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Editorial on the Research Topic
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1 Introduction

The World Antimicrobial Awareness Week (WAAW), established at the 68th World Health Assembly in 2015 and observed from the 18th to the 24th of November each year, has been an annual occasion to direct public attention to the overwhelming burden of antimicrobial resistance (AMR). The key aim of this event is to improve awareness to AMR, highlighting the importance of education and communication. In 2023, the Food and Agriculture Organization of the United Nations (FAO), the United Nations Environment Program (UNEP), the World Health Organization (WHO), and the World Organization for Animal Health (WOAH) announced the rebranding of WAAW as the World AMR Awareness Week. These changes aimed at better supporting the challenges of AMR (1). A breakthrough in bacterial AMR epidemiology were the comprehensive analyses of the global burden through 2050 (2). These studies highlighted a concerning increase in resistance to critically important antimicrobials, particularly carbapenem-resistant Gram-negative bacteria and multidrug-resistant Mycobacterium tuberculosis. Alarmingly, bacterial infections were estimated to contribute to ~5 million deaths annually, with ~1.2 million directly attributed to AMR (2). Efforts to prevent AMR must remain a top priority for global health stakeholders, because AMR represents one of the top critical challenges of the 21st century, particularly in low-resource settings and conflict-affected regions (3). Strengthening surveillance systems is essential to track resistance patterns, identify emerging threats, and guide evidence-based targeted interventions. Equally important is fostering awareness among healthcare providers, policymakers, and the broader community about the risks posed by AMR and the urgent need for responsible antimicrobial use. These measures, alongside robust antimicrobial stewardship programs, are essential to mitigating the growing impact of AMR, reducing associated morbidity and mortality, and safeguarding global health.

This Research Topic aligns with WAAW's mission, showcasing multidisciplinary studies that emphasize awareness, innovation, and collaboration. The articles within this Research Topic highlight critical interventions, insights into surveillance systems, and the socio-cultural dimensions of AMR, providing a holistic perspective to inform and inspire action.



2 Key contributions to understanding and addressing AMR


2.1 Policy and behavioral interventions

Effective AMR management relies on robust policies and public engagement. Different perspectives of AMR are addressed in this Research Topic, reflecting broad research venues that are relevant to a broad scientific readership. For example, a comparison of factors that contribute to the success of AMR interventions among high and low-middle income countries is presented by Graells et al.. In these countries, entrepreneurs have an instrumental role to play in curbing AMR through building of political will, and nourishing enthusiasm and drive for the required momentum of AMR policy adoption as argued by Otaigbe. Experience with new diagnostics to support community management of respiratory tract infections, and thereby emerging resistance, is discussed in a qualitative assay by Hoste et al.. Tenzin et al. use knowledge, attitudes, and practice research to investigate how competent adults perceive the use of antimicrobial agents and AMR, focusing on community pharmacy role in meeting national plans to mitigate AMR. Likewise, a similar screening of public opinions toward AMR was conducted by Singh-Phulgenda et al., culminating in the recommendation to organize targeted awareness campaigns and educational initiatives that address AMR knowledge gaps and promote responsible antibiotic use, highlighting the key role of the general population in combating AMR.



2.2 Surveillance and data-driven insights

Across the world, countries have been encouraged to develop national plans to mitigate AMR (4). In this regard, surveillance systems have been considered vital to monitor AMR trends, evaluate effects of various interventions, and inform decision making by stakeholders (5). In this Research Topic, the United Arab Emirates (UAE) AMR Surveillance Consortium's contributions demonstrated how integrated surveillance systems can track resistance in pathogens like methicillin-resistant Staphylococcus aureus, Streptococcus pneumoniae, vancomycin-resistant enterococci, Acinetobacter species, Pseudomonas aeruginosa, carbapenem-resistant Enterobacterales as well as Mycobacterium tuberculosis. Indeed, Thomsen et al. described a broad network of over 300 surveillance centers. Furthermore, the Consortium presented trends of resistance in the UAE over 12 years for seven different bacterial pathogens, leveraging a unified application for the management and analysis of microbiology laboratory data with a particular focus on AMR surveillance. This application was developed and supported by the WHO Collaborating Center for Surveillance of AMR. The investigations called for further epidemiological enquiry and monitoring of genetic evolution in these pathogens to provide new strategies for prevention and control. Also, a retrospective 3-year study of highly resistant Candida auris in the UAE is presented, calling for enhanced infection control measures to prevent continued dissemination of this urgent threat pathogen that is characterized by high mortality and persistent transmissions in healthcare settings. The rising incidence and burden of fungal infections was also highlighted by Husni et al. in a multicenter study from Lebanon, uncovering significant increase in non-albicans Candida species with high resistance profiles, amidst lack of local treatment guidelines. Consequently, the researchers called for establishment of guidelines to decrease morbidity and mortality as well as for continuous collection of surveillance data. Also within the debilitated healthcare system in Lebanon, Daaboul et al. described broad dissemination of blaNDM − 5 and blaOXA − 244 genes among carbapenem-resistant Enterobacterales in the Lebanese clinical settings, underscoring an urgent necessity for transformative methods to combat AMR in both community and hospital environments.



2.3 Innovative therapeutics and risk modeling

The pursuit of novel antimicrobial alternatives is critical considering the limited antimicrobial pipelines. Carbapenem-resistant Gram-negative bacteria are especially worrisome in intensive care units (ICU), as accurately revised by Li et al., making it crucial to increase vigilance against these pathogens during ICU stay, administer antimicrobials rationally based on the pathogen type and susceptibility, and identify carbapenemase types to prevent and control associated infections. Furthermore, a multicenter, retrospective observational study from China by Xiao et al. described bloodstream infections associated with P. aeruginosa, showing increased trends in AMR and higher healthcare costs. A prediction model proposed by Sun et al. identified age, hypoproteinemia, daily dose, medication within 14 days prior to surgical intervention, and microbial clearance as significant risk factors for failure of tigecycline therapy of ventilator-associated pneumonia caused by carbapenem-resistant A. baumannii. All these studies emphasized the importance of targeted, evidence-based treatment strategies to improve patient outcomes while curbing drug resistance.



2.4 One Health perspectives on AMR

AMR nowadays cannot be confronted without considering the interconnectedness between human, animal, and environmental dimensions, often collectively referred to as the One Health approach. This is the collaborative effort of multiple health science professionals to attain optimal health for humans, animals, wildlife, plants, and the environment (6). Such interconnected domains, if abused, contribute to the emergence, evolution, and dissemination of antibiotic-resistant microorganisms on both local and global scale, posing a significant risk factor for global health (7). In this regard, Habiba et al. reported significant use of colistin in poultry farms in Pakistan, leading to rapid shedding through poultry waste to the environment, ultimately affecting biosecurity. This was accompanied by lack of farmers training and experience with antibiotic use and AMR. In Italy, Salmonella was identified by Petrin et al. in human, animal, and food samples, with numerous AMR genes and plasmid replicons associated with resistance to critical antimicrobials, favoring their successful spread and complicating the problem of AMR further. Taken together, these studies highlighted the transboundary nature of AMR and the necessity of harmonized surveillance across niches, including food and agriculture.



2.5 Cultural and educational strategies

Raising public awareness and addressing cultural issues in mitigating AMR should not be overlooked. In this regard, Waswa et al. described a brief for policymakers about school curricula that advocate for and support integration of AMR content in primary and secondary level grades. The policy brief supports and facilitates efforts by national AMR committees to create more awareness on this issue. Moreover, to highlight tackling AMR in different cultures, Lescure et al. evaluated a communication intervention for general practitioners in multicultural Dutch cities to improve antibiotic prescribing for respiratory tract infections. The intervention proved to be useful and resulted in improvement of self-rated knowledge and learning culturally-sensitive communication skills beneficial to AMR control. As described by Ayorinde et al. in their systematic review on healthcare professionals interactions with patients to discuss AMR, different barriers and facilitators play a role in affecting antimicrobial-associated behaviors by patients, which, if identified and properly addressed, would allow improvement. Taken together, these studies add to the body of evidence investigating and reporting current AMR trends and knowledge and will support ongoing research efforts toward this crucial global health threat.




3 Conclusions and a collaborative path forward

In conclusion, by bridging scientific inquiry with advocacy, this Research Topic contributes to the global effort to address AMR. The findings reflect current challenges as well as the immense potential for progress through shared knowledge and concerted action. The articles in this Research Topic highlight the multifaceted nature of AMR and feature the pivotal role of WAAW in sharing evidence, raising awareness, promoting stewardship, and fostering collaborative efforts to combat AMR. While progress has been made, the road ahead requires a stronger emphasis on innovation and technology-driven solutions to secure sustainable outcomes. In this regard, emerging therapeutic strategies, such as the development of novel antibiotics and alternatives to traditional antimicrobials, must be prioritized. Moreover, machine learning and artificial intelligence offer transformative potential in this domain, enabling rapid identification of new antimicrobial compounds and alternative therapeutics needed to enrich the drug pipeline in the face of increased AMR. Advancements in vaccine development also represent a critical preventative measure, reducing reliance on antibiotics and curbing the spread of resistant infections. Within the framework of WAAW, integrating these scientific advances with public health advocacy is essential. Strengthening the alignment between WAAW objectives and cutting-edge scientific developments will reinforce the global fight against AMR, nurturing a more resilient future for global health systems.
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Background: Invasive fungal infections have presented a challenge in treatment. In the past, it was known that the frontrunner in such infections is Candida albicans with little emphasis placed on non-albicans Candida species (NAC). Studies worldwide have shown a rise in fungal infections attributed to non-albicans Candida species. The aim of this study is to describe the epidemiology of NAC infections along with an overview of resistance in Lebanese hospitals.

Methods: This is a two-year observational multi-central descriptive study. Between September 2016 and May of 2018, a total of 1000 isolates were collected from 10 different hospitals distributed all over the country. For the culture, Sabouraud Dextrose Agar was used. Antifungal Susceptibility was evaluated by determining the Minimum Inhibitory Concentration (MIC) in broth (microdilution) of the different antifungal treatments.

Results: Out of the 1000 collected isolates, Candida glabrata, being the most isolated species (40.8%), followed by Candida tropicalis: 231(23.1%), Candida parapsilosis: 103(10.3%), and other NAC species at lower percentage. Most of these isolates (88.67%) were susceptible to posaconazole, 98.22% were susceptible to micafungin, and 10% were susceptible to caspofungin.

Conclusion: The change of etiology of fungal infections involving a significant increase in NAC cases is alarming due to the different antifungal susceptibility patterns and the lack of local guidelines to guide the treatment. In this context, proper identification of such organisms is of utmost importance. The data presented here can help in establishing guidelines for the treatment of candida infections to decrease morbidity and mortality. Future surveillance data are needed.

KEYWORDS
fungal infection, non-albicans Candida, infection, microbiology, pathogens


1. Introduction

The incidence and burden of fungal infections is rising globally. Fungal infections are a major concern for clinicians because it is associated with high morbidity and mortality, mainly in critical and immunocompromised patients. Serious and invasive Candida infections are usually hospital acquired. In the hospital setting, Non-albicans Candida species (NAC) are more frequently isolated (1).

Invasive candidiasis includes a variety of infectious conditions caused by Candida species. Invasive candidiasis is a serious infection that causes high mortality and morbidity. In the United States (US), around 25,000 cases of invasive candidiasis are reported annually (2). The most common and studied form of invasive candidiasis is candidemia, especially in intensive care patients (3). It remains a challenge to estimate the global incidence of candidemia and this is due to many factors including diagnostic techniques as well as the lack of surveillance systems for fungal infections (4). New diagnostic techniques are developing including Polymerase chain reaction and specific rapid antigen. Nevertheless, positive predictive values of non-culture techniques remain low while negative predictive values are high. Therefore, clinical suspicion of invasive fungal infections in combination with Candida diagnostics should be used in patients care. However, the reported annual incidence of candidemia in the US is around 9 cases per 100,000 (5). Candida species rank as the fourth most common cause of hospital-acquired bloodstream infections, after coagulase-negative staphylococci (CNS), staphylococcus aureus, and enterococcus spp. (6).

Candida albicans is the predominant isolate from patients with invasive candidiasis worldwide (7). However, a new threat has emerged over the last few decades, as NAC are increasingly recovered from patients. The most reported species of NAC include C. glabrata, C. tropicalis, C. parapsilosis, and C. krusei (8). Collectively along with C. albicans, these species are responsible for over 90% of the cases of invasive candidiasis (9). The frequency of each species varies with geographic differences in different countries (10–14), the local hospital epidemiology within the same country (15–17), the different units within the same hospital, underlying patient characteristics, and the antimicrobial treatment strategies and protocols (18, 19). Nevertheless, the clinical importance of NAC species lies in the potential antifungal resistance which can lead to treatment failure and its consequences.

Several studies (20–25) have estimated the incidence rates of candidemia in the Middle East and North Africa countries. Candidemia incidence rate was estimated to be the highest in Qatar, with a calculated rate of (15.4/100,000) (21) and the lowest in Iran (0.34/100,000) (20). In a study done by Koehler et al., European incidence of candidemia was estimated to be 79 cases per day, of which an estimated 29 patients might have fatal outcome at Day 30 (26). There was a higher proportion of Candida spp. other than C. albicans in the decade from 2010 till 2019 in population-based data (26).

Echinocandin and azole-resistance is increasingly reported in non-albicans Candida from cases of invasive candidiasis (27, 28). Exceptional resistance to antifungals in some Candida species, such as in Candida auris, constitutes a major threat to patients and has a significant impact worldwide. Candida's ability to form biofilm represents a problem in the context of antifungal drug-resistance.

Lebanon is a small country in the Middle East Region where a prominent level of antimicrobial use has been documented (29). The current compiled antimicrobial susceptibility data have shed light on increasing bacterial resistance trends in this country, which were found to be comparable with data from some Eastern and Southern European countries (29). For that reason, it was important to understand the local epidemiology and subsequently to establish guidelines for the appropriate identification and treatment of such infections as well as for their prevention. This multicenter study aimed at describing the epidemiology and distribution of NAC species in the context of the global data, as well as identifying and determining the antifungal susceptibility profiles of 1000 NAC clinical specimens collected from various clinical infections.



2. Methods


2.1. Samples and study population

A total of 1,000 clinical samples including urine, vaginal swabs, sputum, blood, cerebrospinal fluid (CSF) and miscellaneous samples were collected prospectively from all patients having a positive fungal culture and presenting to 10 hospitals located in different geographic areas of the country between September 2016 and May of 2018 according to standard procedures. More than one clinical sample from the same patient with the same identification and same susceptibility profile were considered duplicates, and therefore only the first isolate was included. All clinical samples were inoculated on Sabouraud dextrose agar (Oxoid, Basingstoke, UK) to which 50 μg/ml of Gentamycin was added to suppress the growth of bacterial contaminants. Inoculated plates were incubated at 37° C for 72 hours aerobically, extended incubation was performed when needed. Isolates were identified by conventional methods using microscopic examination using KOH preparation, colonial morphology, and carbohydrate assimilation method using the API 20C Aux system (bioMerieux-Vitek, Hazelwood, Mo.).



2.2. Antifungal susceptibility testing

Antifungal Susceptibility testing was evaluated by determining the Minimum Inhibitory Concentration (MIC) in broth (microdilution method) of 7 different antifungals after 24 and 72 hours of incubation according to the CLSI M27 and M60 documents “Reference Method for Broth Dilution Antifungal Susceptibility Testing of Yeasts; Approved Standard—Second Edition- CLSI) (30) and re-analyzed according to CLSI M60 “Performance Standards for Antifungal Susceptibility Testing of Yeasts” after the second version of this document was issued (2020) (31). Each sample (Candida isolate) was run in duplicate to ensure accuracy of the results. The MICs were considered in Essential and Categorical agreement when their values fell within one dilution. When disagreement was observed, the experiment was repeated.

Antifungal standard reference powders were obtained commercially or directly from the drug manufacturer. After preparation, antifungal solutions were stored as recommended. All antifungal agents were assayed for standard units of activity. Antifungal solutions were standardized based on assays of the lots of antifungal powders.

Antifungal stock solutions were prepared at concentrations of at least 1280 μg/mL or ten times the highest concentration to be tested, whichever was greater.

The antifungal agents tested were: Amphotericin B, Micafungin, Caspofungin, Anidulafungin, Voriconazole, Fluconazole, and Posaconazole). Antifungal powders were dissolved depending on the chemical properties of each one. Some were dissolved in DMSO diluted in RPMI (Amphotericin B, Ketoconazole, Itraconazole, Posaconazole, Voriconazole). The concentrations to be tested were based on the breakpoint concentrations and the expected results for the quality control strains. Based on previous studies, the following drug concentration ranges were used: amphotericin B, 0.0313 to 16 μg/mL; flucytosine, 0.125 to 64 μg/mL; ketoconazole, 0.0313 to 16 μg/mL; itraconazole, 0.0313 to 16 μg/mL; fluconazole, 0.125 to 64 μg/mL; and new triazoles, 0.0313 to 16 μg/mL.

Quality control strains included C. parapsilosis ATCC 22019, C. albicans ATCC 90028, and C. krusei ATCC 6258. RPMI 1640 medium was used as a Synthetic Medium for susceptibility testing. Zwitterion buffers were used to buffer the media to a pH of 7.0 ± 0.1 at 25 °C. All organisms were sub-cultured from sterile vials onto Sabouraud Dextrose Agar.



2.3. Data analysis and interpretation

Patients' privacy and Identities were not revealed, all data were coded for that purpose. Statistical analysis was performed using SPSS version 20. Descriptive statistics such as frequency and percentage of Candida species were calculated.



2.4. Ethical clearance

All ethical deliberations and responsibilities were appropriately addressed, and the study was conducted after the approval of the Institutional Review Board (IRB) of the Lebanese American University. (IRB# LAU.SOM.RH1.26/Apr/2016).




3. Results

A total of 1,000 yeast non-duplicates isolates were collected from different clinical samples (Figure 1). Among the isolates, 147 (14.7%) were recovered from vaginal swab, and 393 (39.3%) from urinary samples. The remaining 460 (46%) were isolated from sputa, blood, CSF, and miscellaneous sources. The distribution of Candida species was split between Candida glabrata (40.8%/ 408), Candida tropicalis (23.1%/ 231), Candida parapsilosis (10.3 %/ 103), Candida famata (7.2 %/ 72), Candida kefyr (7.2 %/ 72), Candida krusei (3.5%/ 35), Candida lusitaniae (2.6%/ 26), and Candida guilliermondii (2.3%/ 23). The remaining species were found to represent 3% of the total number of isolates found. The distribution of the isolates among the different hospitals are in Table 1.
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FIGURE 1
 Candida spp. isolated from various clinical specimens.



TABLE 1 Distribution of the isolates among the different hospitals.
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Among the 48 candidemia cases, 66.7 % had C. glabrata. Similarly, C. glabrata grew in 9 specimens among the 10 CSF specimens. Similarly, in the miscellaneous group (mostly abdominal and skin infections) the most common pathogens were C. kefyr, Candida glabrata, C. tropicalis and C. parapsilosis (Figure 1). Candida auris was not isolated in any of the specimen.

Susceptibility profile:

Table 2 shows Candida spp. Isolates susceptibility to various antifungals. C. glabrata isolates were highly 100% susceptible to Anidulafungin, and Amphotericin B, 98.5 % susceptible to micafungin, but none was susceptible to Fluconazole (Table 2). C. tropicalis isolates were 100% susceptible to Anidulafungin and Voriconazole and 99.6% to Amphotericin B. Only 4.3 % of C. tropicalis were susceptible to Fluconazole and 3.9 % to Pozaconazole. C. parapsilosis isolates were 100 % susceptible to Micafungin, Voriconazole, Anidulafungin and Amphotericin B. Only 6.8% were susceptible to Fluconazole and none to Pozaconazole. Multidrug resistance was not seen among any of the pathogens cultured. The data showed that the isolates found in blood and CSF were mostly C. Glabrata and C. tropicalis. These species had the highest pattern of resistance.


TABLE 2 Candida spp. isolates susceptibility to various antifungals.
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4. Discussion

Fungi are increasingly recognized as important pathogens in critically ill and immunocompromised patients (32–36). The incidence of invasive candidiasis has increased over the past decade due to the increasing prevalence of immunosuppressive therapy, invasive surgical procedures, and use of indwelling medical devices (13). In addition, the increased use of broad-spectrum antibiotics leads to changes in the microbiome, shifting the balance toward fungi and more resistant strains of bacteria (37). Antifungal susceptibility is not uniform among different candida species, and some species are innately resistant while others acquire resistance to the first line of antifungals, Fluconazole and Echinocandins (38, 39). Because of this increase in resistance, candida speciation and Surveillance of Candida infection has become a must for every country as well as each hospital. Accordingly, the Clinical and Laboratory Standards Institute (CLSI) has recently adopted species-specific minimum inhibitory concentration (MIC) breakpoints for Candida species and recommends speciation and antifungal susceptibility of candida species isolated from sterile sites and causing invasive fungal infections. High rates of morbidity and mortality are associated with invasive Candida infections. The rate of mortality from candidemia is about 30%, while directly attributable mortality is between 19 and 24% (40, 41). Treating these infections requires antifungals that are expensive, and this is considered a burden in our country.

Table 3 summarizes the most common species in different countries around the world. Looking at the most common species in Lebanon, C. tropicalis was dominant in Lebanon with percentage ranging from 20 % to 45 % in some studies (56, 57). However, our study showed that C. Glabrata was the most common pathogen detected in all sites.


TABLE 3 Variation of Candida species among different countries.
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In a study done in one region in Lebanon on 93 Candida isolates, C. glabrata was the most common, followed by C. parapsilosis, and C. tropicalis which is similar to our results (64).

While C. tropicalis and C. parapsilosis are the most common species found in many countries with variable percentages in African countries: Nigeria: C. parapsilosis 60.7% and C. tropicalis 21.4 % (62), Algeria: C. parapsilosis 36.6% and C. tropicalis 23.3 % (56), Cairo: C. parapsilosis 16.7% and C. tropicalis 27.8 % (55), South Africa C. parapsilosis 35% (48). Similar percentages are also seen in South America C. parapsilosis 24% and C. tropicalis 15 % (48) and the Middle East and Arab countries; Saudi Arabia: C. parapsilosis 13.6% and C. tropicalis 16.7 % (57), Kuwait: C. parapsilosis 32 to 34 % and C. tropicalis 14.5 to 20% (54, 57), Turkey: C. parapsilosis 25.1% (57) and Qatar: C. parapsilosis 12.6% and C. tropicalis 18.9 % (56). In Europe, some countries have similar percentages with C. parapsilosis like Greece 41 % (46). Thus, understanding the local epidemiology of resistance of NAC and their susceptibility profiles provided by our data has an important role in guiding care of patients with the adequate choice of antifungal.

Invasive Candidiasis is a major healthcare problem associated with high mortality and cost. According to the country's susceptibility pattern described above, non-albicans species are increasing and are associated with reduced antifungal susceptibility. Thus, Echinocandins are the drug of choice in empirical treatment for these patients with risk factors for invasive candida infection. However, according to the literature de-escalation and the use of oral therapy are acceptable strategies to follow in the management of such patients. Voriconazole is also an acceptable alternative if the patient did not receive prior azoles therapy whether prophylaxis or therapeutic. Clearly, this data sheds light on proper management of patients with fungal infections. However, patients with vaginal infection who have C. glabrata need further studies and consideration of treatment since oral medications might not be the best choice as seen in our data. In addition, CNS infections should be treated with amphoteric B not Echinocandins because of lack of concentration in the CNS (65).

Newer technologies such as Maldi-tof-MS and molecular techniques are considered the most reliable for microbial identification. However, sugar fermentation-based techniques are still reliable and commonly used for yeast identification. In a study by Arastehfar (66), API 20C AUX correctly identified 83.7% of yeast isolates. Another study Using sequencing as a standard technique for NAC identification, 78.9% of the isolates were correctly identified by API 20C AUX while the Vitek 2 YST ID Card system yielded 71.8% and Bruker and Vitek proteomic techniques yielded 90.1% and 80.3% of correct identification (67). These studies, in addition to many others, show a high accuracy of yeast identification of sugar fermentation-based methods and support their use for yeast identification.

Invasive Candida infections has high mortality and the yield of culture remains low. Mucocutaneaous Candida infection and colonization have a high positive predictive correlation with invasive infection. Thus, any patient with risk factors of invasive candidiasis should be empirically or preemptively treated before susceptibility pattern in determined. This is why it is important to know the epidemiology and resistance patterns in order to direct our treatment properly especially in the ICU and in immunocompromised patients.

The importance of such studies is obvious. It can help in establishing guidelines of treatment for such infections. However, this should be complemented by continuous proper surveillance system to interpret the dynamic changes of the epidemiology. For example, it is important to note that lately Candida auris was reported in one of the tertiary centers in our country but not in others. Moreover, further studies about the epidemiology from animals and environmental candida species are needed as part of the One Health approach to decrease morbidity and mortality associated with this infection.
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Introduction: Since the discovery, antimicrobials have been used to treat variety of infections both in humans and animals caused by microbes. However, with the increasing use, microbes developed resistance to the antimicrobials and many of the antimicrobials became ineffective against certain microbes. Many factors are reported to contribute to the resistance of microbes to antimicrobials. One contributing factor is the misuse and overuse of antibiotics which mainly occur due to the lack of knowledge, careless attitudes, and incorrect practices about use of antibiotics.

Methods: This cross-sectional survey study was conducted among the competent persons (CP) in the community pharmacies in Bhutan, with the aim to assess their knowledge, attitude and practice (KAP) on antimicrobial use (AMU) and antimicrobial resistance (AMR).

Results: Results from the survey revealed that the competent persons had good level of knowledge about antimicrobial use and antimicrobial resistance. They also had favourable attitude towards antimicrobial resistance and rational use of antimicrobials. Their knowledge and attitude had led to good practices while dispensing antimicrobials from their pharmacies. However, almost all of them had never had any opportunity to take part in activities related to antimicrobial use and antimicrobial resistance that were organized by the public sector. Many of them did not even hear or know about the existence of the policies on use of antimicrobials or on curbing antimicrobial resistance in the country.

Conclusion: Involvement of the community pharmacies through trainings and participations in policy making processes is seen as a vital mechanism that can eventually help achieve the goals in the national drive towards reducing antimicrobial resistance.

KEYWORDS
 competent person, community pharmacy, antimicrobial use, antimicrobial resistance, knowledge, attitude, practice, Bhutan


1. Background

Antimicrobials have been used to treat a variety of infections both in humans and animals caused by microorganisms. Since the first discovery of penicillin by Sir Alexander Fleming in 1928 (1), many other antimicrobials were introduced thereby leading to the quick treatment of various kinds of infectious diseases (2, 3). The development and introduction of new antimicrobials had gradually increased until the 1960s, after which, hardly any new antimicrobials have been introduced in the market (4, 5). On the other hand, the persistent misuse of antimicrobials in human and animal health has led to the emergence of antimicrobial resistance (AMR) which posed a threat to global public health (6). In fact, Sir Fleming was one among the first persons to warn about possible resistance to penicillin if used in little doses or for inadequate periods (7). The inappropriate and irrational antimicrobial consumption are potential causes of the increasing prevalence of AMR (8). Tackling the emerging AMR has become an urgent priority worldwide (9). It has been reported that around 700,000 people die from AMR worldwide every year and this figure is estimated to reach 10 million by 2050, if effective countermeasures are not put in place (10).

A systematic review and meta-analysis has shown the inappropriate use of antibiotics by the general population, as seen in behaviors such as purchasing antibiotics without a prescription from pharmacies and not completing the entire course of antibiotics as prescribed by the physicians which causes the microbes to become resistant leading to AMR (11). Another major challenge particularly in developing countries is self-medication with antibiotics. A systematic review reported that in the Southeast Asian region, the prevalence of self-medication of antibiotics is around 50% (10). Misuse and overuse of antibiotics could occur due to a lack of knowledge, careless attitudes, and incorrect practices about antibiotics (11).

Bhutan is also facing challenges of AMR just like any other developing country. There are reported evidences of resistance of many microbes. A study by Tshokey et al. reported resistance of Neisseria gonorrhoea against ciprofloxacin (85.1%), penicillin (99.2%), tetracycline (84.8%) and nalidixic acid 99.7% (12). Another report from urine and blood samples received for microbiological investigation showed that E. coli was resistant to ampicillin (73.5%) and 3rd gen cephalosporins (73.2%), K. pneumoniae was resistant to 3rd gen cephalosporins (78.2%) and aminoglycosides (63.9%), and S. aureus was resistant to penicillin (98.3%) (13). What is more concerning is that resistance to high level antibiotics have also been detected here. What factors are contributing to the trend of resistance in this country remains to be sorted out. Nevertheless, since antimicrobials are readily available from the community pharmacies across the country despite the strict legislations on requirements of prescriptions for dispensing antimicrobials, it is fairly arguable that the easy access might, in part, be adding to the increasing trend of AMR in the country.

Taking into account the possible contributing factors toward misuse of antimicrobials and AMR, this cross-sectional study is aimed at assessing the knowledge, attitude and practice of the competent persons (CPs) in the community pharmacies on antimicrobial use (AMU) and AMR. As per Bhutan Medicines Rules and Regulation 2019 “CP refers to any person who possesses the requisite qualifications and practical experience prescribed by the Bhutan Medicines Board and is approved to undertake retail sale and dispensing of Medicinal Products.”



2. Materials and methods


2.1. Study design and setting

A descriptive cross-sectional survey was carried out from October to November 2021, in 55 operational community pharmacies across the country, Figure 1. The survey questionnaire was developed by a team of experienced pharmacists through literature review of previous studies on similar topics in comparable settings. The finalized questionnaire had three main sections viz.: knowledge, attitude, and practice (KAP) of the competent persons with regard to AMU and AMR. Seventeen regulatory officials (pharmacists and pharmacy technician) from the Drug Regulatory Authority (DRA) and 2 district hospital pharmacists were trained on the use of the survey questionnaires and deputed for the survey. A total of 58 CPs engaged in sales of medicinal products from the 55 community pharmacies were interviewed.

[image: Figure 1]

FIGURE 1
 Map of Bhutan showing the number and distribution of community pharmacies involved in the study.




2.2. Data analysis

Data was collected using Epicollect 5 (Imperial College of London, England). Data validation and analysis were performed using SPSS software (version 21.0, IBM Corp., New York, United States) and MS excel. Results are presented in frequencies and percentages. The geospatial information of community pharmacies was established using QGIS LTR 3.16. Descriptive statistics were performed by calculating the proportions of frequencies to describe the demographic characteristics and KAP score. For the knowledge and the practice section, a score of “1” was allotted for the correct answer and “0” for the wrong answer, based on the regulatory requirements and international practices. The total score was then added and those who scored above the mean was categorized as “good” and those who scored equal to and below the mean were defined as “poor” in terms of knowledge and practice on AMU and AMR.

The attitude section had parameters whereby the responses can be easily differentiated into having a “favorable” or “unfavorable” attitude toward AMU and AMR.



2.3. Ethical approval

Since the survey was carried out as part of a routine regulatory activity of the DRA of Bhutan, ethics approval was not required by the local ethics board. Administrative permission was granted by the DRA to use the data for publication. No identifiable variables were collected and all participants provided informed consent after reading and agreeing to the information and consent form on the first page of the online survey.




3. Results


3.1. Demographics characteristics

Among the 58 CPs interviewed, more than half of the respondents (62.07%, n = 36) were male and 37.93% (n = 22) were female. Most of the survey participants fell under the age range of 26–35 (41.3%, n = 24). Almost half of the CPs (46.55%, n = 27) had less than 5 years of experience and the majority of them had certificate level (37.93%, n = 22) and bachelor’s degree qualifications (32.76%, n = 19) (Table 1).



TABLE 1 Demographic characteristics of the CPs.
[image: Table1]



3.2. Competent persons’ knowledge on AMU and AMR

The overall knowledge scores of the CPs were found to be above 50%. Out of that, 89.66% (n = 56) CPs had scored >60, 62.07% (n = 36) hxad scored >70, 32.76% (n = 19) had scored >80 and 8.62% (n = 5) had scored >90%, Figure 2. When given the choice to select the antimicrobials from a list, majority of the CPs (29.31%, n = 17) chose the wrong option, while many (27.59%, n = 16) selected only 1 option. Only a small number of CPs (6.9%, n = 4) selected all the 5 antimicrobials correctly from the list, Supplementary Figure S1. Majority of the CPs (70.69%, n = 41) were aware that antibiotics are not effective against the common cold or flu. Most of them (96.55%, n = 56) were also aware that inappropriate use of antimicrobials would lead to AMR. Almost all the CPs (91.38%, n = 53) knew that antibiotics should not be stopped soon after the disease symptoms were resolved. All of them were aware that they cannot dispense antibiotics for similar previous infections without prescription and also that SOPs were required for storage and dispensing of medicines. Most of them (87.93%, n = 51) knew that they had to retain a copy of prescription for every antibiotic sold. However, quite a huge number of them (43.10%, n = 25) did not know that they were not allowed to sell tropical antibiotics without a prescription, while a few (5.17%, n = 3) were not at all aware of such legislation, Table 2.
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FIGURE 2
 Number of competent persons with score ranges in the overall knowledge section.




TABLE 2 Competent Persons’ knowledge on AMU and AMR.
[image: Table2]

Major sources of information for the CPs included Health Professionals (36), Internet (36), and Bhutan National Formulary (35) based on the frequency of sources selected, Supplementary Figure S2.

In terms of possible interventions by the CPs for patients with minor side effects, referral to hospital was the most frequently chosen option (36), followed by reassurance (15) and investigation of the severity, and advising accordingly (11), Supplementary Figure S3. The most frequently chosen intervention was the same even for patients with serious side effects, Supplementary Figure S4.



3.3. Competent persons’ attitudes toward AMU and AMR

More than half (63.97%, n = 40) of the 58 CPs interviewed accepted that AMR is a global issue, and 62.07% (n = 36) recognized AMR as an issue of concern in Bhutan. Half of the CPs (n = 29) felt that the patients coming to their pharmacy had very little understanding on both antimicrobials and AMR, while 18.97% (n = 11) felt that the patients do not have any knowledge on antimicrobials and 34.48% (n = 20) of them are of the opinion that the patients visiting their pharmacies have no understanding on AMR at all. Majority of the CPs (86.21%, n = 50) felt that it is crucial to advise the patients on complying with treatment when antimicrobials are dispensed and likewise, 77.59% (n = 45) of the CPs felt that patients value their counseling on rational use of antimicrobials.

Close to half of the CPs (41.38%, n = 24) stated that they did not have opportunities to attend Continued Medical education (CME) on AMR and all of them were willing to attend CMEs, conference and workshops on antimicrobials and AMR for better understanding and practice, as majority of them (94.83%, n = 55) felt that CPs played an important role in tackling AMR, Table 3. Dispensing antimicrobials only on prescription was the most frequently chosen role of CPs in tackling AMR, followed by educating patients on rational use of antimicrobials, Supplementary Figure S5.



TABLE 3 Competent Persons’ attitude towards AMU and AMR.
[image: Table3]

CPs felt that incomplete courses of antimicrobials contributed most to AMR, followed by self-medication and use of antimicrobials when not indicated, Supplementary Figure S6. They were interested in learning about new antibiotics followed by AMR and national guidelines, Supplementary Figure S7.



3.4. Competent persons’ AMU and AMR practices

Almost all of the CPs (98.28%, n = 57) had scored above the mean in the overall practice scores, while 89.66% (n = 52), 63.79% (n = 37), 63.79% (n = 37) and 22.41% (n = 13) of them had scored more than 60, 70, 80 and 90%, respectively, Figure 3. More than 90% (n = 53) of CPs out of 58 maintained records whereas 8.62% (n = 5) did not maintain records of antimicrobials sold. Majority of the CPs (94.83%, n = 55) checked the appropriateness of prescription, specifically rationality of prescription, while 5.17% (n = 3) did not. From 58 CPs who cross-checked the prescriptions, 52.73% (n = 29) of them reported receiving inappropriate prescriptions with antimicrobials, and out of that, 79.31% (n = 23) of them communicated to the prescriber regarding the inappropriate prescriptions. While 22.41% (n = 13) of CPs had participated in antimicrobial-awareness activities, majority of them 77.59% (n = 45) did not get any opportunities to take part in such activities. The community pharmacies in the country authorized by the DRA are also allowed to sell veterinary medicines in addition to human allopathic medicines. Out of 55 community pharmacies involved in the survey, 14.55% (n = 8) of community pharmacies dealt with both human and veterinary antimicrobials while the remaining pharmacies dealt only with human antimicrobials, Figure 4.
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FIGURE 3
 Number of competent persons with score ranges in the overall practice section.
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FIGURE 4
 Competent persons’ AMU and AMR practices.





4. Discussion

This study was conducted to assess the knowledge, attitude and practice of AMU and AMR among competent persons working in community pharmacies across Bhutan. The secondary aim is to establish a baseline data source and provide evidence for appropriate interventions. A total of 58 CPs from 55 community pharmacies were interviewed using survey questionnaires.

Our results showed that the CPs at the community pharmacies had a good overall knowledge on AMU and AMR with 100% of them securing more than the mean score. Almost all of them (93.10%, n = 54) were aware of AMR. However, the knowledgeable rating on the overall scores may not imply that all the CPs were well aware of the AMU and AMR. When we analysed the responses to the survey questions individually, we found out that quite a huge number of CPs have given the wrong responses to some of the critical questions. With regard to the law of selling antibiotics without prescriptions, many of them (43.10%, n = 25) were not aware that they were not allowed to sell antibiotics without prescriptions, while a few (5.17%, n = 3) were not at all aware of that law. This is comparable to a study conducted in Northeast China where nearly half of the participants (40.6%, n = 162) sell antimicrobials without a prescription to patients occasionally (6). Nevertheless, the majority of the CPs (70.69%, n = 41) were aware that antibiotics are not indicated for common cold or flu, indicating a higher level of knowledge compared to a study conducted in Indonesia where more than half of respondents (73.12%, n = 420) assumed that antibiotics can be used to treat virus infection (11). Almost all of them (91.38%, n = 53) also knew that antibiotics should not be stopped soon after disease symptoms were resolved. In line with earlier studies (14, 15), most of the CPs (96.55%, n = 56) agreed that inappropriate use of antimicrobials would lead to AMR.

Reports suggest that AMR is mainly driven by misuse of antibiotics due to lack of knowledge on antimicrobials (16, 17). While AMR has been an issue globally, the majority of CPs (62.07%, n = 36) strongly agreed that it is an issue in our country as well. In this context, 50% of the CPs (n = 29) agreed that one of the leading factors could be the lack of knowledge or little understanding on AMU and AMR by the general public as evidenced by the findings from this study. In addition, the majority of CPs also agreed that the community pharmacies played a vital role in tackling AMR in the community. In agreement to the responses from the CPs (94.83%, n = 55), ensuring antimicrobials are dispensed only on prescription, educating the patients on rational use of antimicrobials, and also educating the general public on AMR could be core components while dispensing. And this looks possibly successful since most of the patients (77.59%, n = 45) coming to the pharmacies were found to value the counseling and instructions given by the CPs.

Considering the overall good knowledge and attitude toward AMU and AMR of the CPs in the community pharmacies as revealed by this study, the practice toward rational AMU and AMR awareness were found comparatively adequate with compliance above the mean value. However, as revealed by this study, there are a number of CPs who do not really understand the concept of AMU and AMR, although the majority had satisfyingly adequate overall knowledge and practice on AMU and AMR. Hence, it is impossible to rule out that the sale of antimicrobials by these CPs might be directly or indirectly contributing to the issue of AMR in the country. Providing specific trainings and orientations on the related topics would help build their knowledge and confidence in antimicrobial fields. Moreover, the majority (77.59%, n = 45) of them did not take part in any antimicrobial-awareness activities given the limited opportunity and platform. Hence it is evident that to improve the public-private partnership toward curving the issues of AMR, community pharmacies should be given priority while making policies with regard to AMU and AMR.


4.1. Limitations

Besides our best of efforts, this study does have some limitations. The survey was carried out by the officials of the DRA, which could have caused the respondents to give favorable answers in topics related to regulations. However, the respondents were thoroughly oriented on the objective of the survey and assured of no implications to whatever response they provide during the survey. Other potential limitations include the small sample size and the unequal distribution of the community pharmacies throughout the country.




5. Conclusion

This study is the first of its kind in Bhutan, assessing the knowledge, attitude and practices of the CPs in the community pharmacies on antimicrobial use and antimicrobial resistance. Results showed that the CPs had good level of knowledge on AMU and AMR. They had favorable attitude toward AMR and rational use of antimicrobials. Even in practice, they are shown to be following the good practices while dispensing antimicrobials to the patients. However, most of them did not get any opportunities to participate in the awareness activities organized by the public sector. Many of them were not aware of the existence of the policies on reducing AMR. Since antimicrobials are readily available from the community pharmacies, the CPs may be recognized as key players in the national drive toward curbing AMR in the country.
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Background: Antimicrobial resistance (AMR) which has been ascribed to be due to community carriage of antibiotic-resistant bacteria is highly prevalent in the WHO South-East Asia region. One of the major reasons for this is the misuse of antibiotics in animal farming practices and at the community level, which threatens both human and animal health. However, this problem of antibiotic misuse in poultry farms and in respective farmers is not well studied in countries like Pakistan.

Methods: We conducted a cross-sectional study in rural Punjab to explore the current practices of antibiotic use in poultry and poultry farmers, associated factors, their healthcare-seeking behavior and biosecurity practices.

Results: In the context of antibiotic use for poultry, 60% comprised of Colistin sulfate and Amoxicillin trihydrate whereas Colistin is considered as the last resort antibiotic. In addition, the significant consumption of antibiotics in poultry farms (60%) and poultry farmers (50%) was without prescription by either human health physicians or veterinarians. Most of the farms (85%) had no wastewater drainage system, which resulted in the direct shedding of poultry waste and antibiotic residue into the surrounding environment. The lack of farmers’ education, professional farm training and farming experience were the most significant factors associated with antibiotic use and knowledge of AMR.

Conclusion: Our study findings show that it is necessary for an integrated AMR policy with the inclusion of all poultry farmers to be educated, a mass awareness program to be undertaken and that strict antibiotic usage guidelines be available to them. Such initiatives are also important to ensure food safety and farm biosecurity practices.

KEYWORDS
 antimicrobial resistance, poultry, poultry farmers, antibiotic use, Pakistan, food safety, one health, poultry farming practices


Introduction

As per WHO misuse of antibiotic referred to buy antibiotics for animal and human use without prescription, takin antibiotics for viral infections, e.g., cold, flu and using antibiotics for growth promotion on farms (1).

Misuse of antibiotics in food-producing animal farming practices has become an inevitable challenge to the containment of global antimicrobial resistance (AMR) both in humans and in animals, particularly in low and middle-income countries (LMICs) (2). AMR has been gradually increasing over the last few decades, and currently, it accounts for almost 7 million deaths per year, which is estimated to increase to 10 million by the year 2050; with 90% of these deaths in LMICs of Africa and Asia (3, 4). Inadequate policies and regulations in LMICs have led to an increase in antibiotic consumption and subsequent drug-resistant infections to a great extent (5). Antibiotic use (in the human and animal sectors has the potential for transmission of AMR), encompassing the environment as well. This transmission occurs through direct contact between animals and humans as well as through food or shared environmental sources (6).

Antibiotic use in food animals started in the 1940s when the use of tetracycline in animals resulted in improved growth (7). Intensive use of antibiotics in food-producing animals has increased over the last decades because of the high demand for meat (8). According to a report presented by the Food and Agriculture Organization (FAO) and the Organization for Economic Co-operation and Development (OECD), the estimated poultry meat production in 2014 was 108.5 million tons, while in 2023, it is projected to reach 134.5 million tons. This inevitably puts increased pressure on farmers to produce more meat in the minimum time, e.g., 6 weeks instead of 9 or 10 weeks (9). Undoubtedly, more antibiotic residues exist in poultry production with no or negligible withdrawal periods. If the antibiotics are administered in food animals beyond the permissible limits and without adherence to the withdrawal period, this will be hazardous for human health (e.g., allergic reactions, AMR, and imbalance of intestinal microbiota) as well when they consume the meat and meat products (9). Changes in human microbiota along with the transmission of resistant genes eventually decreases the effectiveness of antibiotics used by that individual (9). Even farmers working in the poultry production facilities may have high rates of AMR due to occupational exposure (10).

Pakistan is among the top 10 countries that are producing food animals through modern farming practices and rely on antibiotics as growth promoters and for disease prevention (11). However, there is unfortunately no estimation of annual antibiotic use in food-producing animals in Pakistan. Thus, it is difficult to estimate the exact antibiotic usage for the treatment and prevention of diseases, and as growth promoters. More than 600,000 unqualified practitioners (locally known as quacks) are active for selling these antibiotics and roughly 50,000 unregistered products are available in local markets which exacerbates the situation further (12). While Pakistan is ranked as the third highest among LMICs for antibiotic consumption (13), it is a common practice there to seek treatment from a local medical store or use antibiotics by getting advice from relatives or through previous experience. Several studies have reported a high percentage (50% and above) for antibiotic prescriptions from local clinics (14, 15).

Apart from the direct effect of antibiotic use on AMR development in humans and animals, an abundance of resistant pathogens in the environment and elevated environmental pressure of them, are also major transmission factors in such circumstances. AMR transmission to the environment occurs in different ways, e.g., dissemination of animal waste (feces and urine, litter materials), uncontrolled grazing of animals, using organic fertilizer (animal waste), and the fact that pharmaceutical companies and municipalities dump their waste and human waste in the environment (16–18). In many LMICs including rural Pakistan, poultry wastes are ironically considered to be the best fertilizer for agricultural land. Antibiotics present in poultry wastes are mostly bioactive and result in increased antimicrobial resistance(AMR) in exposed bacteria in the surrounding environment (19). Therefore, the chances of resistant bacteria and gene transmission from poultry to human beings are high in rural areas because of shared living and sleeping areas with no proper waste disposal from poultry farms. Biosecurity measures are almost non-existent in small-scale farming in south Asia where poultry wastes are usually disposed into municipal drains or nearby open land (20).

While the burden of AMR is high and difficult to quantify in LMIC settings, there are multiple challenges to mitigate against it (21). Adequate knowledge about antibiotics, optimum biosecurity and prescription practices, and AMR awareness can play pivotal roles in the rational antibiotic use (22). For proper policy implementation, an understanding of the current poultry farming practices, the pattern of antibiotic use, and healthcare-seeking behavior for both farmers and farm animals are crucial. Therefore, in this study, we have focused on antibiotic use in commercial poultry farms and farmers along with their contributing factors in rural Pakistan.



Materials and methods


Study design, study area, and recruitment

We conducted a cross-sectional survey for poultry farms and poultry farmers in rural Punjab, Pakistan from January to March 2021. The Tehsil (sub-district) named Pindi Gheb from Attock district in Punjab was selected as our study area which is one of the more densely populated districts in Punjab with a large number of poultry farms (Figure 1). From Tehsil Pindi Gheb, out of 134 villages, we randomly selected 10 as well as 4 farms per village (n = 40). The eligible participants were voluntarily agreed adult poultry farmers who provided their prior informed consent before data collection.
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FIGURE 1
 Map of study area (23, 24).




Data collection

Data was collected using a validated and researcher administered questionnaire (which had been pre-tested in 4 non-study villages). Our questionnaire was adopted from a study conducted recently in North-western China regarding the use of antibiotics in poultry (25). For the use of antibiotics by farmers themselves a validated questionnaire from a study conducted in the Northwest region of Pakistan regarding self-medication and antibiotic use by the public (26). Questionnaire was comprised of 5 main sections: A structured questionnaire comprising of 5 main sections was used: (1) Characteristics of farms and demographic data of farmers. (2) Health care seeking behavior for antibiotic use in poultry farms. (3) Health care seeking behavior for antibiotic use by poultry farmers. (4) Disposal of poultry wastes. (5) Knowledge of poultry farmers about antibiotic use and resistance. The questionnaire was translated into Urdu to make it easy for farmers to understand and all the communication with farmers was in Urdu and Punjabi (local language). We also incorporated the suggestions and information from the local livestock officers, veterinary doctors, and medical doctors regarding the questionnaire development particularly to ask about illness and the use of antibiotics in both humans and poultry. All data were anonymized and entered in TSD (Services for sensitive data) provided by the University of Oslo.



Statistical analysis

All statistical analyses were performed in an IBM SPSS Statistics version 28.0.1.1 (IBM Corp.) Descriptive statistic was used to analyze the characteristics of the study farms, demographics of farmers, and pattern of antibiotic use in poultry farms and farmers. Additionally, distributions of antibiotic misuse by the demographic characteristics and the education level of farmers were compared with the knowledge of farmers about antibiotics by cross-tabulation.

We also performed a chi-square test to check the association between the education level of participants and knowledge about antibiotics, AMR, and prohibited antibiotics in poultry. Statistical significance was considered at p < 0.05.

Our study variables include both dependent and independent variables. Dependent variable include purpose of antibiotics use while independent variables include education and professional farm training of farmers, knowledge of farmer about antibiotic resistance and prohibited antibiotics, physician prescription, veterinary doctor prescription, frequency of antibiotic, withdrawal time period follow up, method of disposing poultry waste.

We performed the regression analysis (binary and multinomial) for these dependent and independent variables but there was no statistical significance association between variables.




Results


Characteristics of the poultry farms and demographic data of farmers

A total of 40 poultry rearing farms and farmers were included in the study. All farmers were male. The duration in the poultry farming profession ranged from 2 months to 35 years but nearly two-thirds of the farmers (n = 25: 62.5%) had an experience of less than 15 years (Table 1).



TABLE 1 Characteristics of farms and demographic data of farmers (N = 40).
[image: Table1]

Twenty farmers (50.0%) completed their secondary education (10 years of education) and 10 (25.0%) had no formal education. Thirty-five participants (87.5%) never attended any professional farm training. Nineteen poultry farms (47.5%) included in this survey were medium scale broiler farms which had 2000–4,000 chickens per farm (Table 1). The number of workers in the farms varied depending on the number of chickens. There was only one worker in all small-sized poultry farms having <2000 chickens.



Health care-seeking behavior for antibiotic use in poultry farming

Our current study reveals an extensive use of antibiotics in all farms (n = 40: 100%), the major use of antibiotics as growth promoters (n = 18, 45%), lack of compliance (e.g., antibiotic administration in 50% of farms for only 1–3 days), and health care seeking from unqualified practitioners for antibiotics to a larger extent (n = 24, 60%) (Table 2). All participants reported using antibiotics in every flock and most of them (n = 33, 82.5%) reported the purchase of antibiotics from agents instead of pharmacy/drug stores. Agents act as a third party between the poultry farmers and feed/veterinary drug companies and supply feed and medicines to the poultry farms. Moreover, 45% (n = 18) of the respondents had received veterinary services from feed companies.



TABLE 2 Antibiotic use characteristics and healthcare-seeking behavior in Poultry farming (N = 40).
[image: Table2]

Furthermore, we found that about three-quarters of the participants (n = 29, 72.5%) frequently used antibiotics. Half of the poultry farmers (n = 21, 52.5%) did not follow withdrawal periods of the antibiotics. Interestingly, many of the farmers (n = 22, 55.0%) used antibiotics for clinical conditions, which did not require antibiotics, such as flu, fungal infections, or malaise (Figure 2).

[image: Figure 2]

FIGURE 2
 Clinical conditions for using antibiotics in poultry.




Pattern of antibiotic use in poultry farms and associated factors

Table 3 illustrates the pattern of antibiotic use including class and types. It can be noted that 12 classes of antibiotics, containing 18 types, were used in poultry farming by the participants in the study group. These antibiotics were used both separately and in combination with others. Out of these antibiotics, both colistin and a combination of colistin sulfate and Amoxicillin trihydrate were most frequently (n = 24, 60.0%) used followed by Enrofloxacin, Tylosin and Doxycycline (35.0, 25.0 and 22.5%) respectively. Apart from antibiotics, other antimicrobials, e.g., antivirals (Amantadine HCl) and antifungal (Nystatin) were used by 25.0 and 2.5% of poultry farmers for the treatment of viral and fungal diseases.



TABLE 3 Antibiotic classes and types used in commercial poultry farms.
[image: Table3]

As illustrated in Table 2, in 18 farms (45.0%), antibiotics were used as growth promoters. However, the pattern varied based on the farmers’ education level, professional farm training and health seeking behavior. As shown in Table 4, farmers having no education or primary level education used more antibiotics for growth promotion in poultry (n = 6, 60.0% and n = 4, 80.0%), as compared to those having secondary level education (n = 7, 35.0%) and above (n = 1, 20.0%). Likewise, professionally trained farmers had not used antibiotics as growth promoters contrary to those having no professional farm training (n = 18, 51.4%). The Chi-square test indicates the significant correlation between professional farm training and antibiotic use as a growth promoter (p = 0.05). While education level and antibiotic use as growth promoter had no significant correlation (p = 0.141).



TABLE 4 Associated factors related to use of antibiotics as growth promoters.
[image: Table4]

Again, the majority (90.0%) of the respondents who were not educated had no knowledge about antibiotic usage and prohibited antibiotics in poultry; and no farmer in this category had knowledge about antibiotic resistance (Table 5). Farmers having a primary level of education had no knowledge about antibiotic usage, resistance, and prohibited antibiotics. Out of the 20 farmers who had a secondary level of education (n = 5, 25.0%), had a rudimentary knowledge about antibiotic usage (n = 3, 15.0%) had knowledge about prohibited antibiotics, and (n = 2, 10.0%) about antibiotic usage. The majority (4 out of 5, 80.0%) of the respondents having a higher secondary level of education or more, had some knowledge about antibiotic usage, while over half (n = 3, 60.0%) had knowledge about prohibited antibiotics and (n = 2, 40.0%) had knowledge about antibiotic resistance. There is a significant association between the education level of farmers and knowledge about antibiotic usage (p = 0.012) and prohibited antibiotics (p = 0.051).



TABLE 5 Knowledge of poultry farmers about antibiotics.
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Similarly, the correlation between professional farm training and knowledge of farmers about antibiotics was statistically significant (p < 0.05). Farmers having professional farm training (n = 5) have more knowledge about antibiotic usage (n = 4, 80.0%) and prohibited antibiotics (n = 4, 80.0%), while they had comparatively less knowledge about AMR (n = 2, 40.0%). We have also observed that the number of years in farming has a direct relation to the knowledge about antibiotics. All farmers having more than 30 years in farming had enough knowledge, as compared to those having less experience in farming. Whereas more than 80% of the farmers had no idea about antibiotic usage, AMR, and prohibited antibiotics. Therefore, these variables have statistical significance (p < 0.05).



Environmental dissemination of poultry wastes

To identify the environmental dissemination of AMR from poultry farming, we collected information about waste disposal practices. Most of the poultry farmers (85.0%) reported not having any wastewater drainage system in their farms; rather the poultry waste was being drained directly into adjacent open areas and agricultural land. Only 6 farms (15.0%) had proper drainage systems. Additionally, 24 (60.0%) farmers reported that they use poultry wastes as fertilizer, which is causing the further spread of AMR to the food system.



Health care-seeking behavior and antibiotic use in humans (poultry farmers)

Out of the 40 participants, more than one-third (n = 15, 37.5%) used antibiotics within the last month preceding the survey (n = 2, 5.0%), in the last 1–3 months, while (n = 10, 25.0%) of the participants used antibiotics 6 months prior to the survey. Two-thirds (n = 13, 32.5%) of the participants did not remember the last intake of antibiotics. About half (n = 21, 52.5%) of the respondents reported self-medication of antibiotics without a physician’s prescription. Almost half of the participants (n = 19, 47.5%) took previously used antibiotics without consulting a physician, while (n = 1, 2.5%) used antibiotics after getting advice from relatives. One participant (2.5%) mentioned that he had no access to physicians, so he used antibiotics without prescription.

When participants were asked about the source of antibiotics (n = 30.75.0%), reported obtaining them from local pharmacies (n = 8, 20.0%), from leftover antibiotics at home, and (n = 2, 5.0%) obtained them from rural medical practitioners (unqualified doctors). Moreover (n = 28.70.0%) of the respondents used antibiotics for 1–3 days (n = 8, 20.0%), used for 4–7 days, and (n = 4, 10.0%) used for more than 7 days (Table 6).



TABLE 6 Pattern of antibiotics use in poultry farmers (N = 40).
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Considering the indications of antibiotic use, a large proportion (n = 17, 42.5%) of the participants mentioned use of antibiotics for treating flu/common cold (mostly viral), and about one-third (n = 13, 30.0%) stated respiratory infections in general (where cough and chest pain were common symptoms) (Figure 3).
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FIGURE 3
 Clinical Conditions for using antibiotics in poultry farmers.





Discussion

In the current study, we evaluated the practice of antibiotic use and healthcare-seeking behavior regarding poultry farming and farmers in rural areas of Punjab in Pakistan which is the first of this nature in the study area. While Health care seeking behavior is defined as any action taken by an individual who identifies themselves to be ill or having health-related issues for the purpose of finding an appropriate treatment (27).

Our study findings confirm that the use of antibiotics in poultry is not well regulated in Pakistan, particularly in rural areas and it has the potential to enhance the emergence of drug resistant pathogens to develop AMR. Most of the participants used antibiotics as growth promoters without any consultation with trained veterinarians. This observation of the unregulated use of antibiotics in food-producing animals in Pakistan including improper dosage, wrong combination of antibiotics, misuse, and overuse is similar to other studies in similar settings (11, 24). In addition, we observed a significant seasonal variation in prophylactic antibiotic use in poultry. The poultry farmers use more antibiotics in winter than summer as chickens are more prone to diseases in cold weather. This information combined with an antibiotic sales report at different times, is considered crucial for a new policy and its implementation.

The majority of the participants in this study purchased antibiotics based on their previous experience and from local agents, which is a clear indication of a patron-client relationship and undue influence for unnecessary usage. Such resistance-provoking drug purchase behavior and practice is also evident in similar LMIC settings (10, 25–27). Our study participants mostly used colistin sulfate and amoxicillin trihydrate, which is alarming. Overuse and misuse of colistin lead to the development of multidrug resistance as reported in previous studies (28–30). Some farmers used antibiotics as a supplement on a daily basis while others used antibiotics on alternative days without following the duration of treatment and withdrawal time. Another important finding was the inability of the participants to distinguish between viral and bacterial infections which supports the fact that nearly half of them used antibiotics for flu (common cold) and a few used them for fever, which is supported by other studies done in Punjab and Sindh, Pakistan (31, 32). Lack of education, lack of professional farm training, and not getting advice from the veterinary doctors were the common reasons behind such misuse and these findings are in line with previous studies (11, 26, 33).

Another important concern of antibiotic use in poultry farming is the ‘Withdrawal period’. Any medicine or antibiotic consumed by humans or animals, has a withdrawal period when they become non-functional and eliminated from the body. The ‘Withdrawal period’ is particularly important for food animals such as poultry and cattle to ensure that no antibiotics have entered the human food chain. Unfortunately, nearly half of our participants were unaware of this term and so did not follow the recommended withdrawal period. This unhealthy practice increases the possibility of high levels of antibiotic residues in poultry meat with their detrimental health consequences. All these findings of violation of the withdrawal period for antibiotics have also been observed in other studies (25, 28).

Antibiotic use in poultry and lack of proper biosecurity practices are major concerns in the environmental dissemination of antibiotic residues and resistant bacteria which in turn act as the mixing hub of human-animal superbugs. A majority of farms in the current study had no wastewater drainage system and wastewater was simply drained into nearby agricultural land or open sites near farms. This practice increases the chances of antibiotic contamination of agricultural land through raw and untreated wastewater (16). Moreover, farmers sold poultry wastes to agricultural landowners to be used as fertilizer and more than half of the participants utilized poultry wastes as fertilizers for themselves as well. Several previous studies have revealed the linkage between antibiotic use in poultry and the development of AMR in humans and in surroundings through antibiotic residues in manure and urine (34–36).

In terms of antibiotic use among poultry farmers in the study area, the easy accessibility of antibiotics from pharmacies/drug stores without doctor’s prescriptions is an important issue. One-third of the participants obtained antibiotics from pharmacies and self-medication is a common practice. People in LMIC settings have no idea about the risk of self-medication and they purchase antibiotics from drug stores without a physician’s prescription (13, 37, 38). Another concern is the use of antibiotics from previous experience and from leftovers at the farmers’ homes. Our study participants also reported this practice. The main reason behind this was the financial constraints and traveling to the cities to seek physician’s consultation. This observation has also been reported in studies conducted in India, Malaysia, Sindh (Pakistan) and Lebanon (39–42).

Several studies have reported that patients understanding about illness and its treatment will increase their adherence to the medication (43, 44). In our findings, the drug adherence to antibiotics was not according to the instructions about the drug usage and most of the participants used antibiotics for 1–3 days. Participants were of the opinion that they need only to stop taking the medicine after they feel better. Improper consumption of antibiotics results in antibiotic resistance (45). Incomplete information about antibiotic use, getting only a few doses because of high prices, and use of left-over antibiotics at home are the reasons associated with it (13). Even from pharmacies or from rural practitioners, one can get antibiotics as a one-day treatment. However, non-adherence to the antibiotic regimen can be improved by increasing the general population knowledge and proper counseling at pharmacies and by improving pharmacist-patient interactions (45).

Knowledge about antibiotic resistance and antibiotic usage is a fundamental requirement to mitigate AMR at community level. A significant number of our study participants had no knowledge about these issues. Knowledge of the farmers about antibiotics was directly associated with their education level. Uneducated participants and those with a primary level of education had no or only a limited knowledge about antibiotic use, AMR, and the prohibited list of antibiotics in poultry as compared to those participants who had a secondary or higher level of education. These findings are consistent with other studies (13, 46, 47). Therefore, educational interventions can be effective to raise awareness, enhance knowledge about antibiotic use and changing their healthcare-seeking behavior. A good example is E-bug by public health England which is an international health education source to educate people about antibiotics, AMR, and infections (26, 48).


Limitations

While our study focuses on an imperative aspect of AMR in rural Pakistan, it has few limitations. The findings may not be generalized to the whole country as we collected data from a sub-district in Punjab. Yet, these results provide a descriptive picture of the overall situation of antibiotic use in rural Pakistan. Moreover, the findings of this study may also be affected by recall bias to some extent as participants had to remember the use of antibiotics and they have very minimal medicine-related knowledge. However, we tried to validate the findings by collecting and inspecting the antibiotic boxes from the farms and households.



Future directions and conclusion

Our study highlights the risks of AMR due to non-professional farming practices and its hazards to humans, animals, and the environment. It furthermore emphasizes the need for education and professional farm training for the containment of AMR in resource-deficient settings. The current study also strongly supports the alignment of food safety policy with the current AMR mitigation plan. An integrated and sustainable national AMR and food safety policy needs to be adopted with the inclusion of farmers’ education, mass awareness, organic farming, and strict antibiotic usage guidelines.
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Background: The majority of antibiotics are prescribed in primary care for respiratory tract infections. Point-of-care tests (POCTs) for the management of community-acquired acute respiratory tract infections (CA-ARTI) have been developed to help optimize antibiotic prescribing. While some countries in Europe have adopted these tests in primary care settings, most have not. Stakeholders, such as policy-makers, regulators, the diagnostic industry, and scientific associations, have roles in the implementation of new diagnostics in primary care. The aim of this study is to explore these stakeholders’ views and experiences, and identify areas of unmet need relating to POCT implementation.

Methods: Stakeholders were recruited using purposive sampling and snowballing. Between March 2021 and May 2022, semi-structured interviews were conducted online with stakeholders in Belgium, the UK and from European Union (EU) -level organizations. Interviews were audio recorded and transcribed verbatim. Transcripts were analysed inductively and deductively using thematic analysis.

Results: Twenty-six stakeholders participated: eleven from EU-level organizations, seven from Belgium, and eight from the UK. Five themes were identified. Stakeholders felt a balance of top-down and bottom-up approaches were an optimal strategy to the implementation of POCTs. Stakeholders stressed the need to engage with clinicians to act as champions for tests to help raise awareness and generate new evidence on how tests are used. While acknowledging the potential of POCTs for improving patient outcomes and impacting antibiotic prescribing behavior, some raised concerns on how tests would be used in practice and wished to see national data on effectiveness. COVID-19 catalyzed the use of tests, but stakeholders were pessimistic that processes for approving diagnostics during the pandemic would be replicated in the future.

Conclusion: Stakeholders provided recommendations for research and practice. Robust reimbursement policies could alleviate financial burden from clinicians and patients, encouraging practices to adopt POCTs. Industry is likely to benefit from engaging as early on as possible with other stakeholders. Due to uncertainty among stakeholders on the impact of POCTs on antibiotic prescribing, further evidence is needed to understand how practices adopt POCTs and the implications for stewardship. Monitoring how POCTs are used can inform future guidelines on successful diagnostic implementation.

KEYWORDS
 point-of-care testing, respiratory tract infections, qualitative, primary care, antibiotic prescribing, stakeholder, Europe


1. Introduction

The majority of antibiotics in Europe are prescribed in primary care settings for community-acquired acute respiratory tract infections (CA-ARTI) which are often self-limiting and viral in etiology (1, 2). While antibiotic surveillance and stewardship programs exist in Europe, significant variation in antibiotic prescribing between, and within, countries persists (3). Despite existing literature supporting the use of point-of-care tests (POCTs) as an intervention to safely reduce antibiotic prescribing for CA-ARTI in primary care, only a few countries in Europe have introduced them in primary care (4, 5).

A POCT in primary care is defined as a test performed during a consultation by a healthcare professional with results made available at the time of patient presentation to support clinical decision-making (6). Some European countries such as Norway, Sweden, the Netherlands, Germany, the Czech Republic, Estonia, and Switzerland have included point-of-care C-reactive protein in their national guidelines on the management of CA-ARTI (7). Other POCTs such as rapid antigen detection tests for group A streptococcus are included in national guidelines for France, Germany, Italy, Spain, and Sweden (8). Despite agencies such as the National Institute of Health and Care Excellence and the European Respiratory Society recommending POCTs in their guidelines, these diagnostics are seldom widely adopted across European primary care settings (9).

Due to the complexity behind implementing diagnostics, the contexts where POCTs are implemented need to be understood. Previous qualitative research focussing on the views of clinicians using POCTS for CA-ARTI have stressed the importance of reimbursement policies, inclusion of POCTs in guidelines, diagnostics that fit into existing workflows, and the support from management for primary care to adopt POCTs (10–12). Qualitative studies understanding the perspectives of stakeholders who are instrumental to the implementation process, therefore, may provide insights into some of the factors that influence uptake of POCTs in primary care settings. To date, evidence on barriers and facilitators to implementing CA-ARTI-specific POCTs from the perspectives of stakeholders in Europe have been limited to studies in the UK (7, 13, 14). UK studies on stakeholders, that held similar roles to those recruited in this study, were conducted prior to the pandemic or focussed on pediatric ambulatory care (7, 13, 14). These studies illustrated that technology design, stakeholder engagement, and sufficient evidence on utility aid adoption. In addition, the COVID-19 pandemic has triggered public recognition and investment in POCTs (15, 16) which may influence adoption of other tests. This study examines European stakeholders’ views and experiences of implementing novel POCTs in primary care, and their views on the impact of the COVID-19 pandemic in this area. Our objective was to identify how the adoption of diagnostics can be supported at both organization and system levels. We sought to provide recommendations that would assist policy-makers and the diagnostic industry in effectively implementing POCTs for CA-ARTI.



2. Methods


2.1. Study design and participant recruitment

This qualitative study was designed as part of the Value of diagnostics to combat antimicrobial resistance by optimizing antibiotic use (VALUE-Dx) program (17).

We wanted to interview people in roles relevant to the introduction of new diagnostics in primary care settings and who are familiar with POCTs for CA-ARTI including policy-makers, guideline developers, the diagnostic industry, reimbursement agencies, regulators, and clinician and pharmacy organizations. Authors (EC, MEH, ST-C, SA) identified potential stakeholders using both information available in the public domain and using the networks of members of the wider VALUE-Dx consortium. We chose to focus on stakeholders from European Union (EU) -level organizations, and in Belgium and the UK where the research team had existing established networks. Throughout this paper, we will refer to participants who work at an EU-level as EU participants.

EU stakeholders were recruited first, followed by stakeholders in Belgium and the UK. Initially, we planned to recruit stakeholders from the EU and from four European countries (Belgium, the UK, the Netherlands, and Sweden). We selected Belgium and the UK as countries with limited POCT implementation in primary care, and Sweden and the Netherlands as countries with established POCT implementation. However, we experienced difficulties contacting potential participants in Sweden and the Netherlands as a result of individuals being unavailable due to the COVID-19 pandemic. We confined our recruitment to the EU, Belgium, and the UK where the team had stronger existing networks and could approach more potential participants. In addition, we used snowballing sampling by asking interviewed participants if they could recommend a potential participant whose role would be relevant to this study.



2.2. Interviews

Potential participants were invited by e-mail with a participant information sheet. Interviews were conducted online on Microsoft Teams by author MEH, a PhD student with experience in qualitative methods, following a semi-structured topic guide (Supplementary material), with participants giving informed verbal consent at the start of interview. The topic guide was developed to ensure that key questions on implementation were asked to all participants, with the flexibility for follow-up questions as needed (18–20). VALUE-Dx researchers outside of the core research team reviewed the topic guide to ensure relevancy. Questions asked about the facilitators and barriers to, and any experience of, the adoption of diagnostics and current progress in implementation of diagnostics in primary care settings. In addition, specific questions were asked about the COVID-19 pandemic and the potential impact of the pandemic on future implementation of new diagnostics. All participants involved in this study were familiar with POCTs specifically for CA-ARTI due to their involvement with diagnostics and/or their expertise in antimicrobial stewardship. Participants from Belgium and the UK provided their perspectives on POCTs for CA-ARTI despite limited experience of implementing these types of tests and drew on previous experiences of implementing novel diagnostics. Interviews were conducted in English, audio-recorded, and transcribed verbatim.



2.3. Data analysis

Transcripts were pseudonymised and NVivo 12 was used to support analysis. An exploratory approach was used in the analysis to avoid imposing a pre-existing framework on the data. As the interviews with EU participants took place first, the core team read the interviews and immersed themselves in the data. Thematic analysis was used to analyse the transcripts (18). They were read line-by-line by author MEH and detailed codes were first created inductively for all EU transcripts and grouped to create categories and sub-categories. These categories and sub-categories were then discussed within the core team (MEH, SA, ST-C) and amended accordingly creating an initial data-driven framework based on the EU transcripts. Interviews of Belgian participants then took place and were coded deductively into the initial framework. Interviews with UK participants, and the subsequent analysis, started when interviews with Belgian participants concluded. Following the same analytical process, UK transcripts were coded deductively into the revised sub-categories and categories. Throughout our analysis, we also considered participants’ role and country when exploring similarities and differences between participants’ views.

Monthly core team discussions were held throughout the data collection and analysis phases to deliberate on the framework and to follow an iterative approach. These discussions served to refine and align the framework with the data from each country. This type of research triangulation brought together different perspectives allowing alternative interpretations of the framework to be considered (21). We referred to the quality criteria for qualitative criteria to ensure rigor and trustworthiness of our data (21, 22). A reflexive approach was adopted as ST-C and SA had prior experiences with qualitative studies on POCTs and were mindful of this during the analysis process. Themes and sub-themes were developed only after all transcripts had been analysed. Moreover, discussions were held with the wider research team of VALUE-Dx to discuss alternative interpretations of the framework.




3. Results

We conducted interviews with 26 participants between March 2021 and May 2022: eleven from EU organizations; seven from Belgium; and eight from the UK. The interviews lasted between 24 min and 70 min (mean 51 min). Table 1 presents both the number of participants interviewed and examples of job roles held by the participants at the time of the study.



TABLE 1 Information on participants.
[image: Table1]

Five themes were identified, describing common experiences across all stakeholders.


3.1. Theme 1: policy-level influences to support implementation

All participants expressed the importance of having sufficient financial resources to successfully implement POCTs in primary care settings. They flagged that competition with other innovations and variations in funding across regions and countries, depending on government priorities, meant that funding for POCTs was inconsistent and variable. Participants from Belgium and the UK reported a lack of reimbursement strategies for POCTs in their countries, which they perceived as a barrier to the uptake of these tests by clinicians. Belgian participants suggested that a lump sum fee for diagnostics would be a possible solution for practices that would include the cost of performing a test.


“What we are proposing for this kind of testing is that you're paying a kind of lump sum. So maybe it's €26 or €27 … So [the patient] pay[s] a certain amount, but everything is included … If you need a fee for every test, in the end, you will have to pay a big amount, but for the same result.” P15, Policy-maker, Belgium

 

In the UK, participants noted that there was no established funding framework for integrating POCTs in the current primary care system. In addition, some UK participants reported that antimicrobial resistance was not seen to impact primary care directly and subsequently felt that clinicians would not want to accept the costs of implementing POCTs. They believed that bulk purchasing of POCTs and procurement on a national level, with delivery to practices, could alleviate some of these challenges.


“General practitioners are independent contractors and if they had to purchase the tests and source them, supply them … I think that that's additional operational [work] and inconvenience for them whereas, if the health service at a national level purchased the tests on their behalf and delivered them to GP practices, they might be more inclined to use them but having to order them themselves would be another barrier.” P24, Policy-maker, UK

 

EU participants wished to see a harmonization of health technology assessments (HTAs) across Europe either through a European body or a standard evaluation for diagnostics. They further elaborated that HTAs are not consistent across countries, leading to lengthy and time-consuming regulatory processes that technology developers must navigate. Some EU and UK participants reported that current regulations are likely obsolete and need to be updated to reflect the changing diagnostic market. They pointed to Europe’s CE-marking (a mark indicating that the product meets EU safety, health and environmental protection requirements) for in vitro diagnostics, for instance, as an insufficient standard for assessing diagnostics.


“I think the real barrier for us is, as part of the notifiable body – so to get it to CE mark or CA-marking in the future, what needs to happen is that there needs to be a technical evaluation at that stage before. Because they get a CE-mark in this country on self-declaration. That is not good enough.” P26, Policy-maker, UK

 



3.2. Theme 2: multi-level system approach to implementing POCTs

Participants from Belgium and the UK reported that a strategy that combines both a top-down and bottom-up approach to implementing POCTs in primary care settings might be best. They felt a top-down approach would be helpful for interventions that require resources to implement and possibly the revision of national guidelines to include POCTs to support adoption. In addition, EU participants stated that engaging with policy-makers at the European Commission to place diagnostics on Member States’ agendas can be a facilitator, prompting countries to reimburse POCTs and invest resources into supporting primary care in their implementation.

Belgian participants further believed that politics may have an active role in the implementation of POCTs. They illustrated that their country is divided into communities, which have authority over healthcare including prevention measures. If POCTs are classified as a preventive measure, it falls into the jurisdiction of the communities to make decisions.


“[In Belgium] You have a federal organisation and federal healthcare, but you also have the communities … the French-speaking parts, Dutch-speaking parts, and the federated states, that have responsibilities in terms of healthcare. Also, they have the responsibility and the accountability for everything which is prevention. So if you consider diagnostics as a part of prevention than a part of therapy, especially if we're talking about screening … this might become a political discussion over who is responsible for it and who should pay for what. Who should decide: 'What types do we choose? Who pays the bill?” P16, Policy-maker, Belgium

 

However, most participants highlighted that the drive to use POCTs in primary care needs to come from clinicians, as the main stakeholders, for successful implementation. Belgian and UK participants believed that clinicians have considerable influence, as early adopters, to motivate others to implement POCTs as they would be generating the evidence to show how POCTs could fit within clinical workflows.


“I think they [clinicians] will also help drive the use of these tests as well because as the earlier adopters and innovators, they will help produce some of the evidence that will then be used to support policy at a national level and then filter out to wider adoption.” P25, Policy-maker, UK

 

EU, Belgian, and UK participants believed that there is still a lack of awareness among clinicians on the existence of POCTs and how they can optimize prescribing. They recommended educating clinicians through seminars and training to demonstrate the effectiveness of POCTs.

On the other hand, participants maintained that having relevant stakeholders agree on how POCTs should be adopted is crucial but felt this was a challenge for technology developers as it can be time-consuming and costly to identify stakeholders. UK participants believed that a certain amount of lobbying was needed to engage with stakeholders for successful implementation which relied on trust and being connected to those who can help.


“You have to do a lot of lobbying around entering NHS. But it's a very, very difficult process and usually how it works is, you know someone in the central commissioning group and they trust you and eventually they might agree to run a pilot, you gather some evidence from the NHS pilot and you can then implement it broader. And so this process is not very efficient because it all relies on knowing people and being connected to the right people.” P22, Industry, UK

 

Most participants highlighted the importance of convincing arguments and narratives that demonstrate the value of POCTs to facilitate implementation. They stressed that evidence demonstrating advantages from a public health perspective, including improving day-to-day practice and clinical effectiveness, would strengthen arguments to support POCT implementation.



3.3. Theme 3: extent of POCTs contributing to optimal patient care in primary care

Most participants raised aspects of POCT technology such as accuracy and clinical effectiveness as crucial features to ensure they are adopted. However, some EU participants, particularly those from professional organizations and some from industry, believed that POCT technology may still need further improvements before tests can be widely adopted. Participants were concerned with the accuracy of test results and believed that faster diagnostics need to be developed.


“I do believe that the companies still have a way to go, with the exception of COVID-19 where we’re seeing a lot of momentum, to actually develop more so easier to use, faster and more precise diagnostic tools so that the community can use.” P6, Industry, EU

 

Moreover, there were mixed opinions across participants on the benefits of POCTs. Some participants explained that POCTs could potentially be beneficial to patients in primary care by optimizing antibiotic prescribing behavior and consequently, influencing clinician-patient relationships. They suggested that results from a test could be used by clinicians as a communication tool with patients to support their decision-making process. Others, on the other hand, believed that more real-world evidence is needed to demonstrate that POCTs are likely to optimize antibiotic prescribing. Belgian and UK participants also stressed the importance of country-specific data which they argued was currently lacking. They pointed to differences between different healthcare systems and stressed that existing studies, on cost-effectiveness, for example, may not be relevant for their own countries.


“[With the] C-reactive protein test it’s not so clear if it's a good thing, or if it's a not a good thing to implement … We need scientific evidence.” P18, Scientific association, Belgium


“The NICE committees would often worry if evidence was just from the US, or evidence from China or Russia. There can be major differences in how the health system works … those costs and the way the system operates in the US isn't necessarily reflective of UK practice.” P19, Policy-maker, UK

 

However, participants also reported that demonstrating cost-effectiveness of POCTs can be challenging especially when factoring in savings in healthcare costs in relation to antimicrobial resistance. They feared that other less costly strategies to reduce antibiotic prescribing may have not been extensively adopted in primary care and could be first introduced.

Interestingly, some Belgian and UK participants were skeptical about how POCTs would be used in real-life settings and were concerned about both the overuse and underuse of POCTs. Some argued that tests would not be used in practice if they are too expensive and cited research where POCTs were left unused in primary care. If POCTs were incentivized, some UK participants felt that this could lead to overuse thus, further guidance would be needed to instruct clinicians on when to use them.


“We would want to incentivize GPs to use the test. But then we'd run the risk of over testing … But the question remains open as to what is the right proportion of patients that should have a diagnostic test and there's no clear answer to that question.” P24, Policy-maker, UK

 

EU and UK participants suggested that implementing POCTs may be challenging in some practices as some clinicians may be more inclined to prescribe antibiotics. Some UK participants stated that POCTs may not change prescribing behavior as a test may not be able to fully rule out a bacterial infection. Others stated that making a conscious decision to test first, before indicating a prescribing decision, is challenging. In addition, they believed that patients may even insist on antibiotics regardless of test results.


“I mean it is quite a big change to actually have do a test rather than prescribing some type of antibiotic out of habit. It’s breaking that habit.” P6, Industry, EU

 



3.4. Theme 4: implementing POCTs will impact the current organization of primary care in Europe

Most participants generally agreed that implementing POCTs in primary care involves re-organizing the way services are run with barriers such as stretched workforces and limited consultation times.


“I have the problem to have the time to use it because in my daily job [general practitioner] I have enough things to do. Then I need not only these tools in a point of care, but also that they are easy to use.” P8, Scientific association, EU-level


“If they've got a new patient in the door every ten minutes and, you know, there are some logistics, that they need a nurse to deliver the point-of-care test, and then that nurse then has to feed back the result to the GP to say: 'Oh, it's 150. Do you want to give an antibiotic?' You know. It kind of interferes potentially with the flow.” P19, Policy-maker, UK

 

If POCTs are to be implemented in primary care, EU participants, including those from industry and professional organizations, argued that laboratories need to be involved. They felt that the existence of reference labs is important to ensure the quality of POCTs and to oversee data coming from the community. Interestingly, Belgian participants explained that because of the way laboratories are organized in Belgium, some laboratories would suffer a loss of income if POCTs were widely adopted in primary care.


“In Belgium, you have a lot of labs. You have private labs and labs that are linked to the hospital, you have the clinical biologist, and the clinical biologists don't want GPs to do this kind of test because for them, it's a loss of income. If the GPs are using it, then for them, it's a loss of income. So there will be a lot of struggle, I think, a lot of discussions.” P16, Policy-maker, Belgium


“I think the [laboratories] would be against [the proposal of implementing POCTs] as the laboratories will lose money … If we [general practices] do point-of-care testing that means we will send less to the labs.” P18, Scientific association, Belgium

 



3.5. Theme 5: perceived influence of COVID-19 on the future of POCT implementation

EU, Belgian, and UK participants reported that the pandemic provided a further understanding on how to implement diagnostics, including using pharmacies for testing to relieve pressure on primary care. While some expressed hope that pharmacies would implement POCTs in the future, Belgian participants recalled previous attempts where primary care was resistant as they wanted clarity in defining roles and concerns arose about costs of adoption.


“We have experienced some pushback from physicians, both from physician organisations as well as the federal healthcare service and from the physicians. It seemed to be related to clear role definitions of who is doing what in terms of care, whereas from the federal healthcare service, they seem to be concerned also, with the cost of introducing those type of first-line [general practice] or zero-line settings [pharmacies] as an additional channel.” P12, Scientific association, Belgium

 

Belgian and UK participants highlighted different lessons that were learnt as a result of the pandemic. In Belgium, for example, some participants reported learning about how evidence could be translated into practice in other countries. UK participants highlighted, on the other hand, that strengthening communications between stakeholders and sharing knowledge were seen as being essential for successful implementation of diagnostics. Furthermore, UK participants felt that the public was now more confident in using rapid antigen tests and familiar with certain terminology related to CA-ARTI. They also expressed that testing may no longer fall under the “gate-keeper” role of clinicians.


“I think you know people are more familiar now with using lateral flow tests in the home and they're more familiar with certain terminology as well.” P24, Policy-maker, UK

 

However, participants in Belgium and the UK voiced some doubts on the extent of the pandemic’s impact on implementing future diagnostics. They raised the concern that the pandemic was not a reflection of “normal” times as governments were under immense pressure to expand testing capacities as quickly as possible, bypassing some of the regulatory processes that would have usually been followed.




4. Discussion


4.1. Summary of main findings

This study presents the views and experiences of stakeholders involved in the implementation of diagnostics on an EU-level, and in Belgium and the UK. The interviewed stakeholders from Belgium and the UK provided their perspectives on POCT implementation in primary care, despite the limited experience of adopting POCTs for CA-ARTI at the time of the study. Our participants from different stakeholder groups agreed with each other on the factors that influence the implementation of POCTs for CA-ARTI in primary care.

Most participants agreed that top-down influences such as dedicated funding for diagnostics alongside policy changes would be needed to facilitate the adoption of POCTs in primary care. However, there was recognition that top-level changes alone may not be sufficient and that a bottom-up approach was needed in other areas in order to successfully implement. Participants noted that that the drive for POCT implementation should come from clinicians. This may require POCT “champions” engaging with clinicians to gather greater evidence showing patient benefits from using diagnostics.

Conversely, participants expressed doubts to the extent to which POCTs can improve primary care practice. Belgian and UK participants particularly wanted to see national evidence demonstrating the value of POCTs and were concerned over potential over-or under-use of POCTs which subsequently, may not change the prescribing behavior of clinicians in the long run. Some participants stated that the availability of POCTs alone may not be sufficient to ensure their appropriate use, suggesting that bottom-up approaches may be necessary to influence clinicians’ prescribing behavior.

