and adults (84–86). In many cases these PVL-producing isolates were also MRSA strains. PVL is a pore-forming exotoxin, which activates and then destroys immune cells, such as neutrophils, potentially releasing damaging proteases into the surrounding tissues (87, 88). Of concern, a multi-center French study (89) involving 50 cases of necrotizing pneumonia caused by PVL-producing strains of S. aureus in children and adults aged between 1 month to 78 years, reported a CFR of 56%. Factors associated with mortality were hemoptysis, erythematous rash within 24 h of admission and peripheral blood leukopenia <3.0 × 106/L. However, this was a non-comparative study, and it is therefore difficult to infer whether PVL contributed to pathogenicity.

Indeed, whether PVL itself is responsible for the pathological changes seen in NP is controversial. In part, this is because PVL has a strong cell and species specificity, behaving differently in various cell cultures and experimental models. For example, neutrophils from humans and rabbits are very sensitive to the effects of PVL in vitro, while those from monkeys and mice are highly resistant (89). Moreover, while a systematic review and meta-analysis found a strong association between PVL producing strains of S. aureus and skin and soft tissue infections, no such association was seen for invasive infections, including pneumonia (90). However, this review include only a small study in children from China, which compared cases of methicillin-resistant (MRSA) community acquired pneumonia (CAP) and no significant differences in the proportions of PVL-positive (3/22) and -negative (3/33) strains progressing to NP were found (91). Similarly, linking necrotizing pneumonia with MRSA is also controversial. Many of the observational studies reporting an association between invasive disease and MRSA are from the US, where the PVL-producing USA300 MRSA clone predominates, while in Europe, Australia and elsewhere, there are many different MRSA strains circulating (92). Furthermore, a recent case-control study of 133 French children and adults with PVL-positive strains of S. aureus necrotizing pneumonia, found no evidence for increased clinical severity in those with MRSA infections (93). Consequently, there are substantial gaps in our knowledge concerning the pathogenesis of S. aureus necrotizing pneumonia and it is likely that other cytotoxins may play an important role. Indeed, attention has been focused recently on other pore-forming toxins including alpha-hemolysin (or α-toxin), with its proposed mechanisms of action including activating the NLRP3 inflammasome, resulting in severe alveolar necrosis, and inducing platelet-neutrophil aggregation, which leads to further tissue destruction (94).

Community-associated MRSA (CA-MRSA) and healthcare-associated MRSA (HA-MRSA) isolates are distinct entities on a molecular level although the terminology is loosely used in the literature. MRSA infections that arise outside the hospital setting are conventionally labelled as “community-acquired” or “community-onset.” These can be caused by both the newly emerged CA-MRSA strains as well as HA-MRSA strains that have “escaped” from hospital via colonized patients. Conversely, in areas where the prevalence of CA-MRSA is high, nosocomial infections are increasingly due to CA-MRSA (95).

Infections due to CA-MRSA were first reported in the early 1980s in aboriginal communities living in the Kimberley region of Western Australia (96, 97). The Australian Group on Antimicrobial Resistance in its 2006 Staphylococcus aureus Program (98) reported an 87% increase in the number of community-onset S. aureus infections due to MRSA in Australia. CA-MRSA clones accounted for 56.7% of all MRSA and 8.8% of all S. aureus isolated. Multilocus sequence type 93-MRSA-IV (Queensland strain) was the most frequently isolated CA-MRSA clone. The CA-MRSA as a cause of CAP in children and healthy adults is reported more frequently, mainly in case reports and small case series (99, 100).



Clinical Manifestation

The combined actions of many virulence factors enable Staphylococcus aureus to cause disease (101, 102). Depending on these factors and on the immune status of the host, S. aureus can cause diseases ranging from superficial skin infections to deep infections such as osteomyelitis, septic shock, and necrotizing pneumonia. Staphylococcal necrotizing pneumonia can affect young, immunocompetent patients (103). This disease, characterized by leukopenia, hemoptysis, and extensive necrosis of the lung tissue, is caused by S. aureus strains that produce PVL (104).



Treatment

Recommended therapy for CA-MRSA pneumonia includes vancomycin, linezolid, or clindamycin for 7–21 days. For necrotizing pneumonia, clindamycin with rifampin, vancomycin with rifampin, linezolid with rifampin or vancomycin with clindamycin have been successful in longer duration completing up to 4 weeks of treatment.




Mycoplasma Pneumoniae

M. pneumoniae is a common pathogen that causes CAP in children. The proportion of pneumonia caused by M. pneumoniae in different studies ranged from 20 to 40% (105). Increasing numbers of refractory or severe M. pneumoniae pneumonia cases have been reported worldwide, especially in Asia (106). Previous studies have shown that refractory M. pneumoniae pneumonia is associated with prolonged fever, high levels of C-reactive protein, airway hypersecretion, and consolidation on chest imaging (107). It has been confirmed that the excessive immune response of the host plays an important role in the development of refractory M. pneumoniae pneumonia (108). In this context, corticosteroids have been suggested as an immunomodulator for downregulating the overactive host immune reaction. Previous research confirmed that coinfection with viruses and bacteria led to more severe disease in children with refractory M. pneumoniae pneumonia (109). In general, viral coinfection rates in children with M. pneumoniae pneumonia ranged from 10 to 30% (110). A recent study done in Shanghai showed 56% coinfection and infection by drug-resistant M. pneumoniae. The viral coinfection was more common in patients younger than 3 years old. Adenovirus coinfection and drug-resistant M. pneumoniae infection occurred significantly more commonly in patients with refractory M. pneumoniae pneumonia (111).

Macrolide-resistant M. pneumoniae infection may also play an important role in the occurrence and development of refractory M. pneumoniae pneumonia (112). Overuse of macrolides may contribute to macrolide resistance, and thereafter, an increase in macrolide-resistant M. pneumoniae pneumonia. Mutations at position 2063 or 2064 domain V in the 23S rRNA gene are related to macrolide resistance (113). Some Chinese series reported a rate of drug-resistant M. pneumoniae around 70 to 90%; however, macrolide resistance is less common in the US and European countries, where the macrolide-resistant M. pneumoniae prevalence is below 30% (114). Maybe that relatively high mutation rate in China is probably related to excessive exposure to macrolides for respiratory infections in outpatients, especially in children. A study from Japan reported that the macrolide-resistance rate decreased to 59.3% in 2014 and 43.6% in 2015 from the highest macrolide-resistance rate of 81.6% in 2012 (115), may be attributed to the decrease in the use of oral macrolides. In Japan, tosufloxacin was approved for pediatric used in macrolide-resistant M. pneumoniae (MRMP) pneumonia; however minocycline or doxycycline were significantly more effective in achieving defervescence within 24 h and in decreasing numbers of M. pneumoniae DNA copies 3 days after initiation (116).

Macrolide-resistant M. pneumoniae pneumonia shows persistent fever and/or no radiological regression to macrolide antibiotics and may even progress to severe and complicated pneumonia.


Treatment

In children with drug-resistant M. pneumoniae pneumonia, tetracyclines (doxycycline, minocycline) have shown excellent efficacy (117). Because of adverse reactions, tetracyclines are contraindicated in pregnant women and children under 8 years old. However, previous studies showed that short and limited courses of treatment (less than 6 courses, 6 days per course) caused insignificant tooth discoloration in children under 5 years old. Delayed effective antimicrobial treatment is associated with prolonged and/or more severe disease. Thus, the appropriate prescription of antibiotics, as well as the rapid and accurate diagnosis of M. pneumoniae pneumonia is important.




Gram-Negative Multiresistant Bacterias

In this article, we will review the main resistant gram negative pathogens causing pneumonia: Acinetobacter baumannii, Pseudomonas aeruginosa, and Stenotrophomonas maltophila. All of them are responsible mainly for nosocomial pneumonia.


Acinetobacter Baumannii

Acinetobacter baumannii is a major cause of nosocomial pneumonia in certain geographic areas affecting mainly debilitated patients, with prolonged hospitalization and broad-spectrum antimicrobials treatments (118). A. baumannii is mainly transmitted via hands of healthcare workers or fomites (119). However, the airborne route also plays an important role in spreading A. baumannii. Inappropriate empirical treatment has clearly been associated with increased mortality in A. baumannii pneumonia. A. baumannii spreads rapidly and possesses an extraordinary capability to develop resistance to almost all antibiotics (120). A. baumannii has innate resistance mechanisms against multiple antimicrobials on its core genome. Moreover, this pathogen easily acquires new resistances by diverse mobile elements. These include enzymatic inactivation, alteration of bacterial targets, permeability barriers, or active efflux pumps. Carbapenems may not be considered the treatment of choice in areas with high rates of carbapenem-resistant A. baumannii. Nowadays, polymyxins are the antimicrobials with the greatest level of activity in-vitro. Colistin is the antimicrobial most widely used although polymyxin B is associated with less renal toxicity. However, lung concentrations of polymyxins are suboptimal in a substantial proportion of patients. Regarding nebulized antibiotics, it seems reasonable to use in patients who are non-responsive to systemic antibiotics or A. baumannii isolates with colistin minimum inhibitory concentrations close to the susceptibility breakpoints. Cefiderocol, a novel cephalosporin active against A. baumannii, may represent an attractive therapeutic option if ongoing clinical trials confirm preliminary results (118). However, well-designed, randomized controlled trials must be conducted to comprehensively evaluate the effectiveness and safety of nebulized antibiotics for the treatment of A. baumannii pneumonia.