In addition, participants acknowledged that adjustments may be needed in the ways primary care services are run in order to implement POCTs, which may be a logistical challenge. They believed that barriers such as restricted workforce and consultation times may need to be taken into account. In particular, Belgian participants raised concerns about the influence of introducing POCTs in primary care on the role played by laboratories, potentially resulting in a financial loss for them. Consequently, additional considerations may be necessary to determine the appropriate placement of laboratories within the care pathway.

Finally, participants had mixed opinions on whether the COVID-19 pandemic would have a significant impact on the implementation of future diagnostics. Participants in Belgium and the UK pointed out that processes and strategies to implement POCTs for COVID-19 could not be replicated for future diagnostics except under exceptional circumstances. However, some agreed that lessons can still be learnt such as opening up new settings for testing, building on relationships developed during the pandemic, and the public’s familiarity with testing.



4.2. Strengths and limitations

Using qualitative methods helped to unearth the complexity behind implementing POCTs from different stakeholders’ perspectives. Investigation from an EU-level stance provided a macro-level perspective of some of the challenges that technology developers have to face when navigating the European regulatory landscape; while national stakeholders provided important context. Although the interviews gathered rich data, recruiting other stakeholders such as patient groups would have added to the scope of the study by understanding if and how patients may have an influence on implementation. Interviewing stakeholders from European countries where the use of POCTs in primary care practices is routine could have offered a contrasting example to further understand how challenges were overcome and what facilitators supported POCT adoption in their contexts. We did attempt to recruit participants in other European countries where POCTs have been widely adopted, however due to the timing of the study during the COVID-19 pandemic, we faced difficulties in getting stakeholders to participate.



4.3. Comparison with existing literature

To date, there are limited qualitative studies that explore stakeholders’ views and experiences on implementation of POCTs for CA-ARTI. Qualitative studies conducted in the UK involved stakeholders with similar roles to our study but took place prior to the pandemic (7, 13) while another focussed on pediatric ambulatory care (14). These studies, however, reported similar findings to our UK data and extended to our EU and Belgian data (7, 13). Policy-level facilitators included robust reimbursement policies and incentivizing the use of POCTs in primary care (23, 24). In line with our study, one study in the UK posited that a viable strategy to facilitate uptake of POCTs would be to procure them on a national-level and supply primary care practices with them (7). On the other hand, studies also showed that stakeholders were concerned that reimbursement policies and financial incentivization may lead to the inappropriate use of POCTs as seen in our data (7, 23).

Studies from low resource settings on implementing POCTs for infectious diseases, showed that stakeholder engagement is necessary, however, this can be a difficult and time-consuming process (25, 26). In addition, studies in the UK demonstrated that stakeholders believed that there is still a lack of awareness of the existence of POCTs and that engaging with end-users is crucial (13). Across our data, stakeholders asserted that clinician champions are needed to contribute toward adoption, being the main end-user. Our data corresponds to other literature where clinicians, as early-adopters, have the potential to raise awareness, encourage other primary care practices to adopt novel POCTs, and support the generation of new evidence on POCTs (7, 13, 27). Generating new evidence is particularly important as stakeholders in our study, especially from Belgium and the UK, emphasized that national data is necessary for successful implementation (13). Moreover, our study illustrated that stakeholders in Belgium and the UK had doubts on the cost-effectiveness of POCTs in optimizing antibiotic prescribing behaviors and while acknowledging that demonstrating cost-effectiveness is challenging, they still wished to see national data (24).

Existing literature has indicated that implementing POCTs in primary care can have an impact on the way in which practices run with concerns arising on limited staff, space, and consultation times (7, 13, 24, 28, 29). In addition, our data suggested that in Belgium, special attention needs to be paid toward the role of laboratories that may feel that POCTs in primary care encroaches in their domain. While our UK participants did not iterate this, other studies in the UK and in low-income countries pointed out that laboratories may be barriers to POCT implementation as it could result in a loss of income for them (7, 13, 25, 30).



4.4. Implications for practice and future research

Stakeholders working at an EU-level, and in Belgium and the UK, believed that the burden of covering the costs of implementing and using POCTs should not fall on clinicians and patients. Policy-makers should therefore consider cost-neutral funding models, such as a lump-sum fees for diagnostics or robust reimbursement policies, that alleviate financial and logistical burden off end-users. In line with our study, other qualitative studies on POCTs for CA-ARTI illustrated that stakeholders were concerned with the inappropriate use of POCTs that would come as a result of financially incentivizing the use of these tests in practices (7). Therefore, non-financial incentives such as comparing quality indicators across practices that use POCTs, may help to encourage appropriate use of tests. To further ensure that clinicians use POCTs appropriately, proper guidance and/or training should be provided to clinicians on which target populations POCTs can be used for.

Diagnostic developers should consider identifying and engaging with relevant stakeholders who are closely involved in making impactful changes as early as possible, even during the product development stage. In addition, engaging with early adopters, such as clinicians to act as champions for new diagnostics, may galvanize interest among other clinicians (7, 13, 27). On the other hand, industry stakeholders also wished to see changes made on an EU-level concerning HTAs to avoid different processes and evaluations, and instead move toward a unified approach for diagnostics. In December 2021, a new EU regulation was adopted that will come into effect in January 2025 which focusses on joint clinical assessments and further collaborations between EU countries to reduce the duplication of work for national HTA bodies (31). Indeed, participants in our study noted that strengthening ties between stakeholders to encourage collaboration was one of the main lessons learnt from the COVID-19 pandemic to facilitate implementation of new diagnostics. Although the new EU HTA regulation does address this, a European trade association representing the diagnostic industry, issued a statement voicing their skepticism over the impact this new regulation will have in reducing barriers for implementing diagnostics (32). This suggests that additional advocacy work will be needed on a policy-level to amend the new HTA regulation to reduce some of these challenges that are specific to diagnostics.

Due to the impact that implementing POCTs may have on current organizations and workflows in primary care settings, diagnostic developers may need to consider specific characteristics for POCTs tailored for these settings such as, shorter time to result and automating results onto a patient’s electronic medical record to save time. In addition, the role of laboratories may need to be further defined if POCTs are to be adopted widely as they may be involved in validating results coming from tests in communities.

Lessons can be observed from the pandemic on how to effectively implement diagnostics, including strengthening existing relationships and communication channels. In addition, the pandemic broadened the role of pharmacists to include rapid antigen testing (33), thus, policy-makers may consider settings such as pharmacies, emergency rooms, and out-of-hours services as spaces for POCTs for CA-ARTI.

Future research for the implementation of POCTs in primary care settings should generate contextualized evidence to demonstrate the effectiveness of POCTs as countries have different healthcare systems and certain evidence may not be directly extrapolated. While it would be impractical to conduct repeated trials across all European countries, research studies should capture information on context to explain how POCTs are impacting (or not) primary care practice across a range of health systems and settings. Implementation studies, where POCTs are introduced in practice and use and adoption observed over time could be a beneficial, and a less costly approach, compared to trials. Such studies are similar to local service evaluations but applied more widely. In addition, further research may be needed on how to incentivize clinicians to use POCTs to ensure that they are appropriately used. Following successful implementation of POCTs in primary care settings, primary care practices may need to be monitored on their use of tests and their subsequent impact on antibiotic prescriptions.




5. Conclusion

Implementation of POCTs require changes on multiple-levels: at a policy-level in terms of robust reimbursement policies and efficiently evaluating diagnostics; at an organizational-level to embed POCTs in care pathways and primary care contexts; and at a clinician-level, to ensure POCTs are easy to use and are used appropriately. Industry engaging with stakeholders early on in the product development process could benefit them. Stakeholders requested national evidence on POCTs and industry may not find this feasible, but alternative research study designs could address this. Having European countries share evaluation assessments for diagnostics where necessary may overcome duplication of efforts. The COVID-19 pandemic has created opportunities for testing in new spaces such as pharmacies. In addition, there is uncertainty among stakeholders on the impact of POCTs on antibiotic prescribing and thus, further evidence may be needed to understand how practices adopt POCTs and monitoring how POCTs are used can inform future guidelines on successful implementation. Although stakeholders do not anticipate the expedited approval process for COVID-19 diagnostics to be applied to other diagnostics, they believe that valuable lessons can still be learnt from the pandemic.
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Introduction: The spread of antimicrobial resistance among zoonotic pathogens such as Salmonella is a serious health threat, and mobile genetic elements (MGEs) carrying antimicrobial resistance genes favor this phenomenon. In this work, phenotypic antimicrobial resistance to commonly used antimicrobials was studied, and the antimicrobial resistance genes (ARGs) and plasmid replicons associated with the resistances were determined.

Methods: Eighty-eight Italian Salmonella enterica strains (n = 88), from human, animal and food sources, isolated between 2009 and 2019, were selected to represent serovars with different frequency of isolation in human cases of salmonellosis. The presence of plasmid replicons was also investigated.

Results and discussion: Resistances to sulphonamides (23.9%), ciprofloxacin (27.3%), ampicillin (29.5%), and tetracycline (32.9%) were the most found phenotypes. ARGs identified in the genomes correlated with the phenotypical results, with blaTEM-1B, sul1, sul2, tetA and tetB genes being frequently identified. Point mutations in gyrA and parC genes were also detected, in addition to many different aminoglycoside-modifying genes, which, however, did not cause phenotypic resistance to aminoglycosides. Many genomes presented plasmid replicons, however, only a limited number of ARGs were predicted to be located on the contigs carrying these replicons. As an expectation of this, multiple ARGs were identified on contigs with IncQ1 plasmid replicon in strains belonging to the monophasic variant of Salmonella Typhimurium. In general, high variability in ARGs and plasmid replicons content was observed among isolates, highlighting a high level of heterogeneity in Salmonella enterica. Irrespective of the serovar., many of the ARGs, especially those associated with critically and highly important antimicrobials for human medicine were located together with plasmid replicons, thus favoring their successful dissemination.

KEYWORDS
 Salmonella, whole genome sequencing, antimicrobial resistance, MIC, multidrug resistance, plasmids


1. Introduction

In Europe, salmonellosis is the second most common zoonosis, with 87,923 confirmed cases in 2019 (1). In spite of more than 2,600 identified Salmonella serovars (2), only three serovars, namely S. enterica serovar Enteritidis (S. enteritidis), S. Typhimurium and the monophasic variant of S. Typhimurium (MVST), accounted for more than 70% of the human cases (1).

Most of the human cases of salmonellosis result in self-limiting gastrointestinal diseases, which does not require treatment with antimicrobials. However, treatment is required, when systemic infections occur, and it is therefore a serious health problem, when strains of important zoonotic pathogens, such as Salmonella, become resistant to commonly used antimicrobials. Antimicrobial overuse and misuse in humans and animals for food production is the main cause for the increase in antimicrobial resistance (AMR) in Salmonella (3), while mobile genetic elements (MGEs) have played a major role in the rapid spread of resistance genes among Salmonella strains (4).

Control strategies against salmonellosis have been implemented in the European countries at primary production level, with the aim of reducing the incidence of target serovars, i.e., serovars which have been designated as ‘particularly relevant for public health’ (Commission Regulation (EU) No 2160/2003, 5). This strategy is however challenged by the fact that serovars that used to be less frequently isolated from human specimens are being detected with increasing frequency (5, 6), also in animal populations in which national control plans to control Salmonella prevalence had been implemented (7). Importantly, Annex III from the Commission Regulation (EU) No 2160/2003 underlined that resistance(s) to relevant therapies for human infections was an important criterion to define which serovars with public health significance should be considered targets for the reduction of Salmonella prevalence in breeders population (8).

While phenotypic susceptibility testing has informed on the current level of resistance in strains of Salmonella, it does not have the power to inform on the underlying mechanisms behind AMR in strains, nor the mechanisms by which AMR spreads in the population. Whole genome sequencing (WGS) has therefore become a valuable support to phenotypic susceptibility testing in surveillance of AMR, allowing detection of the major antimicrobial resistance genes (ARGs) circulating in zoonotic pathogens and the MGEs which contribute to spread of AMR. The current study investigated the correlation between phenotypic and genotypic resistance to antimicrobials in a selection of Salmonella strains, isolated from humans, animals and food in Italy and belonging to serovars associated with different frequency of isolation from human infections. The study aimed to analyze the presence of AMR genes and MGEs in strains with AMR, in order to determine the resistance genes and plasmids, which seemed to contribute to the spread of resistant isolates.



2. Materials and methods


2.1. Dataset description

Eighty-eight Italian Salmonella enterica isolates, belonging to 15 different serovars, were selected. The serovars were chosen to represent serovars which are frequently (F) and rarely (R) isolated from human infections in the European Union (EU) countries (1). The serovars which are frequently isolated from human infections were represented by S. enteritidis, S. Typhimurium and MVST, while rarely isolated serovars from human infections were represented by S. Derby, S. Dublin, S. Hadar, S. infantis, S. Kentucky, S. Livingstone, S. Mbandaka, S. Montevideo, S. Newport, S. Rissen, S. Senftenberg, and S. Thompson. The strains were collected spanning the years 2009–2019, from different Italian regions, and were isolated from animals, food and human sources. The selected strains are part of a broader collection maintained at the National Reference Laboratory for Salmonellosis at the Istituto Zooprofilattico Sperimentale delle Venezie (Legnaro, Italy) and Istituto Superiore di Sanità (Rome, Italy). Two strains were selected for each serovar for each source (human, animal, and food), with the exception of S. Dublin and S. Mbandaka, for which only one human isolate was available (Table 1). The strains were maintained at the Istituto Zooprofilattico Sperimentale delle Venezie (IZSVe), in cryobank tubes at −80°C, with preservative medium (Copan Diagnostics, CA, United States).



TABLE 1 Description of serovars, sources and number of isolates used in the study.
[image: Table1]



2.2. Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed as minimum inhibitory concentration (MIC) by broth microdilution method with Sensititre EUVSEC panel (TREK Diagnostics System). Results were interpreted according to European Committee on Antibiotic Susceptibility Testing (EUCAST) epidemiological cut-off values (ECOFFs; http://www.eucast.org). Multidrug-resistant (MDR) strains were defined as resistant to one drug in at least three different antimicrobial classes (9).



2.3. DNA extraction and WGS analysis

The Salmonella isolates were processed for DNA extraction and sequencing as already described in Petrin et al. (10). Briefly, after culturing, genomic DNA (gDNA) was extracted using a commercial column-based kit (QIAamp DNA Mini, QIAGEN, Valencia, CA), and purified gDNA was quantified with a Qubit 3.0 Fluorometer (Life Technologies, Waltham, MA). Libraries for WGS were prepared using the Nextera XT DNA sample preparation kit (Illumina, San Diego, CA) following the manufacturer’s instructions. High-throughput sequencing was performed with MiSeq Reagent kit v3, resulting in 251 bp long paired-end reads, or NextSeq High Output kit v2.5, resulting in 151 bp long paired end reads. Subsequent bioinformatics analyzes on raw reads were performed as previously described in Petrin et al. (11).



2.4. Genomic analyzes

To confirm the serovar., in-silico serotyping was performed using three different tools: MOST 1.0 (12) and SeqSero 1.0 (13) on raw data, and SISTR 1.0.2 (14) on assembled data.

Plasmid replicons were identified using blastn 2.7.1 (15) against PlasmidFinder 1.3 database [downloaded on 05/03/2018 (16)], while acquired antimicrobial resistance genes (ARGs) and chromosomal point mutations against ResFinder 3.0 and PointFinder databases, respectively [downloaded on 05/03/2018 (17)].

E-value thresholds were adjusted for each search depending on database size and were set as follows: 0.001 for plasmid replicons search, and 0.01 for ARGs search, respectively. All hits were required to have a 60% minimum coverage of the reference sequence found in the database, while the minimum required percentage of identity was 90% for plasmid replicons search, and 80% for ARGs search.

To further characterize plasmids that potentially contribute to the spread of antimicrobial resistance genes, only contigs longer that 200 bp were retained from the assemblies. Barrnap v0.9 (18) was used to mask ribosomal sequences on contigs. Contigs on which PlasmidFinder had identified a plasmid replicon were identified and collected to keep track of the incompatibility group(s) for each sample having putative plasmid(s).

A reference database containing plasmids from the taxa Enterobacteriaceae was built as follow:

1. Genebank (.gbk) format files for plasmids identified in taxa Enterobacteriaceae (Taxid 543) were downloaded from the NCBI nucleotide database;

2. only ‘complete sequence’ and ‘circular’ sequences were retained;

3. sequences were clustered using cd-hit v4.8.1 software (19) and setting 100% redundancy;

4. sequences were annotated with Plasmid Finder to search for the incompatibility group.

After building the reference database, blastN (15) was used to identify contigs that matched in the plasmid reference database with 90% identity and 90% coverage: if a contig matched with a plasmid in the reference database having an incompatibility group already identified by PlasmidFinder in that sample, the contig was retained and added to the contig identified by PlasmidFinder. All the contigs from one sample belonging to the same incompatibility group already identified by PlasmidFinder were concatenated by means of 150 bp Ns linkers. BlastN (15) was used to compare the resulting pseudomolecule for each incompatibility group with the plasmid reference database, in order to identify the best match (i.e., the match with the lowest e-value).



2.5. Conjugation assay, detection of plasmid replicon and antimicrobial resistance genes

In order to confirm the presence of ARGs on plasmids, for convenience reasons, two Salmonella isolates were chosen from those showing at least one ARG and a plasmid replicon on a putative plasmid from the in silico genomic analyzes. The transfer frequencies of tetA and catA1 genes were investigated by conjugation experiments with nalidixic acid resistant E. coli 1816 as recipient strain. Donors and recipient strains were grown in Luria-Bertani (LB) broth for 24 h at 37°C. Then, a 1:50 dilution was prepared for each strain, and bacteria were grown at 37°C to a final OD600 0.4. Five hundred μl of the donor strain was added to 4.5 mL of the recipient strain, and the bacterial suspensions were filtered using 0.22 μm filters (Merck Millipore) on MacConkey plates, pre-heated at 37°C for 1 h. After incubation for 18 h at 37°C, the filters were washed with 10 mL of physiological saline and vortexed to completely resuspend the cells. The cellular suspensions were centrifuged at 5000 rpm for 10 min, and the pellets resuspended in 1 mL of physiological saline after removing the supernatant. Serial dilutions were prepared, and 100 μL were plated on LB plates supplemented with nalidixic acid (50 mg/L) and chloramphenicol (50 mg/L) or nalidixic acid (50 mg/L) and tetracyclin (50 mg/L) to select for transconjugant colonies. The transfer frequencies were calculated as the number of transconjugants obtained per donor. Selected transconjugants colonies were transferred onto MacConkey agar plates to confirm they were E. coli colonies.

Identification of plasmid replicons from transconjugant colonies was performed by PCR-based replicon typing using the PBRT 2.0 kit (Diatheva, Fano, Italy), according to manufacturer’s instructions.

To screen for the presence of chloramphenicol resistance genes in transconjugant colonies, a multiplex PCR targeting catA1, cmlA1 and floR genes was performed according to the protocol described in Guerra et al. (20) using catA1, cmlA1 and floR forward and revers primers. PCR was performed in a final volume of 50 μL using 1X Buffer Taq Gold, 2 mM MgCl2, 400 μM dNTPs, 1 μM each primer, and 2,5 U Taq Gold (Life Technologies). Thermal cycling consisted of 95°C for 5 min, followed by 30 cycles (95°C for 30 s, 55°C for 30 s, 72°C for 40 s) and a final step at 72°C for 5 min. Finally, to screen for the presence of tetracycline resistance genes in transconjugant colonies, a multiplex PCR targeting tet genes was performed according to the protocol described by Ng et al. (21) using tetA, tetB and tetF forward and revers primers. PCR was performed in a final volume of 50 μL using 1X Buffer Taq Gold, 2 mM MgCl2, 200 μM dNTPs, 1 μM each primer, and 2,5 U Taq Gold (Life Technologies). Thermal cycling consisted of 95°C for 5 min, followed by 30 cycles (95°C for 30 s, 55°C for 30 s, 72°C for 30 s) and a final step at 72°C for 5 min. Amplicons were confirmed on a 2% agarose gel (Merck Life Science).



2.6. Statistical analysis

The data were statistically analyzed with RStudio (22) to generate plots, while graphical analysis was performed using the ggplot2 package (23). In order to evaluate the agreement between phenotypic and genotypic resistance, Cohen’s kappa statistics and value of p were calculated in RStudio using the vcd package (24). A kappa value between 0 and 1 is assigned and values ≤0 indicate no agreement; 0.01–0.20 none to slight agreement; 0.21–0.40 fair agreement; 0.41–0.60 moderate agreement; 0.61–0.80 substantial agreement; and values in the range of 0.81–1.00 indicate an almost perfect agreement (25).




3. Results


3.1. Phenotypic resistance to antimicrobials

Antimicrobial susceptibility test, performed with the EUVSEC panel, showed MIC values above the cut-off value to at least one antimicrobial molecule in 48 out of the 88 isolates. Results of MIC tests and definitions of susceptibility testing categories, according to epidemiological cut-off values, are reported in Supplementary Table S1.

Resistances to tetracycline, ampicillin, ciprofloxacin and sulfamethoxazole were common, with more than 20 resistant isolates each (Supplementary Table S1). None of the tested isolates showed resistance to ceftazidime, meropenem and tigecycline, while resistance to azithromycin was identified in one S. Rissen isolate, and resistance to cefotaxime was identified in one S. Derby and one S. infantis isolate.

S. Senftenberg isolates did not show resistance to any tested drugs, while S. Dublin (3 out of 5 isolates) and S. enteritidis (3 out of 6 isolates) showed resistance to colistin only (Figure 1). Only one isolate of S. Mbandaka showed resistance to antimicrobials, and this isolate was resistant to ampicillin and ciprofloxacin (Figure 1). The other tested serovars showed resistance to different antimicrobial molecules (Figure 1). Five out of 6 isolates of S. Hadar showed phenotypic resistance to ciprofloxacin and tetracycline, and three of them to ampicillin and nalidixic acid. S. infantis showed resistance to ciprofloxacin, nalidixic acid and trimethoprim (4 out of 6 isolates), to sulfamethoxazole and tetracycline (3 out of 6 isolates), to ampicillin (2 out of 6 isolates) and one isolate showed resistance to cefotaxime.
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FIGURE 1
 Phenotypic antimicrobial resistance in Salmonella serovars. The number of isolates resistant to antimicrobial molecules according to the European Committee on Antibiotic Susceptibility Testing (EUCAST) epidemiological cut-off values (ECOFFs; http://www.eucast.org). As described in Materials and Methods in the main text, two strains were selected for each serovar for each source (human, animal and food), with the exception of S. Dublin and S. Mbandaka, for which only one human isolate was available. Results of MIC tests and definitions of susceptibility testing categories, according to epidemiological cut-off values, are reported in Supplementary Table S1.


Five out of 6 isolates of S. Kentucky showed phenotypic resistance to ciprofloxacin and nalidixic acid, and two of them, both isolated from human specimens, also resistance to ampicillin, gentamycin, sulfamethoxazole and tetracycline. Resistance to ampicillin and sulfamethoxazole was present in all the tested MVST isolates, and five out of six isolates showed phenotypic resistance also to tetracycline. Finally, four out of six S. Typhimurium isolates showed resistance to ampicillin, three isolates to sulfamethoxazole and tetracycline and two isolates also to chloramphenicol and ciprofloxacin.

Of the isolates, which is a selection from a broader collection maintained at the National Reference Laboratory for Salmonellosis at the Istituto Zooprofilattico Sperimentale delle Venezie (Legnaro, Italy) and Istituto Superiore di Sanità (Rome, Italy), nine isolates from animals, nine isolates from food, and eight isolates from humans (25.9, 30.9, 33.3%, respectively) were multidrug-resistant. The percentage of strains within each serovar showing MDR are reported in Figure 2. The serovars with the highest number of MDR isolates were S. infantis and MVST.

[image: Figure 2]

FIGURE 2
 Percentage of multidrug-resistant isolates per serovar.




3.2. Antimicrobial resistance genes

The dataset of genomic sequences was searched for the presence of known genes and chromosomal mutations conferring resistance to different classes of antimicrobials, and in total, 221 ARGs and AMR relevant point mutations were found (Table 1).

In details, 13 genes conferring resistance to aminoglycosides were identified and 6 genes conferring resistance to β-lactams. Among these, the most frequently identified ARGs to aminoglycosides were aph(3″)-Ib (strA) and aph (5)-Id (strB) identified in 19 genomic sequences, while the most common ARG to β-lactams was blaTEM-1B, found in 16 genomic sequences. The ARGs sul1 and sul2, conferring resistance to sulphonamides, were found in 11 and 13 genomic sequences, respectively. The ARGs tetA, tetB, tetG and tetD, conferring resistance to tetracyclines, were found in 18, 11, 2, and 2 genomic sequences, respectively. None of the selected samples presented mcr genes or mutation(s) in the chromosomal pmr genes, conferring resistance to colistin. When present, reduced susceptibility or resistance to (fluoro)quinolones was mainly caused by point mutations in gyrA (S83Y, D87N, D87Y, D87G, S83F) and parC (T57S) genes, while qnr genes were less commonly seen. Seven genomes were characterized by a point mutation in gyrA gene and a second mutation in gyrA, gyrB, or parC gene, while four genomes presented a point mutation in gyrA gene and qnr genes. This latter combination only confers reduced susceptibility to quinolones. Finally, genes conferring resistance to phenicol, trimethoprim, lincosamides and macrolides, and fosfomycin were present but in a limited number of genomic sequences (Table 2).



TABLE 2 Number of genomic sequences positive for ARGs and AMR relevant point mutations, divided by antimicrobial classes.
[image: Table2]

A substantial agreement with statistical significance between genotypic predictions and phenotypic resistance to ampicillin (k = 0.79, p–value <0.01), azithromycin (k = 0.66, p = 0.03), chloramphenicol (k = 0.78, p–value <0.01), sulfamethoxazole (k = 0.78 p–value <0.01) and tetracycline (k = 0.64, p–value <0.01) was observed. Only fair agreement was found for ciprofloxacin (k = 0.35, p–value <0.01), nalidixic acid (k = 0.37, p–value <0.01) and trimethoprim (k = 0.40, p–value <0.01) resistance, while no to slight agreement was observed for cefotaxime (k = 0.04, p–value = 0.498) and gentamicin (k = 0.15, p–value = 0.06) resistance (Table 3).



TABLE 3 Comparison of phenotypic and genotypic characterization of 88 Salmonella isolates and results of the Cohen’s kappa statistics and value of p used to evaluate the agreement between phenotypic and genotypic resistance.
[image: Table3]

The distribution of ARGs per serovar showed that strains of S. Dublin and S. enteritidis, in agreement with their lack of phenotypic resistances which are not associated with point mutations, were without antimicrobial resistance genes (Supplementary Figures S1–S15). The distribution of ARGs per source revealed similar profiles in animal, food and human strains. The most frequently identified ARGs in the three sources were sul1 and sul2, tetA and tetB, aph(3″)-lb (strA) and aph (5)-Id (strB), and the chromosomal point mutation in parC (T57S), potentially conferring reduced susceptibility to (fluoro)quinolons (Supplementary Figures S16–S18).



3.3. Plasmid replicons and co-location of plasmid replicons with ARGs

Among the 88 strains, 61 contained DNA sequences, which matched at least with one plasmid replicon (Supplementary Table S2). In total, 22 different plasmid replicons were detected, with Col(pHAD28), IncQ1 and IncFII(S) as the most frequently found (n = 20, n = 12 and n = 10 strains, respectively). In 20 sequences, at least two different plasmid replicons were detected and 5/20 contained IncX1 plasmid replicon. The frequency of detection of the plasmid replicon is reported in Table 4.



TABLE 4 Frequency of detection of plasmid replicons in strains of Salmonella, based on PlasmidFinder results.
[image: Table4]

Col(pHAD28) replicon plasmid was mainly found in S. Hadar (3/6) and S. Rissen (4/6) genomes, while IncFIB(pN55391) was only identified on S. infantis (3/6) genomes. IncX1 was predominantly found in S. Dublin (5/5) genomes, IncQ1 in MVST (6/6) genomes and IncFII(S) in S. Dublin (2/5), S. enteritidis (5/6) and S. Typhimurium (3/6) genomes (Supplementary Table S2).

In 14 genomic sequences, ARGs and at least one plasmid replicon were found to be located on the same contig, and only 3 strains carried plasmids with just one resistance gene [tetB (n = 1), floR (n = 2)]. Detailed information about the co-occurrence of plasmid replicons and ARGs on contigs scored as plasmid contigs is reported in Supplementary Table S3.



3.4. Conjugation assay and confirmation of transconjugants determinants

Conjugation experiments using E. coli 1816 as recipient strain were successful and frequencies of conjugation were calculated as being 3.45 transconjugants per donor for a S. Newport strain resistant to tetracycline, and 1.48E-06 transconjugants per donor for a S. Livingstone strain resistant to chloramphenicol.

Twelve E. coli transconjugant colonies selected from LB plates supplemented with nalidixic acid and chloramphenicol showed the catA1 gene amplicon and tetA gene was successfully amplified from sixteen E. coli transconjugant colonies selected from LB plates supplemented with nalidixic acid and tetracycline (Supplementary Figures S19, S20). The presence of IncN and IncHI2 plasmid replicons were confirmed in transconjugants from S. Newport and S. Livingstone strains, respectively.




4. Discussion

Antimicrobial resistance (AMR) occurs in microorganisms that become resistant to molecules intended to limit or prevent their growth, and it is considered a major threat to human and animal health (26, 27). In recent years, MDR has emerged as one of the most important threats to human health (28) and the spread of AMR is of particular concern in bacteria that represent common causes of infections in the human population, such as Salmonella spp. (29, 30).

Resistance levels in Salmonella vary by country, but on average 29,0%, 25,8% and 25,6% Salmonella isolates from human infections were reported to be resistant to sulphonamides, ampicillin and tetracyclines (30). The ability of Salmonella to acquire resistance genes from other bacteria is well described (4) and multidrug resistant (MDR) strains could cause infections that are more serious compared to those caused by pan-susceptible stains (28).

In this study, we characterized the phenotypic and genotypic antimicrobial resistance in a selection of Italian Salmonella isolates from human, food and animal sources. Moreover, WGS data were used to verify the co-occurrence of resistance gene and plasmids. Conjugation experiments confirming the plasmidic nature of ARGs were successfully carried out in two strains, where only one ARG and one replicon type were present, and transfer of resistance could firmly be linked to this MGE.

Only 48 strains among the 88 strains subjected to phenotypic testing were resistant to at least one antimicrobial, and among these isolates, 26 displayed MDR phenotype, with serovars S. infantis and MVST being the most MDR serovars. This level of MDR is similar to what has been reported at the EU level (1). In accordance with the reported data for the EU as a whole, MDR among Italian isolates was high among strains of MVST and S. infantis. Conversely, MDR is very high among isolates of S. Kentucky at the EU level [73.7% (31)], while the proportion was much lower in the studied samples, where only 33.3% of S. Kentucky isolates were MDR, probably reflecting the low number of strains analyzed in the current study.

Interestingly, the proportion of MDR isolates was found to be higher in isolates from food and human sources than from animals. This result opens to two possible scenarios: a) the ARGs stabilize in bacterial communities isolated from food handling environment, eventually reaching the final products. Indeed it is commonly recognized that meat from animals never treated with antibiotics could harbor antibiotic resistant bacteria, and b) other sources, for example, meat handlers or meat processing surfaces hosting resistant bacteria, could contribute to the ARGs stabilization in the bacterial communities in food processing environments (32). An alternative explanation could be the ban of antimicrobial as growth promoter in veterinary settings (33).

The proportion (33.3%), coherently with the Italian scenario, was slightly higher than what has been reported from the EU as a whole (31), and it was comparable to the proportion of MDR in food isolates (30.9%).

The degree of concordance observed between predictions of ARGs and resistance to a specific class of antimicrobial varied from no agreement, as in the case of colistin to substantial agreement, as in the case of ampicillin, chloramphenicol and sulfamethoxazole. Similar variability in agreement has been reported in other studies (34, 35). For those classes where agreement is high, surveillance for resistance by WGS of strains is a possibility, while care should be taken to base surveillance on this methodology for the classes with low agreement.

One possible explanation for low agreement between some resistance genes with the related phenotypes is a biological explanation. Indeed, ARGs could not be expressed due to the presence of weak or distant promoter or due to mutations in the promoter regions (36, 37). Alternatively, a technical explanation can be given: when the epidemiological cut-off values used to define whether an isolate is resistant or susceptible are higher than the resistance imparted by the resistance genes, isolates are classified as susceptible, as already described for aadA genes and streptomycin resistance (38).

Resistance to ampicillin was found in almost 30% of the isolates, and in 60% of these isolates, this was sustained by the presence of blaTEM-1B gene. Most of the isolates bearing the blaTEM-1B gene were of serovar MVST, S. Hadar, and S. Newport. Other bla genes were identified in genomes of isolates resistant to ampicillin. The TEM β-lactamase genes are usually carried by transposons (39) and found in plasmids (40), which increases the spread of this mechanism of resistance, posing a great concern for human health. Ampicillin is indeed classified as a critically important antimicrobial (CIA) by WHO (3), and the presence of blaTEM gene characterized pandemic clones such as the multiresistant MVST circulating in the European countries since 2006 (41).

Only two strains showed phenotypical resistance to cefotaxime, a third-generation cephalosporin, classified as highest priority CIA, and interestingly both were of human origin. For just one of them, an S. infantis isolate, it was possible to identify a blaCTX-M-1 gene responsible for the resistance. Also in this case, it is interesting to report that clonal lineages of ESBL-producing MDR S. infantis emerged recently in Italy and other European countries, causing human infections (42–44). Other identified genes conferring resistance to β-lactam antimicrobials (blaOXA and blaCARB) were only detected in few genomic sequences. Nonetheless, given they usually are carried by plasmids and other MGE (45), they could potentially be transferred to other enteric bacteria and limit the therapeutic treatments in case of severe human infections. On the genomic sequences from S. Derby, the second isolate phenotypically resistant to cefotaxime, we could not identify any resistance gene that confers resistance to cefotaxime (46). We could therefore hypothesize the expression of efflux pumps that contribute to resistance to cefotaxime in this case (47, 48).

Resistance to sulfamethoxazole was found in 24% of the tested isolates, most of which carried sul1 or sul2 resistance genes. These genes are indeed the most common in the analyzed genomic sequences, especially in serovars S. infantis, S. Typhimurium and its monophasic variant. It is interesting to note that nine strains showing sul2 gene located on plasmid contig were not phenotypically resistant to sulfamethoxazole. Further studies are needed to elucidate this finding.

Only five isolates (5.7%) were phenotypically resistant to gentamicin, however, ResFinder identified resistance genes [aadA2, aadA5, aadA7, aac(3)-Id, aac(3)-IId, aph(3′)-Ia, aph(3″)-Ib (strA), aph(6)-Id (strB), and ant(2″)-Ia] in only four of them. Multiple genes were found in the same isolate, as already reported by other studies (49, 50). For the isolate genomic sequence where we could not identify any resistance gene, the presence and expression of efflux pump, such as AcrD, can contribute to gentamicin resistance (51, 52). The agreement between genotypic and phenotypic resistance was indeed only slight. Moreover, there were different isolates in which resistance genes to aminoglycosides and streptomycin were identified (53), but which did not show phenotypic resistance to antimicrobials. It is possible that these isolates lack other components necessary to transfer an acetyl group that is required for the resistance mechanism of kanamycin, and further studies are needed to understand the lack of kanamycin resistance in these strains, as suggested by other authors (35). The most common detected resistance genes to aminoglycosides were aph(3″)-Ib (strA) and aph(6)-Id (strB) especially in genomes of S. Hadar and MVST serovars, while the resistance gene aadA2 was mainly identified in isolated from S. Derby and S. Typhimurium.

Aminoglycoside resistance genes are enlisted as current threats for human health, since they are commonly associated to ESKAPE pathogens (54). Finding these genes in Salmonella isolates highlights the need for an active surveillance of emerging resistances also in community associated bacteria.

Phenotypic resistance to ciprofloxacin and nalidixic acid was expressed by 27 and 19% of the isolates, respectively, while only a limited number of strains carried qnr resistance genes, a transferable resistance mechanisms responsible for reduced susceptibility to quinolones (55). Susceptibility to nalidixic acid co-occurring with resistance to ciprofloxacin was observed, corroborating the possible occurrence of plasmid mediated quinolone resistance mechanisms (30). One S. Mbandaka isolate carried a qnrS1 resistance gene, 2 S. Montevideo isolates carried a qnrD1 gene and five isolates a qnrB19 gene (S. Thompson (N = 1), S. Newport (N = 2) and S. Hadar (N = 2)). Interestingly, only one of the isolates carrying a qnr gene was of human origin and none of them belonged to S. enteritidis, which showed an increased proportion of resistant isolates in 2016 (56), nor to S. infantis or S. Kentucky serovars, in which resistance to (fluoro)quinolones is widespread (57). High level of ciprofloxacin resistance is observed in isolates with both qnr genes and chromosomal mutations, such as double substitutions in gyrA and a single substitution in parC genes, such in the case of the dominant clone of S. Kentucky ST198 in Europe (57, 58). Indeed, point mutations in DNA gyrase A (gyrA gene, position 83 or 87) and topoisomerase C (parC gene, at position 57) were present in different Italian isolates and also in the Salmonella genomes from different European countries, especially S. infantis and S. Kentucky sequences (58, 59). Of interest, a high number of genomes showed a point mutation at position 57 of parC gene (T57S, n = 39). Previous report showed that parC T57S is a spontaneous compensatory mutation, resulting in resistance to nalidixic acid but sensitivity to ciprofloxacin in Salmonella isolates (60, 61). However, accumulation of mutations in gyrA or parC genes, together with parC T57S, resulted in complete resistance to ciprofloxacin in different Salmonella serovars (62, 63). The resistance to quinolones has been widely reported in Salmonella serovars, especially in serovars frequently isolated from poultry sources such as S. infantis and S. Kentucky, probably due to the selective pressure exerted on the microbial communities of poultry farming where the use of quinolones as therapeutic are still present (64). As for aminoglycoside resistance genes, also the presence of mobile genes such as qnr (S and B) are ranked among the current threads having the potential to contribute to MDR in pathogens (54).

Resistance to trimethoprim, encoded by dfrA1, dfrA12, dfrA17, dfrA14 genes, was identified in 11,4% of the Italian isolates and this level of resistance has been confirmed at the European level, also in successful epidemic clones (65, 66). Interestingly, two isolates, which showed phenotypic resistance to trimethoprim, lacked resistance genes to the molecule. Further investigations are needed to explore the possibility of efflux pumps or other mechanisms that could explain this phenomenon. The resistance to trimethoprim was particularly common among isolates of S. infantis, as already demonstrated (66). This high level of strains carrying trimethoprim resistance genes is quite alarming as these genes are enlisted among the Rank I AMR genes contributing to MDR in human pathogens (54). This is of particular relevance in Salmonella as the serovar mainly displaying these genes is S. infantis, a serovar with high potential of causing severe infections in humans and well known to carry SGI and large plasmids harboring MRG cassettes (58, 67).

Resistance to chloramphenicol was sustained by catA1 (n = 3) and floR (n = 6) genes in the Italian isolates, while at the European level also cmlA1 gene was widespread. Chloramphenicol is not used for treatment of humans due to toxicity risks, however, this drug class is classified as highly important antimicrobial for human health (3). Epidemic clones of chloramphenicol-resistant Salmonella, such as S. Typhimurium ST313 in Africa (68), S. Typhimurium DT104 (69), and even S. typhi, have emerged and chloramphenicol resistance genes are often carried in plasmids, together with other genes conferring resistance to streptomycin, sulfonamides, and tetracyclines (70).

Tetracycline resistance was confirmed in 33% of the Italian isolates, where tetA and tetB genes were identified. While tetA was identified in different serovars, such as S. Hadar, S. infantis, S. Newport, S. Rissen, tetB was predominantly identified in S. Typhimurium and its monophasic variant. The reasons for this different occurrence are not known, however, multiple studies showed the presence of tetB in clinically relevant clone of S. Typhimurium and its monophasic variant (71–74). In the current study, tetA was shown to be present on a conjugative plasmid in a tetracycline resistant strain of S. Newport, and this plasmid transferred resistance with high frequency to a strain of E. coli, suggesting that such plasmid confer high ability of spread of resistance.

Interestingly, resistance to colistin was identified only in eight isolates, most of which were of serovars S. Dublin and S. enteritidis. None of the isolates showed relevant chromosomal mutations or acquired mcr genes. These serovars belong to group D Salmonella, which are characterized by a decreased susceptibility to colistin, due to the presence of abequose, the dideoxyhexose characterizing O-antigen epitope of this group (75, 76). Despite the increasing number of Salmonella isolates carrying mcr genes conferring resistance to colistin (77–81), and the diverse variants of mcr genes (82), we did not identify any mcr variant in the studied genomes.

Many of the resistance genes identified in the studied genomes are usually located on plasmids, that play a major role in evolution and horizontal gene transfer of bacterial antimicrobial resistance (83). Plasmid replicons were indeed detected in 69% of the genomic sequences and belonging to all the selected serovars. Of note, plasmid replicons (Inc groups) were in most of the cases associated with only one serovar., with the exception of IncFIB(S) and IncFII(S), that were identified in both S. enteritidis and S. Typhimurium and IncX1, that was identified in both S. Dublin and S. Kentucky. Previous reports demonstrated that certain serovars presented specific incompatible plasmids (83–86). We developed a workflow to map the plasmid replicons against known Salmonella plasmids, and all the identified replicon carrying contigs showed similarity to published plasmid sequences Salmonella enterica strains.

The resistance genes located on the same contig(s) as plasmid replicons were encoded on IncQ1 plasmid type, mainly harbored by genomes of the MVST. Interestingly, multiple resistance genes (sul2, aph(3″)-I and aph (6)-Ic) were identified on such IncQ1 contigs. IncQ1 plasmids are present in 4–12 copies/cell and have a size range from 8 to 14 kb (83) and were reported to carry bla genes (87) or the sul2-strA-strB cluster (88, 89). Of note, bla genes were not located on contigs carrying plasmid replicons, such as IncX plasmids, which usually carry resistance genes to β-lactams and quinolones (83). Similar IncX1 plasmids were already identified in Salmonella and E. coli strains. Interestingly, tet genes, usually found on plasmids, were not detected on IncQ1 plasmids. Recently, Oliva et al. (90) reported a novel IncQ1 plasmid carrying tet genes and postulated that recombination between a recipient IncQ1 plasmid and the tetR-tetA gene cluster had occurred. We did not search for recombination events nor genetic elements that could favor recombination, however it is worth noting that plasticity in bacteria genomes could likely mobilize such regions and contribute to the spread of plasmids with multiple resistance genes. IncQ1 contigs were found to match with plasmids already identified in E. coli and K. pneumoniae (91, 92).

Surprisingly, only a limited number of replicon containing contigs, with the exception of contigs found in MVST and S. Typhimurium genomes, were predicted to have ARGs. This however can be explained by the multiple mechanism by which antimicrobial resistance could arise in Salmonella. Besides horizontal transfer, also translocation from plasmids to chromosome has been described, creating clusters or antimicrobial resistance islands that are now regarded as an efficient means of resistance genes dissemination (67, 93, 94). Moreover, MGEs together with integrons, transposons and insertion sequences, favoring genetic recombination mechanisms, facilitate the accumulation on resistance islands (70, 95, 96). Another explanation could be that multiple resistance genes are carried on very large plasmids, as in the case of the pESI megaplasmid in S. infantis (42, 97). Such mega plasmids, with sizes ranging from 280 to 320 kb, unlikely would be completely assembled from short-read sequencing technology, such as used in the current study. It is therefore possible that plasmid replicon and antimicrobial resistance gene(s) would be identified in different contigs, hampering the association between plasmid and resistances (98).

The advent of WGS has enabled the prediction of AMR and antimicrobial resistance surveillance from genomic data alone (99), demonstrating high concordance between the presence of known ARGs or mutations and MIC of several antimicrobials (100). Despite the need to harmonize and standardize pipelines and databases, one of the most important advantage of WGS for AMR surveillance is the unprecedented level of detail in one assay, that made it possible also to define multidrug-resistance with great precision compared to phenotypic tests, allowed the description of current and emerging trends in AMR and allowed to trace specific allele profiles, rather than just phenotypic patterns by drug class (100).



5. Conclusion

Salmonella enterica represents an extremely heterogeneous species, and diseases caused by non-typhoidal Salmonella serovars vary considerably, with some serovars being significantly more prone to cause infections in humans. The reasons behind this are not completely understood, even if virulence mechanisms and genetic differences are believed to contribute to its success (101). In this paper, we described the variability in resistance genes and potential plasmids that characterize a set of Italian Salmonella isolates. Many of the identified genes, especially those that confer resistance to critically and highly important antimicrobials for human medicine were located together with plasmid replicons on contigs, which mapped to known plasmid sequences, and such plasmids can potentially favor in the spread and dissemination of ARGs. Indeed, genome plasticity, even more if associated to multidrug resistance, seems to be an important characteristic of successful Salmonella clones, regardless of the serovar.
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Introduction: Antimicrobial resistance (AMR) is a challenge to modern medicine. Interventions have been applied worldwide to tackle AMR, but these actions are often not reported to peers or published, leading to important knowledge gaps about what actions are being taken. Understanding factors that influence the implementation of AMR interventions and what factors are relevant in low-middle-income countries (LMICs) and high-income countries (HICs) were the key objectives of this exploratory study, with the aim to identifying which priorities these contexts need.

Methods: A questionnaire was used to explore context, characteristics, and success factors or obstacles to intervention success based on participant input. The context was analyzed using the AMR-Intervene framework, and success factors and obstacles to intervention success were identified using thematic analysis.

Results: Of the 77 interventions, 57 were implemented in HICs and 17 in LMICs. Interventions took place in the animal sector, followed by the human sector. Public organizations were mainly responsible for implementation and funding. Nine themes and 32 sub-themes emerged as important for intervention success. The themes most frequently reported were ‘behavior’, ‘capacity and resources’, ‘planning’, and ‘information’. Five sub-themes were key in all contexts (‘collaboration and coordination’, ‘implementation’, ‘assessment’, ‘governance’, and ‘awareness’), two were key in LMICs (‘funding and finances’ and ‘surveillance, antimicrobial susceptibility testing and preventive screening’), and five were key in HICs (‘mandatory’, ‘multiple profiles’, ‘personnel’, ‘management’, and ‘design’).

Conclusion: LMIC sub-themes showed that funding and surveillance were still key issues for interventions, while important HIC sub-themes were more specific and detailed, including mandatory enforcement, multiple profiles, and personnel needed for good management and good design. While behavior is often underrated when implementing AMR interventions, capacity and resources are usually considered, and LMICs can benefit from sub-themes captured in HICs if tailored to their contexts. The factors identified can improve the design, planning, implementation, and evaluation of interventions.

KEYWORDS
 antimicrobial resistance, antibiotic resistance, resilience, success factors, interventions, public health, global health, high and low-middle-income countries


1. Introduction

Antimicrobial ineffectiveness due to antimicrobial resistance (AMR) is a ‘One Health’ problem and social-ecological challenge that threatens sustainable development and public health (1–5). Considering the importance of antimicrobials in modern medicine, institutions and stakeholders have tried to address AMR and its consequences with interventions globally (6) as AMR contributes to higher healthcare costs (7, 8), and worse, to millions of deaths globally every year (9, 10).

Implemented AMR interventions have targeted many settings and scales with varying impacts due to the influence of the context in which they take place (11, 12). While interventions can enhance resilience toward AMR, information about AMR interventions and their social-ecological context remains limited (12). Bridging this gap may be key to building and strengthening resilience in human and animal health systems (6, 11, 13). There is a need to strengthen the design and implementation of AMR interventions with translatable information about their effectiveness. It is important to understand what key factors make interventions successful or hinder their success within and across a range of contexts that are still poorly known (14). Comprehensive frameworks, such as AMR-Intervene, aim to detail relevant information about both the interventions and the social-ecological context (11), but available information may be insufficient if there is incompleteness in intervention design or implementation, incompleteness or lack of reporting, or difficult and time-delayed assessments (12, 15).

Published interventions are a major source of knowledge in implementation science, but sometimes they do not follow established reporting guidelines, and if they do, these guidelines are insufficient for capturing relevant details of the social-ecological system (16, 17). Moreover, AMR interventions implemented in scarce resource settings, such as low-middle-income countries (LMICs), are not often reported publicly or published in scientific journals, whose publication fees challenge affordability in these settings (16). While studying the success of AMR interventions published in the scientific literature has provided promising insights for high-income countries (HICs) (16), there is a more limited understanding of the factors leading to success in LMICs—a knowledge gap that requires urgent attention and that our study aimed to address.

Although implementation science based on evidence takes time (12), exploring the context in which AMR interventions happen and what information can be obtained from the people who implement them may allow us to learn and enhance resilience toward AMR (16, 17). For that purpose, we used a questionnaire and thematic analysis to capture context and important factors contributing to intervention success, where success was briefly defined as the intended goal and what each intervention wanted to achieve (16, 18). This exploratory analysis aimed to compare factors for success in HICs and LMICs to help us understand whether there are themes related to success that may be universal and others that may be context-dependent. To our knowledge, this is the first study designed to identify AMR interventions implemented in LMIC and HIC contexts and the factors that contributed to positive outcomes in an effort to understand what factors need to be prioritized in each context.



2. Methods

A questionnaire was developed based on the AMR-Intervene framework to contextualize the social-ecological system (11, 12), and it included specific questions about success factors and obstacles to intervention success. The final questionnaire was designed using Qualtrics Online Surveys and consisted of 50 questions. Participants had the option to take the survey in English and Spanish. The time to complete the survey was approximately 30 min for each reported intervention.

We conducted a scan of potential participants who worked on AMR or in industries or settings that can be impacted by AMR (e.g., farming industries) and could be knowledgeable about AMR interventions. Potential participants were identified through: (1) our consortium network; (2) public sources such as the World Health Organization repository National Action Plans on AMR; (3) web-based searches; and (4) official websites of governments, industries, and non-governmental organizations. Potential participants were classified based on the regions defined by the World Health Organization (WHO; Africa, America, Eastern Mediterranean, Europe, Southeast Asia, and Western Pacific) and the potential sectors to ensure geographic and professional diversity. We used three different distribution methods: (1) potential participants identified were invited to participate in the study via email with a survey link, (2) distribution of the survey link through email via AMR networks such as ReACT, WorldFish, and STRAMA; and (3) survey available at the project website.1 Three reminders were sent via email and one through AMR networks, and the questionnaire was closed after 1 month of the survey’s implementation in June 2019. Participants who wanted to answer the survey had to be knowledgeable about interventions, were directed to an information letter that described the study, indicated our interest in preference reporting on interventions not published in the literature or reported elsewhere, although they were not restricted to this, and gave consent for their participation.

Interventions were analyzed in their social context (e.g., income, location, and agents responsible) and ecological context (e.g., microorganisms and level of resistance). The context of the social-ecological system was analyzed using the AMR-Intervene framework (11). For obstacles and intervention success factors, we performed an inductive thematic analysis to capture themes that contribute to positive outcomes from interventions tackling AMR, following the standard for reporting qualitative research (Supplementary Table S1) (18, 19). Inductive coding was performed using MAXQDA v.2020, a computer-assisted qualitative data analysis software, without a pre-existing coding frame, which allowed the data to drive themes. Two more co-authors (IAL and MC) independently coded a sub-set of 20 (26%) responses to assess inter-coder reliability and to limit bias from the main researcher, whose experience involves clinical microbiology and epidemiology. Coders had 90% agreement, and many different points of view were easily resolved via consensus. A theme was defined as the main idea or concept behind the participant’s answer and could be broken into more specific sub-themes, which were detailed factors related to the main theme. Interventions mentioning a particular theme or sub-theme were included and counted once, defining frequency as the number of interventions that reported a theme or sub-theme. Redundancies were included to not miss out on information, but if themes or sub-themes were in the same data item, they were only counted once. Factors seen as key components for positive outcomes were organized together (total frequency), but we also considered if they were reported as satisfactory or obstructive (partial frequency). Thematic analysis is described elsewhere (18) (Supplementary Table S2). We performed Fisher’s exact tests in R (version 4.1.1) to see if statistically there were differences in our categorical themes and important sub-themes between the expected and observed frequencies depending on HIC and LMIC context. We performed Fisher’s exact tests to see if there were statistical differences in themes and corresponding sub-themes between HICs and LMICs and to see if there were differences in reporting them as factors or obstacles to success.



3. Results

This exploratory study collected data from 77 interventions and their contexts (Table 1 and Supplementary Table S3). The economic scale in which interventions were embedded showed a predominance of HICs (n = 57), almost 25% of interventions were reported in LMICs (n = 17), one was implemented locally in two countries (one HIC and the other LMIC), and two interventions had a global scope. Interventions were located in America (3 countries), Europe (7 countries), South-East Asia (2 countries), Africa (14 countries), globally, and in the West-Pacific Region (1 country) (Supplementary Table S3). Canada (n = 35), Sweden (n = 10), and India (n = 10) were the countries with the largest number of interventions reported. The sector in which most interventions were implemented was the animal sector, followed by the human sector (Table 1). The oldest interventions date back to 1949 and 1985, both implementing mandatory prescriptions for antimicrobials in veterinary medicine in Finland and Québec (Canada), respectively. However, most interventions were recent (starting in 2015 or later (n = 43)) and without an end date (n = 56) (Supplementary Table S3). Time-bound interventions (n = 21) had a mode duration of 3 years and an average duration of 4 years.



TABLE 1 Basic background information extracted from reported interventions using the AMR-Intervene framework (11).
[image: Table1]

Looking at the governance system of the interventions, the governmental or public sector was responsible for and an actor in 66 interventions—alone or in co-responsibility with another sector (Table 1). Most interventions (70%) were funded, with the public sector being the major funder, while 27% of interventions (n = 21) had no specific funding source (Table 1). Interventions were triggered by high AMU (n = 27) or AMR prevalence (n = 17) or by their combination (n = 9). Thus, interventions were mostly reactive in response to a specific problem already happening (n = 71), while only a few were preventive (n = 6) (Supplementary Table S3). The main strategies used were to conserve the effectiveness of antimicrobials (e.g., reducing or improving AMU, 71%, n = 55) and surveillance of AMR and/or AMU (43%, n = 33). At the level of implementation, almost half of them were implemented nationally (n = 38) (Table 1). Almost 60% of interventions targeted bacteria, and one-third of interventions (n = 27) reported specific bacteria or the yeast Candida auris (Figure 1). The most reported resistance profile according to the standard definitions (20) at the start of interventions was multidrug resistance, which was present in one-third of the interventions (n = 25) (Supplementary Table S3).
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FIGURE 1
 Number of interventions reporting targeted microorganisms stacked by sector. Twenty-seven interventions reported specific targeted microorganisms, and they were often targeting several microorganisms in the same intervention. The most reported microorganisms were Escherichia coli, followed by Salmonella spp., and Staphylococcus aureus targeted in 22, 16, and 15 interventions, respectively.


Regarding intervention assessment, 21% were assessed, and of these, one-third reported positive outcomes—five reported decreased AMU and one decreased antibiotic resistance genes. Only three of the interventions assessed published their results in scientific journals. More than half of the interventions (51%) had the assessment in progress, and 27% did not consider the assessment when planning the intervention. However, subjectively, the majority of interventions were perceived to have positive outcomes. Overall, the cost-effectiveness of interventions was unassessed, but one intervention was highlighted as cost-effective. Another intervention (which was also perceived as non-successful) reported unintended consequences (outcomes that were not foreseen previously) that included annoyance and low self-esteem in some professional groups related to healthcare.

When comparing HIC and LMIC contexts, the timeline of interventions reported was similar in both groups, with most implementation done in the last 5 years. The agents responsible were, in most cases, public institutions. The animal sector was the most targeted in both LMICs and HICs, and the proportions of sectors were also similar between these two contexts, as shown in Figure 2. The triggers of most interventions were pressure on AMR with high or inadequate AMU and the increased state of AMR. Strategies used in both groups were the same and included four main groups or a combination of them: (1) conservation of antimicrobials with awareness or stewardship programs; (2) surveillance programs in AMR or AMU; (3) conservation of antimicrobials with regulations and policies to control AMU; and (4) infection prevention programs to control or contain AMR.
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FIGURE 2
 Stacked number of interventions by sectors and region targeted in low-middle-income countries and in high-income countries. Each group is disclosed per World Health Organization regions. AFRO, African region; EURO, European region; HICs, high-income countries; LMICs, low-middle-income countries; PAHO, Pan-Americas region; SEARO, South-East Asian region WPRO, West-Pacific region.


Nine main themes and 32 sub-themes were captured in this exploratory thematic analysis (Figure 3 and Supplementary Table S4 (statistical results) and Supplementary Table S5). The most reported theme was behavior of individuals or institutions toward the intervention or its implementation, which included seven sub-themes that were: collaboration and coordination; commitment and engagement; trust and support; promoting, reinforcing, or awarding correct behavior; communication; frustration; and flexibility and adaptability. The second theme was the capacity and resources of the system where the intervention takes place and included three sub-themes, including personnel, funding, and premises and technology. The third theme was the planning of the intervention and included three sub-themes covering implementation, assessment, and design. The fourth theme was information available or resulting from the intervention, with five sub-themes including awareness, data availability, education, regulations/guides, previous experience or consultancy, and outcomes from the intervention. The fifth theme was intervention characteristics, which captured the qualities that make the intervention more prone to success and included four sub-themes: mandatory enforcement, multiple profiles, affordability, and preventive character. The sixth theme was institution features that influence the likelihood of positive outcomes, with two sub-themes: management and governance. The seventh theme was AMU, which captured the actions that affect use and had four sub-themes: access, reduction in use, improvement in use, and financial implications. Infection control was the eighth theme with two sub-themes: infection or AMR control; and surveillance, epidemiology, and preventive screening. The ninth, and last, theme was research, innovation, and novelty and included two sub-themes: new therapy and alternatives to antimicrobials; and investment.
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FIGURE 3
 Percentage of interventions reporting each of the nine themes that were captured to lead toward positive outcomes of interventions. Percentage of themes for all interventions, high-income countries (HICs) and low-middle-income countries (LMICs) are represented in orange, blue, and purple, respectively. AMU, antimicrobial use.


The same sub-themes were reported in both HICs and LMICs except for the following five sub-themes that were reported only in HICs and not in LMICs: flexibility and adaptability; affordability; preventive character; financial implications inside the theme AMU; and investment in novelty and research. Most sub-themes enhancing or hindering the success of interventions were reported both as success factors and obstacles. Nonetheless, nine sub-themes were only reported as success factors (e.g., education), and one sub-theme (i.e., frustration) was reported just as an obstacle to intervention success (Supplementary Table S5). Ten sub-themes were reported in at least a quarter of all interventions, 10 also in a quarter of HICs, and seven sub-themes in a quarter of LMICs. Of those five, there were key sub-themes in all contexts. Eight were important sub-themes depending on the context and are detailed in Table 2 and Figure 4.



TABLE 2 Details of sub-themes reported in a quarter or more of interventions, HIC interventions, and LMIC interventions.
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FIGURE 4
 Percentage of sub-themes that were reported in at least one-quarter of interventions overall or by context. Key sub-themes are the ones not marked and important in all contexts, while sub-themes that were reported in a quarter of interventions for at least one of the groups are referred to as important sub-themes and are marked with (*).


Fisher’s exact test to see if themes and sub-themes were reported independently of the HICs and LMICs context resulted in a value of p of 0.38 for all ‘themes’ and 0.18 for the most important ‘sub-themes’. If we look at how themes were reported, Fisher’s exact test for all themes showed statistical significance: for success factors of themes, the p-value was as low as 0.0005, and the test for obstacles had a p-value of 0.043. About important sub-themes, only the test for reporting success factors had statistical significance (p-value = 0.043), but not the test for obstacle reporting (p-value = 0.11). None of the Fisher’s exact test p-values for each theme and expected sub-themes were statistically significant (p > 0.05), and they are reported in Supplementary Table S4.



4. Discussion

Historically, tackling AMR has been dominated by strategies aimed at finding new antimicrobials and reducing the need for antimicrobials. However, the weak pipeline of research and lagging efforts for new antimicrobial drugs (21) have left the latter as almost the only option for addressing this problem, and that is how many institutions intervene in attempting to reduce or improve AMU or its drivers (e.g., stewardship programs, hygiene, or vaccines). This became clear from this exploratory study.

AMR responses targeting AMU rely on behavioral change to improving how we use antimicrobials and, if possible, reduce demand in multiple settings and at multiple scales. Therefore, it is fair that ‘behavior’ stood out as the most reported theme in this study, a finding that aligns with our previous study on HICs (16). Because many actors involved lack previous experience (22), effective interventions need policy enforcement because information alone, vague, or loose policies do not translate to the changes intended by governments or the healthcare system (23, 24). There is a need to target individual behavior and personal responsibility as AMR interventions are strongly influenced by personal attitudes and, in consequence, the behavioral choices made, which is known as the ‘ABC’ paradigm for social change (25). Contrary to other public health practices, such as tobacco or wearing a mask, the use of social norms is limited as the behavior of using antibiotics or other antimicrobials is not visible (26). Promoting a good environment and relationships between individuals and institutions (‘collaboration and coordination’) was key to enhancing positive attitudes. In our results, having good ‘governance’ for making (the right) decisions was also identified as vital for intervention success. The sub-theme ‘commitment and engagement’ of both individuals and institutions also emerged as an important success factor as it reflects the “arms” of interventions and good ‘management’ that enable actors to take effective action.

Predictably, the ‘capacity and resources’ of the system were the second key theme. ‘Funding and finances’ were identified as vital for the success of interventions, and worrisome is that (lack of) ‘personnel’ has been highlighted as an important sub-theme hampering chances of success due to shortages, time overloads, and untrained actors that can lead to risky behaviors and actions contributing to the spread of AMR (22, 27). In this line, public ‘awareness’ may help to increase budgets for addressing AMR (and, therefore, increase the ‘capacity and resources’ of the system and for hiring personnel whose executive role is crucial).

Probabilities of positive outcomes in AMR interventions also rely on careful ‘planning’, which was the third theme in importance, with good ‘implementation’, ‘assessment’, and ‘design’ sub-themes being key. Good planning considers the capacity of the system and resources available at the time of implementation, but it should also detail how behavioral change is impacted. The description must include which actors shall be involved; social, historical, economic, or political contextual factors that influence the behavior of interest; and the time and frequency needed to routinely accept and adapt the intervention to avoid the tendency to return to old habits (12, 28–30). It is obvious that the implementation of an intervention needs to be evaluated to determine its effectiveness, but we found that such assessments were often overlooked. We have a strong need for the results of interventions to understand whether and how interventions work, for whom, and under what circumstances. With this information, we could make adjustments to the intervention throughout the implementation process. Moreover, when designing interventions, it is important to consider that mandatory policy enforcement actions are often perceived as more effective, as they are not siloed to those already interested and everyone needs to comply. That effect could be seen with mandatory public health interventions in response to COVID-19, which were important contributors to decreased mortality, attenuated economic impact, or increased vaccination rates among young people with low-risk perception and had a long-lasting results before and after implementation (31, 32). However, people designing interventions need to be pragmatic and fully aware of their possibilities, infrastructures, and systems to not collapse those affected by interventions. Interventions that include ‘multiple profiles’ of experience were perceived to increase impact because more insights and broad knowledge were considered. In this sense, Canada was the country where implemented interventions accounted for many alliances between the public, private, and/or academic sectors to fight against AMR, which is encouraging.

Taking all themes together, we could see statistical differences in theme reports both in success factors and obstacles, meaning that there were differences in how they were reported. If we look at how the most important sub-themes were reported, only the reporting of success factors showed statistical differences between HIC and LMIC contexts. Statistical differences between each theme (and sub-themes) captured between HIC and LMIC contexts were not found. LMICs had ‘funding and finances’ and ‘surveillance, epidemiology, and preventive screening’ as key themes for success and did not have much detail about the issue other than that they are at early-stage phases that manifest that they are still developing these surveillance and epidemiological systems, while HICs had more factors of success that were more descriptive, specific, and detailed, such as ‘multiple profiles’, ‘mandatory enforcement’, ‘management’, or ‘design’. Therefore, themes and sub-themes leading to success seem to be similar independent on the context, but how they are perceived is different. LMICs would benefit from considering the sub-themes captured in HICs when developing AMR interventions for their contexts once they fulfill their basic needs for better resources, surveillance, and epidemiology.

Most interventions reported in this study were part of the ‘gray’ literature, meaning they were not published in scientific journals. The context of both HIC and LMIC interventions was studied with the AMR-Intervene framework (11). The broad context of interventions is often not considered in our simplistic interpretations of knowledge-driven practices (27), but from our analysis, we could see that most interventions were recent (from 2015 and later; e.g., only two interventions were implemented long ago) and implemented and funded by public institutions, such as governments and public alliances, independently of the context (e.g., tripartite (FAO-OIE-WHO) and interventions in the African region). These characteristics and timelines align with the triggers of interventions being reactive, intervening when a concern has already arisen rather than being preventive (Table 1).

Reported interventions in our study were triggered by the state of AMR, or AMU, which is commonly recognized as a major driver of AMR and is accelerated by misuse and massive use (33). Interventions targeted mainly AMU, and the main strategy of interventions focused on AMU reduction or improvement via awareness or antimicrobial stewardship programs; AMU surveillance; or AMU policies/regulations within the animal sector. In this study, the types of interventions implemented to addressing AMR were the same in LMICs and HICs. As an exception to that, only HICs reported interventions whose main strategy was infection prevention with the aim to address AMR at the upstream point.

Interventions in this analysis were implemented mainly in the animal sector (Table 1). In contrast, interventions published in the scientific literature focus predominately on humans historically (16, 17). This fact could be related to the diffusion of the survey, as in our scan there were many professionals working with animals. This is interesting as AMR information is difficult to access and may be delayed or unavailable to other peers in settings that are less engaged with publications, research, or academia, or in sectors that do not belong to human health but that are involved in AMR (e.g., dairy farms). Although interventions still target only one sector, the predominance of the animal sector in this exploratory analysis is inspiring because it makes visible the wide variety of interventions that are implemented outside human medicine, especially those related to animals, which also have an important burden in AMU (34).

Targeted microorganisms are important in human, animal, food, and environmental systems, which emphasized the importance of multisectoral approaches and the need to tackle AMR from a ‘One Health’ perspective (2). Many zoonotic diseases are related to food (e.g., Escherichia coli, Salmonella sp., Staphylococcus aureus, Enterococcus sp., Campylobacter sp., or Klebsiella sp.), which can hamper global progress toward the Sustainable Development Goals that have a direct or indirect relationship with AMR (35).

Wrapping up, key sub-themes reported in LMICs were focused on ‘funding and finances’ and ‘surveillance, epidemiology and preventive screening’. The countries belonging to the LMIC group in this study are included in the lower-middle-income group (36) and are mostly in early-stage phases of AMR interventions with a focus on developing their institutional infrastructures for improving epidemiology and AMR surveillance. Detailed information and specific comments that HIC interventions reported could be a good step for them. HICs often have better and well-established infrastructures and systems for surveillance and epidemiology, which allows for more awareness about details that are important to positive outcomes. In conclusion, LMICs would also benefit from carefully considering ‘multiple profiles’, ‘mandatory enforcement’, ‘management’, or ‘design’ reported in HICs as important factors when implementing AMR interventions if they tailor them to their particular contexts.

Conclusively, exploring success factors and obstacles separately is important for recognizing features that help interventions be effective but also features that can go unnoticed when they work or are taken for granted. Relying on only one theme (or sub-theme) will likely not have enough leverage to address AMR. However, combining them may positively impact reducing AMR, emphasizing the use of several approaches to maximize success. The complexity of the problem demands wider approaches involving ecological and biological, as well as social and psychological sciences (23, 37) because there are other components that select for AMR (38) or internal dynamics that can affect behavioral change and awareness (11, 12, 29). Applying a social-ecological lens will provide richer insights and a deeper understanding of factors affecting AMR and infectious diseases. Narrowing current knowledge gaps in this area may be possible by also including qualitative or mixed analysis to strengthen implementation science (28, 39, 40).



5. Strengths

The main advantage of this analysis is that it compares factors contributing to the success of interventions according to the socio-economic context in which they take place: HICs and LMICs. It also aimed to involve a wide audience that is engaged in AMR mitigation, either directly or indirectly, even though we cannot be sure about how successful we have been. Non-traditional stakeholders are needed (but often not considered) in addition to traditional stakeholders to identify multi-pronged and sustainable perspectives to tackle and reduce AMR and its impacts on humans, animals, and the environment (41). This exploratory analysis has generated information mainly from non-published interventions, highlighting data that may have been overlooked to date. Interventions have been characterized in their social-ecological context, and the personal experience of those involved has made valuable information accessible to other colleagues independently of assessment. Broad system integration of health system components and the AMR-Intervene socio-ecological factors have been considered to study interventions that have been shown to positively enhance resilience and reduce knowledge gaps (42). To complete our study, we used thematic analysis, which is a flexible and consistent qualitative framework for capturing perspectives before evidence is available and for producing reports suited to inform policy development (18).



6. Limitations

Our goal of studying an approximately similar number of human, animal, and environmental interventions evenly located in the different WHO regions was not met, even though participants from organizations worldwide were invited to participate. Of all WHO regions, we were not able to engage the Eastern Mediterranean Region. Important themes may be missing for this region, because not all sectors and types of interventions reported were equally represented. Important themes in LMICs may be missing as contexts can be highly heterogeneous compared to HICs, which have better integration and organization in their health and surveillance systems (43–45). Even if countries are in the same income group, they may have different systems and regulations, and cultural, political, societal, or local circumstances that impact interventions, and while our survey covered a wide variety of these aspects, our study may not have sufficiently captured relevant details to AMR. Nevertheless, our exploratory study aimed to reach the broadest possible understanding of AMR interventions using the AMR-Intervene framework (11, 12) and what factors contribute to successful outcomes. The last limitation is related to the consequences of applying the identified themes to complex adaptive systems, as they can have different interactions that can cause outcomes that we cannot foresee. However, consistent reporting/monitoring, preparedness, and broad system thinking before implementing interventions are tools to anticipate and address unintended outcomes.



7. Conclusion

Perceived factors that are cornerstones for interventions to be successful were grouped into 9 themes and 32 sub-themes. To our knowledge, this exploratory approach is the first one aiming to engage a wide variety of stakeholders worldwide to cast light on factors that contribute to the success of interventions from different perspectives. Using this inclusive view and by applying a social-ecological lens, five key sub-themes emerged as universal in HICs and LMICs, while other sub-themes emphasized what must be considered differently in each. By capturing the experiences of interventions implemented in HICs whose basic needs and resources were covered, this study has helped to identify more detailed key factors for successful interventions. These identified factors can help strengthen policies and AMR intervention planning in LMICs as they can be applied and tailored to these resource-scarce settings. Building resilience toward AMR requires proactive approaches and novel insights from qualitative and behavioral sciences that are able to capture the heterogeneity and details that affect AMR.
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Background: Carbapenem- and extended-spectrum cephalosporin-resistant Enterobacterales (CR-E and ESCR-E, respectively) are increasingly isolated worldwide. Information about these bacteria is sporadic in Lebanon and generally relies on conventional diagnostic methods, which is detrimental for a country that is struggling with an unprecedented economic crisis and a collapsing public health system. Here, CR-E isolates from different Lebanese hospitals were characterized.

Materials and methods: Non-duplicate clinical ESCR-E or CR-E isolates (N = 188) were collected from three hospitals from June 2019 to December 2020. Isolates were identified by MALDI-TOF, and their antibiotic susceptibility by Kirby-Bauer disk diffusion assay. CR-E isolates (n = 33/188) were further analyzed using Illumina-based WGS to identify resistome, MLST, and plasmid types. Additionally, the genetic relatedness of the CR-E isolates was evaluated using an Infrared Biotyper system and compared to WGS.

Results: Using the Kirby-Bauer disk diffusion assay, only 90 isolates out of the 188 isolates that were collected based on their initial routine susceptibility profile by the three participating hospitals could be confirmed as ESCR-E or CR-E isolates and were included in this study. This collection comprised E. coli (n = 70; 77.8%), K. pneumoniae (n = 13; 14.4%), Enterobacter spp. (n = 6; 6.7%), and Proteus mirabilis (n = 1; 1.1%). While 57 were only ESBL producers the remaining 33 isolates (i.e., 26 E. coli, five K. pneumoniae, one E. cloacae, and one Enterobacter hormaechei) were resistant to at least one carbapenem, of which 20 were also ESBL-producers. Among the 33 CR-E, five different carbapenemase determinants were identified: blaNDM-5 (14/33), blaOXA-244 (10/33), blaOXA-48 (5/33), blaNDM-1 (3/33), and blaOXA-181 (1/33) genes. Notably, 20 CR-E isolates were also ESBL-producers. The analysis of the genetic relatedness revealed a substantial genetic diversity among CR-E isolates, suggesting evolution and transmission from various sources.

Conclusion: This study highlighted the emergence and broad dissemination of blaNDM-5 and blaOXA-244 genes in Lebanese clinical settings. The weak AMR awareness in the Lebanese community and the ongoing economic and healthcare challenges have spurred self-medication practices. Our findings highlight an urgent need for transformative approaches to combat antimicrobial resistance in both community and hospital settings.

KEYWORDS
 Enterobacterales, antimicrobial resistance, one health, ESBL, carbapenemases


1 Introduction

The order Enterobacterales includes the most common human bacterial pathogens responsible for community- and healthcare-associated infections. These species have the ability to rapidly evolve through horizontal gene transfer (e.g., mobile genetic elements) (1). This includes the ability to develop resistance to multiple antibiotics, which complicates the treatment of infections and increases, potentially mortality and morbidity in patients. Of particular concern is the emergence of carbapenem-resistant Enterobacterales (CR-E), which poses a major concern in clinical as well as community settings all across the globe (2). Carbapenems referred to as last-resort antibiotics, possess a broad spectrum of activity against most clinically-relevant Gram-negative bacteria (3, 4). Consequently, it is crucial to continuously monitor and assess the spread of carbapenem resistance, especially in low- and middle-income countries (LMICs) that face established challenges in antimicrobial stewardship and public health systems.

Available observations suggest that antimicrobial resistance (AMR) has been precipitously increasing in Lebanon, a country with a plethora of issues resulting from an unprecedented economic collapse (5–7). The latter has amplified critical issues such as access to medical care, sanitation, and nutritious and safe food, as well as promoted lax medical practices, including self-medication and the reliance on widely and easily available antibiotics as cheaper alternatives across the country. This is important because excessive and inappropriate use of antimicrobials in human and veterinary medicine and agriculture has been well-documented in Lebanon, even before the economic collapse (8–10). Taken together, these challenging conditions have been predicted to enhance the emergence of AMR and the cycle of complicated infections, especially in the most vulnerable populations in Lebanon (5–7, 10, 11). Nevertheless, studies on AMR in Lebanon are generally scant and, when available, can be limited, in scope or (e.g., low sample number) and/or descriptive (e.g., phenotypic AMR evaluation and absence of in-depth genomic analysis). Despite this, available studies have reported rates of extended-spectrum cephalosporin-resistant Enterobacterales (ESCR-E; ~50% of tested isolates) and CR-E (~3%) among clinical isolates in Lebanon between 2015 and 2019 (12, 13). The enzymatic nature of the carbapenem-resistance has also been evidenced, by the detection of several carbapenemase genes, including blaOXA-48, blaNDM-5, and blaNDM-19, in Escherichia coli, blaOXA-48, blaOXA-181, and blaNDM-5 in Klebsiella pneumoniae, blaOXA-48, blaVIM-1, blaVIM-4, and blaNDM-1 in Enterobacter cloacae, and blaOXA-48 in Citrobacter freundii isolated in Lebanese hospitals (12). In addition, high rates of multidrug-resistant (MDR) Enterobacterales (60.7%) and the dissemination of extended-spectrum ß-lactamase (ESBL) producing-, carbapenemase-producing (CP)-, and colistin-resistant E. coli isolates among healthy people in the Lebanese community (14), animals (15), and the environment (16) has been documented. Hence, in-depth studies to evaluate the emergence and spread of AMR in Lebanon, focusing on the determinants that contribute to the dissemination of ESBL-E and/or CP-E is now mandatory. Specifically, details of the sequence types of these bacteria, their resistome, and the plasmids carrying these genes may be crucial to identify the transmission routes and propose intervention strategies to limit their spread. To fill these gaps, we evaluated the occurrence of ESBL- and/or CP-E in three different hospitals in Lebanon and determined the underlying mechanisms of resistance, the population structure of the isolates, and the associated plasmid types using whole genome sequencing analysis (WGS), a powerful technique for investigating AMR, but still not commonly available in LMICs, such as Lebanon, due to its relative expensiveness and requirement of specialized equipment and skills (17).

This study focused only on hospital isolates, as (1) anecdotal evidence suggests that hospitals play an important role in the transmission of ESBL-E- and CP-E, and (2) hospitalized patients are more susceptible to infections/colonization with these species.



2 Materials and methods


2.1 Ethical approval

This study was approved by the Azm Center/Lebanese University ethical committee and the Lebanese Ministry of Public Health (CE-EDST-1-2020). All the specimens were analyzed anonymously, without any patient identifiers, and the patients were not physically involved in this study.



2.2 Isolation and identification of bacteria from clinical samples

A total of 188 clinical Enterobacterales isolates being either resistant to Expanded Spectrum Cephalosporin (ESCR) or Carbapenem Resistant were collected between 2019 and 2020 by the bacteriology laboratories of three hospitals, including El Youssef Hospital Center (50 isolates), the Nini Hospital (137 isolates), and the Tripoli Governmental Hospital (1 isolate), which are located in the Akkar and North governorates of Lebanon, respectively. These isolates were collected based on their susceptibility profile established in the hospitals as part of routine clinical testing. These clinical isolates were recovered from different sample types, including urine, pus, wound, rectal, axillary, pleural fluid, gastric fluid, and bronchial fluid. They were identified at the hospitals using the matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) with VITEK MS protocol (bioMérieux, Version 3.0, Marcy L’Etoile, France). The isolates were subsequently stored at the Lebanese University bacterial bank (CMUL).



2.3 Antimicrobial susceptibility testing

The isolates were screened for ESBL and CR phenotypes using the Kirby-Bauer disk diffusion assay (including Ticarcillin, Ticarcillin/clavulanic acid, cefoxitin, ceftazidime, cefepime, temocillin, and imipenem). As for the CR-E isolates, a total of 15 β-lactams (amoxicillin, amoxicillin/clavulanic acid, ticarcillin, ticarcillin/clavulanic acid, piperacillin, piperacillin/tazobactam, cefoxitin, cefotaxime, cefepime, ceftazidime, aztreonam, ertapenem, imipenem, meropenem, and temocillin) antibiotics of human interest were tested. The minimum inhibitory concentrations (MICs) were also determined by E-test (bioMérieux) for ertapenem, imipenem, and meropenem, while temocillin and colistin MICs were assessed using the broth microdilution method.

Additionally, 13 CP-E. coli isolates were selected according to their resistance phenotype, genotype, and MLST type for further determination of MIC values using broth microdilution (BMD) test (Sensititre, ThermoFisher, Grenoble, France) for a complementary list of novel beta-lactam and non-beta-lactam antibiotics of clinical and veterinary interest (i.e., ceftazidime/avibactam, ceftiofur, ceftaroline, ceftobiprole, aztreonam-avibactam, mecillinam, imipenem/relebactam, meropenem/vaborbactam, cefiderocol, eravacyclin, apramycin, gentamicin, neomycin, streptomycin, sulfonamides, and nitrofurantoin). Susceptibility patterns were interpreted according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST)1 guidelines when available (18). For aztreonam/avibactam, interpretation was done using aztreonam breakpoints alone (18). For ceftiofur, apramycin, neomycin and streptomycin veterinary breakpoints were used.2



2.4 Evaluation of the ESCR- and CR-E isolates using enzymatic assays

The β LACTA™ test (Bio-Rad, Marne-la-Coquette, France) was used to further evaluate the ESCR-E isolates. Briefly, this test is based on the hydrolysis of a chromogenic cephalosporin that turns red upon hydrolysis. Notably, the chromogenic cephalosporin is not hydrolyzed by acquired penicillinases (e.g., SHV-1, TEM-1) but by ESBL, carbapenemase, and acquired AmpC (19). Furthermore, the NG-Test® CTX-M MULTI (NG Biotech, Guipry, France) immunochromatographic assay (ICA) was performed on the β LACTA™ positive isolates to infer the presence of CTX-M-type ESBLs (20). The CR-E isolates were also evaluated using the Carba NP hydrolysis test, which detects carbapenemase activity based on in vitro hydrolysis of imipenem (21). The NG-Test® CARBA-5 ICA (NG Biotech) was used to detect members of the five main families of carbapenemases (i.e., KPC-, NDM-, VIM-, IMP-, and OXA-48-like enzymes) produced by the CR-E isolates as described in the manufacturers’ instructions (22).



2.5 Molecular characterization of the ESCR- and CR-E isolates

The ESCR-E isolates (positive using the β-LACTA™ and NG-Test® CTX-M MULTI tests) were screened by PCR and subsequent Sanger sequencing to identify the blaCTX-M allele as described previously (23, 24). For the ESCR-E isolates (positive using the β-LACTA™ but negative with the NG-Test® CTX-M MULTI) and the CR-E isolates, the total DNA was extracted using the PureLink™ Genomic DNA Mini-Kit (ThermoFisher Scientific, Waltham, MA, United States) following the manufacturer’s instructions and stored at -20°C. Genomic DNA was used for library preparation using the NEBNext Ultra II FS DNA Library Prep Kit for Illumina (NEB, France) according to the manufacturer’s instructions. Whole genome sequencing was performed on an Illumina NextSeq 500 instrument (Illumina). After sequencing, raw data were assembled de novo using the CLC genomics 10.2 program (Qiagen, Les Ulis, France), and the genomes were analyzed online using software available at the Center for Genomic Epidemiology-CGE.3 The latter included multilocus sequence typing (MLST) with the CGE MLST 2.0 software to determine sequence types (ST), and acquired resistance gene determinations using ResFinder 4.1 (25–27). Similarly, plasmid replicon types and virulence genes were identified using PlasmidFinder 2.0 (26, 28) and VirulenceFinder 2.0., respectively (26, 29, 30). Reference plasmids sequence were retrieved from the NCBI database, using a local BLAST algorithm. Reads and/or Contigs carrying carbapenemase genes were mapped to reference plasmids, using the CLC genomics 10.2 program (Qiagen).



2.6 Plasmids from CR-E isolates

Plasmids were extracted from the carbapenem-resistant isolates by the Kieser method as previously described (31). Transfer of plasmid-borne resistance markers was assessed by electroporation of the plasmids into electro-competent E. coli TOP10 (Invitrogen, Saint-Aubin, France). Transformants were selected on Trypticase soy agar (TSA) supplemented with ticarcillin (100 μg/mL). Transformants were PCR screened for the carbapenemase genes likely transferred to the recipient E. coli. Plasmids were visualized using electrophoresis on 0.7% agarose. E. coli NCTC 50192, which harbors four plasmids (7, 48, 66, and 154 kb) was used as size markers during electrophoresis (31).



2.7 Typing of the CR-E isolates using infrared spectrometry

The CR-E isolates were typed using the Bruker IR Biotyper spectrometer (IRBT, Bruker, Hamburg, Germany). An amount of 1 μL of bacterial colonies selected from the confluent part of the culture was re-suspended in 50 μL of 70% ethanol solution in an IR Biotyper suspension vial. After vortexing, 50 μL of deionized water was added, and the solution was mixed by pipetting. The bacterial suspensions (15 μL) were spotted in three technical replicates onto the 96-spot silicon IR Biotyper target and let dry for 15–20 min at 35°C ± 2°C. In each run, prior to sample spectra acquisition, quality control was performed with the Infrared Test Standards (IRTS 1 and 2) of the IR Biotyper kit. IRTS 1 and IRTS 2 were re-suspended in 90 μL deionized water and 90 μL of absolute ethanol was added and mixed. Subsequently, 12 μL of the suspension was spotted onto the IR Biotyper target and let dry as previously described. The relationships between the isolates were analyzed using the Bruker IR Biotyper Software (version 2.1.0.195, Bruker) (32). An online tool4 was used to assess the quantitative data of discriminatory power and concordance of the typing methods. Simpson’s index of diversity (SID) was used to evaluate the discriminatory power of the typing method, calculating the probability that two unrelated isolates from the test strain set will be clustered into different typing groups. Adjusted Rand index (ARI) with 95% confidence intervals was used to evaluate the concordance of IRBT typing results (33).




3 Results


3.1 Bacterial isolates

Based on the susceptibility profile (Resistance to ESC and/or carbapenems) derived from the microbiology laboratories of the three participating hospitals, 188 isolates, E. coli (n = 151; 80.3%), K. pneumoniae (n = 20; 10.6%), Enterobacter spp. (n = 7; 3.7%), Proteus mirabilis (n = 6; 3.2%), Salmonella spp. (n = 3; 1.6%), and Serratia marcescens (n = 1; 0.5%) were collected. Using the Kirby-Bauer disk diffusion assay, only 90 isolates could be confirmed and were included in this study. This collection comprised E. coli (n = 70; 77.8%), K. pneumoniae (n = 13; 14.4%), Enterobacter spp. (n = 6; 6.7%), and Proteus mirabilis (n = 1; 1.1%). Routine antimicrobial susceptibility testing revealed that out of these 90 isolates, 57 were only ESBL producers (e.g., fully susceptible to carbapenems), while the remaining 33 (i.e., 26 E. coli, five K. pneumoniae, one E. cloacae, and one Enterobacter hormaechei) were resistant to at least one carbapenem, of which 20 were also ESBL-producers, as revealed by synergy images between ESCs and clavulanic acid containing disks.



3.2 Susceptibility testing and ESBL gene characterization among the ESBL-producers

The 57 ESBL-producing isolates (Table S1) were composed of E. coli (n = 44; 77.2%), K. pneumoniae (n = 8; 14%), Enterobacter spp. (n = 4; 7%), and Proteus mirabilis (n = 1; 1.8%). These isolates were MDR and remained consistently susceptible only to carbapenems.

The NG-Test® CTX-M MULTI showed that all but two isolates were CTX-M positive (Table S1). PCR amplification of the entire blaCTX-M-gene and subsequent sequencing revealed that blaCTX-M-15 was predominant (91.2%, 52/55), followed by blaCTX-M-55 (3.5%, 2/55) and blaCTX-M-3 gene (1.8%, 1/55). The whole genome sequencing analysis showed that the two non-CTX-M producing ESBL isolates: one E. coli isolate harboring a blaSHV-12 ESBL gene and one K. pneumoniae isolate harboring a chromosomally encoded blaSHV-187 gene.



3.3 Carbapenemase detection and susceptibility testing of CR-E isolates

The Carba NP hydrolysis test and the NG-Test® CARBA-5, are displayed in Table 1 and Table S2. Among the 33 CR-E isolates, 23 were positive using the Carba NP test, while the remaining isolates were repeatedly negative. Using the NG-Test® CARBA-5 ICA, all 33 isolates were CPs: 17 isolates (51.5%) were positive for NDM and 16 (48.5%) for OXA-48-like enzymes. Out of the 26 E. coli isolates different AMR phenotypes were observed (Figure S1). NDM (n = 14) and OXA-48-like (n = 12) were the only carbapenemases detected in these isolates. Three K. pneumoniae isolates were positive for OXA-48-like, and two for NDM. The two E. cloacae complex isolates produced either an OXA-48-like or an NDM.



TABLE 1 Antibiotic susceptibility patterns using Kirby-Bauer disk diffusion of carbapenemase-producing Enterobacterales (expect colistin).
[image: Table1]

Using disk diffusion antibiograms, all CR-E isolates were found to be resistant to nearly all antibiotics tested routinely in Lebanon, including ertapenem (n = 33; 100%). However, 31% (8/26) of these E. coli isolates were found susceptible to ertapenem (i.e., MIC ≤0.5 mg/L) using the broth microdilution method; of them, six isolates were negative with the Carba NP test, while all were positive by ICA for OXA-48. While NDM- and some OXA-48-like- producing E. coli displayed high MIC levels for temocillin, surprisingly most isolates (75%, 9/12) carrying blaOXA-48-like had relatively low MICs (≤ 64 μg/mL) for this antibiotic (as compared to 14.3%; 2/14) of the NDM-producing E. coli isolates.

Colistin MIC results revealed that almost all CR-E isolates (97%, 32/33) remained consistently susceptible to this antibiotic (MIC ≤2 mg/L). Furthermore, the activity of different last-resort beta-lactam and non-beta-lactam antibiotics was assessed against a subpopulation of CR-E. coli isolates (6 blaNDM and 7 blaOXA-48-like-producers). All the tested isolates were resistant to ceftaroline and ceftobiprole but susceptible to eravacyclin, nitrofurantoin, apramycin, and tigecycline. Resistance to cefiderocol, ceftazidime/avibactam, imipenem/relebactam, and meropenem/vaborbactam was observed among the blaNDM-producing isolates (Table 2). Additionally, increased MICs to aztreonam/avibactam (4, 8, and 16 mg/L) were noticed among blaNDM-producing E. coli isolates.



TABLE 2 Antibiotic susceptibility patterns of selected carbapenemase-producing Escherichia coli isolates for antibiotics considered last resort molecules using broth microdilution test (Sensititre), and interpreted according to the EUCAST guidelines (18).
[image: Table2]

The whole genome sequencing of the 33 CR-E isolates was performed. After read assembly, the contigs were submitted to ResFinder 4.0. In total, 47 different resistance genes were identified (Table S3), which code for resistance determinants to clinically-important classes of antibiotics, including β-lactams, aminoglycosides, tetracycline, quinolones, trimethoprim-sulfamethoxazole, fosfomycin, and sulfonamides. Among E. coli isolates, the most frequently identified carbapenemase was NDM-5 (53.8%; 14/26), followed by OXA-244 (38.5%; 10/26), OXA-181 (3.8%; 1/26), and OXA-48 (3.8%, 1/26). OXA-48 has also been identified in three K. pneumoniae and one E. cloacae isolates, while NDM-1 (n = 3, 9.1%) was detected in two K. pneumoniae and one E. hormaechei isolates (Table 2). Notably, two plasmid-encoded cephalosporinases, blaCMY-145 and blaDHA-1 genes that confer resistance to ESCs were detected in three E. coli isolates. ESBL genes such as blaCTX-M-15 (n = 15), blaCTX-M-27 (n = 1), blaTEM-35 (n = 1), blaSHV-33 (n = 1), blaSHV-12 (n = 2), blaSHV-26 (n = 1), were also identified. Specifically, the blaCTX-M-15 gene was the most frequently detected in E. coli (n = 11; including one isolate co-harboring two CTX-M alleles: blaCTX-M-15 and blaCTX-M-27) and K. pneumoniae (n = 4) isolates. 16S RNA methylase genes were detected among 6 isolates including 5 blaNDM-5-producing E. coli and one blaNDM-1-producing E. hormaechei isolate.

MLST analysis using the whole genome sequence showed that the CR-E. coli belonged to 11 different STs; including ST69 (n = 6 isolates), followed by ST648 (n = 4), ST167 (n = 3), ST361 (n = 3), ST405 (n = 3), ST10 (n = 2), ST90 (n = 1), ST940 (n = 1), ST38 (n = 1), ST46 (n = 1), and ST8881 (n = 1). Additionally, the CR-K. pneumoniae isolates belonged to four different STs, namely ST35, ST37, ST45, and ST1770. E. cloacae and E. hormaechei belonged to ST1006 and ST182, respectively (Table S3).

Furthermore, alignment of the ftsI gene sequences with that of a wild-type gene (E. coli NCTC 9022, accession number LR134237) revealed a four amino-acid insertion in PBP3 after residue 333 in 13 of 14 NDM-5-producing E. coli isolates. Two types of insertions were detected: YRIN (n = 7) and YRIK (n = 6). YRIN insertion was found among isolates with ST167 and ST361, and YRIK insertion was present in isolates with ST648 and ST405. ST90 isolate contained neither YRIN nor YRIK insertions. These 4 AA insertions could be correlated with increased MICs to aztreonam/avibactam (4, 8, and 16 mg/L) and cefiderocol among blaNDM-5 producing E. coli isolates, as compared to similar isolates lacking a 4 AA insertion (0.06 mg/mL).



3.4 Virulence determinants and plasmids in the CR-Escherichia coli isolates

Virulence factors (VFs) in the CR-E. coli isolates were identified using the CGE VirulenceFinder 2.0. TraT protein, previously shown to mediate resistance to bacterial killing by serum, was detected in 14 E. coli isolates, including a blaOXA-48-positive isolate belonging to ST69. Genes encoding adhesins (ipfA, fimH, afaA, afaC, afaD, afaE) were found in five E. coli that were positive for blaOXA-244 (Table 3). Additionally, iss encoding an outer membrane lipoprotein that enhances serum resistance, was detected only in one blaOXA-244-positive E. coli isolate. The capsular genes, kpsE and kpsM, were both detected in eight isolates, of which three were blaNDM-5-positive (ST648), and 5 were blaOXA-244-positive (ST69). Most VFs were detected in two isolates belonging to ST69.



TABLE 3 Virulence genes of the 26 carbapenemase-producing E. coli clinical isolates.
[image: Table3]

Using PlasmidFinder 2.1, 9 plasmid replicon types were identified. Specifically, the following plasmid types were detected in the E. coli isolates; Col (n = 9 isolates), IncFII (n = 18), IncX3/X4 (n = 4), IncI1-I (n = 3), and IncFIA (n = 11). Additionally, in the K. pneumoniae isolates, IncL (n = 3), IncM2 (n = 1), and IncFIB (n = 4) were detected. The E. cloacae and E. hormaechei isolates carried IncFIB/II and IncL/X3, respectively (Table 4). Transformants were obtained after Kieser plasmid extraction and electro-transformation for 25/33 isolates. For 8 blaOXA-244- producing isolates, even with repeated attempts no plasmids were observed on Kieser gel, and no transformants were obtained suggesting a chromosomal location. For K. pneumoniae and E. hormaechi, the blaOXA-48 gene was carried on an IncL plasmid.



TABLE 4 Carbapenemase gene location was determined by plasmid extraction using Kieser technique and by applying a BLASTN algorithm for carbapenemase-genes-carrying contigs and then these contigs were mapped to reference plasmids using CLC genomics.
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3.5 Genetic relatedness as revealed by IR Biotyper in comparison to WGS

Sixteen CR-E. coli and the five CR-K. pneumoniae isolates positive with the Carba NP test were assessed with the IR Biotyper for strain typing and the results were compared with those obtained by WGS analysis (Figures S2, S3). Overall IRBT results corroborated WGS for the typing of the five CR K. pneumoniae, which were classified into four IR types (Figure S2). However, IRBT differentiated 16 E. coli isolates that belonged to 7 STs into 11 IR types, with 8 IR types comprising only a single isolate (Table 5). The Simpson Index of Diversity (SID) was used to determine the discriminatory power of the typing methods. WGS had the highest discriminatory power (0.967) followed by IRBT (0.933), while the lowest SID was for MLST (0.875). Main discrepancies were observed between IRBT and WGS with E. coli ST-648 isolates (O85D6, O85E2, O85G1, and O85F3), which clustered into IR type 7 (Figure S3), but differed from each other by 53, 400, and 1,360 SNIPs.



TABLE 5 Comparison of different typing methods for carbapenemase-producing Escherichia coli clinical isolates.
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4 Discussion

The increase in ESCR- and CR-E isolates has been observed in hospitals worldwide. In Lebanon, two nationwide hospital-based retrospective studies documented a high prevalence of MDR pathogens, including ESBL-producing Enterobacterales (34% in 2016) (5). Recently, a community-based study revealed that approximately half of the population carries ESCR-E. coli (14), with an important dynamic of acquisition and loss of MDR strains and limited plasmid spread. The occurrence of Enterobacterales with decreased susceptibility to carbapenems, raised from 0.4% in 2008–2010 to 1.6% in 2012 and 3.3% in 2019 in hospitalized patients (12, 35). Despite the concerning increase and reports, there is a lack of molecular data on the epidemiology of ESBL- and CR-E in Lebanon.

Our results highlighted the predominance of the blaCTX-M-15 gene (52/57, 91.2%) among ESBL-producing isolates regardless of the co-existence of other ß-lactam resistance determinants, as observed globally (36). CTX-M-15-producing Enterobacterales clones have been widely reported in Lebanon among human, animal, and environmental sources (14, 15, 37–39). The finding that one single E. coli isolate may carry two CTX-M (−15 and − 27) variants capable of strongly hydrolyzing ceftazidime and belonging to two different groups of CTX-Ms (Group 1 and 9) is another example of concentration of restriction mechanisms.

Our findings further support the shift from blaOXA-48-like variants toward blaNDM-5 among E. coli in hospital settings in Lebanon (12, 35). OXA-48-like enzymes were the most prevalent carbapenemases among Enterobacterales in Lebanon over the last decade while NDM-5 was uncommon in hospital and community settings (12, 40). In our study, the blaNDM-5 gene has become the predominant carbapenemase gene (14 of 26 E. coli isolates). The blaOXA-244 gene (10/26) came in second place, while blaOXA-48 (1/33), and blaOXA-181 (1/33) genes are rare. OXA-244 producing E. coli isolates are increasingly described worldwide (41), and represents a threat to public health because of the difficulties in their detection using classical screening media based on carbapenems and temocillin (42). Indeed, our results confirmed that OXA-244-producing isolates have lower MICs to temocillin and carbapenems as compared to other CP-E, which results in the absence of growth on screening media and thus an underestimation and silent spread. Furthermore, these isolates were negative for the Carba NP test, and only the use of an ICA (here the NG-Test Carba5) revealed a positive signal for OXA-48-like carbapenemase, suggesting that both tests should be used together to maximize the chances of detecting all OXA-48-like carbapenemases. Additionally, the CR K. pneumoniae isolates harbored blaOXA-48 (3/5) and blaNDM-1 (2/5), while the E. cloacae and E. hormaechei isolates harbored blaOXA-48 and blaNDM-1, respectively.

MLST results demonstrated several distinct genetic backgrounds for the CR-E isolates, suggesting horizontal gene transfer of the carbapenemase gene carrying plasmids, particularly those carrying the blaNDM-5 gene, rather than a clonal spread of a single clone. Interestingly, we found that the carbapenemase genes were plasmid-borne (except in eight blaOXA-244-producing E. coli) and on different plasmid types (Table 4). Of the NDM-5-producing E. coli isolates, six and seven had the insertion of YRIN or YRIK in PBP3, respectively, which resulted in a significant increase of MICs to aztreonam/avibactam and cefiderocol as well as to other PBP3-targeting ß-lactams (34). Surprisingly, the blaOXA-244 gene was chromosomally encoded in 8 isolates, while it was plasmid-mediated in only two isolates belonging to ST69 and ST10. The chromosomal location of the blaOXA-244 gene was previously reported in ST38 and ST69 in France (43). Taken together, the occurrence of different resistance markers in diverse genetic backgrounds as well as plasmid types constitute a risk to patients, potentially highlighting a more severe problem and highlighting an urgent need to monitor and control the spread of resistance in hospitals in Lebanon.

The study identified various MLST types, including ST648, ST167, ST361, and ST405, in blaNDM-5-producing E. coli. These STs are recognized as high-risk global clones that contribute to the widespread dissemination of drug resistance determinants among Enterobacterales (44). For instance, ST648 is recognized as a major global ESBL-producing E. coli clone (45, 46), particularly associated with blaCTX-M-15, in humans, birds, and companion animals (47). Additionally, ST648 was identified in Lebanon among clinical CRE (48), including blaNDM-5-producing E. coli (49). Besides, ST167 has been linked to the global spread of blaNDM in humans, animals, and food (50). ST405 has been detected in several countries, including the United States (51), Japan (52), and Lebanon (48), allowing the transmission of blaCTX-M-15 and aac(6′)-Ib-cr genes (53). Notably, both ST361 and ST648 have been reported among Syrian refugees in Lebanon (54), and ST90 was found in the effluent of Al-Qaa refugee camp (55). Additionally, we identified ST38 among blaOXA-244-producing E. coli, previously described in estuary water in Lebanon (56). Several European countries have reported increased dissemination of the blaOXA-244 gene (57, 58), with ST38 being the most common sequence type among blaOXA-244-producing E. coli isolates (59). Moreover, ST38 blaOXA-48-producing E. coli has also been found in fowls in Lebanon (60). As observed in our study, ST940 E. coli carrying the blaOXA-181 gene was previously reported at the American University of Beirut Medical Center (61). Among the K. pneumoniae isolates, there were five isolates belonging to four different sequence types. One of them, K. quasipneumoniae subsp. similipneumoniae ST1770, has been previously reported in hospital wastewater effluents in Japan (62), but had not been reported in Lebanon. Additionally, clinical K. pneumoniae isolates ST35 and ST45 have been documented in Lebanon (63, 64). ST37 has also been closely associated with ESBLs (65). Furthermore, the ST182 blaNDM-1 E. hormaechei isolate, previously reported in Lebanon (66), has been frequently isolated from clinical specimens in China, Mexico, the Czech Republic, and the United States (67).

Although there is a paramount need to monitor the spread of critical AMR strains in hospitals in Lebanon, these efforts are complicated by the unavailability of resources. Molecular typing methods such as whole genome sequencing are relatively time-consuming and expensive (32). Therefore, we evaluated the Bruker IR Biotyper for reliable detection of the relatedness and discrimination between strains. Our findings showed that Fourier Transform Infrared (FT-IR) technology is a powerful tool for strain typing, showing slightly better results to MLST and comparable results to WGS among CR-E. coli and K. pneumoniae isolates. Its advantages are summed up in the simple preparation of samples, ease of use, and low running costs. Together with its relatively high discriminatory power, the FT-IR seems to be a good tool for outbreaks real-time surveillance and infection control in clinical settings.

In conclusion, our study showed that in-depth studies are crucial to better understand the emergence and dissemination of drug-resistant determinants within and across healthcare institutions. Specifically, we highlighted an unprecedented diversity of ESBL- and CR-E determinants compared to other studies in Lebanon. Furthermore, the MLST and the associated plasmid types suggested that these determinants were circulating in diverse strains, complicating the control efforts and suggesting the need for evidence-based antimicrobial stewardship programs. In the distressing situation of Lebanon, the accessibility to novel antibiotic molecules remains a major concern, impacting public health. The economic crisis had a profound impact leading to significant challenges in antibiotics procurement and even more so to new molecules, which are unavailable and not yet routinely tested. Furthermore, our data support that the fight against MDR bacteria in LMICs, such as Lebanon, requires a comprehensive One Health approach because of the diffuse sources and factors that affect the spread of resistance in hospitals and the community. The latter corroborates our previous research that showed a wide reliance on and sometimes indiscriminate use of critically important antibiotics in healthcare settings, agriculture, and the community in Lebanon (8, 9). This approach and science-based interventions are urgently needed to control the spread of AMR in Lebanon, which represents an essential threat nationally and globally as AMR is known to spill across international borders.
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The government of Uganda, through its Ministry of Health, previously adopted curriculum review as a mechanism to respond to public health threats such as HIV/AIDS and include content in primary and secondary schools. This approach contributes to raising public awareness, a key strategy recommended by the World Health Organization to support the global response to the threat of antimicrobial resistance (AMR). This policy brief, developed for policymakers related to school curricula, aims to advocate for and support integration of AMR content in Uganda's primary and secondary level school curricula. The policy brief supports efforts by the multisectoral National AMR Subcommittee to create awareness on this issue as part of its role in facilitating the operationalization of Uganda's National Action Plan on AMR.
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Introduction

Educational curriculum reviews are an innovative and effective approach for responding to public health threats by, for example, including topics related to TB and HIV/AIDS (1–6). Prior to 2004, HIV/AIDS education did not constitute a formal component of the Ugandan school curriculum; it was imparted mainly through alternative extracurricular channels such as media, youth groups, drama, music, and parent-teacher associations. The impetus for a more formal inclusion of HIV/AIDS information in the national curriculum came from the perspectives of schools and stakeholders (7). This approach fostered public education and awareness about HIV/AIDS, and lessons learned through the many years of its implementation led to the identification of sexuality education for young people as an additional mechanism for strengthening knowledge about HIV/AIDS (8). This process and its outcome demonstrate the effectiveness of responding to public health threats through formal instruction in the national curriculum and additional teaching mechanisms.

The World Health Organization (WHO) Global Action Plan on antimicrobial resistance (AMR) recommends that countries include AMR and antimicrobial-use topics in school curricula in order to promote better understanding and awareness of the issue and provide the public with accurate and relevant information (9). WHO has developed guidance on AMR education and training for health workers but not for pre-tertiary education (10). Education on AMR has a significant influence on antimicrobial consumption and should be implemented while considering other social and economic factors that influence AMR (11, 12). Evidently, education has a central role to play in combating the surge of AMR, and some countries, such as the United Kingdom, have adopted education strategies dedicated to AMR that cover both health care and community education (including school students, society and non-health care professional students) (12, 13).

In this policy brief, we recommend considering the inclusion of at least some basic AMR-related content for all levels of school education in Uganda, specifically primary and secondary levels. We provide context regarding the burden of AMR in Uganda and its linkage to the wider global burden of drug-resistant infections and efforts to combat the problem. We then provide an AMR-related policy context for Uganda, specifically focusing on WHO's Global Action Plan and Uganda's National Action Plan on AMR (NAP-AMR) and National Action Plan for Health Security (9, 14, 15). After outlining the current efforts to contain AMR, we present an analysis of current primary and secondary school curricula and gaps identified with respect to AMR training. Finally, we make recommendations aimed primarily at policymakers for considering curriculum reviews to address these gaps in support of comprehensive efforts to combat AMR in Uganda.



The burden of AMR in Uganda

Like many countries with a high burden of infectious diseases, Uganda relies heavily on antimicrobials to treat those diseases (16). That, in conjunction with the country's limited resources, has made the challenge of combating AMR a priority concern for Uganda. A significant proportion of bacteria in Uganda have exhibited high resistance rates—often up to 50%—against commonly prescribed antibiotics such as penicillin, cephalosporins, tetracyclines, and trimethoprim-sulfamethoxazole (17). The prevalence of multi-drug resistant bacteria, including methicillin-resistant Staphylococcus aureus (MRSA) and those that produce extended-spectrum beta-lactamase, is on the rise, and these pathogens are displaying increasing resistance to even antibiotics that are generally reserved for tough multi-drug resistant infections (17–19).

Although some AMR could develop naturally, its rapidly increasing prevalence is driven mainly by the overuse and misuse of antimicrobials, particularly antibiotics (20). Inappropriate antibiotic use in communities results from unregulated over-the-counter access and use, inadequate health care infrastructure, limited awareness among the general public, and non-biomedical factors such as self-medication and storing antibiotics at home (21, 22). Health system challenges are a key factor in driving the documented inappropriate antibiotic use in health care facilities (23, 24). Furthermore, poor hygiene and sanitation practices, including inadequate access to water, sanitation, and hygiene facilities, and inadequate infection prevention and control practices in health facilities encourage the transmission of resistant pathogens (25, 26). As such, the most significant strategies for combating AMR aim to eliminate the unnecessary use of antimicrobials in humans and animals and prevent the transmission of infectious pathogens in health facilities and communities.

One of the strategic objectives of Uganda's NAP-AMR aims to improve knowledge and awareness of AMR among health practitioners, farmers, and the general public (14). A significant level of knowledge about AMR has been documented among health care providers and clinical students in Uganda (27, 28). Inadequate public awareness and knowledge about AMR has been documented in low- and middle-income countries in sub-Saharan Africa, resulting in antibiotic misuse by the general public (29–31). While such documentation regarding public awareness and knowledge is not available specifically for Uganda, the situation is likely to be similar there based on documented antibiotic misuse by the general public (32, 33). Uganda's public continues to receive low levels of exposure to information about AMR and its drivers, as is generally the case in most countries (34).



AMR content-related gaps identified in primary and secondary school curriculum in Uganda

In pursuit of its goals and aspirations, Uganda, like other countries, uses its education system as a vital tool. To ensure the provision of high-quality education, Uganda is implementing comprehensive curricula tailored to various education levels, framework consisting of 7 years of primary education, followed by 6 years of secondary (senior) education comprising 4 years of lower secondary also known as ordinary level (O-level) and 2 years of upper secondary school also known as advanced level (A-level); and finally, 3 to 5 years of post-secondary education (35).

The curricula are developed by the National Curriculum Development Center (NCDC) of the Ministry of Education and Sports (MOES). All schools are expected to follow the same curricula, with any additional external curricula requiring approval from the National Curriculum Development Center and MOES before implementation (35).


Methods

Analysis of the Uganda education and training curricula for AMR and related content, using a set of keywords, was conducted in August 2022 to understand the scope and depth of the content covered and its relevance to AMR containment efforts. The exercise, coordinated by Makerere University Biomedical Research Center, involved key stakeholders, including the National Curriculum Development Center, MOES, and health professional councils. This keyword analysis technique was employed to examine and analyze textual data, allowing for the identification and exploration of specific keywords and key phrases within curricula documents to gain insights, detect patterns, or extract relevant information related to AMR content (36). The curricula-related documents analyzed included syllabi for primary and secondary levels of education. Portable document format versions of primary and secondary syllabi covering all currently taught subjects were acquired. They were systematically searched for specific keywords and key phrases related to topical areas of resistance to antimicrobials, infection prevention and control, and antimicrobial use. The keywords and key phrases were grouped into 27 analytical “terms”—four related to resistance to antimicrobials, 12 related to infection prevention and control, and 11 related to antimicrobial use (Box 1). This method allowed for a focused exploration of the syllabi, enabling the identification and analysis of the sentences and paragraphs where the keywords and key phrases were mentioned and relating them to AMR. Once this relationship was established, the scenario was recorded as a “hit.” For all the syllabi, the search terms with hits were noted and AMR content was defined as a proportion of “terms with hits” among the 27 search terms analyzed.


BOX 1 Search terms (keywords and key phrases) used for analysis of school curricula of Uganda.

Resistance to antimicrobials

1. Microorganisms/germs/bacteria

2. Antimicrobial/antibiotic resistance

3. Sensitivity

4. Pesticides/insecticide

Infection Prevention and Control

1. Infection/infectious diseases

2. Water borne diseases/zoonoses

3. Sanitation

4. Hygiene

5. Handwashing/hand hygiene

6. Soap

7. Alcohol-based hand rub/sanitizer

8. Cough

9. Rubbish/waste

10. Waste disposal/segregation

11. Immunization/vaccination

12. Toilet/latrine

Antimicrobial use

1. Drugs/medicines/antibiotics

2. Treatment

3. Appropriate use of medicines/prescription/prescribe

4. Antimicrobial

5. Drug resistance

6. Dose/dosage

7. Adherence/adhere

8. Administer/give

9. Drugs storage

10. Drug manufacture

11. Drug records/information/record keeping





Results

Figure 1 shows the proportion of AMR content as “terms with hits” at the various levels of primary and secondary education curricula analyzed. Content on AMR was first mentioned at the primary 4 level, with cumulatively more content thereafter. AMR content is absent in the majority of secondary school levels. Only senior 3 and senior 6 had content on AMR with the latter, the highest and last level of secondary level education, containing above 50% of AMR content. This shows that there are opportunities to increase exposure to AMR content in a more continual and comprehensive way throughout primary and secondary levels.


[image: Figure 1]
FIGURE 1
 AMR content in the curricula at various levels of primary and secondary (senior) school education in Uganda. Official learners' ages: primary 1 to 7 (5–12 years), senior 1 to 4 (13–16 years) and senior 5 to 6 (17–18 years) (37).


In 2006, the Government of Uganda started implementing a strategic policy mandating science education for all learners in primary and lower secondary levels of education (38). Science subjects are optional for learners in the upper secondary level of education. It is significant to note that in the upper secondary level of education, AMR content is only included for students undertaking science, technology, engineering, and mathematics (STEM)-based subjects. In 2022, only 39.6% (38,765/97,890) of students opted for at least one STEM subject (39), with the rest opting for the humanities and thus having no exposure to AMR content. This creates a further significant opportunity to increase exposure to AMR content outside the STEM curriculum.




Policy options and implications

Uganda progressively built capacities for AMR containment over the last few years (40–42). Uganda ratified the NAP-AMR for 2018–2023 in 2018 (14) and is currently making various efforts to operationalize it. The country's AMR containment efforts have also been guided by the recommendations contained in various WHO documents, such as the Global Action Plan on AMR (9), benchmarks for International Health Regulations (IHR) capacities (43), and the second edition of the Joint External Evaluation tool (44). In doing so, the country adopted a One Health approach that uses a multisectoral coordination strategy. Despite some progress having been made, gaps still exist in implementing Strategic Objective 1 of the NAP-AMR, which relates to public awareness, training, and education.

WHO developed a curriculum framework for health workers to guide AMR curriculum inclusion for appropriate knowledge, skills, and attitude (10). However, achieving the NAP strategic objective on training and education will require creation of a whole of society education plan, not only focusing on health workers but also implementing relevant pre-tertiary and pre-service curriculum reforms to create wider awareness of the burden of AMR. The MOES has an opportunity to increase exposure to AMR content in a more continual (the timing and frequency of content) and comprehensive (the amount of content) manner throughout public education as a mandated core curricular goal to improve and protect the public health of Uganda for the future.

AMR clearly illustrates the interdependence of human, animal, and environmental health, with the drivers and impacts of AMR experienced across all three sectors. The Government of Uganda made some efforts to implement multi-sectoral approaches for combating AMR, including by adopting the One Health approach and implementing the NAP-AMR. The policy brief presents a policy option with an additional opportunity for the line ministries working in One Health and MOES to draw lessons from NAP-AMR implementation and expand the scope of AMR content in school curricula to introduce the One Health concept at the primary level and continuously expand on those lessons in the secondary levels.

Implementing this policy has potential implications for the AMR response. Introduction of AMR content early in the education system could strengthen the One Health response at all levels through creating knowledge about the AMR burden as a One Health challenge. The increased public awareness will ensure that the public takes more responsibility in the use of antibiotics and prevention of infections. Secondly, farmers, who constitute over 80% of the national workforce will be better equipped on handling antibiotics and other One Health related issues, contributing to better implementation of One Health actions through the knowledge gained through their earlier years in school. There is potential impact on the future designing and implementation of AMR containment activities in Uganda, with the potential of this policy brief to inform the planned revision of the Uganda NAP scheduled for 2024.



Actionable recommendations

Incorporating AMR training into existing education curricula can be a low-cost and sustainable strategy for countries to address AMR. This should be done as early as possible, with specific objectives in mind, to educate not only future health care workers but also the public about AMR. One effective approach could be to integrate AMR content into the school education curricula and extracurricular activities starting with pre-primary and primary levels and then continuing in secondary and tertiary levels of education. Targeting to introduce young children to some very simple concepts about AMR and its containment early could be a strategically strong approach for Uganda due to the high rates of primary school completion in the country (37). The content could then gradually increase in complexity and quantity as learners progress through the years. A similar approach has been successfully utilized in Uganda to incorporate HIV awareness into the education system, and the same principle can be applied to AMR-related education (45). Moreover, enhancing and broadening the current curriculum by revising and expanding existing content to encompass a wider scope of AMR, One Health, and global health security concepts is crucial. For instance, while educating students about the importance of hygiene and hand washing in preventing AMR, opportunities exist to introduce and connect with other comprehensive concepts, such as disease outbreaks and pandemics. In early primary education, the curricular exposure should be comprehensive enough to expose all learners to AMR content, and while some learners may later opt-in to more complex science curricula that digs deeper into technical details while others choose art-based curricula, that should not prevent curriculum developers from finding ways to incorporate AMR content into non-science curricula, i.e., incorporate public health messages into art classes.

Inclusion of AMR education into various regular school activities provides a significant opportunity for early AMR training. For primary school students, AMR-related concepts can be introduced through plays and fun-filled activities—including educational bingo, music and singing, and outdoor learning activities—to facilitate knowledge acquisition and retention, cognitive performance, and healthy development (46, 47). And as children rise in education levels, school debates, interest clubs and other interactive and extracurricular activities can be introduced to allow students to engage in discussions and learn about AMR in more practical ways (48, 49). Incorporating extracurricular activities related to AMR into the standard school curriculum can be an effective strategy for early education and training on AMR (50). One study found that a debate lesson significantly improved students' knowledge on antibiotic use for treatment of colds and its effect on development of AMR (51). Furthermore, themes related to AMR could be included in competitive school activities, such as national competitions for music, drama, and science, thereby encouraging learners to creatively explore and raise awareness about the topic. A primary school musical about AMR improved both short-term and long-term knowledge about AMR among 9 to 11-year-old children in England, demonstrating the effectiveness of musical theater as an educational tool for fostering education and training on AMR (52).

To further underscore the significance of AMR containment, it is crucial to incorporate questions related to AMR in national examinations and school progressive assessments. By including such questions, learners will be motivated to delve into the subject matter and enhance their understanding and knowledge of AMR. Examinations have been shown to facilitate knowledge acquisition, especially as a result of exam preparations, and to improve memory and modulate memory formation (53). This integration ensures that AMR becomes an integral and essential component of children's education, fostering a greater awareness of the issue among the student population and, as a potential spill-over effect, among their parents and other family members.

To promote behavior-change at the community level, undertaking community-based education initiatives aimed at empowering local communities to understand AMR and their role in the fight against it can be of great significance. These initiatives reach a relatively high number of people in the communities and have been demonstrated to have a wide impact on antimicrobial use at population level (54). The initiatives can include educational sessions (e.g., focus group discussions), workshops, and outreach programs conducted at the grassroots level, targeting diverse stakeholders including village/community health workers, farmers, and community leaders. Through interactive sessions and accessible materials, the community learns about responsible antibiotic use, the impact of AMR on health and agriculture, and the importance of the One Health perspective. By fostering awareness and promoting behavioral changes, community-based education plays a vital role in curbing AMR and promoting sustainable health practices.

It is recommended that sections dedicated to the theme of AMR be created in the national museum as well as school and public libraries. Such an AMR section would serve as an educational hub, offering a comprehensive showcase of information on AMR. Visitors would have the opportunity to explore the history of antimicrobials, understanding their development and impact on health care. The section would provide valuable insights into the progressive rise of AMR, illustrating the factors contributing to its emergence and spread and the challenges it poses to global health. Exhibits and literature would highlight the consequences of AMR, such as the case of chloroquine—a once-golden drug for treating malaria that became obsolete due to unacceptable levels of resistance, which in turn led to the revision of national policies on malaria (55). This visual representation would emphasize the urgent need for the responsible use of antimicrobials. Furthermore, such a section would elucidate the implications of AMR on health care provision, offering a broader perspective on the potential consequences of unchecked AMR. By presenting real-world examples and case studies, visitors would gain a deeper understanding of the negative impact of AMR on treatment, patient survival, public health, medical advancements, and cost to individuals and health systems. In addition to static exhibits, interactive displays, multimedia presentations, and engaging demonstrations could be incorporated to enhance the visitor experience. This would encourage active learning and provide opportunities for hands-on exploration of AMR-related concepts. Ultimately, the establishment of a dedicated AMR section in museums and libraries would serve not only as a valuable resource for education and awareness but also as a platform for fostering collaboration and dialogue among scientists, health care professionals, policymakers, and the public. Through this immersive experience, visitors would gain a heightened appreciation for the importance of, and responsibilities for, addressing AMR as a critical global health concern, including as a health security threat.



Conclusion

AMR is a pressing global health issue that demands urgent attention. The low public awareness about AMR is among several significant risks to AMR containment efforts. Curriculum review to introduce content on AMR through early learning at primary and secondary levels of school education presents an easy, low-cost, innovative, and sustainable opportunity to help raise widespread awareness on AMR. Since completion of a primary level education is nearly universal in Uganda and the completion rate for secondary schooling is over 70%, the country can make significant strides toward its goal of AMR containment through the integration of AMR contents in school curricula. This can be a major intervention in support of public awareness, training, and education, which is currently neither systematically addressed nor well-funded even though it is a key pillar of Uganda's NAP-AMR.
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Introduction: Although pneumococcal conjugate vaccines (PCV) have been effective in reducing the burden of Streptococcus pneumoniae infections, there is a paucity of data on the relationship with antimicrobial resistance (AMR) trends in the Arabian Gulf region. This study was carried out to assess S. pneumoniae resistance trends in the United Arab Emirates (UAE) where PCV-13 vaccination was introduced in 2011.

Methods: Retrospective analysis of S. pneumoniae demographic and microbiological data collected as part of the national AMR surveillance program from 2010 to 2021 was carried out. A survey of reporting sites and hand searching of annual reports of local health authorities was carried out to identify data on S. pneumoniae serotypes as this is not included in the AMR surveillance database.

Results: From 2010 to 2021, 11,242 non-duplicate S. pneumoniae isolates were reported, increasing from 324 in 2010 to 1,115 in 2021. Factoring in annual increment in the number of surveillance sites, the number of isolates per site showed an upward trajectory from 2015 to 2018 and declined in 2020 with the onset of the pandemic. The majority of isolates (n/N = 5,751/11,242; 51.2%) were from respiratory tract specimens with 44.5% (n/N = 2,557/5,751) being nasal colonizers. Up to 11.9% (n/N = 1,337/11,242) were invasive pneumococcal disease (IPD) isolates obtained from sterile site specimens including blood (n = 1,262), cerebrospinal (n = 52), pleural (n = 19) and joint (n = 4) fluid; and were predominantly from pediatric patients. The downward trend for amoxicillin and for penicillin G at the non-meningitis and meningitis as well as oral penicillin breakpoints was statistically significant. In contrast, increasing trends of resistance were seen for levofloxacin, moxifloxacin, trimethoprim/sulfamethoxazole and erythromycin. IPD and non-IPD isolates showed similar demographic and AMR trends. None of the surveillance sites carried out S. pneumoniae serotyping and handsearching of annual reports did not yield this information.

Conclusion: The increasing trend of pneumococcal disease and AMR with emergence of isolates with MDR phenotype despite is of concern. In the absence of S. pneumoniae serotyping the role of non-vaccine serotypes in driving this pattern remains unknown. There is an urgent need for serotype, genomic and AMR surveillance of S. pneumoniae isolates in the UAE.

KEYWORDS
Streptococcus pneumoniae, pneumococcal conjugate vaccine, serotyping, invasive pneumococcal disease, antimicrobial resistance


1 Introduction

Streptococcus pneumoniae is a major cause of disease in children and adults with associated high burden of morbidity and mortality. In 2015, the global mortality rate attributed to pneumococcal infection was 45 deaths (29-56) per 100,000 among children aged 1–59 months (1). The spectrum of clinical manifestations ranges from non-invasive disease such as otitis media, to invasive pneumococcal disease (IPD) such as meningitis and bacteremia. In a recent report on the global analysis of lower respiratory tract infections, pneumococcal pneumonia caused more deaths than all other etiologies combined accounting for 1,189,937 deaths in 2016 (2). Although there are >100 serotypes of S. pneumoniae (3, 4), only a limited number are responsible for most IPD. The introduction of vaccines played a role in reducing the burden of morbidity and mortality associated with common vaccine preventable infectious diseases (5, 6). Indeed, this has been demonstrable with pneumococcal conjugate vaccines (PCV), wherein the initial introduction of the seven-valent pneumococcal conjugate vaccine (PCV7) and the subsequent 13-valent vaccine (PCV13) have been effective in reducing the burden of pneumococcal disease in children and adults (7).

Antimicrobial resistance (AMR) is a major global health threat with ~700,000 attributable deaths annually and a projected increase to 10 million by 2050 (8). It has been suggested that by reducing the numbers of the target microbe (both antibiotic susceptible and resistant strains) in circulation, vaccination programs could be a promising additional weapon in the fight against AMR (6, 9). Furthermore, with fewer occurrences of clinical infections following vaccination, a drop in antibiotic utilization is expected which could reduce selection pressure and emergence of resistance strains. For S. pneumoniae, pneumococcal carriage has been described as a critical source of horizontal spread in the community and the effect of vaccination on reduction of nasopharyngeal colonization could also impact antibiotic resistance (10, 11). However, the occurrence of serotype replacement by non-vaccine serotypes and the association with antibiotic resistant pneumococcal strains could negate the expected reduction in AMR trends (7, 9, 10, 12). This highlights the need for surveillance of AMR in S. pneumoniae particularly the tracking of emergent trends after the onset of a PCV vaccination program.

The UAE is highly cosmopolitan with dynamic population movement of large numbers of expatriate residents and tourists from across the world. Hence the emergence and dissemination of AMR pathogens is a concern particularly with reports of novel and variant strains in circulation (13, 14). In the 2011–2013 Survey of Antibiotic Resistance (SOAR) in the Gulf States, susceptibility of S. pneumoniae to most of the antibiotics tested was found to be consistently lower in UAE compared to other countries in the region (15). An earlier report by Senok et al. (16) had identified a high level of penicillin resistance, elevated macrolide and fluoroquinolone resistance and the occurrence of multidrug resistance phenotypes among S. pneumoniae isolated between 2004 and 2006 from patients with community acquired respiratory tract infections in the UAE. In addition, despite the significant risk factors for pneumococcal disease in the Arabian Gulf region, and the calls for heightened pneumococcal surveillance, there remains a paucity of published literature on the burden of pneumococcal infections (17). Indeed, in the UAE, the only two published studies on pneumococcal burden are based on single center data obtained prior to the 2007 introduction of PCV-7 (18, 19). These studies showed a higher incidence rate of pneumococcal disease relative to developed countries (19) with S. pneumoniae as causative agent of 9% of community acquired pneumonia (18). To address this gap in the literature, this report describes S. pneumoniae epidemiology and antibiotic resistance trends in the UAE over a twelve-year period.



2 Methods

This study is a retrospective data analysis for the twelve-year period 2010–2021. This timeframe includes one year prior to the 2011 introduction of PCV-13 in the UAE. AMR trends in S. pneumoniae were assessed by analysis of routine patient care national level AMR surveillance data.


2.1 Data collection

The national AMR surveillance data is collected from a network of participating healthcare facilities and diagnostic laboratories across the country. These include primary, secondary and tertiary care facilities across governmental and private healthcare sectors. All data are collected from routine patient care, cleaned, and analyzed using a unified platform1 as described by Thomsen et al. (20). Training on data collection is provided to ensure quality assurance, standardization and accuracy. The fully anonymized data includes demographic data (age, gender, nationality, hospital site/location etc.), clinical and microbiological data such as specimen source and antibiogram. Pediatric age group was defined as newborn up to 18 years and those aged 19 years and above were categorized as adults. As clinical diagnosis is not routinely included in the dataset, the isolation of S. pneumoniae from blood, cerebrospinal fluid and other normally sterile body sites (e.g., joint, pleural and pericardial fluid) were used as indicators of IPD in line with the Centers for Disease Control and Prevention IPD case definition (https://ndc.services.cdc.gov/case-definitions/invasive-pneumococcal-disease-2017/).



2.2 Bacterial identification and antimicrobial susceptibility testing

The participating centers used at least one commercial, automated system for bacterial identification and antimicrobial susceptibility testing. These automated systems include VITEK® (BioMérieux SA, Craponne, France), BD Phoenix™ (Becton Dickinson, New Jersey, USA) and MicroScan WalkAway (Beckman Coulter, Brea, CA, USA) and were used in conformity with manufacturer guidelines. Only one laboratory relied solely on manual system for bacterial identification using API® (Analytical Profile Index. BioMérieux SA, Craponne, France). Two laboratories used manual antimicrobial testing methods (disc diffusion/Kirby Bauer). For the reporting of antimicrobial resistance, CLSI breakpoints were routinely applied by reporting sites and at the central level to determine susceptibility profiles of isolates (21).



2.3 S. pneumoniae serotype distribution

Having an understanding of the S. pneumoniae serotype in circulation is of tremendous importance. However, the national AMR surveillance dataset does not include the crucial information on S. pneumoniae serotypes. To determine if S. pneumoniae serotyping was being carried out and if so to obtain data on the serotypes that have identified, we used two approaches to source for this data. Firstly, participating sites and laboratories in the national AMR surveillance program were requested via email questionnaire to indicate if S. pneumoniae serotyping is currently being undertaken or had previously been carried out in the last ten years and if so, they were requested to provide the data if available. Secondly, handsearching of publicly available annual reports (for the years 2010–2020) of the health authorities namely Department of Health, Abu Dhabi (DOH), Dubai Health Authority (DHA), and the Ministry of Health and Prevention (MoHAP) for reported data on S. pneumoniae serotypes and IPD was carried out. The DOH Quarterly Communicable Disease Bulletins (https://www.doh.gov.ae/en/resources/publication) and Open Data Dashboard (https://www.doh.gov.ae/en/resources/opendata), the DHA statistical report (https://www.dha.gov.ae/en/open-data) and MOHAP Opendata dashboard (https://mohap.gov.ae/en/open-data/mohap-open-data) were searched.



2.4 Statistical analysis

Data analysis was routinely carried out using the WHONET 2023 software. For additional statistical analysis other software packages used were IBM SPSS Statistics, version 28.0 (IBM SPSS Software), and EpiInfoTM for Windows v7.2.4.2022, Centers for Disease Control and Prevention. Statistical significance of temporal trends for antimicrobial resistance was calculated if data from at least five consecutive years was available. Statistical significance of trends is expressed as a p-value, calculated by a Chi-square for trend test (extended Mantel-Haenszel). A p-value of <0.05 was considered statistically significant. A 95% confidence interval is determined for the percentage of resistance and susceptibility based on the Wilson Score Interval with or without continuity correction method for calculating confidence intervals for a sample proportion (normal approximation to a binomial distribution) (22).




3 Results


3.1 Distribution of reporting sites for national AMR surveillance

The number of reporting sites increased from 22 in 2010 to 317 in 2021 (Figure 1). These comprised of primary, secondary and tertiary care facilities across the public and private health sectors. From 2014 to 2021, the participating centers were distributed across all the seven emirates in the country in contrast to the period 2010–2012 when data was only obtained from Abu Dhabi emirate and from five emirates in 2013.
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FIGURE 1
 Number of surveillance sites per year and Emirate (2010–2021).




3.2 Bacterial population and demographic distribution

From 2010 to 2021, 11,242 non-duplicate isolates (representative of patients associated with S. pneumoniae) were reported, increasing from 324 in 2010 to 1,115 in 2021 (Figure 2). When normalized for the increased number of reporting sites per annum, after an initial decline between 2011 and 2014, the number of isolates per site increased between 2015 and 2018 with a plateau in 2019 (Figure 2). A sharp decline in reported S. pneumoniae isolates was observed in 2020 during the COVID-19 pandemic (Figure 2). The demographic distribution of the patients from whom isolates were obtained revealed a male preponderance with majority of patients being in the pediatric age group (Table 1). S. pneumoniae were predominantly isolated from respiratory tract specimens, which include nasopharyngeal swabs, sputum, bronchoalveolar lavage, tracheal aspirate and pleural fluid (n/N = 5,751/11,242; 51.2%). Isolates from nasopharyngeal swab specimens (indicative of colonization) represented 22.7% (n/N = 2,557/11,242) of all reported isolates and 44.5% (n/N = 2,557/5,751) of respiratory tract isolates. Figure 3 shows the distribution of specimen types where S. pneumoniae were isolated from. The isolation of S. pneumoniae in specimens from sterile sites which included blood, cerebrospinal, pleural and joint fluid was used as a marker of IPD. Up to 11.9% (n/N = 1,337/11,242) of all the S. pneumoniae isolates were from these sterile sites. Comparison of patients' demographics for IPD and non-IPD isolates revealed male preponderance in both groups with higher occurrence of hospitalization among IPD patients (51.1%), as compared to non-IPD patients (25.3%) (Table 2). There were more adult patients with IPD in contrast to the higher proportion of pediatric patients in the non-IPD group (Table 2). Patients with IPD were associated with a higher mortality rate (2.2%) as compared to patients with non-IPD (0.7%) (p < 0.001) (Table 2). Inpatients with IPD were associated with longer duration of hospitalization (median: 7 days), as compared to inpatients with non-IPD (median: 5 days). Changes in trend for IPD and non-IPD over time was only observed for nationality, with a decline in the percentage of Emirati nationals with IPD from 50.9% in 2010 to 33.3% in 2021, as well as those with non-IPD from 65.9% in 2010 to 40.4% in 2021.
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FIGURE 2
 Number of S. pneumoniae isolates reported per year (2010–2021).



TABLE 1 Demographic distribution of patients.
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FIGURE 3
 Distribution of S. pneumoniae islolates by specimen sources.



TABLE 2 Demographic distribution for invasive vs. non-invasive pneumococcal disease.
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3.3 Antimicrobial susceptibility trends

Figure 4 shows the antimicrobial resistance trend for the beta lactam class of antibiotics. A statistically significant downward trend was observed for penicillin G at the non-meningitis and meningitis as well as oral penicillin breakpoints, and a similar trend was observed for amoxicillin (Figure 4). Despite the downward resistance trend, the proportion of S. pneumoniae isolates resistant to penicillin G at the meningitis breakpoint was over 45% which was much higher compared to other beta lactam antibiotics. For cefuroxime, although data was only available for 2017–2021, an upward trend in resistance was observed (Figure 4). For levofloxacin and moxifloxacin, although the proportion of resistant isolates was low across the study period (under 10%), there was an increasing trend which was statistically significant (Figure 5). Fluctuations were observed in the resistance trends for erythromycin, clindamycin, tetracycline and trimethoprim/sulfamethoxazole. However, the overall trends showed an upward trajectory which was statistically significant for trimethoprim/sulfamethoxazole (Figure 5). The proportion of multidrug resistant (MDR) isolates (resistance to 3 or more classes of antibiotics) increased from 16.4% (in 2013) to 42.2% in 2021 and this upward trend was statistically significant (p < 0.001; Figure 6). A comparison of IPD and non-IPD isolates did not reveal any differences between these two groups in the upward trend of MDR phenotype which was sustained at over 30% from 2018 to 2021 (Figure 6).


[image: Figure 4]
FIGURE 4
 Resistance trend for beta lactam antibiotics (2010–2021). *Trend is statistically significant (p < 0.05).
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FIGURE 5
 Resistance trend for other antibiotics (2010–2021). *Trend is statistically significant (p < 0.05).
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FIGURE 6
 Trend for percentage multidrug-resistant isolates (2010–2021). Trend is statistically significant (p < 0.05).




3.4 S. pneumoniae serotype distribution

None of the surveillance sites are currently conducting serotyping for S. pneumoniae and have not undertaken any serotyping in the preceding years (2010–2021). Hence no S. pneumoniae serotyping data was available for analysis. Handsearching of publicly available annual reports of health authorities for the period 2010–2020 did not yield data for S. pneumoniae serotype and burden of IPD.




4 Discussion

National surveillance programs are crucial for monitoring trends in pneumococcal disease and AMR patterns over time. We present the analysis of S. pneumoniae surveillance and AMR trends in the UAE over a period of 12 years (2010–2021). Our findings provide the first comprehensive epidemiological profile of pneumococcal disease in the UAE and the changing AMR trends which are of significance for clinical management. We demonstrate increased identification of S. pneumoniae in alignment with the increasing number of reporting sites over the data collection period. When normalized for number of study sites a sustained increasing trend of isolates per site observed from 2015 to 2019 which is consistent with global reports of rising pneumococcal disease burden (1, 23–25). The sharp decline observed in reported isolates in 2020 is suggestive of reduction in S. pneumoniae transmission during the first year of the COVID-19 pandemic. This could be attributable to the intense COVID-19 non-pharmacological interventions such as social distancing, masking and hand hygiene practices as well as the rapid change in healthcare-seeking behavior such as increased use of telemedicine and decreased hospital visits during the pandemic (26, 27). However, decreased testing and reporting during this period might have also resulted in the underestimation burden of pneumococcal disease.

Our findings show a male preponderance which may be a reflection of the demographic distribution of the UAE population but is also in keeping with reported literature from other studies (28, 29). The reasons for the male preponderance in pneumococcal disease are not fully understood hence further research is needed to elucidate the underlying factors as well as identify the potential implications for prevention and treatment strategies. The fact that most of our patients were in the pediatric age group is particularly relevant because nasopharyngeal carriage of S. pneumoniae is more prevalent in children compared to adults (30, 31). Indeed, nasopharyngeal isolates accounted for 22.7% of all isolates irrespective of specimen source and specifically for respiratory tract specimens, 44.4% of isolates were nasopharyngeal colonizers. Children are more likely to be colonized with S. pneumoniae due to their immature immune systems and increased exposure to respiratory pathogens and pneumococcal colonization contributes to the risk of IPD in children (24, 32). These findings underscore the need for targeted preventive measures to protect this vulnerable population (32). Vaccination against S. pneumoniae is particularly important in the pediatric population, as it has been associated with reduction in pneumococcal nasopharyngeal carriage leading to a reduced risk of IPD (33, 34).

Understanding the dynamics of pneumococcal disease and antimicrobial resistance is essential for developing robust intervention and treatment strategies. High levels of occurrence of nasopharyngeal carriage of S. pneumoniae can lead to the selection and spread of antibiotic resistant strains. Elevated levels of resistance to penicillin, macrolides and fluoroquinolone as well as the occurrence of multidrug resistance phenotype were reported in S. pneumoniae isolates in the UAE in a study carried out prior to the advent of the PCV vaccination program (16). In that report, of the 100 isolates identified between 2004 and 2006 only 57% were penicillin susceptible (16). Our findings which show high occurrence of penicillin resistant S. pneumoniae suggests that these isolates are now endemic in our setting. In contrast to the downward trend observed for beta-lactam antibiotics, resistance to quinolones, and macrolides showed an upward trend which is in keeping with findings from other countries in the region (35, 36). In Kuwait, the downward trend in penicillin resistance, has been shown to be associated with the introduction of the PCV and circulating serotypes (32, 35). The finding of similar trends of resistance for the two macrolide antibiotics aligns with previous report from the UAE which demonstrated high occurrence of level of cross-resistance between erythromycin and clindamycin (16). The ramifications of the increasing occurrence of S. pneumoniae MDR strains are immense including limitations on the effectiveness of antibiotics for the treatment of pneumococcal infections, which will further increase healthcare costs and the burden of disease. These findings underscore the need for continued surveillance and implementation of effective antibiotic stewardship programs to combat this growing AMR threat.

IPD and non-IPD differ in terms of their pathogenesis and clinical presentation. IPD is a severe and potentially life-threatening infection associated with invasion of sterile body sites while non-IPD is typically less severe and limited to non-sterile sites (37). The findings from this study represent the first insight into IPD burden in the UAE encapsulating the period post-commencement of the pneumococcal vaccination program. Expectedly, higher hospitalization with longer duration was observed for IPD patients. However, the high occurrence of MDR phenotype in both IPD and non-IPD isolates is a cause for concern as it suggests that emergence of resistant strains of S. pneumoniae is ongoing in our setting.

Our findings reveal the absence of data on S. pneumoniae serotypes circulating in our setting which is a limitation of the existing surveillance dataset. The emergence of non-vaccine serotypes and their increasing antimicrobial resistance is a reminder of the importance of ongoing surveillance to monitor changes in pneumococcal serotypes and their AMR patterns. Such data can inform the development of new and improved pneumococcal vaccines that provide coverage against a wider range of clinically relevant serotypes. We advocate for the urgent initiation of a national S. pneumoniae serotyping and genomic surveillance program as data from such initiative will be useful in guiding policy decisions for the introduction of new pneumococcal vaccines and vaccination schedules. In addition, such surveillance data will be useful for mapping genomic changes associated with serotype switching from vaccine pressure, as well as provide early warnings for emergence of resistance and the spread of global clones. The occurrence of a high percentage of missing data and information about specific population risk groups are limitations observed in this national AMR surveillance dataset. This highlights the need for continued provision of training to personnel at participating sites as well as expansion of the clinical parameters included in the dataset.



5 Conclusion

Our analysis of the national S. pneumoniae AMR surveillance data provides insights into the evolving patterns of pneumococcal disease and antimicrobial resistance in the UAE. The findings highlight the need for the introduction of a S. pneumoniae serotype surveillance program to guide the pneumococcal vaccination program, as well as continued AMR monitoring and targeted intervention measures to address the growing threat of antibiotic resistance.
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Introduction: National surveillance of antimicrobial resistance (AMR) is an important public health function. Published national AMR surveillance data from the Middle East/North Africa (MENA) region is scarce. This paper describes the early implementation phase of establishing AMR surveillance in the United Arab Emirates (UAE).

Materials and methods: Building on the existing AMR surveillance system in the Emirate of Abu Dhabi, and adopting the WHO-GLASS methodology, the UAE Ministry of Health and Prevention (MOHAP) established the national AMR Surveillance program in 2015, in collaboration with regional health authorities and healthcare providers. Main objectives of this program are to (a) set AMR surveillance standards, (b) collect and analyze AMR surveillance data for common bacterial and fungal infections, (c) report on AMR levels and trends in the UAE, (d) strengthen local and national capacity for AMR surveillance, and (e) support AMR prevention and control strategies in the UAE. AMR surveillance data is collected through a network of 317 surveillance sites (including 84 hospitals and 233 centers/clinics), and 45 microbiology labs across all seven Emirates of the UAE.

Results: Surveillance of antimicrobial resistance has been successfully established since 2010 in the UAE. A national AMR surveillance protocol has been developed, adopting the WHO GLASS protocol. Extensive capacity-building and training activities have strengthened the local and national capacity for AMR surveillance. Between 2010 and 2021, a network of 317 surveillance sites and 45 laboratories have reported a total of 1,277,080 isolates from 662,065 non-duplicate patients to the national level. AMR data is reported annually by MOHAP through a National AMR surveillance report. National AMR data is utilized for informing the development of standard treatment guidelines at national level.

Conclusion: National surveillance of antimicrobial resistance has been successfully established in the United Arab Emirates, allowing to monitor levels and trends of antimicrobial resistance for common bacterial and fungal pathogens, and detecting emerging resistance. The availability of such national AMR surveillance data allows for the first time to inform the development of national standard treatment guidelines for empiric treatment of common bacterial and fungal infections in the UAE.
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1 Introduction

Antimicrobial resistance (AMR) has become a major threat to public health worldwide, including the Middle East and Gulf Region. AMR impacts human health due to increased length of stay, treatment failures, and significant human suffering and deaths, as well as leading to increased healthcare costs and indirect costs. Globally, an estimated 700,000 deaths annually are currently attributable to antimicrobial resistance, and this number is expected to increase to 10,000,000 deaths by 2050, with an associated estimated loss to global gross domestic product of up to 100 trillion US dollar per year (1). Without effective antibiotics, the success of major surgery and cancer chemotherapy would be compromised (2).

Antimicrobial resistance (AMR) is the ability of a microorganism to resist the action of one or more antimicrobial agents. The consequences can be severe, as prompt treatment with effective antimicrobials is the most important intervention to reduce the risk of poor outcome of serious infections. Development of AMR is a natural phenomenon caused by mutations in bacterial genes targeted by antimicrobials, or by acquisition of exogenous resistance genes carried by mobile genetic elements that can spread horizontally between bacteria. Bacteria can acquire multiple resistance mechanisms and hence become resistant to several, or even all, antimicrobial agents used to treat them, which is particularly problematic as it may severely limit the available treatment alternatives for the infection.

The major drivers behind the occurrence and spread of AMR are the use of antimicrobial agents and the transmission of antimicrobial-resistant microorganisms between humans; between animals; and between humans, animals and the environment. While antimicrobial use exerts ecological pressure on bacteria and contributes to the emergence and selection of AMR, poor infection prevention and control practices favor the further spread of these bacteria.

Public health surveillance can be defined as the continuous and systematic collection, analysis, interpretation and dissemination of health-related data needed for the planning, implementation, and evaluation of public health practice (3).

The purpose of public health surveillance can be to estimate the burden of a disease, describe and characterize the problem, identify risk factors, monitor trends, and assess the effectiveness of interventions, and inform public health policy and decision making.

Hospitals, centers, clinics, and clinical microbiology labs in the United Arab Emirates (UAE) and elsewhere are generating and collecting many clinical and AMR data as part of their routine patient care. This data can be utilized for local monitoring of antimicrobial resistance and stewardship activities (at the facility level), as well as for public health surveillance of antimicrobial resistance (at the sub-national/Emirate- and/or country level).

Surveillance of antimicrobial resistance (AMR) is not only important to better understand the epidemiology of antimicrobial resistance in a country or region; this data can also be utilized to (a) detect and predict trends of resistance, (b) generate cumulative antibiograms (routine and enhanced antibiograms), (c) detect and identify clusters and potential outbreaks of community-associated (CA) and healthcare-acquired infections (HAI), (d) inform and guide, and monitor the effectiveness of interventions, e.g., antimicrobial stewardship programs (ASP), (e) inform the development of empiric antibiotic treatment guidelines for common bacterial and fungal infections, and (f) assist health professionals with empiric antimicrobial treatment choices, tailored to the antibiotic resistance epidemiology in the patient’s geographic region and setting.

Published national AMR surveillance data from the Middle East and North Africa (MENA) region and in particular from the Arab peninsula is scarce. This paper describes the rationale and objectives for establishing AMR surveillance in the UAE, the challenges faced in the early implementation phase, and how they were overcome, characteristics of the network of participating surveillance sites and labs, capacity building and training activities, as well as the concepts, methods and protocols utilized for the generation, collection, cleaning, quality control, analysis, reporting and utilization of national AMR surveillance data in the UAE.



2 Materials and methods


2.1 The UAE national AMR surveillance program

The Department of Health Abu Dhabi (DoH, at that time: HAAD, Health Authority Abu Dhabi) established in 2010 the first antimicrobial resistance surveillance program in the United Arab Emirates, as part of a strategic initiative to tackle the globally growing problem of antimicrobial resistance. The rationale behind this decision was to allow the government of Abu Dhabi to monitor trends of antimicrobial resistance, identify newly emerging resistance, and monitor the effectiveness of interventions. The Abu Dhabi AMR surveillance program enrolled initially 22 surveillance sites from the public sector (2010), which increased to 42, 44, and 64 sites in 2011, 2012, and 2013, respectively. Since 2012 also sites from the private sector in Abu Dhabi joined the program. DoH issued in 2011 a standard, mandating healthcare facilities to monitor and report AMR data to DoH.

In 2014, the Ministry of Health and Prevention launched an initiative to address AMR on a national level, and established in 2015 a Higher Committee for AMR, as well as three working groups (AMR surveillance, Stewardship, and AMR policies and regulations). The national working group on AMR surveillance was a few years later renamed to become the National Sub-Committee for AMR surveillance, and given the mandate to oversee and coordinate all national AMR surveillance activities, including (a) developing the rationale, strategies, and action plans for national AMR surveillance, (b) conduct a situational analysis on AMR monitoring and surveillance practices and capacities, (c) review international AMR surveillance guidelines, best practice examples, and global trends for AMR surveillance, (d) develop or promote methods, forms, tools, etc. for national AMR surveillance, (e) establish standards for surveillance methods, research institutes, and other institutions, (g) provide technical support, and facilitate collection, analysis, and sharing of AMR data and statistics, and (h) conduct awareness, training, and capacity building activities for AMR surveillance (4). The national Sub-Committee for AMR Surveillance includes representatives from federal ministries (Ministry of Health and Prevention/MOHAP, Ministry of Presidential Affairs/MOPA), regional health authorities (Department of Health Abu Dhabi/DoH, Abu Dhabi Public Health Center/ADPHC, Dubai Health Authority/DHA), universities (Khalifa University/KU, Mohammed Bin Rashid University/MBRU, Zayed University/ZU, United Arab Emirates University/UAEU, Ras Al Khaimah Health Sciences and Medical University/RAKHSMU), and healthcare providers from both the public and private sector.

In 2015, an UAE delegation, led by H.E. AbdulRahman Bin Mohammed Al Owais, Minister of Health and Prevention, attended the 68th World Health Assembly, Geneva, CH, where all World Health Organization (WHO) Member States adopted the Global Action Plan on AMR (GAP-AMR). The UAE also participated in the development of the GCC (Gulf Cooperation Council) Strategic Plan for Combating AMR (5). The Ministry of Health issued in 2015 a resolution to implement the actions proposed by the GAP-AMR for Member States, have in place an UAE NAP-AMR by May 2017.

In 2015 the national AMR surveillance working group (later: Sub-Committee for AMR Surveillance), led by Jens Thomsen, started working on developing the UAE national AMR Surveillance System. The working group first conducted a situational analysis, reviewed international guidelines and best practice examples, including the newly launched World Health Organization Global AMR and Use Surveillance System (GLASS) (6), and then developed the national AMR surveillance program for the UAE, adopting the GLASS methodology. The UAE joined GLASS in 2017 and provided implementation data and AMR data since 2017.

Surveillance sites (hospital, centers, clinics) and labs are reporting phenotypical AMR surveillance data and related information (meta data) since 2014 from all seven Emirates via their concerned regulatory authority (MOHAP, DHA, DoH/ADPHC) to the UAE Sub-Committee for AMR surveillance, which is acting as the national coordinating body for AMR surveillance (Supplementary Figure S1).

During 2010 to 2021, the national AMR surveillance program was expanded continuously and significantly. As of 31 December 2021, it includes 317 surveillance sites (84 hospitals, 233 centers/clinics), and 45 clinical microbiology laboratories across all seven Emirates (Table 1 and Figure 1).



TABLE 1 Number of participating AMR surveillance sites and labs, by Emirate (Dec 2021).
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FIGURE 1
 Number of participating AMR surveillance sites, by Emirate (2010–2021).


The national AMR surveillance program covers all relevant regions and cities in the UAE, including remote, rural areas. Privately owned health care facilities are mostly concentrated in the major cities, whereas public health care facilities are in cities as well as more rural areas (Supplementary Figure S2).



2.2 Identification and enrollment of surveillance sites

According to WHO GLASS, when selecting a potential AMR surveillance site, the following criteria should be considered and were applied (7):

• support from the central and local management, and the motivation of local staff to participate in surveillance, to comply with case definitions and protocols for collecting specimens, and to generate the necessary clinical, demographic and epidemiological data,

• availability of and accessibility to a laboratory with the capacity and capability to perform microbiological diagnostic testing, adequate staffing levels, equipment and a reliable supply chain,

• logistical feasibility to routinely collect and transport clinical specimens,

• ability to manage and report surveillance data, including denominator data (e.g., specimens submitted for testing),

• capacity and support to connect to the national network and report data to NCC,

• relative cost efficiency of conducting surveillance activities compared with other possible sites,

• sufficient number of patients and volume of laboratory diagnostic activity to allow a meaningful analysis of surveillance data,

• ability to mentor and support capacity building at subsequent sites,

• demographic, socioeconomic and geographic representativeness,

• representation of different levels of health care.



2.3 Enrollment of sites and nomination of focal points

As part of the enrollment process local management approval was obtained, and focal points for AMR surveillance were nominated for each site (or group of sites) (see Supplementary Appendix 1, enrollment form).

After enrollment, additional information and metadata was collected for each site and lab (see Supplementary Appendices 2, 3 for related RFI forms, RFI = Request for Information).



2.4 Data generation and identification of organisms

Phenotypical AMR surveillance data is generated as part of routine patient care by participating sites and clinical laboratories. Forty-four (44) out of 45 (98%) participating microbiology laboratories use at least one commercial, automated system for identification of bacteria and/or yeast, including VITEK-21 (n = 31, 69%), and BD Phoenix2 (n = 12, 27%), and MicroScan3 (n = 1, 2%). One lab used the Sensititre system4 between 2010 and 2021. Only one lab (n = 1, 2%) relies on manual (API) systems only for identification.5 Unusual test results are confirmed locally. MALDI-TOF systems are available for 9 out of 45 (20%) participating microbiology laboratories, and used for identification/confirmation of selected organisms, e.g., from blood culture isolates, or isolates from intensive care units.



2.5 Antimicrobial susceptibility testing and interpretation of AST results

Forty-four out of 45 (98%) microbiology laboratories now use at least one commercial, automated system for routine antimicrobial susceptibility testing, one laboratory (n = 1, 2%) uses manual testing methods (disc diffusion/Kirby Bauer). Selected organisms (Haemophilus spp., Neisseria spp.) are routinely tested by manual methods (disc diffusion), as per CLSI guideline recommendations (8). All labs follow CLSI guidelines for antimicrobial susceptibility testing of bacteria (8) and fungi (CLSI-M60) (9). Unusual antibiotic susceptibility testing results are confirmed locally. There is no central confirmatory testing or central repository of isolates as there is no UAE national reference lab for antimicrobial resistance (NRL-AMR). As such, molecular or genomic AMR surveillance data (e.g., NGS/WGS) is not available for national AMR surveillance in the UAE.

For interpretation of susceptibility testing results for fungi and yeast, all participating laboratories routinely apply the CLSI guidelines. If CLSI has not set breakpoints for certain pathogen/antibiotic combinations, then other guidelines are applied, including EUCAST guidelines (10) (for tigecycline and amphotericin B), or CDC tentative guidelines (11), for Candida auris.

AST core data routinely submitted to the national AMR surveillance program includes information on the organism’s name, specimen type, specimen collection and/or testing date, antibiotic name, AST test method used, as well as the measured and/or interpreted AST test results. Wherever available and technically feasible, the measured, numerical6 AST result is collected and used for analysis (n = 36 labs, 82%), otherwise the locally interpreted AST result (S/I/R7) is collected (n = 8 labs, 18%).

Clinical and demographic data for each isolate is extracted from hospital/laboratory information systems (HIS/LIS) wherever available and technically feasible (67%, 30/45 labs). This includes information on, e.g., patient date of birth, age, gender, nationality, location, location type, clinical specialty/department, date of admission/discharge, health outcome, etc. See Supplementary Appendix 4 for data fields collected for AMR surveillance.



2.6 Quality control

All participating microbiology laboratories are:

• operated by a licensed healthcare provider, i.e., licensed by MOHAP, DoH, or DHA,

• lab-accredited (ISO 15189 or CAP),

• headed by a licensed clinical pathologist or clinical microbiologist,

• expected to conduct routine (e.g., weekly) internal quality control testing (ATCC); and

• successfully participating in at least one internationally recognized, external quality assurance program (EQAS), i.e., College of American Pathologists Proficiency Testing (CAP Pt), American College of Physicians - Medical Laboratory Evaluation (ACP-MLE), or Regional External Quality Assessment Scheme (REQAS).

Only final and validated antimicrobial susceptibility testing results are reported for AMR surveillance. As of June 2023, all 45 (100%) of participating microbiology labs are lab-accredited, by either College of American Pathologist (CAP), or International Organization for Standardization (ISO) Standard 15,189, or both. At least 70 out of 84 (83.3%) of participating hospitals are accredited by Joint Commission International (JCI).



2.7 Data collection and submission

Supplementary Table S1 presents a list of data fields collected for national AMR Surveillance. At facility level, AMR data is collected and exported from laboratory- or hospital-information systems (LIS/HIS) wherever possible, or from semi-automated, commercial antimicrobial susceptibility testing (AST) systems otherwise. Authorized and trained focal points at participating surveillance sites are collecting and submitting AMR data on monthly, quarterly, or annual basis to the national AMR Surveillance Center. Data submission is either through data file upload to a dedicated IT platform (Abu Dhabi Emirate), or by E-Mail attachment (other Emirates). Submitted file types include mostly Microsoft Excel® sheets and CSV text files, occasionally WHONET SQLite files.

Since the start of the UAE AMR surveillance system in 2010, the number of bacterial and fungal isolates reported by participating surveillance sites has increased significantly, from 21,866 isolates in 2010, to 261,224 isolates in 2022 (Figure 2).
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FIGURE 2
 Number of isolates reported by national AMR surveillance sites (UAE, 2010–2021).


For the reporting period 2010 to 2021, a total of N1 = 1,277,080 isolates were reported to the national AMR surveillance Sub-Committee.

Although surveillance sites were requested to not submit data for screening and quality control isolates, for technical reasons the exclusion of such data was not always possible at the local level, and screening and quality control data accounted for 1.75% (n = 22,335 isolates) of the total reported isolates. Screening and quality control (QC) isolates are then routinely excluded from statistical analysis and reporting, leaving N2 = 1,254,745 isolates for analysis and reporting.

The N2 data set still includes n = 592,680 copy strains (duplicate isolates), equivalent to 46.4% of total reported isolates (N1). These copy strains are also routinely excluded from statistical analysis and reporting, leaving a total of N3 = 662,065 non-duplicate, diagnostic isolates (=patients) for analysis (equivalent to 51.8% of total isolates, N1).

The UAE national AMR surveillance system collects information on all bacteria and fungi grown by cultural methods in participating healthcare facilities as part of daily patient routine.

For analysis and public health reporting, the program focuses on the UAE AMR priority pathogens, including the following bacterial and fungal priority pathogens of public health and clinical importance:

• Escherichia coli (E. coli)

• Klebsiella pneumoniae (K. pneumoniae)

• Salmonella spp. (non-typhoidal)

• Pseudomonas aeruginosa (P. aeruginosa)

• Acinetobacter spp.

• Staphylococcus aureus (S. aureus)

• Streptococcus pneumoniae (S. pneumoniae)

• Enterococcus faecalis (E. faecalis)

• Enterococcus faecium (E. faecium)

• Candida spp., and

• Mycobacterium tuberculosis.



2.8 Data cleaning

After submission of AMR data to the national AMR surveillance program, the data is initially checked at the central level for plausibility, quality, and completeness; and feedback is communicated to the AMR focal point at the surveillance site. If needed, AMR focal points are asked to verify and resubmit the data. At central level the AMR raw data files are then cleaned, and identifiable quality control and screening data is removed.

The AMR raw data is then converted to the WHONET data base format (SQLite), using the BacLink tool (12). WHONET SQLite data files are again checked and deep-cleaned using a software tool, DB Browser for SQLite (13). Finally, all WHONET AMR SQLite data files are added to the national AMR surveillance database. Figure 3 presents details on isolates reported and AMR surveillance reports available and included in the national annual AMR surveillance report.
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FIGURE 3
 Number of isolates reported, number of diagnostic isolates, and reports generated for national AMR surveillance (UAE, 2010–2021).




2.9 Data analysis

Data analysis is conducted with the WHONET Software for Laboratory Database Management (12). The following data is excluded from analysis, if technically possible:

• Internal quality control isolates (e.g., weekly ATCC quality control strains),

• External quality control isolates (EQAS, i.e., CAP-Pt, ACP-MLE, RCPA, REQAS),

• Isolates labeled as “screening,” “validation,” “verification,” “proficiency testing,” or similar,

• Suspected screening isolates, e.g.:

S. aureus isolates from axilla, nose, groin, umbilicus and perineum,

S. agalactiae isolates from vagina,

• Duplicate isolates (copy strains), i.e., only the first isolate per patient, specimen type and species during the reporting period (1 year) is considered,

• Isolates from primarily contaminated specimen types (e.g., pedibag),

• Other non-diagnostic isolates (e.g., from environmental sampling, infection control),

• Species for which less than 10 isolates are available for analysis,

• Antimicrobial agents that are selectively/not routinely tested (i.e., less than 70% of isolates were tested).


2.9.1 De-duplication

As recommended by CLSI guideline M39-ED5:2022 (14), multiple isolates (copy strains) are routinely excluded from the analysis, considering only the first isolate with antibiotic results of a given species per patient, specimen type, and analysis period (e.g., 1 year), irrespective of body site, antimicrobial susceptibility profile, or other phenotypical characteristics (e.g., biotype). For details see CLSI M39-ED5:2022, Appendix A: Rationale for the “First Isolate per Patient” Analysis Recommendation (14).

For reporting of AMR data, antimicrobial susceptibility testing results are presented as the proportion of isolates of a specific microorganism that are susceptible (S), intermediate (I), resistant (R), or non-susceptible (NS, i.e., I + R) to a specific antimicrobial agent. For example, the number of E. coli isolates resistant to ciprofloxacin is divided by the total number of E. coli isolates in which susceptibility to this antibiotic was tested.

The percentage resistant, intermediate, and susceptible (%RIS) isolates is either interpreted at the national level (n = 37/45 labs, 82%), or, if this was technically not feasible, obtained from labs in form of already locally interpreted (S/I/R) results (n = 8/45 labs, 18%). For reporting, percent RIS (%RIS) interpretations are based on the most recent CLSI interpretation standard for bacterial isolates (currently: CLSI M100, ED33: 2023) and CLSI interpretation standard M27M44S-ED3:2022 for yeast (9). For amphotericin B (AMB) and tigecycline, EUCAST v12.0:2022 was used (10). For Candida auris, tentative breakpoints from U.S. Centers for Disease Prevention and Control, Mycotic Disease Branch (CDC) were used (11).

Cumulative antibiograms are presented by adopting the CLSI M39-ED5:2022 standard for the Analysis and Presentation of Cumulative Antimicrobial Susceptibility Test Data (14).

For reporting the following definitions are used:

• MRSA: Staphylococcus aureus, resistant to oxacillin (OXA) or cefoxitin (FOX), or both.

• VRE: Enterococcus faecalis or Enterococcus faecium, resistant to vancomycin (VAN).

• CRE: Enterobacterales, resistant to any carbapenem (imipenem, meropenem, or ertapenem), or carbapenemase-positive (15).

• MDR (multidrug resistance) was defined as acquired non-susceptibility to at least one agent in three or more antimicrobial classes, as suggested by Magiorakos et al. (16).

• MDR-TB was defined as combined resistance of M. tuberculosis to both, isoniazid (INH) and rifampin (RIF).

• XDR/PDR: Magiorakos’ et al. definitions for extensively drug-resistant (XDR) and pandrug-resistant (PDR) organisms could not be strictly applied as only a limited number of antibiotic classes were routinely tested by clinical labs, and MDR isolates were not routinely sent to a reference lab. As such, the following modified definitions were used for “possible XDR” and “possible PDR” isolates (modifications highlighted in italics):

• “Possible XDR”: Non-susceptibility to at least one agent routinely tested by clinical labs in all but two or fewer antimicrobial categories, (i.e., bacterial isolates remain susceptible to only one or two categories).

• “Possible PDR”: Non-susceptibility to all agents routinely tested by clinical labs in all antimicrobial categories (i.e., no agents tested as susceptible for that organism).

Antibiotics reported in the national AMR Surveillance report are important for antimicrobial resistance surveillance purposes. They may or may not be first-line options for susceptibility testing or for patient treatment and should not be interpreted as such.




2.10 Reporting of national AMR surveillance data

In 2021, the 1st national AMR surveillance report has been published by the Ministry of Health and Prevention (MOHAP, reporting on 2010–2019 AMR data), followed in 2022 by the 2nd national AMR surveillance report (reporting on 2010–2020 data), published by MOHAP in September 2022 (4). A 3rd national AMR surveillance report is in preparation, reporting on 2010–2022 data.

National AMR surveillance data is also frequently reported in the form of presentations at national and international conferences, e.g., the UAE International Conference on Antimicrobial Resistance (ICAMR), Dubai, UAE.

Furthermore, from 2017 onwards, each year the national AMR surveillance data has been reported to the global AMR Surveillance system. Historical AMR data (2010–2016) was also uploaded to the GLASS platform (WHO GLASS) (17).




3 Results

This paper reports on general results from the UAE national AMR surveillance program, in terms of implementation status of the system, number of surveillance sites reporting, and characteristics of isolates reported.

This paper further aims to describe some of the challenges that we faced when establishing the national AMR surveillance program, and how these were overcome, hoping that this will help other countries in the region and elsewhere in establishing or strengthening their national AMR surveillance systems.

Detailed results for AMR priority pathogens can be found in the national AMR surveillance report, which is published annually by MOHAP (4), as well as in the targeted articles in this issue of Frontiers of Public Health.


3.1 Patient/isolate characteristics

For the reporting period 2010 to 2021 (12 years), phenotypical data for a total of N1 = 1,277,080 isolates were reported to the national AMR surveillance Sub-Committee. No isolates were submitted, due to the absence of a national reference lab for AMR. After removal of non-diagnostic (i.e., screening, quality control) isolates, and copy strains, 662,065 (51.8%) non-duplicate patients/isolates are available for analysis.

For the reporting period 2021 (1 year), n = 173,351 diagnostic, non-duplicate isolates from n = 317 surveillance sites are available for analysis. For 2021, the top five reported AMR priority pathogens were E. coli (27.8%), followed by S. aureus (11.7%), K. pneumoniae (11.4%), Candida spp. (7.6%), and P. aeruginosa (5.9%) (Figure 4). The distribution of reported patients/isolates by age category, gender, and nationality status is presented in Figure 5, by isolate source and location type in Figure 6, and by department/clinical specialty, and Emirate in Figure 7.
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FIGURE 4
 Distribution of reported AMR priority pathogens, by pathogen (UAE, 2021, n = 173,351).
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FIGURE 5
 Distribution of reported pathogens, by age category, gender, and nationality status (UAE, 2021).
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FIGURE 6
 Distribution of reported pathogens, by isolate source and location type (UAE, 2021).
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FIGURE 7
 Distribution of reported pathogens, by department/clinical specialty, and Emirate (UAE, 2021).


The data shows a typical age group distribution, with Salmonella spp. and S. pneumoniae, as expected, being more prevalent in the children’s age group. M. tuberculosis is found almost exclusively in adults. All age groups (adults, children, newborns) are included.

Distribution by gender is largely balanced, with the exception of E. coli and K. pneumoniae being more prevalent in the female gender, which can be explained by the higher prevalence of urinary tract infections in females (E. coli and K. pneumoniae are the leading pathogens isolated from urinary tract). M. tuberculosis is found predominantly in males.

Distribution by nationality status shows a balanced distribution between UAE nationals and expatriates for most pathogens, except for M. tuberculosis, which is predominantly (95%) found in Expatriates. However, UAE nationals represent a significantly higher proportion in the reported data (23.7%) than in the general UAE population (estimated 10%), which could be explained by the higher rate of healthcare utilization by UAE nationals. Internal analysis of expatriates by nationality show that most nationalities (n > 164) are represented in the data and reflecting the typical distribution of nationalities found in the UAE (data not shown).

Distribution by isolate source shows the typical and expected patterns of specimen sources: E. coli, K. pneumoniae and enterococci are predominantly isolated from urine, Salmonella spp. from stool, Streptococcus pneumoniae from respiratory tract, S. aureus from wound/pus, whereas P. aeruginosa and Acinetobacter spp. are mostly found in urine, pus, and the respiratory tract.

Distribution by location type shows that the data is largely balanced between outpatient and inpatients, except for E. faecium and M. tuberculosis which are predominantly observed in inpatients. All relevant location types are included in good numbers (outpatients, emergency, inpatient, intensive care unit).

Distribution by department/clinical specialty shows a good mix of all relevant clinical specialties, including internal medicine, surgery, intensive care, emergency medicine, pediatrics and neonatology, obstetrics and gynecology, hematology and oncology, and other specialties.

Distribution by Emirate shows that patients from all seven Emirates are represented in the database. The data are slightly skewed towards Abu Dhabi Emirate, whereas patients from the northern Emirates are slightly underrepresented, especially from the private sector, and for M. tuberculosis.



3.2 Representativeness of the data for UAE population

The data is largely representative of the whole UAE population, with a few important limitations. This report presents the, by far, largest data set and best currently available diagnostic, non-duplicate AMR data on a very large number of patients (n = 662,065) during a relatively long time period (12 years, 2010–2021) from all seven Emirates.

The data includes all relevant urban and rural areas, healthcare facility types, patient location types, patient age groups, and patient nationalities that are typically found in the UAE, representing a wide range of medical conditions, disease severities, clinical specialties, and health outcomes.

The data presented in this report is:

• fully representative for public sector healthcare facilities in the UAE (100% sample size for governmental hospitals, centers, and clinics),

• highly representative for private sector healthcare facilities in the UAE, except for the Emirates Ajman, UAQ and Fujairah, from which private healthcare facilities are not yet participating in sufficient numbers (Table 2),

• highly representative for inpatients and ICU patients, with now 88 out of 151 (58.3%) hospitals participating in the system, and

• moderately representative for outpatients: results for outpatients need to be interpreted with some caution, as an increasing, but still relatively small fraction (n = 231; 8.5%) of the approximately n = 2,730 relevant ambulatory healthcare clinics/centers in the UAE are participating in the national AMR surveillance program.

• The data is still slightly skewed towards Abu Dhabi, because the surveillance system has been established there several years earlier than in the other Emirates, and, over time, a relatively large number of sites and isolates/patients has been recruited from that Emirate. However, the balancing of data will further improve over time, as new surveillance sites are now preferably and increasingly selected from Dubai and the northern Emirates, in particular from private sector healthcare providers, and from outpatient centers/clinics.

• Based on the large number of surveillance sites and reported isolates, and the distribution of pathogens, there is no indication of selective sampling of patients/isolates or of a systematic sampling bias.



TABLE 2 AMR surveillance sites—by Emirate and ownership (public/private).
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The reported levels and trends of antimicrobial susceptibility/resistance are therefore expected to be generalizable to the overall patient population in the UAE, within the few limitations as described above.




4 Discussion

We demonstrated that a national surveillance program for antimicrobial resistance has been developed and successfully established in the United Arab Emirates since 2010.