Pseudomonas Aeruginosa

Nosocomial pneumonia due to P. aeruginosa is associated with considerable morbidity, prolonged hospitalization, increased costs, and mortality. P. aeruginosa is one of the few pathogens independently associated with increased mortality among patients with sepsis or pneumonia in the ICU setting (121). The mortality associated with P. aeruginosa pneumonia is further increased when inappropriate initial antibiotic therapy is prescribed, usually due to the presence of multidrug-resistant (MDR) pathogens. The overall impact of P. aeruginosa pneumonia on clinical outcomes and healthcare costs underscores the importance of this nosocomial infection. In recent study assessing the multinational burden and specific risk factors associated with P. aeruginosa-CAP, 3193 patients were enrolled in 54 countries with confirmed diagnosis of CAP who underwent microbiological testing at admission. The prevalence of P. aeruginosa and antibiotic-resistant P. aeruginosa-CAP was 4.2 and 2.0%, respectively. The rate of P. aeruginosa CAP in patients with prior infection/colonization due to P. aeruginosa and at least one of the three independently associated chronic lung diseases (tracheostomy, bronchiectasis and/or very severe chronic obstructive pulmonary disease) was 67%. In contrast, the rate of P. aeruginosa-CAP was 2% in patients without prior P. aeruginosa infection/colonization and none of the selected chronic lung diseases. The multinational prevalence of P. aeruginosa-CAP was low (122). A recent retrospective cohort study in adults showed that almost 31% of patients with P. aeruginosa pneumonia were infected with MDR strains. In multivariable analyses, independent predictors of MDR P. aeruginosa included age, diabetes mellitus and ICU admission. MDR strains, heart failure, increasing age, mechanical ventilation, and bacteremia were independently associated with in-hospital mortality (123).

Among pediatric patients, this organism is prevalent in pediatric intensive care units (PICU), and its incidence as a nosocomial lung infection has doubled over the last three decades (124). P. aeruginosa is intrinsically resistant to several antimicrobial agents, and it can acquire resistance to many others. In recent years, the frequency of multidrug-resistant MDR strains of P. aeruginosa is increasing, especially in nosocomial infections and PICU-acquired infections (125), and these infections increase mortality, morbidity, and hospital costs. The mortality of children with P. aeruginosa infection ranges from 20 to 50% in Chinese reports (126) and 33 to 61% (127) in other populations.

Among the new antibiotics approved for P. aeruginosa are: ceftolozane/tazobactam for extended spectrum β-lactamases (ESBL) P. aeruginosa and meropenem/vaborbactam for AmpC β-lactamases P. aeruginosa (128).



Stenotrophomonas Maltophilia

Stenotrophomonas maltophilia is a commensal and an emerging pathogen earlier noted in broad-spectrum life-threatening infections among the vulnerable, but more recently as a pathogen in immunocompetent individuals (129). In addition, S. maltophilia has emerged as an important pathogen that induces nosocomial infections (130). S. maltophilia is a non-fermentative, gram-negative bacilli and causes severe infectious diseases, such as pneumonia, bacteremia, skin and soft-tissue infection, urinary tract infection, and meningitis (131). Recently, the frequency of infection reported worldwide is quite alarming. S. maltophilia accounts for about 3.7% (n = 10,000) in hospital discharges (132). A recovery rate of 3.3% in S. maltophilia infections was reported in the US (124). The mortality rate due to S. maltophilia infection was 36.6% found in a large study (133) and 25–51% in a multi-center study (134). Pathogenesis is by colonization, rather than infection, which is often accompanied by tissue invasion (135). The most important risk factors for S. maltophilia infection in neonates and infants are invasive procedures; previous exposure to antibiotics, such as carbapenem and aminoglycoside; and prolonged hospitalization (136). The duration of hospitalization before the onset of the Stenotrophomonas clinical symptoms is an important factor in nosocomial infection. The duration of hospitalization before the onset of S. maltophilia bacteremia ranges from 11.5 to 24 days (137, 138). Neonate and infants have low immunity, and often have severe and uncontrollable symptoms after infection. S. maltophilia is intrinsically resistant to many antibiotics, including carbapenems and aminoglycosides which are used empirically for nosocomial infection (130). Therefore, early identification and appropriate treatment are important.



Treatment

S.maltophilia is intrinsically resistant to Beta-lactams (penicillins, cepahosporins, aztreonam, and carbapenems) due to chromosomal metallo-beta lactamase and extended-spectrum beta lactamases (ESBLs) production.

Treatment of choice includes trimethoprim-sulfamethoxazole, levofloxacin, minocycline and ceftazidime. Therapy should be guided by in vitro susceptibility results.




Other Re-emerging Bacteria


Streptococcus Pneumoniae

WHO reported that pneumonia accounts for 16% of all deaths of children under 5 years old, killing around 1 million children in 2015, with the most common cause of bacterial pneumonia being S. pneumoniae (139). S. pneumoniae was estimated to be responsible for 341,029 deaths of children younger than 5 years in 195 countries in 2016 (140). Serotype 1 has been predominantly responsible for empyema in a study from UK, although, there is no information about the most frequent serotypes found in pneumonia in this country (141). In a recent review of 197 bacterial and fungal pathogens detected in single case reports and case series, S. pneumoniae accounts for 116 (59%) of necrotizing pneumonia (142).

Pneumococci possess multiple virulence factors (143), including its polysaccharide capsule, cell surface proteins, the cell wall, and pneumolysin, a pore-forming toxin (144). Of these, the most important is the polysaccharide capsule, of which there are at least 98 different serotypes, each capable of shielding the organism from the immune system (145). Individual serotypes vary in their capacity to colonize, cause local or invasive disease, and express antibiotic resistance genes (143). Serotypes also vary geographically and change over time, perhaps in response to local ecological competitive pressures from other organisms cohabiting the nasopharyngeal space, as well as selection pressures from antibiotics and PCVs (146).

Vaccines and antibiotics are considered the most effective methods against S. pneumoniae. Pneumococcal immunization was powered by WHO to prevent S. pneumoniae infections. A reduction in CAP in more than 40% after introduction of pneumococcal conjugate vaccine (PCV7) has been reported (147). Recent data on serotypes identified in bacteremia pneumonia in children from Italy since the introduction of PCV7, found serotypes 1 and 19A to be the most common (148). In children under 2 years, all trials have consistently shown a decrease in radiologically-confirmed pneumonia from 23% in the Philippines using PCV11 (149), to 37% in the Gambia with PCV9 (150), and 23.4% in California with PCV7 (151). This effect is most striking in the first year in these three studies. A Cochrane systematic review found a pooled vaccine efficacy for PCV11 of 27% for reduction of radiographically-confirmed pneumonia in children <2 years and 6% for clinical pneumonia (152).

Before the implementation of PCVs, a few pneumococcal serotypes (mainly serotypes 1, 3, 5, 7F, 14, and 19A) were implicated in proven pneumococcal pneumonia and empyema in children (153). The implementation of PCV7 led to a transient reduction in the frequency of CAP (154), rapidly followed by an increase in CAP with pleural effusion and empyema (155), mainly due to serotypes 1 and 7F, and an increase in frequency of serotype 19A, all non-PC7 serotypes. When PCV13, which included these additional serotypes, replaced PCV7, the frequency of both CAP and empyema greatly decreased worldwide (156).

Serotypes 3 and 19A were most closely associated with pneumococcal necrotizing pneumonia. Serotype 3 has a very thick capsule, which strongly resists opsono-phagocytosis and induces a marked inflammatory response, including an intense neutrophilic infiltration with suppurative necrosis (157). In contrast, serotype 19A strains have greater invasive potential, may have a growth advantage over other pneumococcal serotypes in normally sterile sites, and are often resistant to multiple antibiotics (158).

However, with a recent increase in its frequency due to highly invasive non-PCV13 serotypes in Europe, and in pneumococcal meningitis in France, the serotype replacement has raised concerns about the long-term outcome of PCV13 use beyond 5 years after its implementation (156).






OLD KNOWN WITH NEW PRESENTATIONS


Rhinovirus

Rhinovirus infections are seen worldwide and during all year, with a peak in spring (159). There are 3 species and more than 100 serotypes, so even if the immune response is cross reactive, reinfection is frequent (159). Classically rhinovirus infects the upper respiratory epithelium manifesting as a common cold. Otitis media and rhinosinusitis can also be seen in rhinovirus infection and can be complicated with bacterial coinfection. But, with the development of molecular techniques, it was demonstrated that asymptomatic infection could happen (160). Asymptomatic infection seems to be more frequent in younger children.


Clinical Manifestation

Rhinovirus infection can also compromise lower respiratory tract, as bronchiolitis in younger children. Exacerbation of obstructive symptoms can be observed in asthmatic subjects with rhinovirus infection. However, other factors are involved in the development of wheezing in these children, as the inflammatory response, the virus serotypes, among others (161). Otherwise, community acquired pneumonia are also described in rhinoviral infection. A recent Brazilian study demonstrated that in children hospitalized with radiographically diagnosed pneumonia, 43% presented at least one virus and among them rhinovirus was the most frequently detected (162). Importantly, rhinovirus was associated with mild pneumonia, contrarily to respiratory syncytial virus or influenza infection that were associated with more severe cases. It is not uncommon to find concomitantly a second virus with rhinovirus detection, raising the problem of the role that each virus has in the disease (160).

In the last years, with the increased number of immunocompromised patients and the development of neonatology, rhinovirus has acquired a new pathogenic role producing severe pneumonia and even death in some high-risk patients. Patients with cancer or undergoing hematopoietic stem cell transplant receiving corticosteroids or immunosuppressive drugs are at a high risk of developing severe viral pneumonia with prolonged viral shedding (163). These immunosuppressed patients with rhinovirus infection present variable symptoms and severity, but the disease is associated with high morbidity, reaching a mortality rate close to 10% (164). Another group at high risk of severe pneumonia are preterm infants. Two series of preterm infants with rhinovirus infection showed that the majority had respiratory signs such as cough, apnea, or even respiratory distress, requiring respiratory assistance (165, 166).

Special attention is necessary in hospital settings, as nosocomial outbreaks are described and are associated with increased morbidity in high-risk patients (165, 167).



Treatment

Management of rhinovirus pneumonia is supportive. The use of pegylated interferon-α2A and ribavirin to control viral replication is described only in case report, without systematic studies (168). Prevention of this infection in high-risk patients is crucial to avoid morbidity and mortality in these particular populations.




Coronavirus

Four species of coronavirus exist, but human coronavirus belong only to two of them (alphacoronavirus as HCoV-229E and HCoV-NL63 and betacoronavirus as HCoV-OC43, HCoV-HKU1, SARS-CoV-1, MERS-CoV, and SARS-CoV-2) (160). Even though coronavirus circulates globally and throughout the year, some of them are more detected in winter as HCoV-229E, meanwhile others, such as HCoV-NL63, are transmitted more in early summer (169). As influenza viruses, they have human and animal reservoirs. When animal coronavirus is transmitted to humans, an epidemic or pandemic of a new coronavirus can develop with the potential to produce a severe acute respiratory syndrome, as in the novel SARS-CoV-2 (169).


Clinical Manifestation

As rhinovirus, “non-SARS” coronaviruses cause common cold and upper respiratory infection. However, lower tract infection has also been related with coronavirus infection. In Thailand, a study detected up to 5.9% of coronavirus infection (229E, OC43, N63, and HKU1) in healthy children hospitalized with community-acquired viral pneumonia (170). Interestingly, in 2.1% of asymptomatic children was also identified coronavirus infection. Similar results were observed in a recent study, identifying coronavirus infection in 9% of children hospitalized with respiratory tract infection (73% of which were lower tract infection) and 10% of asymptomatic controls (171). But higher viral load obtained in symptomatic children supports the role of coronavirus in these respiratory tract infections. Mean hospitalization rate of children younger than 1 year old with low respiratory tract infection and coronavirus detection was 2.8 per 1000 children. Frequently, co-viral detection was identified.

More severe diseases are observed in immunocompromised individuals. A recent study found 2 main risk factors associated with severe low respiratory tract infection: immunocompromised status and viral coinfection (172). Neonatal coronavirus infection has also been associated with increased morbidity, presenting bradycardia and oxygen supplementation (173). These results were observed in a context of nosocomial outbreak, highlighting the importance of prevention and identification of patients at high-risk to develop severe pneumonia.



Treatment

Until now, there is no specific antiviral treatment, only supportive care.





CONCLUSION

Several emerging pathogens have been described in recent years, with SARS-CoV-2 being responsible for the latest pandemic COVID19. Children are affected just like adults, although the frequency, severity and mortality differ from them in many cases, depending on the causal agent.

Vaccination has been an important ally in reducing the risk of re-emergence pathogens such as measles and pneumococcal infections, however low vaccination coverage and the emergence of serotypes not included in vaccines have favored their re-emergence, with children being the most affected age group.

The antimicrobial resistance, mainly due to unregulated or indiscriminate use of antimicrobials, has led to the emergence of pathogens, mainly in hospital settings, capable of causing pneumonia in children with greater severity due to the delayed onset of effective therapy against these pathogens.

Finally, pathogens that have emerged de novo affect children apparently in a lower proportion and less severity than in adults, especially those over 60 years old, who are the most seriously compromised. Avian influenza H5N1 and ANDV in the hantavirus group, are however the exception which cause severe infections with high mortality over 20% in children.

Proper use of antimicrobials and childhood vaccination are and will continue to be highly effective strategies in reducing the risk of pneumonia-causing pathogens in children. Similarly, the rapid international response in identifying emerging infections, the ability to diagnose, sequence and characterize these new pathogens with potential pandemic have been able to contain outbreaks in most of them, even though for COVID19 containment hope is placed on vaccines developed in an incredible short period of time to achieve pandemic control.

Being aware to suspect any of the pathogens discussed here in children, depending on their epidemiological conditions and clinical characteristics, will allow a rapid diagnosis and timely treatment, essential conditions to reduce the risk of complications and mortality from these emerging pathogens.
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Neuromuscular diseases may involve all major respiratory muscles groups including inspiratory, expiratory, and bulbar muscles. Respiratory complications are the major cause of morbidity and mortality. Pneumonia represents a frequent cause of morbidity in children with neuromuscular disease. The aim of this review is to collect knowledge about pneumonia in children with neuromuscular diseases. Pneumonia usually follows viral respiratory infections of the upper respiratory tract, due to the combination of an increased amount of nasal and oral secretions and an impairment of the cough efficiency and of the clearance of secretions due to the muscle weakness, further compromised by the infection itself. The accumulation of bronchial secretions leads to atelectasis and promote bacterial infection. Moreover, dysfunction of swallowing mechanism exposes these children to the risk of developing aspiration pneumonia. However, etiology of viral and bacterial respiratory infection in these patients is still poorly studied.
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INTRODUCTION

Neuromuscular diseases (NMD) may involve most respiratory muscles groups including inspiratory, expiratory, and bulbar. Respiratory complications are the major cause of morbidity and mortality. The natural course of NMD is characterized by ineffective cough and swallowing disorders leading to chronic aspiration, poor secretion clearance, pneumonia and hypercapnic respiratory failure.

Pneumonia represents a frequent cause of morbidity in children with NMD; inhalation, impaired cough and atelectasis are the main risk factors. However, scarce literature investigating on pneumonia in children with NMD is available.

This review is part of the research topic “Emerging Pneumonia in Children” and its aim is to summarize knowledge about pneumonia in children with neuromuscular diseases and to encourage research in this neglected field.



RESPIRATORY INVOLVEMENT IN NEUROMUSCULAR DISEASE

NMD are a heterogeneous group of diseases characterized by lesions that may involve motor,neurons, peripheral nerve, neuromuscular junction, or skeletal muscle. They consist of acquired and inherited forms, characterized by very variable age of onset, clinical features, courses and prognoses (1). Most are inherited forms as Duchenne muscular dystrophy (DMD), spinal muscular atrophy (SMA), congenital muscular dystrophies and myopathies. NMD clinical features range from profound floppiness and respiratory compromising at birth, such as patients affected by SMA type 1, to mild motor impairment and late-onset respiratory problems.

The incidence of respiratory complications varies according to diagnosis, genotype and age (for details, see the British Thoracic Society guideline for respiratory management of children with neuromuscular weakness) (2).

NMD are characterized by a restrictive pattern of spirometry on pulmonary function testing (3). This is caused by the presence of reduced inspiratory muscle strength, thoracic scoliosis and reduced chest wall and pulmonary compliance. Usually, inspiratory and expiratory muscle strength are equally impaired, however in SMA the diaphragm strength may be preserved and expiratory muscle weakness may prevail (4). Progressive neuromuscular weakness can lead to the inability to take deep breaths and to cough effectively (5).

Cough efficacy can be measured by cough peak flow: reduced cough power is defined by values <270 L/min in children, and values <160 L/min are associated with high risk of atelectasis and pneumonia (6).

Respiratory muscle weakness is frequently unrecognized in children and NMD remain undiagnosed until ventilatory is precipitated by aspiration pneumonia or acute respiratory airway infection (7). Acute respiratory failure due to accumulation of lung secretions often represents the first clinical relevant manifestation of these diseases (5). Although the progression of symptoms may be predictable, the timeline will vary, according to the type of NMD and the age of the patient: an infant with SMA type I would be expected to experience serious respiratory impairment, leading to infectious complications within the first year of life, a patient affect by DMD probably would not experience pneumonia before his second decade of life (5). NMDs characterized by recurrent pneumonia are shown in Table 1.