This paper describes how the system was designed and developed in the early years and has then been continuously expanded over time, to include now a total of 317 surveillance sites, and 45 clinical microbiology laboratories. This network of AMR surveillance sites and labs is supported by nominated AMR focal points in each site (or group of sites), and AMR team leads in concerned health authorities.

The AMR Surveillance network is further enhanced by the 80+ members of the UAE AMR Surveillance consortium, which includes AMR surveillance leadership and team leads, AMR focal points, AMR researchers, clinical microbiologists, ID physicians, pharmacists, public health professionals, and others.

Clinical and AMR surveillance data for 1.2 m + pathogens has been reported to the program, including data from over 600,000+ non-duplicate patients during 2010–2021.

The national AMR surveillance program and the availability of national AMR surveillance data allows the UAE for the first time to:

• Identify and assess the AMR problem in the UAE, and describe its characteristics,

• Develop a national cumulative antibiogram,

• Publish a national AMR surveillance report,

• Monitor AMR levels and trends over time,

• Assess and describe the burden of MDR, XDR, and PDR pathogens in the UAE,

• Detect newly emerging trends of resistance, e.g., Candida auris,

• Report AMR surveillance data to the global AMR surveillance platform (GLASS),

• Support the development of national standard treatment guidelines for empiric treatment of common bacterial and fungal infections in the UAE.

National AMR surveillance data has been utilized in the UAE to inform the development of several empirical antimicrobial treatment or prophylaxis guidelines so far, including national guidelines on the empiric antibiotic treatment of urinary tract infections, respiratory tract infections, skin and soft tissue infections, and intraabdominal infections, as well as guidelines for the prophylaxis of surgical site infections.

Several challenges were and are still faced during the early implementation phase of the national AMR surveillance program. These challenges include the lack of awareness, lack of technical and human capacity, technical issues, lack of a national reference lab for AMR (NRL-AMR), and lack of funding for AMR surveillance.


4.1 Lack of awareness

In the early years of AMR surveillance in the UAE, AMR surveillance was not a well-known concept at all levels (local, sub-national, and federal). AMR surveillance was not a public health priority for many years, and it was not before 2019 that it became part of a national 5-year public health strategy and action plan to combat AMR (4). The initial lack of awareness for AMR surveillance has been successfully overcome through a combination of strategies and activities, including (a) introducing the concept of AMR surveillance into public health practice, (b) presenting on AMR surveillance mechanisms and data at conferences and technical training workshops, (c) conducting AMR awareness sessions for relevant target audiences, and (d) reporting on AMR resistance mechanisms, and levels and trends in governmental circulars, bulletins, and a national report. A series of meetings and awareness sessions organized by the national AMR surveillance team, but also external events such as scientific conferences, webinars and seminars, WAAW events, industry-sponsored events, events organized by scientific societies such as the Emirates Society of Clinical Microbiology (ESCM), Emirates Pharmaceutical Society (EPS), and Emirates ID society (EIDS), and other awareness events helped tremendously to enhance the awareness and acceptance of the concerned healthcare community for national AMR surveillance.



4.2 Lack of technical and human capacity

A lack of trained and skilled human resources for AMR surveillance at the local, sub-national, and national level has been an important observation and was a challenge for several years. To overcome this challenge, considerable time and effort was spent on technical training and capacity building, which came in form of, e.g., training courses for AMR surveillance (e.g., WHONET and BacLink) for clinical staff, as well as for public health officials. Over time, a relatively large professional community with an interest in AMR surveillance and research has developed, leading now to the formation of a national AMR surveillance consortium with currently 80+ members.



4.3 Technical issues

Across the UAE, there is a large diversity of IT systems (HIS/LIS) as well as automated susceptibility testing (AST) systems used at healthcare provider and laboratory level, which was a challenge for harmonizing and standardizing the AMR surveillance data across the systems and platforms to allow for standardized data analysis and reporting. There is a large variety of codes used by healthcare providers for, e.g., pathogens, antibiotics, specimen types and patient locations. Furthermore, the AMR surveillance data submitted by surveillance sites might still contain some quality control data, screening data, and duplicate isolates, which should be removed before data analysis and reporting. The WHONET software, in particular the BacLink tool, proved invaluable to overcome this challenge, by enabling us to harmonize, and convert all data with protocols and data dictionaries specific for each site. Free tools, such as DB Browser for SQLite allowed for further easy cleaning and editing of the data.

Another technical challenge lies in the fact that automated AST systems in microbiology labs are not routinely and fully interfaced with HIS/LIS systems of surveillance sites, which may result in a loss of information (e.g., loss of MIC values, if data is extracted from HIS/LIS, or loss of clinical and demographic data, if data is extracted from AST systems in the laboratory). We were overcoming this issue by advocating for, and requesting the interfacing of systems where feasible.



4.4 Lack of a national reference lab for antimicrobial resistance

A serious limitation for AMR surveillance in the UAE is the lack of a national reference laboratory. Such a NRL-AMR would serve multiple purposes including, but not limited to:

• Setting national laboratory standards for identification and susceptibility testing of AMR priority pathogens;

• Setting quality control standards for participating clinical laboratories and providing external quality assurance (EQAS) services as a nationwide coordinated service;

• Providing reference lab services for participating clinical laboratories, for further molecular and genetic characterization of AMR priority pathogens;

• Providing technical training and capacity building activities for clinical laboratories;

• Providing epidemiological support for outbreak investigations;

• Establishing a biorepository for relevant strains; and coordinate, and participate in, national studies and research on AMR.



4.5 Lack of funding

AMR surveillance in the UAE has always been a non-budgeted activity, and the lack of funding for the national AMR surveillance program has limited achieving its full potential. The Global Action Plan on AMR (GAP-AMR) recommends WHO Member States to establish a National Coordinating Center for AMR surveillance (NCC-AMR), with a clear mandate, delegated authority, full-time dedicated and trained staff, and an annual budget. This would help to institutionalize AMR surveillance and to ensure continuity and sustainability of the program for the future. Several important components of the AMR surveillance program can be implemented without a cost; however others do require a budget. For example, AMR surveillance data is generated as part of routine patient care and submitted to governmental health authorities free of charge based on their mandate for public health. Data processing and analysis tools are available for free from the internet (e.g., WHONET/BacLink, SQLite Browser, statistical calculators). Other important components, however, do require a budget. This includes for example a national reference lab, external quality assurance services, lab accreditation, outbreak analysis, biorepository of isolates, hiring competent staff, conducting workshops, etc. The lack of funding was partially overcome with the help of sponsors from the private sector, where needed, e.g., for awareness activities.

The Global Action Plan for AMR (GAP-AMR), and the continuous commitment of the UAE leadership to implement this plan in the UAE since 2015, was the critical step forward and provided the necessary senior management support and facilitated acceptance by the concerned healthcare facilities to develop and implement the national AMR surveillance program. The development of the UAE National Strategy and Action Plan to combat AMR (2019–2023) further helped to specify goals and objectives for national AMR surveillance (4).

This was only possible because of the following:

• Senior management and leadership support and commitment from MOHAP and other concerned health authorities (DHA, DOH/ADPHC), and participating entities (surveillance sites and laboratories).

• Guidelines and recommendations for AMR surveillance being available through WHO-GLASS.

• AMR surveillance data being generated at surveillance sites and labs through routine patient care and available in an electronic format for governmental public health surveillance activities at no cost.

• Software and IT tools needed for AMR surveillance, e.g., WHONET, BacLink, database tools (e.g., DB Browser for SQLite), and statistical packages [e.g., EpiInfo (18) AUSVET (19)] can be obtained from the internet at no cost.

• The central core team was able to provide numerous awareness and technical training workshops and sessions for AMR surveillance at no cost.

• Having nominated AMR focal points at each surveillance site (or group of sites) who facilitated data collection and reporting.

• Data cleaning, analysis and reporting was done in-house at the central level at no cost.

There are some limitations of the current national AMR surveillance program. The current focus on collection of phenotypical data, and, although in line with the adopted WHO-GLASS protocol, this does not allow for further characterization on the molecular level, e.g., by NGS (next generation sequencing). Main reason for this limitation is the lack of a national reference lab. This could be partially overcome by using existing phenotypical isolate resistance profiles, as well as phenotypical biochemical profiles of isolates as a substitute, however this is not well established in the literature. The national AMR surveillance program would certainly benefit significantly from the routine establishment of molecular and genetic methods at central level, such as molecular markers and NGS (next generation sequencing) to allow for further describing the characteristics, and the local and regional epidemiology of antimicrobial resistance, and support outbreak detection as well. Another limitation is the significant reliance on manual steps for data collection, data cleaning, data conversion and harmonization, data analysis, and reporting of findings. Automation could potentially help here in future, especially if combined with data mining and artificial intelligence tools. However, automation can also bring new challenges, and the added value of automation is likely to be limited due to the generally high complexity of AMR surveillance, the diverse landscape of HIS/LIS and AST systems, technical limitations (e.g., the lack of interfacing AST machines with HIS/LIS systems at facility level; or the need to update the automated system with CLSI breakpoints on annual basis), and other factors, e.g., the difficulty to automate or incorporate the clinical microbiological expertise required. For some steps, automation tools are available (e.g., WHONET automation tool), and could be explored to be implemented.




5 Conclusion

National surveillance of antimicrobial resistance is an important concept and public health tool for the global and national response to antimicrobial resistance. The development and implementation of the national AMR surveillance system in the United Arab Emirates enabled concerned public health authorities and healthcare professionals for the first time to monitor levels and trends of antimicrobial resistance in the UAE, detect emerging resistance, publish annual AMR surveillance reports, report AMR surveillance data to WHO-GLASS, and inform local and national antibiotic stewardship policies and activities, such as the development of empirical antimicrobial treatment guidelines for common bacterial and fungal infections. National AMR surveillance in the UAE will further be strengthened by establishment of a national reference lab that could provide technical support for characterizing isolates on the molecular/genetic level (NGS) and providing further services such as outbreak analysis support and external quality assurance services (EQAS).
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Footnotes

1   VITEK® 2. BioMérieux SA, Craponne, France.

2   BD Phoenix™. Becton Dickinson, New Jersey, United States.

3   MicroScan WalkAway. Beckman Coulter, Brea, CA, United States.

4   Sensititre™ Complete Automated AST system. ThermoFisher Scientific. Waltham, MA, United States.

5   API® test system. Analytical Profile Index. BioMérieux SA, Craponne, France.

6   Minimal inhibitory concentration (MIC, in μg/mL), or the inhibition zone diameter (IZD, in mm).

7   SIR, susceptible/intermediate/resistant.
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Background: Antimicrobial resistance (AMR) is a major global public health threat requiring urgent action. Pan-European data on knowledge, attitudes and behaviors among the general public regarding antibiotic use and AMR is limited.

Methods: A multicentric, cross-sectional survey of the general public was conducted in the capital cities of 14 Member States of the WHO European Region. A validated questionnaire from the AMR Eurobarometer survey was used to collect data on antibiotic use and knowledge, access to antibiotics, and understanding of policy responses through face-to-face exit interviews.

Results: Out of 8,221 respondents from 14 Member States, 50% took antibiotics in the past 12 months and the majority (53%) obtained their most recent course from a medical practitioner. The most reported reasons for taking antibiotics orally in the past 12 months were cold (24%), sore throat (21%), cough (18%), and flu (16%). Overall, 84% of participants showed a lack of knowledge about appropriate antibiotic use. However, only 37% of respondents reported receiving any information in the past year about the importance of avoiding unnecessary antibiotic use. Doctors were the most cited (50%) and most trusted (80%) source of information. Among respondents who experienced COVID-19, 28% took antibiotics with a prescription, while 8% took antibiotics without a prescription.

Conclusion: This study highlights the urgent need for targeted awareness campaigns and educational initiatives to address knowledge gaps and promote responsible antibiotic use. The findings emphasize the role of the general population in combating AMR. The data serve as baseline information for future evaluations and interventions in the Region.
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Introduction

Antimicrobial resistance (AMR) is recognized by the WHO as one of the ten major global public health threats (1). AMR occurs when microorganisms develop mechanisms to resist the effects of antimicrobial drugs that are typically used to treat infections (1, 2). There are different types of antimicrobials, such as antibiotics for bacteria, antivirals for viruses, and antifungals for fungi, each targeting specific types of microorganisms. While AMR is a natural phenomenon, its development and spread is accelerated by antibiotic use, rendering infections more challenging to treat effectively (2, 3).

Several factors contribute to the development and spread of AMR including: the misuse and overuse of antimicrobials in the human health, veterinary and agricultural sectors; inadequate access to clean water, sanitation and hygiene for both humans and animals; suboptimal infection prevention and control practices in health-care facilities and farms; limited availability of quality, affordable medicines, vaccines and diagnostics; inadequate awareness and knowledge among health-care providers and the public; and inadequate enforcement of legislation to regulate antimicrobial use (4–6). A 2022 study in the Lancet estimated 4.95 million deaths associated with bacterial AMR in 2019 worldwide (7). Likewise, more than 35 000 people reportedly die from antimicrobial-resistant infections in the European Union and European Economic Area (EU/EEA) annually while another publication estimated 541 000 deaths associated with bacterial AMR and 133 000 deaths attributable to bacterial AMR in the WHO European Region in 2019 (8, 9). Multidrug-resistant strains of pathogens are increasing in hospital settings, and the spread of antimicrobial resistant infections in community settings can be accelerated by various geopolitical, financial, and sociocultural factors (1, 10). Addressing the inappropriate use of antimicrobials in community settings is one of the key components in the fight against AMR.

Indeed, two of the five objectives in the Global Action Plan on Antimicrobial Resistance are “to improve awareness and understanding of antimicrobial resistance through effective communication, education and training” and “to optimize the use of antimicrobial agents” (11). AMR is affected by a complex set of behavioral factors including overprescribing, self-medication, over-the-counter (OTC) sales, as well as overuse in animal husbandry, making it difficult to ascertain a primary cause or actor. In human medicine, outpatient settings account for the majority of antibiotic use, either prescribed by clinicians or obtained without valid prescription or a doctor's consultation (12). OTC sale of antibiotics, without prescription, is a major challenge contributing to inappropriate antibiotic use in the community in many countries globally, including in the WHO European Region (the Region) and the situation is further exacerbated by use of antibiotics in agriculture (13–15). A recent systematic review and meta-analysis reported that, across 38 studies from 24 countries, the pooled proportion of non-prescription supply of antibiotics was 62% (12). In such settings where the health systems are weak and legislation is not well enforced, the general public is a key player to bring a change to improve antibiotic use.

There are several quantitative and qualitative studies conducted to investigate public knowledge, attitudes, and behaviors (KAB) on antibiotic use and AMR, mainly among EU/EEA Member States in the Region and sporadically among some other Member States in the Region (16–23). Since 2009, the European Commission (EC) has administered a periodic survey among the general public in EU/EEA Member States to monitor the levels of usage of, and knowledge about, antibiotics and most recently conducted the survey in 2022 (24).

Since 2015, the WHO Regional Office for Europe has been supporting its Member States to mark World Antimicrobial Awareness Week, rebranded as World AMR Awareness Week (WAAW, 18–24 November annually), campaigns that build on European Antibiotic Awareness Day (EAAD, 18 November annually, also supported by WHO European Region since 2012). However, an in-depth understanding about the knowledge among general public concerning antibiotic use and AMR as well as impact of information on behavioral change outside of EU/EEA Member States in the Region is limited. There are several quantitative and qualitative studies conducted to investigate public knowledge, attitudes and behaviors (KAB) on antibiotic use and AMR (16–23). However, the primary focus of these studies is medical practitioner. Since 2009, the European Commission has undertaken a survey among the general public in European Union and European Economic Area (EU/EEA) Member States, as part of AMR Eurobarometer surveys, to monitor the levels of usage of, and knowledge about, antibiotics. The last AMR Eurobarometer survey took place in 2022. This periodic survey allows for a comparison of trends and monitoring over time. Despite this, comprehensive evidence across the entire WHO European Region is limited and information, where available, is not collected in a harmonized manner, limiting the cross country/region and even national analysis. Furthermore, a recent report highlighted a concern in antibiotic use for prevention and treatment of COVID-19 across nine Member States of the Region (13, 25).

To address this lack of data, the WHO Regional Office for Europe conducted a survey using the same questionnaire used by the EC for the 2022 Eurobarometer survey with the aims of establishing a harmonized baseline data on KAB on antibiotic use and AMR in 14 WHO European Region Member States. The data are expected to support participating Member States in the development of targeted awareness raising and education interventions, and subsequently the evaluation of their impact.



Methods


Study design and setting

This study was designed as a multicentric, cross-sectional survey. Data was collected using a validated questionnaire by trained data collectors through face-to-face exit interviews over a six-week period between 12 October and 17 November 2022 in the capital cities of 14 Member States in the Region, namely: Albania (ALB), Armenia (ARM), Azerbaijan (AZB), Bosnia and Herzegovina (BIH), Belarus (BLR), Georgia (GEO), Kazakhstan (KAZ), Kyrgyzstan (KGZ), Montenegro (MNE), North Macedonia (MKD), Republic of Moldova (MDA), Tajikistan (TJK), Türkiye (TUR) and Uzbekistan (UZB).



Participants

The target sample in this study were adults aged 18 years or older living in the cities where the survey was conducted who were able to give informed consent. The geographic area was limited primarily to capital cities due to limited resources and time (Supplementary Table 1 for a list of participating countries and respective cities).



Questionnaire development and implementation

We adapted the same questionnaire that has been developed and used for the Eurobarometer survey by the EC (24). The questionnaire was divided into two sections. The first section consisted of five items on participants' sociodemographic characteristics: gender, age, education, profession, and financial status. The second section consisted of a series of 16 items focusing on respondents' use and knowledge of, and access to antibiotics, including the impact of COVID-19, as well the role of sources of information used for awareness raising, and their understanding of the policy response to tackle AMR.

The English version of the questionnaire acted as the source document and was translated into 14 national languages spoken in the participating countries (Supplementary File 1). Translation from English to specific languages was carried out by translators and expert team members from the participating countries.

KoBoToolbox, a free open-source suite of tools for mobile data collection, was used for implementing the questionnaire using android-based tablets in the field by trained data collectors in each country. All data collectors received intensive training of the study protocol, including the questionnaire, informed consent, and interview methodology. Initially, the translated versions of the survey was validated by the leads and data collectors in each country through a pilot run. Any issues identified with the data collection tool were resolved prior to initiating the actual survey.

This survey was designed to collect the baseline information in the participating countries and not to detect any specific effect sizes. A minimum sample size of 385 respondents with complete interviews was required to achieve a 95% confidence level with a 5% of margin of errors for a population of 5 million (the largest population of any participating capital city in this survey). For convenience and uniformity across the participating countries it was decided to set the sample-size to 500 to ensure completeness. From each participating city, the country leads created a sampling frame that listed of 28 most visited potential survey sites for each city for exit interviews. The sampling frame consisted of the following locations: (i) metro, bus or train stations; (ii) shopping malls; (iii) hospitals; (iv) universities; and (v) pharmacies as applicable in each of the selected cities. An independent member used a random number generator in Microsoft Excel to randomly select 10 sites for each city from the sampling frame. In each country, data was collected simultaneously at all sites during the survey period with a target of a minimum of 50 interviews per site.

Furthermore, a systematic random sampling approach was applied to select study participants as follows: every alternate person exiting the survey site (for each site, an exit point was fixed for reference) was approached, and if the person interacted, the data collectors assessed eligibility and explained the purpose and objectives of the survey to the potential participant. They were also informed about their anonymity if they participated, and the contact information of the country study coordinator was shared if they requested further information.



Ethical considerations

Oral informed consent was sought from each participant before starting each interview (Supplementary File 1). The questionnaire was not administered if a participant did not meet eligibility criteria or refused to grant informed consent. The study was confirmed as exempted from review by the WHO Ethics Review Committee (Protocol Number ERC.0003790).



Data collection and analysis

After the data was downloaded from KoBoToolbox, it was cleaned, re-coded, and prepared for analysis using Microsoft Excel (Microsoft, Redmond, Washington). A descriptive analysis was performed for all variables, as frequencies, percentages and items concerning respondents' KAB were tabulated and graphed. Sub-group analysis was performed at the country level to get better insight from the available data.




Results


Demography

A total of 9,602 participants were approached for interview and 8,221 (86%) respondents from 14 Member States provided informed consent and participated in the survey (Supplementary Table 2). Each participating Member State reached the minimum sample size of 500 interviews. Overall, 57% of the 8,221 respondents across all participants identified as females and 42% identified as males. Over 60% of the participants were <40 years-old and most of them completed their studies in their 20s (47%). Nearly a quarter of the participants were either office workers (25%) or students (23%). Close to one out of ten participants were either engaged in manual work (10%) or were self-employed (14%) and another 8% were retired. Forty percent of the participants faced difficulty in paying their bills from time to time, followed by another 20% who faced difficulty in paying their bills most of the time (Table 1).


TABLE 1 Sociodemographic characteristics of survey participants.

[image: Table 1]



Use of antibiotics

A subset of four questions (Q1 to Q4 in Supplementary File 1) in the survey was designed to help understand the use of antibiotics among the survey population by asking whether they have used antibiotics in the last year, how they obtained them, the reason for taking them, and if they used antibiotics following a diagnosis. Fifty percent of all respondents (N = 8,221) had taken antibiotics orally in the last 12 months (Figure 1A). In participating Member States, this ranged from 36 to 67% (Figure 1B).


[image: Figure 1]
FIGURE 1
 Consumption of oral antibiotics. (A) Consumption of oral antibiotics in the last 12 months. (B) Consumption of oral antibiotics in last 12 months across survey countries. Respondents were allowed to provide only one response for Q1.


Among the respondents who had taken antibiotics orally within the past 12 months (N = 4,150), over a fifth (22%) obtained oral antibiotic formulations without a prescription. Additionally, 8% of the respondents reported using leftover antibiotics from a previous course. The majority of respondents (53%) obtained their most recent course of antibiotics from a medical practitioner, while 14% had antibiotics administered by a medical practitioner (Figure 2A). Notably, there was considerable variation in respondents' answers at the national level, indicating heterogeneity in antibiotic sourcing practices (Figure 2B).


[image: Figure 2]
FIGURE 2
 Antibiotic source. (A) Source of the last course of antibiotics. (B) Source of the last course of antibiotics at national level. Respondents were allowed to provide only one response for Q2.


Regarding the reasons for taking antibiotics among those who had used them orally in the past 12 months (N = 4,150), the most commonly reported reasons were cold symptoms (24%), sore throat (21%), cough (18%), and flu-like symptoms (16%). Urinary tract infections and pneumonia were each cited by 9% of respondents (Figure 3).


[image: Figure 3]
FIGURE 3
 Reasons cited for taking antibiotics. Respondents were allowed to provide multiple responses for Q3.


Next, respondents who reported to have taken antibiotics orally in the last 12 months were asked if they had taken a test to find out the cause of illness, before or at the time of starting antibiotics. The findings revealed that less than half (47%) of the respondents had undergone diagnostic testing before or at the same time as starting antibiotics. In contrast, 45% stated that they had not undergone any testing (Supplementary Figure 1A). Notably, the analysis at the national level showcased considerable variation in diagnostic testing prior to antibiotic use, ranging from 31 to 67% (Supplementary Figure 1B).



Knowledge of antibiotics

In question 5 (Supplementary File 1), respondents (N = 8,221) were presented with a set of four statements to assess their knowledge about the use of antibiotics. They were asked to indicate whether each statement was “True” or “False” or to select “Don't know.” Across all participants (N = 8,221), 43% incorrectly thought that it is true that “antibiotics kill viruses,” whereas 39% of the respondents correctly reported that the statement is false. Nearly one-fifth (18%) of the respondents were unable to express an opinion (Figure 4A). Similarly, when asked if “antibiotics are effective against colds,” 50% of the respondents incorrectly said that it is true that antibiotics are effective against colds, while 36% correctly thought that the statement was false. Fourteen percent of the respondents were unable to express an opinion (Figure 4B).


[image: Figure 4]
FIGURE 4
 Knowledge of antibiotics. (A) Antibiotics kill viruses. (B) Antibiotics are effective against colds. (C) Unnecessary use of antibiotics makes them become ineffective. (D) Taking antibiotics often has side-effects such as diarrhea. Respondents were allowed to provide only one response for Q5.1 to Q5.4.


Two-thirds (67%) of the respondents correctly thought it to be true that “unnecessary use of antibiotics makes them become ineffective” whereas 12% incorrectly thought it to be false and one in five respondents (21%) did not have an opinion (Figure 4C). Furthermore, three in five respondents (60%) correctly thought that “antibiotics lead to side effects” whereas 12% incorrectly thought the statement to be false. Over a quarter (28%) of respondents were unable to provide an answer (Figure 4D). In fact, only 16% of respondents were able to correctly validate all four statements. Conversely, 15% of respondents could not correctly validate any of the statements (Supplementary Figures 2E, F).

When asked about the appropriate duration of antibiotic treatment, a majority of participants (72%) correctly emphasized the importance of completing the full course as directed by a doctor (Figure 5). However, a notable proportion (22%) held the misconception that antibiotics can be stopped once they start feeling better (Figure 5). The trend of acknowledging the significance of completing the prescribed antibiotic course ranged from 56 to 89% among participating Member States (Supplementary Figure 3).


[image: Figure 5]
FIGURE 5
 Understanding of compliance to recommended treatment. Respondents were allowed to provide only one response for Q6.




Information about the correct use of antibiotics

To evaluate participants' access to information regarding the unnecessary use of antibiotics, a series of six questions (Q7 to Q12, Supplementary File 1) was administered. These questions aimed to assess participants' recent acquisition of knowledge on this topic, identify the sources from which they obtained information, and examine its influence on their antibiotic consumption behavior. Additionally, Q12 explored participants' perceptions and attitudes on the credibility of the information source.

Only 37% of respondents reported receiving any information in the past 12 months regarding the importance of avoiding unnecessary antibiotic use. Surprisingly, over half of the respondents (51%) denied receiving any information on the topic, while a smaller portion (12%) indicated they were unsure (Figure 6). These findings were consistent across participating Member States, with response rates ranging from 23 to 48% reporting no exposure to information about unnecessary antibiotic use in the past year (Supplementary Figure 4).


[image: Figure 6]
FIGURE 6
 Information received by participants on unnecessary use of antibiotics in the last 12 months. Respondents were allowed to provide only one response for Q7.


Participants who indicated receiving information about the unnecessary use of antibiotics in the past 12 months (responding “Yes” to question 7; N = 3,072) were further queried about the sources of this information. They were presented with a list of potential sources and asked to select multiple responses. The most commonly cited source of information was doctors at 50%. The internet and social networks, as well as family or friends, were also mentioned, accounting for 30 and 24% of responses, respectively (Figure 7A). These patterns were consistent at the national level, as observed in Figure 7B.


[image: Figure 7]
FIGURE 7
 Information sources. (A) Most frequent sources of information on unnecessary antibiotics use in the last 12 months. (B) Most frequent sources of information on unnecessary antibiotics use in the last 12 months at national level. (1) All numbers in (B) are percentages of respondents. (2) Respondents were allowed to provide multiple responses for Q8.


Similarly, among those who reported receiving information about the inappropriate use of antibiotics (N = 3,072), 65% expressed that this information would alter their perspectives on antibiotic usage (Supplementary Figure 5A). Conversely, 26% stated that their views on antibiotic use remained unchanged, while 9% responded with uncertainty by selecting they “Don't know.” National level analyses revealed a range of responses (42 to 84%) with agreement that information on unnecessary antibiotic use could influence their views on antibiotics (Supplementary Figure 5B).

Subsequently, participants who indicated that the information they received had influenced their views on antibiotic use (Q9, Supplementary File 1) were asked an additional question (Q10, Supplementary File 1) regarding their intentions for future antibiotic use based on this newfound understanding. Among these respondents (N = 1,995), 75% expressed their intention to always consult a doctor when they believe they require antibiotics. Additionally, 37% stated that they would refrain from self-medication, while 33% indicated their decision to avoid obtaining antibiotics without a prescription. Merely 5% of respondents mentioned their inclination to give leftover antibiotics to relatives or friends (Figure 8).


[image: Figure 8]
FIGURE 8
 Impact of information on antibiotic use behavior. Respondents were allowed to provide multiple responses for Q10.


Inquiring about the specific areas in which respondents (N = 8,221) desired more information, it was found that 39% expressed their interest in receiving additional knowledge about the proper use of antibiotics and the medical conditions for which antibiotics are prescribed. Additionally, close to one-third (31%) of the survey participants indicated their curiosity in acquiring further understanding about resistance to antibiotics (Figure 9A). Notably, these topics emerged as the top three most frequently identified areas of interest among participants across all Member States (Figure 9B).


[image: Figure 9]
FIGURE 9
 (A) Topics for which the participants expressed a desire to receive more information. (B) Topics for which the participants expressed a desire to receive more information at national level. (1) All numbers are percentages of respondents. (2) Respondents were allowed to provide multiple responses for Q11.


In the final question (Q12) of this section, participants were asked to select three sources they would rely on to obtain trustworthy information about antibiotics. The results showed that ~80% of participants, considered doctors to be the most reliable source for antibiotic-related information. In addition, participants expressed trust in pharmacies (29%), hospitals (21%), and nurses (11%). Furthermore, 17% of the respondents reported placing their confidence in official health-related websites (Figure 10).


[image: Figure 10]
FIGURE 10
 Most relied sources of trustworthy information on antibiotics. Respondents were allowed to provide a maximum of three responses for Q12.




Impact of COVID-19 on antibiotic usage and access

This section included two questions that focused on the impact of COVID-19 on the use of and access to antibiotics among the survey respondents. Among those who reported having COVID-19, 30% did not take antibiotics, while 28% took antibiotics with a prescription and 8% took antibiotics without a prescription (Figure 11; Supplementary Figure 6).


[image: Figure 11]
FIGURE 11
 Use of antibiotics by the respondents for COVID-19. Respondents were allowed to provide multiple responses for Q13.


The impact of the COVID-19 pandemic on the demand for antibiotics and access to antibiotics varied among the respondents based on their experiences. A total of 32% of the respondents reported a decrease in their need for antibiotics due to a lower incidence of illness. Conversely, only 8% experienced an increase in their antibiotic needs. In terms of access to antibiotics, 37% of the respondents stated that their access remained unchanged. However, 10% of the respondents reported experiencing limited access to antibiotics, which was attributed to difficulties in obtaining prescriptions or accessing pharmacies (Figure 12).


[image: Figure 12]
FIGURE 12
 Impact of COVID-19 on the need to take antibiotics. Respondents were allowed to provide multiple responses for Q14.




Implications for policy

In response to the question about the most effective level to address antibiotic resistance, 36% of the respondents emphasized the importance of taking actions at all levels, indicating that a comprehensive approach involving various stakeholders is crucial for tackling antibiotic resistance. On the other hand, 17% of the respondents believed that actions taken by individuals or within the family unit hold the most effectiveness in combating AMR. Additionally, 34% of the respondents expressed the opinion that addressing AMR would be most effective at the global, regional, or national level (Figure 13).


[image: Figure 13]
FIGURE 13
 Respondents' understanding of the correct level of policy intervention to tackle AMR. Respondents were allowed to provide only one response for Q15.





Discussion

Addressing the irrational use of antibiotics is an important aspect in the fight against AMR. Most of the inappropriate antibiotic use in the human sector occurs at the intersection of the health-care system and the general public, emphasizing the need for interventions at this interface. The survey sought to understand various aspects of appropriate antibiotic use and AMR among the general population. It also examined the impact of awareness raising campaigns and other sources of antibiotic and AMR-related information. The results of the present study shed light on the knowledge gaps that exist among individuals surveyed regarding appropriate antibiotic use within the community.

This study highlights that half of the participants reported having taken antibiotics in the last year, and over half of those respondents received their antibiotics through a medical prescription. This also means that roughly half of individuals who took antibiotics did not have a prescription in spite of the legislation in place prohibiting sales of antibiotics without prescription in all the surveyed countries (26). According to a systematic review published in 2019, the global prevalence of non-prescription antibiotic sales was estimated to be 62% (12). A recent study conducted in community pharmacies across eight selected Member States in the Region revealed variations in the utilization of prescriptions for antibiotic supply, ranging from 23 to 97% (13). This highlights the issue of OTC sales of antibiotics and the need for stricter enforcement of existing laws regulating prescription medications while also ensuring access to them.

There may also be some confusion among participants as to what constitutes a formal medical prescription, as 14% of respondents stated they took antibiotics “administered by a medical practitioner” and 20% stated they took antibiotics without a prescription from a pharmacy. The survey did not explore the participants' perceptions regarding the definition of a medical practitioner. These perceptions may be particularly convoluted in contexts where existing laws prohibiting the sale of antibiotics OTC may not be rigorously enforced. As such, it is important to address these misconceptions and ensure a clear understanding of the appropriate channels for obtaining antibiotics.

Furthermore, financial barriers and promoting equitable access to health-care services are crucial in ensuring appropriate antibiotic use and mitigating the risks associated with AMR. In our survey, nearly 60% of respondents reported difficulty in paying bills (either sometime or frequently; see Table 1). Considering the influence of socioeconomic status on health, future surveys in the Region should look into how such factors might influence antibiotic consumption.

The survey further sought to elucidate participants' reasons for using antibiotics, with a majority indicating suspected viral infections. Responses from Q3 were reorganized into groups based on the suspected likelihood for antibiotic need. Without more detailed follow-up questions or clinical information, it is not possible to be certain whether antibiotics were used for the correct indication. However, there is a clear grouping of potential viral, bacterial, and unknown categories (27–30). The majority of respondents stated that they used antibiotics for what could be considered suspected viral infections (e.g., cold, sore throat, flu). This trend of unjustified utilization is also observed in the 2022 Eurobarometer survey, albeit at lower levels, where a large proportion of respondents from the EU/EEA Member States cite reasons for taking antibiotics that are either unjustified (i.e., probable viral infections or symptoms such as fever. For example, sore throat – 13%; cold – 11%; flu – 10%; and fever – 10%) or questionable (such as bronchitis – 13% or pneumonia – 4%) as they may be either viral or bacterial, requiring confirmatory testing (24).

This reflects findings from later in the survey, where almost half of all respondents incorrectly indicated that antibiotics are effective against viruses and colds. Findings from the 2022 Eurobarometer survey similarly show that only about 50% of participants know that antibiotics are ineffective against viruses. In fact, 84% of respondents in our survey could not correctly validate all four statements in Q5.1 to Q5.4 (see Supplementary File 1). However, this set of questions also identifies partial knowledge and awareness that could arise from personal experience. This could also indicate that people might be taking antibiotics for incorrect indications without realizing it. This information illustrates gaps in knowledge and identifies rationale for which the general population seeks antibiotics. It further suggests that there is room for more tailored, and perhaps seasonal, communication campaigns at the population level to increase awareness about appropriate antibiotic use. Meanwhile, it should be also noted that gaps in knowledge are not the only drivers of irrational antibiotic use when rigorous health systems are not in place to strictly control access to antibiotics with prescription as discussed earlier.

The self-reported consumption of antibiotics in this survey was 50% compared to 23% in the EU/EEA Member States in the 2022 Eurobarometer survey (the lowest reported levels since 2009) (24). The burden of appropriate antibiotic use must not only be placed on consumers, but must be shared between health-care professionals, governments, and health systems, to name a few.

In relation to this, it is important to assess the public's recollection of receiving information on the correct use of antibiotics. Only a small subset of respondents across all Member States (range: 23–48%) confirmed receiving any information about antibiotics use, leaving much of the population yet to be reached by awareness campaigns. This lack of information could be one of the possible explanations of why there is such a discrepancy in knowledge about the effectiveness of antibiotics against colds. As such, this could correlate with irrational use of antibiotics, and thereby contribute to AMR (31, 32).

Regarding respondents' understanding of adherence to an antibiotic treatment regimen, 72% of respondents correctly stated that they should follow the full course of treatment as prescribed by their doctor. A similarly high number of participants (85%) in the 2022 Eurobarometer survey responded correctly to the same question (24). WHO's recommendations are to use evidence-based prescribing and adhering to the dosage and duration of a treatment regimen, as prescribed by a licensed clinician. This also means that feeling better, or an improvement in symptoms, does not always mean that an infection has cleared (33). By cutting short a prescribed antibiotic treatment course, a patient is at risk of having to restart the treatment for a possibly persistent infection, or possibly require a stronger antibiotic if resistance develops (6).

Participants were also asked about their sources of information on antibiotics. The study indicates trust is placed in health-care professionals, particularly doctors, highlighting that health-care professionals are currently the most prevalent source of conveying information to the public. It is worth noting that, besides professional or health-care facilities, roughly one-third of respondents stated that they received information about unnecessary use of antibiotics from the internet or social media, and about one-quarter stated they receive information from family or friends. This means that there are multiple entry points for awareness campaigns and health literacy programs to target beyond formal health-care settings and to dispel misinformation. Increasing awareness in certain population groups could also possibly have a snowballing effect through disseminating correct information among their family and friend networks in person, but also through social media networks and through online platforms. Awareness raising campaigns, therefore, could be tailored to channeling information through the above three main target groups and platforms.

It is also important to note that almost 40% of respondents showed interest in gaining knowledge about the appropriate usage of antibiotics and their purpose. Among EU/EEA Member States surveyed in the 2022 Eurobarometer survey, even more respondents stated they were interested in receiving additional information about antibiotics (79%) (24). Additionally, over 30% of respondents expressed their interest in acquiring information about AMR. A majority of respondents (78%) considered doctors as the most reliable source of information on antibiotics. This ties back to the question on source of information (Q8), where most respondents stated that they received health-related information, including about antibiotics, from health-care professionals and facilities.

The aforementioned findings underscore the significance of enhancing communication between the patient and the physician during the prescription of antibiotics. It is essential for doctors to explain, in an easily understandable manner, the reasons behind the prescription of antibiotics and provide detailed instructions on how to take them. Although the Eurobarometer survey showed similar results on the trustworthy information source on antibiotics, a notable difference was observed in the trust in pharmacists (40% in Eurobarometer vs. 29% in this survey). Despite being the primary provider of antibiotics to patients, pharmacists were not as highly trusted by the respondents. Given that antimicrobials are still commonly sold without a prescription in many of the surveyed Member States, despite the existence of laws prohibiting this practice (12), emphasis should be made on the crucial role of pharmacists in promoting responsible antibiotic use.

This questionnaire was conducted during the COVID-19 pandemic, and it retrospectively surveyed respondents about their experiences and perceptions of antibiotics over the previous year. The impact of the pandemic on the respondents' demand for antibiotics was found to vary in terms of their experiences. Specifically, about one-third of the respondents reported a decrease in their need for antibiotics owing to a reduced incidence of illness. It is noteworthy that the Eurobarometer survey reported a higher proportion (45%) of respondents who experienced a similar reduction in their demand for antibiotics. This highlights the need to closely monitor and address changes in antibiotic usage patterns during public health crises.

Overall, participants agreed that to effectively combat the issue of antibiotic resistance, a multi-level approach is necessary, encompassing efforts at the individual, national, regional and global levels. This includes promoting responsible antibiotic use through education, awareness campaigns, policy enforcement, and collaboration among health-care professionals, policymakers, and the public. By addressing the gaps in KAB related to antibiotic use, we can contribute to the global fight against AMR and ensure the continued effectiveness of antibiotics for future generations.

Our study is subject to several limitations that should be acknowledged. Firstly, the sampling approach focused solely on capital cities and though survey sites within each city were randomly selected from a predefined sampling frame and participants were identified using systematic random sampling, selection bias cannot be ruled out. For example, data collection at a particular time of day at a given site might influence the type of participants. This limits, the representativeness and generalizability of our findings to rural areas and other regions within the Member States, and comparison with the results of the Eurobarometer survey challenging. Secondly, one of the survey questions (Q10) presented only positive response choices, potentially leading respondents to answer in a socially desirable manner, thereby influencing the accuracy of their responses. Thirdly, recall bias may have influenced participants' ability to accurately remember and report events that occurred over a 12-month period. Fourthly, the potential for interviewer bias exists, given that the original questionnaire was developed for EU/EEA settings and was now used for the first time outside of that context in diverse settings. Although efforts were made to mitigate this bias through standardized training and pilot sessions, variations in interviewer techniques and interpretations may still have influenced participant responses. Lastly, social desirability bias may have impacted participants' responses, as individuals tend to provide answers they perceive as socially or morally acceptable, potentially leading to an overestimation of positive behaviors and an underestimation of negative behaviors. Recognizing these limitations, it is important to interpret our findings in light of these inherent constraints.



Conclusion

To our knowledge, this is the first cross-national survey evaluating and highlighting the gaps in KAB concerning antibiotic use and AMR in these 14 Member States of the WHO European Region. These findings emphasize the urgent need for targeted awareness campaigns and educational initiatives aimed at bridging these gaps as well as providing baseline information for future evaluations. By proactively addressing these challenges, we can foster a culture of responsible antibiotic use and make major strides in our global efforts to combat the threat of AMR.
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Introduction: Enterococci are usually low pathogenic, but can cause invasive disease under certain circumstances, including urinary tract infections, bacteremia, endocarditis, and meningitis, and are associated with peritonitis and intra-abdominal abscesses. Increasing resistance of enterococci to glycopeptides and fluoroquinolones, and high-level resistance to aminoglycosides is a concern. National antimicrobial resistance (AMR) surveillance data for enterococci from the Middle East and North Africa (MENA) and the Gulf region is scarce.

Methods: A retrospective 12-year analysis of N = 37,909 non-duplicate diagnostic Enterococcus spp. isolates from the United Arab Emirates (UAE) was conducted. Data was generated by routine patient care during 2010–2021, collected by trained personnel and reported by participating surveillance sites to the UAE National AMR Surveillance program. Data analysis was conducted with WHONET.

Results: Enterococcus faecalis was the most commonly reported species (81.5%), followed by Enterococcus faecium (8.5%), and other enterococci species (4.8%). Phenotypically vancomycin-resistant enterococci (VRE) were found in 1.8% of Enterococcus spp. isolates. Prevalence of VRE (%VRE) was highest for E. faecium (8.1%), followed by E. faecalis (0.9%). A significant level of resistance to glycopeptides (%VRE) for these two species has been observed in the majority of observed years [E. faecalis (0–2.2%), 2010: 0%, 2021: 0.6%] and E. faecium (0–14.2%, 2010: 0%, 2021: 5.8%). Resistance to fluoroquinolones was between 17 and 29% (E. faecalis) and was higher for E. faecium (between 42 and 83%). VRE were associated with higher patient mortality (RR: 2.97), admission to intensive care units (RR: 2.25), and increased length of stay (six excess inpatient days per VRE case), as compared to vancomycin-susceptible Enterococcus spp.

Discussion: Published data on Enterococcus infections, in particular VRE-infections, in the UAE and MENA region is scarce. Our data demonstrates that VRE-enterococci are relatively rare in the UAE, however showing an increasing resistance trend for several clinically important antibiotic classes, causing a concern for the treatment of serious infections caused by enterococci. This study also demonstrates that VRE were associated with higher mortality, increased intensive care unit admission rates, and longer hospitalization, thus poorer clinical outcome and higher associated costs in the UAE. We recommend the expansion of current surveillance techniques (e.g., local VRE screening), stricter infection prevention and control strategies, and better stewardship interventions. Further studies on the molecular epidemiology of enterococci are needed.

KEYWORDS
vancomycin-resistant enterococci (VRE), vancomycin, antimicrobial resistance (AMR), United Arab Emirates (UAE), surveillance


1 Introduction

Several dozen species of enterococci are part of the physiological intestinal flora in humans as well as in vertebrate and invertebrate animals (1). Due to a high degree of tenacity, once excreted, the bacteria stay viable or may even proliferate on environmental surfaces, food as well as in surface and waste water (2–8). The bacteria are transmitted between humans and from animals to humans by hand contact as well as by contaminated food and water (9, 10).

In addition to their physiologic role in the human intestinal microbiome, they can cause infections, especially in persons with breaches in their unspecific immune defense, e.g., due to inserted catheters, surgical procedures and medication affecting the mucosal surfaces (11–14). In such persons, enterococci as sole responsible agents can cause urinary tract infections, bacteremia, and endocarditis. In combination with other, more pathogenic bacteria they are associated with wound infections and secondary peritonitis (15–21).

Once causing infections, antibiotic therapy can be challenging, since enterococci are inherently resistant to cephalosporins and often also to penicillins (22–24). So, in severe infections, glyco- and lipopeptides such as vancomycin and daptomycin, or oxazolidinones such as linezolid are among the few remaining therapeutic options (25, 26). But even to these compounds, enterococci have developed resistance mechanisms encoded on mobile genetic elements or plasmids (27, 28). So far, this type of vancomycin resistance encoded by the vanA or vanB genes has predominantly been demonstrated in Enterococcus faecium but may also be present in Enterococcus faecalis (29–33).

There is conflicting data on the role of vancomycin-resistant enterococci (VRE) in severe infections concerning their contribution to increased mortality (34–37). However, there are potentially more tenacious and/or pathogenic VRE clones which remain for extended periods in specific hospitals and as a consequence, are involved in nosocomial outbreaks (38–42) combined with a high economic burden (43–45).

Therefore, important national and international institutions such as the United States Centers for Disease Prevention and Control (CDC) (46) and the European Center for Disease Prevention and Control (ECDC) (47) have included VRE on their lists of potentially harmful microorganisms that should be constantly monitored.

Data from such monitoring programs indicate that the VRE portion among the total number of clinical enterococcal isolates varies between 1 and 50% depending on regional and temporal settings and also across individual medical institutions within a given region and period. Preventive hygiene measures such as contact precautions and isolation of VRE-carrying/infected patients are not necessarily associated with changed VRE portions among enterococci, stressing the importance of individual VRE clones for the regional and temporal VRE prevalence (48–51).

Increasing levels of antimicrobial resistance in healthcare and non-healthcare settings is also increasingly seen as a problem in the Middle East and North African (MENA) region, including the Gulf region (GCC, Gulf Cooperation Council) (52, 53). Several reports from countries belonging to the MENA and GCC region demonstrate the emergence of and increasing interest in VRE. These countries include Morocco (54), Algeria (55–57), Tunisia (58, 59), Libya (60), Egypt (61–66), Saudi-Arabia (67–69), Oman (70), Qatar (71), Bahrain (72), Iran (73), and others. However, published epidemiological data from the MENA region on Enterococcus spp. and VRE on a national/country level are scarce and outdated, and, to the best of our knowledge, limited to Saudi Arabia (69) and Oman (70).

Surveillance of antimicrobial resistance in the United Arab Emirates (UAE) started in 2010 at Emirate-level (Abu Dhabi). Inspired by the World Health Organization (WHO) global action plan on antimicrobial resistance (GAP-AMR) and especially, the global AMR surveillance system (GLASS), the UAE national antibiotic resistance surveillance program was established in 2015, leading to the present data collection and evaluation.

Here we present the enterococci epidemiology in the UAE in a period ranging from pre-COVID-19 pandemic years to well into the second pandemic year (2021). The successful impact of the UAE health care system on the relatively low VRE prevalence, as well as the impact of VRE on the UAE health care system and health outcomes are discussed. This paper also presents a discussion of the effect that the COVID-19 pandemic had on the surveillance and reporting of Enterococcus spp., and related antimicrobial resistance levels during the pre-pandemic and pandemic period. This paper represents the first documentation of a 12-year resistance portfolio for enterococci across the whole country, from 2010 until 2021.



2 Materials and methods


2.1 Study design and data source

A multi-institutional retrospective observational study was conducted between 2010 and 2021 in the UAE using data extracted from the WHONET microbiology laboratory database software (https://whonet.org/) supported by the Global AMR Surveillance System protocol (GLASS, World Health Organization). Data was generated, collected, cleaned and analyzed through the UAE national AMR Surveillance programs as described by Thomsen et al. (74).



2.2 Identification and enrollment of national AMR surveillance sites

Starting in 2010, UAE institutions were incorporated into the UAE national AMR surveillance program based on epidemiological needs assessment, readiness and willingness of facilities to participate, availability of high-quality electronic AMR data, lab accreditation status, and qualification of staff. Hospitals, centers, and clinics representing all seven Emirates of the UAE joined the AMR surveillance network gradually over the years.



2.3 Bacterial population and variables of the study

All Enterococcus spp. isolated from clinical samples at the National AMR surveillance sites from January 2010 to December 2021 were included in this study. Only the first reported isolate per patient was included in the surveillance analysis.

The associated patient demographic information, clinical data, and microbiologic laboratory results were extracted from the national WHONET laboratory database software. The demographic variables included age, sex, nationality, clinical variables revealed the type of facility reporting the isolate (hospital/center/clinic), patient location, location type, specimen collection date, types of infection/specimen source, and microbiology variables revealed types of organism and antibiotic susceptibility testing results. The infection was considered as community-acquired if the patient presented at an outpatient setting (center, clinic), emergency department or urgent care center, or a clinic or outpatient department of a hospital. The infection was considered healthcare-associated if the isolate was reported from an inpatient setting (inpatient ward, ICU).



2.4 Bacterial identification

The participating centers used at least one commercial, automated system for identification of bacteria, including VITEK® (BioMérieux SA, Craponne, France), BD Phoenix™ (Becton Dickinson, New Jersey, USA) and MicroScan WalkAway (Beckman Coulter, Brea, CA, USA). Only one lab relied on manual systems like API® (Analytical Profile Index. BioMérieux SA, Craponne, France) solely for identification.



2.5 Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed at the National AMR surveillance sites using at least one commercial, automated system for routine antimicrobial susceptibility testing. Only two laboratories used manual testing methods (disc diffusion/Kirby Bauer). All laboratories followed Clinical & Laboratory Standards Institute (CLSI) guidelines for antimicrobial susceptibility testing (75). The criteria of the susceptibility of tigecycline were adapted from the European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines (76). Any Enterococcus spp. phenotypically resistant to either vancomycin, or teicoplanin, or both, was considered as vancomycin-resistant Enterococcus spp. (VRE). To assess the multidrug-resistant (MDR) phenotype of the isolates the standard definition by Magiorakos et al. (77) was used. To assess the extensively drug-resistant (XDR) and pandrug-resistant (PDR) phenotypes, a slightly modified version of the standard definition by Magiorakos et al. (77) was used. Magiorakos' et al. definitions for XDR and PDR phenotypes for Enterococcus spp. includes 11 antimicrobial categories with 17 antibiotic agents. For technical reasons, associated costs, and local formulary requirements, participating laboratories would not routinely test all 17 antibiotics, i.e., some antibiotics were only very rarely (minocycline, meropenem) or not at all (doripenem) tested.

As such, the following, slightly modified definitions were used for “possible XDR” and “possible PDR” isolates (modifications highlighted in italics):

• “Possible XDR”: Non-susceptibility to at least one agent routinely tested by clinical labs in all but two or fewer antimicrobial categories (i.e., bacterial isolates remain susceptible to only one or two categories).

• “Possible PDR”: Non-susceptibility to all agents routinely tested by clinical labs in all antimicrobial categories (i.e., no agents were tested as susceptible for that organism).



2.6 Statistical tests

Significant temporal trends for antimicrobial resistance were assessed if at least five years of data were available to perform such an analysis. Trend analysis was not done when <30 isolates per year were reported. Extended Mantel-Haenszel Chi-square test for trend was done using SPSS version 29.0.1.0. Statistically significant differences in mortality among patients admitted in the intensive care unit (ICU) were assessed and p < 0.05 was considered significant. To assess differences in the length of stay between those patients with and without VRE, we performed a weighted log-rank test, and a p < 0.05 was considered statistically significant.




3 Results


3.1 Distribution of reporting sites for national AMR surveillance

The UAE national AMR surveillance program was initiated in 2010 in the Abu Dhabi Emirate with 6 hospitals and 16 centers/clinics enrolled. Additional sites were recruited over the years, starting with 22 participating sites located only in the Emirate of Abu Dhabi in 2010, which is the first year during which the study was initiated, and reaching in 2021 a total of 317 surveillance sites, including 84 hospitals and 233 centers/clinics and representing all seven Emirates of the country. Figure 1 represents the distribution of reporting sites by Emirate from 2010 to 2021.


[image: Figure 1]
FIGURE 1
 Number of surveillance sites participating in National AMR surveillance over the surveillance period (2010–2021), by year and Emirate.




3.2 Bacterial population

From 2010 to 2021, a total of 37,909 non-repetitive Enterococcus spp. were isolated from an equivalent number of patients over the surveillance period. Figure 2 represents the number of Enterococcus spp. included per year.


[image: Figure 2]
FIGURE 2
 Numbers of non-repetitive Enterococcus spp. isolated per year over the surveillance period (2010–2021), by year.




3.3 Species distribution

Among the 37,909 Enterococcus spp. analyzed, E. faecalis was the most commonly reported species (81.5%), followed by E. faecium (8.5%), and other enterococci species (4.8%). The species distribution over the surveillance period is shown in Figure 3 and the overall percentages over the study period are shown in Supplementary Table 1.
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FIGURE 3
 Species distribution of Enterococcus spp. over the surveillance period (2010–2021), by year and species.




3.4 Distribution of Enterococcus spp. patients by age, gender, nationality status, and emirate

Enterococcus spp. strains were mostly associated with adults (Figure 4). It is noteworthy that the proportion of inpatient and outpatient surveillance sites changed during 2010–2021. While in 2010 inpatient sites accounted for 67.5% of all reported isolates of Enterococcus spp., this percentage decreased to 31.8% in 2021, due to the enrollment of more outpatient sites over time, as compared to inpatient sites. Accordingly, during the same period (2010–2021), the percentage of Enterococcus spp. isolates from outpatient sites increased from 31.7% (2010) to 56.1% (2021). As all newborn and most pediatric samples likely originate from several inpatient sites, a “decrease” of percentage of infections in the newborn and pediatric population over time is observed, however this is a statistical artifact due to the change in proportions of sites over time.
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FIGURE 4
 Age distribution of Enterococcus spp. patients over the surveillance period (2010–2021), by year and age category. Newborn: 0–30 days, Pediatric: 1 month to 18 years, Adult: 19+ years.


Enterococcus spp. was more commonly found in females (61.2%), as compared to males (38.8%), with a predominance of younger females (age 15–44), which was not observed in the male patient population (Figure 5).


[image: Figure 5]
FIGURE 5
 Gender and age distribution of Enterococcus spp. patients over the surveillance period (2010–2021), by male (A) and female (B) gender and age group.


Among those patients for whom the nationality status was available (n = 21,975, 59.7%), 41.5% of these patients were UAE nationals, while 58.5% were expatriates. For the remaining 40.3% of patients the nationality status was missing. Non-nationals were from a total of 136 countries, most commonly from Asian and Arab countries (India, 8.7%; Pakistan, 6.7%; Egypt, 4.6%; Yemen, 3.7%; Syria, 3.6%, Jordan, 3.1%, others, 27.9%).



3.5 Distribution of Enterococcus spp. by sample type group

Most of the Enterococcus spp. strains were isolated from urine (60.9%), followed by soft tissue (23.0%, including wound swabs: 5.5%), blood (6.0%), and genital (5.5%, including vaginal swabs: 4.6%), and other groups. The distribution of Enterococcus spp. isolates by clinical sample type is shown in Figure 6.
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FIGURE 6
 Distribution of Enterococcus spp. non-duplicate isolates/patients over the surveillance period (2010–2021), by sample type group.




3.6 Distribution of Enterococcus spp. by location type (inpatients/outpatients/ICU), and department

Enterococcus spp. isolates/patients were primarily detected in community settings (outpatient clinics and emergency wards, 54.0%), whereas 46.0% were found in inpatient settings (including ICU: 10.7%).

By clinical specialty/department, Enterococcus spp. isolates/patients were associated with internal medicine (17.9%), obstetrics and gynecology (14.9%), surgery (12.7%), and various other disciplines (32.9%). For the remaining 21.6% the department was not known.



3.7 Trend of antimicrobial susceptibility profiles of Enterococcus spp.

The trend of antimicrobial sensitivity of all Enterococcus spp. recovered during the period of the study (2010 to 2021) is shown in Figure 7.
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FIGURE 7
 Resistance trends of Enterococcus faecalis (A) and Enterococcus faecium (B) to 10 antibiotics over the period of the study (2010–2021), by year and antibiotic.


As shown in Figure 7, E. faecium showed an overall higher level of antimicrobial resistance during the study period (2010–2021), as compared to E. faecalis; in particular for aminopenicillins (ampicillin), fluoroquinolones (levofloxacin, moxifloxacin), aminoglycosides (gentamicin-HL, streptomycin-HL), and glycopeptides (vancomycin, teicoplanin).

Resistance to aminopenicillins (ampicillin) ranged from 0–1.4% (E. faecalis, average: 0.8%) to 63.0%−77.7% (E. faecium, average: 70.5%). An increasing trend of resistance to ampicillin was observed for E. faecalis (from 0% in 2010 to 0.4% in 2021), and for E. faecium (from 63.0% in 2010 to 77.7% in 2021; p < 0.001).

Resistance to fluoroquinolones (levofloxacin, moxifloxacin) was in the range of 20%−28% (E. faecalis, average: 24.2%) to 42%−83% (E. faecium, average: 67.3%), showing a largely horizontal trend (n.s.). Susceptibility to fluoroquinolones was in the range of 68%−78% (E. faecalis, average: 72.3%) and 7%−45% (E. faecium, average: 25.6%) during the study period.

Resistance to high-level aminoglycosides (gentamicin-HL, streptomycin-HL) has not been observed in the UAE during the early years of AMR surveillance (2010–2015), however has emerged since then, with current (2021) levels at 12.5% and 2.5% (E. faecalis), and 12.6% and 2.2% (E. faecium), respectively. A statistically significant overall increase of resistance to streptomycin-HL has been observed for E. faecalis, from 0% (2012) to 2.5% (2021; p < 0.001), as well as for E. faecium, from 0% (2013) to 2.2% (2021), with a peak of 11.5% in 2018 (p = 0.014). Resistance to gentamicin-HL increased from 0% (2013) to 12.5% (2021) for E. faecalis (p < 0.001), and from 0% (2013) to 12.6% (2021), with a peak of 34.5% (2017) for E. faecium (n.s.).

Resistance levels to glycopeptides (vancomycin, teicoplanin) were very low for E. faecalis (0–2.2%, average: 0.9%), however as high as 0–14.2% (average: 8.1%) for E. faecium, with both antibiotics showing a slightly increasing trend over the study period (2010–2021) for both pathogens (statistically not significant, n.s.). Across all Enterococcus species, 1.5% of isolates were fully resistant to both, vancomycin and teicoplanin, 0.7% of isolates were resistant to vancomycin and susceptible to teicoplanin, while 97.4% of isolates were fully susceptible to both (co-susceptibility). For E. faecalis, 0.8% of isolates were fully resistant to both, vancomycin and teicoplanin (probably vanA phenotype), 0.4% of isolates were resistant to vancomycin and susceptible to teicoplanin (probably vanB phenotype), while 98.5% of isolates were fully susceptible to both (co-susceptibility). For E. faecium, 6.2% of isolates were fully resistant to both, vancomycin and teicoplanin (probably vanA phenotype), 1.9% of isolates were resistant to vancomycin and susceptible to teicoplanin (probably vanB phenotype), while 91.6% of isolates were fully susceptible to both (co-susceptibility).

Resistance data for lipopeptides (i.e., daptomycin) has been available since 2013 for E. faecalis and since 2016 for E. faecium. Both organisms have shown a decline in resistance to daptomycin. For E. faecalis, there was a significant decline in antimicrobial resistance from 3.8 to 1.4% between 2013 and 2021 (p = 0.024), and for E. faecium from 25.0 to 2.6% between 2016 and 2021 (p = 0.026).

Both linezolid and tigecycline remained highly susceptible over the study period for both pathogens (0–2.8 %R, 94–100 %S).

The impact of the Coronavirus Disease 2019 (COVID-19) pandemic on incidence of multidrug-resistant infections and antimicrobial resistance levels and trends has been subject to scientific debate (78–82). Supplementary Figure 2 shows the number of non-duplicate isolates/patients reported to the national AMR surveillance system during the pre-pandemic period (2010–2019), as compared to the COVID-19 pandemic period (2020–2021). Results are presented for (a) all organisms (A), and (b) all Enterococcus spp. isolates/patients (B). The number of reported isolates (all organisms, A) increased during the pre-pandemic period (2010–2019) consistently, from 11,698 (2010) to 105,096 (2019), in line with the increasing number of surveillance sites being enrolled into the program during this pre-pandemic period. For 2020, this number then decreased to n = 95,502, and increased again to an all-time high (n = 130,750) in 2021, reflecting a short-term negative impact of COVID-19 on national AMR surveillance reporting. The number of isolates reported for Enterococcus spp. (B) increased consistently during the whole study period (2010–2021), suggestive of only a minor negative impact of COVID-19 on reporting rates for Enterococcus spp., including VRE.

As shown in Figure 7 and Table 1, the percentage of E. faecalis and E. faecium isolates resistant to antibiotics (%R) was lower, or did not further increase, for most antibiotics (with few exceptions) during the early years of the Coronavirus Disease 2019 (COVID-19) pandemic (2020 and 2021), as compared to the average resistance level during the pre-pandemic period (2010–2019). Resistance to glycopeptides was reduced by 0.3–0.4 (E. faecalis) and 2.7 (E. faecium) percentage points during COVID-19, as compared to the pre-COVID period. Similarly, resistance to moxifloxacin was reduced by 4.1 (E. faecalis) and 19.1 (E. faecium) percentage points during COVID-19, as compared to the pre-COVID period, whereas levofloxacin showed a mixed pattern. For daptomycin, resistance was reduced by 0.3 (E. faecalis) and 5.9 (E. faecium) percentage points during COVID-19, as compared to the pre-COVID period.


TABLE 1 Percentage of Enterococcus faecalis and Enterococcus faecium isolates resistant to antibiotics (%R), during the pre-COVID-19 pandemic period (2010–2019), and the early COVID-19 pandemic period (2020–2021).
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3.8 Trend of MDR, XDR, and PDR phenotypical resistance profiles of Enterococcus spp.

The overall percentage of E. faecalis and E. faecium isolates that exhibited a multidrug-resistant (%MDR) phenotype, possibly extensively resistant (%possible-XDR), and possibly pandrug-resistant (% possible-PDR) phenotype over the study period is shown in Table 2, whereas Figure 8 presents the trends of such phenotypes over the study period. Overall, multi-, extensively-, and pandrug-resistant phenotypes were more frequently found in E. faecium (MDR: 42.7%, possible-XDR: 11.3%, possible PDR: 0.3%), as compared to E. faecalis (MDR: 13.9%, possible-XDR: 1.0%, possible PDR: 0.04%; Table 2). As shown in Figure 8, an increasing trend of %MDR and %possible-XDR isolates over the study period has been observed for E. faecium, and for E. faecalis. For E. faecium, %MDR increased from 20.0% (2010) to 66.6% (2021; p < 0.001), and % possible-XDR increased from 0% (2010) to 5.9% (2021; n.s.). Enterococcus faecalis showed an increasing trend for % possible-XDR, from 0% (2010) to 0.4% (2021; p < 0.001).


TABLE 2 Enterococcus species: percent MDR (% MDR), % possible XDR, and % possible PDR, as an average over the study period (2010–2021).
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FIGURE 8
 Enterococcus species: trend of percent MDR (% MDR) (A), % possible XDR (B), and % possible PDR (C) over the study period (2010–2021), by year.




3.9 Mortality rate

A subgroup analysis including the nine clinical institutions that reported mortality was performed. In these institutions, a total of 12,372 patients were associated with Enterococcus spp. (non-VRE) of whom 787 patients died (mortality rate: 6.4%), while a total of 127 patients were associated with Enterococcus spp. (VRE), of whom 24 patients died (mortality rate: 18.9%). The difference in mortality between VRE patients (18.9%) and non-VRE patients (6.4%) is statistically highly significant (RR 2.97, 95% CI 2.06, 4.29, p < 0.001).



3.10 Admission to intensive care unit

A total of 27,839 patients were associated with Enterococcus spp. (non-VRE) of whom 2,854 patients were admitted to ICU (ICU admission rate: 10.3%), while a total of 430 patients were associated with Enterococcus spp. (VRE), of whom 99 patients were admitted to ICU (ICU admission rate: 23.0%). The difference in ICU admission rate is statistically highly significant (RR 2.25, 95% CI 1.88, 2.69, p < 0.001).



3.11 Length of stay

A subgroup analysis including those patients for whom the date of admission as well as the date of discharge was known was performed. For those patients who were associated with non-VRE Enterococcus spp. (n = 3,824) the median length of stay was 7 days, while for those patients who were associated with VRE Enterococcus spp. (n = 715) the median length of stay was 13 days (Supplementary Figure 3). The weighted log-rank test was done to assess the difference in length of stay (LOS) between patients infected with VRE and those infected with non-VRE. The data showed that there was a statistically significant difference in the length of stay between the two groups, Chi square 5.8, p = 0.02 (Supplementary Figure 4).

Based on a total of n = 687 patients with infections associated with VRE during the observation period (2010–2021), a total of 4,122 excess days of hospitalization were observed, attributable to VRE. For the year 2021 only, a total of 732 excess hospitalization days were observed, attributable to VRE.




4 Discussion

This is the first comprehensive analysis across the UAE that shows their relative significance and magnitude of Enterococcus spp. infections in clinical settings, their evolution of antimicrobial resistance over time, and the association of VRE-enterococci with a negative health outcome. The present research utilized an extensive dataset collected over a considerable duration allowing precise observation of subtle variations in antimicrobial resistance among enterococci. This level of inclusive analysis has not been previously replicated in the country. The samples analyzed in this study consisted of non-repetitive enterococcal isolates of laboratory-confirmed identity and antibiotic resistance profile, indicating authenticity of the microbiological material used and accuracy of the generated data.

The UAE accommodates a diverse community comprising more than 200 nationalities, out of which 136 are represented in this study population. Emirati nationals make up approximately 10% of the overall population, highlighting the UAE's status as one of the countries with a significant expatriate presence. Among the expatriate groups in the UAE, Indians and Pakistanis represent the largest segments, accounting for 27.5 and 12.7% of the total population, respectively (83). However, our results show that about 41.5% of Enterococcus samples were recovered from Emirati nationals, while the other 58.5% were expatriates. This can partially be explained with the higher rate of healthcare utilization and more comprehensive health insurance coverage among Emirati nationals.

In our study, among expatriate groups, also Indians and Pakistanis represent the largest segments, accounting for 6.1 and 4.5% of the study population. These proportions of the total sample pool should be interpreted cautiously, since 40.3% of the samples attributed from patients for whom their nationality was not coded in the data, hence not available. With the expatriate-inclusive and multicultural setting expected to prevail for the forthcoming years, the UAE may be an interesting niche to compare how trends of resistance in enterococci differ by nationality, shedding a light on cultural and social factors contributing to resistance in a multidisciplinary research perspective, as previously suggested (84, 85). However, given that a massive 40.3% of our samples originated from patients with unknown nationality, this investigation could not be realized with our data, but remains tempting to explore.

Moreover, the majority of patients (57.8%) from whom samples for the study were recovered were residents of the Emirate of Abu Dhabi, which also included the majority of participating centers (44.5%). Obviously, this conforms with the fact that Abu Dhabi was the first Emirate to start AMR surveillance, and it also is the largest Emirate in terms of area, where is occupies over 80% of the nation's land. However, Dubai, rather than Abu Dhabi, is the most populated Emirate, and samples from Dubai residents accounted for a much lower 24.1% only of those analyzed in this study. As such, these results must be cautiously interpreted.

As shown in Figure 3 and Supplementary Table 1, most recovered species were E. faecalis (81.5%), followed by E. faecium (8.5%). The remaining proportion was formed collectively from ten other species (4.8%) or has not been identified to the species level (5.3%). The species distribution resembles the historical situation in Europe three to four decades ago, when E. faecalis dominated all other species by far. Since then, in Europe E. faecium has gained a more important position within etiologically relevant enterococcal species, potentially due to the appearance of more virulent and/or environmentally stable strains (2, 49). Because of the more complex resistance pattern in E. faecium, this development has negative consequences in terms of efficient antibiotic therapy regimens.

Although there is frequent exchange of humans and goods between Europe and the UAE, the shift among enterococcal species has not been recorded in the latter, indicating the presence of local factors that stabilize the local species distribution among enterococci (48).

Enterococcus spp. strains were mostly associated with adults, while the percentage of isolates recovered from newborn and pediatric patients declined from 2010 to the end of the study period (Figure 4). As this finding has been observed similarly for several other pathogens under enhanced AMR surveillance in the UAE it is understood that this rather reflects a general demographic trend among the UAE (patient) population and is not particularly associated with Enterococcus infections.

Most of the Enterococcus spp. strains were isolated from urine (60.9%), followed by blood (6.0%), wound swabs (5.5%), and vaginal swabs (4.6%). In each case, the causative role of the isolates is debatable. In urine and vaginal swabs, enterococci represent parts of the physiological microflora, in most samples. In skin and intraabdominal wounds, enterococci again could be part of the local flora or, alternatively, could aggravate the situation in mixed species infections (86), but an independent causative role has not been demonstrated (87, 88). In many publications, the mere presence of enterococci in such wound samples is equated with a causative role (11), which is not acceptable in the light that the Koch postulates remain to be fulfilled for mixed species infections.

This differs from their responsibility in infections at normally sterile sites, such as endophthalmitis or periprosthetic infections—however, only a minority of isolates result from such sites in the present study. Still in blood cultures, enterococci could be contaminants from the skin microflora or could be involved in transient bacteremia as a result from intestinal translocation processes.

Without clinical details from the patients, neither the general number of isolates nor their association with specific materials necessarily reflect their etiological importance—a qualification that applies to all epidemiological studies on enterococci.

Enterococcus spp. was more frequently found in females (61.2%), as compared to males (38.8%), with a predominance of younger females (age 15–44), which was not equally observed in the male patient population (Figure 5). The predominance of younger females could be explained by the fact that urinary tract infections are more common in females than in males, and Enterococcus spp. is a common cause of urinary tract infections in the UAE, with 60.9% of Enterococcus spp. isolates being recovered from urinary tract samples (Figure 6). However, enterococcal urinary tract infections are frequently associated with inserted catheters. It is not clear whether the young female patients were more frequently subject to catheterization than other female age groups or males in general.

The proportion of outpatient samples was about 54%, while the remaining 46% of samples were recovered from inpatient settings, including 10.7% from ICU patients.

The evolution of antimicrobial resistance of Enterococcus species over the course of this study demonstrated that enterococci in the UAE show either high levels or increasing long-term trends (2010–2021) of acquired resistance to several clinically important antibiotic classes, in particular fluoroquinolones, aminoglycosides (HL) and glycopeptides.

Resistance of enterococci to fluoroquinolones (levofloxacin, moxifloxacin) was between 17 and 29% for E. faecalis and between 42 and 83% for E. faecium, with both showing a horizontal trend. National AMR surveillance data from a neighboring country (Oman) reported for 2018 a susceptibility level for ciprofloxacin of 34.1% (E. faecalis) and 17.4% (E. faecium), for blood isolates, but results need to be interpreted with caution due to low sample size (70). Such high level of resistance of enterococci to fluoroquinolones are a concern for the management of urinary tract infections (UTI), especially in the light of the fact that fluoroquinolones (mainly ciprofloxacin) are still the most prescribed empiric antibiotic for common urinary tract infections in the UAE, and despite that national guidelines have been published that do not recommend fluoroquinolones for the empiric treatment of urinary tract infections, due to the high fluoroquinolone resistance levels observed locally for common urinary tract pathogens (89).

Resistance of enterococci to high-level (HL) aminoglycosides has not been observed in the early years of AMR surveillance (2010–2015) and emerged in 2016. Overall, an increasing trend of resistance is observed for high-level gentamicin for E. faecalis (from 0% in 2013 to 12.5% in 2021; p < 0.001) and E. faecium (from 0% in 2010 to 12.6% in 2021; n.s.; Figure 7). Similarly, high-level resistance to streptomycin increased slightly for both pathogens, E. faecalis (2010: 0%, 2021: 2.5%; p < 0.001) and E. faecium (2010: 0%, 2021: 2.2%; p = 0.014). The molecular background for this development is unknown. However, it could be genetically linked to the vancomycin resistance phenotype, which would explain a similar increase over time. Enterococcal high level gentamicin resistance associated to vancomycin resistance has been noted elsewhere in Asia (90, 91).

This study demonstrates that vancomycin-resistant (VRE) and glycopeptide-resistant (GRE) enterococci are still relatively rare in the UAE, although slightly increasing over time in prevalence and relative importance. The relatively low numbers of VRE isolates found in this study could perhaps partially be explained by the fact that routine VRE screening procedures seem to be not as widely implemented among participating sites as compared to other MDRO-screening procedures, e.g., for MRSA, CRE, or, more recently, Candida auris.

While phenotypically vancomycin-resistant enterococci (VRE) were found in only 1.8% of Enterococcus spp. isolates overall, prevalence of VRE (%VRE) was highest for E. faecium (8.1%), followed by E. faecalis (0.9%). An increasing trend of resistance to glycopeptides (%VRE) has been observed for E. faecalis (2010: 0%, 2021: 0.6%; n.s.) and E. faecium (2010: 0%, 2021: 5.8%; n.s.). For E. faecalis, vancomycin-resistance was usually very low (< 1%), with a small peak in 2016 (2.2%). Teicoplanin showed similar resistance levels as compared to vancomycin, 0–1.7% (E. faecalis) and 0–12.4% (E. faecium), indicating the genomic presence of vanA as the responsible resistance genes in the majority of strains. Consecutively, resistance to teicoplanin followed the temporal trend already established for vancomycin resistance, i.e., from 0% (2010) to 0.6% (2021) for E. faecalis (n.s.), and from 0% (2010) to 4.3% (2021) for E. faecium (n.s.).

Lipopeptides (daptomycin) show an overall decreasing trend of resistance, from 3.8% (2013) to 1.4% (2021) for E. faecalis (p = 0.024) and from 25.0% (2016) to 2.6% (2021) for E. faecium (p = 0.026), which could be an attractive subject for further investigation as to elucidate the underlying mechanisms. Available national AMR surveillance data from other countries in the GCC region is scarce. Saudi Arabia reported for 2017 an average 90−92% susceptibility level to vancomycin for both, E. faecalis and E. faecium, with considerable regional variation (52−100%) (69), and Oman reported for 2018 susceptibility levels of 99.1% and 90.7% for E. faecalis and E. faecium, respectively (70).

Current resistance levels of enterococci in the UAE for oxazolidinones (linezolid), glycylglycines (tigecycline), and lipopeptides (daptomycin) are genetically not associated to the van-genes (92, 93) and thus, fortunately remain very low (linezolid, <2.4%; tigecycline, <2.8%), or are even decreasing (daptomycin), which still provides alternative treatment options for severe infections caused by enterococci (94). While this situation is better as compared to problems in the treatment of VRE strains elsewhere there is still a need to keep monitoring the situation to prevent future more virulent strains causing problems (95).

The percentages of MDR-E. faecalis and MDR-E. faecium increased during 2010–2021 (p < 0.001). A similar increase of the percentages of XDR-E. faecalis (p < 0.001) and XDR-E. faecium (n.s.) was observed. This indicates that there is a small but increasing fraction among the E. faecium VRE strains for which little to none therapeutic options are left. So far, none of the reporting hospitals signaled severe problems with such strains. Yet, the present analysis will lead to specific warning notices for hospitals in the UAE. In addition, antiseptic measures and decolonization strategies (96–98) will be considered for their integration into local hospital regimens.

As already discussed in the scientific community for enterococci in general, there is conflicting data on the role of VRE in severe infections concerning their contribution to increased mortality (99–102), possibly since in many studies the net effect of the underlying severe disease(s) are not sufficiently taken into consideration. However, there are potentially more tenacious and/or pathogenic VRE clones which remain for extended periods in specific hospitals and as a consequence, are involved in nosocomial outbreaks (38–40). Our data indicates that VRE infections are potentially associated with poor clinical outcome, in particular mortality rate, ICU admission rate, and excess hospitalization. The overall mortality rate, according to our observations, was about 3.0-fold higher in VRE-patients compared to those associated with non-VRE. In addition, we were able to demonstrate that patients associated with VRE were 2.2-fold more likely to be admitted to ICU, and their median length of stay was increased by 6 days, as compared to patients with non-VRE. This indicates a potential causative role and association with poor clinical outcomes, and is consistent with other findings that indicated high mortality rate and poor outcomes in patients with VRE (41, 103) but contradicts other studies that have not found such an association (12, 104, 105).

The collateral impact of the Coronavirus Disease 2019 (COVID-19) pandemic on AMR surveillance and stewardship, incidence of multidrug-resistant infections and antimicrobial resistance levels and trends has been subject to scientific debate (78–82). On one hand, surges in COVID-19 cases—and associated consequences like abandonment of antibiotic stewardship programs, high rates of antibiotic prescribing, and disorganization of patient care—were found to favor the spread of resistant bacteria. On the other hand, public health interventions implemented to control COVID-19—including patient lockdowns, universal masking, and reinforcement of hand hygiene—may provide the side-effect benefit of preventing bacterial transmission (78).

This study presents data from the UAE national AMR surveillance program, indicating a temporary negative impact of the COVID-19 early pandemic period (2020) on the total number of reported non-duplicate isolates/patients (all organisms), as compared to the pre-COVID-19 pandemic period (2010–2019), and 2021 (Supplementary Figure 2). The number of isolates reported for Enterococcus spp. (C) increased consistently during the whole study period (2010–2021), suggestive for an only minor impact of the COVID-19 pandemic on reporting rates for Enterococcus spp., including VRE.

Studies to date report heterogenous impacts of the pandemic on antibiotic-resistant bacteria. One review highlights a decreased incidence of healthcare associated infections caused by vancomycin-resistant enterococci (VRE) and methicillin-resistant Staphylococcus aureus (MRSA) relative to pre-pandemic levels (81). Yet in an analysis of microbiological data from 81 hospitals in the United States of America, infections due to MRSA, VRE, and multidrug-resistant gram-negative bacteria all spiked during local surges in COVID-19 cases (82). These conflicting reports suggest that impacts of COVID-19 on antibiotic resistance likely depend on the population, setting, and bacteria in question and may be highly context-specific (78).

This study presents data from the UAE, suggesting overall lower, or not further increasing, average levels of antibiotic resistance for E. faecalis and E. faecium against several clinically relevant antibiotics during the COVID-19 pandemic period (2020–2021), as compared to the pre-pandemic period (2010–2019; Figure 7, Table 1). Enterococcus faecalis showed a reduced average resistance level toward seven out of nine antibiotics (with the exception of HL-aminoglycosides) during the COVID-19 pandemic, as compared to the pre-COVID-19 period. Enterococcus faecium showed a reduced average resistance level toward six out of nine antibiotics (except for ampicillin, levofloxacin, and linezolid) during the COVID-19 pandemic, as compared to the pre-COVID-19 period.



5 Conclusion

Data are scarce in the UAE and whole MENA region for VRE-infections. Our data demonstrates that vancomycin-resistant (VRE) and glycopeptide-resistant (GRE) enterococci are relatively rare in the UAE, however, are showing a high, or increasing trend of resistance for several clinically important antibiotics classes, causing a concern for the treatment of serious infections caused by enterococci. This study also demonstrates that VRE are associated with higher mortality, increased ICU admission rates, and longer hospitalization, thus poorer clinical outcome, and higher associated costs in the UAE. We recommend the expansion of current surveillance techniques (e.g., local VRE screening), stricter infection prevention and control strategies, and better stewardship interventions. Further studies on the genetic and molecular epidemiology of enterococci are needed to characterize in more detail the clonal types circulating in the UAE, and their association with antimicrobial resistance, health outcome, and outbreaks of healthcare-associated infections.
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Introduction: Pseudomonas is a group of ubiquitous non-fermenting Gram-negative bacteria (NFGNB). Of the several species associated with humans, Pseudomonas aeruginosa (PA) can acclimate to diverse environments. The global frequency of PA infections is rising and is complicated by this organism's high intrinsic and acquired resistance to several clinically relevant antibiotics. Data on the epidemiology, levels, and trends of antimicrobial resistance of PA in clinical settings in the MENA/GCC region is scarce.

Methods: A retrospective 12-year analysis of 56,618 non-duplicate diagnostic Pseudomonas spp. from the United Arab Emirates (UAE) was conducted. Data was generated at 317 surveillance sites by routine patient care during 2010–2021, collected by trained personnel and reported by participating surveillance sites to the UAE National antimicrobial resistance (AMR) Surveillance program. Data analysis was conducted with WHONET (https://whonet.org/).

Results: Among the total isolates (N = 56,618), the majority were PA (95.6%). Data on nationality revealed 44.1% were UAE nationals. Most isolates were from soft tissue (55.7%), followed by respiratory tract (26.7%). PA was more commonly found among inpatients than among outpatients, followed by ICUs. PA showed a horizontal trend for resistance to fluoroquinolones, 3rd- and 4th-generation cephalosporins, and decreasing trends of resistance for aminoglycosides and meropenem. The highest percentage of multidrug resistant (MDR) isolates was reported in 2011 at 35.6%. As an overall trend, the percentage of MDR, extensively drug-resistant (XDR), and possible pandrug-resistant (PDR) isolates generally declined over the study period. Carbapenem-resistant PA (CRPA) were associated with a higher mortality (RR: 2.7), increased admission to ICU (RR: 2.3), and increased length of stay (LOS) (12 excess inpatient days per case), as compared to carbapenem-susceptible PA (CSPA).

Conclusion: The resistance trends in Pseudomonas species in the UAE indicated a decline in AMR and in percentages of Pseudomonas isolates with MDR and XDR profiles. The sustained Pseudomonas spp. circulation particularly in the hospital settings highlights the importance of surveillance techniques, infection control strategies, and stewardship to limit the continued dissemination. This data also shows that CRPA are associated with higher mortality, increased ICU admission rates, and a longer hospitalization, thus higher costs due to increased number of in-hospital and ICU days.

KEYWORDS
Pseudomonas, P. aeruginosa, multidrug-resistance, national surveillance, healthcare-associated infections, antibiotics, antimicrobial resistance (AMR), UAE


1 Introduction

Pseudomonas is a group of ubiquitous non-fermenting Gram-negative bacteria (NFGNB) (1). Of the several species associated with humans, Pseudomonas aeruginosa (PA) can acclimate to diverse environments due to a varied array of metabolic pathways and inherent pathogenicity due to the existence of several pathogenicity factors and its high genetic flexibility (2). The global frequency of PA infections is rising. This might be attributable in part to the growing incidence of PA infection risk factors, such as an increasing aging population, an increase in long-term illness burden, augmented use of medical devices, and an upsurge in the quantity of immunocompromised persons (1). Enhanced hand hygiene and infection control strategies were projected to reduce the prevalence of several nosocomial infections in hospital settings during the Coronavirus Disease 2019 (COVID-19) pandemic, though this result was not universal (3, 4).

The most common infections caused by PA are respiratory tract infections [such as hospital-acquired pneumonia (HAP) or ventilator-associated pneumonia (VAP)], urinary tract infections (UTI), bloodstream infections (BSI), skin and soft tissue infections, otitis externa and chronic infections in cystic fibrosis (CF) patients (5–7). Lower respiratory tract infections caused by PA have a frequency of 10–20% in VAP (6). The mortality rate in PA-VAP and bloodstream infections may be as high as 40% (8). PA infections are exacerbated by this organism's high inherent and acquired resistance to several presently available antibiotics, resulting in increased total healthcare costs and severe, life-threatening disease (9–12).

PA is widely recognized for its ability to resist several antimicrobial agents. According to the World Health Organization (WHO) and the Centers for Disease Prevention and Control (CDC), additional antibiotic research is urgently needed for this one among the priority pathogens, known as the ESKAPE (13, 14). Due to a shortage of treatment choices, clinicians are finding it increasingly challenging to treat PA infections. In 2018, the term “difficult-to-treat resistance” (DTR) was coined. DTR-PA is resistant to a wide range of clinically relevant antibiotics, including ciprofloxacin, levofloxacin, ceftazidime, cefepime, meropenem, aztreonam, piperacillin-tazobactam, and imipenem-cilastatin (4). Resistance mechanisms in PA are classified as intrinsic, acquired, or adaptative. PA is recognized for its intrinsic antibiotic resistance, which is associated with decreased outer membrane (OM) permeability, the formation of efflux pump systems, and the manufacture of antibiotic-inactivating enzymes (15–17). These pathways may be involved in bacterial resistance to β-lactams, quinolones, aminoglycosides, and polymyxins (18, 19). PA has active/overexpressed multidrug efflux pumps, which contribute significantly to antibiotic resistance (9, 20). Aminoglycoside-modifying enzymes and β-lactamases (including penicillinases, cephalosporinases, cephamycinases, and carbapenemases) are produced by PA, capable of selectively inactivating or modifying antibiotics (21–25).