Table 1. Neuromuscular diseases with recurrent pneumonia.
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PATHOPHYSIOLOGY OF PNEUMONIA IN NEUROMUSCULAR DISEASES

Pneumonia in children with NMD usually follows viral respiratory infections, even if confined to the upper airway (8). Acute upper respiratory infections can cause atelectasis or pneumonia by several mechanisms. It is well-known that viral upper respiratory infections can cause an acute worsening in respiratory muscle strength in the healthy adult population (7). In children affected by NMD the further reduction of an already compromised respiratory muscle strength can cause shortness of breath, decreased vital capacity and acute hypercapnia (2). Moreover, the infections are often associated to an increased production of nasal and oral secretions. Nasopharyngeal secretions also become thicker and purulent, thus weakening an already compromised swallowing mechanism and leading to an higher risk of aspiration of infected upper airway secretions into the lower respiratory tract. The impaired cough mechanism, deriving from the respiratory muscle weakness, makes those secretions more difficult to clear from the lower airways. Children with NMD are particularly prone to develop segmental or lobar atelectasis due to the retention of bronchial secretions. This is particularly evident in the lower lung zones, which may already be compressed by scoliosis or by the heart. They are also at risk for developing widespread, radiographically inapparent micro-atelectasis (8). The appearance of atelectasis exposes these patients to a higher risk of bacterial lung superinfections (9).

Children presenting swallowing disorders, ineffective cough, atelectasis and capacity vital forced (FVC) <50% of predicted value are at high risk of pneumonia and should be trained in protocols that allow successful home treatment of respiratory exacerbations, performed by well-trained parents or healthcare professionals (10, 11).

Risk factors, pathophysiology and treatment of respiratory exacerbations and pneumonia in patients with NMD are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Pathophysiology, clinical management and treatment of respiratory exacerbations/pneumonia in NMD.



Community-Acquired Pneumonia

As specified before, pneumonia in children with NMD usually follows viral respiratory infections (12). Generally, respiratory syncytial virus (RSV) infection predominates in infants, while rhinovirus, influenza and parainfluenza virus infections are common in children and adolescents (2). The risk of serious pulmonary complications associated to RSV infection led the American Academy of Pediatrics to introduce NMDs in the list of diseases requiring RSV immuno-prophylaxis (9). However, scarce literature investigating on microbiologic etiology of both viral and bacterial pneumonia in children with NMD is available (12).

Few data come from a cohort study conducted on 28 children with NMD admitted to PICU (13) which found both viruses (respiratory syncytial virus, rhinovirus, influenza virus) and bacteria (Mycoplasma pneumoniae, Staphylococcus aureus, Haemophilus influenzae) as etiological agents associated to acute respiratory infections, defined by a positive culture from airways within 48 h of admission or signs of upper respiratory tract, respiratory symptoms, fever, and/or leukocytosis (12).



Aspiration Pneumonia

Children with NMD show swallowing dysfunction that increases as muscle weakness progresses, and in some conditions such as SMA type 1 and severe forms of nemaline myopathy may present from early infancy (2). Difficulties in swallowing, resulting from loss of control of the larynx and pharynx, associated to ineffective cough predispose to aspiration lung disease (2). Aspirated material includes saliva, mouth organisms and food in children orally fed (2). Gastric contents may be aspirated if gastro-esophageal reflux is present. Aspiration causes inflammation of the lung parenchima and obstruction of the lower airways, leading to worsening restrictive lung disease, Kooi-van Es. et al. (14) demonstrated that the overall prevalence of dysphagia, in a large group of children with NMD was 47.2% (13). Although oral and pharyngeal weakness can increase the risk of aspiration lung disease, aspiration is a relatively rare event and an uncommon cause of respiratory exacerbation (2).

However, for children who cannot safely achieve an adequate oral nutrition, the positioning of a percutaneous gastrostomy should be considered to improve quality of life and reduce respiratory complications.



Ventilator-Associated Pneumonia

Ventilator-associated pneumonia (VAP) is a common hospital-acquired infection and a source of increased morbidity (15). Between 3 and 19% of all ventilated children are diagnosed with VAP at a reported frequency of 1.1–27.1 per 1,000 ventilator days (16). Due to the high incidence of PICU admissions among children affected by NMD, VAP represent a frequent infective complication and a serious threat. However, literature about this setting of patients is completely lacking.




CLINICAL MANAGEMENT AND TREATMENT OF NMD PEDIATRIC PATIENT WITH RESPIRATORY EXACERBATIONS AND PNEUMONIA

Development of respiratory exacerbations may be a life-threatening event in patients with NMD, deriving from secretion accumulation and further weakening of respiratory muscles, and leading to acute respiratory failure (17). In clinical practice, the management includes early or prophylactic use of antibiotics for respiratory exacerbations, although no studies proving the benefits of this approach are available in literature (2). An antibiotic therapy should be started early, especially when SaO2 is <95% and the antibiotic coverage must include atypical bacteria (macrolide or fluoroquinolone) (17). In case of suspected inhalation (e.g., in patients presenting with severe dysphagia), a second antibiotic for anaerobic bacteria should be associated (e.g., amoxicillin associated with clavulanic acid) (17). Antibiotics covering Gram-negative bacteria (as Pseudomonas aeruginosa) should be always taken into consideration for ventilated patients or patients with tracheostomy (18). Home management of a respiratory tract infection should comprise a daily or at least every 2–3 days visit of the patient, performed by the specialist or the general practitioner, to prescribe antibiotic therapy and exclude the presence of hospital admission criteria suggested by Racca et al. (17) (shown in Figure 1). The general practitioner should maintain telephone contact with a specialist with expertise in home ventilation in order to share the decision-making process (17).

During the infectious exacerbation, the value of SaO2 should be continuously monitored by pulse oximetry and SaO2 should be ideally maintained >95% or at least >92% in ambient air.

The use of the ventilator 24 h a day should be considered to avoid hypoventilation and/or SaO2 < 95%.

When the value of SaO2 falls below 95%, especially in presence of bronchial secretions the use manual and/or mechanical cough assistance techniques must be considered.

In younger children and in patients with severe dysphagia, the use of a cough machine should always be followed by secretion aspiration in the oropharynx with the aid of a mechanical aspirator.

Oxygen (O2) therapy can be provided for short periods and the oxygen source must be always connected to the ventilator to prevent hypoxia and hypercapnia. Finally, fever >38.5°C must be treated with paracetamol and a valid hydration protocol should be followed (17).

Finally, during respiratory exacerbations children with NMD are often exposed to chest X-ray which could be reduced if a noninvasive and reliable diagnostic method is identified (17). The use of lung ultrasound should be recommended for early identification of pulmonary atelectasis, in order to reduce frequent ionizing exposition of these fragile patients (19).



DISCUSSION AND FUTURE PERSPECTIVES

Pulmonary complications represent a frequent cause of morbidity and mortality in patients affected by NMD. The pathophysiology of respiratory exacerbations in patients with NMD is deeply understood. Pneumonia usually follows viral respiratory infections of the upper respiratory tract, due to the combination of an increased amount of nasal and oral secretions and an impairment of the cough efficiency and of the clearance of secretions due to the muscle weakness, further compromised by the infection itself. The accumulation of bronchial secretions leads to atelectasis and promote bacterial infection. Moreover, dysfunction of swallowing mechanism exposes these children to the risk of developing aspiration pneumonia.

However, etiology of viral and bacterial respiratory infection in these patients is still poorly studied. No significant data, investigating the etiological agents involved in respiratory infections of children with NMD are available in literature.

A precise characterization of microbial etiology of pneumonia in NMD pediatric patients would be of great help in the antimicrobial strategy definition. Evidence-based empiric antibiotic therapy guidelines for these patients would ameliorate the clinical management of respiratory exacerbations. Wide studies, aimed at identifying the most frequent pathogens involved in community-acquired pneumonia and correlation between etiology and mortality, are necessary to help physicians in their clinical practice. Colonization of the lower respiratory tract, through deep cough-produced sputum culture should also be investigated on large cohorts of children with NMD.

Recently, the possibility of an early diagnosis of NMD, through the introduction of neonatal screening programs, associated to the availability of innovative therapeutic approaches, consisting of Nusinersen for SMA and gene therapy for SMA and DMD, are completely changing the natural history of these diseases (20). Life expectancy of these children drastically improved, exposing them to a higher number of complications. Literature focused on respiratory assistance need to keep up with times.
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Oxygen therapy (according to patient's evolution).

* Low flow system: mild hipoxemia.

+ High flow system: moderate to severe hipoxernia, with precautions to reduce
tisk of dispersing contaminating aerosols.

Invasive mechanical ventilation (if respiratory failure, or persistent hipoxemia
(Pa02/Fi02 < 200 or Sa/Fi < 264), increased need for oxygen or worsening
tachypnea in patient on high-flow nasal cannula).
+ Protective mechanical ventilation.
* Initial parameters:
v Tidal volume (TV): 4-8 m/ kg, with monitoring of plateau pressure (f >
30cm H20, decrease TV).
' Respiratory rate: 22-30 bpm (patients from 1 month to 2 years), 18-24
bpm (2-4 years), 14-20 bpm (patients > 8 years).
V' Inspiration/expiration ratio (i E ratio):1-2
' End-expiratory pressure (PEEP): titrate according to oxygenation, arterial
gases and COXR. Each increase of 2cm Ho0 as required.
* Fraction of inspired O (FIO,): start at 100% and rapidly reduce to less than
60% in the first 2-6h.
v Alarms: 10% above and below the parameters. Driving pressure <
150m H,0 and Plateau pressure < 80cm Hy0.

Prone position (in patients with moderate to severe ARDS who need oxygen
therapy or mechanical ventiltion).

Glucocorticoids (as adjuncive therapy in select cases).

« Predhisolone 1 mg/kg orally or NG once dally (maximum dose 40mg).

+ Dexamethasone 0.15 mg/kg orally, intravenously (V) or nasogastrically once
daily (maximum dose 6 mg).

+ Methylprednisolone 0.8 mg/kg IV once daily (maximum dose 32 mg).

+ Hydrocortisone: for patients =1 month: 1.3 mg/kg IV every 8 hours (maximum
dose 50mg; maximum total daily dose 150 mg). For neonates: 0.5 mg/kg IV
every 12h for 7 days followed by 0.5 mg/kg IV once daily for 3 days.

Clinic follow-up

« Evaluation of vital signs, symptoms, and signals of respiratory worsening.
According to findings, it is recommended the adjustment to care plan.

* Judicious use of empiric antibiotic as indicated for community-acquired or
health care-associated pneurmonia.

+ Special attention to patients with chronic respiratory disease (severe asthma,
cystic fibrosis, bronchopulmonary dysplasia, tracheostomy) or other complex
uncontrolied conditions due to risk of an inadequate evolution
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Case Age(mo) Sex Etiology Initial clinical PH  Major treatment Main finding on HRCT V/Q scan Dual-energy CT

presentation
1 41 F Mycoplasmapneumoniae  Dyspnea, cough, fever, N (A+(B}+(C)+(D) Bronchiectasis, Multiple V/Q match Decreased perfusion
and crackle air-trapping, mosaic pattern, reduction
centrilobular nodules, atelectasis
2 20 M Mycoplasma pneumoniae  Hemoplysis, fever, and Y (B)}+(C)+(D)+sidenafi Mosaic pattern Multiple V/Q match Decreased perfusion
dyspnea reduction
3 17 FooONA Dyspnea, cough,and Y (A-+(B}+(C)+(D)+sidenafil  Mosaic pattern V/Q match reductionin  Decreased perfusion
crackle the left lung
4 27 M NA Coughanddyspnea N (A)+(B)+(C) Thickening Bilateral reduced Decreased perfusion
perfusion
5 15 FooNA Coughanddyspnea N (B)+(0)}+(D) Mosaic pattern, effusion, Biateral V/Q matched Decreased perfusion
atelectass, defect
6 27 F NA Cough, dyspnea and N BH+(C) Mosaic pattern, thickening, Bilateral V/Q matched Decreased perfusion
wheezing atelectasis reduction
7 26 M Mycoplasma pneumonize  Preumomediastinum, N (A+(B}+(C)+(D) Mosaic pattern, atelectass, Blateral V/Q matched Decreased perfusion
dyspnea and wheezing pneumomediastinum reduction
8 33 M influenza Dyspneaonexetion, N (A+B}+(C) Mosaic pattern, atelectasis Decreased right Decreased perfusion
fever, crackle pulmonary perfusion

mo, months; PH, pulmonary hypertension; N/A, Not avaiable; V/Q, ventiation/perfusion; HRCT, high resolution computed tomography: (A) Long term azithromycin for BO (B) short-acting -agonist; (C) systemic corticosteroid;
D) montelukast.
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Classification

Asymptomatic
Mid

Moderate

Severe

Critical

Clinical features

Positivity of the RT-PCR buffer to SARS-CoV-2 or positive serology in the absence of any symptoms of ilness.

Symptoms are mild and mainly affect the upper ainways (nasal obstruction, sneezing) sometimes associated with fever, cough, and gastrointestinal
symptoms.

Symptoms are more critical fever and cough (mainly dry) are almost always present and are associated with breathing difficulties. It is characterized
radiologically by lung anomalies compativle with interstitial pneumonia.

Itis characterized by the presence of hypoxenia (SpOz < 92%) with signs of respiratory distress (tachypnea, groaning, wing flaps, sags), cyanosis,
neurological signs and symptoms, refusal to eat, and signs of dehydration.

Disease progression with onset of respiratory failure requiring mechanical ventilation, signs of shock or multi-organ failure.
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Antiviral

Interferon-a*

Lopinavir/Ritonavir

Ribavirin
Remdesevir

Hydroxychloroquine sulfate

*Most commonly used.

Route of administration

Inhalation
Oral

Intravenous
Intravenous
Intravenous

Pediatric dose

200,000-400,000 IU/kg in 2 mL of sterile water, twice daily
12 mg/3 mg/kg if weight 7-15kg, 10 mg/2.5 mg/kg if weight
15-40kg, 400 mg/100mg (adlult dose) if weight > 40 twice daily

10 mg/kg/dose, 2 or 3 times dally
5 mg/kg loading dose, then 2.5 mg/kg once daily
3-5 mg/kg/day (max dose 400mg), twice daily

Duration of treatment

5.7 days
1-2 weeks

Max 5 days
10 days
5days
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CT characteristics Cases (percentage)

1 33 (20%)
2 64 (56%)
3 14 (12%)
4 3(3%)
INITI/

Normal 32 (28%)
Abnormal 82 (72%)
Unilateral lung involvement 46 (40%)
Bilateral lung involvernent 36 (32%)
Right upper lobe 31(27%)
Right middle lobe 23 (20%)
Right lower lobe 43 (38%)
Left upper lobe 25 (22%)

Left lower lobe 43 (38%)

1 lobe 33 (29%)
2 lobes 30 (26%)
3lobes 8(7%)
4 lobes 5 (4%)
5 lobes 6(5%)
Ground-glass opacity 46 (40%)
Consolidation 46 (40%)
Nodule 7 (6%)
Thickened interlobular septa 5 (4%)

Data are presented as cases (percentage), while percentage was calculated by the
number of cases/114 cases.
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cT 34 cases 80 cases P-value
characteristics with without

co-infection  co-infection

(percentage)  (percentage)

NUMBER OF CHEST ct PERFORMED DURING HOSPITAL STAY

1 /34 (26%)  24/80 (30%) 0.704
2 19/34(56%)  45/80 (56%) 0.971
3 6/34 (18%) 8/80 (10%) 0.409
4 0/34 (0%) 3/80 (4%) 0614
INITIAL CT FINDINGS

Normal 8/34(24%)  24/80 (30%) 0.386
Abnormal 26/34(76%)  56/80 (70%) 0.482
Unilateral lung 12/34(35%) 34/80 (43%) 0.473
involvement

Bilateral lung 14/34(41%) 22/80 (27%) 0.151
involvement

LOBAR INVOLVEMENT

Right upperlobe ~ 10/34(20%)  21/80 (26%) 0.729
Right middlelobe ~ 7/34 (21%)  16/80 (20%) 0.943
Right lower lobe 15/34 (44%) 28/80 (35%) 0.358
Left upper lobe 10/34 (29%) 15/80 (19%) 0.208
Left lower lobe 1434 (411%)  29/80 (36%) 0,620
NUMBER OF LOBES INVOLVED

1 lobe 8/34 (24%) 25/80 (31%) 0.406
2lobes 13/34(38%)  17/80 (21%) 0,060
3lobes 0/34 (0%) 8/80 (10%) 0.181
4lobes 3/34 (9%) 2/80 (3%) 0313
5 lobes 2/34 (6%) 4/80 (5%) 1.000
LESION CHARACTERISTICS

Ground-glass 14/34 (41%)  32/80 (40%) 0.907
opacity

Consolidation 15/34(44%)  31/80 (39%) 059
Nodule 2/34 (6%) 5/80 (6%) 1.000
Thickened 2/34 (6%) 3/80 (4%) 0.993

interlobular septa

Date are presented as cases (percentage), whie percentage was calculated by the
number of cases/34 cases or number of cases/80, respectively. The P-values comparing
the differences of CT findings between patients with and without co-infection are from
chi-square test. P < 0.05 was considered as a statistically significant difference.
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Spinal muscular atrophy type 1

Duchenne muscular dystrophy

SMA with respiratory distress type 1

Facioscapulohumeral muscular dystrophy with infantile onset
Myotonic dystrophy 1 with severe congenital onset

Charcot marie tooth with severe early onset

Pompe disease
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Characteristics Cases (percentage)

NUMBER OF RT-PCR TESTS PERFORMED

3 41(36%)
4 28 (24%)
5 20 (17%)
6 11(10%)
7 7(6%)
8 3(3%)
9 2(2%)
10 1(1%)
12 1(1%)
DURATION FROM FIRST POSITIVE TO FINAL NEGATIVE RESULT (DAYS)
<7 21 (18%)
8-14 59 (52%)
15-21 25(22%)
20-28 7(6%)
>28 2(2%)

TEMPORAL TENDENCY OF ALL THE RESULTS (FROM SYMPTOM
ONSET)

Positive to negative 91 (80%)
Positive to negative to positive to negative 19 (17%)
Negative to positive to negative 4(3%)