In contrast to intrinsic resistance, acquired resistance is heavily impacted by external factors such as antibiotic exposure (26). Bacterial adaptive resistance is a process that allows bacteria to temporarily strengthen their resistance to the effects of antibiotics or other stresses. Changes in gene and protein expression occur in response to environmental factors. However, when environmental conditions improve, this form of resistance is frequently reversible (9, 17). In PA, these techniques include biofilm production and persister cell growth (27–29).

In a point prevalence study of 28 European countries from 2016 to 2017, PA was the fifth most prevalent cause of hospital-acquired infections (HAI) (30). PA has been found in up to 23% of ICU-acquired infections (31), with resistant PA reaching 48.7% (32). Resistance to piperacillin-tazobactam and meropenem was equivalent in Western Europe and the United States (23%) but greater in Eastern Europe (34.7%) in patients hospitalized with pneumonia between 2019 and 2021 (33). Every year, MDR PA causes 13–19% of HAIs in the United States (34). In Europe, particularly in Greece, MDR and XDR isolates are prevalent (35). A retrospective study of adult hospitalized PA patients in Thailand discovered that XDR strains caused 22% of infections, resulting in significantly higher mortality (36). Another prospective study involving 1,915 ICU patients in India during 2014–2015 found that MDR and XDR strains caused 47.7% of PA infections (37).

MDR PA was most often detected in ICU patients in Saudi Arabia (38). In a 5-year retrospective study conducted in a Saudi multi-hospital healthcare system, meropenem and ceftazidime had the lowest (82–83%) susceptibility (39). Previous studies reported 15% carbapenem resistance in PA in Oman (40) and 41% in Lebanon (41). In a retrospective study conducted in Tawam hospital, Al Ain, from 2004 to 2008, PA showed significant reductions in sensitivity to almost all the antibiotics tested (42). In Dubai hospitals, 23.9% of PA are carbapenem-resistant and most of the strains are part of a large clone, showing clonal dispersion (43).

Treatment options for a suspected/confirmed susceptible PA strain should be conservative, saving newer antibiotics and picking the optimum alternative for MDR/XDR isolates depending on particular resistance mechanisms. Cefiderocol and imipenem-cilastatin-relebactam due to broad antibacterial activity, including against carbapenem-resistant may remain active in situations when other new antibiotics have failed (44).

The increased threat posed by AMR infections extends beyond developing nations to the Middle East and North Africa (MENA) area. The United Arab Emirates (UAE) is a country in the Gulf Cooperation Council (GCC) region recognized for its cosmopolitan atmosphere, diversity of races and cultures, and rising prominence as an international travel, tourist, financial, and health sector hub. The spread of resistant pathogens is facilitated by a diverse and heterogeneous population, and PA is no exception. Nonetheless, there has never been thorough, long-term research of the evolution and variations in PA resistance traits in the UAE. Because PA species are nosocomial and robust, longitudinal, retrospective surveillance studies of such infections in the UAE are necessary. The objective of the current study is to describe the longitudinal changes in the nationwide antimicrobial resistance aspects of PA spanning all seven emirates of the UAE. It represents the first documentation of antimicrobial resistance in PA isolated from UAE medical centers over a period of 12 years, from 2010 to 2021.



2 Materials and methods


2.1 Study design and data source

Data were generated and cleaned through the UAE national AMR Surveillance programs as described by Thomsen et al. (45, 46). The UAE national AMR surveillance program has adopted the Global AMR Surveillance System protocol (GLASS, World Health Organization). Participation of surveillance sites and laboratories, as well as nomination of AMR surveillance focal points is the initiative of each individual site. A multi-institutional retrospective observational study was conducted between 2010 and 2021 in the UAE using data gathered through the national WHONET microbiology laboratory database software (http://www.whonet.org).



2.2 Identification and enrollment of national AMR surveillance sites

In 2010, AMR surveillance was established by the Department of Health Abu Dhabi (DoH) in the Emirate of Abu Dhabi. In 2014, the Ministry of Health and Prevention established AMR surveillance at the national level. As such, starting 2010, UAE institutions were gradually enrolled into the UAE national AMR surveillance program, and enrollment was based on epidemiological needs assessment, readiness, and willingness of facilities to participate, availability of high-quality electronic AMR data, lab accreditation status, and qualification and training of staff. Since 2014, hospitals, centers, and clinics were representing all seven emirates of the UAE (45, 46).



2.3 Bacterial population and variables of the study

All Pseudomonas spp. isolated from clinical samples by medical professionals in the National AMR surveillance sites were included in this study from January 2010 to December 2021. Only the first isolate per patient, species and reporting period was included in the surveillance analysis. Not included were quality control isolates, screening isolates, duplicate isolates, non-diagnostic isolates (e.g., infection control isolates, environmental isolates), and isolates from primary contaminated sources (pedibag).

The associated patient demographic, clinical, and microbiologic data of laboratory test results were extracted. The demographic variables included age, sex, nationality, patient location (e.g., ward, clinic), patient location type (e.g., inpatient, outpatient, ICU), facility type reporting the isolate (hospital/center/clinic). Clinical variables included discharge health outcome (death/alive), and microbiology variables included specimen collection date, specimen source, organism name, antibiotic name, and antibiotic susceptibility testing results. The infection was considered community acquired if it originated outside the clinical environment in cases of outpatients or patients presenting with the infection at the emergency department. The infection was considered nosocomial if the infection was identified in an inpatient setting such as critical (ICU) or non-critical (non-ICU) care environment. The U.S. Centers for Disease Prevention and Control (CDC) definitions for hospital-acquired and community acquired definitions (HAI/CAI) could not be strictly applied as case-based clinical data for establishing a diagnosis of HAI/CAI was not routinely available.



2.4 Bacterial identification

Bacterial identification was performed at the national AMR surveillance sites by medical professionals. The participating centers used at least one commercial, automated system for identification of bacteria, including VITEK® (BioMérieux SA, Craponne, France), BD Phoenix™ (Becton Dickinson, New Jersey, USA) and MicroScan WalkAway (Beckman Coulter, Brea, CA, USA). Only one lab relied on manual systems like API® (Analytical Profile Index. BioMérieux SA, Craponne, France) solely for identification. Unusual test results were confirmed locally.



2.5 Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed at the National AMR surveillance sites using at least one commercial, automated system for routine antimicrobial susceptibility testing. Only two laboratories used manual testing methods (disc diffusion/Kirby Bauer). The antibiotics that were tested for susceptibility were selected as per clinical requirements for routine patient care by the participating surveillance laboratories. All labs followed CLSI guidelines for antimicrobial susceptibility testing of bacteria (CLSI-M100) (47). To assess the MDR phenotype of the isolates, as well as the possibly extensively drug-resistant (XDR) and possibly pandrug-resistant (PDR) phenotypes, a modified version of the standard definition by Magiorakos et al. was used (12). Magiorakos' et al. definitions for XDR and PDR phenotypes for Pseudomonas spp. include 8 antimicrobial categories with 17 antibiotic agents. For technical reasons, associated costs, and local formulary requirements, participating laboratories would not routinely test all 17 antibiotics, i.e., some antibiotics were only very rarely or not at all tested. As such, the following, slightly modified definitions were used for “possible XDR” and “possible PDR” isolates (modifications highlighted in italics):

• “Possible XDR”: Non-susceptibility to at least one agent routinely tested by clinical labs in all but two or fewer antimicrobial categories (i.e., bacterial isolates remain susceptible to only one or two categories).

• “Possible PDR”: Non-susceptibility to all agents routinely tested by clinical labs in all antimicrobial categories (i.e., no agents were tested as susceptible for that organism).

Multidrug-resistant (MDR) bacteria are those that are non-susceptible to at least one agent in three or more antibiotic classes; extensively drug-resistant (XDR) bacteria are those that are non-susceptible to at least one agent in all categories but susceptible to two or less antimicrobial categories; and pan-drug-resistant (PDR) bacteria are those that are non-susceptible to all agents in all antimicrobial categories (12).



2.6 Statistical analysis

We determined the annual trends of antimicrobial resistance if data were available for at least five consecutive years. Where fewer than 30 isolates per year were reported, or data was not available for all the years within the study period, trend analysis for antimicrobial resistance was not conducted. We assessed the statistical significance of trends of antimicrobial resistance by using a Chi-square for trend test (extended Mantel-Haenszel). This was computed using Statistical Package for the Social Sciences (SPSS) v29 software package. EpiInfoTM (https://www.cdc.gov/epiinfo/index.html) was used for assessing the significance of difference in mortality rates and ICU admission rates, for which a Chi2-test of independence was applied. To evaluate differences in length of stay (LOS) between patients with CSPA and patients with CRPA, we performed a weighted log -rank test. For all statistical analysis tests a p-value of p < 0.05 was considered significant.




3 Results


3.1 Distribution of reporting sites for national AMR surveillance

AMR surveillance in the United Arab Emirates was initiated in 2010 in the Emirate of Abu Dhabi by the Health Authority Abu Dhabi, with six hospitals and 16 centers/clinics enrolled. In 2014, the Ministry of Health and Prevention (MOHAP) initiated AMR surveillance on the national level. Additional sites were enrolled over the years, starting with the 22 participating sites located only in the Emirate of Abu Dhabi in 2010, which is the first year during which the study was initiated, and reaching in 2021 a total of 317 surveillance sites, including 87 hospitals and 230 centers/clinics and representing all seven emirates of the country. Figure 1 represents the distribution of reporting sites by Emirate from 2010 to 2021. It is worth mentioning that the Emirate of Abu Dhabi had the highest number of contributing sites, namely 141 (44.2%) out of the total 317 sites enrolled in this study.
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FIGURE 1
 The number of participating sites over the years of the surveillance period—by Emirate (UAE, 2010–2021).




3.2 Bacterial population

From 2010 to 2021, a total of 56,618 non-repetitive Pseudomonas spp. were isolated from an equivalent number of patients over the surveillance period. The number of isolates increased from 770 in 2010 to 9,699 in 2021, corresponding with the increasing number of reporting sites (2010: n = 22; 2021: n = 317). A steady increase in the number of reported isolates occurred, particularly in 2020 (n = 8,783) and 2021 (n = 9,699) during the COVID-19 pandemic. As shown in Table 1, among the total isolates reported, the majority were PA (95.6%). Figure 2 represents the number of Pseudomonas spp. included per year. Since the number of reporting sites was increasing over the study period (2010–2021), the number of reported isolates was increasing as well.


TABLE 1 Number of Pseudomonas spp. reported (2010–2021), N = 56,618.
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FIGURE 2
 Number of Pseudomonas aeruginosa isolates/patients reported per year (UAE, 2010–2021), N = 54,130.




3.3 Distribution of P. aeruginosa patients by gender, age, nationality status, and hospital location

A consistent preponderance of males and adult patients was observed (Table 2; Figures 3, 4). PA were mostly associated with adults (79.8%), as compared to children and newborns (20.2%). Data on nationality was available for 30,818 patients of whom 44.1% were UAE nationals while the remaining 55.9% of patients comprised of expatriate individuals from across 144 nationalities (Figure 5). There was a decreasing trend of percentage Emiratis with PA, which was statistically highly significant (p < 0.001). Most patients were detected in the Emirate of Abu Dhabi (29,721; 54.9%), followed by Dubai (12,606; 23.3%), Sharjah (3,989; 7.4%), Ras al Khaimah (3,533; 6.5%), Umm Al Quwain (1,714; 3.1%), Ajman (1,390; 2.6%), and Fujairah (1,177; 2.2%).


TABLE 2 Demographic distribution of patients with Pseudomonas aeruginosa −2010–2021.
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FIGURE 3
 Distribution of Pseudomonas aeruginosa patients per year—by gender (UAE, 2010–2021), N = 54,130.
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FIGURE 4
 Distribution of Pseudomonas aeruginosa patients per year—by age group (UAE, 2010–2021), N = 54,130.
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FIGURE 5
 Number of Pseudomonas aeruginosa per year—by Nationality status (UAE, 2010–2021), N = 54,130 [13,600 (44.1%) Emiratis; 17,218 (55.9%) non-national].




3.4 Distribution of P. aeruginosa by specimen type group

Out of N = 54,130 non-duplicate PA isolates, most isolates were from soft tissue (45.7%), respiratory tract (26.7%), and urine (19.8%), followed by blood (2.8%), genital (0.8%), stool (0.3%), cerebrospinal fluid (0.05%), and others (3.8%).



3.5 Distribution of P. aeruginosa by location (inpatient/outpatient) and department

PA was more commonly found among inpatients (42.6%, including ICU: 11.5%) than among outpatients (33.6%). The majority of the patients were enrolled in medical (20.4%) and surgical (16.4%) departments.



3.6 Antimicrobial resistance trends for P. aeruginosa

PA was most frequently tested for aminoglycosides (98.6% of PA isolates), fluoroquinolones (98.5%), 3rd- and 4th-generation cephalosporins (98.1%/94.6%), carbapenems (94.5%), and beta-lactam/beta-lactamase-inhibitor (BL/BLI)-combinations (89.4%), among other antibiotics (>50 antibiotics in total). PA showed increasing or decreasing long-term trends of resistance (%R) for several antibiotics during the study period (Figures 6, 7).
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FIGURE 6
 Resistance trends of Pseudomonas aeruginosa for beta-lactam antibiotics (UAE, 2010–2021).
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FIGURE 7
 Resistance trends of Pseudomonas aeruginosa for non-beta-lactam antibiotics (UAE, 2010–2021).


Among the beta-lactam antibiotics, resistance was highest for carbapenems (2021: imipenem 14.1 %R, meropenem 11.4 %R), whereas piperacillin/tazobactam, ceftazidime, and cefepime showed resistance levels of 7.8, 8.2, and 6.1%R, respectively (2021). Among non-beta-lactam antibiotics, the highest resistance was observed for ciprofloxacin (2021: 10.1%R). Resistance to aminoglycosides (amikacin, gentamicin, tobramycin) was 2.9, 4.2, and 4.2%R (2021), respectively.

PA showed a decreasing trend of resistance to broad-spectrum penicillins (piperacillin-tazobactam: from 9.6%R in 2010 to 7.8%R in 2021) (p < 0.001) and overall horizontal trends for resistance to 3rd- and 4th-gen. cephalosporins (ceftazidime, cefepime). Resistance trends for carbapenems were diverse: imipenem showed a slightly increasing long-term trend of resistance, from 13.0%R (2010) to 14.1%R (2021) (p < 0.001), whereas meropenem showed a decreasing long-term trend of resistance, from 14.0%R (2010) to 11.4%R (2021) (p < 0.001). PA showed an overall horizontal trend of resistance for fluoroquinolones (ciprofloxacin) and decreasing trends of resistance for aminoglycosides (gentamicin, amikacin, tobramycin). From a short-term perspective, it is noteworthy that resistance levels were decreasing for all antibiotics studied during the period 2010 to 2012, then increasing for all antibiotics during the period 2012 to 2016 (reaching an all-time high in 2016), then again decreasing during the period 2017–2019 (beta-lactam antibiotics) or 2020 (non-beta-lactam antibiotics), and since then increasing again until 2021.

A sub-group analysis investigated antimicrobial resistance trends of inpatients (ICU, non-ICU), as compared to outpatients (outpatient and emergency departments, centers, clinics) (Figure 8). Generally, resistance levels were higher for inpatients as compared to outpatients. For piperacillin/tazobactam, PA showed resistance levels between 9.4 and 16.1%R for inpatients, whereas resistance levels were between 2.4 and 5.3%R for outpatients, both with a decreasing trend over time (inpatient: p < 0.001, outpatient: n.s.). For 3rd-gen. cephalosporins (ceftazidime), resistance levels were between 9.1 and 12.2%R (inpatients), and between 2.1 and 4.1%R (outpatients), both showing increasing trends (inpatients: n.s., outpatients: p < 0.01). For 4th-gen. cephalosporins (cefepime), resistance levels were between 6.3 and 8.7%R (inpatients), and between 1.6 and 4.2%R (outpatients), both showing increasing trends (inpatients: n.s., outpatients: n.s). For carbapenems (imipenem, meropenem), PA showed resistance levels between 11.1 and 22.9%R for inpatients, whereas resistance levels were between 2.5 and 8.0%R for outpatients. Both, imipenem and meropenem showed a slightly increasing trend of resistance (%R) for inpatients and outpatients during 2010–2021, however these trends were statistically not significant. For aminoglycosides (amikacin, gentamicin, tobramycin), resistance levels were between 3.1 and 12.5%R (inpatients), and between 1.5 and 6.8%R (outpatients), both showing decreasing trends (inpatients: p < 0.001, outpatients: p < 0.05). For fluoroquinolones (ciprofloxacin), PA showed resistance levels between 9.6 and 14.1%R for inpatients, whereas resistance levels were between 3.3 and 10.4%R for outpatients, both with an increasing trend over time (inpatients: n.s., outpatients: p < 0.05) (Figure 8).


[image: Figure 8]
FIGURE 8
 Resistance trends of Pseudomonas aeruginosa, inpatient vs. outpatient, United Arab Emirates, 2010–2021. (A) Piperacillin/Tazobactam, (B) 3rd- and 4th-gen. cephalosporins, (C) Carbapenems, (D) Aminoglycosides, (E) Fluoroquinolones.


The proportion of isolates with MDR phenotype, as shown in Figure 9, being resistant to three or more classes of antibiotics was 20.6% in 2010 and 13.1% in 2021. The highest percentage of MDR isolates was reported in 2011 at 35.6%. Similarly, the highest percentage of XDR isolates was reported in 2010 at 4.9% and of possible PDR isolates in 2011 at 7.3%. As an overall trend, the percentage of MDR, XDR, and possible PDR isolates generally declined over the study period especially starting from the year 2016, as shown in Figure 9, although a slight increase has been observed for %MDR between 2020 and 2021.
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FIGURE 9
 Trends of Pseudomonas aeruginosa isolates for multidrug-resistant (MDR), extensively drug-resistant (XDR), and possible pandrug-resistant (PDR) phenotypes over the study period.




3.7 Mortality rate

A subgroup analysis including the nine clinical institutions that reported mortality health outcome data was performed. In these institutions, a total of 10,090 patients were associated with carbapenem-susceptible P. aeruginosa (CSPA) of whom 706 patients died (mortality rate: 7.0%), while a total of 1,492 patients were associated with carbapenem-resistant P. aeruginosa (CRPA), of whom 281 patients died (mortality rate: 18.8%). The difference in mortality between CRPA patients (18.8%) and CSPA patients (7.0%) is statistically highly significant [RR = 2.6917 (2.3704, 3.0565), Chi-square = 233.6096, p < 0.001]. CRPA patients were 2.69 times more likely to be discharged as “expired” (i.e., dead), as compared to CSPA patients.



3.8 Admission to intensive care unit

A total of 35,563 patients were associated with CSPA of whom 4,521 patients were admitted to ICU (ICU admission rate is 12.71%), while a total of 5,724 patients were associated with CRPA, of whom 1,702 patients were admitted to ICU (ICU admission rate: 29.73%). The difference in ICU admission rate is statistically highly significant [RR = 2.3390 (2.2288, 2.4546), Chi-square = 114.6626, p < 0.001]. CRPA patients were 2.34 times more likely to be admitted to ICU, as compared to CSPA patients.



3.9 Length of stay

A subgroup analysis was conducted for inpatients for whom the date of admission as well as the date of discharge from hospital were known, i.e., the duration of hospitalization (length of stay, LOS) could be calculated. For 3,521 patients associated with CSPA, the median length of stay was 8 days, as compared to patients who were associated with CRPA (n = 556), whose median length of stay was 20 days (Supplementary Figure 1). The difference in LOS was also visualized using Kaplan-Meier curves (Supplementary Figure 2). To assess if the observed difference in length of stay (LOS) was statistically significant, we performed a weighted log-rank test since group sizes were different and we gave more weight to the smaller group so as to make them comparable. The chi square test was 129, with a p < 0.0001, showing that the difference in hospitalization duration (length of stay/LOS) between patients who were associated with CSPA and those who were associated with CRPA was statistically significant.

Based on a total of n = 7,607 patients associated with CRPA during the observation period (2010–2021), a total of 91,284 excess days of hospitalization were observed, attributable to CRPA. For the year 2021 only (n = 1,296 CRPA cases), a total of 15,552 excess hospitalization days were observed, attributable to CRPA.




4 Discussion

PA is a common, facultative pathogenic bacterium associated with HAIs and the global frequency of PA infections is rising (1). The emergence and dissemination of MDR and XDR PA are serious public health concerns worldwide. MDR PA infections have increased globally, accounting for up to 30% of PA infections in some regions (48). This is the first comprehensive study in the UAE to show the nationwide prevalence of Pseudomonas in clinical settings, as well as changes in antibiotic resistance patterns. The current study used a vast dataset accumulated over a relatively long period of time, allowing for comprehensive monitoring of even subtle variations in antibiotic resistance among Pseudomonas. This kind of in-depth analysis has never been carried out before in the country. The non-repetitive Pseudomonas samples studied in this study have laboratory-confirmed identity and antibiotic resistance profiles, demonstrating the validity of the microbiological material used and the accuracy of the data gathered. The finding of a decline in antibiotic resistance in Pseudomonas over around 12 years is perhaps the most thought-provoking finding in this study, and this was observed despite an increase in the number of participating sites from 22 to 317, distributed across all seven Emirates.

The UAE has traditionally been a shelter for foreign residents due to its cosmopolitan atmosphere and expat-friendly legislation. Over 200 nationalities have made the UAE their home. The bulk, 88.5% of the people here are expatriates. Indians and Pakistanis are the major expatriate groups, accounting for 27.5 and 12.7% of the overall population, respectively (49). However, according to our findings, around 25.2% of Pseudomonas were isolated from Emirati nationals, whereas 5.3 and 4.1% were isolated from Indian and Pakistani experts, respectively. These observed findings should be read with caution because 43.1% of the samples were ascribed to patients whose nationality was not documented in the data, making it unavailable, and whose nationalities were not recognized. With the UAE's expatriate-inclusive and multicultural environment expected to prevail in the coming years, it may be an interesting niche to compare resistance trends in Pseudomonas and how these differ by nationality. This approach might shed light on socio-cultural aspects that would be propagating antimicrobial resistance in UAE geographical region (43, 50).

However, because 46% of our samples were from individuals from unknown countries, this study was unable to be performed with our data but remains a fascinating avenue to follow. Furthermore, most patients (54.9%) whose samples were acquired for the study were Abu Dhabi residents. This is consistent with Abu Dhabi being the first Emirate to commence AMR surveillance as well as the Emirate of Abu Dhabi had the highest number of contributing sites, namely 141 (44.2%) out of the total 317 sites enrolled in this study. However, Dubai, not Abu Dhabi, is the most populated Emirate, and samples from Dubai residents accounted for only 23.3% of the sample analyzed in this study.

Approximately 96% of the reported isolates were PA. The remaining proportion was composed of all other species, with P. putida and P. stutzeri accounting for 1.4% and 0.7%, respectively, while the rest of isolates collected within the study period constituted 0.7%. Of the several species associated with humans, PA can adapt to diverse environments due to a varied array of metabolic pathways and implement pathogenicity owing to the existence of several pathogenicity factors and its high genetic flexibility (2).

PA was more commonly found among inpatients (42.6%, including ICU: 11.5%) than among outpatients (33.6%). Most of the patients were enrolled in medical (20.4%) and surgical (16.4%) departments. In a point prevalence study of 28 European countries from 2016 to 2017, PA was the fifth most prevalent cause of hospital-acquired infections (HAI) (30). Pseudomonas has been found in up to 24% of ICU-acquired infections worldwide (31), with resistant PA reaching 48.7% in Brazil (32). A consistent preponderance of adult male patients was observed. Infections caused by PA showed a net reduction in infections in the neonatal and pediatric population since 2016. Though studies show an adult preponderance, PA was more prevalent in children than in adults, in accordance with a recent study (51). In parallel to findings of Sid Ahmed et al. (52), most isolates (26%) came from the respiratory tract, followed by soft tissue samples (ear, 14.0%, pus, 9.2%, and wound, 7.2%), urine (19.5%), and other. Notably, the proportion of outpatient samples was 33.6%, showing that Pseudomonas reservoirs are common outside of hospital settings, where they might cause community-acquired pneumonia (53, 54). The real presence of this organism in many environmental places, as well as its transmission to patients in the community is noticeable from our data and warrants additional investigation. PA infections are complicated by this organism's high intrinsic and acquired resistance to several clinically relevant antibiotics, which raises total healthcare costs and may result in severe, life-threatening disease (9–11).

Throughout the study period, PA demonstrated an overall decreasing trend in antibiotic resistance (%R) for several clinically relevant antimicrobials. Carbapenems had the highest resistance among beta-lactam antibiotics (2021: imipenem 14.1%; meropenem 11.4%), while piperacillin/tazobactam, ceftazidime, and cefepime exhibited resistance levels of 7.8, 8.2, and 6.1%, respectively (2021). Studies have reported variable rates of resistance to beta-lactam antibiotics. Resistance to piperacillin-tazobactam and meropenem was equivalent in Western Europe and the United States (23%) but greater in Eastern Europe (34.7%) in patients hospitalized with pneumonia between 2019 and 2021 (33). Meropenem and ceftazidime had the lowest susceptibility (82–83%) in a 5-year retrospective research conducted in Saudi Arabia (39). Earlier studies have revealed 15% carbapenem resistance in PA in Oman (40) and 41% resistance in Lebanon (41). In a retrospective study conducted in Al Ain, UAE from 2004 to 2008, PA demonstrated significant decreases in susceptibility to nearly all antibiotics tested (42). In Dubai, 23.9% of the PA isolates have been reported to be carbapenem-resistant (43). In another study from Saudi Arabia, PA had the highest sensitivity to amikacin (92.6%) and greatest resistance to imipenem (29.5%), ceftazidime (26.1%), meropenem (25.6%), and cefepime (24.3%) (50). In Saudi Arabia, the overall level of cephalosporin resistance in PA was low compared with resistance rates in neighboring countries (96 and 86% in Qatar and Bahrain, respectively) (55). Between 2018 and 2019, PA clinical isolates in Saudi Arabia showed 14.2 and 8.5% resistance to ceftazidime and cefepime, respectively (56). Further, in Mekkah and Jeddah, Saudi Arabia, meropenem showed high resistance (30.6%) as compared to other antibiotics, followed by imipenem (19%). The antibiotics with < 10% resistance were cefepime (8.3%), and piperacillin-tazobactam (4.9%) (57).

In our study, the resistance rate of PA to piperacillin-tazobactam decreased from 9.6% in 2010 to 7.8% in 2021; whereas resistance to ceftazidime and cefepime did not vary much during the study period. Resistance to imipenem increased marginally from 13 to 14%. During the 12 years study period, resistance to imipenem showed a slight increase (from 13 to 14%R), whereas resistance to meropenem showed a decrease (from 14 to 11%R). Considering the period 2017–2021, both carbapenems were showing a decreasing trend of resistance. Among the non-beta-lactam antibiotics, the highest resistance (10.1%) was observed for ciprofloxacin in 2021. Resistance to amikacin, gentamicin, and tobramycin in 2021 was 2.9, 4.2, and 4.2%R, respectively. Our results were in parallel to findings of Hafiz et al. (51) where amikacin was the most effective antibiotic, with susceptibility rates of 92.6%, which is consistent with the findings of previous studies (58, 59). In Qatar, over a three-year study period (2014–2017), the resistance rates to ciprofloxacin, gentamicin, amikacin, and tobramycin were 89.5, 68.0, 54.9, and 52.8%, respectively (52). In our study, PA showed a horizontal trend of resistance for fluoroquinolones (ciprofloxacin) and decreasing trends of resistance for aminoglycosides (gentamicin, amikacin). The rate of MDR decreased from 20.6% in 2020 to 13.1% in 2021. In 2011, the largest percentage of MDR isolates was recorded at 35.6%, which steadily decreased to 13.1% by 2021. Similarly, the highest percentage of XDR isolates was reported in 2010, at 4.9%, while the highest percentage of possible PDR isolates was reported in 2011, at 7.3%. As an overall trend, the percentage of MDR, XDR, and possible PDR isolates generally declined over the study period especially starting from the year 2016, although a slight increase has been observed for %MDR between 2020 and 2021. The slight increase in the %MDR coincides with the COVID-19 pandemic, which is consistent with the trends in the prevalence of other MDR bacteria (50). Every year, MDR PA causes 13–19% of HAIs in the United States (34). In Europe, particularly in Greece, MDR and XDR isolates are prevalent (35).

A retrospective study of adult hospitalized PA patients in Thailand discovered that XDR strains caused 22% of infections, resulting in significantly higher mortality (36). Another prospective study involving 1915 ICU patients in India during 2014–2015 found that MDR and XDR strains caused 47.7% of PA infections (37). Hafiz et al. (51) reported MDR, XDR and PDR rate of 9.7, 11.8, and 0.3% respectively (2019–2021) in Saudi Arabia. MDR isolates increased after 2019, whereas the percentages of XDR and PDR isolates decreased. In Qatar (52), the overall prevalence of MDR PA was 5.6%, which is lower than reports from neighboring countries or regions (55). In many regions, the decline in the prevalence of MDR PA over the study period might be attributed to the efficacy of infection control and antimicrobial stewardship programs (52).

The mortality rate, according to our observations, was about nearly 2.7 times higher in patients associated with CRPA compared with those associated with CSPA. Patients associated with CRPA were 2.3-fold more likely to be admitted to ICU, and their median length of stay was increased by 12 days, as compared to patients associated with CSPA. This is consistent with other findings that indicated a higher mortality rate and poorer clinical outcome in patients with CRPA (60, 61) and highlights the ongoing need for surveillance and control for achieving better health outcomes.



5 Conclusion

This 12-year study of the resistance levels and trends in Pseudomonas species in the UAE indicated a decline in antimicrobial resistance and in percentages of Pseudomonas isolates with MDR and XDR profiles. As the data is suggestive of sustained Pseudomonas spp. circulation particularly in the hospital settings, a more stringent implementation of surveillance techniques, infection control strategies, and antibiotic stewardship are suggested to limit the continued dissemination. Further to these findings, continued epidemiological investigation and genetic evolution analysis of Pseudomonas are required, to sustain the observed decline in resistance and to provide new strategies for prevention and control. This data also shows that carbapenem-resistant PA are associated with higher mortality, increased ICU admission rates, and a longer hospitalization duration, thus poorer clinical outcome, and higher associated costs. The decreasing trend of multidrug-resistant phenotypes among Pseudomonas spp. is encouraging and demonstrates that antimicrobial resistance levels can also decrease over time at national level, however, the underlying reasons for this need to be further studied.
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Introduction: Methicillin resistant Staphylococcus aureus (MRSA) is a major contributor to the global burden of antimicrobial resistance (AMR). As MRSA continues to evolve, the need for continued surveillance to evaluate trends remains crucial. This study was carried out to assess MRSA trends in the United Arab Emirates (UAE) based on analysis of data from the national AMR surveillance program.

Methods: We carried out a 12-year (2010–2021) retrospective analysis of MRSA demographic and microbiological data collected as part of the UAE national AMR surveillance program. Participating centers from across the country routinely submit AMR surveillance data collected by trained personnel to the National AMR Surveillance Committee, where data is analyzed using a unified WHONET platform. Data on non-duplicate isolates associated with clinical infections were obtained and included in the analysis.

Results: A total of 29,414 non-duplicate MRSA isolates associated with clinical infections were reported between 2010 and 2021 (2010: n = 259; 2021: n = 4,996). MRSA represented 26.4% of all S. aureus (n = 111,623) isolates identified during the study period. In 2010, among the S. aureus isolates with reported oxacillin testing, 21.9% (n/N = 259/1,181) were identified as MRSA and this showed an increase to 33.5% (n/N = 4,996/14,925) in 2021. Although there was variation in the distribution of MRSA across the seven emirates of the country, most had an upward trend. Patient demographics reflected a male preponderance, with most being adults and from the outpatient setting. Isolates were mostly from skin and soft tissue infection specimens (72.5%; n/N = 21,335/29,414). Among the inpatients (N = 8,282), a total of 3,313 MRSA isolates were from specimens obtained ≤48 h after admission indicative of community acquired infection. Increasing resistance trends were observed for most antibiotics including ciprofloxacin, levofloxacin, moxifloxacin, erythromycin, gentamicin, trimethoprim-sulfamethoxazole, and quinupristin/dalfopristin. Low levels of resistance (0.0–0.8%) were sustained for linezolid except for 2015, 2016, and 2017 with 2.5, 2.6, and 2.9%, respectively. No confirmed vancomycin resistance was reported.

Conclusion: The increasing trend of MRSA isolates associated with clinical infections in the hospital and community settings is a concern. Continued monitoring including incorporation of genomic surveillance and infection control measures are recommended to stem the dissemination.

KEYWORDS
methicillin resistant Staphylococcus aureus, antimicrobial resistance, United Arab Emirates, national surveillance, Arabian Gulf region, MRSA


1 Introduction

Antimicrobial resistance (AMR) is of significant concern globally as infections caused by resistant pathogens are associated with significant patient morbidity and mortality as well as increased healthcare costs (1). There is also a concern that the increased utilization of antibiotics in COVID-19 patients due to co-infections and the widespread use of azithromycin in the early days of the pandemic may result in a worsening of the global AMR crisis (2, 3) with a call for close monitoring of national and global AMR trends. Since the first identification of methicillin resistant Staphylococcus aureus (MRSA) in the United Kingdom in the early 1960s, MRSA has disseminated globally and is an important cause of nosocomial infections contributing to the burden of AMR in many countries (4, 5). The molecular epidemiology of MRSA has remained dynamic with an evolution toward increasing predominance of community associated MRSA lineages (CA-MRSA) in nosocomial infections (4, 6).

The United Arab Emirates (UAE) is located in the Arabian Peninsula and is a federation of seven emirates namely Abu Dhabi, Dubai, Sharjah, Ras Al Khaimah, Umm Al-Quwain, Fujairah, and Ajman. The country has a highly developed economy, is known for its modern infrastructure and is a cosmopolitan setting being home to expatriates from over 200 nations. The UAE is a global hub for commerce, trade, and tourism. This dynamic population movement might facilitate the introduction of drug-resistant pathogens into the country's community and hospital settings thus contributing to the burden of infections and AMR trends.

Findings from a single center study in the UAE, reported S. aureus in the majority of patients with skin and soft tissue infections with MRSA detection in 23% of culture-positive patients (7). In addition, S. aureus has been shown to contribute to the burden of co-infections among hospitalized COVID-19 patients in the UAE (8). Recently, molecular characterization of MRSA isolates associated with clinical infections in the UAE revealed the presence of wide clonal diversity as well as identification of rare and novel variant strains (9, 10). In addition, available data also indicates that CA-MRSA lineages have overtaken hospital acquired MRSA (HA-MRSA) lineages as aetiological agents of nosocomial infections in the UAE (9, 11). Therefore, with the indication that MRSA contributes to the burden of AMR in the UAE and the reported shifts in the molecular epidemiology of MRSA there is a need for an understanding of MRSA trends in the UAE. Therefore, this study was carried out to assess MRSA trends including prevalence and antibiogram patterns in the UAE based on retrospective analysis of data from the national AMR surveillance program.



2 Methods

This study is a retrospective data analysis of MRSA data from the UAE for the 12-year period 2010–2021. MRSA trends were assessed by analysis of routinely collected national level AMR surveillance data. This includes data on overall burden of S. aureus infections and including those caused by isolates identified as MRSA.


2.1 Data collection

The national AMR data is collected from a network of participating healthcare facilities (hospitals, centers, and clinics) and diagnostic laboratories across the country. These include primary, secondary and tertiary care facilities across governmental and private healthcare sectors. Participation of sites in the national AMR Surveillance program is voluntary and no financial incentives are offered. All data are collected from routine patient care, cleaned, and analyzed using a unified platform (WHONET)1 as described by Thomsen et al. (12). Training on data collection is provided to ensure quality assurance, standardization, and accuracy. The fully anonymized data includes demographic data (age, gender, nationality, hospital site/location etc.), clinical and microbiological data such as specimen source, specimen date, and antibiogram.



2.2 Bacterial identification and antimicrobial susceptibility testing

The participating centers used at least one commercial, automated system for bacterial identification and antimicrobial susceptibility testing. These automated systems include VITEK® (BioMérieux SA, Craponne, France), BD Phoenix™ (Becton Dickinson, New Jersey, USA) and MicroScan WalkAway (Beckman Coulter, Brea, CA, USA) and were used in conformity with manufacturer guidelines. Only one laboratory relied solely on a manual system for bacterial identification using API® (Analytical Profile Index. BioMérieux SA, Craponne, France). Two laboratories used manual antimicrobial susceptibility testing methods (disc diffusion/Kirby Bauer). For the reporting of antimicrobial resistance, CLSI breakpoints were routinely applied by reporting sites and at the central level to determine susceptibility profiles of isolates (13).



2.3 Statistical analysis

Data analysis was routinely carried out using the WHONET 2023 software. For additional statistical analysis other software packages used were IBM SPSS Statistics, version 29.0 (IBM SPSS Software), and Epi InfoTM for Windows v7.2.4.2022, Centers for Disease Control and Prevention. Statistical significance of temporal trends for antimicrobial resistance percentages was calculated if data from at least 5 years was available. If fewer than 30 isolates per year were reported, or data was not available for all years within the considered period, trend analysis was not conducted. Statistical significance of trends is expressed as a p-value, calculated by a Chi-square for trend test (extended Mantel-Haenszel), using SPSS or Epi Info™. For testing the statistical significance of the difference for mortality and ICU admission a Chi2-test was used, for testing the statistical significance of the difference for length of stay the non-parametric weighted Log-rank test was used. A p-value of < 0.05 was considered statistically significant.




3 Results


3.1 Distribution of reporting sites for national AMR surveillance

The number of reporting sites increased during the early implementation phase of the national AMR surveillance program, from 22 in 2010 to 317 in 2021 (Figure 1). These comprised of primary, secondary, and tertiary care facilities (87 hospitals, 230 centers/clinics) as well as 45 diagnostic laboratories across both the public and private health sectors. The national AMR system is considered largely representative of the whole healthcare system in the UAE, representing approximately 57.6% of all 156 hospitals, and 8.5% of all 2,730 ambulatory healthcare centers/clinics in the UAE. From 2014 to 2021, participating centers were from all seven emirates in the country, in contrast to 2010–2012 where the centers were all from Abu Dhabi emirate and 2013 when they were from only five emirates.


[image: Figure 1]
FIGURE 1
 Number of surveillance sites per year and Emirate (2010–2021).




3.2 Bacterial population and demographic distribution

From 2010 to 2022, the total number of reported non-duplicate S. aureus isolates was 111,623. Figure 2 shows the annual distribution trends as well as the number of isolates per site when normalized for the increased number of reporting sites per annum. Of these, 29,414 were MRSA isolates and represented 26.4% of all S. aureus isolates identified during the study period. The number of S. aureus and MRSA isolates for each emirate is shown in Supplementary Table 1A. Table 1 shows the demographic distribution of the patients from whom the MRSA isolates were obtained. Among patients with available data, there was a male preponderance, majority were adults, and they were mainly from the outpatient setting (Table 1). Among the inpatients (n = 8,282), a total of 3,313 MRSA isolates were from specimens obtained ≤ 48 h after admission indicative of community acquired infection. The majority of isolates were from specimens from skin and soft tissue infections (72.5%; n/N = 21,335/29,414; Table 2).
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FIGURE 2
 Distribution of Staphylococcus aureus isolates (2010–2021).



TABLE 1 Demographic distribution of patients with MRSA isolates.
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TABLE 2 Specimen sources of MRSA isolates.
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The total number of MRSA isolates reported was 259 in 2010, increasing to 4,996 in 2021 which reflects the increasing number of reporting sites over the surveillance period (Supplementary Figure 1). In 2010, among the S. aureus isolates with reported data for oxacillin testing, 21.9% (n/N = 259/1,181) were identified as MRSA and this showed an increase to 33.5% (n/N = 4,996/14,925) in 2021 (Figure 3 shows the annual trend). The distribution of MRSA across the seven emirates of the country showed a largely similar upward trend for MRSA prevalence. The highest recorded prevalence of 43.8 and 46.7% in 2015 and 2016, respectively, was from Fujairah, however it should be noted that a downward trend has been observed in this emirate in recent years (Figure 4).


[image: Figure 3]
FIGURE 3
 Methicillin resistant Staphylococcus aureus prevalence trends (2010–2021).
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FIGURE 4
 (A–G) Annual methicillin resistant Staphylococcus aureus prevalence trends (MRSA), by Emirate (2010–2021).




3.3 Antimicrobial susceptibility trends

Figure 5 shows the reported antimicrobial resistance trends of MRSA to various antibiotics during the data collection period. From 2013 to 2020, a significant increment in resistance trends was observed for fluoroquinolones (ciprofloxacin, levofloxacin, and moxifloxacin) (Figure 5A). Among the macrolides, erythromycin showed the highest levels of resistance with an upward trend and over 30% of MRSA isolates being resistant since 2014 (Figure 5B). However, for clindamycin there was a sustained upward resistance trend from 2010 to 2015, followed by a slight decline until 2020 and upward trajectory in 2021 (Figure 5B). Tetracycline resistance decreased between 2010 and 2012 and remained at a low level (< 20%) until 2019 before showing an upward trend from 2019 to 2021 (Figure 5B). An upward pattern of level of resistance was shown for trimethoprim-sulfamethoxazole and gentamicin (2013–2019) with both antibiotics showing a recent downward trend from 2020 to 2021 (Figure 5C). Fluctuation in resistance trend was observed across the years for quinupristin/dalfopristin resistance. For linezolid, there was a sustained low level of resistance during the study period (Figure 5C). Apart from 2015, 2016 and 2017 when the percentage of MRSA isolates resistant to linezolid were 2.5, 2.6, and 2.9%, respectively, for all other years the resistance level was sustained at under 1% of isolates (0.0–0.8%). No confirmed vancomycin resistance was reported.
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FIGURE 5
 Antibiotic resistance trends for methicillin-resistant Staphylococcus aureus (MRSA) (2010–2021). (A) Fluoroquinolones, (B) macrolides, and (C) other antibiotics.




3.4 Outcome analysis

For inpatients, the mean length of stay in hospital for patients with methicillin sensitive S. aureus (MSSA) isolates was 10.48 which was significantly lower compared to 12.64 days for those with MRSA isolates (p < 0.001). The risk of ICU admission increased by 13.5% (RR: 1.1349, 95% C.I. [1.0664, 12,078]) with MRSA infection which was statistically significant (p < 0.001). However, for inpatients where clinical outcome data was available, similar mortality outcome was seen in MSSA (8.2%; n/N = 808/9,844) and MRSA (8.2%; n/N = 364/4,434) infections.




4 Discussion

The global dissemination and burden of infection associated with MRSA continues to be of concern and understanding the epidemiological trends is crucial for implementing robust infection control strategies. As it has been shown that variations in MRSA epidemiology exist across geographical regions (5, 14), the need for national surveillance data to guide development of appropriate policies is also very important. In this report, we present the findings of the trends in MRSA epidemiology and resistance trends in the UAE based on 12 years of national AMR surveillance data. The findings indicate an upward trend in the burden of MRSA infections as MRSA isolates reported increased from 21.9% in 2010 to 33.5% in 2021. This is in keeping with MRSA prevalence rates in the Arabian Gulf region which range from 15 to 55% as shown by Al-Saleh et al. (15) in a recently published systematic review. It should be highlighted that these prevalence rates were derived from reported data from studies with single or a limited number of participating healthcare facilities with the notable absence of longitudinal national surveillance data (15). Our findings represent the first longitudinal national surveillance MRSA data from the Arabian Gulf region and provides an insight into MRSA trends in the UAE. Such data is pertinent in light of the dynamic population movement and cosmopolitan nature of the country and addresses an important gap in the literature about the burden of MRSA in the Arabian Gulf region. Hence, the increasing trend of MRSA prevalence is of concern particularly in the light of ongoing implementation of infection control strategies. However, our findings are in contrast to lower MRSA detection rates and declining trends which have been reported from other geographical regions (16–19). MRSA infections were historically associated with healthcare settings, primarily affecting patients with co-morbidities and those exposed to invasive medical procedures. However, a significant shift has occurred with the emergence of community-associated MRSA (CA-MRSA) lineages which have becoming increasingly prevalent and are driving nosocomial infections in the hospital setting (20–22). This expansion into the community has raised concerns due to the potential for rapid transmission and limited treatment options. Our findings demonstrate high occurrence of community associated MRSA infections in the UAE which aligns with global trends as well those reported from other countries in the Arabian Gulf region (15, 23, 24). In addition, molecular characterization of MRSA isolates from UAE, Kuwait, Oman and Saudi Arabia have demonstrated a predominance of CA-MRSA lineages harboring SCC-mecA types IV, V, VI in both the community and hospital settings (15, 24–26).

The most common source of MRSA isolates were skin and soft tissue infections which is in keeping with reported data from the UAE and across the Arabian Gulf region (7, 9, 15, 25, 27). This finding is particularly pertinent as carriage of the gene encoding for Panton-Valentine Leukocidin (PVL) toxin, a virulence factor associated with S. aureus skin and soft tissue infections (SSTI) has been shown to be prevalent among MRSA isolates in our setting (9, 28, 29). A lateral flow test for rapid detection of PVL in S. aureus isolates from SSTI was recently reported (30). Based on the current findings of high occurrence of SSTI MRSA in in the UAE, the incorporation of such a test in diagnostic practice is recommended. This will support clinicians in opting for non-pharmacological interventions such as incision and drainage particularly in the management of mild SSTI, thus reducing antibiotic utilization and ultimately the pressure of resistance selection.

MRSA isolates strains frequently exhibit resistance to other classes of antibiotics thus posing further challenges in treatment (5). Sustained high rates of resistance to quinolones and macrolides were demonstrated during our data collection period. These findings align with data from studies in other countries particularly those from the Arabian Gulf region where similar or higher resistance rates have been reported depending on the study setting (15). In contrast, resistance to linezolid was mostly under 1% except for the period from 2015 to 2017. In the recently published systematic review of 39 articles published between 2011 and 2021 from the Arabian Gulf region (15), none of the studies reviewed reported detection of linezolid resistance. Therefore, although our findings indicate very low linezolid resistance rates, it is nevertheless still a call for heightened vigilance and judicious utilization to ensure that we preserve this antibiotic. Vancomycin has been a reliable antibiotic for the treatment of MRSA infections and the potential emergence of vancomycin-intermediate MRSA (VISA) and vancomycin-resistant MRSA (VRSA) strains is a concern. It is therefore noteworthy that neither confirmed VISA nor VRSA isolates were detected in this study. This is also in alignment with data from molecular characterization studies where vancomycin resistance genes were not detected in MRSA isolates from the UAE (9, 10).

The occurrence of missing data observed in the dataset could be related to technical issues arising from differences in electronic health information systems and laboratory platforms across reporting sites. Strategies such as unification of electronic health and laboratory platforms coupled with continued provision of training to personnel could be useful for addressing this. Currently genomic data is not part of the national surveillance dataset, and this is a limitation particularly as there is a paucity of data on the molecular characterization of MRSA strains in the UAE. Currently available literature showed an extensive MRSA repertoire with wide clonal diversity and ongoing emergence of novel variants in the UAE which suggests an evolving MRSA landscape (9, 10). Therefore, to bridge this gap, we advocate for inclusion of genomic data as part of the national MRSA surveillance in the UAE. This will provide much needed insight into the changing molecular landscape of MRSA and support the development of targeted strategies including infection prevention measures. This is crucial in curtailing MRSA trends and alleviating the burden of MRSA infections on the healthcare system.



5 Conclusion

In conclusion, the findings from this study show an increasing trend of MRSA isolates associated with clinical infections in the UAE. Continued surveillance with incorporation of genomic data and infection control measures are recommended to stem the continued dissemination.
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Background: Carbapenem-resistant Enterobacterales (CRE) are spreading in the United Arab Emirates (UAE) where their dissemination is facilitated by international travel, trade, and tourism. The objective of this study is to describe the longitudinal changes of CRE as reported by the national AMR surveillance system of the UAE.

Methods: In this study, we retrospectively describe CRE isolated from 317 surveillance sites, including 87 hospitals and 230 centers/clinics from 2010 to 2021. The associated clinical, demographic, and microbiological characteristics are presented by relying on the UAE national AMR surveillance program. Data was analyzed using WHONET microbiology laboratory database software (http://www.whonet.org).

Results: A total of 14,593 carbapenem resistant Enterobacterales were analyzed, of which 48.1% were carbapenem resistant Klebsiella pneumoniae (CRKp), 25.1% carbapenem resistant Escherichia coli (CREc), and 26.8% represented 72 other carbapenem resistant species. Carbapenem resistant strains were mostly associated with adults and isolated from urine samples (36.9% of CRKp and 66.6% of CREc) followed by respiratory samples (26.95% for CRKp) and soft tissue samples (19.5% for CRKp). Over the studied period carbapenem resistance rates remained high, especially in K. pneumoniae, and in 2021 were equivalent to 67.6% for imipenem, 76.2% for meropenem, and 91.6% for ertapenem. Nevertheless, there was a statistically significant decreasing trend for imipenem and meropenem resistance in Klebsiella species (p < 0.01) while the decrease in ertapenem resistance was non-significant. Concerning E. coli, there was a statistically significant decreasing trend for meropenem and imipenem resistance over the 12 years, while ertapenem resistance increased significantly with 83.8% of E. coli exhibiting ertapenem resistance in 2021. Resistance rates to ceftazidime and cefotaxime remained higher than 90% (in 2021) for CRKp and cefotaxime rates increased to 90.5% in 2021 for CREc. Starting 2014, resistance to colistin and tigecycline was observed in carbapenem resistant Enterobacterales. CRE were associated with a higher mortality (RR: 6.3), admission to ICU (RR 3.9), and increased length of stay (LOS; 10 excess inpatient days per CRE case).

Conclusion: This study supports the need to monitor CRE in the UAE and draws attention to the significant increase of ertapenem resistance in E. coli. Future surveillance analysis should include a genetic description of carbapenem resistance to provide new strategies.

KEYWORDS
carbapenem-resistant Enterobacterales, surveillance, Enterobacterales, healthcare associated infections, antibiotics, antimicrobial resistance, UAE


1 Introduction

Nowadays, carbapenem-resistant Enterobacterales (CRE) represent a serious health concern worldwide, causing a distressing burden on morbidity, mortality and healthcare costs, and contributing to the socio-economic and public health consequences of antimicrobial resistance (1, 2). Gram-negative, rod-shaped, facultatively anaerobic bacteria inhabiting the gastrointestinal tract, Enterobacterales (formerly Enterobacteriaceae) represent the largest group of bacterial pathogens in humans (3, 4). They are associated with a wide range of severe infections including septicemia, urinary tract infections (UTIs), intra-abdominal infections, and pneumonia, which can be community-acquired, hospital-acquired, or ventilator-associated (5–9). The widespread, empiric use of carbapenems as the most reliable antibiotics for the treatment of infections caused by extended-spectrum β-lactamase (ESBL)-producing Enterobacterales has driven the emergence of CRE, whose infections are more challenging to treat (10). According to the Centers for Disease Control and Prevention (CDC), CRE are defined as Enterobacterales strains that test resistant to at least one of the carbapenem antibiotics (ertapenem, meropenem, doripenem, or imipenem) or produce a carbapenemase (11). CRE acquire resistance to carbapenems via efflux pump overactivity, loss or mutation of outer membrane proteins, and/or carbapenemase production, the latter being the most prevalent mechanism (12, 13). With increasing incidence of infections caused by CRE and the lack of new, approved treatment modalities, such infections are associated with worse outcomes, lengthier hospitalizations, and increased costs compared to their susceptible counterparts (14). CRE continue to be labeled as critical priority pathogens by the World Health Organization (WHO), and the necessity for discovery, research, and development of new antibiotics targeting these pathogens remains an urgent need (15).

The global spread of CRE and changes in their epidemiology continue to evolve, inevitably complicating therapy and hampering effective antimicrobial stewardship and infection prevention and control programs (1, 16). In general, longitudinal studies of antibiotic susceptibility in a specific region over time allow identification of trends of resistance and emerging pathogens at national levels. Such routine surveillance is key for generating and establishing approaches to control antimicrobial resistance and guide informed therapy decisions (16), and appears critical as far as CRE are concerned (17). The trends obtained will detect either a rise in CRE prevalence (18, 19), thus revisiting and improving the current infection control strategies, or its decline (20), thus reinforcing the possible beneficial factors. The United Arab Emirates (UAE), a thriving hub for international travel, trade, tourism and medical services, has been susceptible to CRE spread, like many other countries in the Arabian Peninsula (21). Currently, the country hosts a population of nearly 10 million people of which approximately 1 million are Emirati citizens, and the rest are expatriates from various nationalities. The majority of this population resides in Abu Dhabi and Dubai, the two biggest Emirates of the seven that form the UAE (22).

Previous data have described the epidemiology and resistance patterns of CRE from the UAE, the latest of which being the study by Pál et al. (17), which compared CRE collected between 2009 and 2015 to those collected between 2018 and 2019 in the Emirate of Abu Dhabi. The study revealed that highly resistant Klebsiella pneumoniae clones started dominating the area since 2009, severely impacting the overall antibiotic resistance patterns, including those of colistin and tigecycline. Moreover, a recent surveillance of CRE carried out over 9 months in 15 Emirati hospitals showed around 100% non-susceptibility to ertapenem and 80% non-susceptibility to each of imipenem and meropenem (23). Likewise, resistance rates of 100% to ertapenem, 21% to imipenem, and 17% meropenem were observed in a collection of Enterobacterales in an epidemiological investigation from Dubai (24). Smaller scale investigations of CRE in the UAE also reported clusters of NDM-1-producing Enterobacterales (25), and more recently of K. pneumoniae with OXA-181/NDM-5 carbapenemases (26). The accumulation of such body of evidence supports the notion that timely, focused, and systematic, surveillance could offer a possible guidance to health authorities to mitigate the countrywide progress of the CRE epidemic. As such, it is imperative to address the current gap in literature regarding the spread of CRE infections and their resistance trends over the years, especially given the multicultural, heterogeneous, and diverse nature of the UAE population.

The objective of the current study is to describe the characteristics and longitudinal changes in CRE resistance levels and trends as reported by the national AMR surveillance system spanning all the seven emirates of the UAE, in order to assess the nationwide status of the CRE epidemic. It represents the first documentation of changes in CRE isolated from UAE medical centers over a period of 12 years, from 2010 to 2021.



2 Materials and methods


2.1 Study design and data source

A multi-institutional retrospective observational study was conducted between 2010 and 2021 in the UAE using data extracted from the WHONET microbiology laboratory database software (www.whonet.org) supported by the Global AMR Surveillance System protocol (GLASS, World Health Organization). Data was generated, collected, cleaned, and analyzed through the UAE national AMR Surveillance programs as described by Thomsen et al. (27).



2.2 Identification and enrollment of national AMR surveillance sites

Starting 2010, UAE healthcare institutions were enrolled as AMR surveillance sites into the UAE national AMR surveillance program based on epidemiological needs assessment, readiness, and willingness of facilities to participate, availability of high-quality electronic AMR data, lab accreditation status, and qualification of staff. Hospitals, centers, and clinics representing all seven emirates of the UAE joined the AMR surveillance network gradually over the years.



2.3 Bacterial population and variables of the study

All Enterobacterales isolated from clinical samples by medical professionals in the national AMR surveillance sites were part of this surveillance analysis from January 2010 to December 2021. Repeat isolates were marked and only the first isolate was included for each patient per year.

The associated patient demographic information, clinical data, and microbiologic laboratory results were extracted from the national WHONET laboratory database software. The demographic variables included age, sex, nationality, clinical variables revealed the type of facility reporting the isolate (hospital/center/clinic), patient location, location type, specimen collection date, types of infection/specimen source, and microbiology variables revealed types of organism and antibiotic susceptibility testing results. The infection was considered to originate outside the center for outpatients or those presenting with the infection at the emergency department.



2.4 Bacterial identification

Bacterial identification was performed at the national AMR surveillance sites by medical professionals. The participating centers used at least one commercial, automated system for identification of bacteria, including VITEK® (BioMérieux SA, Craponne, France), BD Phoenix™ (Becton Dickinson, New Jersey, USA) and MicroScan (Beckman Coulter, Brea, CA, USA). Only one lab relied on manual systems like API® (Analytical Profile Index. BioMérieux SA, Craponne, France) solely for identification.



2.5 Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed at the National AMR surveillance sites using at least one commercial, automated system for routine antimicrobial susceptibility testing. Only two laboratories used manual testing methods (disc diffusion/Kirby Bauer). All labs followed CLSI guidelines for antimicrobial susceptibility testing of bacteria (CLSI-M100) (28). The EUCAST guidelines were used for interpretation of tigecycline results (29). Unusual antibiotic susceptibility testing results were confirmed locally. To assess the multidrug-resistant (MDR) phenotype of the isolates, a slightly modified version of the standard definition by Magiorakos et al. (30) was used.

Strains of CRE were defined as Enterobacterales species such as K. pneumoniae, E. coli, Klebsiella oxytoca, Enterobacter cloacae, and Enterobacter aerogenes and others that are resistant to at least one carbapenem antibiotic or produce a carbapenemase enzyme. Proteus spp., Morganella spp., and Providencia spp. that have intrinsic elevated minimum inhibitory concentrations to imipenem but are susceptible to ertapenem and/or meropenem were not counted. Repeat isolates were marked and only the first ones expressing any distinct carbapenem resistance mechanisms were included for each patient during the surveillance period (2010–2021).



2.6 Statistical tests

Statistical significance of temporal trends for antimicrobial resistance percentages was calculated if data from at least 5 years was available. If fewer than 30 isolates per year were reported, or data was not available for all years within the considered period, trend analysis was not conducted. Statistical significance of trends is expressed as a p-value, calculated by a Chi-square for trend test (extended Mantel-Haenszel), using SPSS or Epi Info™. For testing the statistical significance of the difference for mortality and ICU admission a Chi2-test was used. For testing the statistical significance of the difference for length of stay (LOS), the weighted log-rank survival analysis was used. This was done to take care of differences in sample size between the groups. A p < 0.05 was considered statistically significant.




3 Results


3.1 Distribution of reporting sites for national AMR surveillance

The UAE national AMR surveillance program was in 2010 in the Abu Dhabi Emirate with six hospitals and 16 centers/clinics enrolled as AMR surveillance sites. Additional sites were recruited over the years, starting with 22 participating sites located only in the Emirate of Abu Dhabi in 2010, which is the first year during which the study was initiated, and reaching in 2021 a total of 317 surveillance sites, including 87 hospitals and 230 centers/clinics and representing all seven emirates of the country. Figure 1 represents the distribution of reporting sites for National AMR Surveillance from 2010 to 2021.


[image: Figure 1]
FIGURE 1
 Number of AMR Surveillance sites by Emirate over the years of the surveillance period (2010–2021) in the UAE.




3.2 Bacterial population and trend of carbapenem resistance over the years

From 2010 to 2021, a total of 381,535 non-repetitive Enterobacterales were included in the analysis of which 14,593 (3.8%) were carbapenem resistant (CRE), representing 74 different species. Figure 2 represents the percentage of CRE and non-CRE isolates per year.


[image: Figure 2]
FIGURE 2
 Percentage of CRE and non-CRE isolates per year over the surveillance period (2010–2021).


Figure 3 represents the prevalence of CRE calculated per year during the 12 years of the study. A gradual rise in this prevalence was seen from 2010 (0.2%) and for 4 consecutive years until 2014 (3.7%). Starting 2014, CRE prevalence was oscillating between 3.4 and 4.2%, with a steady decrease between 2016 and 2020, then showing a tendency to increase noted in 2021. The overall prevalence of CRE over the 12 years of surveillance averages at 3.8%.


[image: Figure 3]
FIGURE 3
 Time trends of CRE prevalence (% CRE) in the UAE over the surveillance period (2010–2021).




3.3 Species distribution of CRE

Among the 14,593 carbapenem resistant Enterobacterales isolates analyzed, 7,023 (48.1%) were carbapenem resistant K. pneumoniae (CRKp), 3,668 (25.1%) were carbapenem resistant Escherichia coli (CREc), and the remaining 3,902 (26.8%) isolates represented 72 other species. The CRE species distribution over the surveillance period is shown for species with at least 10 isolates in Figure 4.


[image: Figure 4]
FIGURE 4
 CRE species distribution over the surveillance period (2010–2021), by species (N = 14,593), species is shown for n ≥ 10.




3.4 Distribution of CRE by age, gender, nationality, and emirate

Carbapenem resistant strains were mostly associated to infections in adults (89.6% of patients) with an average of 93.7 and 85.5% of infections caused, respectively, by CRKp and CREc in that population group. The number of CRE isolates recovered from patients below 19 years increased from two isolates in the first year of the study to 265 for CRKp and 373 for CREc in the last year.

The most commonly isolated species of CRE being CRKp, looking into features of these isolates revealed they were mostly recovered from male patients (57%). Patients were of unknown nationality (47.9%), although 16.3% of the patients were Emirati citizens. The most frequent Emirate for isolation of CRKp was Abu Dhabi (31.8%). Most patients developing infections due to CRKp were detected in clinical settings (83.9%) and were enrolled in general medical wards (48.1%) followed by ICUs (30.1%) and critical care units (1.2%). A proportion of 20.5% of studied isolates originated in outpatient basis, being recovered either in the community or in emergency departments.

Following CRKp, the second most frequent CRE species was CREc, commonly isolated from females (65.2%), of unknown nationality (44.4%), and in the Emirate of Abu Dhabi (43.4%). Most patients developing infections due to CREc were detected in clinical settings (50%) and were enrolled in general medical wards (31.8%) followed by ICUs (11%) and critical care units (0.2%). A proportion of 57% of studied isolates originated in outpatient basis, being recovered either in the community or in emergency departments.



3.5 Mortality rate

A subgroup analysis including the nine clinical institutions that reported mortality was performed. In these institutions, a total of 101,762 patients were associated with non-CRE of whom 3,717 patients died (mortality rate: 3.65%), while a total of 1,824 were associated with CRE, of whom 389 patients died (mortality rate: 21.33%). The difference in mortality between CRE patients and non-CRE patients is statistically significant (RR 6.31, 95% C.I. 5.74, 6.93, p < 0.01).



3.6 Admission to intensive care unit (ICU)

A total of 249,844 patients were associated with non-CRE of whom 13,567 patients were admitted to ICU (ICU admission rate is 5.43%), while a total of 10,011 patients were associated with CRE, of whom 2,142 patients were admitted to ICU (ICU admission rate: 21.40%). The difference in ICU admission rate is statistically significant (RR 3.94, 95% C.I. 3.78, 4.11, p < 0.01).



3.7 Length of stay (LOS)

A subgroup analysis including those patients for whom the date of admission as well as the date of discharge was known was performed (N = 34,195). For those patients who were associated with non-CRE (n = 33,462) the median length of stay was 7.0 days, while for those patients who were associated with CRE (n = 733) the median length of stay was 17.0 days, equivalent to 7,330 excess days of hospitalization. The difference in length of stay (LOS) was equal to 10 days and was statistically highly significant (p < 0.001).

After applying the above-mentioned difference in the LOS on the total number of patients associated with CRE (n = 14,593) during the whole observation period (2010–2021), a total of 145,930 excess days of hospitalization is estimated attributable to CRE. For the year 2021 only (n = 3,448 CRE cases), a total of 34,480 excess hospitalization days is estimated attributable to CRE.



3.8 Distribution of carbapenem resistance among the different clinical sample types

Carbapenem resistant strains were mostly isolated from urine samples (36.85% of CRKp and 66.55% of CREc) followed by sputum samples (26.95% of CRKp and 6.35% of CREc) and soft tissue samples (19.52% of CRKp and 13.79 % of CREc) as described in Tables 1, 2.


TABLE 1 Number and percentage of CRKp isolated during the study by clinical specimen type.

[image: Table 1]


TABLE 2 Number and percentage of CREc isolated during the study by clinical specimen type.

[image: Table 2]



3.9 Trend of antimicrobial susceptibility profiles of CRE

Resistance rates to cefotaxime increased from 87.2% (n = 179) in 2014 to 95.8% (n = 612) in 2021 for CRKp and from 76.3% (n = 59) in 2014 to 90.5% (n = 243) in 2021 for CREc. The trends of resistance in CRKp and CREc to different antibiotics for a selected time frame of the surveillance period are shown in Figures 5–8. It is noticed that the resistance to the antibiotics tested did not change much for CRKp over these years, while a more fluctuating pattern was seen for CREc, especially for cefotaxime and piperacillin/tazobactam. Regarding colistin, sensitivity fluctuated over the years but notably increased in CRKp after 2017, and it remained above 80% toward the end of the data collection period. Fosfomycin resistance levels were the lowest, with maximum upper limit of 8.6% in 2019 for CREc, while resistance levels for CRKp persisted close to zero with isolates remaining highly sensitive to this antibiotic all over the years.


[image: Figure 5]
FIGURE 5
 Resistance patterns (%R) to antibiotics of the β-lactam group among CRKp for the period between 2014 and 2021. The graph shows a selected period due to small number of participating centers prior to 2014.
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FIGURE 6
 Resistance patterns (%R) to non β-lactam antibiotics among CRKp for the period between 2014 and 2021. The graph shows a selected period due to small number of participating centers prior to 2014.
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FIGURE 7
 Resistance patterns (%R) to antibiotics of the β-lactam group among CREc for the period between 2014 and 2021. The graph shows a selected period due to small number of participating centers prior to 2014.
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FIGURE 8
 Resistance patterns (%R) to non β-lactam antibiotics among CREc for the period between 2014 and 2021. The graph shows a selected period due to small number of participating centers prior to 2014.




3.10 Trend of carbapenem resistance during the surveillance period

Over the surveillance period, the resistance rates to individual carbapenems remained high, especially in CRKp, and in 2021 were equivalent to 67.6% for imipenem, 76.2% for meropenem, and 91.6% for ertapenem. Concerning CREc, resistance rates to meropenem and ertapenem were oscillating around 58 and 83% respectively over the 12 years, while for imipenem a progressive decrease was noted from 45.1% (n = 91) in 2014 to 35.6% (n = 932) in 2021.

Statistical analysis revealed a significant decreasing trend for imipenem and meropenem resistance in Klebsiella species (p < 0.01) while the decrease in ertapenem resistance was non-significant. Concerning E. coli, there was a statistically significant decreasing trend for meropenem and imipenem resistance over the 12 years while ertapenem resistance was associated to a statistically significant increasing trend with 83.8% of E. coli exhibiting ertapenem resistance in 2021.

A total of 1,002 CRKp and 982 CREc was tested for ceftolozane/tazobactam susceptibility and results revealed, respectively 65.6 and 57.9% resistance to this β-lactam/β-lactamase inhibitor combination. A total of 913 CRKp and 146 CREc was tested for ceftazidime/avibactam susceptibility and results revealed, respectively, 62.7 and 65.8% resistance to that second combination.




4 Discussion

This study was carried out to assess the contemporary trends of carbapenem resistance among Enterobacterales of medical relevance in the United Arab Emirates (UAE) over a 12-year period. The follow-up of CRE, characterized by mobile, easily transmissible resistance determinants, as well as easy spread facilitated by international travel and medical tourism, is imperative for infection surveillance and control in a country with huge cross-cultural exchange like the UAE. The participation of healthcare sites, both hospitals and clinics, in contribution to Enterobacterales data increased over the years from only 22 centers in the first year of reporting to more than 300 sites toward the end of the study period, representing the seven Emirates. This reflects not only the increasing coverage and representation of the surveillance database, but probably also the increased alertness across the country to the importance of antimicrobial resistance surveillance and mitigation.

The overall prevalence of CRE over the 12 years of surveillance averages at 3.8%. This result should be interpreted by comparison with figures of resistance obtained from similar follow-up studies that monitored carbapenem resistance for longitudinal periods, especially those from the region, due to patient and cultural exchange that connects these countries with the UAE. For example, in a surveillance from Africa and Middle East, a rate of 5.7% of resistance among Enterobacterales to carbapenems was reported (31). A report of antimicrobial resistance trends in Lebanon over 10 years, from 2000 till 2010, showed carbapenem resistance rates among E. coli and K. pneumoniae that did not exceed 2% (32). In a more recent analysis in 2022, the rate in Lebanon was 2.8% (33), while in Jordan, the rate was 1.6% in 2015 according to the Study for Monitoring Antimicrobial Resistance Trends (SMART) (34), and 1% in another study of 5 hospitals in 2018 (35). A version of the SMART study in Asia-Pacific region from 2002 to 2010 showed an overall carbapenem resistance rate of 10% among Enterobacterales (36). A recent surveillance report from Saudi Arabia, a neighboring country, showed resistance rates of about 5% to carbapenems among these bacteria (37). Another 5-year surveillance study from the Kingdom of Bahrain showed CRE average incidence of approximately 23/10,000 hospital admissions, with a decrease noted in the last two study years due to development and implementation of new CRE policy based on initial CRE screening for high risk patients, reinforcement of contact precautions, strengthened communication about CRE across hospital units, and staff education (38). As such, UAE, like other countries in the region, is facing the challenge of an important number of reported cases of CRE. Hence, update and follow-up on the prevalence, epidemiology and microbiological characteristics of CRE is mandatory for adequate public health and infection control practices.

Between 2013 and 2014, CRE prevalence increased from 1.7 to 3.7%, whereas from 2016 to 2020, CRE resistance prevalence shows a slightly decreasing pattern, which triggers the exploration of what factors resulted in such changes? In June 2013, the Health Authority of Abu Dhabi issued a circular on CRE, which has alerted healthcare facilities in the Emirate of Abu Dhabi and may have led to an increased detection of carbapenem-resistant pathogens, hence the increased prevalence of CRE in 2014. The number of surveillance sites in 2018 increased by 37 compared to 2017, but CRE prevalence in 2018 declined by 0.4 and 0.8% compared to 2017 and 2016, respectively. This decline cannot be directly explained from our results but warrants investigation of any national policies that may have produced such effect in these 2 years. In December 2017, the Department of Health of Abu Dhabi issued a standard and a guideline for antimicrobial stewardship (ASP), which may have contributed to improved prevention and control of multi-drug resistant organisms, including CRE, in the Emirate of Abu Dhabi. In 2019 and 2020, almost a steady pattern is observed, which tends to raise again in 2021, warranting to explore the effect of the COVID-19 pandemic on such changes. Previous data from other countries have reported a decline in CRE in the wake of the global pandemic (39, 40), and factors that may explain such decline like improved hygiene, social distancing, reduced travel, constricted transfer of critically ill patients, and others, have been described (41), although precise data in this regard remain conflicting (42). Moreover, the mortality rate, according to our observations, was about six-fold higher in patients associated with CRE compared to those associated with non-CRE Enterobacterales. Patients associated with CRE were four-fold more likely to be admitted to ICU, and their median length of stay was increased by 10 days, as compared to patients associated with non-CRE. This is consistent with other findings that indicated high mortality rate and poor outcomes in patients with CRE (43, 44), and highlights need for surveillance and control for better health outcomes.

When looking into the age of the population affected by CRE, it was found that over the study period, almost 90% of the patients with CRE samples were adults aged above 19 years. It is worth mentioning that the number of CRE isolates recovered from patients below 19 years increased from two isolates in the first year of the study to over 250 for CRKp and over 350 for CREc in the last year. Whether such an increase is due to resistance spread in the pediatric patients or merely due to increased inclusiveness of our samples by more centers getting involved, cannot be accurately determined, but indeed, warrants attention to monitor CRE in pediatrics. Although studies exist on CRE infections in pediatric patients (45–47), the true prevalence and proportionality to adult infections remains to be identified. One study reported that the frequency of carbapenem resistance among Enterobacterales in children in the United States raised from 0% in 1999–2000 to 0.47% in 2010–2011 (48). While the therapeutic paradigms for CRE have evolved with the introduction of novel β-lactam/β-lactamase inhibitor combinations like ceftazidime/avibactam, meropenem/vaborbactam, and imipenem/cilastatin-relebactam, optimal treatment of CRE infections in children remains challenging given limited pediatric-specific clinical data and experience (49). With the complexity of CRE treatment in children, and the need for expert consultation and individualized approach, our results call for a more meticulous surveillance of these infections in children while they are still limited, in a way to benefit from time until treatment paradigms evolve and new agents in the antibiotic pipeline become available and well-studied in pediatrics.

The majority of CRE identified throughout the study period were recovered from urine samples followed by sputum then blood. These data are somehow in alignment with other studies (50) but are unlike results of some large-scale multicenter studies from China and Taiwan reporting the highest number of CRE infections to originate in the lower respiratory tract (51–53). Urine samples may have outnumbered other samples in the UAE since most of the participating centers were public or private clinics rather than tertiary care centers, and these clinics may have urine as the easiest and most convenient sample. This highlights the possible community spread of these strains, that has been already reported elsewhere (6, 54), and warrants close monitoring in the UAE.

Throughout the study, CRKp remained the most prevalent CRE isolated from the studied samples, with an increase in its numbers consistently shown across the years. Pathogenic strains of K. pneumoniae cause widely diverse infectious diseases, including urinary tract, respiratory tract and blood infections, and are known as key menace to public health, being a common agent of nosocomial and community acquired infections (55). The results obtained regarding the demographic features of patients from whom CRKp isolates were recovered, together with antimicrobial susceptibility profiles, add to previous longitudinal data on CRKp in other countries over several years, like those from China (56–58), Singapore (59), Italy (60), and Germany (61). As a first time-trend study in the UAE, it will be beneficial to capitalize on these data for further surveillance of CRKp, and to try to associate its infections with particular risk factors. Our results did not reveal molecular epidemiology of the strains, a highly demanding task given the large number of samples and the long study period, but such properties, indeed, are tempting to analyse. So far, carbapenemase production, especially the Ambler class A K. pneumoniae carbapenemase (KPC) and the Ambler class B metallo-β-lactamases (MBL) like IMP, VIM, and NDM constitute the basic molecular mechanisms of CRKp emergence (12). According to recent evidence, knowledge of the exact mechanism of CRKp emergence is crucial to select an appropriate antimicrobial agent among choices such as plazomicin, eravacycline, temocillin, cefiderocol, ceftolozane/tazobactam, imipenem/cilastatin/relebactam, meropenem/vaborbactam, ceftazidime/avibactam, or aztreonam/avibactam (62). For instance, meropenem/vaborbactam combination is known for its effectiveness against KPC producers, ceftazidime/avibactam against both KPC and OXA-48 producers, and cefiderocol against MBL producers (63). It is anticipated that if resistance mechanism data support the phenotypic and demographic characteristics of CRKp, a better guide into antimicrobial therapy selection for these strains in the UAE can be established.

Regarding CREc and its isolation mostly from urine samples of outpatients, especially adult females, these are trends consistent with previously reported data about this organism (64–66). They may relate to its association with urinary tract infections (67, 68), which are among the most common infections worldwide, with substantial morbidity, mortality, and economic burden (69). Due to the physiological and structural factors, women are more vulnerable to urinary tract infections and almost half of them will experience at least one episode during their lifetime (70). In addition, the prevalence of the infection increases with age, weak immune system, and low estrogen levels (71). The high empiric use of antibiotics for the treatment of urinary tract infections has driven antibacterial resistance in E. coli (72), and this is not an exception in UAE, with its mixed and fluctuating population. Perhaps a more thorough investigation of carbapenem resistance in this organism by molecular and genomic methods will add to the available data from this 12-year long follow-up to better understand and mitigate carbapenem resistance in this organism.

Looking into the carbapenem resistance rates for specific CRE, it was noticed that in 2021, K. pneumoniae were to 67.6, 66.2, and 91.6% resistant to imipenem, meropenem, and ertapenem, respectively. There is a need to activate and reinforce stewardship programs and infection control to reduce further raise in carbapenem resistance in K. pneumoniae in the UAE. For imipenem, a progressive decrease in resistance among CREc was noted, reaching 35.6% in 2021, and is similar to some other studies describing trends in other areas in the region like Iraq and Jordan (73). This observation is interesting and emphasizes the effectiveness of infection control programs and the importance of targeted antimicrobial stewardship programs in reducing resistance rates.

Apart from carbapenems, and for other antibiotic/antibiotic combinations tested throughout the study, resistance was high especially in CRKp, and showed a heterogeneous pattern for CREc. Nevertheless, both pathogens remained sensitive to fosfomycin, known for effectiveness in urinary tract infections caused by resistant E. coli and K. pneumoniae strains (74–76). However, in light of the recent observations of acquired fosfomycin resistance in these pathogens (77–79), practitioners in the UAE should remain vigilant about the use of this antibiotic to preserve its effectiveness. Moreover, CREc remained, throughout the study, sensitive to tigecycline, which persists among the last resort options for CRE (80, 81). Likewise, emerging reports of increased resistance in E. coli to this antibiotic (82, 83), as well as of hypervirulent K. pneumoniae which is tigecycline non-susceptible (84, 85) highlight the urgent need to enhance clinical awareness regarding this issue, the responsible use of tigecycline, and continuous epidemiologic surveillance to prevent compromising the usefulness of this antibiotic. Also, and with spread of mobilized colistin resistance genes (mcr) among Gram-negative pathogens (86) and reports from surrounding regions (87) as well as national observations (88), care must be taken to advance the knowledge about colistin resistance while supporting the efforts toward better stewardship to maintain clinical utility of this antibiotic. Moreover, the increase in MDR phenotype recovery in CRKp over the study years, being resistant to at least three antibiotic classes, indicates the need for follow-up, and both species need to be monitored in this regard, given the paucity of treatment options with multi-resistance (Figure 9).


[image: Figure 9]
FIGURE 9
 Percentages of CRKp and CREc over the surveillance period that have a MDR phenotype.




5 Conclusion

In summary, this manuscript shows the trend over time of carbapenem resistance rates in the UAE among Enterobacterales and points out important findings for research and follow-up. It also shows that CRE infections are associated with higher mortality, increased ICU admission rates, and a longer hospitalization, thus poorer clinical outcome and higher associated costs. The phenotypic and demographic resistance profiles of CRE remain dynamic, and should be continuously updated, as well as supported by molecular epidemiology and genomic data, to help diminish the spread of these isolates across the UAE.
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Introduction: Acinetobacter spp., in particular A. baumannii, are opportunistic pathogens linked to nosocomial pneumonia (particularly ventilator-associated pneumonia), central-line catheter-associated blood stream infections, meningitis, urinary tract infections, surgical-site infections, and other types of wound infections. A. baumannii is able to acquire or upregulate various resistance determinants, making it frequently multidrug-resistant, and contributing to increased mortality and morbidity. Data on the epidemiology, levels, and trends of antimicrobial resistance of Acinetobacter spp. in clinical settings is scarce in the Gulf Cooperation Council (GCC) and Middle East and North Africa (MENA) regions.

Methods: A retrospective 12-year analysis of 17,564 non-duplicate diagnostic Acinetobacter spp. isolates from the United Arab Emirates (UAE) was conducted. Data was generated at 317 surveillance sites by routine patient care during 2010–2021, collected by trained personnel and reported by participating surveillance sites to the UAE National AMR Surveillance program. Data analysis was conducted with WHONET.1

Results: Species belonging to the A. calcoaceticus-baumannii complex were mostly reported (86.7%). They were most commonly isolated from urine (32.9%), sputum (29.0%), and soft tissue (25.1%). Resistance trends to antibiotics from different classes during the surveillance period showed a decreasing trend. Specifically, there was a significant decrease in resistance to imipenem, meropenem, and amikacin. Resistance was lowest among Acinetobacter species to both colistin and tigecycline. The percentages of multidrug-resistant (MDR) and possibly extensively drug-resistant (XDR) isolates was reduced by almost half between the beginning of the study in 2010 and its culmination in 2021. Carbapenem-resistant Acinetobacter spp. (CRAB) was associated with a higher mortality (RR: 5.7), a higher admission to ICU (RR 3.3), and an increased length of stay (LOS; 13 excess inpatient days per CRAB case), as compared to Carbapenem-susceptible Acinetobacter spp.

Conclusion: Carbapenem-resistant Acinetobacter spp. are associated with poorer clinical outcomes, and higher associated costs, as compared to carbapenem-susceptible Acinetobacter spp. A decreasing trend of MDR Acinetobacter spp., as well as resistance to all antibiotic classes under surveillance was observed during 2010 to 2021. Further studies are needed to explore the reasons and underlying factors leading to this remarkable decrease of resistance over time.

KEYWORDS
 Acinetobacter, United Arab Emirates, multidrug-resistance, national surveillance, antimicrobial resistance


1 Introduction

The extremely diversified Acinetobacter genus includes more than 50 species of nonpigmented, Gram-negative, oxidase-positive or oxidase-negative coccobacilli, the bulk of which are nonpathogenic, environmental organisms (1). The species Acinetobacter baumannii, Acinetobacter calcoaceticus, and Acinetobacter lwoffii are the most commonly detected, while Acinetobacter haemolyticus, Acinetobacter johnsonii, Acinetobacter nosocomialis, Acinetobacter pittii, and Acinetobacter schindleri are sporadically encountered (2–4). Typically, the four species A. calcoaceticus, A. baumannii, A. pittii, and A. nosocomialis form together the so called A. calcoaceticus–A. baumannii complex, being closely related and difficult to routinely distinguish; and recently, two new species, Acinetobacter seifertii and Acinetobacter dijkshoorniae were also included within that complex (5).

The 1960s and 1970s witnessed the emergence of infections caused by Acinetobacter species, coinciding with the use of sophisticated intensive care (6, 7). Initially thought of as a commensal opportunist with moderate virulence and little clinical significance, Acinetobacter infections increased in incidence and severity over the past few decades, an increase concomitant with rising prevalence of procedures including mechanical ventilation, central venous catheterization, and broad-spectrum antimicrobial therapy (8, 9). Nowadays, infections by Acinetobacter species, especially A. baumannii, are widely disseminated across hospitals, with highest density in intensive care units (ICUs), accounting for at least 20% of hospital-acquired infections in these wards (10), with estimates of resulting overall mortality exceeding 40% (11). In particular, A. baumannii group includes opportunistic pathogens that cause ventilator-associated pneumonia (VAP), central-line catheter-associated bloodstream infections (CLABSI), meningitis, urinary tract infections, surgical-site and wound infections, among others (12, 13). In one study, A. baumannii accounted for at least 9% of all Gram-negative infections and about 22% of infections in the ICU (14). Moreover, it is incriminated in over 7% of hospital-acquired pneumonia in the ICU and about 2% of nosocomial bloodstream infections (15). In a report issued in 2016 by the National Healthcare Safety Network in the US, the most frequent antimicrobial-resistant pathogens associated with health care-associated infections were reviewed. Acinetobacter species accounted for over 12% of VAP, 8.8% of CLABSI, 1.3% of catheter-associated urinary tract infections, and 1.3% of surgical site infections among gram-negative bacteria (16).

Along with the rise of Acinetobacter infections, major classes of antibiotics are threatened to lose their effectiveness against this pathogen, given its complex and varied resistance mechanisms (17). Acinetobacter exhibits exceptional capacity to retain a multidrug-resistant (MDR) phenotype, further complicating therapy, through a wide variety of pathways such as antibiotic-hydrolyzing enzymes, efflux pump alterations, impermeability, and antibiotic target mutations (18). As such, Acinetobacter spp. are capable of hydrolyzing β-lactams through the four different classes (A to D) of Ambler enzymes; produce aminoglycoside-modifying enzymes; expel multiple antibiotics by efflux pumps; alter carbapenem and aztreonam access through porin mutations; and modify key antibiotic targets like penicillin-binding proteins, DNA gyrase, and lipopolysaccharide (19–22). Accordingly, infections caused by Acinetobacter currently present a challenge to clinicians, and the available therapeutic options remain extremely limited (23). Due to accumulated mechanisms of resistance, Acinetobacter has been classified as MDR, extensively drug resistant (XDR) and pan-drug resistant (PDR), according to the published classification by Magiorakos et al. (24) for healthcare-associated, antimicrobial resistant bacteria. These phenotypes pose a real exertion to antimicrobial chemotherapy (25), and are associated with considerable mortality (26, 27).