Data are presented as cases (percentage), whie percentage was calculated by the
O TG P
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Days from Chest CT RT-PCR P-value

symptom
onset
(days)
Cases (percentage,  Cases (percentage, 95%
95% CI) <)
0 117114 (10%, 4-15%) 25/114 (22%, 14-30%) 0011
1 19/114 (17%, 10-24%)  44/114 (39%,30-48%)  <0.001
2 31/114(27%, 19-36%)  51/114 (45%, 36-54%) 0.006
3 35/114(31%, 22-39%)  62/114 (54%, 45-64%)  <0.001
4 36/114 (32%, 23-40%)  72/114 (63%, 54-72%)  <0.001
5 42114 (37%, 28-46%)  76/114 (67%, 58-76%)  <0.001
6 48/114.(42%, 33-51%)  85/114 (75%, 66-83%)  <0.001
7 53/114 (46%, 37-56%)  89/114 (78%, 70-86%)  <0.001
8 58/114 (51%, 42-60%)  97/114 (85%, 78-92%)  <0.001
9 60/114 (53%, 43-62%)  98/114 (86%, 80-92%)  <0.001
10 64/114 (56%, 47-65%)  102/114 (89%, 84-95%)  <0.001
1 67/114 (59%, 50-68%)  108/114 (95%, 91-99%) <0001
12 T0/114 (61%, 52-71%) 1107114 (96%, 93-100%) ~ <0.001
13 72/114 (63%, 54-72%) 111114 (97%, 94-100%) <0001
14 76/114 (67%, 58-76%)  112/114 (98%, 96-101%)  <0.001
15 T6/114 (67%, 58-76%)  113/114 (99%, 97-101%) <0001
16 77114 (68%, 59-76%)  113/114 (99%, 97-101%)  <0.001
17 77114 (68%, 50-76%)  113/114 (99%, 97-101%) <0001
18 77/114(68%, 59-76%)  114/114 (100%, 100-100%) <0001
19 77114 (68%, 59-76%)  114/114 (100%, 100-100%) <0001
20 79/114 (69%, 61-78%)  114/114 (100%, 100-100%) ~ <0.001
21 80/114 (70%, 62-79%)  114/114 (100%, 100-100%) ~ <0.001
22 82/114 (72%, 64-80%)  114/114 (100%, 100-100%)  <0.001

Data are presented as cases (vercentage), whie percentage was calculated by the
number of cases/114 cases. P-values comparing the differences of cumulative ciagnosed
cases between RT-PCRand CT at different time points are from chi-square test. P < 0.05
was considered as a statistically significant difference. 95% Cl, 95% confidence interval.
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Disease

MERS

CoviID19

Avian influenza

H5N1

H7N9

Hanta cardio
pulmonary syndrome
(HCPS)

Epidemiology

- Middle East
- <2% cases are children

- 80% cases are > 10 yo

- < 2% cases are children

- Median age 7-11 yo

- Severe disease more frequent in < 1 yo,
respiratory comorbities

and immunosuppresion

- Present in China, South East Asia
- Affects mainly population lesss 40 yo

- Present in China

- Greater transmission in children
compared to H5N1

- The Americas

- ANDV < 20% cases in chidren

Clinical features

- Less severe than adults
- Main symptom is cough

- Mid disease
- Main symptoms are fever and dry cough
- MIS-Gis the main complication

- Severe disease in children
- Main symptoms are fever, rhinorrhea,
vomiting, tachypnea

- Leukopenia, lymphopenia,
thromocytopenia

- High proportion of asymptomatic and
mild disease.

- Fever, cough

- Main symptoms are fever, mialgia, cough
- Severity varies regarding to type of
Hantavirus

- Thromocytopenia, hemoconcentration

- HCPS iis the main complication

Radiology

Bilateral diffuse infiltrations

- Biateral inftration
- Bilateral ground-glass opacities
and consolidation

Diffuse alveolar infitrate, air
bronchograms in lower areas

Biateral ground-glass opacities and
consolidation

- Interstitial infltrate in the initial stage.
- Followed by alveolar infitrate,
bilateral, compatible with

pulmonary edema.
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Disease

MERS

CoviID19

Avian influeza
H5N1

H7N9

Hanta cardio pulmonary
syndrome
(HCPS)

Diagnosis

- POR and serology

- PCR in early stage
- Serology after the first week

- PCR

- PCR

- Hantavirus specific IgM-lgG

Treatment

- Antivirals

- Convalescent plasma

- Not steroids

- Symptoms relief

- Supportive therapy

- Remdesivir

- Dexamethasone

MiS-C:

- IV Immunoglobuline plus steroids

- Oseltamivir

- Oseftamivir

- Not steroids

- Support measures

- Convalescent plasma
- Not steroids

Prognosis

- Less hospitalization
- CFR 8% in children with comorbidities

- 2-6% hospitalization
- CFR <0.1%

- Overall CFR 50%
-80% in adolescents
-27% <5yo

- CFR <8%

- ANDV, Laguna Negra, Castelo dos Sonhos,
Sin Nombre CFR 31%
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Characteristics Cases (percentage)

Male 69 (61%)
Female 45 (39%)
<6 months 11(10%)
6 months—6 years 47 (41%)
>6 years 56 (49%)
8-14 42 (37%)
15-21 45 (39%)
22-28 15 (13%)
12/(11%)
Fever 62 (54%)
Cough 61(54%)
Other symptoms (sore throat, diarrhea, 42 (37%)

nasal discharge, sneezing, vomiting)

None 80 (70%)
One other pathogen 31(@7%)
Two other pathogens 3(3%)

Data are presented as cases (percentage), while percentage was calculated by the
by of ceeelY T conde.
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Findings

.

Pulmonary lesions
Null

Unilateral pneurmonia
Bilateral pneumonia
Distribution

Left upper lobe

Left lower lob

Right upper lobe

Right middle lobe

Right lower lobe
Manifestation
Consolidation

Cord sign
Ground-glass opacities

COVID-19 N = 80

24 (30%)
34 (42.5%)
22 (27.5%)

16 (20%)
29(36.3%)
20 (26%)
16 (20%)
30 (37.5%)

31(38.8%)
3(3.8%)
32 (40%)

#Group COVID-19 vs. Group mycoplasma pneumonia.
bGroup COVID-19 vs. Group other viral pneumonia.

Mycoplasma N = 95

0(0%)
45 (47.4%)
50 (52.6%)

48 (50.5%)
56 (58.9%)
46 (48.4%)
48 (50.5%)
58 (61.1%)

93(97.9%)
14 (14.7%)
5(5.3%)

Other virus N = 50

0(0%)
14 (28%)
36 (72%)

43 (86%)
46 (92%)
39 (78%)
40 (80%)
44 (88%)

49 (98%)
7 (14%)
1(2%)

P

<0.0001
0519
0.001

<0.0001
0.003
0.001

<0.0001
0.002

<0.0001
0014
<0.0001

b

<0.0001
0.096
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
0.083
<0.0001
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Characteristic COVID-19

N=80
Sex

Boy 52 (65%)
Gir 28 (35%)
Age

<ty 18 (22.5%)
13y 12 (15%)
36y 11(18.8%)
>6y 39(48.8%)
Symptom

Fever 38 (47.5%)
Cough 39 (48.8%)
Diarrhea 6(7.5%)
Tachypnea 2(2.5%)
Fatigue 6(7.5%)

Mycoplasma Other virus

N=95

36 (37.9%)
59 (62.1%)

9(9.5%)
14 (14.7%)
26 (27.4%)
46 (48.2%)

77 81.1%)
83 (87.4%)
2(2.1%)
12 (12.6%)
7.(7.4%)

N =50

36 (72%)
14 (28%)

34 (68%)
9(18%)
6(12%)
1(2%)

25 (50%)
48 (96%)
6(12%)
30 (60%)
12 (24%)

#Group COVID-19 vs. Group mycoplasma pneumonia.

bGroup COVID-19 vs. Group other viral pneumonia.

NULL, not appropriate for statistical analysis.

P

NULL
NULL

0.017
0.981
0.028
0.965

<0.0001

<0.0001
0.089
0.014
0.974

b

NULL
NULL

<0.0001
0.651
0.773

<0.0001

0.781
<0.0001
0.388
<0.0001
0.008
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COVID-19  Mycoplasma
N=80 N=95

WBC, *10%L  7.67+3.08 11.58+6.78
LYM% 48.37 £ 12.13 28.71 + 16.50
CRP, mg/L. 421£897 19.40+33.72
PCT, mg/L 0.10£0.14 122£7.16

ALT, UL 45.66 + 19.37 17.29 + 19.30
CK-MB, U/L 34.13£20.08 37.78 +33.64

Othervirus  p*  p
N=50

8.63+304 <0.0001 0.085
46.96 = 18.44 <0.0001 0.669
9.85 4 16.77 <0.0001 0.082
037+1.11 0.131 0.089
31.44 £37.19 <0.0001 0.005
4504 £30.07 0.448 0.042

2Group COVID-19 vs. Group mycoplasma pneumonia.

bGroup COVID-19 vs. Group other viral pneumonia.





OPS/images/fped-08-579512/fped-08-579512-g004.gif
mmmmm





OPS/images/fped-08-593282/fped-08-593282-g003.gif





OPS/images/fped-08-579512/fped-08-579512-g005.gif
Cumulative percentage

B0t

60%:

0%

cr
CT (95%CI)
RT-PCR
RT-PCR (95%CI)

567 8 6 10111213 1 1516 17 16 19 20 21 22
days from the onset of symptoms





OPS/images/fped-08-593282/fped-08-593282-t001.jpg
Primarily affected age group Risk level of ARF occurrence

At birth or within the first year of
life

Usually inevitable if untreated

Infant-to-adut ife Very high risk

infant-to-adult ife High risk

Intermediate risk

Low risk

Affected NMD

Spinal muscular atrophy (SMA) type 1 (if untreated)*

Spinal muscular atrophy with respiratory distress (SMARD)

Congenital myotonic dystrophy (type 1)

Infantile Pompe disease (f untreated)*

Some congenital myopathies (e.g., neonatal form of nemaline myopathy, minicore myopathy,
and X-linked myotubular myopathy)

Some congenital muscular dystrophies (CMD) (e.g., Walker-Warburg syndrome and
Muscle-eye-brain disease)

Some mitochondrial diseases

Some congenital myasthenic syndromes

Some limb-gircle muscular dystrophy (LGMD), especially with sarcoglycanopathies (LGMD
types 2C, 2D, 2, 2F) and LGMD type 2|

Some CMD, especially merosin negative types 14, 18, 1C

Some myofibrillar myopathies (e.g., hereditary myopathy with early respiratory failure)
Early-onset infantile facioscapulohumeral muscular dystrophy (FSHD)

Early-onset Charcote-Marie-Tooth disease (CMTD) especially with GDAPT mutation
Some congenital myopathies (e.g., severe recessive type of central core myopathy)
Duchenne muscular dystrophy (DMD), usually after second decade

SMAtype 2

Myotonic dystrophy type 1 (DM1)

Late-onset Pompe disease (LOPD)

Some CMD (e.g., Ulich type, and Fukuyama congenital muscular dystrophy)
Some LGMD (e.g., calpainopathy)

Some congenital myopathies (e.g., centronuclear myopathy)

Bethlem myopathy

Congenital myasthenic syndromes

Some mitochondrial myopathies (e.g., A3243G mutation in the tRNA gene)
Becker muscular dystrophy (BMD)

SMAtype 3

Inflammatory myopathies (e.g., polymyositis, dermatornyositis)

Classical type of FSHD

Some types of Charcot-Marie-Tooth disease (e.g., CMTD type 1B and 4)

Some congenital myopathies

Some mitochondrial myopathies

Guillain-Barré syndrome (GBS)

Myasthenia gravis (MG)

Oculopharyngeal muscular dystrophy (OPMD)

Other types of CMTD

Chronic inflammatory demyelinating polyneuropathy (CIDP)

*Novel therapies are currently available (e.g., enzyme replacement, antisense nucleotide, and gene therapy) to be delivered in the neonatel period.

Data of this table are modified and summarized from references: (11-13).
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References  Study Number of NMD  NMD diagnosis ~ ARF types* (n,%)  NIV/interface/ Success rate and main findings  Predictor of NIV Limit

Design patients (age) () secretion NIVfailure  Complications
clearance ")
Padman etal. Monocenter 11 patients; DMD (7), SMA (2),  Type 2 (11, 100%) BLPAP via nasal * NIV success rate (no intubation): ~ None No major Hypoxic ARF and
©9) retrospective  (range: 4-21y)  SCI(1), mask 91% identified complications  significant difficulty
study nonspecific « Improved RR, PaCOy, serum handing
myopathy () bicarbonate, and length of secretions
hospitalization after NIV use
Bimkrant Monocenter 8 patients (range  DMD(5), SMA@)  Undefined ARF, BLPAP via nasal * Allowed weaning from an invasive  None: NA Non described
etal. (55) retrospective  1-18Y) including 3 interface airway: 100% effective in avoiding  identified
study post-extubation ARF ETl or facilitating extubation
Niranjanand ~ Monocenter 10 patients DMD (®), SMA(1), Type2 (10, 100%),  BLPAPvia NIV success rate (nointubation):  None: NA Non described
Bach (40) retrospective  (median: 17 y; SCI (1) including 6 mouthpiece or nasal 100% identified
study range: 13-21y) vs. post-extubation ARF  interface + MI-E « Shorter hospital stay in NIV group
7 historical than historical control
controls
Bach etal. Monocenter 11 children with 28  SMA type 1 (11) Post-extubation ARF  BLPAP via nasal * NIV success rate (no intubation): None NA Non described
(56) retrospective  ARF episodes (28, 100%) interface+ MI-E for 82% identified
study (median: 6m; post-extubation NIV can faciltate extubation for
range: 2-11m) support type 1 SMA chidren even with
severe bulbar muscle weakness
Vianello etal.  Monocenter 14 patients DMD (7), ALS (4),  Type 2 (14, 100%) E=BLPAP vianasal * NIV success rate (no intubation):  None No major Severe bulbar
@6) prospective  (median: 24 y; CMD(1), HMSN interface + 71% (14% mortality rate) vs. 21%  identified complications  involvement
case-control  range: 10-69y) vs. (1), CM(1) cricothyroid-mini- of controls (57% mortaity rate)
study 14 historical tracheostomy; C=  Lower mortality and
controls IMV via ETI complications, and shorter ICU
stay of NIV group than controls
NIV combined with

cricothyroid-mini-tracheostomy for
secretion clearance was well
tolerated without

significant complications

Vianello etal.  Monocenter 11 patients DMD (4), SMA (3),  Type 2 (11, 100%) E=BLPAP vianasal * NIV success rate (no intubation):  None Gastric
@®7) prospective  (median: 31 y; ALS (2), LGMD(1), interface+ 82 vs. 37% of controls identified distension (1),
case-control  range: 16-64y) vs. FSHD (1) MI-E+CPT; C = * No serious side effects and epistaxis (1)
study 16 historical BLPAP+CPT well-tolerated in all subjects with
controls MI-E use
Serveractal. Monocenter 17 patients ALS (1), DMD (4),  Type 2 ARF (17, BLPAP via NIV success rate (no intubation):  Bulbar NA Severe bulbar
(“1) prospective  (48.7£20.9y) transverse myelitis  100%) nasal/oronasal 792% dysfunction involvement
cohort study (1), nonspecific interfaces + MI-E  Severe bulbar involvernent limited NIVMIE
myopathy (1) NIV effectiveness performed in
non-ICU settings
Piastractal.  Monocenter  10chidren 4.1+ SMAtype 1@,  Type2(5,50%) Type BLPAP via facial NIV success rate (no intubation):  Airway No major Copious tracheal
(@2) prospective 4.5 y; range 3 CMD-Ulrich (1), 1 (2, 20%); mask or helmet+ 80% obstruction  complications  secretion needing
observational  m-12y) CM-nemaline M mixed/undefined (3, ~ CPT « Hypercarbic ARF resolved within frequent suction
cohort study (1), MG (2), 30%) 6h of NIV use
mitochondrial * Oxygenation markers improved
myopathy (1), rapidly after NIV introduction
spinal cord
hamartomatosis
(1), nonspecific
myopathies (2)
Dohna- Monocenter 15 children SMA (6), DMD (3),  Undefined ARF, CPAP via mask o NIV success rate (nointubation): ~ LowpHat  midface skin 3 patients.
Schwake retrospective  (median: 6y) Pompe disease  including 2 87% 1-2hafter  ukersand  requested
etal. (53) study (2): CMD (2), post-extubation ARF « Improved HR, RR, blood pH, NV gastric “do-not-intubate-
myopathy (1), PaCO3, and Sa0; after 1-2h of distension status”
myotonic NIV use in the success group
dystrophy (1)
Chenetal.  Monocenter 15 chidren with 16 SMA (6), DMD (2),  Type 2 (15, 94%) BLPAP via NIV success rate (no intubation):  Fewer No major
67) prospective  ARF episodes CM(2),MM(2), including 1 nasal/oronasal or 75% decrement of  complications
observational ~ (mean: 8.1y; HMSN (2), LGMD  post-extubation ARF;  facial mask + M-E e Improved blood pH, and PaCO,  RRafter 3h
cohortstudy  range3m-18y)  2(1) Type 1 (1, 6%) after 12h of NIV use in the of NIV use
success group
Chenetal.  Monocenter 56 NMD patients  SMA(32), DMD  Type 2 ARF (53, 85%) BLPAPvia NIV success rate (no intubation): ~ RR No major Initial checking
(52) prospective (44 children) with  (14), CM (6), CMD  including 23 nasal/oronasal or 86% decreasedat  complications  blood gases ata
observational 62 ARF episodes;  (4), MM (4), HMSN  post-extubation facial mask + MI-E e Improved HR, RR, blood pH, and 4 h; pH later point of 4-8h
cohortstudy  median: 13y; (1), SMARD (1) failure; Type 1 ARF (9, PaCOy after 4h of NIV use inthe  increased, after NIV
range: 2 m-39y) 15%) success group and PaCO,
* Shorter PICU and hospital stay of ~ decreased at
success group 4-8h after
NV

“Type 1 ARF; Hypoxemic ARF; Type 2 ARF, hypercapnic ARF.

NMD, neuromuscular disorders; NIV, non-invasive ventiation; ARF, acute respiratory feilure; BLPAR. bi-level positive ainvay pressure; MIE, Mechanical insufflator-exsuffiator; £, experiment; C, control; CPT, chest physical treatments;
DMD, Duchenne musculer dystrophy; SMA, spinal muscular atrophy; SCI, spinal cord injury, HMSN, hereditary motor and sensory neuropathy; CMD, congenital Muscular Dystrophy; CM, congenital Myopathy; MG, myasthenia gravis;
MM, mitochonriel myopathy; SMARD, spinel musculer atrophy with respiratory distress; LGMD 21, imb-girdle muscular dystrophy type 2I; NA, Not available.