In the Gulf Cooperation Council (GCC) and Middle East and North Africa (MENA) regions, accumulating data indicate the prevalence of MDR Acinetobacter infections. For example, Aedh and Colleagues (28) recently demonstrated alarming levels of resistance among MDR Acinetobacter in Saudi ICUs, with gentamicin and colistin being the most sensitive antibiotics. The rate of resistance to antibiotics from β-lactam, fluoroquinolone, and aminoglycoside groups was above 50%, while only trimethoprim-sulfamethoxazole was active against 50% of the isolates. Also in Qatar, different lineages of carbapenemase-producing, MDR Acinetobacter were reported (29). In Kuwait, independent research groups have previously documented expansion of MDR Acinetobacter across different hospitals, with polyclonal nature and transferrable resistance determinants (30–32). As far as the United Arab Emirates (UAE) is concerned, the first preliminary analysis of resistant A. baumannii from the Emirate of Dubai in 2021 reported multiple carbapenemase genes that have horizontally spread (33). An earlier study described MDR Acinetobacter with heterogeneous, sporadic types isolated from 5 different hospitals in Abu Dhabi (34). Moreover, in a local follow-up analysis from a single tertiary hospital at Al-Ain Emirate, a drop in imipenem susceptibility in Acinetobacter species from 99% in 2004 to only 32.5% in 2008 was noticed (35). Such evidence did shed a light on specific resistance mechanisms among local Acinetobacter species and created a background underscoring the need for further surveillance and control. However, large-scale, UAE-wide epidemiological studies of this group of bacteria are still lacking, and trends in antimicrobial resistance remain to be investigated. Of note, these trends have been increasing in reports from various regions (36–40), although some studies indicate a decreasing trend, such as that reported by Logan and colleagues (41), where cephalosporin-resistant A. baumannii decreased significantly between 2008 and 2012 in pediatric infections. The decrease was attributed to calls for improvement in infection control practices during that period, as well as to the concomitant release of an expert guidance on implementation of antimicrobial stewardship in critical care.

The UAE is a country in the GGC region well known for its cosmopolitan atmosphere, being a host for several nationalities and cultures, and a growing role as an international travel, tourism, finance, and health industry hub (42). Such blended and diversified population increases the risk for dissemination of resistant pathogens, and Acinetobacter are not an exception. Nevertheless, a consolidated, time-trend analysis of the evolution and changes in Acinetobacter resistance traits over a long period has not been previously realized in the UAE. While challenges in Acinetobacter species persist, given its nosocomial, resilient nature, longitudinal, retrospective, surveillance studies of such pathogen in a specific region remain necessary (17). Such studies highlight patterns and trends of infection and antibiotic resistance which eventually provide direction for strengthening infection control strategies in healthcare settings in this region (43), and should be beneficial to follow up Acinetobacter resistance patterns in the UAE.

The current investigation was realized to describe the longitudinal changes in Acinetobacter species resistance trends, as reported by the national antimicrobial resistance surveillance system that covers all the seven UAE Emirates. The specific objective of this follow-up study was to explore the nationwide status of Acinetobacter species resistance and evolving nosocomial patterns. It lays out the most prevalent Acinetobacter spp. observed at UAE healthcare facilities, along with the prevalence of their MDR, XDR, and PDR phenotypes, and represents the first documentation of a 12-year resistance portfolio in this pathogen across the whole country, from 2010 until 2021.



2 Materials and methods


2.1 Study design and data source

A multi-institutional retrospective observational study was conducted between 2010 and 2021 in the UAE using data extracted from the WHONET microbiology laboratory database software2 supported by the Global AMR Surveillance System protocol (GLASS, World Health Organization). Data was generated, collected, cleaned and analyzed through the UAE national AMR Surveillance program described by Thomsen et al. (44).



2.2 Identification and enrollment of national AMR surveillance sites

Starting 2010, UAE institutions were incorporated into the UAE national AMR surveillance program based on epidemiological needs assessment, readiness, and willingness of facilities to participate, availability of high-quality electronic AMR data, lab accreditation status, and qualification of staff. Hospitals, centers, and clinics representing all seven Emirates of the UAE joined the AMR surveillance network gradually over the years.



2.3 Bacterial population and variables of the study

All Acinetobacter spp. isolated from clinical samples during routine patient care by medical professionals in the National AMR surveillance sites, were included in this study from January 2010 to December 2021. Only the first isolate from each patient for each species per reporting period was included. Excluded from analysis were screening and quality control isolates, duplicate isolates, infection control related isolates, environmental isolates, and isolates from primary contaminated sources (pedibag).

The associated patient demographic information, clinical data, and microbiologic laboratory results were extracted from the national WHONET laboratory database software. The demographic variables included age, sex, nationality; clinical variables revealed the type of facility reporting the isolate (hospital/center/clinic), patient location, location type, specimen collection date, types of infection/specimen source; and microbiology variables revealed types of organism and antibiotic susceptibility testing results. The infection was considered to originate outside the center for outpatients or those presenting with the infection at the emergency department.



2.4 Bacterial identification

Bacterial identification was performed at the national AMR surveillance sites by medical professionals. The participating centers used at least one commercial, automated system for identification of bacteria, including VITEK® (BioMérieux SA, Craponne, France), BD Phoenix™ (Becton Dickinson, New Jersey, United States) and MicroScan WalkAway (Beckman Coulter, Brea, CA, United States). Only one lab relied on manual systems like API® (Analytical Profile Index. BioMérieux SA, Craponne, France) solely for identification.



2.5 Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed at the National AMR surveillance sites using at least one commercial, automated system for routine antimicrobial susceptibility testing. Only two laboratories used manual testing methods (disk diffusion/Kirby Bauer). All labs followed CLSI guidelines for antimicrobial susceptibility testing of bacteria (CLSI-M100) (45). The criteria for interpretation of susceptibility testing results for tigecycline were adapted from the European Committee on Antimicrobial Susceptibility Testing (EUCAST 2022) guidelines (46). Any Acinetobacter spp. resistant to either imipenem, or meropenem, or both was considered as carbapenem-resistant Acinetobacter spp. (CRAB). To assess the multidrug-resistant (MDR) phenotype of the isolates the standard definition by Magiorakos et al. was used (24). To assess the extensively drug-resistant (XDR) and pandrug-resistant (PDR) phenotypes, a slightly modified version of the standard definition by Magiorakos et al. was used (24). Magiorakos’ et al. definitions for XDR and PDR phenotypes for Acinetobacter spp. includes 9 antimicrobial categories with 22 antibiotic agents. For technical reasons, associated costs, and local formulary requirements, participating laboratories would not routinely test all 22 antibiotics, i.e., some antibiotics were only very rarely (netilmicin, levofloxacin, ticarcillin/clavulanic acid, ampicillin/sulbactam, colistin, polymyxin B, tetracycline, doxycycline) or not at all (doripenem) tested. As such, the following, slightly modified definitions were used for ‘possible XDR’ and ‘possible PDR’ isolates (modifications highlighted in italics):

- ‘Possible XDR’: Non-susceptibility to at least one agent routinely tested by clinical labs in all but two or fewer antimicrobial categories, (i.e., bacterial isolates remain susceptible to only one or two categories).

- ‘Possible PDR’: Non-susceptibility to all agents routinely tested by clinical labs in all antimicrobial categories (i.e., no agents were tested as susceptible for that organism).



2.6 Statistical tests

Statistical significance of temporal trends for antimicrobial resistance percentages was calculated if data from at least 5 years was available. If fewer than 30 isolates per year were reported, or data was not available for all years within the considered period, trend analysis was not conducted. Statistical significance of trends is expressed as a p-value, calculated by a Chi-square for trend test (extended Mantel–Haenszel), using SPSS or Epi Info™. For testing the statistical significance of the difference for mortality and ICU admission a Chi2-test was used. For testing the statistical significance of the difference for length of stay (LOS), the weighted log-rank survival analysis was used. This was done to take care of differences in sample size between the groups. A p-value of less than 0.05 was considered statistically significant.




3 Results


3.1 Distribution of reporting sites for national AMR surveillance

The UAE national AMR surveillance program was initiated in 2010 in the Abu Dhabi Emirate with 6 hospitals and 16 centers/clinics enrolled as AMR surveillance sites. Additional sites were recruited over the years, starting with 22 participating sites located only in the Emirate of Abu Dhabi in 2010, which is the first year during which the study was initiated, and reaching in 2021 a total of 317 surveillance sites, including 87 hospitals and 230 centers/clinics and representing all seven Emirates of the country. Figure 1 represents the distribution of reporting sites for National AMR Surveillance from 2010 to 2021, by year and Emirate.
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FIGURE 1
 Number of AMR Surveillance sites by Emirate over the years of the surveillance period (2010–2021) in the UAE.




3.2 Bacterial population

From 2010 to 2021, a total of 17,564 non-repetitive Acinetobacter spp. was isolated from an equivalent number of patients over the surveillance period. Figure 2 represents the number of Acinetobacter spp. isolates included per year.
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FIGURE 2
 Numbers of non-repetitive Acinetobacter spp. isolated per year over the surveillance period in the UAE.




3.3 Species distribution

Among the 17,564 Acinetobacter spp. analyzed, the vast majority belonged to the A. calcoaceticus–A. baumannii complex that includes A. calcoaceticus, A. baumannii, A. pittii, and A. nosocomialis. The overall percentages over the study period are shown in Table 1. More than 86.7% of the total number of Acinetobacter spp. collected during the surveillance period belongs to that complex.



TABLE 1 Acinetobacter species distribution as number and percentage of isolates across the study period (2010–2021).
[image: Table1]



3.4 Distribution of Acinetobacter spp. patients by age, gender, nationality status, and Emirate

Acinetobacter spp. strains were mostly associated with adults with a net decrease in the newborn and pediatric population since 2016 (Figure 3). Strains of Acinetobacter spp. were almost equally affecting males and females, with a 51% attributed to males.

[image: Figure 3]

FIGURE 3
 Age distribution of Acinetobacter spp. patients over the surveillance period per year.


The nationality status of patients revealed a total of 23.1% of nationals and 36.3% of expatriates. For the remaining 40.6% of patients, the nationality status was missing. The majority of patients was detected in the Emirate of Abu Dhabi as shown in Figure 4, and those accounted for over half of the patients during which Acinetobacter isolates were recovered.

[image: Figure 4]

FIGURE 4
 Distribution of patients carrying Acinetobacter spp. by Emirate over the surveillance period.




3.5 Distribution of Acinetobacter spp. by sample type group

Most of Acinetobacter spp. strains were isolated from urine (32.9%), followed by the respiratory tract samples (29.0%) and the soft tissue (25.1%) groups. The distribution of Acinetobacter isolates by clinical sample type is shown in Figure 5.
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FIGURE 5
 Distribution of Acinetobacter spp. by sample type group over the surveillance period.




3.6 Distribution of Acinetobacter spp. by location (inpatients/outpatients) and department

Most strains of Acinetobacter spp. (65.2%) were detected in clinical settings (in hospitals rather than community settings and emergency wards) and were enrolled in general medical wards (26.8%) followed by ICUs (15.8%) and surgery departments (15.6%). A proportion of 34.8% of studied isolates originated in outpatient basis, being recovered either in the community, from outpatient centers and clinics, or in the hospital emergency departments.



3.7 Trend of antimicrobial susceptibility profiles of Acinetobacter spp.

The sensitivity of all Acinetobacter spp. recovered during a period of the study, from 2014 to 2021, to antimicrobial agents from the β-lactam group and other groups is shown in Figures 6 and 7.
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FIGURE 6
 Susceptibility trends of Acinetobacter spp. to five different β-lactams over a selected period of the study (from 2014 to 2021).


[image: Figure 7]

FIGURE 7
 Susceptibility trends of Acinetobacter spp. to antibiotics other than β-lactams over a selected period of the study (from 2014 to 2021).


The resistance of isolates to multiple antibiotics showed a decreasing trend over the study period, as depicted from the general profiles in Figures 6 and 7. Specifically, resistance to imipenem and meropenem as well as to amikacin showed a statistically significant decrease over the past 12 years with a p value of zero. Resistance to colistin was low, showing an upper limit of 4% in 2018. Tigecycline resistance levels were the lowest, with maximum upper limit of 0.2% in 2019 and 2021, while they persisted at zero with isolates remaining highly sensitive to this antibiotic for all other study years.

The percentage of strains that exhibited MDR phenotype, as shown in Figure 8, being resistant to three or more classes of antibiotics, such as ciprofloxacin, gentamicin, tetracycline, trimethoprim/sulfamethoxazole, ceftazidime, piperacillin/tazobactam, imipenem, and meropenem, ranged between 48.7 in 2010 and 20.6 in 2019 and 2020, then raised again to 24.7 in 2021. The maximum percentage of possible XDR strains was reported in 2010 at 45.7%, and of possible PDR strains in 2016 at 16.2%. These figures were cut down to 22.3 and 8%, respectively, in 2021. As an overall trend, MDR, possible XDR, and possible PDR strains generally declined over the study period especially starting from the year 2016, as shown in Figure 8.
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FIGURE 8
 Trends of Acinetobacter spp. exhibiting multidrug-resistant (MDR), possible extensively drug-resistant (XDR) and possible pandrug-resistant (PDR) phenotypes over the study period.




3.8 Mortality rate

A subgroup analysis including the nine clinical institutions that reported mortality was performed. In these institutions, a total of 4,306 patients were associated with non-CRAB of whom 272 patients died (mortality rate is 6.32%), while a total of 1,649 patients were associated with CRAB, of whom 593 patients died (mortality rate is 35.96%). The difference in mortality between CRAB patients (35.96%) and non-CRAB patients (6.32%) is statistically significant (RR 5.69, 95% C.I. 4.99, 6.50, p < 0.01).



3.9 Admission to intensive care unit

A total of 9,132 patients were associated with non-CRAB of whom 1,109 patients were admitted to ICU (ICU admission rate is 12.14%), while a total of 3,800 patients were associated with CRAB, of whom 1,510 patients were admitted to ICU (ICU admission rate: 39.740%). The difference in ICU admission rate is statistically significant (RR 3.27, 95% C.I. 3.06, 3.50, p < 0.01).



3.10 Length of stay (LOS)

A subgroup analysis including those patients for whom the date of admission as well as the date of discharge was known was performed. For patients in the non-CRAB group (n = 1,321) the median length of stay was 8 days, while for patients in the CRAB group (n = 715) the median length of stay was 21 days. Comparative differences in LOS were done using Kaplan–Meier curves and are shown graphically in Supplementary Figure 1. To assess if the observed difference in LOS was statistically significant, we performed a weighted log-rank test. This test showed that there was a significant difference in LOS between CRAB and non-CRAB patients (p < 0.001).

Based on a total of n = 4,921 patients associated with CRAB during the observation period (2010–2021), a total of 63,973 excess days of hospitalization is estimated attributable to CRAB. For the year 2021 only, a total of 7,384 excess hospitalization days is estimated attributable to CRAB.




4 Discussion

This is the first comprehensive analysis across the UAE that shows the significance and magnitude of Acinetobacter infections in clinical settings and the fluctuations in their antimicrobial resistance patterns. The present research utilized an extensive dataset collected over a considerable duration, allowing precise observation of subtle variations in antimicrobial resistance among Acinetobacter. This level of inclusive analysis has not been previously replicated in the country. The samples analyzed in this study consisted of non-repetitive Acinetobacter of laboratory confirmed identity and antibiotic resistance profile, indicating authenticity of the microbiological material used and accuracy of the generated data. Perhaps the most thought-provoking finding in this study is the observation of a decrease in antibiotic resistance in Acinetobacter over about 12 years, and this was evident despite an increase in the number of participating sites from 22 to 317, distributed across all the seven Emirates.

The UAE accommodates a diverse community comprising more than 200 nationalities. Emirati nationals make up approximately 10% of the overall population, highlighting the UAE’s status as one of the countries with a significant expatriate presence. Among the expatriate groups, Indians and Pakistanis represent the largest segments, accounting for 27.5 and 12.7% of the total population, respectively. However, our results show that about 23% of Acinetobacter samples were recovered from Emirati nationals, while 6.1 and 4.5% were recovered from Indian and Pakistani expatriates, respectively. These proportions of the total sample pool should be interpreted cautiously, since 40.6% of the samples attributed from patients for whom their nationality was not coded in the data, hence not available. With the expatriate-inclusive and multicultural setting, expected to prevail for the forthcoming years, the UAE may be an interesting niche to compare how trends of resistance in Acinetobacter differ by nationality, shedding a light on cultural and social factors contributing to resistance in a multidisciplinary research perspective, as previously suggested (47, 48). However, given that a massive 40.6% of our samples originated from patients with unknown nationality, this investigation could not be realized with our data, but remains tempting to explore. Moreover, the majority of patients (52%) from whom samples for the study were recovered were residents of the Emirate of Abu Dhabi, which also included the majority of participating centers (44.2%). Obviously, this conforms with the fact that Abu Dhabi has been the first Emirate to start AMR surveillance, and it also is the largest Emirate in terms of area, where is occupies over 80% of the nation’s land. However, Dubai, rather than Abu Dhabi, is the most populated Emirate, and samples from Dubai residents accounted for a much lower 17% only of those analyzed in this study. As such, these results must be cautiously interpreted.

As shown in Table 1, the majority of recovered species belong to A. calcoaceticus-baumannii complex, which alone occupied 86.7% of the total sample size. The remaining proportion was formed collectively from all other species, with A. lwoffii and A. junii accounting for 4.6 and 2.2% of all isolates collected throughout the study period, in addition to other species. Ubiquitous Acinetobacter species were initially thought of as commensals that are non-pathogenic to immunocompetent subjects (49); globally, reports on hospital outbreaks caused by Acinetobacter spp. have been mostly linked to A. baumanni, which is the most virulent species (50). However, several species of these ubiquitous bacteria have emerged as core pathogens in hospitalized patients and fomites, and can cause life-threatening nosocomial infections in compromised hosts (51). The spread of antimicrobial resistance to these species has further increased concerns regarding them and placed them as a special risk (52), especially in the ICU (53–55). With over 15% of different non-baumannii species isolated throughout the duration of the study, this may shed a light on the presence and long-term maintenance of these strains among patients and, accordingly, the need for precise documentation and tight control of different factors responsible for their dissemination in the UAE.

A consistent minimum of about 70% of species were recovered from adult patients, while pediatric samples declined from 2016 till the end of the study to reach about 12%. Reports of resistant Acinetobacter infections in children in different hospital settings have been previously published (56–58), even in children under 1 year with community acquisition of A. baumanni in their upper respiratory tract (59). This indicates possible epidemiological insights into the existence of Acinetobacter not only in critical settings, but also in non-serious community-based infections in the pediatric population. An in-depth analysis of Acinetobacter infections in infants and children in the UAE has not been yet realized. However, the decreasing rates of infection since 2016 are interesting, and warrant a further focused exploration of the epidemiology and resistance patterns of Acinetobacter in this population.

Urinary and respiratory samples contributed to the largest collection of studied samples, with percentages of 33 and 29%, respectively, from the bulk collection of Acinetobacter. Although described as a cause of catheter-associated urinary tract infections (60), most of the literature has focused on Acinetobacter in pneumonia and bloodstream infections; nevertheless, its role as a uropathogen cannot be neglected (61), and its isolation in urine samples in this study warrants attention. The second most common clinical specimen was from the respiratory tract, and this is in parallel to evidence indicating Acinetobacter abundance in respiratory samples with an incidence from 13 to 68% (62). Of note, the proportion of outpatient samples was about 35%, shedding a light on Acinetobacter reservoirs outside hospital settings, where they can be culprits in community-acquired pneumonia, infections in survivors from natural disasters, and infected war wounds (63). The actual presence of this organism in various environmental locations and being transferred to patients in the community is not possible to confer from our findings and needs further attention.

Over the full duration of the study, the rates of resistance of Acinetobacter to all tested antibiotics did not increase beyond 50%. This is in contrast to a recent report from the Gulf region, where in KSA, a neighboring country, the rates of resistance to all antibiotic in A. baumannii was above 50%, except for gentamycin and colistin (28). Also, in Oman, the rates of A. baumannii resistance to different antibiotics ranged from 50 to 83% (64). Previously, some studies detected the molecular epidemiology of A. baumannii resistance in the region, like detection of OXA-23 and OXA-24 from isolates collected from the Gulf Cooperation Council countries (65), detection of OXA-23, NDM-1 and GES-11 in isolates from Dubai (33), and detection of MDR and XDR strains in Abu Dhabi (34). In this study, a follow-up of resistance trends to different antibiotics consistently at a nationwide level showed that the rates of resistance declined from 2011 to 2021. This was true for all tested β-lactam antibiotics, whose resistance declined from a range of 40–50% at the beginning of the study to 20–30% in the last 3 years of follow-up. For other antibiotic classes, the trends of resistance were more heterogeneous in the first few years (due to smaller sample size), but all declined toward the end of the study. Perhaps the statistically significant decline in imipenem, meropenem, and amikacin is one of the most interesting findings of this analysis, and warrants to investigate the positive practices in the UAE that culminated into such a result. Similarly, the proportions of MDR and possible XDR strains were almost reduced by half, indicating that some isolates have regained their sensitivity or at least ceased being nonsusceptible over the course of the follow-up years. The mild increase in the levels of MDR, possible XDR, and possible PDR strains toward the end of the study period may have been affected by the COVID-19, as reported elsewhere (66, 67), and was probably driven by high rates of antimicrobial utilization and disruption of infection control measures occurring as collateral effects of the global pandemic (68). It is worth mentioning that trends in Acinetobacter species resistance were reported to have similar declining portraits in other parts of the world. For instance, a national study from the US showed a decline in carbapenem resistance (from 43 to 36%), MDR prevalence (from 49 to 36%), and XDR prevalence (from 21 to 10%) from 2010 to 2018. Similar epidemiological data of resistance decline in Acinetobacter exist from KSA (69), Germany (70), and Brazil (71). Hence, the decrease in resistance trends in Acinetobacter in the UAE mirrors other resistance trend observations in the region and elsewhere, and emphasize the need for continuing infection control and stewardship efforts and the development of new therapeutic options. While the trends for antimicrobial resistance to some antibiotics showed a slight rise after 2019, probably associated with factors related to the COVID-19 pandemic (72), the tends remained lower than those observed at the beginning of the study.

Looking into some specific antibiotics and the decrease in resistance among the studied isolates, it is noticeable that, for instance, imipenem and meropenem resistance rates in 2021 were less than 30%. This is much lower than rates of resistance reported in nearby countries like Jordan, where carbapenem resistance rate in 2022 was 99% (73). Moghnieh and Colleagues (74), in their narrative review on resistant Gram-negative pathogens in the region also described rates of carbapenem resistance in Acinetobacter above 80% not only in Jordan, but also in Lebanon and Iraq. The rates of carbapenem resistance in other countries including Turkey, Greece, Italy, and Spain, are much higher, with reported incidences of 50–80, 85, 60, and 45%, respectively (75, 76). For antibiotics from the non-β-lactam class, the highest resistance rates in 2021 were for tetracycline and ciprofloxacin, but both showed rates below 30%. This is in contrast to higher rates observed in Iran (tetracycline resistance 86%) (77), Egypt (ciprofloxacin resistance 42%) (78). However, the rates in this study were higher than those observed in Pakistan for ciprofloxacin (2.5%) and close to those for tetracycline (25%) (79). There are positive insights from the decline in resistance observed over the study duration, and comparison to other data from other countries reveals diverse resistance rates. However, the observed decline does not preclude the need for ongoing surveillance of Acinetobacter infections and continued assessment of effective prevention strategies, to build on the observed resistance mitigation for future attainments.

The two antibiotics tigecycline and colistin remained effective throughout the study period. According to previous evidence (80–84), combinations of these two antibiotics or combination of at least one of them with a third antibiotic have been used in treatment of MDR Acinetobacter infections, with variable success. However, both antibiotics remain among the most effective antimicrobial agents against Acinetobacter isolates in vitro (85), and their value needs to be preserved. As such, antimicrobial usage and consumption surveillance should aim at monitoring the use of colistin and tigecycyline, in presence of reports indicating resistance in Acinetobacter mainly mediated by the tet(X) gene against tigecycline (86, 87), and by the loss or modification of lipopolysaccharide or plasmid-encoded mcr genes against colistin (88, 89). The preservation of effectiveness of these two antibiotics in the UAE during this study, albeit with some rise in colistin resistance in 2018 and 2020, should provide an exemplar on maintaining the effect of last-resort antibiotics in clinical settings of high resistance.

Nevertheless, the mortality rate, according to our observations, was about 5.7-fold higher in patients infected with CRAB compared to those infected with non-CRAB Acinetobacter spp. Patients with an infection associated with CRAB were 3.3-fold more likely to be admitted to ICU, and their median length of stay was increased by 13 days, as compared to patients with non-CRAB infections. This is consistent with other findings that indicated high mortality rate and poor outcomes in patients with CRAB (90, 91) and highlights need for surveillance and control for better health outcomes.



5 Conclusion

This 12-year follow-up of the resistance trends in Acinetobacter species in the UAE indicated a decline in antimicrobial resistance and in proportions of Acinetobacter isolates with MDR and XDR profiles. The useful surveillance techniques, infection control strategies, and stewardship implemented over this span of time should be all reinforced. Further to these findings, continued epidemiological enquiry and genetic evolution analysis of Acinetobacter are required, to sustain the observed decline in resistance and to provide new strategies for prevention and control.
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Background: Pseudomonas aeruginosa (P. aeruginosa) accounts for high antimicrobial resistance and mortality rates of bloodstream infections (BSIs). We aim to investigate incidence, antimicrobial resistance and risk factors for mortality of P. aeruginosa BSIs among inpatients.

Methods: A retrospective cohort study were conducted at two tertiary hospitals in 2017–2021. Medical and laboratory records of all inpatients diagnosed with P. aeruginosa BSIs were reviewed. A generalized linear mixed model was used to identify risk factors for mortality.

Results: A total of 285 patients with P. aeruginosa BSIs were identified. Incidence of P. aeruginosa BSIs fluctuated between 2.37 and 3.51 per 100,000 patient-days over the study period. Out of 285 P. aeruginosa isolates, 97 (34.04%) were carbapenem-resistant (CR) and 75 (26.32%) were multidrug-resistant (MDR). These isolates showed low resistance to aminoglycosides (9.51–11.62%), broad-spectrum cephalosporins (17.19–17.61%), fluoroquinolones (17.25–19.43%), and polymyxin B (1.69%). The crude 30-day mortality rate was 17.89% (51/285). Healthcare costs of patients with MDR/CR isolates were significantly higher than those of patients with non-MDR/CR isolates (P < 0.001/=0.002). Inappropriate definitive therapy [adjusted odds ratio (aOR) 4.47, 95% confidence interval (95% CI) 1.35–14.77; P = 0.014], ICU stay (aOR 2.89, 95% CI: 1.26–6.63; P = 0.012) and corticosteroids use (aOR 2.89, 95% CI: 1.31–6.41; P = 0.009) were independently associated with 30-day mortality.

Conclusion: Incidence of P. aeruginosa BSIs showed an upward trend during 2017–2020 but dropped in 2021. MDR/CR P. aeruginosa BSIs are associated with higher healthcare costs. Awareness is required that patients with inappropriate definitive antimicrobial therapy, ICU stay and corticosteroids use are at higher risk of death from P. aeruginosa BSIs.
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Introduction

Bloodstream infections (BSIs) are common fatal nosocomial infections and pose a significant healthcare issue as they are associated with increased risk of sepsis, hospitalization, healthcare costs and mortality (1, 2). Pseudomonas aeruginosa (P. aeruginosa) accounts for 5.90–15.78% of gram-negative BSIs worldwide (3, 4). A 13-year prospective cohort study conducted in US reported that P. aeruginosa was responsible for 5.90% of bacterial BSIs (4). BSIs caused by P. aeruginosa isolates are typically difficult to treat due to remarkable intrinsic antimicrobial resistance and ability to acquire resistance to multiple categories of antimicrobial agents (5). P. aeruginosa BSIs were associated with increased mortality relative to Staphylococcus aureus or other Gram-negative BSIs and this effect persisted after adjustment for patient, bacterial and treatment factors (4). Over the past decade, the overall mortality rates due to P. aeruginosa BSIs ranged between 1.38 and 37.30% (2, 6–12). These studies have revealed that the epidemiology of P. aeruginosa BSIs varies geographically.

According to the published data from Blood Bacterial Resistant Investigation Collaborative System in China, P. aeruginosa was responsible for 5.33% of gram-negative BSIs and the proportion showed an upward trend (13), with a mortality rate ranging from 26.8 to 28.4% (2, 9). There are few published papers on P. aeruginosa BSIs in China over the past decade (2, 9, 14, 15). Moreover, recent studies addressing risk factors for mortality of P. aeruginosa BSIs were either small or with focus on multidrug-resistant or carbapenem resistant isolates. To date, no comprehensive epidemiology study of P. aeruginosa BSIs has been conducted in Hunan Province and Shanghai. As such, we conducted this study with the following aims: (i) to examine incidence of P. aeruginosa BSIs; (ii) to investigate antimicrobial resistance profile of P. aeruginosa isolates causing BSIs; (iii) to determine risk factors for all-cause 30-day mortality of P. aeruginosa BSIs. Findings of this study will shed light on refining local screening and infection control policies for P. aeruginosa BSIs and thus will prevent further deterioration.



Methods


Ethics

The study was reviewed and approved by the participating hospitals (reference number: 202212318, KY2023-083). The need for informed consent was waived due to the observational retrospective nature of the study. The study was conducted in accordance with the Declaration of Helsinki.



Study design and setting

We performed a retrospective cohort study at two tertiary hospitals between January 1, 2017 and December 31, 2021. Xiangya Hospital is a 3,500-bed hospital located in Changsha, Central China and Ruijin Hospital is a 2,500-bed hospital located in Shanghai, East China. All consecutive hospitalized patients with P. aeruginosa BSIs admitted during the study period were included. Only the first episode of each patient was included and each patient was included only once. Patients with length of hospitalization < 48 h or incomplete data were excluded.



Definitions

P. aeruginosa BSIs were defined as the presence of a positive blood culture of P. aeruginosa with simultaneous clinical signs and symptoms of infections (16). Onset of P. aeruginosa BSIs was defined as the moment of taking the first positive blood culture of P. aeruginosa. A case was defined as a patient diagnosed with P. aeruginosa BSIs. Incidence of P. aeruginosa BSIs was defined as the number of cases per 100,000 patient-days. Nosocomial BSIs were defined as blood samples taken more than 48 h after hospital admission and no presence of any clinical signs or symptoms of infections between hospital admission and onset of P. aeruginosa BSIs (6). Polymicrobial BSIs were defined as recovery of multiple bacterial species from a blood specimen in addition to P. aeruginosa (11). Source of infection was defined as the most possible origin of infection responsible for P. aeruginosa BSIs according to both medical records and US Centers for Disease Control and Prevention guidelines (9, 17), including an “Unknown” origin if no source was identified. Crude 30-day mortality rate was defined as the number of deaths by any cause within 30 days of onset of P. aeruginosa BSIs per 100 cases. Inappropriate empirical antimicrobial therapy was defined as no administration of any anti-pseudomonal agent with in-vitro activity before blood culture report, whereas inappropriate definitive antimicrobial therapy refers to the moment of receiving antimicrobial susceptibility test results (2, 18).

Both hospitals follow international guideline to collect and process blood cultures (19). Identification of P. aeruginosa isolates was performed using MALDITOF MS (bioMérieux, Marcy l'Etoile, France or Zybio Inc., Chongqing, China). Antimicrobial susceptibility test was performed by VITEK®2 Compact (bioMérieux, Marcy l'Etoile, France) (20). The sensitivity of polymyxin B was detected using broth microdilution method. The results were interpreted according to the Clinical and Laboratory Standards Institute guidelines (21). Antibiotics tested included amikacin, gentamicin, tobramycin, imipenem, meropenem, ceftazidime, cefepime, ciprofloxacin, levofloxacin, piperacillin/tazobactam, cefoperazone/sulbactam, polymyxin B, and aztreonam. Newer antibiotics such as ceftolozane and ceftazidime/avibactam were not tested as they were either not approved or not widely applied in clinical use during the study period. Multidrug-resistant (MDR) P. aeruginosa was defined as isolates non-susceptible in-vitro to least one agent in three or more antipseudomonal antimicrobial categories (22, 23). Carbapenem-resistant (CR) P. aeruginosa was defined as isolates non-susceptible in-vitro to imipenem or meropenem.



Data collection

Data were extracted from medical records via the electronic hospital and laboratory information system. All the data were place in one of six categories: (i) age, gender and ward; (ii) comorbidities; (iii) healthcare exposure in the prior 90 days before onset of P. aeruginosa BSIs including time at risk, intensive care unit (ICU) stay, length of ICU stay and length of hospital stay; (iv) invasive procedures in the prior 90 days before onset of P. aeruginosa BSIs; (v) drug use 90 days before onset of P. aeruginosa BSIs until discharge including corticosteroids, immunosuppressor and antibiotics; (vi) date of taking the first positive blood culture of P. aeruginosa, source of infection and antimicrobial susceptibility results. For risk factor analysis, groups (i)–(v) were considered as potential risk factors. Definition of each variable corresponding to these data was listed in Supplementary Table 1.



Statistical analysis

The resistance rates were compared between antimicrobial resistant and non-resistant phenotypes using Pearson's Chi-squared test or Fisher's exact test as appropriate. The Kaplan-Meier method was used to plot 30-day survival curves and differences between survival curves by antimicrobial resistant phenotypes were evaluated by the log-rank test (23). A generalized linear mixed model with hospital as a random effect was used to determine risk factors for 30-day mortality and to compare total length of hospital stay and healthcare costs between cases infected with antimicrobial resistant P. aeruginosa isolates and cases infected with non-resistant P. aeruginosa isolates. For risk factor analysis, univariate analysis was performed first. Correlation and relevant interactions between variables with P < 0.10 in univariate analysis were checked. After removing variables with high-level correlation (correlation coefficient ≥0.70), the remaining variables were considered for inclusion in the multivariate model and selected using lease absolute shrinkage and selection operator (LASSO) penalty (lambda used to choose variables = lambda.1se, the lambda that minimizes cross validation error plus one standard error) (24). The selected variables were included in the final multivariate analysis to determine the independent associations. Odds ratio (OR) and 95% confidence interval (95%CI) were calculated to determine the strengths of these associations. All the analyses were performed using R version 4.2.1 and a P-value < 0.05 was considered statistically significant. To test the stability of the final multivariate model, variables in the model were removed in turn and the significance of the remaining variables were checked (25).




Results


Overview of the study

A total of 288 cases were diagnosed with P. aeruginosa BSIs. Two patients with length of hospitalization < 48 h and one patient with incomplete data were excluded, hence only 285 cases were included in the study. The number of cases identified each year was 48, 54, 58, 65 and 60, respectively. Clinical characteristics of P. aeruginosa BSIs cases are listed in Table 1. The median age of the 285 cases was 55 years and 29.12% were 65 years or older. There were more male cases (190/285, 66.67%). Majority of the 285 cases were nosocomial BSIs (242/285, 84.91%) and 24.56% (70/285) were polymicrobial BSIs. The details of other bacterial species in polymicrobial BSIs cases were listed in Supplementary Table 2. Of the 84 (29.47%) cases with known source, respiratory tract was the most common source (32/285, 11.23%), followed by skin and soft tissue (27/285, 9.47%). Forty-two (14.74%) cases were from ICU, but 30.53% (87/285) had been admitted to ICU in the prior 90 days of P. aeruginosa BSIs onset. Nearly half (132/285, 46.32%) of all the cases had malignancy. Most of these patients had antimicrobial exposure in the prior 90 days of P. aeruginosa BSIs onset (240/285, 84.21%).


TABLE 1 Clinical characteristics of 285 Pseudomonas aeruginosa bloodstream infections cases.
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Incidence

Annual incidence of P. aeruginosa BSIs fluctuated between 2.37 per 100,000 patient-days and 3.51 per 100,000 patient-days over the study period, showing an upward trend between 2017 and 2020 (Figure 1).


[image: Figure 1]
FIGURE 1
 Incidence of Pseudomonas aeruginosa bloodstream infections (P. aeruginosa BSIs) and percentage of antimicrobial resistant phenotypes (AMR) between 2017 and 2021. Bar chart represents the incidence of P. aeruginosa BSIs. Scatter plot and line chart illustrate percentage of multidrug resistant (MDR) and carbapenem resistant (CR) P. aeruginosa isolates.




Antimicrobial resistance

The MDR and CR phenotypes were present in 26.32% (75/285) and 34.04% (97/285) of the 285 P. aeruginosa isolates, respectively. The percentage of CR P. aeruginosa isolates was generally higher than that of MDR isolates in 2017-2020, but there were more MDR isolates than CR isolates in 2021 (Figure 1). All isolates showed low resistance to aminoglycosides (9.51–11.62%), broad-spectrum cephalosporins (17.19–17.61%), fluoroquinolones (17.25–19.43%), and polymyxin B (1.69%) (Figure 2, Supplementary Table 3). By contrast, resistance rate was the highest to aztreonam (39.44%). For all the antibiotics tested, resistance rates of MDR isolates were significantly higher than those of non-MDR isolates (Figure 2, Supplementary Table 3). Also, CR isolates showed significant higher resistance to most antibiotics than non-CR isolates except for polymyxin B (Figure 2, Supplementary Table 3). It is notable that resistance rates of MDR isolates were higher to majority of the antibiotics than those of CR isolates except for carbapenems (Figure 2).


[image: Figure 2]
FIGURE 2
 Radar plot of antimicrobial resistance rates of 285 P. aeruginosa isolates by antimicrobial resistant phenotypes. MDR, multidrug resistant; non-MDR, non-multidrug resistant; CR, carbapenem resistant; non-CR, non-carbapenem resistant.




Mortality and risk factors for crude 30-day mortality

Crude 30-day mortality rate was 17.89% (51/285). Crude 30-day survival of cases with MDR and CR P. aeruginosa isolates were significantly lower than those of cases with non-MDR and non-CR isolates (P = 0.003/ < 0.001; Figure 3). There were no differences of total length of hospital stay between cases with MDR/CR isolates and cases with non-MDR/non-CR isolates (Table 2). However, healthcare costs of cases with MDR/CR isolates were significantly higher than those of cases with non-MDR/non-CR isolates (Table 2).


[image: Figure 3]
FIGURE 3
 Survival (in days) of 285 Pseudomonas aeruginosa bloodstream infections (PABSI) cases and comparison by antimicrobial resistant phenotypes. MDR, multidrug resistant; non-MDR, non-multidrug resistant; CR, carbapenem resistant; non-CR, non-carbapenem resistant.



TABLE 2 Comparison of total length of hospital stay and healthcare costs of 285 Pseudomonas aeruginosa bloodstream infections cases by antimicrobial resistant phenotypes.

[image: Table 2]

The univariate analysis showed that polymicrobial BSIs, antimicrobial resistant phenotypes (MDR or CR), burns, several healthcare exposure and treatment factors in the prior 90 days before BSIs onset (ICU stay, length of ICU stay, invasive ventilation, indwelling catheterization, corticosteroids, carbapenems, and quantity of carbapenems) and inappropriate empiric and definitive therapies were associated with crude 30-day mortality (Table 3). The multivariate analysis indicated that inappropriate definitive therapy [adjusted odds ratio (aOR) 4.47, 95% confidence interval (95% CI) 1.35–14.77; P = 0.014], ICU stay (aOR 2.89, 95% CI: 1.26–6.63; P = 0.012) and corticosteroids use (aOR 2.89, 95% CI: 1.31–6.41; P = 0.009) in the prior 90 days were independent risk factors for crude 30-day mortality (Table 3).


TABLE 3 Risk factors associated with crude 30-day mortality of 285 Pseudomonas aeruginosa bloodstream infections cases.
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Discussion

This study conducted an in-depth epidemiological analysis of P. aeruginosa BSIs at individual level hence to provide a comprehensive understanding of characteristics underlying factors and related morbidity and mortality associated with P. aeruginosa BSIs. To the authors' knowledge, this is the first epidemiological study of P. aeruginosa BSIs conducted in these two different administrative regions of China.

Incidence of P. aeruginosa BSIs fluctuated between 2.37 and 3.51 per 100,000 patient-days. This finding is similar to a previous study conducted in Southeast China reporting that the incidence was between 2.70 and 6.20 per 100,000 patient-days (2). According to the management policy of coronavirus disease 2019 (COVID-19) over the study period, all COVID-19 patients were closed loop transferred to designated hospitals immediately after positive PCR test at admission. Therefore, none of the 285 P. aeruginosa BSIs were COVID-19 patients. Also, it is difficult to evaluate impact of the pandemic on P. aeruginosa BSIs. Incidence of P. aeruginosa BSIs showed an upward trend during the pre-pandemic (2017–2019) and pandemic period (2020) but dropped in 2021. Some studies observed a higher incidence of BSIs during the COVID-19 pandemic (26–28). As management of COVID-19 has been downgraded in China, impact of the COVID-19 pandemic on the incidence of P. aeruginosa BSIs warrants more local research in future study. Crude 30-day mortality rate (17.89%) of P. aeruginosa BSIs was lower than that of studies conducted in other parts of China (2, 9), Europe (6, 10, 29), and Australia (12).

As other studies reported, there were more male cases than female cases (8, 9, 29, 30), however, gender is not associated with adverse clinical outcomes. Yoon et al. have claimed that 26.70% of P. aeruginosa BSIs patients were with polymicrobial BSIs and this was not associated with mortality though (11). The rate of polymicrobial BSIs in this study was slightly lower (24.56%) than the above study, however, polymicrobial BSIs was a risk factor for crude 30-day mortality. Our data showed that the percentage of ICU stay among cases with polymicrobial BSIs was higher than that among cases only with P. aeruginosa BSIs (42.31 vs. 27.90%), indicating that polymicrobial BSIs may be a surrogate marker of critical illness and higher risk of death. Respiratory tract (32/84, 38.10%) was the most common probable source among cases with known source of BSIs which agreed with other studies (2, 29, 30). Interestingly, more than half of the 32 cases (20/32, 62.50%) with BSIs stemmed from respiratory tract infection had invasive ventilation support. The mucosal barrier injury of respiratory tract would decrease the capacity for bacterial clearance and increase probabilities of bacterial colonization and/or infection (31).

Almost all of comorbidities were not linked to mortality with the exception of burns (Table 3). Burned patients are more likely to have invasive treatments and are more debilitated and prone to subsequent infections as burn wounds are favorable sites for bacterial colonization until they are closed (32). Our study identified that mechanical ventilation, CVC, urinary catheter and gastric tube were predictors for crude 30-day mortality (Table 3). Invasive indwelling devices or procedures have been widely investigated as risk factors for mortality caused by bacterial infections as bypass the innate host mechanical defenses and provide a niche for microorganisms, facilitating progression of infections (29, 30). Mechanical ventilation is a treatment option that is often necessary in critical ill patients (ICU patients in particular). All the above factors should be interpreted with caution as they may present surrogate markers of critical illness and extensive healthcare exposure rather than reflecting a direct association. Consistent with this interpretation, our study also identified that ICU stay was independently associated with crude 30-day mortality which has been reported by multiple other studies (8, 11, 29). Nevertheless, the exist of P. aeruginosa isolates in the manmade environment is a prerequisite for the infection to occur, so implementation and good compliance of aseptic technique during invasive procedures and infection control measures during daily medical work.

In contrast to another study conducted in China (33), our study showed that P. aeruginosa isolates retained susceptibility to aminoglycosides, broad-spectrum cephalosporins, fluoroquinolones, and polymyxin B which was consistent with the findings of studies conducted in Spain and Korea (10, 34). Discrepancies between studies may reflect different antimicrobial prescribing practices and antimicrobial mechanisms, highlighting the importance of understanding local anti-biograms to preserve antibiotic utility and rational treatment. MDR and CR phenotypes were widely reported as predictors of poorer outcome as very few effective therapeutic options are available to treatment (2, 6, 9, 10, 29). Although antimicrobial phenotypes were not independently associated with mortality in this study (Table 3) which agrees with Montero et al. (35), they had significant adverse impact on the crude 30-day survival (Figure 3).

We found that prior carbapenems use, quantity of carbapenems, and inappropriate empirical/definitive antimicrobial therapy were linked to mortality (Table 3). Again, this could be explained by critical illness as carbapenems are often used as last resort antibiotics for treatments of MDR infections. It has been well-proved that inappropriate empirical and/or definitive antimicrobial therapy was associated with increased mortality outcomes (2, 8, 10, 30). Moreover, another concern is the higher percentage of MDR isolates over that of CR isolates in 2021 (Figure 1) given that resistance rates of MDR isolates were higher to majority of the antibiotics than those of CR isolates (Figure 2, Supplementary Table 3). These findings would trigger antimicrobial stewardship programs to monitor antimicrobial use and contain antimicrobial resistance in patients with P. aeruginosa BSIs. In addition, we identified corticosteroids administration as an independent predictor of crude 30-day mortality (Table 3). Corticosteroids are well-recognized as the marker of immunocompromised status which is vulnerable to severe infections. Therefore, past work has widely demonstrated an association between corticosteroids administration and higher mortality risk (2, 8, 12, 29).

Interestingly, we found that total length of hospital stay did not differ significantly between cases with MDR/CR phenotypes and cases with non-MDR/CR phenotypes while healthcare costs of cases with MDR/CR phenotypes were significantly higher than those of cases with non-MDR/non-CR phenotypes (Table 2). Increased healthcare costs may stem from higher costs of agents needed to treat MDR/CR BSIs, greater likelihood for procedures such as line placement for intravenous antibiotics, and complications from these agents and procedures (36–38).

There are some limitations of the study. First, for antimicrobial susceptibility test, not all the isolates were tested for the same agents. Second, no genomic data were available to identify mechanisms of antimicrobial resistance, possible clonal spread and virulence. Bioinformatic and phylogenetic study is warranted to better understand of the phylogeny and pathogenicity of these P. aeruginosa isolates in the future.



Conclusion

In conclusion, annual incidence of P. aeruginosa BSIs was fluctuating over the study period. P. aeruginosa BSIs cases with non-MDR/CR phenotypes had a survival advantage over cases with MDR/CR phenotypes which resulted in higher healthcare costs. Awareness is required that patients with inappropriate definitive therapy, ICU stay and corticosteroids use are at higher risk of death from P. aeruginosa BSIs. P. aeruginosa isolates retained susceptibility to aminoglycosides, broad-spectrum cephalosporins, fluoroquinolones, and polymyxin B which may be alternative therapeutic options.
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Introduction: The Centers for Disease Prevention and Control lists Candida auris, given its global emergence, multidrug resistance, high mortality, and persistent transmissions in health care settings as one of five urgent threats. As a new threat, the need for surveillance of C. auris is critical. This is particularly important for a cosmopolitan setting and global hub such as the United Arab Emirates (UAE) where continued introduction and emergence of resistant variant strains is a major concern.

Methods: The United Arab Emirates has carried out a 12 years of antimicrobial resistance surveillance (2010–2021) across the country, spanning all seven Emirates. A retrospective analysis of C. auris emergence from 2018–2021 was undertaken, utilising the demographic and microbiological data collected via a unified WHONET platform for AMR surveillance.

Results: Nine hundred eight non-duplicate C. auris isolates were reported from 2018–2021. An exponential upward trend of cases was found. Most isolates were isolated from urine, blood, skin and soft tissue, and the respiratory tract. UAE nationals nationals comprised 29% (n = 186 of 632) of all patients; the remainder were from 34 other nations. Almost all isolates were from inpatient settings (89.0%, n = 809). The cases show widespread distribution across all reporting sites in the country. C. auris resistance levels remained consistently high across all classes of antifungals used. C. auris in this population remains highly resistant to azoles (fluconazole, 72.6% in 2021) and amphotericin. Echinocandin resistance has now emerged and is increasing annually. There was no statistically significant difference in mortality between Candida auris and Candida spp. (non-auris) patients (p-value: 0.8179), however Candida auris patients had a higher intensive care unit (ICU) admission rate (p-value <0.0001) and longer hospital stay (p < 0.0001) compared to Candida spp. (non-auris) patients.

Conclusion: The increasing trend of C. auris detection and associated multidrug resistant phenotypes in the UAE is alarming. Continued C. auris circulation in hospitals requires enhanced infection control measures to prevent continued dissemination.

KEYWORDS
 Candida auris, surveillance, healthcare-associated infections, antifungals, antimicrobial-resistance, UAE, MENA


Introduction

Invasive candidiasis which encompasses Candida bloodstream infections and deep-seated candidiasis is a significant cause of morbidity and mortality (1–6), and remains a significant healthcare-associated problem in several countries (7, 8). Within the candidemia grouping, the first known case of Candida auris was in an ear infection in Japan in 2009 (9). C. auris has now become a major public health threat, due to its propensity for horizontal transmission (10–13) and its continued nosocomial spread in long-term and acute care healthcare facilities (6, 11, 14).

C. auris has quickly developed into a global concern and cemented its place as a superbug within just a decade after its first isolation in 2009 (9). Since its emergence, it has been identified in hospitals across five continents, particularly increasing in incidence during the COVID-19 pandemic (4, 15, 16). The role played by the coronavirus disease (COVID-19) pandemic in this increase is difficult to ascertain, while restricted travel may have decreased the risk of importation of C. auris, difficult-to-control outbreaks of C. auris have continued to be reported in units caring for COVID-19 patients worldwide (17–20). C. auris presents diagnostic challenges because of difficulty in identifying strains using common microbiological procedures and challenges in treatment given its resistance to multiple anti-fungal agents, including azoles, echinocandins, and polyenes, making it a critical antibiotic resistance threat (21, 22).

C. auris is now listed among five urgent threats defined in the U.S. Centers for Disease Prevention and Control’s (CDC) 2019 Antibiotic Resistance Threats Report due to its global emergence, multidrug resistance, high mortality, and persistent transmissions in health care settings (9, 10, 23–26). A systematic review and meta-analysis that included cases between 2009 and 2019 from different countries reported an average crude mortality of 45% (95% CI: 39–51%) for C. auris bloodstream infections (21). However, mortality attributable to C. auris remains unclear. The vast majority of strains are fluconazole resistant, with variable proportions resistant to amphotericin B, echinocandins and flucytosine. Reports of antifungal susceptibility data from different geographic locations are varied and some C. auris strains exhibit elevated MICs for three major classes of antifungal drugs. The CDC has suggested tentative breakpoints, and these have been used in most studies, EUCAST and CLSI have yet to recommend clinical breakpoints or epidemiological cut-offs (27–29).

An astonishing aspect in relation to the rapid emergence of C. auris is the simultaneous but independent appearance of genetically distinct clades on different continents (4, 15). The whole-genome sequence (WGS) analysis of clinical isolates of C. auris collected from South Asia (India/Pakistan), South Africa and East Asia (Korea/Japan) has shown four highly clonal phylogenetic and geographically distinct clades that have emerged seemingly independent of one another, specifically, the South Asian clade (clade I), the East Asian clade (clade II), the South African clade (clade III), and the South American clade (clade IV) (4, 15, 30). In 2018, a fifth clade, which is exclusively found in Iran (Iranian clade), was identified (10, 24, 31).

Antifungal resistance is widespread in C. auris in the South Asia clade I isolates. These isolates are resistant to fluconazole, variably resistant to amphotericin B, and also acquire resistance to echinocandins (32–35). C. auris South America clade IV includes isolates with variable resistance to amphotericin B (36, 37), while South Africa clade III isolates are frequently resistant to azoles antifungals (38). Multidrug resistant C. auris isolates to three major classes of antifungal agents have also emerged (10, 39, 40). This severely limits treatment options, making infection control and prevention in healthcare settings essential (5).

The global number of C. auris cases has been rapidly increasing in the past few years particularly in blood cultures from patients with serious underlying medical conditions and in hospitalized patients with invasive medical devices, such as urinary tract catheters and parenteral nutrition, who have also received broad-spectrum antibiotics (1, 3). Mortality in C. auris-associated infections has been reported from 33.3% to 100% worldwide (21), and more recent data has indicated a similar (high) mortality compared to other Candida bloodstream infections (41–43).

Since the time of its first isolation in Japan, C. auris infections have been reported from several countries including South Korea, Malaysia, Kenya, South Africa, India, Pakistan, Colombia, Venezuela, Panama, United States, Canada, China, Russia and Europe (21). Among 17 countries listed under the MENA region, invasive C. auris infections have only been reported from Kuwait in (44–46), Israel (3), Oman (47, 48), Saudi Arabia (49), United Arab Emirates (50), Iran (51) and Qatar (52, 53) to date. The real prevalence and epidemiology of C. auris remains unknown in this region.


United Arab Emirates

Currently, the country hosts a population of nearly 10 million people of which 1 million are Emirati citizens, and the rest are mixed expatriates from various nationalities. The majority of this population resides in Abu Dhabi and Dubai, the two biggest Emirates of the seven that form the UAE (54). The first UAE report of C. auris was in a female patient with persistent candidemia who was admitted to Cleveland Clinic Abu Dhabi Hospital in 2018 (50). The patient had a protracted hospital stay over 1 year with several co-morbid conditions including chronic renal failure on hemodialysis, severe psoriasis, chronic atrial fibrillation and hypertension. During hospitalization the patient was admitted to intensive care unit (ICU) repeatedly and developed multiple infections (bloodstream infections, pneumonia, urinary tract infections) due to several bacterial and fungal pathogens. The patient deteriorated over the next month and died 3 months after the first isolation of C. auris from her blood (50). This has been the only reported case of C. auris in the UAE.

Here we present the first comprehensive UAE wide retrospective epidemiological analysis of all reported C. auris data to date. Thus this study aimed to investigate the trend in the incidence of C. auris over a 4 years period from 2018 to 2021.




Methods

The UAE has been carrying out a national AMR surveillance program over the past 12 years (2010–2021). A retrospective study of emerging C. auris was conducted from 2018 to 2021, using data from the UAE national AMR surveillance program. This data is gathered through a unified WHONET platform (https://whonet.org/). Data collected included demographic and microbiological parameters from all participating centers across the country. The participating sites were managed by trained personnel who gathered AMR surveillance data from routine patient care and submitted it to the National AMR surveillance program. Data was generated, collected, cleaned and analyzed through the national AMR surveillance program as described by Thomsen et al. (55).


Identification of Candida auris

C. auris identification was performed at the national AMR surveillance sites by medical professionals. C. auris isolates were identified and tested for antifungal susceptibility using mostly commercial, automated systems including VITEK® (BioMérieux SA, Craponne, France), BD Phoenix™ (Becton Dickinson, New Jersey, United States), and MicroScan™ (Beckman Coulter, California, United States). A few laboratories used Sensititre YeastOne™ (Thermo Scientific, Massachusetts, United States) plates for susceptibility. Only one laboratory (out of 45 labs) relied on a manual API® (Analytical Profile Index. BioMérieux SA, Craponne, France) system for identification, and only two labs conducted susceptibility testing by manual disc diffusion.



Antimicrobial resistance trends in Candida auris

This was assessed by analysis of routine national level AMR surveillance data. This data, which covers a spectrum of AMR pathogens including C. auris, was obtained from across a network of 317 participating hospitals (n = 84), centers and clinics (n = 233), and 45 diagnostic laboratories in the country. These participating centers include primary, secondary and tertiary care facilities as well as public and private entities. All data are routinely collected and analysed using a unified platform (WHONET) and training on data collection is provided to ensure quality assurance, standardization and accuracy. The fully anonymized data includes demographic data (age, gender, nationality, hospital site/location etc.), clinical and microbiological data such as specimen source and antifungal susceptibility testing results. For the purpose of this analysis, we applied the CDC tentative breakpoints to determine susceptibility of our isolates (29). Resistance MIC breakpoints were as follows: fluconazole ≥ 32 µg/mL; amphotericin B ≥ 2; caspofungin ≥2; anidulafungin and micafungin ≥4.



Data sources and statistical analysis

AMR data was extracted from the national AMR surveillance database. p < 0.05 were considered statistically significant. We performed three types of analyses. In the first analysis, binary logistic regression was used to model the proportion of positive C. auris among all reported infections. Estimates of this analysis provide evidence regarding the annual increase in the reported positive C. auris cases among all reported cases. In the second analysis, the binary logistic regression model was used to investigate the proportion of positive C. auris among reported Candida spp. cases only. Estimates of this model provide data regarding the annual increase in the reported positive C. auris cases among Candida spp. cases. One main limitation of the above two analyses is the possibility that the trend in positive C. auris cases over time could be due to a potential increase in the screening of C. auris over time. To adjust for this potential bias, the total number of tests performed to screen for C. auris should be used. Unfortunately, these metrics are not available in the database. To investigate this possibility, we conducted a large simulation study where different scenarios for the annual increase in the screening rate of C. auris are assumed (see Supplementary material for more details). For each hypothetical screening rate, a binary logistic regression model was fitted, and significance and direction of percentage change in C. auris reported. For all three analyses, odds ratio and corresponding 95% confidence intervals were derived, and provide indication of the change over time in the incidence of positive C. auris cases (increase, or decrease, or no change over time). A chi-square test was used to test the association between categorical variables including mortality and ICU admission. The weighted log rank test was used to assess differences in length of stay in hospital. Binary logistic regression analyses and chi-square test for data presented in tables was performed using the R software (R: The R Project for Statistical Computing, n.d.), chi-square test for mortality rate was performed using Epi Info™ for Windows v7.2.4.0.



Overview of the UAE national AMR surveillance

The UAE national AMR surveillance was initiated in 2010 in the Abu Dhabi Emirate where 6 hospitals and 16 Centers/Clinics adopted the WHONET 2021 Software for AMR surveillance.1 Additional sites were recruited over the years, starting with only 22 participating sites in 2010, which is the first year during which the study started, and located only in the Emirate of Abu Dhabi to reach a total of 317 surveillance sites from the 7 Emirates, including 84 hospitals and 233 centres/clinics and representing all seven Emirates of the country in 2021. Figure 1 shows the distribution of surveillance sites for National AMR Surveillance program from 2010 to 2021.
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FIGURE 1
 Number of reporting centers (2010–2021), by Year and Emirate.





Results


Demographic, clinical and health outcomes of Candida auris

A total of 908 non-duplicate C. auris isolates were reported from 2018–2021 (2018: n = 9; 2019: n = 93; 2020: n = 192; 2021: n = 614). Most of C. auris isolates were obtained from urine (280/908, 30.8%), blood (248/908, 27.3%) and skin and soft tissue (221/908, 24.3%). This was followed by respiratory tract (142/908, 15.6%), genital tract (3/908, 0.3%), and cerebrospinal fluid (CSF) specimens (2/908, 0.2%). C. auris was isolated across a broad range of sample types, showing widespread dissemination. Figure 2 shows the distribution of specimen types where C. auris was isolated from.

[image: Figure 2]

FIGURE 2
 Distribution of Candida auris isolates/patients, by specimen type group, UAE, 2018–2021, N = 908.


Data on nationality was available for 632 patients of whom 29.4% (n = 186) were UAE nationals and the remainder (70.6%) comprised of individuals from 34 other nationalities (Figure 3). The demographic distribution of the patients shows a heavily skewed distribution across inpatient settings (809/908, 89%) and predominantly ICU patients (414/908, 45.6%). It also revealed a male preponderance with majority of patients being in the adult age group (Table 1).

[image: Figure 3]

FIGURE 3
 Distribution of Candida auris patients by Nationality, UAE, 2018–2021.




TABLE 1 Demographic distribution of Candida auris cases and Candida spp. (non-auris) patients.
[image: Table1]


Admission to intensive care unit

A total of 19,353 patients were associated with Candida spp. (non-auris) of whom 3,905 (20.2%) patients were admitted to ICU, while a total of 835 patients were associated with Candida auris, of whom 414 (49.6%) patients where admitted to ICU. The difference in ICU admission rate is statistically significant (p < 0.0001).



Length of stay

We performed a length of stay (LOS) analysis and assessed the differences in duration of hospitalization using a weighted log-rank test. We included data of patients for whom the date of admission and date of discharge was known. For those patients who were associated with Candida spp. (non-auris) (n = 4,912) the median length of stay was 14.0 days, while for those patients who were associated with C. auris (n = 140) the median length of stay was 33.5 days. The observed difference in length of hospitalization between patients associated with C. auris and non-C. auris spp. was statistically significant (chi square 64.1, p < 0.0001). Based on a total of n = 908 patients during the observation period (2018–2021), a total of 17,706 excess days of hospitalization were observed, attributable to C. auris. For the year 2021 only (n = 614 C. auris cases), a total of 11,973 excess hospitalization days were observed, attributable to C. auris (see Supplementary Figure S1). Kaplan-Meier curve: probability of longer hospitalization of Candida auris patients versus Candida spp. (non-auris) patients [UAE, 2010–2021].



Mortality rate

Analysis on a subset of patients for whom the health outcome was known was performed. A total of 5,694 patients were associated with Candida spp. (non-auris) of whom 1,503 patients died (mortality rate: 26.4%). A total of 171 patients were associated with C. auris, of whom 47 patients (mortality rate: 27.5%) died. The difference in proportion of those who died between C. auris patients and Candida spp. (non-auris) patients is not statistically significant (p = 0.818). Crude mortality rate for patients with C. auris isolates from blood cultures only was 22/61 (36.1%).




Trend analysis of Candida auris among all reported infections: approach 1

Table 2 shows the number of cases of C. auris and the total number of national AMR surveillance cases reported from 2018 up to 2021, along with the proportion of positive C. auris cases for each year. Figure 4 shows the trend over time from 2018 to 2021.



TABLE 2 Number of cases of C. auris and the total number of cases reported from 2018 up to 2021.
[image: Table2]
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FIGURE 4
 Number of reported Candida auris isolates (2018–2021).


The cases show widespread distribution across all reporting sites and Emirates (Figure 5). Ajman and Umm Al Quwain first reported C. auris isolates in 2018. Emergence occurred in all other Emirates in 2019 and spread rapidly. Abu Dhabi and Sharjah have almost doubled cases annually. Dubai identified 4 cases in 2019 to 182 in 2021, representing a 4450% increase in cases in 2 years.

[image: Figure 5]

FIGURE 5
 Candida auris isolate reporting trends over time by Emirate.


The results of the logistic regression show a significant increase over the years in the odds of reporting positive C. auris cases among all reported cases. More specifically, the odds of reporting a positive C. auris cases increases by 161.5% (95% CI: 140.6–185.1%) each year from 2018 to 2021. Figure 6 shows the predicted versus the observed counts of positive C. auris cases derived from the fit of the binary logistic regression model.

[image: Figure 6]

FIGURE 6
 Predicted versus observed rate of positive C. auris among all infections.




Trend analysis of Candida auris among all Candida spp. cases: approach 2

Table 3 shows the number of positive C. auris cases and the number of positive Candida spp. cases from 2018 up to 2021, along with the proportion of positive C. auris cases for each year.



TABLE 3 Cases of C. auris amongst all Candida spp. cases.
[image: Table3]

The results of the logistic regression show a significant increase over the years in the odds of reporting a positive C. auris case among Candida spp. cases. More specifically, the odds of reporting a positive C. auris case increases by 46.2% (95% CI: 35.1%–58.7.6%) each year from 2018 to 2021.



Trend analysis of Candida auris: the simulation study: approach 3

One main limitation of the above two approaches to analyse the trend is the possibility that the trend in positive C. auris cases over time could be due to a potential increase in the screening of C. auris over time. To adjust for this potential bias, and due to the non-availability of the total number of tests performed to screen for C. auris, we conducted a large simulation study where different scenarios for the yearly increase in the screening rate of C. auris were assumed. Figure 7 provides, for each hypothetical annual increase in the screening rate of C. auris, the proportion of results with non-significant change, significant increase and significant decrease in the incidence of C. auris over time.

[image: Figure 7]

FIGURE 7
 Proportion of significant results according to the hypothetical annual increase rate in the screening of C. auris.


From the simulation study above, one can see that positive C. auris cases observed over the 4 years reflect a statistically significant increase in the incidence of C. auris over time if the annual increase in the screening for C. auris does not exceed 176% (blue curve). If the annual increase in the screening for C. auris lies between 177% and 225% then the trend observed is not statistically significant (orange curve), however, if the annual screening rate was above 225% then the positive C. auris cases observed over the 4 years reflect a statistically significant decrease in the incidence of C. auris over time (red curve).



Antifungal resistance

Antifungal susceptibility testing data was available for 514 out of 809 (64.8%) non-duplicate C. auris isolates (fluconazole 480/809, 59.3%; amphotericin B 423/809, 52.3%; caspofungin 454/809, 56.1%; anidulafungin 11/809, 1.4%; micafungin 449/908, 55.5%). During the surveillance period C. auris resistance levels remained consistently high across all classes of antifungals used. C. auris in this population remains highly resistant to Azoles (fluconazole, 72.6% 2021) and rates have remained consistently high since 2019. Echinocandin resistance has now emerged and is increasing annually, from 3.8% (2019) to 7.5% (2021) for caspofungin, and from 0% (2019) to 2.2% (2021) for micafungin (Figure 8).

[image: Figure 8]

FIGURE 8
 Annual trends for percentage of isolates resistant (% R) for C. auris (A), C. albicans (B), and Candida spp. (non-albicans/non-auris) (C), 2018–2021.


Resistance of C. auris to fluconazole was as high as 77.5% and 75.5% in isolates from skin and soft tissue, and respiratory tract, respectively, whereas fluconazole resistance was lower in isolates from urine (62.9%) and blood (64.2%). Resistance of C. auris to amphotericin B was highest in urine (87.2%), followed by respiratory tract isolates (85.1%), blood (84.8%), and skin and soft tissue (81.1%). Resistance of C. auris to caspofungin and micafungin ranged from 4.2% (blood) to 9.3% (urine), and 0% (blood) to 4.2% (urine), respectively.

Overall, 245 C. auris isolates out of 514 (47.67%) were MDR (≥ 2 antifungal classes resistant), including 20 isolates (3.89%) that were XDR (3 classes resistant, but one antifungal agent still susceptible), including 6 isolates (1.17%) that were PDR (resistant to all substances/all classes tested). The proportion of multidrug resistant C. auris isolates was 31.8% (14/44, 2019) and 28.4% (36/127, 2020), and increased in 2021 to 43.7% (150/343, 2021).


MIC distribution

MIC % RIS distributions were calculated for the collection of C. auris isolates based on the CDC tentative breakpoint recommendations and are presented below in Table 4 and Figures 9A–E.



TABLE 4 % RIS distribution for Candida auris isolates.
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FIGURE 9
 (A) Fluconazole MIC distribution (n = 480). (B) Caspofungin MIC distribution (n = 454). (C) Micafungin MIC distribution (n = 449). (D) Anidulafungin MIC distribution (n = 11). (E) Amphotericin B MIC distribution (n = 423).






Discussion

The growth in hospital sites reporting Candida auris, from only 2 centers in the first year to more than 34 sites towards the end of the study period, representing all 7 Emirates demonstrates considerable concern about C. auris. There is increased alertness across the country of the importance of antimicrobial resistance surveillance and mitigation.

The first cases of C. auris in UAE were detected in 2018. Since then, we have seen an alarming increase of C. auris isolations to n = 641 in 2021, especially in Abu Dhabi and Dubai. This increase is consistent with global reports of rising C. auris burden (56, 57). The COVID 19 pandemic does not seem to have impacted the dissemination of C. auris, and may have exacerbated it (58, 59). Nearly 50% of the patients were in intensive care and length of stay for these patients was extended by 19.5 days compared with patients infected with other Candida spp. Crude mortality at 27.5% (blood culture isolates: 36.1%) was similar to that for other Candida spp. and lower than seen in other countries (45% for blood culture isolates) (21).

C. auris is usually resistant to fluconazole and often to other antifungal medications (azoles, polyenes, and echinocandins). Multidrug-resistant and even pandrug-resistant C. auris isolates have also been described, which limits us to fewer and fewer treatment options (60–62). In this study, resistance rates of C. auris were high (fluconazole, 72.6% 2021, amphotericin B, 84.6% 2021), with the emergence of caspofungin and micafungin resistance in 2021, which is of great concern.

C. auris breakpoints are currently tentative. EUCAST will soon publish epidemiological cut-offs based on a global collection of isolates from which they have removed multiple epidemic or outbreak strains to minimise bias. Testing for fluconazole susceptibility shows very variable MICs, partly because of up-regulation of efflux pumps. These testing limitations may drive EUCAST to simply recommend that fluconazole is not used for C. auris infections, as they currently do for C. glabrata infections. There is general agreement that the tentative CLSI (and CDC) breakpoint for fluconazole is too high, and our finding that 27.4% of isolates were apparently susceptible to fluconazole aligns with this concern. There are also concerns about the breakpoint cut-off for amphotericin B as it bisects the wild type distribution, leading to uncertainty for MICs immediately above or below the breakpoint; an issue also described with Sensititre YeastOne testing (63). Although amphotericin resistance is high in our study, this may be an overestimation of resistance related to the susceptibility methods currently used, as highlighted in other studies (64, 65). Although we have detailed the C. auris breakpoints for the UAE for the first time, it is likely that new data and breakpoints will emerge.

There are no official guidelines for the management of C. auris infection in terms of an optimal antifungal agent(s) with dosing and duration regimen since CLSI/EUCAST breakpoints for this pathogen are yet to be defined (10, 27, 66). Echinocandins remain the first line therapy for C. auris infection, however as demonstrated by our data, resistance to all three main classes of antifungal agents remains a rising problem. Patients should be monitored closely to detect therapeutic failure and/or the development of resistance during their therapy (66).

The increasing trend of C. auris detection is suggestive of continued C. auris circulation predominately in hospitals. Thus infection control measures are critical to prevent continued dissemination. Such infection control measures could include better adherence to hand hygiene, appropriate use of transmission-based precautions based on setting, cleaning and disinfecting the patient care environment and reusable equipment with recommended products, communication about patient’s C. auris status when patient is transferred, screening contacts of newly identified case patients to identify C. auris colonization, and laboratory surveillance of clinical specimens to detect additional cases (67). Newly described approaches include UV-C light inactivation of C. auris, re-formulation of chlorhexidine for superficial use and silver nanoparticles as examples (68–71).

In the MENA region, C. auris has been reported from only six countries. Since genomic studies are lacking in the UAE, it was not possible to ascertain their similarity with C. auris clades from other geographic areas. Additional extensive research is needed on C. auris in the UAE to provide insight into its genetic epidemiology. Moreover, risk factors and methods of transmission need to be exhaustively identified to guide measures for prevention and to control the spread of the pathogen.

In conclusion, the emergence of C. auris poses a global health threat primarily to hospitalized and critically ill patients and should be met with a call for urgent action given its resistant patterns to various classes of antifungals. Our analysis of the national C. auris AMR surveillance data provides insights into the evolving patterns of disease and antimicrobial resistance in the UAE. The findings highlight the need for a continued surveillance program, particularly genomic epidemiological surveillance, to guide the continued AMR monitoring and active intervention and control measures to address the growing threat of antibiotic resistance. Furthermore continued C. auris circulation in hospitals requires enhanced infection control measures to prevent continued dissemination.
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Introduction: Suboptimal doctor-patient communication drives inappropriate prescribing of antibiotics. We evaluated a communication intervention for general practitioners (GPs) in multicultural Dutch cities to improve antibiotic prescribing for respiratory tract infections (RTI).

Methods: This was a non-randomized controlled before-after study. The study period was pre-intervention November 2019 – April 2020 and post-intervention November 2021 – April 2022. The intervention consisted of a live training (organized between September and November 2021), an E-learning, and patient material on antibiotics and antibiotic resistance in multiple languages. The primary outcome was the absolute number of prescribed antibiotic courses indicated for RTIs per GP; the secondary outcome was all prescribed antibiotics per GP. We compared the post-intervention differences in the mean number of prescribed antibiotics between the intervention (N = 25) and the control group (N = 110) by using an analysis of covariance (ANCOVA) test, while adjusting for the pre-intervention number of prescribed antibiotics. Additionally, intervention GPs rated the training and their knowledge and skills before the intervention and 3 months thereafter.

Results: There was no statistically significant difference in the mean number of prescribed antibiotics for RTI between the intervention and the control group, nor for mean number of overall prescribed antibiotics. The intervention GPs rated the usefulness of the training for daily practice a 7.3 (on a scale from 1–10) and there was a statistically significant difference between pre- and post-intervention on four out of nine items related to knowledge and skills.

Discussion: There was no change in GPs prescription behavior between the intervention and control group. However, GPs found the intervention useful and showed some improvement on self-rated knowledge and communication skills.
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1 Introduction

The interaction between general practitioners (GPs) and vulnerable patient groups, like immigrants and patients with a low socioeconomic status (SES) has been shown far from optimal (1, 2). Communication barriers between GPs and immigrant patients are common, because of language barriers and cultural aspects influencing communication (3). Suboptimal communication can lead to diagnostic uncertainty, misinterpretation of patients’ reason to consult, feeling pressured, and subsequently inappropriate antibiotic prescribing (4–6). Inappropriate antibiotic prescribing is a common practice among GPs and can induce antibiotic resistance (7, 8).

GP-patient interaction can be improved through multifaceted communication interventions (9–11) that include training skills and the management of vulnerable population groups (12). The training should focus on acquiring culturally-sensitive communication skills (13), such as being culturally aware and checking patients’ language ability (14), and on effective communication skills that encompass exploring patients’ expectations (15), provide information in smaller portions (16), and make use of the teach back method (17). Along with learning GPs these communication skills, supportive patient materials are required to give arguments why antibiotics are not always needed and to provide suitable alternatives for symptomatic relief (18). Written patient materials are useful in increasing patients’ knowledge (16) and, when used interactively, they increase the effectiveness of interventions to reduce antibiotic prescribing (19–21).

There are only a few studies that have developed an intervention to appropriate antibiotic prescribing focusing specifically on GPs and their immigrant patients (22). As part of the Prescription of Antibiotics in pRimary CAre (PARCA)-project, we developed an intervention that focused on improving antibiotic prescribing behavior of GPs by enhancing their communication with immigrant patients through a live group training, an E-learning, and patient information materials. The intervention was implemented in multicultural Dutch cities and focused specifically on managing respiratory tract infection (RTI), as antibiotics are often prescribed inappropriately in these cases (8). However, as the training could also have influenced the prescribing of other antibiotics, we also focused on the total number of prescribed antibiotics. The aim of this study was to evaluate the PARCA intervention, using a non-randomized controlled before-after study design in multicultural Dutch cities.



2 Methods


2.1 Study design

The design of the study was a non-randomized controlled before-after study (trial registration ID number NL9450). The intervention group consisted of GPs working in multicultural cities. The control group consisted of GPs who were derived from the national database of the Dutch Foundation for Pharmaceutical Statistics (SFK),1 the same database as the one that provided data about antibiotic prescribing of the intervention GPs. The selection of control GPs focused on GPs working in the same cities/deprived areas as the intervention GPs. Because of privacy issues, the SFK selected the control GPs so that they could remain anonymous to us.



2.2 Study setting

We included GPs working in the three largest Dutch cities: Rotterdam, Amsterdam, and The Hague. These cities contain the largest proportion of inhabitants with an immigration background (i.e., born abroad or having at least one parent who was born abroad); respectively 52, 56, and 56% (23). We primarily focused on GPs who worked in a deprived area. These areas were defined by the Dutch Healthcare Authority (NZa) by considering the percentage of unemployed, low-income residents, and non-Western or Middle East European immigrants living in that area.



2.3 Eligibility criteria

All GPs with an interest in improving their communication with immigrant patients and/or patients with a low health literacy were considered for enrolment in the intervention group. We applied the following inclusion criterion; the use of one’s own individual identification code (in Dutch: AGB-code) to prescribe medication. This allowed the extraction of antibiotic prescribing data from the SFK database. We excluded GPs for whom we could not obtain complete prescription data pre- and post-intervention through their individual identification code. We used a cut-off point of <10 prescribed antibiotics because we assumed that in those cases the individual identification code had not been used consistently. This cut-off point was based on a study presenting antibiotic prescription data (24). The control group consisted of anonymous GPs working in deprived areas of the three cities. Based on the registration data of deprived neighborhoods of the NZa, SFK included all GPs from deprived areas as control group, after filtering out the intervention GPs.



2.4 Recruitment

The active recruitment of intervention GPs was between February and September 2021. The primary researcher and a research-assistant approached GP practices directly by phone and contacted managers to offer the training as an in-company training. Furthermore, we used other recruitment methods like professional networks (25). After enrollment, individual mailings were used to remind the intervention GPs about following the E-learning, the date and location of the training, and filling in the questionnaire. Because GPs in the control group remained anonymous to us, we were unable to collect data about their individual characteristics.



2.5 Intervention

The intervention consisted of three elements (Figure 1). The first element was an E-learning of four modules of 10 min each, all with a focus on antibiotics. The second element was a face-to-face communication training session of three hours at group level, guided by trainers of the national center of expertise on health disparities (Pharos). The third element consisted of simple, informative patient materials, available via the website of the Dutch College of General Practitioners (Thuisarts.nl), that could be used by GPs as support during consultation or in the waiting room. A full description of the intervention elements has been reported elsewhere (25).
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FIGURE 1
 Outline of the PARCA study.




2.6 Participant timeline and participation

We organized six live training-groups with on average six GPs per training (in total 37 GPs) between September and November 2021. GPs were requested to follow the E-learning modules within 2 weeks before the live training session. During the live training, the GPs received the patient information materials (hard copy and online). Two weeks after the live training, they were reminded by mail about using the online patient materials.



2.7 Data collection

For the number of prescribed antibiotics, we used data on the number of dispensed antibiotics as a proxy. These data were obtained from the national database of the SFK. SFK collects dispensing data from 95% of the Dutch community pharmacies. Because these pharmacies are the data owners, data collection is done according to predetermined processing agreements. We compared data post-intervention (November 2021–April 2022) with data pre-intervention (November 2019–April 2020). The data for the pre- and post-intervention period were collected in the winter months to coincide with the seasonal increase in antibiotic prescriptions seen during the winter. As defined per the protocol (25), the pre-intervention period was chosen to be winter ‘19/‘20, because data from winter ‘20/‘21 were too much influenced by COVID-19 (i.e., low antibiotic prescription rates). All data were retrieved retrospectively by SFK in the summer of 2022. Data of the intervention GPs were obtained by their AGB-code and name. Data on the background characteristics of each intervention GP (sex, age, years of work experience, number of FTE, city, and the percentage of patients with a migration background in their practice) were collected through online or hardcopy registration questionnaire before the start of the intervention.



2.8 Sample size

Assuming a decrease in the absolute number of prescribed antibiotics for RTI of 16.6% (from 240 to 200 prescriptions per 1,600 patients in 6 months’ time), a standard deviation of 56 per 1,600 patients, and a correlation (Pearson’s r) of 0.40 between pre- and post-intervention, the study would require 58 GPs to obtain 80% power at a significance level of 5%; 29 for the intervention group and 29 for the control group.



2.9 Outcomes

The primary outcome was the mean number of prescribed antibiotic courses, qualifying for RTI in primary care, per GP. Based on expert opinion and the Dutch antibiotic guidelines, we selected eight first and second choice antibiotics qualifying for RTI in primary care: Doxycycline (J01AA02), Amoxicillin (J01CA04), Amoxicillin/clavulanic acid (J01CR02), Phenoxymethylpenicillin (J01CE02), Pheneticillin (J01CE05), Macrolides (J01FA), Moxifloxacine (J01MA14), and Sulphonamides in combination with trimethoprim (J01EE) (25). The secondary outcome was the mean number of all prescribed antibiotic courses per GP. SFK selected only oral antibiotics and removed chronic-repeat prescriptions for the same antibiotic within two times the duration of the first prescription.



2.10 Statistical analysis

The number of prescribed antibiotics for RTI was calculated for each individual GP in the intervention and control group by adding up the total numbers of the selected antibiotics. The number of prescribed antibiotics and the GP characteristics of the intervention GPs were analyzed using descriptive statistics. One-way ANCOVA (analysis of covariance) was used to examine whether there was a difference in the mean number of prescribed antibiotics between the intervention and the control group, while adjusting for the pre-intervention number of prescribed antibiotics (26). Because of a non-normal distribution of the primary and secondary outcomes, we transformed the data by using LOG10 transformation. After the transformation, the assumptions for performing an ANCOVA were met (26). To increase the interpretability of the results, we present back-transformed data in the tables and figures. ANCOVA was performed for per-protocol (PP) analyses, including only intervention GPs who had participated in the intervention, as well as for intention-to-treat (ITT) analysis in which all intervention GPs were included, regardless of their actual participation in the intervention. We analyzed data using the Statistical Package for Social Sciences, version 28.1 for Windows (IBM SPSS Statistics for Windows, Armonk, NY: IBM Corp) and considered 2-sided p values less than 0.05 significant.



2.11 Self-assessment questionnaire among GPs

All intervention GPs were eligible to participate in the self-assessment questionnaire, also those who were excluded for the primary and secondary outcome analyses. A week before the start of the intervention, they filled out a short online questionnaire to rate their skills in culturally-sensitive communication, assessing patient expectations and explaining antibiotic non-prescribing. Additionally, they rated their own knowledge about different patient groups and communication aspects. The questionnaire contained multiple choice and Likert scale questions (10-point scales). Immediately after the intervention, the GPs rated the usefulness of the training elements for daily practice (10-point scales). Finally, three months later, the GPs received the same self-assessment questionnaire, to measure any change in self-rating and in the perceived usefulness of the training for daily practice. Additionally, they were asked whether they perceived the separate elements of the intervention to be useful and whether the developed patient materials were applicable in daily practice. We also asked about external influences other than the PARCA-intervention that could have affected their antibiotic prescribing behavior. For the evaluation of the statistical significance of changes to GPs’ responses over time, we used the Wilcoxon signed-rank test and considered 2-sided p values less than 0.05 significant.




3 Ethics


3.1 Informed consent

We obtained digital or hard-copy informed consent prior to the start of the study from both the GPs and the pharmacies (the dispensing data owners) in which they agreed to share data about prescribed antibiotics related to individual identification codes of the GPs. For the control group, informed consent was not required because of the processing agreement of the SFK with the affiliated pharmacies, which delineates when anonymous data (i.e., without GP or patient information) about prescribed medications can be used for scientific research.



3.2 Confidentiality

Identifying personal information of the intervention GPs was removed and replaced by study numbers. Only the main researcher could access the file containing the key between study numbers and identifying personal information of GPs. SFK only provided aggregated dispensing data per GP without any patient information. Data from separate data files were linked through GPs’ study numbers.



3.3 Research ethics approval

Ethical approval for this study was waived by the Medical Ethics Review Committee of the Erasmus MC, University Medical Center Rotterdam (MEC-2020-0142) since the intervention targeted GPs and we did not analyze or include patients’ health outcomes.




4 Results

As a result of the inclusion criterion (prescribing antibiotics under one’s own individual identification code), 12 (32.4%) of the 37 intervention GPs and 48 (30.4%) of the 158 control GPs were excluded from data analysis. Characteristics of the remaining intervention GPs (N = 25) are presented in the Supplementary Table S1. Most were female (76.0%) and had more than 10 years’ work experience as a GP (44.0%). More than three quarters of the intervention GPs were situated in Rotterdam (76.0%) and served patients from deprived areas (76.0%). The data of the control group consisted of 110 GPs; 46 from Amsterdam, 37 from Rotterdam, and 27 from The Hague.

A new power calculation, based on the randomization ratio of 25:110 demonstrated that it was required to include 20 GPs in the intervention group and 86 GPs in the control group to obtain 80% power at a significance level of 5%. For both groups we reached the minimum number of required GPs and, as such, had sufficient power to perform our analyses.

The mean number of prescribed antibiotics for RTI decreased from 110 to 91 in the intervention group (−17.3%) and from 146 to 115 in the control group (−21.2%) (Figure 2). The mean number of prescribed antibiotic courses for all infections, decreased from 176 to 158 in the intervention group (−10.2%) and from 211 to 186 in the control group (−11.9%).

[image: Figure 2]

FIGURE 2
 Mean number of prescribed antibiotics per GP, RTI-related and overall, for the intervention group (N = 25) and control group (N = 110), pre-intervention (2019–2020) and post-intervention (2021–2022). The results were transformed by using LOG10 transformation and back-transformed by using the logarithmic operation in reverse.


There was a statistically non-significant difference of −0.9% (95% CI, −28.2, 37.1%, p = 0.96) in the mean number of prescribed antibiotics for RTIs in the intervention group compared to the control group post-intervention, adjusted for the number of prescribed antibiotics pre-intervention (Table 1). For the mean number of all prescribed antibiotics the difference of −4.2% (95% CI, −33.0, 37.1%, p = 0.81), was neither significant.