CPAR Continuous positive airway pressure.
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Overall
Female

Male

Age (y/o) <6
6<Age<12
12SAge<16
No comorbidity
Comorbidity®
w/o Asthma
with Asthma
w/o CKD

with CKD

w/o Epilepsy
with Epilepsy

N

124
42
82
112
21

56
57
67

124

123
1

Times

208
74
134
176
29
3
84
124
85
123
208
[
207
1

THA (n = 393)

PY

4393.12
1662.83
2730.28
2368
1692.02
343.1
2654.97
1738.15
2774.88
1618.24
4328.64
64.58
4293.28
99.84

Rate (per 1,000 PY)

47.35 (41.33-54.24)
4450 (35.43-55.89)
49.08 (41.43-58.13)
74.64 (64.39-86.52)
17.14(11.91-24.66)
874 (2.82-27.11)
31.64 (25.55-39.18)
71.34 (69.83-85.07)
30.63 (24.77-37.89)
76.01 (63.70-90.70)
48,05 (41.95-55.06)
000
48.21 (42.07-55.25)
10.02 (1.41-71.11)

N

21
78
133
197
20

97

114
103
108
206

207
4

Times

293
100
193
267
26

19
174
127
166
285

287
6

Non-THA (n = 1,572)

PY

17602.2
6670.8
10931.4
9432
6798.7
1371.49
10630.7
6971.46
11115
6487.16
17339.9
262.31
171987
403.48

Rate (per 1000 PY)*

16.65 (14.84-18.67)
14.99 (12.32-18.24)
17.66 (15.33-20.38)
28.31(25.11-31.92)
3.82(2.60-5.62)
0.00
11.19 (9.35-13.4)
2496 (2151-28.9)
11.43 (9.60-13.6)
2550 (21.98-20.7)
16.44 (14.63-18.4)
3050 (15.25-60.9)
16.69 (14.86-18.7)
14.87 (6.68-33.1)

IRR (95% CI)!

2.84(2.38-3.4)
297 (2.2-4.01)
278 (2.23-3.47)
264 (2.18-3.19)
4.48 (2.64-7.61)

283 (2.14-3.74)
2.85(2.27-3.6)
268 (2.04-3.53)
2.97 (2.35-3.75)
292 (2.45-3.5)
o
2.89 (2.42-3.45)
067 (008-5.59)

*Poisson regression, ***p < 0.001.
%Rate, incidence rate, per 1,000 person years.

Lindividuals with any comorbidity of asthma, epilepsy, and chronic kidney disease.

THA, thalassemia; Non-THA, non-thalassemia; PY, person-year; IRR, incidence rate ratio; Cl, confidence interval: w/o, without; CKD, chronic kidney disease.
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Overall
Female

Male

Age (y/o) <6
6<Age<12
125Age<16
No comorbidity
Comorbidity®
w/o Asthma
with Asthma
w/o CKD
with CKD
w/o Epilepsy
with Epilepsy

N

193
Ial
122
178
31

108
87
108
84
192
1
190
3

Times

354
131
228
305
43

161
193
164
190
363
1
351
3

*poisson regression, ***p < 0.001.
THA, thalesseria; Non-THA, non-thalassemia; PY, person-year; IR, incidence rate rtio; Cl, confidence interval; w/o, without; CKD, chronic kidney disease.
%Rate, incidence rate, per 1,000 person years.
bindividuals with any comorbidity of asthma, epilepsy, and chronic kidney disease.

THA (n = 393)

PY

4393.12
1662.83
2730.28
2358
1692.02
343.1
2664.97
1738.15
2774.88
1618.24
4328.54
64.58
4293.28
99.84

Rate (per 1,000 PY)*

80.58 (72.61-89.43)
78.78 (66.38-93.50)
8168 (71.63-93.13)

129,35 (115.62-144.71)
25.41 (18.85-34.27)

17.49 (7.86-38.93)
60.64 (51.96-70.77)
111.04 (96.43-127.86)
59.10 (50.71-68.88)

117.41 (101.85-135.35)
81.55 (73.47-90.52)
15.48 (2.18-109.93)
81.76 (73.63-90.77)

30,05 (9.69-93.17)

N

365
135
230
332
60
1

154
211
162
203
358

356

Times

572
198
374
490
81

200
372
214
258
553

19
556

16

Non-THA (n = 1,572)

PY

17602.2
6670.8
10931.4
6432
6798.7
1371.49
10630.7
6971.46
11115
6487.16
17339.9
262.31
17198.7
403.48

Rate (per 1,000 PY)®

32.50 (29.94-35.27)
2068 (25.82-34.12)
34.21(30.92-37.86)
76.18 (47.55-56.76)
11.91 0.68-14.81)
0.73 (0.10-5.18)
18.81(16.38-21.61)
53.36 (48.20-59.07)
19.25 (16.84-22.01)
30.77 (49.76-61.21)
31.89(29.34-34.66)
72.43 (46.20-113.56)
32.33 (20.75-35.13)
39,66 (24.29-64.73)

IRR (95% Cl)f

2.48(2.17-2.89)
2,65 (2.13-3.31)
239 (2.02-2.82)
249 (2.16-2.87)
213 (1.47-3.09)
24 (2.89-199.22)
3.22(2.62-3.97)
2.08(1.75-2.48)
307 (25-8.76)
2.13(1.78-2.54)
2.56 (2.24-2.92)
021(0.03-1.6)
2,53 (2.21-2.89)
076 (0.22-2.6)

0.659
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THA, n = 393 Non-THA,

(20%) n =1572 (80)

N =1,965 N@®) n % n % P

Gender Male 1205 241 6132 964 6132 1
Female 760 152 3868 608 3868

Birth year 1998 175 35 891 140 891 1

1999 230 46 1.7 184 1.7
2000 255 51 1298 204 1298
2001 215 43 10.94 172 10.94
2002 200 40 10.18 160 10.18
2003 150 30 7.63 120 763
2004 160 32 8.14 128 8.14
2005 206 41 10.43 164 10.43
2006 175 35 891 140 891
2007 200 40 10.18 160 10.18
Comorbidity ~ Yes 760 152 38.68 608  38.68 1
No 1206 241 61.32 964  61.32

Asthma Yes 710 142 8613 568 3613 1
No 1265 251 6387 1004 6387

CKD Yes 25 5 127 20 127 1
No 1940 388 9873 1552 9873

Diabetes Yes 0 1
No 1965 393 100 1572 100

cLD Yes 0 1
No 1965 393 100 1572 100

Heartfalure  Yes 0 1
No 1965 393 100 1572 100

Epllepsy Yes 40 8 200 32 204 1

No 1926 385 9796 1640  97.96
Bronchiolitis  Yes 1742 365 92.88 1377 876 0.003

No 223 28 712 196 12.4
Pneumonia Yes 817 236  60.05 581 3696 <0.001

No 1148 157 39.95 991 63.04
Chi-square test.

THA, thalassemia; Non-THA, non-thalassemia; CLD, chronic lung disease; CKD, chronic
kidney disease.
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B8RO Inpatients, n (%)
Total admissions
Total hospitalization days
Total admissions/Total inpatients
Total days/Total admissions

PN Inpatients, n (%)
Total admissions
Total hospitalization days
Total admissions/Total inpatients
Total days/Total admissions

*Plus-minus values are mean = SD.
aT-test.
©Chi-squere test.

Overall

335
501
2200
1650+ 1.11*
4.59+2.47
558
926
4,301
1.66 + 1.30"
4.64£261"

THA, n =393

124
208
939
1.68 & 1.42*
451 £2.70
193
354
1,753
1.83 £ 1.61"
4.95 £2.70"

is; PN, pneumonia.

(81.55)

(@9.11)

Non-THA, n = 1,572

21

293

1,360
1.39 £ 0.87*
4.64 £2.30"

365

672

2,548
157 £1.16"
4.45 £2.54"

(13.42)

(23.22)

<0.001*

0.0417°
05811°
<0.001%

0.0329°
0.0048°
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Total records from NHIRD 2010 (1997-2013),
rth year between 1998~2007, N=103513

Exclusion:
History of catastrophic illness certificates

Splenectomy (Treatment code: 70001B, 70003B, 70006B)
Immunodeficiency (ICD-9: 279)

Transfusion (Treatment code: 94005C or ICD-9: 990)

Tron deficiency and other deficiency anemis (ICD-

CM: 238.7)
Primary or secondary hemoshromatosis (ICD-9-CM: 275)
Hematological malignancies (ICD-9-CM: 200-208)

Remaining N=100036

Thalassemia group Non-thalassemia group.

n- 99643

154 matching by:

1. Main condition: birth year and gender

2 Propensity score model: include asthma (ICD9:493)
chronic Kidney discase (ICD9:530-589), diabetes

k| (1CD9:150), chronic lung disease (ICDY: 770.7), heart

fulure (ICD9:428) and epilepsy (ICD9:345)

Matched Matched

Thalassemia group Non-thalassemia group.

393 n=1572