TABLE 1 ANCOVA analysis (intention to treat and per protocol) of the mean number of prescribed antibiotics for RTI per GP and the mean number of all prescribed antibiotics in the intervention group (intention to treat; N = 25, per protocol; N = 19) compared to the control group (N = 110), post-intervention, unadjusted and adjusted for the pre-intervention number of prescribed antibiotics.*
[image: Table1]

Because some GPs did not participate in the intervention (N = 6), we excluded them in a per-protocol analysis (PP), which allowed examining the actual effect of the intervention. Comparing the mean number of prescribed antibiotics for RTI, between the intervention and the control group post-intervention, there was a statistically non-significant difference of −5.6% (95% CI, −34.4, 35.5%, p = 0.75). The PP analysis for the secondary outcome also revealed a non-statistically significant result (p = 0.63) (Table 1).

More than three quarters of intervention GPs (76.0%) were situated in Rotterdam. Therefore, we performed an analysis for this specific subgroup. Descriptive results are shown in the Supplementary Table S2. A non-significant difference of −4.7% in primary outcome was found (95% CI, −32.9, 35.2%, p = 0.78) (Supplementary Table S3) and for the secondary outcome there was a non-significant difference of −16.2% (95% CI, −42.7, 22.2%, p = 0.35) (Supplementary Table S3). The PP analysis, neither revealed significant results.


4.1 (Cross) contamination

Three months after the intervention we asked GPs about possible external influences, other than the PARCA-intervention, that could have affected their antibiotic prescribing behavior. Almost all GPs underlined the influence of the COVID-19 pandemic. GPs also noticed a decrease in the requests of patients for antibiotics.



4.2 Self-assessment questionnaire among GPs

In total, 32 GPs filled out the pre- and post-questionnaires. The changes in self-rating on various knowledge and (communication) skills items are presented in Tables 2, 3. There was a statistically significant improvement on four items: ‘How do you rate your ability to communicate in a culturally-sensitive way with immigrant patients?’ (p = 0.005), ‘How much do you know about people with low health literacy?’ (p < 0.001), ‘Do you feel capable to provide adequate care to patients with low health literacy?’ (p < 0.001), and ‘Do you make use of the teach-back method?’ (p < 0.001). None of the items that focused on improved knowledge and skills related to antibiotic prescribing were significant. GPs rated the usefulness of the training with a score of 8.3 (range 6–10) right after the intervention and with a score of 7.3 (range 6–9) three months later. Regarding the patient materials, GPs most often used the two texts that are available on the website of the Dutch College of General Practitioners. There were 22 GPs (73.0%) who used these texts regularly or often.



TABLE 2 Self-rating of GPs about their own knowledge and skills pre- and post-intervention (N = 32).
[image: Table2]



TABLE 3 The use and perceived relevance of the developed patient information materials, 3 months after the intervention.
[image: Table3]




5 Discussion

We aimed to improve antibiotic prescription by enhancing GPs’ communication skills with immigrant patient groups through a communication training and patient materials in multiple languages. The effect evaluation showed no effect of the intervention on the follow-up number of prescribed antibiotics. Yet, there was some improvement in the self-rated knowledge and skills of GPs after participating in the intervention and they rated the usefulness of the intervention for daily practice with a score of 8.3 right after the intervention and with a score of 7.3 three months later.

It can be questioned whether our intervention – which contained adequate power to detect statistical significance – was not effective in changing antibiotic prescribing behavior, or whether we were unable to demonstrate an effect due to the substantial impact of the COVID-19 pandemic. The pandemic affected GPs’ workload, diagnostic possibilities, and the organization of primary care (27, 28), and thereby complicated the recruitment of GPs for our study. The pandemic also directly reduced the incidence of respiratory illness (29) and the number of prescribed antibiotics (24, 30), which explains the decreases in prescribed antibiotics of the control GPs. According to the GPs in our study, a positive impact of the COVID-19 pandemic was the expanded information provision by the government and healthcare organizations. This resulted in better awareness among patients about differences between bacteria and viruses and might have reduced difficult interactions.

The value of effective GP-patient communication to manage patients and to increase mutual understanding is widely emphasized (10, 12, 31). Communication skills training for GPs has been previously proven effective in stimulating more appropriate antibiotic prescribing (10, 15, 32, 33). When training is offered in small groups (34) and includes content about real-life situations, as was done in our PARCA intervention, it usually endorses effective learning and aids in setting learning goals that can be applied in daily practice (35, 36). The results of our self-assessment questionnaire demonstrated an improvement on four knowledge and skills related items. However, none of these items focused on antibiotic prescribing. The items that were related specifically to antibiotic prescribing, for instance ‘Do you believe that immigrant patients understand your arguments for not prescribing antibiotics?’, did not show any significant improvement. This seems to indicate our intervention was mainly effective in improving GPs’ general communication skills and knowledge, without conjointly influencing their antibiotic prescribing behavior. The use of the teach-back method showed the largest improvement, a method which was intensively practiced during the PARCA intervention. The teach-back method has already been used widely in the community setting and has positive effects on patient outcomes, such as patient satisfaction, perceptions, and disease self-management (37).The other two training elements of our intervention, an online E-learning course, and patient materials, have potential to add to the training (16, 38–40).

A point of criticism of the GPs was that our intervention did not provide a solution for the limited consultation time. Time constraint is repeatedly mentioned as barrier for appropriate antibiotic prescribing (10, 11). On the long term, effective communication can save time as it will aid in a trust-based relationship between the GP and patient (41). To improve one’s own communication skills, an ongoing time investment in practicing and training is required. Continuous education, regular exposure and experiences in real-life situations are needed to develop expertise in the communication with vulnerable patients (42).

Recent studies have shown that most immigrants have similar attitudes and expectations as the general population (41) and that they have adapted their antibiotic attitude to the host country (43). Still, communication between GPs and immigrant patients requires constant attention. Information from healthcare professionals to patients is often inadequate and, despite our globalizing world, support from written information in the migrants’ mother tongue language is scarce. Moreover, currently used translation methods, such as informal translators, are not always sufficient (41, 42, 44).

The effect evaluation of our study focused on quantitative outcome measures. For future research it is recommended to use other (qualitative) methods like video observations or interviews, that provide the opportunity to measure the influence of the intervention on communication skills of GPs and possibly patients’ reassurance, satisfaction and understanding. Subsequently, while there is support for the influence of effective communication skills (15, 45), the use of other methods could provide in-depth knowledge about the added value of learning culturally-sensitive communication skills.


5.1 Strengths and limitations

Our study provides a valuable contribution to primary care practice because it is one of the first studies that has focused on immigrant patient groups to improve antibiotic prescribing. Furthermore, the PARCA intervention received a high rating from participating GPs, resulted in improved knowledge and skills, and we noticed a broad interest in our communication training during the intervention. By offering the live training as an in-company training, other interested employees, who were legally allowed to prescribe medications (e.g., nursing specialists), used the opportunity to also participate.

An important limitation of our study was the impossibility to randomize the participating GPs. Because of low willingness to participate in our study, even after extending our recruitment to GPs working in other (non-deprived) areas, the performance of a randomized controlled trial (RCT), as originally intended (25), was not achievable. Consequently, we included all recruited GPs in the intervention group and compared their prescription data with an anonymous control group, using a before-after study design. But even though this design ranks lower on hierarchy of evidence (46, 47), we believe it provides valuable insights. The results demonstrated that there were no differences between intervention and control GPs post-intervention when adjusting for the pre-intervention number of prescribed antibiotics, and there is no reason to expect another outcome if we had performed an RCT. Yet, there might be an underestimation of the effect as we can expect that particularly GPs with interest in the subject participated in the training, while they probably not perform the worst regarding antibiotic prescribing. In line, several GPs mentioned to have participated in various antibiotic oriented and/or communication courses, and our data revealed that the number of prescribed antibiotics was consistently lower among the intervention GPs than among the control GPs.

Another limitation of the study, that results from including anonymous GPs in the control group, is that we could not collect data about the specific number of registered patients for each GP who participated. This forced us to change the primary outcome measure that we originally intended to use, the number of antibiotic courses qualifying for RTI per 1,000 registered patients, to the absolute number of antibiotic courses qualifying for RTI. Similarly, the secondary outcome measure was changed to the absolute number of all prescribed antibiotic courses instead of per 1,000 registered patients. As a consequence, we also needed to change our sample size calculation. But, because the alternative design enabled us to include a larger number of GPs in the control group, we could increase the power of our study. Also, the anonymous GPs in the control group hampered us to statistically adjust for possible differences between intervention and control GPS, as no data on background characteristics such as work experience, age or type of practice were available for these anonymous GPs. This may also explain the initial difference in prescribed antibiotics between intervention and control GPs, in that control GPs might have more patients and/or work more hours.

Another limitation is related to the lack of information about any patient characteristics. Due to data restrictions it was impossible to select immigrant patients with symptoms of an RTI for our outcome measures. Data that had included only immigrant patients, instead of all patients as in our current data file, would have been more appropriate as our intervention was focused specifically on improving GPs’ communication with immigrant patients. It could have been possible that the share of immigrant patients in the practices of some of the intervention GPs was too small to demonstrate any effect. Finally, regarding antibiotic prescription for patients with RTI, we used a selection of antibiotics that qualify for RTIs as a proxy for antibiotics that can be prescribed when a patient is diagnosed with an RTI. However, these antibiotics can also be prescribed for other infections. Ideally, we would have liked to extract all consultations for RTI from GPs’ medical files and calculated prescribing rates, which was not possible given the various systems that were in place, as well as budget and time constraints.

The absence of an effect of the PARCA intervention on antibiotic prescribing by GPs might indicate that the intervention was ineffective but could also mean that the collected data and timing of the intervention were suboptimal. Further research is needed to examine the effect of improved culturally-sensitive versus effective communication skills on the prescribing behavior of GPs and patients’ satisfaction, by using a mix of both quantitative and qualitative methods.
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Introduction

Antimicrobial resistance (AMR) is considered a global health challenge which results in an estimated 700,000 deaths annually (1). A failure to curb antimicrobial resistance (AMR) could result in a global catastrophe of 10 million deaths annually by 2050 (2). In low and middle-income countries (LMICs) the problem posed by AMR is having devastating consequences as AMR accounts for about 45% of deaths in Africa and South-East Asia. Also multidrug resistant (MDR) organisms such as extended spectrum beta lactamase producing Klebsiella pneumoniae have been associated with increased mortality in Africa and other parts of the world e.g., South East Asia, the Eastern Mediterranean and the Western Pacific (3). In addition an unmitigated rise in AMR and a paucity in research and development of new antimicrobials puts the world in grave danger of a post antibiotic era. In such an era, there would be an inability to treat minor infections due to a lack of effective antibiotics (3). Furthermore, the impact of a post-antibiotic era would be particularly severe in LMICs with high burdens of infectious diseases and weak health systems (3). It is therefore necessary to curb antimicrobial resistance in LMICs. Sadly, governments in many LMICs exhibit low political will to curb antimicrobial resistance (4–6). Clearly some LMICs have developed National Action Plans (NAPs) on AMR (7). However, low political will results in poor implementation of these NAPs (5, 8–10). Low politicàl will has also resulted in the suboptimal performance of other approaches which are fundamental in the fight against AMR. For example, many LMICs lack: adequate diagnostic microbiology services (11, 12); water sanitation and hygiene facilities (13–16); effective childhood vaccination services (17–19); access to effective antibiotics (20); infection prevention and control protocols in health care facilities (13–15); efficient surveillance structures (21–23); and reliable local data on antibiotic consumption and AMR (21–23). Certainly, other reasons (such as funding, lack of technical expertise, lack of multisectoral coordination, etc.) have been attributed to the poor efforts to curb AMR in LMICs (8–10). However, the low political will of LMIC governments is considered the most important factor hindering efforts to curb AMR (5, 6, 8). Political will is a term which refers to “the commitment of political leaders and bureaucrats to undertake actions to achieve a set of objectives and to sustain the costs of those actions over time” (24). The presence of political will creates a suitable environment to develop effective and sustainable regulatory frameworks to curb AMR (5, 6, 25, 26). Also when political will is present it fosters engagement and mutually beneficial partnerships between LMIC governments and the private sector (27–30). Such partnerships allow LMIC governments to leverage on key strengths of the private sector (e.g., technical expertise, capacity building, infrastructure, and financing) to curb AMR (31–40). It is therefore necessary to build political will to curb AMR in LMICs (5, 6, 8–10, 26, 29, 30, 40, 41). However, the complex socio-cultural, socio-economic and political dynamics in LMICs may make the process of building political will daunting and complex (42, 43). In this regard, studies have shown that individuals, often referred to as “policy entrepreneurs,” can be pivotal in building political will to implement health reforms (44–46). Therefore, policy entrepreneurs may play a pivotal role in tackling AMR in LMICs (6). The focus of this paper is to draw attention to the need to engage policy entrepreneurs in efforts to curb the menace of AMR in LMICs.



Defining policy entrepreneurs

Policy entrepreneurs are individuals who actively engage (and collaborate) in efforts to promote reforms or innovations in national policy and decision making (45–48). Mintrom (46) describes policy entrepreneurs as “energetic actors who engage in collaborative efforts in and around government to promote policy innovations or health reforms.” Essentially policy entrepreneurs are skilled at introducing and promoting their ideas in many different fora (45–48). Also they invest time and energy to increase the chances for an idea to be placed on the decision agenda of the government (45–48). Policy entrepreneurs may be found anywhere in the sphere of policy and decision making (48). They may or may not be employed by the government or may hold elected appointed positions (48). They may be academics or individuals who work for advocacy groups or research institutions (48). Their willingness to commit and invest their resources (e.g., time, energy, reputation, finances, etc.) in the expectation of a future return is what clearly distinguishes them from other individuals involved in policy and decision making (48). They might receive that anticipated future return in the form of professional advancement, personal gratification, or the implementation of policies or regulations they are happy with (48).

In several LMICs, policy entrepreneurs have played useful roles in initiating and implementing health reforms (49–56). For example in Nigeria a health Minister successfully championed the implementation of Primary Health Care (49). Similarly in Uruguay, in 2007, the President supported by some politicians in government spearheaded health reforms which resulted in a National Integrated Health System (Sistema Nacional Integrado de Salud) designed to provide comprehensive and equitable health coverage for Uruguayans (53, 54). There are also examples of individuals outside government, civil society groups, and other non-governmental organizations which have been instrumental in building political will on burning issues (55, 56). For example in Kenya, a network of Civil Society Organizations used a combination of litigation and advocacy to ensure the revision of the 2008 Counterfeit Act, which had prohibited people living with HIV from accessing affordable generic drugs (55). Similarly in Indonesia, disability groups played a key role in efforts to pass legislation to protect the rights of people with disabilities (56). Also in China, a private enterprise served as a policy entrepreneur in the adoption of mobile healthcare payment (57). The success achieved by policy entrepreneurs in enabling these health reforms can also be adapted in efforts to curb AMR in LMICs (58).



Policy entrepreneurs have a role to play in curbing antimicrobial resistance in low and middle income countries

The battle against AMR may be slow and frustrating if LMIC governments persistently display little or no political will to enact and enforce laws to curb antimicrobial resistance (58). However, a lot more can be achieved with the inclusion of policy entrepreneurs in efforts to curb AMR in LMICs (59). Several reasons support the preceding statement. Firstly, policy entrepreneurs understand the political dynamics involved in implementing health reforms (60). Therefore, the involvement of policy entrepreneurs in the reform process utilizes their political sagacity, enthusiasm and drive and provides the required momentum for policy adoption and diffusion (60). In addition, policy entrepreneurs can establish collaborative networks involving government, influential individuals, non-governmental institutions (who are involved in efforts to curb AMR in LMICs) and global organizations (60). Such networks can provide the required momentum to implement policies to curb AMR in LMICs (60).

Also, policy entrepreneurs are adept at creating or taking advantage of rare opportunities referred to as “policy windows” (48). Policy windows are described as “exceptional, fleeting periods of time when there is a greater likelihood of initiating policy change than usual” (61). For example the emergence of a Head of State or President with a passion to fight AMR is a significant policy window to curb the menace of AMR in a country (48). However, policy entrepreneurs are not expected to passively wait for policy windows to open or occur (62, 63). They can also proactively engage in activities which can lead to the creation or opening of policy windows regarding the issues of inappropriate antibiotic use and AMR (62, 63). Examples of these activities include: drawing attention to the dangers of inappropriate antibiotic use and AMR (e.g., through social media); building or strengthening coalitions with key stakeholders (e.g., influential politicians or citizens, research and policy organizations, etc.); and educating or increasing the knowledge of decision (or policy-makers) about inappropriate antibiotic use and AMR (58).



Conclusion

Policy entrepreneurs have been instrumental in achieving health reforms in LMICs (49–56). They possess a keen understanding of the political process and are instrumental in building political will to implement health reforms (45–48, 60). Notably, a paucity of political will is a major factor impeding the fight against AMR in many LMICs (5, 8–10). However, the involvement of policy entrepreneurs will be instrumental in building political will to tackle AMR in LMICs (58–60).
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Intensive care units (ICUs) are specialized environments dedicated to the management of critically ill patients, who are particularly susceptible to drug-resistant bacteria. Among these, carbapenem-resistant Gram-negative bacteria (CR-GNB) pose a significant threat endangering the lives of ICU patients. Carbapenemase production is a key resistance mechanism in CR-GNB, with the transfer of resistance genes contributing to the extensive emergence of antimicrobial resistance (AMR). CR-GNB infections are widespread in ICUs, highlighting an urgent need for prevention and control measures to reduce mortality rates associated with CR-GNB transmission or infection. This review provides an overview of key aspects surrounding CR-GNB within ICUs. We examine the mechanisms of bacterial drug resistance, the resistance genes that frequently occur with CR-GNB infections in ICU, and the therapeutic options against carbapenemase genotypes. Additionally, we highlight crucial preventive measures to impede the transmission and spread of CR-GNB within ICUs, along with reviewing the advances made in the field of clinical predictive modeling research, which hold excellent potential for practical application.
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1 Introduction

Antibiotics play a vital role in controlling bacterial infections; however, the development of new antibiotics lags far behind the worldwide spread of antimicrobial resistance (AMR) (1, 2). It has been estimated that in 2019, drug-resistant bacterial pathogens were responsible for 1.27 million deaths (3). This number has nearly doubled from the 700,000 deaths reported in 2016 from AMR globally, in just a few years. According to experts, this number could reach 10 million by 2050 if resistance is not reduced or new antibiotics are not developed (4). Carbapenem-resistant Gram-negative bacteria (CR-GNB) possess a high resistance rate against a wide range of antibiotics, further limiting the antibiotic options available for patients. CRE (carbapenem-resistant Enterobacteriaceae), CRAB (carbapenem-resistant Acinetobacter baumannii), and CRPA (carbapenem-resistant Pseudomonas aeruginosa) are classified as pathogens posing a significant threat to human health (4).

Patients admitted to the intensive care unit (ICU) are typically immunocompromised, presenting with multiple comorbidities, overuse of broad-spectrum antibiotics, indwelling catheters, and undergoing multiple invasive procedures, which puts them at a relatively high risk of bacterial infections (5). According to Vincent et al. (6), the incidence of infection in ICU patients exceeds 50%. At present, the commonly employed microbiological methods for diagnosing bacterial infections suffer from a delayed nature, making it challenging to promptly target antibiotics based on drug sensitivity tests. The lack of rapid diagnostic methods to identify resistance genes in the clinical setting, as well as the scarcity of targeted antimicrobials, often results in the overuse of broad-spectrum antibiotics, which is a major contributor to AMR (7). Treatment options for infections caused by CR-GNB are limited and associated with high rates of clinical failure, morbidity, and mortality. Once a CR-GNB infection occurs and is left uncontrolled, it is highly likely to progress into a severe infection and lead to the mortality of patients in the ICU. Understanding the appropriate range of antibiotics for treatment is crucial for establishing an effective treatment strategy initially, alongside enhancing preventive and control measures within the ward to halt pathogen dissemination and deter drug resistance development. This paper offers a comprehensive examination of bacterial resistance mechanisms, CR-GNB resistance genes, and therapeutic options for respective infections. It concludes by outlining strategies for preventing CR-GNB colonization and infections in the ICU, including advancements in infection prediction models for critically ill populations. The application of prediction models in the ICU to promptly identify high-risk groups for CR-GNB infection can provide valuable insights for controlling the spread of CR-GNB in the ICU and improving the prognosis of ICU patients.



2 AMR mechanisms

The AMR is a complex as well as multifactorial phenomenon. In terms of its mechanism, AMR is associated with both selective pressure on bacteria and horizontal gene transfer between bacteria (8, 9). Figure 1 illustrates complex resistance mechanisms in bacteria: (i) Restriction of antibiotic entry. Many antibiotic targets are within bacteria, reducing the uptake of antimicrobials and thereby preventing their binding to the target site. (ii) Enhancement of efflux pumps. A large amount of antibiotic is released out of the cell, reducing the concentration of antibiotics within the bacteria. (iii) Regulation and defense of antibiotic target sites. Preventing the antibiotic from reaching its binding site and modifying the target site so that the affinity of the antibiotic molecule is reduced. (iv) Production of hydrolytic enzymes. Inactivation of the drug by adding specific chemical parts to the compound or destruction of the molecule itself so that the antibiotic cannot interact with its target. In addition, bacteria can adapt to antibiotic attacks by acquiring key DNA through horizontal gene transfer. Plasmids and transposons play a crucial role in developing and spreading bacterial resistance in clinical infections (10). Many resistance genes are localized on plasmids, and these mobile genetic elements can quickly transfer resistance within or between different bacterial species. Transformation (incorporation of naked DNA), transduction (phage-mediated), and splicing (bacterial “sexing”) are the three main ways. The emergence of resistance in the hospital setting usually involves splicing, a very efficient gene transfer method involving cell-to-cell contact.
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FIGURE 1
 Resistance mechanisms in Gram-negative bacteria and Gram positive bacteria.


The production of β-lactamases is a crucial mechanism of drug resistance in Gram-negative bacteria. Ambler’s classification categorizes these bacteria into four groups: A to D. The enzymes in classes A, C, and D use serine residues in their active catalytic site to hydrolyze β-lactams, while class B enzymes are metallo β-lactamases (MBLs) that contain zinc in their active site (11). Among these, extended spectrum β-lactamases (ESBLs), which belong to Ambler class A, can hydrolyze various β-lactam antibiotics such as cefotaxime, ceftriaxone, and ceftazidime, but they cannot hydrolyze and are resistant to cephalosporins and carbapenems (12). Infections caused by ESBL-producing Enterobacteriaceae (EBLS-E), which are mainly Klebsiella pneumoniae (K. pneumoniae) and Escherichia coli, are increasing worldwide (13, 14). The primary resistant genotypes of ESBL include blaCTX-M, blaSHV, and blaTEM (15). CTX-M type ESBL is the most predominant type of Enterobacteriaceae cultured from blood and hydrolyzes cefotaxime and ceftriaxone more effectively than ceftazidime (16). Carbapenem antibiotics, which are atypical β-lactam antibiotics with the broadest antimicrobial spectrum and the strongest antibacterial activity, can prevent cell wall synthesis and lead to bacterial lysis by inhibiting penicillin binding proteins (17). The resistance mechanism of CR-GNB can be classified into enzymatic and non-enzymatic types. Production of carbapenemase is a critical mechanism of GNB resistance to carbapenem antibiotics. The carbapenemase type of CR-GNB is shown in Figure 2. The genes encoding for carbapenemases are highly transmissible and easily spread through plasmid-and transposon-mediated dissemination (18). Non-enzymatic CR is primarily mediated by the acquisition of resistance genes, including mutations in chromosomally encoded porin genes (e.g., OprD) and overexpression of genes encoding efflux pumps (including MexAB-OprM, Mexxy-OprM, and MexCD-OprJ) (19). The genes that lead to resistance to carbapenem antibiotics in different species of Gram-negative bacilli are thus somewhat different. In the following section, the common CR-GNB within the ICU are summarized along with the genes they have been found to cause resistance.
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FIGURE 2
 β-lactamases in MDR-GNB according to Ambler’s classification.




3 CR-GNB resistance genes in ICUs


3.1 CRE

The Centers for Disease Control and Prevention (CDC) defines CRE as Enterobacteriaceae that are resistant to carbapenem antibiotics. In the United States, approximately 13,000 infections caused by CRE have been reported in hospitalized patients, resulting in an estimated 1,100 deaths (20). Patients who require medical devices such as ventilators, urinary catheters, or intravenous catheters, those who are on prolonged antibiotic treatment, and individuals with weakened immune systems are at a relatively high risk of contracting CRE infections (21). Hence, it is crucial to exercise caution in implementing therapeutic measures to avoid unnecessary invasive procedures for patients who usually have underlying medical conditions and those who require ICU-level interventions. Based on the resistance mechanism, CRE can be categorized into carbapenemase-producing enterobacteria (CPE) and non-carbapenemase-producing enterobacteria (non-CPE). CPE comprises carbapenemase-resistant enzymes such as K. pneumoniae carbapenemase (KPC) in class A, benzoxacillin carbapenemase/oxacillinase (OXA) in class D, and MBLs belonging to class B, including imipenemase metallo-β-lactamase (IMP), New Delhi metallo-β-lactamase (NDM), and Verona integrase-encoded metallo-β-lactamase (VIM) (11). The blaKPC gene is the most prevalent gene in Ambler class A, and its production plays a significant role in the carbapenem-resistant K. pneumoniae (CRKp). On the other hand, blaOXA-48 is a more common gene responsible for resistance to carbapenem antibiotics in Escherichia coli (22). Single CRE isolate can possess multiple carbapenemase-encoding genes. For instance, in Egypt, where NDM and OXA-48-like enzymes are widespread, polymerase chain reaction results demonstrated that about 90% of Enterobacteriaceae isolates harbored one or more carbapenemase-encoding genes, with blaNDM-1 being the most prevalent genotype, followed by blaOXA-48 (23).



3.2 CRAB

Acinetobacter baumannii (A. baumannii) is the most frequently isolated pathogen in ICUs (24), leading to various infections such as pneumonia, skin and soft tissue infections, and bloodstream infections (BSIs) (25, 26). The emergence of CRAB poses a significant challenge for treatment and has intensified the prevalence of hospital-acquired infections, thus becoming a major threat to global public health (11). The mechanisms of carbapenem resistance in A. baumannii involve various factors such as increased efflux pumps, decreased expression or inactivation of pore proteins, modifications of penicillin-binding proteins, and production of several types of β-lactamases (27, 28). The most common mechanism observed in CRAB is the production of carbapenemases, and the genes encoding the acquired carbapenemases play a key role. Among carbapenemases, the OXA enzymes are the most frequently reported in A. baumannii, such as OXA-23, OXA-24, OXA-40, OXA-51, OXA-58, and OXA-143 (29, 30). Additionally, metastable MBLs, including VIM, IMP, and NDM enzymes, have also been linked with drug resistance phenotypes in A. baumannii (11). It is essential to note that although KPC enzymes have primarily been detected in K. pneumoniae, variants of blaKPC, such as blaKPC-2 and blaKPC-3, have been reported in A. baumannii in a Brazilian hospital (31). The acquisition of blaKPC might be associated with A. baumannii’s resistance to carbapenems.



3.3 CRPA

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative bacterium commonly found in moist environments, such as washing tanks, aerators, respirators, and other equipment, as well as solutions exposed in hospital environments (32). It is a significant cause of healthcare-related problems, leading to urinary, respiratory, and BSIs in long-stay hospitalized patients (11, 33). These infections can be fatal in critically ill and immunocompromised patients in ICUs, and they may be further exacerbated by AMR (34). Infections caused by CRPA result in longer hospitalization periods and higher mortality rates compared to infections caused by carbapenem antibiotic-sensitive strains (35, 36). The development of CRPA involves the interaction of several complex resistance mechanisms. Firstly, the upregulation of efflux pumps (e.g., MexAB-oprM) allows for increased drug efflux, leading to resistance against most β-lactams (37). Additionally, the loss of OprD outer membrane proteins, which normally prevent the entry of antibiotics, coupled with the overproduction of Ambler C-like enzymes, can result in the near-exhaustion of P. aeruginosa’s resistance to β-lactams (38). Resistance to carbapenem antibiotics through carbapenemase production is a less common mechanism (39). Out of 28 CRPA strains isolated in the ICU, only three strains produced KPC (40). However, carbapenemase production as a resistance mechanism appears to be increasingly common, with blaVIM in MBLs being the most commonly detected gene, typically encoded on plasmids that are highly capable of dissemination (38). In instances where CRPA lacks carbapenemases, resistance is typically due to the absence of OprD or the overexpression of efflux pumps.




4 Treatment options

Given the limited therapeutic options for extensively drug-resistant Gram-negative bacteria, it is crucial to adopt a rational approach in utilizing available antibiotics to mitigate the emergence and spread of AMR. To effectively manage infections caused by CR-GNB, it is recommended to carefully select appropriate therapeutic agents based on the genetic characteristics of the bacteria. Below, it provides a concise summary of the mechanisms and efficacy of therapeutic selection. The activity of the treatment options on CR-GNB is summarized in Table 1.



TABLE 1 List of treatment options against carbapenemase-producing Gram-negative organisms.
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4.1 Ceftazidime/avibactam

Avibactam binds reversibly to β-lactamases and exhibits activity against carbapenemases, thereby restoring the inhibitory activity of ceftazidime against the majority of CRE and CRPA. Ceftazidime/avibactam generally demonstrates high efficacy against organisms producing KPC, although resistance has been observed in isolates producing KPC-2 and KPC-3, which may be attributable to reduced porin expression (41). Combination therapy could reduce mortality in BSIs caused by KPC-producing K. pneumoniae (42). However, the use of ceftazidime/avibactam in combination with other antimicrobial agents for the treatment of CRE and CRPA infections did not exhibit significant advantages in terms of survival and cure rates (43, 44). Ceftazidime/avibactam alone demonstrates superior effectiveness in patients with OXA-48-producing CRE infections compared to treatment with colistin, tigecycline, and meropenem (45, 46). Therefore, prioritizing ceftazidime/avibactam for the treatment of KPC-producing or OXA-48-producing CRE, as well as CRPA, may improve survival rates among patients in the ICU and reduce the risk of renal injury, as opposed to selecting alternative drugs or multidrug combinations. Moreover, since avibactam does not inhibit MBLs (NDM, VIM, and IMP), combining it with aztreonam, a drug stable against metallo-β-lactamases, may be a potential therapeutic strategy for treating CR-GNB infections belonging to class B. The combination of ceftazidime/avibactam and aztreonam exhibits good in vitro activity against Enterobacteriaceae producing metallo-β-lactamases, with favorable in vitro effectiveness (47).



4.2 Meropenem/vaborbactam

Vaborbactam is a β-lactamase inhibitor that primarily targets KPC carbapenemases but not MBLs, as well as class D β-lactamases (48). On the other hand, meropenem effectively treats Gram-negative bacilli, such as K. pneumoniae, Enterobacter spp., and P. aeruginosa. Together, meropenem/vaborbactam is a novel combination that exhibits strong and specific activity against KPC-producing CRE. While Vaborbactam also possesses the capacity to inhibit ESBLs and AmpC β-lactamases, its supplementary activity is not necessary, as meropenem alone effectively stabilizes these β-lactamases. Though multi-agent treatments may benefit high-risk patients, mono-therapy may be enough for other patients. For instance, meropenem/vaborbactam alone showed higher cure rates and lower patient mortality and nephrotoxicity in individuals with predominantly bacteremic CRE infections compared to other drug combinations (49). Therefore, along with considering the type of carbapenemase, a successful treatment of CR-GNB infections also necessitates consideration of different infection types, the severity of the infection, susceptibility of the causative organism, and the patient’s general health condition. Thus, meropenem/vaborbactam is another viable option for KPC-producing CRE infections.



4.3 Imipenem/relebactam

Relebactam is a type of β-lactamase inhibitor, structurally similar to avibactam, that can inhibit common class A carbapenemases (e.g., KPC) and class C cephalosporinases (e.g., AmpC). In vitro, relebactam has been shown to reverse resistance to imipenem in KPC-producing P. aeruginosa but has no potentiation effect in isolates with class B or D carbapenemase activity (50). In an in vivo C. elegans model, imipenem/relebactam was found to be a significant treatment for KPC-producing K. pneumoniae infections (51). Furthermore, relebactam in combination with imipenem/cilastatin inhibited AmpC, thus restoring the susceptibility of P. aeruginosa to imipenem. The combination demonstrated better efficacy with lower mortality and nephrotoxicity for the treatment of patients infected with CR-GNB (52). It is worth noting that this study included high-risk patients with poor outcomes, and the combination of relebactam and IMI is a potential therapeutic option for ICU patients infected with CR-GNB. Against blaKPC-containing P. aeruginosa, Imipenem/relebactam was shown in vitro to have a higher inhibitory activity than meropenem/vaborbactam but lower than ceftazidime/avibactam (53). Therefore, rapid diagnosis of the carbapenemase genotype of CRE or CRPA is significant for β-lactam/β-lactamase inhibitor combinations (BL/BLI) selections in clinical settings.



4.4 Cefiderocol

The recently approved BL/BLIs expand the therapeutic options available for KPC-producing and OXA-48-producing Enterobacteriaceae. Cefiderocol, the first cephalosporin containing an iron-based carrier, has gained approval for the treatment of carbapenem-resistant non-fermenting bacteria, including P. aeruginosa and A. baumannii (54). Current studies have demonstrated significant in vitro activity and effectiveness of cefodilol against CR-GNB (55). Cefodilol exhibits inherent stability against a wide range of carbapenemases, including class A, B, and D, as well as class C cephalosporinase hydrolases. Patients infected with KPC, NDM, VIM, IMP, and OXA-48 harboring CRE experiencing BSI or urinary tract infections can potentially benefit from cefodilol therapy (56). However, it is important to acknowledge that resistance may arise when cefiderocol is employed in the treatment of CRE. Instances of cefiderocol resistance in these isolates can be attributed to factors such as the clinical environment, in vitro exposure to cefiderocol, or resistance to other β-lactam antibiotics (e.g., ceftazidime or cefepime) prior to treatment. The application of cefiderocol in these cases carries a risk of mutation resulting in the development of specific mutations, such as NDM-5 (57), KPC-41, KPC-50 (58), and OXA-427 (59).

A study by Falcone et al. (60) conducted in the ICU featured 10 patients with A. baumannii BSI and ventilator-acquired pneumonia. These individuals had previous treatment failures with antibiotics, including colistin, and had developed renal and hepatic injury. Clinical success and survival rates at 30 days were 70 and 90%, respectively, with cefiderocol treatment. Cefiderocol monotherapy for critically ill patients was revealed to result in a lower infection recurrence rate and higher clinical success compared to combination therapy using drugs like colistin (61). However, all-cause mortality was higher with cefiderocol monotherapy. This trend may be linked to the heightened risk of infection recurrence or death in critically ill patients, who commonly experience trauma-induced immune compromise, prolonged hospitalization, invasive procedures, and colonization of the skin by multidrug-resistant organisms. Consequently, in addition to the timely and accurate selection of appropriate drug therapy, implementing specific preventive and control measures against CR-GNB infections in the ICU setting is paramount.



4.5 Polymyxins

The newly approved BL-BLIs have emerged as the primary treatment options for CRE and CRPA infections. However, the treatment landscape for CRAB infections is becoming increasingly limited. Although BL-BLI therapy is recommended for urinary tract infections due to the high concentration of polymyxins in the urinary tract, it is still considered an alternative therapy for CRAB infections (62). According to the 2023 guidelines by the Infectious Diseases Society of America (IDSA) for the management of resistant Gram-negative bacteria infections, high-dose ampicillin-sulbactam in combination with other agents, including Polymyxin B, is recommended for the treatment of moderate-to-severe CRAB infections (63). Polymyxin B is specifically indicated for the treatment of severe infections, such as BSIs. However, the efficacy and safety of Polymyxin B as a monotherapy are not well-established. Thus, it is generally advised to administer Polymyxin B in combination with at least one other antimicrobial agent from a different class. Colistin, another approved drug from the polymyxin class of antibiotics, is considered a last-resort treatment for A. baumannii infections (64).

However, the emergence of polymyxin-resistant strains has been well-documented, potentially due to colistin’s prodrug nature and the prolonged presence of its active form in the body, which can predispose to resistance (65). Typically, colistin is recommended in combination with other agents for the treatment of CRE with CRPA infections. However, a clinical observational study (66) found that the difference in outcomes between patients treated with colistin sulfate alone versus in combination with other antibiotics was not statistically significant. The use of low-dose polymyxins in the treatment of multidrug-resistant A. baumannii infections may elevate the risk of mortality (66). A trial in 2018 demonstrated that colistin combined with meropenem treatment did not yield improved outcomes for severe infections caused by CR-GNB (67). Additionally, colistin therapy, especially when employed as part of combination therapy for patients with CR-GNB infections, may result in unfavorable clinical outcomes and potentially increase the risk of kidney injury in patients (68, 69). Combination therapy could heighten the probability of adverse effects, escalate the cost of antimicrobial therapy, and contribute to the development of antimicrobial resistance. Further clinical trials are imperative to establish the efficacy and safety of colistin as a complementary or alternative treatment for severe CR-GNB infections, particularly in cases where BL-BLI treatment proves ineffective.



4.6 Tigecycline and minocycline

Tigecycline is a novel intravenous antibiotic with broad-spectrum activity and is derived from minocycline. It has traditionally been considered the preferred treatment for infections caused by CRE. However, the latest guidelines from the IDSA recommend β-lactams as the primary option for treating CRE infections, with tigecycline as an alternate option if necessary (63). Combining tigecycline with colistin, carbapenems, or aminoglycosides is the most commonly used regimen for treating CRE infections. Studies comparing these combinations found that tigecycline-colistin was most effective against Klebsiella, while imipenem-colistin was best against Escherichia coli (70). Tigecycline combined with amikacin and colistin, or minocycline with cefoperazone-sulbactam, showed synergistic inhibitory activity against CRAB (71, 72). OXA-24-producing strains are more sensitive to tigecycline-amikacin and OXA-23-producing strains are more sensitive to tigecycline-mucin use [1]. Minocycline and tigecycline have lower nephrotoxicity compared to mucins versus aminoglycosides and can be used in combination with other drugs as another treatment option for CRAB (72). Notably, tigecycline-based regimens with high-doses (200 mg loading and 100 mg maintenance) showed lower mortality rates in ICU patients than standard doses (100 mg loading and 50 mg maintenance), and combination therapy with tigecycline was more effective than monotherapy (73). Consequent to exposure to tigecycline, resistance was induced in CRKp but tigecycline-resistant strains exhibited greater susceptibility to other drugs, including aminoglycosides, carbapenems, and cephalosporins (74). Sequential combination therapy with tigecycline and aminoglycosides may be a more effective approach to treating CRE.



4.7 Aminoglycosides

Aminoglycoside antibiotics possess strong bactericidal properties and remain effective in treating MDR-GNB. However, their application is somewhat limited due to the side effect of nephrotoxicity. Generally, aminoglycosides are not the primary treatment option for severe infections. However, they can still be considered as a therapeutic alternative for combating CR-GNB when other options are unavailable. This is usually done in combination with other drugs such as β-lactams (75). For instance, studies have shown that the combination of imipenem and amikacin has a synergistic effect on CR-GNB both in vivo and in vitro (76–78). Amikacin exhibits lower resistance than gentamicin in most CRE strains (79). Many studies have supported the use of aminoglycosides in the treatment of CRE infections in critically ill patients before the introduction of novel BL-BLIs (80). Furthermore, gentamicin has demonstrated the potential to reduce mortality in K. pneumoniae sepsis caused by class A β-lactamase-producing enzymes, including KPC-3, SHV-11, and TEM-1 (81). A recent case report highlighted successful treatment of a patient with a CRKp intracranial infection after craniotomy using intrathecal injection of gentamicin and intravenous injection of amikacin, which displayed gentamicin susceptibility (82).

Plazomicin, a next-generation aminoglycoside antibiotic, has demonstrated a lower minimum inhibitory concentration compared to other aminoglycosides, making it a potential treatment option for infections caused by carbapenemase-producing, NDM-producing CRE (83). In a multicenter, randomized, open-label phase III trial that compared plazomicin with colistin (both in combination with imipenem) for the treatment of severe infections in CRE, plazomicin proved to be effective with a relatively low mortality and complication rate (84). Due to the nephrotoxicity associated with aminoglycoside antibiotics, they are generally not used in combination with colistin. To ensure optimal efficacy and minimal toxicity, appropriate dosage, administration, and therapeutic drug monitoring of the patient are essential when using aminoglycosides.




5 Control strategies of CR-GNB

Infection control measures can be broadly classified into two types: horizontal and vertical strategies (85). Horizontal strategies are not pathogen-specific and aim to reduce infections caused by all pathogens. These strategies include standard precautions, such as hand hygiene, universal decolonization, and antimicrobial stewardship programs. On the other hand, vertical strategies are designed to target specific pathogens, involving carrier screening and contact precautions. The debate continues as to which of these two approaches is more effective. Nevertheless, implementing both strategies in parallel in the ICU setting may optimize infection control. Although monitoring the transmission route of CR-GNB is challenging, identifying high-risk groups is relatively simple. Implementing targeted prophylaxis and control measures for patients at high risk seems to be a promising approach. Furthermore, predictive or early warning models for CR-GNB infection are currently being explored and hold potential for application in the ICU.


5.1 Horizontal strategies

Hand hygiene: Multi-drug resistant organisms (MDROs) have exhibited the ability to persist in hospital environments, such as floors, walls, beds, doorknobs, bedside tables, and equipment (86). Barnes et al. (87) developed a patient–patient transmission model within the ICU and compared the effects of hand hygiene and environmental cleanliness on MDRO acquisition rates; findings suggest that universal decolonization methods could eliminate colonization of MDRO Gram-positive bacteria. For example, patients in the ICU receiving mupirocin nasal injection have lower rates of MRSA BSIs compared to those undergoing chlorhexidine bathing (88). Extensively resistant MDROs, such as CRE, have shown poor response to chlorhexidine treatment, and current clinical evidence does not support the removal of patient colonization (89, 90). A meta-analysis indicated that ICU bathing with chlorhexidine significantly reduces A. baumannii colonization (91). Compliance with hand hygiene is widely considered as the foundation for preventing MDRO spread in ICUs. However, in hospitals with low compliance rates, proactive detection of CR-GNB has substantial benefits for patients when implemented with increased environmental cleanliness. Nevertheless, in high hand hygiene compliance environments, contact precautions and screening for CR-GNB colonization contribute little to preventing MDRO spread, especially for CR-GNB.

Antimicrobial Stewardship: Antimicrobial Stewardship (AMS) is a significant measure of importance as defined by the IDSA. It entails implementing coordinated interventions aimed at enhancing and evaluating proper utilization of antimicrobials. This is accomplished through facilitating optimal selection of antimicrobial regimens, determining appropriate dosage, therapy duration, and administration route. For patients in the ICU, the potential negative consequences of antimicrobial overuse are considered less perilous compared to the inadequate employment of restraints. Reports indicate a substantial proportion of ICU patients receiving excessive antimicrobial therapy, which includes treatment involving antimicrobials for suspected infections, utilization of overly broad-spectrum antibiotics, delayed initiation of timely antibiotic de-escalation and optimization, and prolonged duration of therapy (92, 93). The implementation of Antibiotic Stewardship Programs (ASP) within the ICU setting can potentially reduce the misuse of antimicrobials, shorten hospital stays, minimize costs, and decrease the emergence of drug resistance (94). Also, the study conducted by Khdour et al. (95) highlights the importance of establishing a well-structured antimicrobial stewardship team in the context of AMS. They found that timely feedback and prospective audits from the antibiotic stewardship team, within 48–72 h of antibiotic administration for ICU patients, had a positive impact on patient outcomes. Calcitoninogen as a biomarker in the ICU has been shown to reduce the use of antibiotics and mortality rates to some extent (96). However, further investigation is needed to determine the efficacy of calcitonin as a treatment indicator, and the cost of frequent testing must be balanced with potential savings from shorter antibiotic therapy. To address the growing issue of carbapenem resistance, experts emphasize the importance of implementing clear strategies to guide the appropriate use of carbapenem antibiotics (97).



5.2 Vertical strategies

Rapid Diagnostic Tests: Standard microbial identification techniques typically take 48–72 h, while optimizing antibiotic therapy within the first 6–12 h of infection is critical for treating life-threatening infections. Rapid diagnostic tests (RDTs) provide assistance to ASP by contributing to timely and effective antimicrobial therapy, potentially reducing mortality, hospitalization, and costs, as well as improving antimicrobial use and clinical and economic outcomes. Recently developed RDTs are able to provide identification results within 3 h of collection and 2.5 h after Gram staining (98). The RDTs provide an opportunity to rapidly optimize antimicrobial therapy, but have been shown to be combined with ASP to maximize translation into improved patient outcomes (99). Studies have identified genotyping and phenotyping of Escherichia coli, Klebsiella, etc. based on RDTs to predict susceptibility to β-lactams (ceftazidime, piperacillin-tazobactam, imipenem, and meropenem). RDTs can support downgrading decisions for the treatment of GNB infections (99).

Screening and prophylactic isolation: Patients in the ICU are particularly vulnerable to colonization or infection with MDRO either upon admission or during their hospital stay due to various risk factors. To reduce the spread of MDRO, it is crucial to implement proactive screening or isolate patients with high-risk factors (100). Although proactive testing methods differ among hospitals in different regions, they usually involve obtaining fecal/rectal swabs from patients upon admission or at regular intervals (weekly or bi-weekly). This practice applies to all patients or those at high risk (e.g., ICU patients, those with a history of previous colonization/infection), with a focus on identifying CRE. Results of a study revealed a high incidence of CRKp colonization and a likelihood of eventual CRKp infection in patients who carried Klebsiella pneumoniae (including CRKp or carbapenem antibiotic-susceptible Klebsiella pneumoniae) upon ICU admission (101). Proactive screening in high-risk units for CRE colonization or infection has also shown that CRE-positive patients, both neonatal and non-neonatal, exhibit different genotypes of carbapenemases. Notably, over 90% of CRE-positive neonates carry NDM. Isolating and placing these patients appropriately may help reduce the risk of CRE infection (102).

Additionally, the implementation of proactive testing and isolation strategies has shown a decrease in infections caused by CRAB and CRPA at a broader scale (103). Hospitals with limited isolation facilities have commonly resorted to a contact precautions approach in confining ICU patients to their own beds, similar to horizontal measures. Notably, no transmission of resistant organisms, such as Klebsiella pneumoniae, was detected in these cases (89). Implementing universal contact precautions, regardless of the specific pathogen, may also impede the spread of CR-GNB within the ICU.



5.3 Predictive model and practical application

The emergence and spread of CR-GNB are influenced by various factors. Identifying high-risk factors to determine ideal target populations for proactive testing or prophylactic contact helps optimize the allocation of limited resources. Depending on the purpose of the prediction model, different target populations can be selected for retrospective or prospective studies. The CR-GNB infection prediction model and the early warning model in Table 2 were designed to identify patients infected with or carrying CR-GNB, respectively. In order to prevent the spread of CR-GNB before culture results are available, modeling techniques have been employed to assist in the pre-isolation of potential carriers of CR-GNB or patients who are at a high risk of infection upon admission. There is also a type of predictive modeling that predicts infection at a particular site. BSI is a severe infection characterized by positive blood cultures in patients displaying symptoms of systemic infection. BSI often leads to unfavorable outcomes for patients in the ICU, including longer hospital stays and higher mortality rates (109, 110). While blood cultures serve as the gold standard and primary tool for diagnosing pathogens causing BSI, they are susceptible to delays in initiating effective treatment due to the time required (111). In addition to performing timely blood cultures or rapid diagnostic tests when BSI is suspected, several studies have explored the use of predictive modeling to construct early warning models for BSI. Several studies, as depicted in Table 3, have developed early warning models to identify BSI in vulnerable populations, such as children, the older adults, and individuals with immunodeficiencies. These models rely on risk factors or biomarkers to target high-risk populations and implement prophylactic measures, thereby reducing the occurrence of BSI and the associated mortality risk. While most of these models have demonstrated reliable predictive performance, unfortunately, only a limited number of studies have conducted validation in diverse healthcare settings. Consequently, the geographical applicability of these models may be constrained due to this lack of validation across multiple centers.



TABLE 2 CR-GNB carriage or infection prediction models in ICUs.
[image: Table2]



TABLE 3 BSI early warning models of critical patients.
[image: Table3]




6 Discussion

The ICU is particularly susceptible to the emergence and spread of CR-GNB, necessitating the urgent strengthening and implementation of preventive measures within this high-risk setting. Currently, the range of antibiotics available for treating CR-GNB infections is limited. In the long term, it is crucial to prioritize the optimal utilization of existing antibiotics rather than relying solely on the development of new drugs. The presence of drug resistance genes in CR-GNB makes it difficult to promptly diagnose the pathogen and select suitable antibiotics. The high-density care provided in ICUs further increases the likelihood of cross-transmission of drug-resistant gene. This greatly affects the prognosis of ICU patients.

Having a thorough understanding of the common resistance genes found in CR-GNB and selecting appropriate antibiotics are crucial prerequisites for delaying the development of resistance. Pathogenic bacteria producing different genotypes of carbapenemases may have varying sensitivities to antibiotics. Selection of rational antibiotics based on enzyme genotypes not only controls the patient’s condition in time but also delays the development of drug resistance. Recent studies have highlighted the efficacy of newly approved BL-BLIs like ceftazidime/avibactam, meropenem/vaborbactam, and imipenem/relebactam as the first-line therapeutic options for most CRE and CRPA infections. However, these BL-BLIs have been found to be less effective in treating CRAB. For the treatment of CRAB and as an alternative when BL-BLIs are ineffective against KPC, NDM, VIM, IMP, and OXA-48 producing Escherichia coli, cefiderocol is recommended. While high-dose tigecycline has shown potential benefits in managing CR-GNB, conclusive evidence regarding its superiority over standard tigecycline dosing or the comparative effectiveness of combination therapy versus monotherapy remains elusive (120, 121). Monotherapy with cefiderocol has been shown to be more effective than combination therapy. Polymyxins, tigecycline, minocycline, and aminoglycosides are generally suggested as combination therapies or alternative treatments for CRE. Moreover, CR-GNB often exhibit a significant degree of co-resistance, limiting the range of effective therapeutic interventions. In cases where CR-GNB demonstrate resistance to key antibiotics such as fluoroquinolones, piperacillin, third-generation cephalosporins, and carbapenems, only colistin, aminoglycosides, tigecycline, fosfomycin, ceftazidime/avibactam, and ceftolozan/tazobactam are some of the few therapeutic options available (122).

The RDTs play a crucial role in ensuring that patients receive appropriate treatment in a timely manner, thereby decreasing the turnaround time for empirically prescribing broad-spectrum antibiotics. Additionally, RDTs aid in screening patients admitted to the ICU for carriage of CR-GNB, which is a vital preventive measure. The ICU requires strict infection control measures, such as hand hygiene, antimicrobial stewardship, proactive screening and prophylactic isolation, among other common practices. Another valuable tool for decision support is clinical predictive modeling, which can forecast the carriage and infection of drug-resistant bacteria. Currently, these models are typically built using multivariate logistic regression. However, the advancement of machine learning technology allows for the construction of infection-related models using large datasets and new algorithms, potentially improving their stability and effectiveness. The integration of machine learning algorithms with RDTs holds promise for enhancing the detection of predominant carbapenem resistance genes within clinical isolates of CR-GNB (123–125). This approach also enables the refinement of dosing regimens through the analysis of in vitro experimental data and pharmacodynamic considerations, thereby supporting the ASP of CR-GNB infections (126). It was discovered that most of the existing clinical prediction models based on machine learning for relevant infections lacked external validation, and those that were externally validated displayed poor performance. This aspect may also explain why prediction models for CR-GNB infection or carriage within the ICU are not widely implemented.

In order to improve patients’ prognosis and enhance their long-term quality of life, it is crucial to heighten vigilance against CR-GNB during ICU hospitalization. As well as administering antibiotics rationally based on the pathogen type and susceptibility, it is vital to swiftly identify the carbapenemase type in CR-GNB cases and take appropriate measures to prevent and control associated infections. We anticipate the emergence of more therapeutic strategies based on carbapenemase genotypes. We anticipate that future studies will delve further into treatment options based on genotypes of drug-resistant bacteria. Additionally, exploring CR-GNB-related models based on machine learning is expected to develop more effective infection control tools for ICU settings.
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A novel multivariate logistic model for predicting risk factors of failed treatment with carbapenem-resistant Acinetobacter baumannii ventilator-associated pneumonia
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Background: This study aimed to explore the risk factors for failed treatment of carbapenem-resistant Acinetobacter baumannii ventilator-associated pneumonia (CRAB-VAP) with tigecycline and to establish a predictive model to predict the incidence of failed treatment and the prognosis of CRAB-VAP.

Methods: A total of 189 CRAB-VAP patients were included in the safety analysis set from two Grade 3 A national-level hospitals between 1 January 2022 and 31 December 2022. The risk factors for failed treatment with CRAB-VAP were identified using univariate analysis, multivariate logistic analysis, and an independent nomogram to show the results.

Results: Of the 189 patients, 106 (56.1%) patients were in the successful treatment group, and 83 (43.9%) patients were in the failed treatment group. The multivariate logistic model analysis showed that age (OR = 1.04, 95% CI: 1.02, 1.07, p = 0.001), yes. of hypoproteinemia (OR = 2.43, 95% CI: 1.20, 4.90, p = 0.013), the daily dose of 200 mg (OR = 2.31, 95% CI: 1.07, 5.00, p = 0.034), yes. of medication within 14 days prior to surgical intervention (OR = 2.98, 95% CI: 1.19, 7.44, p = 0.019), and no. of microbial clearance (OR = 0.31, 95% CI: 0.14, 0.70, p = 0.005) were risk factors for the failure of tigecycline treatment. Receiver operating characteristic (ROC) analysis showed that the AUC area of the prediction model was 0.745 (0.675–0.815), and the decision curve analysis (DCA) showed that the model was effective in clinical practice.

Conclusion: Age, hypoproteinemia, daily dose, medication within 14 days prior to surgical intervention, and microbial clearance are all significant risk factors for failed treatment with CRAB-VAP, with the nomogram model indicating that high age was the most important factor. Because the failure rate of CRAB-VAP treatment with tigecycline was high, this prediction model can help doctors correct or avoid risk factors during clinical treatment.

Keywords
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1 Introduction

Acinetobacter baumannii is a significant opportunistic pathogen widely present in medical environments, capable of causing severe nosocomial infections (1). Prolonged and excessive use of carbapenem antibiotics, such as imipenem and meropenem, exposes bacteria to high drug concentrations, leading to the emergence of drug-resistant strains. The transmission of carbapenem-resistant Acinetobacter baumannii (CRAB) in healthcare settings is facilitated by the spread of resistance genes between bacteria and inadequate infection control measures in hospitals (2, 3). The rates of resistance of Acinetobacter baumannii to meropenem and imipenem increased from 30.1 and 39.0% in 2005 to 71.5 and 72.3% in 2021, respectively, with the detection rate of CRAB gradually increased (4). Recent studies demonstrated that CRAB has the highest detection rate in the respiratory tract (60 ~ 87%), especially in ventilator-associated pneumonia (VAP) (5, 6).

VAP ranks among the most common nosocomial infections in the intensive care unit (ICU), contributing to increased mortality rates and healthcare expenditures, which were found to be associated with the delayed recognition and treatment of VAP due to drug-resistant A. baumannii (1, 7). Some studies have found that CRAB-VAP is not only closely associated with patients’ clinical outcomes (such as length of hospital stay and treatment costs) but also significantly correlated with patients’ prognosis (such as mortality rate and incidence of complications) (8, 9). Therefore, the treatment strategy for CRAB-VAP is particularly important.

In 2023, the Infectious Diseases Society of America (IDSA) guidelines recommended medications for treating CRAB, including ampicillin-sulbactam, polymyxins, and tetracycline derivatives. Tigecycline, as one of the few antibiotics effective against CRAB, was a crucial component of treatment regimens, especially when patients have concurrent renal insufficiency or when certain medications are unavailable (such as the intravenous formulation of minocycline, not marketed in China) (10–13). However, a study has shown that compared to other antimicrobial drugs, the use of tigecycline in treating CRAB-VAP increases the risk of patient mortality, leading to controversy over its efficacy and suggesting that it may not be suitable for treating CRAB-VAP (14). Therefore, investigating high-risk populations for tigecycline treatment failure in CRAB-VAP is imperative to select more suitable alternatives early in the treatment and reduce the likelihood of treatment failure.

Hence, this study conducted a multicenter retrospective study to evaluate the clinical characteristics and risk factors of CRAB-VAP patients who failed treatment with tigecycline and constructed a nomogram model of risk factors for treatment failure with a view to providing clinical diagnosis and treatment.



2 Methods


2.1 Study cohort and route

This multicenter, retrospective cohort study was carried out at The First Hospital of Shanxi Medical University, a 2,504-bed Grade 3 A National-level hospital, and Shanxi Provincial People’s Hospital, a 2,584-bed Grade 3 A National-level hospital. The study focused on patients with CRAB-VAP between 1 January 2022 and 31 December 2022. The inclusion criteria were as follows: (i) patients confirmed by CRAB-VAP and (ii) anti-infective treatment with tigecycline monotherapy or combination regimen. The exclusion criteria were as follows: (i) patients less than 18 years and (ii) tigecycline treatment course for <3 days. Only the first CRAB-VAP was included if there were multiple repeated during the study period. Patient demographics (sex, age, height, weight, and BMI), basic disease, predrug patients Sequential Organ Failure Assessment (SOFA), clinical and microbiological data (blood routine, procalcitonin, and drug sensitivity results), drug information (drug time, drug dose, and treatment), and other relevant information were obtained from the hospitals’ electronic medical record systems. The flow chart of this study is shown in Figure 1. The clinical efficacy of patients was used as a treatment outcome.

[image: Figure 1]

FIGURE 1
 Flowchart of the case selection process.




2.2 Definitions

CRAB was defined as Acinetobacter baumannii strains resistant to imipenem and meropenem (15). Hospital-acquired lung infection (HAP) was defined as patients not receiving invasive mechanical ventilation during hospitalization and were not in the latent period of pathogenic infection, while the onset of new pneumonia occurred 48 h after admission. VAP was defined as pneumonia occurring within 48 h after mechanical ventilation in patients undergoing endotracheal intubation or tracheotomy and within 48 h after withdrawal or extubation on mechanical ventilation (16, 17). The microbial clearance was defined as no original pathogenic bacteria cultured from the original infection site specimens after treatment, or symptoms and signs of infection disappeared, or culture specimens were not obtained. Microbial non-clearance was defined as primary pathogenic bacteria cultured from the original infection site after treatment (18).

CRAB causes pneumonia as follows: (i) patients had signs of bacterial infection (fever, white blood cells increased, neutrophils increased, PCT, or C-reactive protein increased), (ii) patients had the clinical symptoms consistent with pneumonia and radiographic appearance of new, or persistent, or aggravated pulmonary exudation, infiltration, and consolidation, (iii) patients had high-risk factors for resistant bacterial infection (such as basic disease, immune status, prior antimicrobial use, and other risk factors associated with morbidity), (iv) the specimen collection was qualified and the sputum smear showed coccobacillus engulfed by leukocytes, and (v) more than two sputum cultures showed the growth of pure A. baumannii or the dominant growth of A. baumannii (19).

The treatment combination regimen was defined as two or more antimicrobial agents used for treating CRAB, and the combination lasted greater than 72 h.

Successful treatment was defined as patients’ clinical characteristics returning to normal or having a significant improvement, and no new anti-infection regimen or surgical treatment is required for the initial infection of CRAB. The failed treatment was defined as initial signs of infection persisting after 72 h of tigecycline treatment, changes in antibiotic therapy or surgical intervention, or initial signs of infection reappearing (20).



2.3 Pathogen identification and drug susceptibility testing

Pathogen identification and drug susceptibility testing used an automated microbial identification and drug susceptibility analysis system (Moliere, France). We used the European Committee for Antimicrobial Susceptibility Testing (EUCAST) breakpoints, tigecycline of minimum inhibitory concentration (MIC) for A. baumannii ≤ 2 was considered to be sensitive (21, 22).



2.4 Statistical analysis

Continuous variables were expressed as mean ± standard deviation (mean ± sd) or median (IQR). Categorical variables were expressed as numbers with percentages [n (%)]. For continuous variables, a t-test or Mann–Whitney U-test was used to assess for normality and analysis. For categorical variables, the chi-square test or two-tailed Fisher’s exact test was used to compare between groups. The strength of associations was assessed in terms of the odds ratio (OR) and 95% confidence interval (CI). Univariate regression analysis used logistic regression analysis was performed after further screening for variables with a p-value of <0.1 in the univariate to determine independent diagnosis factors of failed treatment. In addition, this study established an independent nomogram based on risk factors to predict the probability of failed treatment. The receiver operating characteristic (ROC) curves were used to evaluate the accuracy of the nomograms. The discrimination of the nomogram was verified using a calibration plot with 1,000 bootstrap samples. The decision curve analysis (DCA) was a method to evaluate the clinical utility of the predictive model. A p-value of 0.05 was taken as the nominal level to determine the statistical significance of all analyses. The missing data in this study were very limited; individual patients lacked information on comorbid chronic diseases. Data analysis was performed in R (version 4.1.3).




3 Results


3.1 A comparison of baseline characteristics among 189 patients with CRAB-VAP

Overall, 268 patients were enrolled, of whom 189 were included in the safety analysis set (Figure 1). A total of 79 patients were excluded from the final analysis set due to the tigecycline treatment course for <3 days (n = 26), other infection sites except VAP (n = 29), other pathogens of VAP infection (n = 22), and resistance to tigecycline (n = 2). Data from the safety analysis set were collected from 1 January 2022 to 31 December 2022.

The baseline characteristics of 189 patients with CRAB-VAP are listed in Table 1. The median age of patients was 62 (53 ~ 71) years, and 128 (67.7%) of them were male, with 106 patients in the successful treatment group and 83 patients in the failed treatment group. Variables such as age, sex, BMI, hypertension, diabetes, CAD, hyperlipemia, liver dysfunction, usage within 48 h of incubation, treatment duration exceeding 7 days, combination, and medication within 14 days prior to surgical intervention were not different between the two groups. The study found that the failed treatment group had a higher usage of immunosuppressants, proportion of hypoproteinemia, daily dose of 200 mg, and proportion of patients with SOFA≥7 (p < 0.05). In the successful treatment group, there was a higher proportion of administering a combination, daily dose of 100 mg, and microbial clearance (p < 0.05). In this study, there was a variety of combination therapy regimens, which precluded statistical analysis. Common combination regimens included the following: tigecycline with sulbactam preparations, tigecycline with colistin, tigecycline with meropenem, tigecycline with aminoglycoside antibiotics, and tigecycline with polymyxins.



TABLE 1 A comparison of baseline characteristics in the study population regarding treatment success.
[image: Table1]



3.2 Univariate logistic regression analysis for failed treatment

As shown in Table 2, univariate logistic analysis results showed that age, BMI, usage of immunosuppressants, hypoproteinemia, administering a combination, daily dose, SOFA≥7, medication within 14 days prior to surgical intervention, and microbial clearance were associated with failed treatment.



TABLE 2 Univariate logistic regression analysis for failed treatment.
[image: Table2]



3.3 Multivariate logistic regression analysis for failed treatment with CRAB-VAP

Table 3 summarizes the results in the multivariate logistic model. The result showed that age, hypoproteinemia, daily dose, medication within 14 days prior to surgical intervention, and microbial clearance were significant determinants among all the factors included. Every 1-year increase in age corresponded to 1.04 (95% CI: 1.02, 1.07) in failed treatment. Compared with the no. of hypoproteinemia level, individuals with yes. of hypoproteinemia level had 2.43 (95% CI: 1.20, 4.90). Compared with a daily dose of 100 mg, individuals with a 200 mg level had 2.31 (95% CI: 1.07, 5.00). Compared with no. of medication within 14 days prior to surgical intervention level, individuals with the yes level had 2.98 (95% CI: 1.19, 7.44). Compared with the no. of microbial clearance level, individuals with the yes level had 0.31 (95% CI: 0.14, 0.70).



TABLE 3 Multivariate logistic regression analysis for failed treatment.
[image: Table3]



3.4 The nomogram to predict the failed treatment with CRAB-VAP

Based on risk factors determined by multivariable logistic regression, the study constructed a nomogram to predict the failed treatment with CRAB-VAP (Figure 2). Age, yes. of hypoproteinemia, a daily dose of 200 mg, yes. of medication within 14 days prior to surgical intervention, and no. of microbial clearance were risk factors for the failure of tigecycline treatment. To prevent deviations in the results, a constructed calibration curve was used in this study (Figure 3). The calibration curve using the bootstrap method (1,000 times) was plotted, which showed a good agreement between the predicted model and the actual observations. The ROC analysis revealed that the AUC value of the nomogram to predict the failed treatment with CRAB-VAP reached 0.745 (0.675–0.815), indicating that the model had good discrimination ability (Figure 4). Additionally, DCA showed that the nomogram model was effective in clinical practice (Figure 5).

[image: Figure 2]

FIGURE 2
 The nomogram model to predict the failed treatment with carbapenem-resistant Acinetobacter baumannii ventilator-associated pneumonia.
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FIGURE 3
 The calibration curve of the failed treatment with carbapenem-resistant Acinetobacter baumannii ventilator-associated pneumonia prediction model.
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FIGURE 4
 The receiver operating characteristic curve of the failed treatment with carbapenem-resistant Acinetobacter baumannii ventilator-associated pneumonia prediction model.
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FIGURE 5
 The decision curve analysis for the nomogram model for the failed treatment with carbapenem-resistant Acinetobacter baumannii ventilator-associated pneumonia prediction model.





4 Discussion

CRAB is widely found in medical environments and has a high tolerance, presenting a great challenge to healthcare around the world. In 2019, the Centers for Disease Control and Prevention listed CRAB as an emergency threat in reporting antibiotic resistance threats (23). Therefore, the therapeutic strategies for CRAB-VAP have attracted much attention (11, 24). The use of tigecycline as a broad-spectrum antibiotic in the treatment of CRAB-VAP has indeed sparked a debate. On the one hand, certain studies suggest its effectiveness for some CRAB-VAP patients, offering them a useful treatment option. However, on the other hand, some research also indicates poor outcomes with tigecycline therapy for CRAB-VAP, potentially leading to increased overall mortality rates (10). This study differs from previous research in that it does not compare tigecycline with other antibacterial drugs to observe its efficacy and safety in CRAB treatment. Instead, it introduces a novel therapeutic approach: selecting appropriate drugs based on patients’ clinical characteristics to offer a new perspective for CRAB treatment.

In this study, 189 patients were finally included, of which 106 patients were successfully treated, and the treatment of 83 patients failed. The CRAB-VAP failure rate caused by tigecycline treatment was high at 43.9%, which was consistent with the results of previous studies. Several risk factors had been linked to the failed treatment with CRAB-VAP, such as age, hypoproteinemia, and surgical intervention 14 days before treatment, which was homogeneous with this study’s results. As the patients get older, body function gradually degenerates, organ function and immunity also decline, and the compensatory ability to tolerate infection decreases, resulting in an increased risk of anti-infection treatment failure (25). Protein is one of the important components of the body, involved in the body’s metabolism and cell regeneration. Hypoproteinemia can lead to malnutrition in patients, which can affect the treatment of infections (26). In addition, tigecycline is a high-protein-binding drug, which can lead to an increase in free drugs in the body, an increase in drug clearance, reduced blood concentration, and then affect the anti-infection effect (27). Patients experience a local inflammatory response during surgical procedures to cut and manage trauma, and long-term surgical operations would also consume energy and nutrition, putting patients in a semi-healthy state and reducing the body’s ability to resist infection (28).

Furthermore, this study found that no. of microbial clearance was an independent risk factor for the failure of tigecycline treatment. CRAB is known to be extremely resistant, often presenting as multidrug resistance or pan-drug resistance (29). Current treatment options are very limited and cannot completely kill CRAB (30, 31). Therefore, current treatment regimens usually only use effective antimicrobial drugs to control the replication and growth of pathogens rather than completely remove them, and many clinical studies also take the disappearance of clinical infection manifestations as a clinical outcome. However, this study found that CRAB clearance might have an important impact on treatment outcomes (32). Patients who failed treatment with CRAB-VAP should choose bactericidal antimicrobial agents during treatment as a part of the treatment regimen.

In this study, it was unexpectedly found that a daily dose of 200 mg of tigecycline was an independent risk factor for treatment failure compared to a daily dose of 100 mg. In a study, it was demonstrated that for susceptible CRAB strains (MIC ≤0.5 mcg/ml), daily administration of 200 mg of tigecycline can increase the drug’s concentration in plasma and lungs. However, the article also indicates that as the MIC increases to MIC ≥1 mcg/ml, less than 10% of patients can achieve effective treatment (33). This highlights the significant impact of the MIC values of CRAB strains on treatment outcomes. The use of tigecycline in CRAB infections has led to a shift in its MIC values. Research indicates that from 2016 to 2021, the MIC of A. baumannii isolates against tigecycline increased from 1 mcg/ml to 2 mcg/ml, with a more significant increase in Asia (34). Elevated MIC levels pose a risk for tigecycline treatment failure. Studies suggest that when the MIC is greater than 2, this drug should not be selected for treating CRAB infection (35, 36). Monte Carlo simulation results demonstrate that with the standard tigecycline regimen (100 mg loading dose, 50 mg maintenance dose, 12 h), the probability of target attainment (PTA) is 72 and 11% when the MIC is 1 mcg/ml and 2 mcg/ml, respectively. However, doubling the dosage to 100 mg every 12 h increases the corresponding PTA values to 99 and 71% (37). Therefore, it is recommended to double the dosage when the tigecycline MIC against A. baumannii is 2 mcg/ml (22). The patients included in this study had MIC ≤1 mcg/ml and MIC = 2 mcg/ml. In clinical practice, patients with MIC = 2 mcg/ml are more likely to receive a daily dose of 200 mg. Consequently, a daily dose of 200 mg increases the risk of treatment failure and may be more relevant to the population using this dose, particularly those with large MIC values. Unfortunately, due to the relatively small number of patients with MIC ≤1 mcg/ml in this study, the relationship between MIC and treatment failure cannot be definitively clarified.

Additionally, this study showed that the timing of medication administration, combination therapy regimen, the severity of organ dysfunction, and the duration of drug therapy do not significantly affect treatment outcomes. Previous studies have indicated that combined antimicrobial therapy is recommended for CRAB infection, and long-term treatment can reduce the 30-day mortality rate (10, 38). However, this study indicated no significant differences in these factors between the two groups.

This study was characterized by the analysis of the effect of the patient dosing regimen on the failed treatment with CRAB-VAP, which was conducive to the reasonable selection of antimicrobial drugs for CRAB. This study had several limitations, which include a small sample size, a lack of information on laboratory test indicators, and the limitations of the study area. These factors may have biased the study. Future prospective studies need to address these limitations.



5 Conclusion

This study showed that age, yes. of hypoproteinemia, a daily dose of 200 mg, yes. of medication within 14 days prior to surgical intervention, and no. of microbial clearance were significant risk factors for the failed treatment with CRAB-VAP. Additionally, although this study did not demonstrate the relationship between MIC and treatment outcomes, MIC variation may significantly affect the outcome of tigecycline therapy. The AUC area showed this predictive nomogram had good discrimination performance. This prediction model can help doctors predict factors of failed treatment with CRAB-VAP, and correct or avoid risk factors in clinical treatment, but the results should be based on the clinical experience of doctors and other auxiliary examinations.
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Introduction: Antimicrobial resistance (AMR) is a major public health threat. With the growing emphasis on patient-centred care/ shared decision making, it is important for healthcare professionals’ (HCPs) who prescribe, dispense, administer and/or monitor antimicrobials to be adequately equipped to facilitate appropriate antimicrobial use. We systematically identified existing interventions which aim to improve HCPs interaction with patients and examined barriers and facilitators of appropriate the use of such interventions and appropriate antimicrobial use among both HCPs and patientsantimicrobial use while using these interventions.

Methods: We searched MEDLINE, EMBASE, Web of Science, Google Scholar, and internet (via Google search engine). We included primary studies, published in English from 2010 to 2023 [PROSPERO (CRD42023395642)]. The protocol was preregistered with PROSPERO (CRD42023395642). We performed quality assessment using mixed methods appraisal tool. We applied narrative synthesis and used the COM-B (Capability, Opportunity, Motivation -Behaviour) as a theoretical framework for barriers and facilitators at HCP and patient levels.

Results: Of 9,172 citations retrieved from database searches, From 4,979 citations remained after removal of duplicates. We included 59 studies spanning over 13 countries. Interventions often involved multiple components beyond HCPs’ interaction with patients. From 24 studies reporting barriers and facilitators, we identified issues relating to capability (such as, knowledge/understanding about AMR, diagnostic uncertainties, awareness of interventions and forgetfulness); opportunity (such as, time constraint and intervention accessibility) and motivation (such as, patient’s desire for antibiotics and fear of litigation).

Conclusion: The findings of this review should be considered by intervention designers/adopters and policy makers to improve utilisation and effectiveness.
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Introduction

Antimicrobial resistance (AMR) occurs when ‘bacteria, viruses, fungi and parasites change over time and no longer respond to medicines making infections harder to treat and increasing the risk of disease spread, severe illness and death’ (1). Globally, bacterial AMR was estimated to be associated with 4·95 million deaths in the year 2019 (2). This is predicted to increase to 10 million deaths per year by 2050 with a cumulative cost of 100 trillion USD if no action is taken (3). This global catastrophe demands immediate attention.

Healthcare professionals (HCPs) including doctors, nurses, pharmacists, and other licenced individuals trained to prescribe, dispense, administer, and/or monitor antimicrobials are uniquely positioned to reduce AMR. Although regulations regarding prescribing practises vary for different countries (4). There is a growing emphasis on patient-centred care, which encourages shared decision-making between HCPs and patients (5, 6). Research has identified numerous mechanisms that facilitate HCPs in embracing shared decision-making practises, part of which involves enhancing HCPs skills and confidence in engaging patients in decision-making (7). Interventions have been implemented and evaluated with the aim of empowering HCPs to interact effectively with patients about the appropriate use of antimicrobials in different health conditions (8, 9). These interventions encompass a range of approaches, such as communication skills training, patient information leaflets, multicomponent toolkits and point-of-care C reactive protein (CRP) testing, each showing varying success (8). Despite the availability of such interventions, various challenges, such as time constraints and concerns about potential complications, may hinder HCPs and patients from making the right decisions regarding antimicrobial use (8). Recognising and addressing these barriers is crucial for optimising the use of exiting interventions and improving interactions between HCPs and patients to tackle antimicrobial resistance.

A significant aspect of interventions to tackle AMR focus on improving and maintaining individual antimicrobial prescribing and antimicrobial use behaviour, though the wider use of targeted behaviour change interventions is still emerging (10). Many theories of understanding behaviour and behaviour change have been identified to have potential relevance in designing and evaluating public health interventions (11). One of such is the Capability, Opportunity, Motivation, Behaviour (COM-B) model, the core model of behaviour in the Behaviour Change Wheel (BCW) (12). The COM-B model proposed that behaviour is influenced by the interaction of the three components and changing behaviour will involve changing one or more of the three components: capability, opportunity, and motivation (12). Capability refers to psychological and physical capacity of the individual to exhibit the relevant activity/behaviour (12). Capability can be psychological (knowledge or psychological skills, knowledge or stamina) or physical (physical skills, strength or stamina). Opportunity refers to external factors that that make the behaviour possible or prompt the behaviour (12). Opportunity can be physical (that is, opportunity afforded by the environment) or social (opportunity afforded by interpersonal influences, social cues and cultural norms). Motivation includes all cognitive processes that energise and direct the behaviour, which can be automatic (emotion) or reflective (beliefs, intentions) (12). Various primary studies have used the BCW and COM-B model to develop interventions and to understand factors influencing behaviour relating to AMR and infection control (13–16). This includes, for example, development of antibiotic review toolkit (13), understanding how antimicrobial stewardship education and training are implemented (15), understanding hand hygiene (16) among others. BCW and COM-B model are now often used in evidence synthesis to facilitate the identification of areas of improvement and potential interventions (17, 18), By applying the COM-B model to existing studies that explore the barriers and facilitators of utilising the available interventions that aimed at improving HCPs interaction with patients and of appropriate antimicrobial use, we can develop a thorough understanding of areas of improvement and strategies to achieve them.

This review aimed to identify AMR interventions which focus on improving HCPs’ interactions with patients. It also aimed to use the COM-B framework to group the evidence collated concerning the barriers and facilitators associated with the utilisation of such interventions and appropriate antimicrobial use among both HCPs and patients.



Methods


Information sources

Between January 31, 2023 and March 27, 2023 we searched electronic databases; MEDLINE All (via Ovid), EMBASE (via Ovid), Science Citation Index (via Web of Science), Social Sciences Citation Index (via Web of Science) and Google Scholar. To identify additional studies and grey literature, we conducted forward, and backward citation searching from eligible studies and searched the internet using Google search engine.



Search strategy

The search strategy included terms relating to antimicrobial use/prescribing, HCPs and interventions aimed at HCPs interactions with patients, and barriers/facilitators. It used a combination of free text and thesaurus (MeSH/Emtree) terms. Searches were limited to studies published in English Language since 2010 (see search strategies in Appendix 1). Citations were exported into Endnote 20, deduplicated, and then exported onto Rayyan to facilitate screening. Rayyan is an online tool that facilitates title and abstract screening as well as collaboration between reviewers (19). All titles and abstracts were screened by a single reviewer and a random sample of 10% of the citations were double screened by a second reviewer. Full-texts of selected titles were independently screened by two reviewers (AA and IG, JS, and VA). Discrepancies were resolved by discussion between reviewers and when necessary, with a third reviewer and/or the wider team.



Selection criteria


Inclusion criteria

Population: Any HCP involved in antimicrobial prescribing, dispensing and administration.

Intervention: Interventions which focused on HCPs’ interactions with patients including interventions that empower HCPs to have better conversations with patients/public regarding antimicrobial resistance. That is, interventions that are directly involved in HCPs and patients’ interactions during consultation. For example, specific skills training, patient information leaflets, and electronic decision support tools which HCPs may use while having dialogue with patients. These patient interaction components may be standalone interventions or included as a part of intervention with multiple components.

Comparators/controls: Any or none.

Outcome: Barriers and facilitators of appropriate behaviours for the HCPs and patients. For example, patient demand (patient); prescribing when they would prefer not to/giving in to perceived demand (HCPs). HCPs’ and patients’ knowledge, attitudes, beliefs, and behaviour regarding antimicrobial use in relation to the intervention.

Study types: Any primary study design.

Publication date: Only studies published from the year 2010 were included to focus on more current issues.



Exclusion criteria

We excluded interventions that do not target HCPs’ interaction with patients, such as public campaigns and interventions that focus solely on educating HCPs without involving direct interface between HCPs and public/patient. We also excluded articles that are not based on original studies such as topical reviews, essays, and expert opinions. We excluded systematic reviews but screened the reference list of related reviews to identify any relevant studies. Studies published before year 2010 and those that are not published in English Language were excluded.




Data extraction

We designed a data extraction form on Microsoft Excel to extract the relevant information from each study. This includes study ID; country; methods; characteristics of participants; description of intervention; outcome; and influence of patient interaction (barriers, facilitators). We extracted information on the interventions using the Template for Intervention Description and Replication (TIDieR) guideline for clarity and consistency across included studies (20). One reviewer completed the data extraction, and a second reviewer checked the data.



Quality assessment

We used the mixed methods appraisal tool (MMAT) (21) to assess the quality of included studies. The MMAT covers five study designs (qualitative studies, randomised controlled trials, non-randomised studies, quantitative descriptive studies, and mixed methods studies) and each has five quality criteria with three response options (‘Yes’, ‘No’ or ‘Cannot tell’). One reviewer (AA, IG, JS, or VA) performed quality assessment of all included studies, while a second reviewer independently assessed a subset (17%), resulting in an agreement rate of 93%. The disagreements were resolved by discussion. We calculated the proportion of ‘yes’ for each article to show the proportion of the quality criteria each article met.



Data synthesis

We synthesised the evidence narratively. We tabulated the intervention characteristics based on TIDieR. For studies which report barriers and facilitators, we used theoretically informed thematic synthesis approach to synthesise findings relating to barriers and facilitators of appropriate behaviours for the HCPs and patients. We used NVivo software to aid this coding process. We used the COM-B as a theoretical framework (12). To do this, one reviewer inductively coded findings from the studies into descriptive themes and the themes were mapped to the relevant COM-B components based on their definitions. Using this theoretical framework helps to facilitate the identification of possible BCW intervention types which may be used to mitigate barriers identified (12).

The protocol was pre-registered with PROSPERO (CRD42023395642) and findings are reported according to PRISMA guidelines (22).




Results

The electronic database search yielded 9,172 citations of which 4,979 remained after removing duplicates. After screening titles and abstracts, we retained 167 studies of which 43 were included (see Appendix 2 for excluded studies). Additional 16 papers were identified from other sources (such as Google search, citation search). In total 59 articles were included in the review and 24 contributed to the synthesis of barriers and facilitators. An overview of the study selection is presented in Figure 1. The characteristics of included studies are presented in Table 1. The studies were conducted across more than 13 countries, with the majority (n = 17 studies) conducted in United Kingdom (25, 28, 32, 37, 40, 41, 43, 44, 48–51, 53, 63, 67, 76, 77), followed by 13 studies from the United States (23, 24, 35, 42, 46, 47, 52, 62, 65, 68, 69, 71, 75), six studies from the Netherlands (33, 34, 38, 39, 70, 78), three studies each from Canada (36, 54, 64) and Germany (72–74), two each from Australia (29, 30), Spain (60, 61), Belgium (55, 56), and China (79, 80), and single study each from France (45), Sweden (66), Russian federation (26), and Latvia (57). Five studies recruited participants from multiple countries (27, 31, 58, 59, 81). Most studies (n = 46) were conducted in primary care settings, seven were in secondary care, two included both secondary and primary care, three in community pharmacies and one in nursing homes. There were a range of study designs, although most were randomised controlled trials (n = 25), followed by quantitative non-randomised (n = 12) and qualitative studies (n = 10). Most of the HCP-patient interaction was by general practitioners/family physicians/doctors except for three, where explicitly the pharmacist played the significant role (25, 28, 77).
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FIGURE 1
 PRISMA flowchart of study selection.




TABLE 1 Characteristics of included studies.
[image: Table1]

A summary of the quality of the studies is presented in Figure 2 and details for individual studies are presented in Appendix 3. We consider most of the studies to be of good quality as 15 studies fulfilled 100% of the relevant quality criteria, 19 studies fulfilled between 80–90% and 13 fulfilled 60%. Although the remaining 12 studies fulfilled less than 50%, this was mostly due to not clearly reporting information related to the criteria concerning intervention effectiveness (Figure 2; Appendix 3).

[image: Figure 2]

FIGURE 2
 Quality appraisal of included studies.


Various types of interventions were evaluated (Appendix 4). Some were established strategies, such as Treat Antibiotics Responsibly; Guidance, Education (TARGET) (28, 41, 53), antibiotics review kit (ARK) (37), Health Alliance for Prudent Prescribing, Yield and Use of Antimicrobial Drugs in the Treatment of Respiratory Tract Infections (HAPPY AUDIT) (60, 61), Genomics to combat Resistance against Antibiotics in Community-acquired LRTI in Europe Internet TRaining for antibiOtic use (GRACE INTRO) (27, 81) and Converting Habits of Antibiotic Use for Respiratory Tract Infections in German Primary Care (CHANGE-3) (72, 74), while some were bespoke antimicrobial stewardship programmes (23, 26, 30, 34, 35, 38, 42, 46, 47, 49, 52, 58, 59, 62–66, 68, 69, 77–80). C-reactive protein point-of-care testing was often reported (26, 27, 33, 34, 40, 50, 51, 56–59, 70, 76, 81). The majority of the studies (n = 51) reported that interventions include a patient interactive component in the form of posters, leaflet, videos, interactive decision support tools (Table 1; Appendix 4).

In the following section, we describe the barriers and facilitators based on the capability, opportunity, and motivation components of COM-B (see Figure 3 for barriers and Figure 4 for facilitators), starting with the provider level factors and then patient level factors. In Appendix 5, we present further details on the factors, including examples of types of interventions to mitigate the barriers based on the BCW.

[image: Figure 3]

FIGURE 3
 Barriers to appropriate antimicrobial behaviour at healthcare professionals and patient levels mapped on to the COM-B model. The image summarises the barriers identified from included studies. The outer layer refers to the provider level and inner layer refers to the patient level.
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FIGURE 4
 Facilitators of appropriate antimicrobial behaviour at healthcare professionals and patient levels mapped on to the COM-B model. The image summarises the facilitators identified from included studies. The outer layer refers to the provider level and inner layer refers to the patient level.




Provider level factors


Capability

HCPs’ knowledge/understanding of AMR, antibiotics, threat and impact of AMR varied (23, 28, 29, 36, 43, 53, 77). A study among HCPs in paediatric emergency department in Canada reported that participants were unaware of their prescribing pattern and the scale and scope of the challenge of implementing antimicrobial stewardship in the emergency department (36). HCPs’ lack of awareness of the available interventions were also described (50, 53, 63, 72, 74, 76, 77). For example, many general practitioners in the United Kingdom were not aware of the Royal College of General Practitioners (RCGP) TARGET online courses and so they have not used them (53). Sometimes when they were aware of the available resources, they do not remember to use them, as reported across studies from United Kingdom and Australia (30, 40, 41). This is thought to be either due to busy routine or the fact that it was not part of their existing workflow (40, 41). Most HCPs had good understanding of C reactive protein (CRP) point of care testing, but some reported not knowing how to perform the test (40, 76). Some reported having the desire/ability to educate or persuade patients that no antibiotic is needed but sometimes were unable to do so and consequently prescribe antibiotics inappropriately (28, 73). There are issues with diagnostic uncertainty due to difficulty differentiating between viral infection and bacterial infection and recommendations based on the interventions do not always agree with their clinical judgement (23, 29, 43, 50, 51, 80).

Studies reported that communications trainings could help to increase clinicians’ confidence in not prescribing antibiotics (79), and improve general consulting style (43). Training HCPs to perform CRP point-of-care tests including refresher trainings were also reported two in United Kingdom studies (40, 51). General practitioners in United Kingdom and France highlighted that the knowledge of the public is an important issue and awareness campaigns should target both professionals and general public (45, 53, 67).



Opportunity

Resources such as posters, printed decision aids, leaflets, booklets and videos were often used (23, 25, 27–30, 41, 43, 53, 72, 74, 76, 77, 79). Some clinicians used patient information sheets to reinforce their decision making/consultation discussion and provide self-help advice to patients (25, 27, 29, 30, 41, 43, 67, 77). However, there were concerns that sometimes the clinician’s treatment plan and the booklet messages differ which would create confusion (43). Computer based prompts and clinical prediction rules were highlighted to be particularly useful for less experienced staff who may not be very familiar with guidelines (50, 63). Many HCPs reported that resources such as clinical prediction rules and CRP point-of care testing helped them to manage patients’ expectation by providing evidence as to whether or not antibiotics are required, providing an objective measure to support judgement, reducing diagnostic uncertainties, supporting shared decision making and facilitating patient education around antibiotics (27, 29, 40, 44, 50, 51, 63, 73, 76). However, HCPs do not always use the tools. For example, some participants in studies from Germany and United Kingdom noted that their professional experience influences their decisions more than the guideline recommendation and clinical prediction rules (50, 73). Studies across United Kingdom and United States reported some participants feel that interventions, such as CRP testing, impact on the workflow and workload (23, 44, 51). Challenges of financing CRP point-of-care testing and the need for test cartridges to be refrigerated were also reported in three United Kingdom studies (40, 44, 51).

Lack of time was a major issue as HCPs have limited time with patients and utilising the interventions often adds to the time pressure (23, 27–29, 36, 40, 41, 44, 45, 50, 51, 53, 63, 72, 74, 76). Some clinicians in a study in Germany used delayed prescription due to diagnostic uncertainty or when the potential for follow-up visits was limited, such as planned vacations, public holidays (73). In another study in the United Kingdom, ‘rescue packs’ were provided to patients to manage acute exacerbations of chronic obstructive pulmonary disease at home (44). Perceived pressure from patients and other stakeholders (such as parents or carers) also contributed to inappropriate prescribing in studies across Australia, Canada and Germany (29, 36, 73). The need to support another HCP’s prescribing decision was also a barrier to appropriate behaviour (36). Studies from China and the United Kingdom reported lack of clarity regarding who will be responsible to take action and lack of monitoring of antimicrobial stewardship programmes (53, 80).

Improved accessibility of interventions is important (40, 44, 51, 63, 76). Simple, user-friendly, computer-based clinical decision support systems which are unintrusive and integrated into existing workflow were reported to be helpful (36, 50, 63). For printed materials, making them aesthetically appealing encouraged use (30). Clinicians in Australia reported that having a variety of tools so that they could choose what fits their communication style or patient preferences/needs was useful (29, 30).



Motivation

Some HCPs believe that patients want antibiotics and will not be satisfied if they do not get them (23, 40, 43, 44, 51, 53, 73). Some studies highlighted the desire to satisfy patients due to the business nature of practises and fear of losing patients to other practises (29, 40). Some physicians in a study from Germany reported having emotional concerns and guilt when they do not administer a treatment or when they recommend non-prescription medicinal products which will cost patients money (73). Some physicians believe strategies such as delayed prescribing and rescue packs inappropriately shift responsibility of clinical decisions to patients and some patients find it difficult to understand when to use the antibiotics (44, 73). Also, patients may use the antibiotic immediately rather than wait (76). Some general practitioners in the United Kingdom are concerned that reducing antimicrobial prescribing would result in an increase in hospital admissions, so they prescribe antimicrobials to avoid missing infections or to avoid patient’s conditions worsening (44, 53). Studies from the United Kingdom and Australia reported some are fearful of litigation (29, 44).

Lack of confidence/trust/belief in the usefulness of an intervention or believing that an intervention provides no added value were also barriers to their use (23, 27, 29, 40, 63, 74). For example, some clinicians in the United Kingdom did not use prompts because they felt they did not need them since they were already working in line with the guidelines (63). Some HCPs in the United States believed that over prescription is not an issue in their site (23). HCPs’ perception of their own role in controlling antibiotic use, advising patients and performing tests were also important (28). In the case of electronic health record decision support systems, alert fatigue was a common issue as HCPs in a study from Canada reported that frequent pop-up alerts were disruptive to workflow, and the alerts are ignored (36).

In one study, it was suggested that showing HCPs data on their prescribing was potentially a useful strategy to motivate them to change practise (36). Another study highlighted that general practitioners would be more likely to use clinical prediction rules if there was strong evidence supporting its effectiveness and it has been adequately validated and tested in the primary care population (50). General practitioners in United Kingdom and Australia believe patients appreciate delayed prescribing as it provides them with a safety net and can prevent patients from getting worse (29, 44). In one study in France, HCPs (family physicians) requested to be paid for informing patients on why no antibiotics were being prescribed for them (45). However, in another study in the United Kingdom, HCPs (general practitioners) felt monetary incentives are not needed (50). Appropriate reimbursement for CRP point of care testing could be useful, although careful consideration is required since inadequate reimbursement systems may encourage inappropriate use or overuse (51). In a study that used antibiotic champions in the United Kingdom, it was reported that those who volunteered and had dedicated time for antimicrobial stewardship were more enthusiastic and engaged better with the intervention materials compared to those who were nominated (76).




Patient level factors


Capability

Knowledge about AMR, antibiotics and self-care among patients varied (25, 29, 30, 41, 43, 44, 67). For example, some patients in a United Kingdom study did not understand that AMR could be passed to others (67). In another United Kingdom study, patients felt the information provided in the materials were things they knew already and issues with receiving conflicting messages from clinicians were also reported (43). HCPs in Australia also noted that some patients may not have technology skills necessary to access electronic/online materials (30).



Opportunity

Tools, such as posters, leaflets and decision aids, which are used by HCPs during consultation were reported to be useful in improving patient knowledge (25, 29, 30, 41, 43, 67). However, some may view the booklet as a way to discourage them from seeing the doctor as reported in a United Kingdom study (43). Clinicians in the United Kingdom reported that CRP is a way of educating patients for the future and gave patients confidence (40, 44). A study in Australia reported some childcare centre regulations allow children with certain symptoms return to the setting if they are on antibiotics, this was thought to be one of the reasons parents often demand antibiotics (29). When information was provided on tablets in waiting areas, patients in Germany were concerned about risk of infection (72, 74).

Access to self-care advice, pharmacy, facilities to self-care at home, information on self-care and when to get help and having the time for respiratory tract infections to get better on their own are necessary for appropriate antibiotic behaviour (41). Patients suggested having information sheets, posters and booklets in the general practise waiting rooms and pharmacies would be useful (30).



Motivation

Some patients believe in the issue of AMR, the consequences and side effects (41). Studies from the United Kingdom and United States reported that some patients do consult with a prior determination that they need antibiotics and were disappointed when they did not receive a prescription, especially when they felt they did not receive a thorough examination or sufficient information (42, 43). However, a study reported that parents desire thorough examination and reassurance rather than specific treatment when their children were unwell (43). Patient’s trust in the HCPs seems to encourage them to follow the professional’s advice as reported in a United Kingdom study (67). Another United Kingdom study reported that many patients do not want to take antibiotics unnecessarily (44). A study in Germany reported some patients may find it difficult to stand up against HCPs’ suggestion even if they feel it is wrong (74).

Overall, issues hindering appropriate behaviours for both HCPs and patients are wide-ranging. Based on the BCW, a broad range of intervention types can be applied (12). For example, education, training, environmental restructuring (such as, using prompts), restriction (using rules and regulations to reduce inappropriate prescription), enablement (such as audit and feedback on prescribing behaviour), modelling/champions and incentivisation (12). A list of the intervention types that could be used to mitigate the issues identified and for each COM-B components are presented in Appendix 5.




Discussion

This review consolidates existing evidence on the interventions supporting HCPs in their interaction with patients/public, employing a theoretical framework to group the barriers and facilitators of appropriate behaviour. We identified various interventions. Despite the availability of interventions, our findings show factors that impede or enhance the ability of both HCPs and patients to utilise/benefit from the interventions and make informed decisions about antimicrobial use. We grouped these barriers and facilitators into capability, opportunity, and motivation, providing a foundation for future work to tackle AMR.

One of the most frequently reported issues relating to capability is both HCPs and patient’s knowledge/awareness and understanding of AMR, antimicrobials and the impact of AMR, which varied across studies with no clear pattern (23, 28, 29, 36, 43, 53, 77). This suggests the need for strategies to improve knowledge among both HCPs and patients (45, 53, 67). Studies have shown that current AMR campaigns, including World Antimicrobial Awareness Week, do not result in significant public awareness or behaviour change (82, 83). Despite understanding the importance of not prescribing antibiotics unnecessarily, some HCPs reported difficulty persuading patients leading to inappropriate prescribing (28, 73). Several studies indicated that training could enhance clinicians’ ability to avoid inappropriate prescriptions and improve consulting styles (40, 43, 79). There are various resources available to support but lack of awareness of available resources or forgetting about them is reported in several studies (50, 53, 63, 72, 74, 76, 77). This underscores the need for immediate action from healthcare leaders and policymakers to devise strategies addressing these challenges that impact on capability. These strategies should extend beyond education or training initiatives and incorporate measures to ensure the sustained implementation of any positive changes.

In terms of opportunity, time constraints is a frequent issue among HCPs (23, 27–29, 36, 40, 41, 44, 45, 50, 51, 53, 63, 72, 74, 76). As shown in the findings, various resources such as posters, decision aids, and leaflets were available, and patients reported their potential usefulness (30). However, HCPs are often under pressure to manage consultations efficiently and in many contexts, time is often strictly restricted. This may hinder their ability to thoroughly assess the necessity of antimicrobials or to effectively communicate to patients why antimicrobials are unnecessary. Some HCPs are able to effectively use patient information sheets to reinforce discussions and provide self-help advice to patients (25, 27, 29, 30, 41, 43, 67, 77). Care must be taken to avoid inconsistencies between clinician’s treatment plans and messages in the leaflets (43). Improved accessibility of interventions, including providing simple, visually appealing materials is important as these aspects were considered beneficial (40, 44, 51, 63, 76). Having a variety of tools to accommodate different communication styles or patient preferences/needs was considered useful (29, 30). Research highlighted uncertainties regarding who will be responsible to take action and the absence of effective monitoring of antimicrobial stewardship programmes (53, 80). Clarifying the roles of individuals and the role of various organisations, in tackling AMR would be helpful (84). In one study in Australia, it was reported that some childcare centre regulations allow children with certain symptoms return to the setting if they are on antibiotics, this may drive parents to desire antibiotics (29). This is also true in the United Kingdom (85). This exemplifies the need to review policies and factors that may impact on antimicrobial use across various sectors.

Regarding motivation, the perception that patients want antibiotics is a common issue which spans across various contexts (23, 40, 43, 44, 51, 53, 73). For example, in some instances where HCPs and patients have good knowledge of AMR and use available interventions HCPs frequently assume patients expect antibiotics and feel pressure to prescribe antibiotics even when they are not clinically indicated (23, 40, 43, 44, 51, 53, 73). Whereas patients do not always want antibiotics, sometimes they only want reassurance (43). The overestimation of patients’ desire for antibiotics have also been highlighted by others (86). HCPs have also reported fear of patient’s condition deteriorating and fear of litigation as a reason for prescribing antibiotics, even when they would have preferred not to (87). General practitioners viewed delayed prescribing favourably, as it offers a safety net (29, 44). Monetary incentives were suggested, however, opinions varied regarding the necessity for monetary incentives for behaviour change among HCPs (45, 50, 51). Careful considerations must be paid to incentives across different sectors to prevent propagation of inappropriate behaviours. For instance, while the health and governmental domains aim to encourage the responsible use of antibiotics, pharmaceutical companies may have incentives aligned with increased usage (88).

Overall, navigating issues related to appropriate antimicrobial behaviour is a multifaceted challenge. As a result, a multifaceted approach is necessary to tackle all the components of behaviour drivers simultaneously to make meaningful improvement in antimicrobial prescribing behaviour, as with other interventions to change behaviour. Future studies should focus on the development of suitable strategies to improve the identified behaviour drivers among HCPs and the public, while also maximising the utilisation of existing interventions. Policymakers should encourage multidisciplinary collaboration among HCPs, patients, caregivers, and various organisational sectors to address the complexities of antimicrobial stewardship. This collaborative approach can facilitate the development and implementation of effective interventions to tackle AMR. It is worth noting that tackling AMR requires a global effort but there are currently inconsistencies regarding how antimicrobial prescriptions are regulated and enforced globally (4). It is important that health organisations and policy makers globally focus on developing appropriate interventions to improve psychological (individual motivations to act), social (collective support) and structural (capability and opportunity) conditions to achieve a continuous positive change (89).

We used a preregistered protocol and performed comprehensive searches of electronic databases and grey literature to minimise the risk of publication bias. The full-text screening phase of the study selection was performed in duplicate. Data extraction was checked by a second reviewer to ensure accuracy. We also used a theoretical framework to analyse the barriers and facilitators which facilitates the identification of possible intervention types which may be used to mitigate barriers identified. These are specific strengths of this review. However, since we limited to articles published in English Language due to limited time and resources, some potentially relevant studies which are not published in English Language may have been missed. Also, a single reviewer performed title and abstract screening, although 10% were double screened, we acknowledge that some potentially relevent studies may have inadvertently been overlooked. We conducted a quality assessment of the included articles to offer an overview of their overall methodological quality. However, we acknowledge that most of the quality criteria included in the quality assessment tools that we used, particularly for randomised controlled trials, focus on effectiveness which is not the focus of this review. Furthermore, although we are interested in interventions that aim to improve HCPs’ interaction with patients, many of the interventions in included studies had several components and the findings relating to the patient interaction components are not always presented differently. Therefore, most of the issues highlighted may not necessarily pertain to the patient interaction alone. We aimed to provide a comprehensive overview of the barriers and facilitators related to the utilisation of the interventions of interest and appropriate antimicrobial use among HCPs and patients. It is important to consider contextual factors when applying the review findings. Differences in interventions, and study populations prevent us from making exhaustive comparisons across countries. We categorised barriers and facilitators under capability, opportunity, or motivation but we are aware that some of the issues identified may cut across different components. We used COM-B framework to group the barriers and facilitators and highlighted potential intervention types which may be used to target the barriers.

Future work is needed to conduct an in-depth behavioural analysis to understand the behavioural drivers, use evidence-based approaches to prioritise the key issues to be addressed, examine how existing interventions tackle these issues, and identify opportunities for improvement. This may have to focus on individual context, as demonstrated in a previous systematic review (17). Such efforts will serve as a foundation for developing targeted interventions or improving existing ones in collaboration with relevant stakeholders to enhance HCPs and patient interaction to encourage appropriate behaviour.

This review identified a range of interventions that support HCPs to improve their interaction with patients in order to promote appropriate antimicrobial use. The barriers and facilitators identified covered all components of the COM-B model, providing a wide range of avenues for improvement. These findings should be considered when developing, implementing, or improving interventions to support HCPs in interacting with patients to promote appropriate antimicrobial behaviour.
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Epidemiology and antimicrobial resistance of Mycobacterium spp. in the United Arab Emirates: a retrospective analysis of 12 years of national antimicrobial resistance surveillance data
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Introduction: The Eastern Mediterranean Regional Office (EMRO) region accounts for almost 8% of all global Mycobacterium tuberculosis (TB) cases, with TB incidence rates ranging from 1 per 100,000 per year in the United Arab Emirates (UAE) to 204 per 100,000 in Djibouti. The national surveillance data from the Middle East and North Africa (MENA) region on the epidemiology and antimicrobial resistance trends of TB, including MDR-TB remains scarce.

Methods: A retrospective 12-year analysis of N = 8,086 non-duplicate diagnostic Mycobacterium tuberculosis complex (MTB complex) isolates from the UAE was conducted. Data were generated through routine patient care during the 2010–2021 years, collected by trained personnel and reported by participating surveillance sites to the UAE National Antimicrobial Resistance (AMR) Surveillance program. Data analysis was conducted with WHONET, a windows-based microbiology laboratory database management software developed by the World Health Organization Collaborating Center for Surveillance of Antimicrobial Resistance, Boston, United States (https://whonet.org/).

Results: A total of 8,086 MTB-complex isolates were analyzed. MTB-complex was primarily isolated from respiratory samples (sputum 80.1%, broncho-alveolar lavage 4.6%, pleural fluid 4.1%). Inpatients accounted for 63.2%, including 1.3% from ICU. Nationality was known for 84.3% of patients, including 3.8% Emiratis. Of UAE non-nationals, 80.5% were from 110 countries, most of which were Asian countries. India accounted for 20.8%, Pakistan 13.6%, Philippines 12.7%, and Bangladesh 7.8%. Rifampicin-resistant MTB-complex isolates (RR-TB) were found in 2.8% of the isolates, resistance to isoniazid, streptomycin, pyrazinamide, and ethambutol, was 8.9, 6.9, 3.4 and 0.4%, respectively. A slightly increasing trend of resistance among MTB-complex was observed for rifampicin from 2.5% (2010) to 2.8% (2021).

Conclusion: Infections due to MTB-complex are relatively uncommon in the United Arab Emirates compared to other countries in the MENA region. Most TB patients in the UAE are of Asian origin, mainly from countries with a high prevalence of TB. Resistance to first line anti-tuberculous drugs is generally low, however increasing trends for MDR-TB mainly rifampicin linked resistance is a major concern. MDR-TB was not associated with a higher mortality, admission to ICU, or increased length of hospitalization as compared to non-MDR-TB.
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1 Introduction

Tuberculosis (TB) is one of the leading causes of death worldwide (1). It is estimated that one quarter of the global population has been infected with Mycobacterium tuberculosis (MTB) bacilli (2), but the majority of those infected do not develop TB (3–5). Of those who do develop TB each year, about 75% are adults, with more cases among men than women. TB typically affects the lungs (pulmonary TB) but can also spread to affect other sites (extra pulmonary TB) (1). Without treatment, TB is incurable and results in a high TB associated mortality rate (1, 6, 7). With existing treatments (a 4–6 months course of anti-TB drugs) around 85% of those infected can be cured (1). Current estimates suggest that up to a quarter of the world’s population are carriers of latent TB infection (LTBI) (8).

During the COVID-19 pandemic, TB care services were disrupted, which led to an increase in the number of TB cases and TB related deaths worldwide at the time (1). As such, the COVID-19 pandemic contributed to reversing a decade of global TB control progress (9–12). For the first time since 2012, TB death rates began to increase, but in 2022 this trend was reversed (1). However, time is running out to deliver on the 2018 UN General Assembly commitment to decrease TB morbidity and mortality (13). The Global Plan to End TB (2023–2030), aims to end TB as a public health challenge by 2030; this is the same projected year governments globally have committed to achieving the United Nations (UN) Sustainable Development Goals (SDG) (14). SDG target 3.3 commits to ending the epidemics of AIDS, tuberculosis, malaria and neglected tropical diseases and combat hepatitis, waterborne diseases and other communicable diseases by 2030 (15).

However, the emergence of MDR-TB remains a significant threat to this aim. MDR-TB is defined as combined resistance to isoniazid and rifampicin, the two most effective first-line TB treatments. More than 500,000 people are newly diagnosed annually with multidrug- or rifampicin-resistant TB (MDR/RR-TB) (1). The emergence of MTB drug resistance has been driven by the inappropriate use of anti-TB medicine, through incorrect prescription by health care providers, poor quality drugs, or poor adherence to treatment among TB patients or defaulting treatment prematurely (16). The burden of drug-resistant TB has increased by 3% between 2020 and 2021, where 450,000 incident cases of rifampicin-resistant tuberculosis were reported (1). Russia and other countries in eastern Europe and central Asia reported the highest proportions (>50%) of MDR or rifampicin-resistant TB among the previously treated individuals (1). MDR-TB has become one of the major public health crises in the control of TB globally.

With the development of extensive drug resistant TB (pre-XDR-TB, XDR-TB) treatment efforts to counter resistance have become more and more challenging. Pre-XDR-TB is defined as TB caused by MTB-complex strains that fulfill the definition of multidrug resistant and rifampicin-resistant TB (MDR/RR-TB) and which are also resistant to any fluoroquinolone (17). XDR-TB is TB that is resistant to rifampicin, plus any fluoroquinolone, plus at least one of either bedaquiline or linezolid (1). Pre-XDR-TB and XDR-TB leave the affected patients with very limited treatment options and lead to poor treatment outcome, i.e., prolonged hospitalization and or death (17, 18). The emergence and spread of MDR-, pre-XDR- and XDR-TB continue to impede global efforts to curb the disease.

The most effective public health approach to controlling infections is through vaccination. Bacillus Calmette-Guérin (BCG) vaccine remains the only licensed vaccine against TB used for global control. It also remains the most widely used of all vaccines globally, with approximately 100 million children receiving it each year (19). However, the vaccine only protects children against TB and suffers from declining efficacy year on year (20). Furthermore, it does not provide protection against adult pulmonary TB (21) and lacks any additive benefit following revaccination of healthy and active TB cases (21). To circumvent these limitations there are now extensive efforts and investment into TB vaccine development with the goal of improving effectiveness. It is hoped that more effective TB vaccines for preventive and therapeutic applications in humans may become a reality in the near future.

The WHO Eastern Mediterranean Regional Office (EMRO) region accounts for almost 8% of the global burden of TB including MDR/RR-TB burden. In this region the TB incidence rates ranges from 1 per 100,000 per year to 204 per 100,000 in the United Arab Emirates and Djibouti, respectively (22). The national surveillance data from the EMRO/ Middle East and North Africa (MENA) region on the epidemiology of TB and antimicrobial resistance trends, including MDR-TB though remains scarce (23). In Kuwait almost 800 culture-confirmed TB cases are detected every year translating into 24 cases per 100,000 population with an incidence rate of 1.1% for MDR-TB (24, 25). Expatriates comprise almost 70% of Kuwait’s total population of the approximate 4.7 million individuals living in the country. Until recently, rifampicin-resistant TB/MDR-TB and XDR-TB among Kuwaiti subjects were infrequent (25, 26). In Saudi Arabia, TB incidence has remained static but resistance is increasing (27). The incidence rate ranges from 6 to 14 cases per 100,000 population (28–30). In 2019, the total number of new cases of pulmonary TB was reported in one study as 2,264 with an overall incidence rate of 6.6 per 100,000 population (31). Oman has a population of 4.6 million, of which 41% are expatriates (32). TB data is sparse from Oman (33–36). The rates of all forms of TB notification have steadily decreased to <100 cases per million since 1991 (37). One study conducted in 2022 found that from 501,290 visa applicants screened, 436 (0.09%) had X-ray findings suggestive of TB. Among the 436, TB was confirmed in 53, giving an overall prevalence of 10.6 per 100,000 applicants (37).


1.1 United Arab Emirates

Studies from across the United Arab Emirates (UAE) have reported various rates of resistance across first- and second-line TB treatments over time. One study from 2004 to 2008 in Sharjah Emirate reported streptomycin resistance at 14%, and MDR-TB at 5% (38). A 2013 study reported a pulmonary TB prevalence in the visa screening program of 38 per 100,000. Cases in the program were predominantly within low-income workers such as nursery workers, house helpers and private drivers (39). Other studies in the UAE have reported that 8–10% of Emirati medical students and 0.5% of Emirati children have LTBI following a TB interferon gamma release assay positive result (IGRA) (40, 41). A recent study published in 2020 found that among 1,116 newly identified TB patients within the Dubai Health Authority during 2016–2019, 6.9% of cases had MDR TB (42). In the same study, resistance to at least one or more first line anti-TB medicine was 17.3% which was higher than 6% in Oman but lower than 32.4% in Jordan (43). The study also confirmed that isoniazid resistance was more prevalent in Dubai (42). To build on previous UAE studies, we report for the first time MTB-complex AMR trends across the UAE over a 12-year period (2010–2021) collected through a National Surveillance Program.




2 Methods


2.1 Study design and data sources

A multi-institutional retrospective observational study was conducted between 2010 and 2021 in the UAE across all Emirates. The study used demographic and microbiological data collected by trained personnel as part of the UAE national AMR surveillance program. The data is collected and analyzed through a unified WHONET platform.1 The data presented here comprises of all nationals, including Emiratis and residents across the UAE.



2.2 The UAE national AMR surveillance program

The UAE national AMR surveillance program was initiated in 2010 in the Abu Dhabi Emirate with 6 hospitals and 16 Healthcare Centers/Clinics participating. Additional sites were recruited over the years, starting with only 22 participating sites in 2010, which is the first year during which the study started, and were located only in the Emirate of Abu Dhabi. By 2021, the program includes a total of 317 surveillance sites from all the 7 Emirates includes 84 hospitals and 233 healthcare centers/clinics, representing all the seven emirates of the country (44).



2.3 Enrollment of national AMR surveillance sites

In 2010 the Department of Health Abu Dhabi (DoH) established AMR surveillance in the Emirate of Abu Dhabi and started enrolling healthcare facilities. Based on this experience, in 2014, the Ministry of Health and Prevention (MOHAP) established AMR surveillance at the national level. UAE healthcare facilities enrolled were from one Emirate only (Abu Dhabi) during the initial years (2010 to 2012), from five Emirates (2013), and since then, from all seven Emirates (2014 to 2021).

Clinical and antimicrobial susceptibility testing data on M. tuberculosis isolates is obtained from three laboratories (two in Abu Dhabi; one in Dubai), which were receiving MTB-complex samples from all seven Emirates. The laboratories were Union71/PureLab at Sheikh Khalifa Medical City (Abu Dhabi) and the National Reference Laboratory (NRL) in Abu Dhabi; and Rashid Hospital TB laboratory in Dubai. These three laboratories represent the vast majority of TB-complex isolates in the UAE, while very few facilities are sending their samples to reference laboratories outside of the UAE.



2.4 Identification of MTB complex

Identification of MTB-complex isolates was performed at the National AMR surveillance sites by medical professionals as per standard protocols and manufacturer’s instructions. Each sample was processed for smear microscopy by either Ziehl-Neelsen or auramine-O stains and conventionally cultured on solid (Lowenstein-Jensen) and liquid media (MGIT™ 960 system Mycobacteria Growth Indicator Tube, Becton Dickinson, New Jersey, United States). The MGIT™ 960 system uses a modified Middlebrook 7H9 broth base as a liquid medium (4 mL per MGIT™ tube). Samples were incubated routinely at 37°C until positivity and at least for 42 days in liquid culture and 7 weeks on solid culture. Culture-positive samples were confirmed as MTB-complex isolates by MPT64 antigen immunochromatography assay (TBcID). Samples that are TBc Identification Test positive are reported as MTB complex and those that test negative are tested by Cepheid GeneXpert ultra PCR. At present M. tuberculosis complex, M. avium complex and M. intracellulare can be detected by PCR.



2.5 Antimicrobial susceptibility testing of MTB-complex isolates

In vitro drug susceptibility testing (DST) of MTB-complex isolates was conducted using the phenotypical “critical concentration”-based method. The MGIT™ 960 system (Becton-Dickinson, New Jersey, United States) was used as per manufacturer’s instructions and MTB-complex isolates were routinely tested for susceptibility to the following five first-line antibiotics: isoniazid (0.1 μg/mL), rifampin (1.0 μg/mL), ethambutol (5.0 μg/mL), streptomycin (1.0 μg/mL), and pyrazinamide (100 μg/mL). AST is performed on the first positive culture from a patient. Where drug resistance is detected the test is repeated, where appropriate, at both standard antibiotic concentration and high-strength concentration. Where both are resistant the drug is reported as resistant. Where standard strength is resistant and high strength sensitive, the drug is reported as intermediate. At Rashid hospital Dubai TB lab only, selected MTB-complex isolates were also tested for susceptibility to second-line antibiotics (amikacin 1.0 μg/mL, capreomycin 2.5 μg/mL, kanamycin 2.5 μg/mL, moxifloxacin 0.25 μg/mL, ofloxacin 2.0 μg/mL), if resistant to first-line antibiotics.



2.6 Antimicrobial resistance trends in MTB complex

This was assessed by analysis of routine national level surveillance data. This data, which covers a spectrum of AMR pathogens including TB, was obtained from across the network of participating hospitals, health centers, clinics, and diagnostic laboratories in the country. These participating centers include primary, secondary, and tertiary care facilities as well as public and private entities. All data are routinely collected and analyzed using a unified platform (WHONET) and training on data collection is provided to ensure quality assurance and accuracy. The fully anonymized data include demographic data (age, gender, nationality, hospital site/location etc.), clinical and microbiological data such as specimen source and antibiogram. For the reporting of antimicrobial resistance, the interpreted and validated test result (S/I/R) as obtained from MGIT 960™ and reported by participating laboratories was used.



2.7 Data management and statistical analysis

Prior to analysis, data cleaning procedures were conducted to assess inconsistencies, duplicates, missing parameters and other data errors and omissions. Frequency tables were constructed to describe the characteristics of the study population. Graphic presentation of data was done to show patterns and trends of TB over the 12-year period.

Data analysis was routinely carried out using the WHONET 2023 software. For additional statistical analysis, other software packages used were IBM SPSS Statistics, version 29.0.0.0 (IBM 2022), Epi Info™ for Windows v7.2.4.0 and R-4.3.1 for Windows. Statistical significance of temporal trends for antimicrobial resistance was calculated if data from at least five consecutive years with at least 30 isolates per year was available. Statistical significance of trends is expressed as a p-value, calculated by a Chi-square for trend test (extended Mantel–Haenszel). For testing significant difference in mortality and ICU admission a Fishers Exact test was used while significant difference in length of stay was assessed through the weighted log-rank survival analysis. This was done to take care of differences in sample size between the comparison groups. The 95% confidence interval was determined for the proportions of resistance (%R) as well as the proportion of susceptibility (%S). This was determined based on the Wilson Score Interval with continuity correction. A p < 0.05 was considered statistically significant.




3 Results


3.1 Distribution of reporting sites for national AMR surveillance

The UAE national AMR surveillance program was initiated in 2010 in the Abu Dhabi Emirate by the Department of Health Abu Dhabi (DoH) where 6 hospitals and 16 Centers/Clinics were enrolled initially. Additional sites were recruited over the years, starting with these 22 participating sites in 2010, which is the first year during which the study started, and located only in the Emirate of Abu Dhabi, to reach a total of 317 surveillance sites from the 7 Emirates, including 84 hospitals and 233 centers/clinics and representing all seven Emirates of the country in 2021. A significant increase in the number of AMR surveillance sites and labs was observed after Ministry of Health and Prevention started the national AMR surveillance program in 2014. Figure 1 presents the distribution of reporting sites for National AMR Surveillance from 2010 to 2021.

[image: Figure 1]

FIGURE 1
 Number of national AMR surveillance sites (UAE, 2010–2021), by Year and Emirate. The bold numbers on top of the bars represent the total number of sites.




3.2 Bacterial population

From 2010 to 2021 a total of 8,452 Mycobacterium spp. isolates were reported to the national AMR surveillance program. After removal of duplicate isolates and non-M. tuberculosis-complex isolates, a total of n = 8,086 M. tuberculosis-complex isolates remained for analysis. The numbers of MTB-complex patients had remained relatively stable from 2014 to 2018, but overall reported MTB-complex patients had risen from 324 in 2010 to 881 cases in 2021 (Figure 2).

[image: Figure 2]

FIGURE 2
 Number of reported MTB complex isolates/patients, by Year (UAE, 2010–2021). The bold numbers on top of the bars represent the number of TB-complex patients per year.




3.3 Distribution of MTB patients by gender, age group, nationality status, nationality, and patient location

Demographic distribution of the patients from whom these isolates were obtained revealed a male preponderance (73.6%) with the majority of patients being in the adult age group (94.1%). Data on nationality were known for 84.3% of patients of whom 3.8% patients were Emiratis, and 80.5% patients were non-Nationals (Table 1).



TABLE 1 Distribution of MTB-complex cases by gender, age group, nationality status, and patient location (UAE, 2010–2021).
[image: Table1]

The non-Nationals were from a total of 110 countries, most commonly from Asian countries. Of these, India accounted for 20.8%, Pakistan 13.6%, Philippines 12.7%, and Bangladesh 7.8% (Figure 3). Inpatients accounted for 63.2% (5,113/8086) of which 1.3% (109/8086) were from ICU, and outpatients accounted for 32.7% (2,647/8086; Table 1).

[image: Figure 3]

FIGURE 3
 Distribution of MTB-complex patients, by Nationality (UAE, 2010–2021).




3.4 Distribution of MTB-complex patients by specimen type

MTB complex was most commonly isolated from respiratory samples (90.3%, including sputum 80.1%, broncho-alveolar lavage 4.6%, pleural fluid 4.1%), whereas other sources included pus, tissue and body fluid samples from various locations (9.7%), including cerebrospinal fluid (n = 92, 1.1%) and blood (n = 17, 0.2%).

Within the UAE there are a limited numbers of TB laboratories, as most hospitals, in particular the private smaller ones, do not have Biological Safety Level 3 (BSL-3) laboratories available to screen for MTB-complex. In fact, in 2023, to the best of our knowledge, there were only three laboratories based across two Emirates (Abu Dhabi and Dubai – see methods section) that could process suspected TB samples. These three laboratories received most of the samples (estimated at >95%) from all seven Emirates in the UAE, while few facilities would send their MTB samples to laboratories abroad (estimated at <5%). The Rashid hospital TB lab, as well as the SKMC TB lab have been reporting to the national AMR surveillance program since 2010, the NRL TB lab since 2019, when it was established.



3.5 Antimicrobial resistance trends for MTB-complex isolates

The percentage of MTB-isolates susceptible (%S), intermediate (%I), and resistant (%R) to streptomycin, rifampin, ethambutol, isoniazid, and pyrazinamide during the study period 2010 to 2021 is shown in Table 2. The number and percentage of MTB-complex isolates non-susceptible to one, two, three, four and five first-line antibiotics is shown in Table 3.



TABLE 2 Percentage of susceptible, intermediate, and resistant MTB-complex isolates (UAE, 2010–2021).
[image: Table2]



TABLE 3 Percentage of MTB-complex isolates non-susceptible to one, two, three, four, and five first-line antibiotics (UAE, 2010–2021).
[image: Table3]

Figure 4 presents a visualization of this data, showing the annual trends of percent resistant MTB-complex isolates (%R) during the study period. During the surveillance period MTB-complex resistance levels remained relatively low across all five first-line drugs of anti-TB medicines used.

[image: Figure 4]

FIGURE 4
 MTB-complex AMR trends over time. Trend of percentage of isolates resistant (%R) to streptomycin, rifampin, ethambutol, isoniazid, pyrazinamide, and multidrug-resistant (%MDR) (UAE, 2010-2021).


Rifampicin-resistant MTB-complex isolates (RR-TB) were found in 2.8% of the isolates (2021), resistance to isoniazid, streptomycin, pyrazinamide, and ethambutol, was 8.9, 6.9, 3.4 and 0.4%, respectively, in 2021. A slightly increasing trend of resistance among MTB-complex has been observed for rifampicin from 2.5% (2010) to 2.8% (2021), however this trend was statistically not significant (p-value 0.71, Chi-square 0.13747). MDR-TB, defined as resistance to both rifampicin and isoniazid showed a statistically non-significant increase from 2.2% in 2010 to 2.5% in 2021. A statistically significant decreasing trend of resistance was observed for pyrazinamide from 11.6% (2010) to 3.4% (2021; p < 0.001, X2 = 40.4). There was low prevalence (2%) of Pre-XDR-TB and XDR-TB in the Dubai Emirate. It is worthwhile to note that data for pre-XDR and XDR-TB among MDR-TB isolates (42) was also only available for this Emirate hence not comparable to other Emirates (Table 3).



3.6 Mortality rate

A subgroup analysis including the nine clinical institutions that reported mortality data was performed. In these institutions, a total of 2,036 patients developed an infection associated with non-MDR-TB of whom 19 patients died (mortality = 0.93%), while a total of 62 patients developed an infection associated with MDR-TB, of whom none was recorded to have died (mortality = 0%). Fisher’s exact test p = 1.00, showing no significant difference in mortality.



3.7 Admission to intensive care unit

A total of 7,920 patients developed an infection associated with non-MDR-TB of whom 108 patients were admitted to ICU (ICU admission rate: 1.36%) while a total of 209 patients developed an infection associated with MDR-TB, of whom 1 patient was admitted to ICU (ICU admission rate: 0.48%). There was no significant difference in ICU admission between non-MDR-TB and MDR-TB groups (Fisher’s exact test: p = 0.62).



3.8 Length of stay

A subgroup analysis including those patients for whom the date of admission as well as the date of discharge was known was performed. For those patients who developed an infection associated with non-MDR-TB (n = 935) the median length of stay was 15.0 days, while for those patients who developed an infection associated with MDR-TB (n = 20) the median length of stay was 21.5 days. However, the weighted log-rank test showed that there was no statistically significant difference in length of stay (LOS) between MDR-TB and non-MDR-TB patients (p = 0.21, weighted log-rank survival analysis; see also: Supplementary Figure S1).




4 Discussion

The global dissemination and burden of infections associated with MTB-complex is of great concern. Thus understanding the epidemiological trends of MTB-complex is critical for effective treatment and infection control strategies for the UAE to fulfill the goals of the ‘End TB’ strategy by 2030. Infections due to MTB-complex are generally low in the UAE, compared to other countries in the EMRO/MENA region (22), however the increase in labor migration and tourism poses a public health risk of spread of MTB-complex within the UAE and beyond. Nevertheless, national surveillance programs are critical for monitoring trends of MTB-complex and associated antimicrobial resistance trends and patterns over time.

This paper presents data of MTB-complex trends and associated antimicrobial resistance from a national surveillance system over a period of 12 years. Our findings provide the first comprehensive epidemiological profile of MTB-complex in the UAE and its associated AMR trends in the region, which are of course a concern for our clinical management. There has been no previously published data on TB resistance trends ever reported within the UAE until now. This data provides new insights into the epidemiological characteristics of TB cases in the UAE and demonstrates an increase in the trend of MTB-complex over the study period, but with relatively stable yearly rates since 2014, which is either a reflection of increased and better surveillance or possibly incident TB cases that would require a more detailed clinical investigation. The stable TB rates in the UAE differ with global reported trends, which saw an overall dip in reported TB cases during the COVID-19 pandemic (1). The current study utilized a significant dataset amassed over 12 years from the national AMR surveillance program. This data allowed for visualization of comprehensive trend monitoring of antibiotic resistance among the MTB-complex. The 8,086 cases of MTB-complex samples reported in this study all have laboratory-confirmed identity and detailed antibiotic resistance profiles, demonstrating the high accuracy of the data that were used in this study. The finding of a slight decline in antibiotic resistance in MTB-complex over 12 years is potentially an interesting aspect of this study (Figure 4). The samples, collected and evaluated for MTB-complex were processed at the three Emirates sites with TB laboratory infrastructure, due to the biological safety level required. However, these samples were collected from facilities across all seven Emirates of the UAE that are served by these three laboratories. These results do warrant further detailed genetic epidemiological studies moving forward. Unfortunately, at present genomic data is not part of the national surveillance dataset. Lack of genomic data is a significant limitation, particularly as there is limited data on molecular characterization of MTB-complex strains in the UAE and across the MENA region. Genomic characterization would greatly strengthen the efforts for effective identification of MTB-complex as this will help reinforce design of elimination strategies that are currently underway.

The UAE, as highlighted, is a low incidence country for TB, with an estimated rate of 1 per 100,000 (45), yet TB control efforts remains a major priority area for the UAE (46, 47). TB screening is mandatory for all expatriates applying for a work and/or residence visa in the UAE. The UAE has a cosmopolitan society with over 200 nationalities that live and work in the country. The majority of TB cases in the UAE are of Asian origin, mostly from countries with a high prevalence of TB (India, Pakistan, Bangladesh, Philippines) (1). This is not unexpected given the large expatriate and non-skilled work force population within the UAE, that has a population of 10.17 million as of 2023 (48). Indian nationals form the largest expatriate group (2.80 million or 27.49% of total UAE population), followed by Pakistani (1.29 million or 12.69%), Bangladesh (0.75 million or 7.40%) and the Philippines (0.57 million or 5. 6%). Together these total over half (53.1%) of the UAEs combined population (48). These countries also represent those with the highest burden of TB according to global estimates and are among the top 8 countries globally with the highest number of new reported TB cases in 2023 (1, 49). In addition, people from these countries accounted for almost half of all individuals with TB (3,842/8084, 47.6%) in the UAE, during the study period. Emiratis accounted for 3.8% (310/8084) of MTB-complex cases over this 12-year study period. MTB-complex in this study had a preponderance for males (5,952/8084, 73.6%) and adults (7,611/8084, 94.1%), which is in line with what would be expected from expatriate populations traveling between their home countries and the UAE. MTB-complex was more commonly found among inpatients (5,113/8084, 63.2%, including ICU, 109/8084, 1.3%). The larger proportion of the patients were enrolled in medicine (4,032/8084, 49.9%) and emergency (1765/8084, 21.8%) departments. This is encouraging as patients are actively seeking medical assistance to allow for the detection and treatment of this infection.

When looking at diagnosis, TB was overwhelmingly detected in sputum samples (6,478/8084, 80.1%), followed by pleural fluid (372/8084, 4.6%) and broncho-alveolar lavage (333/8084, 4.1%). This accounted for 88.8% of all MTB detections. Data on relatively less miliary (17/8084, 0.2%; bone marrow: 5/8084, 0.1%) and meningeal TB (92/8084, 1.1%) was also reported. This suggested that there was a lower prevalence of severe forms of TB in UAE.

MTB resistance to various drugs, whether single resistance, MDR-TB, pre-XDR-TB or XDR-TB, remain serious problems that represent great threats and challenges to human and public health (50–52). In 2021, the estimated proportion of people with TB who had MDR/RR -TB was 3.6% among new cases and 18% among those previously treated. Three countries accounted for 42% of global cases in 2021, India (26%), the Russian Federation (8.5%) and Pakistan (7.9%) (1). However, there are very few reported cases of pre-XDR-TB and XDR-TB in the UAE currently. This is positive, as the rate of MDR-TB remains low and does not appear to be increasing. In 2016 the proportion of MDR-TB was 4.5% among MTB isolates identified, which decreased to 2.5% in the 2021 calendar cycle. Resistance to first line anti-tuberculous drugs is generally low, however there is a noticeable increase in the trend of single resistance to rifampicin, peaking in 2016 at 5.3% and again in 2019 at 4.7%, but now stands at 2.5%, which is of concern and warrants close monitoring. Conversely a decreasing trend of resistance was observed for pyrazinamide, peaking in 2010 at 11.6% and is now reported to be 3.4% according to 2021 data. While the observation of lower rates of MDR-TB is positive in terms of TB control strategies, there is need to continue vigilance in effectively diagnosing and treating identified cases so that some sporadic increases in such cases is contained. Furthermore enhancing genomic surveillance would re-enforce a better understand on the evolutionary changes TB drug resistance in this population.

The mortality rate, according to our observations, was 0.9%, a sign that TB treatment adherence is optimal, ending up with favorable treatment outcomes. Similarly low admission rate ICU (0.5%), were observed among patients with MDR-TB to despite the fact that they had a longer median length of stay in hospital in general of 21.5 days, as compared to 15.0 days for patients with non-MDR-TB infections (1.4%, and 15.0 days, respectively).



5 Conclusion

To maintain low incidence rates and work toward achieving the End TB goals, it is critical for the UAE to continue screening the immigrant population, which includes expatriates, and other laborer migrants particularly after arrival. This should include individuals whose initial exit screening from country of origin were TB negative. Based on the data showing high incidence of TB from people who moved from high burden TB countries, there is need to reinforce screening activities on point of entry and potentially on reapplication for renewal of the work or residence visa as a strategy to curtail TB burden in the UAE.
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Enterococcus faccalis Ampicillin 1.0 0.6 —04
Gentamicin-HL 10.2 13.9 37
Streptomycin-HL 22 42 20
Levofloxacin 267 244 -23
Moxifloxacin 236 195 —4.1
Daptomycin 20 17 03
Linezolid 13 0.9 —0.4
Vancomycin L0 0.6 —0.4
Teicoplanin 12 0.9 —0.3

Enterococcus faecium Ampicillin 71.8 76.7 4.9
Gentamicin-HL 19.9 19.5 —0.4
Streptomycin-HL 59 55 —0.4
Levofloxacin 65.6 67.9 2.3
Moxifloxacin 736 54.5 —19.1
Daptomycin 136 77 -59
Linezolid 1.1 20 09
Vancomycin 9.1 6.4 =27
Teicoplanin 7.6 4.9 =27

*94R: weighted average across the respective period.
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Quwain Khaimah
Hospital 3 2% 7 3 2 7 4 81
Center/Clinic 106 64 2 7 4 2 10 233
Sites (total) 141 % 28 10 6 28 14 317
Laboratories 18 19 2 1 1 3 1 5

Bold values means the row “Sites” shows the total number of Hospitals plus Centers/Cl
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Facility type AbuDhabi  Dubai  Sharj Ajman RAK  Fujairah
“Total number of sites 141 90 28 10 6 28 14 317
Public ownership 62 26 22 9 6 19 13 152

te ownership 79 64 6 1 0 9 1 160

Bold values means total number of sites. Color shades refer to Green = good and Red = bad.
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21 Dr. Hazim Khalifa Department of Veterinary Medicine, UAE University, Al Ain

22 Dr. Husein Alzabi Sheikh Khalifa General Hospital, Um al Quwain

23 Dr. Ibrahim Alsayed Mustafa Alhashami Purelab, Al Qassimi Hospital, Sharjah

24 Dr. Irfaan Akthar Mediclinic City Hospital, Dubai

25 Dr. Jens Thomsen Abu Dhabi Public Health Center, Abu Dhabi

26 Dr. John Stelling 'WHONET, Boston, USA

27 Dr. Kavita Diddi Prime Hospital, Dubai

28 Dr. Krishnaprasad Ramabhadran Burjeel Hospital, Abu Dhabi

29 Dr. Laila Al Dabal Dubai Academic Health Corporation (DAHC, Dubai)

30 Dr. Madikay Senghore Khalifa University, Abu Dhabi

31 Dr. Manal Abdel Fattah Ahmed PureLab, Ras Al Khaimah

3 Dr. Maya Habous Rashid Hospital, Dubai Academic Health Corporation, Dubai

33 Dr. Moeena Zain American Hospital Dubai

34 Dr. Monika Maheshwari Al Zahra Hospital, Dubai

35 Dr. Monika Maheshwari Medeor 24x7 Hospital, Dubai

36 Dr. Mubarak Saif Alfaresi Zayed Military Hospital, Abu Dhabi

37 Dr. Mushtaq Khan United Arab Emirates University, Al Ain

38 Dr. Najiba Abdulrazzaq Al Kuwait Hospital, Emirates Health Services Establishment, Dubai

39 Dr. Nehad Nabeel Al Shirawi Al Fujairah Hospital

40 Dr. Nesrin Helmy Mediclinic Al Noor Hospital - Khalifa Street, Abu Dhabi

41 Dr. Prashant Nasa NMC Specialty Hospital Al Nahda, Dubai

42 Dr. Rajeshwari T. A. Patil Burjeel Medical City, Abu Dhabi

43 Dr. Ratna A. Kurahatti NMC Royal Hospital Khalifa City A, Abu Dhabi

44 Dr. Riyaz Amirali Husain Dubai Hospital, Dubai Academic Health Corporation, Dubai

45 Dr. Robert Lodu Serafino Wani Swaka Sheikh Shakhbout Medical City, Abu Dhabi
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19 Dr. Simantini Jog Fakeeh University Hospital, Dubai

50 Dr. Simantini Jog King’s College Hospital London Dubai Hills, Dubai
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52 Dr. Somansu Basu NMC Specialty Hospital, Al Ain

53 Dr. Yassir Mohammed Eltahir Ali Animal Wealth Sector, Abu Dhabi Agriculture and Food Safety Authority, Abu
Dhabi

54 Dr. Yousuf Mustafa Naqvi Department of Health Abu Dhabi (DoH), Abu Dhabi

55 Dr. Zulfa Omar Al Deesi Latifa Maternity & Pediatric Hospital, Dubai

56 Emmanuel Fru Nsutebu Sheikh Shakhbout Medical City, Abu Dhabi

57 Fouzia Jabeen Purelab, Sheikh Khalifa Hospital, Abu Dhabi

58 Francis Amirtharaj Selvaraj Sheikh Khalifa Medical City (SKMC), Abu Dhabi

59 Hadayatullah Ghulam Muhammad Emirates International Hospital, Al Ain

60 Imene Lazreg University of Sharjah, Sharjah

61 Kaltham Ali Kayaf Ministry of Climate Change & Environment (MOCCAE), Dubai

62 Laura Thomsen University of Freiburg, Germany

63 Leili Chamani-Tabriz Clemenceau Medical Center, Dubai

64 Pamela Fares Mrad Abu Dhabi Public Health Center (ADPHC), Abu Dhabi

65 Pascal Frey Berne University Hospital, Berne, Switzerland

66 Prof. Abiola Senok College of Medicine, Mohammed Bin Rashid University of Medicine and Health
Sciences, Dubai

67 Prof. Agnes-Sonnevend-Pal University of Pécs, Pécs, Hungary

68 Prof. Andreas Podbielski University Hospital Rostock, Rostock, Germany

69 Prof. Carole Ayoub Moubareck College of Natural and Health Sciences, Zayed University, Dubai

70 Prof. Dean Everett Department of Pathology and Infectious Diseases, College of Medicine, Khalifa
University, Abu Dhabi

71 Prof. Godfred A. Menezes Department of Medical Microbiology and Immunology, RAK Medical and
Health Sciences University, Ras Al Khaimah

72 Prof. Hala Ahmed Fouad Ismail PureLab, Al Qassimi Hospital, Sharjah

73 Prof. Mohamud M. Sheek-Hussein United Arab Emirates University, Al Ain

74 Prof. Peter Nyasulu Department of Global Health, Faculty of Medicine and Health Sciences,
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75 Prof. Sameh Soliman University of Sharjah, Sharjah

76 Prof. Tibor Pal University of Pécs, Pécs, Hungary

77 Rania El Lababidi Dept. of Pharmacy Services, Cleveland Clinic Abu Dhabi

78 Saeed Hussein Erada Center for Treatment and Rehabilitation, Dubai

79 Stefan Weber Purelab, Abu Dhabi

80 Sura Khamees Majeed Al Gharbia Hospitals - Madinat Zayed Hospital

81 Syed Irfan Hussein Rizvi Mediclinic City Hospital, Dubai

82 Timothy Anthony Collyns Tawam Hospital, Al Ain

83 Zahir Osman Babiker Sheikh Shakhbout Medical City (SSMC), Abu Dhabi
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Demographics Number of patients Percentage
(N = 54,130)

Gender Male 21,989 40.62%
Female 16,290 30.10%
Unknown 15,851 29.28%

Age group Newborn 515 0.95%
Pediatric 6718 12.41%
Adult 28,559 52.76%
Unknown 18,338 33.88%

Nationality Emirati 13,600 25.12%
Non-Emirati 17,218 31.81%
Unknown 23,312 43.07%

Hospital location Outpatient 18,166 33.56%
Inpatient 16,847 31.12%
(excluding ICUs)
Intensive Care Unit 6,223 11.50%
Others 12,894 23.82%

Definitions: Newborn = 0-30 days; Pediatric = between 30 days and 19 years; Adult =

>19 years.
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Organism

Number
of isolates

(%)

1 Pseudomonas aeruginosa 54,130 95.61
2 Pseudomonas sp. 908 1.61
3 Pseudomonas putida 782 1.40
4 Pseudomonas stutzeri 391 0.70
5 Pseudomonas fluorescens 299 0.53
6 Pseudomonas mendocina 58 0.10
7 Pseudomonas pseudoalcaligenes 25 0.04
8 Pseudomonas alcaligenes 24 0.04
9 | Pseudomonas anguilliseptica 1 0.02
Total 56,618 100
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Sample type Number of CREc Percentage

Urine 2441 66.55
Soft tissue 506 13.79
Respiratory 233 6.35
Blood 148 4.03
Genital 90 245
Stool 36 0.98
Unknown/Other 214 5.83
Grand total 3,668 100.00

Bold values are highlighting the total (row sum), in comparison to the other numbers.





OPS/images/fpubh-11-1244482/fpubh-11-1244482-t001.jpg
Sample type ber of CRKp ercentage
Urine 2,588 36.85
Respiratory 1,893 26.95

Soft tissue 1,371 19.52
Blood 535 7.62

Stool 165 2.35
Genital 66 0.94
Unknown/Other 405 577
Grand total 7,023 100.00

Bold values are highlighting the total (row sum), in comparison to the other numbers.
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UAE University, College of
Medicine and Health
Sciences, Al Ain
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2 Department of Biology,
Center for Membranes and
Advanced Water Technology,
Khalifa University, Abu Dhabi
3 Amna AlBlooshi Purelab, Al Ain
4 Dr. Adnan Alatoom Sheikh Shakhbout Medical
City (SSMC), Abu Dhabi
5 Dr. Ahmed Abdulkareem Al ‘Tawam Hospital, Al Ain
Hammadi
6 Dr. Alaa MM Enshasy Dubai Health Authority,
Dubai
7 Dr. Amal Mubarak Madhi Abu Dhabi Public Health
Center, Abu Dhabi
8 Dr. Anju Nabi Dubai Academic Health
Corporation (DAHC), Dubai
9 Dr. Anup Shashikant Poddar | Al Sharq Hospital, Fujairah
10 Dr. Arun Kumar Jha Danat Al Emarat Hospital,
Abu Dhabi
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Dhabi
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Ramabhadran
29 Dr. Laila Al Dabal Dubai Academic Health
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32 Dr. Maya Habous Rashid Hospital, Dubai
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33 Dr. Moeena Zain American Hospital Dubai
34 Dr. Monika Maheshwari Al Zahra Hospital, Dubai
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Dhabi
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University, Al Ain
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46 Dr. Savitha Mudalagiriyappa | University Hospital Sharjah,
Sharjah
47 Dr. Seema Oommen Burjeel Medical City, Abu
Dhabi
48 Dr. Shaikha Ghannam Abu Dhabi Public Health
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Hospital, Abu Dhabi
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60 Imene Lazreg University of Sharjah, Sharjah
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62 Laura Thomsen University of Freiburg,
Germany
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Mohammed Bin Rashid
University of Medicine and
Health Sciences, Dubai
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of patients (N = 29,414) Percentage

Male 10,841 369
Female 7,347 25.0
Unknown 11,226 38.1
Age group

Pediatric 4,764 162
Adult 13,155 44.7
Unknown 11,495 39.1
Nationality

Emirati 5238 17.8
Non-Emirati 10,796 36.7
Unknown 13,380 455
Hospital location

Inpatient 8,282 28.1
Outpatient 11,342 386
Unknown 9,790 333
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Clinical Conditions for using antibiotics in poultry farmers

Gastrointestinal i.
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Characteristics

No. of year/s in farming
<15

15-30

>30

Education level of farmers
Not educated

Primary

Secondary

Above secondary
Professional farm training
No

Yes

Size of poultry farm

Small (<2000 chickens)

Medium (2,000~

,000 chickens)

Large (4,000 chickens)

25(62.5)
13(325)

2(5.0)

10(25.0)
5(12.5)
20(50.0)
5(125)

35 (87.5)
5(125)

15(37.5)
19(47.5)

6(15.0)
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\ELELIES Total N (%)

tic/s use in poultry

No 0(0)
Yes 40(100.0)
Veterinary doctor Prescription for getting antibiotic/s

No 24(60.0)
Yes 16(40.0)

Source of veterinary services

Local livestock officer 125
Private veterinary doctor 14(35.0)
By Yourself 25.0)
Feed company. 18(45.0)
Government source 50125

Source of getting antibiotic/s

Agents 33(825)
Local pharmacy/drug shop 7017.5)
Use of antibiotic/s for clinical conditions

No 18(45.0)
Yes 22(55.0)
Use of antibiotic/s as Growth promotion

No 22(55.0)
Yes 18(45.0)
Frequency of antibiotic/s use

Occasionally* 1127.5)

Regularly** 29(72.5)

No. of days of antibiotic/s administration

1-3days 20(50.0)
4-7days 12(30.0)
>7days 8(20.0)

Follow-up of withdrawal period
No 19(47.5)
Yes 21(525)

*Occasionally: Have not used antibiotics in every flock. **Regularly: Used antibiotics in
every flock.
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Characteristics Frequency Percentage

1. AMR is a global public health problem

Strongly agree 40 6897
Agree 17 2031
Not sure 1 172
Disagree 0 0
Strongly disagree 0 0

2. AMR is an issue of concern in our country
Strongly agree 36 6207
Agree 19 3276
Not sure 3 517
Disagree 0 0
Strongly disagree 0 0

3.Itis important to advise patients about complying with the treatment when

antimicrobials are dispensed

Strongly agree 50 8621
Agree 7 1206
Not sure 1 172
Disagree 0 0
Strongly disagree 0 0

4.Tn your opinion, do people coming to your pharmacy know about

antimicrobials?

Toa great extent 0 0
Somewhat 18 3103
Very Little 29 50
Notatall 1 18.97

5. Do you think people buying antimicrobials have a good understanding of AMR?

To a great extent 1 172
Somewhat 8 1379
Very Little 29 50

Notatall 20 3448

6. Do patients come to get antibiotics without a valid prescription?

Often 16 2759
Never 3 517
Sometimes 39 67.24

7. Do you feel that there are adequate policies and interventions in place to curb
issues of AMR in the country?

Yes 2 44.83
No 9 1552
Not sure 23 39.66

8. Did you ever feel compelled by stakeholders (for example doctors, owners of the

pharmacy, patients) to sellantimicrobials without prescriptions?

Yes 2 48.28
No 30 5172
Not sure 0 0

9. Do you think you have opportunities to attend CMEs on AMR?

Yes 34 5862

No 2 4138

Not sure 0 0
10. Are you willing to attend CME, conferences and/or workshops on

antimicrobials and AMR for better understanding and practice?

Yes 58 100
No 0 0
Not sure 0 0

11. Do you think the Competent Persons play an important role in tackling AMR

Yes 55 94.83
No 1 172
Not sure 2 345

12. Do you think patients value your counseling on rational use of antimicrobials?
Yes 45 77.59
No 3 517

Not sure 10 17.24
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Have you taken part in any antimicrobial-awareness
activity?

Do you cross check allergy history before dispensing
antibiotics?

Ifyes, have you ever contacted the prescriber containing
antimicrobials?

Ifyes, have you ever encountered inappropriate
prescriptions with antimicrobials?

Do you cross check prescriptions for appropriateness

Do you maintain records of antimicrobials sold?

Do you dispense Antibiotics for human use against
veterinary prescriptions?

Do you sell veterinary antimicrobials?

mYes
mNo

10 20 30 40 50 60
No. of CPs.
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Gender

Age (years)

Years of

experience

Level of

education

Variables

Male

Female

26-35
36-45
46-55

56-65

0-5

6-10

11-15

16-20

21-25

26-30

231

Master’s degree
Bachelor’s Degree
Diploma
Certificate

Others

36

2

£

6207

37.93

1207

4138

862

1379

1552

862

4655

2069

1207

517

345

690

172

3276

1897

37.93

862
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estions Frequency Percentage

Yes 54 93.10
No 4 6.90
Not sure 0 0
2. Are antibiotics effective against the common cold or flu?
Yes 15 25.86
No 2 7069
Not sure 2 345
3. Does inappropriate use of antimicrobials lead to AMR?
Yes 56 96.55
No 0 0
Not sure 2 345
4. Are you allowed to sell topical antibiotics without prescriptions?
Yes 25 43.10
No 30 51.72
Not sure 3 5.17
5. Do the use of topical antimicrobials contribute to AMR?
Yes 48 82.76
No 4 6.90
Not sure 6 1034
6. Should antibiotics be stopped soon after symptoms are resolved?
Yes 5 8.62
No 5 9138
Not sure 0 0

. Are you aware of Antimicrobial Resistance (AMR)?

. Can you dispense antibiotics for similar previous infec

prescription?

Yes. 58 100
No 0 0
Not sure 0 0

8. Are you aware of the requirement of SOP for storage and dispensing of

‘medicines?
Yes 58 100
No 0 0
Not sure 0 0

9. Are you aware of the requirement to retain a copy of prescription for every

antibiotic sold?

Yes 51 87.93
No 7 1207
Not sure 0 0

10. Are you aware of the national antibiotic guideline?
Yes 38 65.52
No 15 2586

Not sure 5 862
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Characteristics Non-survivor (%)§ Survivor (%)§ Univariate Multivariate

N=51 N =234 OR (95% Cl) aOR (95% Cl)
Age (years), median (IQR) 58 (48-65) 55 (35-66.75) 1.01(0.99-1.02) 0.446
Age > 65 years 14 (27.45) 69 (29.49) 0.77 (0.38-1.56) 0.475
Gender, male 38 (74.51) 152 (64.96) 151 (0.76-3.01) 0.242
Smoking 58 (48-65) 55 (35-66.75) 1.01(0.99-1.02) 0.446
Alcohol drinking 14 (27.45) 69 (29.49) 0.77 (0.38-1.56) 0475
Polymicrobial BSIs 19 (37.25) 33 (14.10) 3.56 (1.80-7.05) <0.001 2.21 (0.98-5.00) 0.056
MDR 22 (43.14) 53 (22.65) 2.41(1.26-4.61) 0.008
CR 29 (56.86) 68 (29.06) 310 (1.59-6.07) 0.001 1.54 (0.69-3.40) 0.289

Comorbidities

Agranulocytosis 7 (13.73) 60 (25.64) 0.54 (0.22-1.34) 0.184
Chemotherapy or 9(17.65) 70 (29.91) 0.56 (0.25-1.25) 0.160
radiotherapy

Malignancy 21 (41.18) 111 (47.44) 0.81 (0.44-1.50) 0.503
Disease of the circulatory 27 (52.94) 98 (41.88) 1.60 (0.86-2.94) 0.136
system

Hypertension 16 (31.37) 65(27.78) 1.10 (0.57-2.15) 0.774
IHD 5(9.80) 16 (6.84) 1.58 (0.54-4.57) 0.403
Disease of the respiratory 14 (27.45) 75 (32.05) 0.93 (0.46-1.89) 0.846
system

Endocrine, nutritional, and 7(13.73) 29 (12.39) 1.21(0.49-2.97) 0.678
metabolic diseases

Diabetes mellitus 20 (39.22) 88 (37.61) 1.59 (0.76-3.31) 0217
Chronic renal disease 6(11.76) 13 (5.56) 237 (0.84-6.67) 0.101
Biliary tract and pancreas 5(9.80) 39 (16.67) 0.55 (0.20-1.48) 0.234
diseases

Burns 10 (19.61) 15 (6.41) 3.17 (1.3-7.78) 0.012

Healthcare exposure

Time at risk (days), median 14 (8-26.5) 13 (5-21) 1.00 (0.99-1.01) 0.983

(IQR)

Length of hospital stay (days), 20 (9-28.50) 17.50 (9-38) 0.99 (0.98-1.01) 0.393

median (IQR)

ICU stay 27 (52.94) 60 (25.64) 3.93 (2.03-7.58) <0.001 2.89 (1.26-6.63) 0012
Length of ICU stay (days), 1(0-11) 0(0-1) 1.02 (1.00-1.04) 0.042

median (IQR)

Invasive procedures

Surgery 29 (56.86) 103 (44.02) 1.47 (0.77-2.83) 0.243

Invasive ventilation 21 (41.18) 45(19.23) 2.95 (1.54-5.66) 0.001

Indwelling catheterization

cve 36 (70.59) 134 (57.26) 2.02 (1.03-3.96) 0.040
Urinary catheter 41 (80.39) 116 (49.57) 4.06 (1.87-8.79) <0.001 1.66 (0.63-4.39) 0.308
Gastric tube 25 (49.02) 71 (30.34) 2.11 (1.14-3.94) 0.018
Drug use
Corticosteroids 40 (78.43) 124 (52.99) 3.67 (1.77-7.63) <0.001 2.89 (1.31-6.41) 0.009
Immunosuppressor 9(17.65) 42 (17.95) 1.11 (0.49-2.51) 0.796
Antibiotics 46 (90.2) 194 (82.91) 1.69 (0.62-4.58) 0.304
Total quantity (DDD), 19.50 (5.50-38.62) 11.13 (2.58-29.05) 1.00 (1.00-1.01) 0.330
median (IQR)
Aminoglycosides 3(5.88) 12(5.13) 0.98 (0.26-3.68) 0978
Quantity (DDD), median 0(0-0) 0(0-0) 0.95 (0.80-1.14) 0.584
(IQR)
Carbapenems 35(68.63) 82 (35.04) 3.88 (2.00-7.50) <0.001 1.71(0.79-3.73) 0.177
Quantity (DDD), median 6 (0-10.50) 0(0-4.46) 1.03 (1.00-1.06) 0.033
(IQR)
Broad-spectrum 14 (27.45) 52(22.22) 1.17 (0.58-2.38) 0.663
cephalosporins.
Quantity (DDD), median 0(0-0.88) 0(0-0) 1.01 (0.97-1.06) 0555
(IQR)
B-lactam/B-lactamase 10 (19.61) 77 (32.91) 0.51(0.25-1.29) 0.180
inhibitor combinations
Quantity (DDD), median 0(0-0) 0(0-2.97) 0.98 (0.93-1.03) 0.346
(IQR)
Fluoroquinolones 12 (23.53) 44(18.8) 1.41 (0.68-2.94) 0.360
Quantity (DDD), median 0(0-0) 0(0-0) 1.01 (0.95-1.08) 0.695
(IQR)
Antimicrobial therapy after BSls onset
Inappropriate empiric therapy 13 (25.49) 28(11.97) 2.48 (1.17-5.24) 0018
Inappropriate definitive 9(17.65) 10 (4.27) 4.96 (1.87-13.16) 0.001 447 (1.35-14.77) 0.014
therapy

OR (95% CI), odds ratio (95% confidence interval); aOR (95% CI), adjusted odds ratio (95% confidence interval); IQR, interquartile range; BSIs, bloodstream infections; MDR, multidrug
resistant; non-MDR, non-multidrug resistant; CR, carbapenem resistant; non-CR, non-carbapenem resistant; IHD, ischemic heart disease; ICU, intensive care unit; CVC, central venous
catheter; DDD, defined daily dose.

SNumber of non-survivors/survivors with the characteristics (percentage of non-survivors/survivors with the characteristics), unless stated otherwise.
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Variable MDR vs. non-MDR CRvs. non-CR

MDR Non-MDR Non-CR
Total length of hospital stay 35(22-77,6-507) 28 (16-40, 2-467) 0.063 30 (18-53, 5-507) 27 (17-43,2-467) 0.520
(days), median (IQR, range)
Healthcare costs (10,000 22.96 (9.13-52.52, 10.65 (5.06-20.37, <0.001 18.83 (7.30-43.38, 10.22 (5.05-20.24, 0.002
CNY), median (IQR, range) 0.62-464.73) 0.51-116.27) 0.51-464.73) 0.62-116.27)

IQR, interquartile range; CNY, China Yuan; MDR, multidrug resistant; non-MDR, non-multidrug resistant; CR, carbapenem resistant; non-CR, non-carbapenem resistant.
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Character Number (%
Age, years 55 (36-66,0-97)"
Age > 65 years 83(29.12)
Gender, male 190 (66.67)
Nosocomial BSIs 242 (84.91)
Polymicrobial BSIs 70 (24.56)
Ward

ICU 42(14.74)
Medical 121 (42.46)
Surgical 122 (42.81)
Source of BSIs

Unknown 201 (70.53)
Respiratory tract infection 32(11.23)
Skin and soft tissue infection 27 (9.47)
Gastrointestinal infection 17 (5.96)
Urinary tract infection 6(2.11)
Catheter-related infection 2(0.70)
Comorbidities

Agranulocytosis 67 (23.51)
Chemotherapy or radiotherapy 79 (27.72)
Malignancy 132 (46.32)
Disease of the circulatory system 125 (43.86)
Disease of the respiratory system 108 (37.89)
Endocrine, nutritional, and metabolic diseases 89(31.23)
Diabetes mellitus 36 (12.63)
Chronic renal disease 19 (6.67)
Biliary tract and pancreas diseases 44 (15.44)
Burns 25(8.77)

Healthcare exposure

Time at risk, days

13 (5-21,1-334)°

Length of hospital stay, days

18 (9-35, 1-90)7

ICU stay 87 (30.53)
Length of ICU stay, days 0(0-2,0-81)7
Invasive procedures
Surgery 132 (46.32)
Invasive ventilation 66(23.16)
Indwelling catheterization
cve 170 (59.65)
Urinary catheter 157 (55.09)
Gastric tube 96 (33.68)
Drug usage
Corticosteroids 164 (57.54)
Immunosuppressor 51(17.89)
Antibiotics 240 (84.21)

BSIs, bloodstream infections; ICU, intensive care unit; CVC, central venous catheter.

SNumber of cases with the characteristics, unless stated otherwise.

TMedian (interquartile range IQR, range).
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15 Bashir Aden Khalifa University, Abu Dhabi

16 Carole Ayoub Moubareck College of Natural and Health Sciences, Zayed University; Dubai

17 Dean Everett Department of Pathology and Infectious Diseases, College of Medicine, Khalifa University, Abu Dhabi

18 Decba Jafri Purelab, Sheikh Khalifa Medical City, Ajman

19 Duckjin Hong Sheikh Khalifa Specialty Hospital (SKSH) RAK

20 Emmanuel Fru Nsutebu Sheikh Shakhbout Medical City, Abu Dhabi

2 Farah Ibrahim Al-Marzoog United Arab Emirates University, Al Ain

2 Fatima Al Dhaheri United Arab Emirates University, Al Ain

2 Fouzia Jabeen Purelab, Sheikh Khalifa Hospital, Abu Dhabi

2 Francis Amirtharaj Selvaraj Sheikh Khalifa Medical City (SKMC), Abu Dhabi

2 Ghada Abdel Wahab ‘Abu Dhabi Agriculture and Food Safety Authority, Abu Dhabi

2 Ghalia Abdul Khader Khoder University of Sharjah, Sharjah

27 Gitanjali Avishkar Patil NMC Specialty Hospital, Abu Dhabi

2 Godired A. Menezes Department of Medical Microbiology and Immunology, RAK Medical and Health Sciences University, Ras
AlKhaimah

29 Hadayatullah Ghulam Muhammad Emirates International Hospital, Al Ain

30 Hafiz Ahmad RAK Hospital, Ras Al Khaimah

31 Hala Ahmed Fouad Tsmail PureLab, Al Qassimi Hospital, Sharjah

2 Hazim Khalifa Department of Veterinary Medicine, UAE University; Al Ain

3 Husein Alzabi Sheikh Khalifa General Hospital, Um al Quwain

3 Tbrahim Alsayed Mustafa Alhashami Purelab, Al Qassimi Hospital, Sharjah

35 Imene Lazreg University of Sharjah, Sharjah

36 Irfaan Akthar Mediclinic City Hospital, Dubai

37 Jens Thomsen ‘Abu Dhabi Public Health Center, Abu Dhabi

38 John Stelling WHONET, Boston, USA

39 Kaltham Ali Kayaf Ministry of Climate Change & Environment (MOCCAE), Dubai

0 Kavita Diddi Prime Hospital, Dubai

a1 Krishnaprasad Ramabhadran Burjeel Hospital, Abu Dhabi

2 Laila Al Dabal Dubai Academic Health Corporation (DAHC, Dubai)

5 Laura Thomsen University of Freiburg, Germany

4 Leili Chamani-Tabriz Clemenceau Medical Center, Dubai

15 Madikay Senghore Khalifa University, Abu Dhabi

16 Manal Abdel Fattah Ahmed PureLab, Ras Al Khaimah

47 Maya Habous Rashid Hospital, Dubai Academic Health Corporation, Dubai

18 Moeena Zain American Hospital Dubai

19 Mohamud M. Sheek-Hussein United Arab Emirates University, Al Ain

50 Monika Maheshwari Al Zahra Hospital, Dubai

51 Monika Maheshwari Medeor 24x7 Hospital, Dubai

52 Mubarak Saif Alfaresi Zayed Military Hospital, Abu Dhabi

5 Mushtaq Khan United Arab Emirates University, Al Ain

54 Najiba Abdulrazzaq Al Kuwait Hospital, Emirates Health Services Establishment, Dubai

55 Nehad Nabeel Al Shirawi Al Fujairah Hospital

56 Nesrin Helmy Mediclinic Al Noor Hospital - Khalifa Street, Abu Dhabi

57 Pamela Fares Mrad ‘Abu Dhabi Public Health Center (ADPHC), Abu Dhabi

58 Pascal Frey Berne University Hospital, Berne, Switzerland

59 Peter Nyasulu Department of Global Health, Faculty of Medicine and Health Sciences, Stellenbosch University, South Africa

60 Prashant Nasa NMC Specialty Hospital Al Nahda, Dubai

61 Rajeshwari T. A. Patil Burjeel Medical City, Abu Dhabi

5 Rania El Lababidi Dept. of Pharmacy Services, Cleveland Clinic Abu Dhabi

& Ratna A. Kurahatti NMC Royal Hospital Khalifa City A, Abu Dhabi

64 Riyaz Amirali Husain Dubai Hospital, Dubai Academic Health Corporation, Dubai

6 Robert Lodu Serafino Wani Swaka Sheikh Shakhbout Medical City, Abu Dhabi

66 Saced Hussein Erada Center for Treatment and Rehabilitation, Dubai

67 Sameh Soliman University of Sharjah, Sharjah

68 Savitha Mudalagiriyappa University Hospital Sharjah, Sharjah

6 Seema Oommen Burjeel Medical City, Abu Dhabi

70 Shaikha Ghannam Alkaabi Abu Dhabi Public Health Center, Abu Dhabi

71 Simantini Jog Fakeeh University Hospital, Dubai

7 Simantini Jog Kings College Hospital London Dubai Hills, Dubai

7 Siobhan O'Sullivan Khalifa University, Abu Dhabi

7 Somansu Basu NMC Specialty Hospital, Al Ain

7 Stefan Weber Purelab, Abu Dhabi

76 Sura Khamees Majeed Al Gharbia Hospitals - Madinat Zayed Hospital

77 Syed Irfan Hussein Rizvi Mediclinic City Hospital, Dubai

78 “Tibor Pal University of Pécs, Pécs, Hungary

7 Timothy Anthony Collyns ‘Tawam Hospital, Al Ain

80 Yassir Mohammed Eltahir Ali Animal Wealth Sector, Abu Dhabi Agriculture and Food Safety Authority, Abu Dhabi

81 Yousuf Mustafa Naqvi Department of Health Abu Dhabi (DoH), Abu Dhabi

82 Zahir Osman Babiker Sheikh Shakhbout Medical City (SSMC), Abu Dhabi

8 ilfa Omar Al Deesi Latifa Maternity & Pediatric Hospital, Dubai
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" of Percentage
Species distribution Isolates. (%) 9
(N)
Acinetobacter calcoaceticus-baumannii complex 15233 867
Acinetobacter woffii 800 46
Acinetobacter junii 376 22
Acinetobacter haemolyticus 198 L
Acinetobacter johnsonii 2 o)
Acinetobacter ursingii 2 o1
Acinetobacter spp. 915 52

Total 17,564 100
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Species umber HKH SGA HNDS HRH SGUMC
Candida glabrata 408 79 37 26 23 19 46 18 31 129
Candida tropicalis 231 41 21 17 15 11 26 10 15 75
Candida parapsilosis 103 20 13 12 6 3 9 5 8 27
Candida famata 72 11 7 8 0 7 7 7 10 15
Candida krusei 35 1 2 0 2 6 7 0 5 12
Candida kefyr 72 8 3 7 11 9 5 2 10 17
Candida sphaerica 9 0 1 0 i 2 0 1 2 2
Candida zeylanoides 4 0 0 0 1 0 0 0 1 2
Candida lusitaniae 26 8 2 0 0 1 1 2 1 11
Candida utilis 6 0 0 1 0 1 2 0 1 1
Candida Guilliermondii 23 5 3 4 0 1 2 0 1 ]
Candida thermophila 6 1 1 0 0 0 1 0 2 1
Other Candida 5 0 1 1 0 1 0 1 0 1
Total 1000 174 91 76 59 61 106 46 87 300

*MKH, Al Makased Hospital, Beirut, Lebanon; MLH, Mount Lebanon Hospital, Mount Lebanon, Lebanon; MEH, Middle East Hospital, Mount Lebanon, Lebanon; HKH, Haykal Hospital,
Tripoli, Lebanon; SGA, Saint Georges Ajaltoun Hospital, Keserwan, Lebanon; RH, LAU- Rizk Hospital, Beirut, Lebanon; HNDS, Hospital Notre Dame des Secours, Keserwan, Lebanon; HRH,
Hariri Hospital, Beirut, Lebanon; SGUMC, Saint Georges University Medical Center, Beirut, Lebanon.





OPS/images/fpubh-11-1115055/fpubh-11-1115055-t002.jpg
Candida spp. Antifungals (pg/mL)

Ampho B Micafungin Caspofungin
Range  MIC50 MIC90  Range MIC50 MIC90  Range MIC50 MIC90

(A)

Candida glabrata 408 | 0.0156-1 0.19 05 0.015-0.25 0.016 0.031 0.0312-025 0031 0031
Candida tropicalis 231 | 00156-2 0125 05 0.0156-0.25 0.031 0.05 0.0156-025 0031 0.063
Candida parapsilosis 103 <0.12-1 05 05 0.015-1 0.031 0.047 0.0312-0.5 0.047 0.063
Candida famata 72 | 0.004-0.06 0015 0015 0.03-0.06 0031 0.031 0.03-0.064 0031 0031
Candida krusei 35 0.047-1 025 032 0.047-0.25 0.031 025 0.094-0.25 003 01
Candida kefyr 72 0.12-2.0 025 125 <0.008-0.03 0015 0015 <0.008-0.03 0015 0015
Candida sphaerica 9 0.0156-1 ND ND 0.015-0.031 ND ND 0.015-0.031 ND ND
Candida zeylanoides 4 0.5-1 ND ND 0.015-0.031 ND ND 0.015-0.031 ND ND
Candida lusitaniae 26 15-8 2 4 0.0156-0.25 0.031 0.05 <0.015-0.03 0031 0.063
Candida utilis 6 | 0.015-0.125 ND ND 0.015-0.6 ND ND 0.015-0.6 ND ND
Candida Guilliermondii 23 0.12-1 025 05 025-2 05 1 0.25-2 05 1
Candida thermophila 6 | 0.015-0.125 ND ND 0.015-0.31 ND ND 0.015-0.045 ND ND
Other Candida 5 0.12-2.0 ND ND 0.015-0.31 ND ND 0.015-0.31 ND ND

Candida spp. Antifungals (ng/mL)

Anidulafungin Voriconazole Fluconazole Posaconazole
Range MIC50 MIC90 Range MIC50 MIC90 Range MIC50 MIC90 Range MIC50 MIC90

(B)

Candida glabrata 0.015- 0.016 0.031 <0.0156-0.5/  0.016 0.031 0.25->256 6 12 <0.0156- 0.031 0.031
0.0312 0.5

Candida tropicalis | 0.0312-0.25 0.016 0.031 <0.0156-0.6,  0.016 0.031 0.22->256 2 12 0.015-8 0.031 36

Candida 0.015-1 0.031 0.047  0.008-0.047  0.016 0.031 <0.12-32 0.5 15 <0.125- 0.031 0.031

parapsilosis 0.047

Candida famata 0.015-1 0.031 0.047 0.006-0.03 0.012 0.015 0.13-0.25 0.125 0.128 0.015-1 0.031 0.047

Candida krusei 0.047-0.25 0.094 0.25 0.047-0.25 0.094 0.25 64-128 64 128 0.25-0.5 0.031 0.31

Candida kefyr 0.015-0.12 0.03 0.06 <0.015-0.03  0.015 0.03 0.12-0.5 0.125 0.25 <0.015- 0.015 0.03

0.03

Candida sphaerica | 0.015- ND ND <0.0156-0.5 ND ND 0.12-0.5 ND ND  0.015-0.031 ND ND
0.0312

Candida 0.015-0.03 ND ND 0.015-0.03 ND ND 4-Feb ND ND 0.06-0.25 ND ND

zeylanoides

Candida lusitaniae, 0.015-0.6 0.031 0.063 0.015-0.6 0.031 0.063 0.125-32 2 6 0.015-0.6 0.031 0.047

Candida utilis 0.015-0.6 ND ND 0.015-0.6 ND ND 0.5-4 ND ND 0.015-0.3 ND ND

Candida 0.25-2 0.5 1 0.032-0.13 0.03 0.06 0.75-1.5 0.89 1 0.032-0.13 0.03 0.06

Guilliermondii

Candida 0.015-0.31 ND ND 0.015-0.31 ND ND 0.5-1 ND ND 0.015-0.31 ND ND

thermophila

Other Candida 0.015-0.31 ND ND 0.015-0.31 ND ND 0.015-0.31 ND ND 0.015-0.31 ND ND

IE, Insufficient Evidence that the organism or group is a good target for therapy with the agent, ND, Not Determined (for statistical significance purposes, MIC90 was not determined when the
number of isolates was lower than 10.
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species

Resistance
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CDC: Invasive Candidiasis CDC (42) United States Original article | 95% of all invasive Candida caused by : —7% of all Candida
Statistics of America posted Jan 4, C. albicans, C. glabrata, C. parapsilosis, bloodstream isolates
20222 C. tropicalis, and C. krusei. tested at CDC are
C. albicans is still the leading cause of resistant to fluconazole. -
candidemia in the United States, yet Echinocandin resistance
increasing proportions (two thirds) of seems to be rising,
cases by non-albicans species especially among
In some locations, C. glabrata is the C. glabrata
most common species.
Prevalence of Non-Albicans Mintz, and Jersey Shore between July 50% C. albicans and 50% NAC species.
Candida Infections in Women Martens (43) Medical 2010 and Across all visits: 60% C. albicans,
with Recurrent Vulvovaginal University, February 2013 | 56.7% NAC, and 16.7% both a C.
Symptomatology Neptune, USA albicans and a NAC species. Among all
isolated NAC species: 28.6% C. glabrata,
23.8% C. krusei, 23.8% C. parapsilosis,
and 23.8% other Candida species
Epidemiology of candidemia Remington Edmonton, 2004-2013 C. albicans 48.0% -Fluconazole: 4.5 %
at a tertiary Canadian etal. (44) Canada C. glabrata 32.0% resistance in C. albicans
hospital, 2004-2013 C. parapsilosis 5.2% 8.3 % resistance in
C. tropicali (4.0 % C. parapsilosis
C. krusei 4.0% -Voriconazole: 0.9 %
C. lusitaniae 1.6 % resistance in C. albicans
C. kefyr 1.2%, 16.7 % resistance in
C. guilliermondii 0.8%, and 1 unknown | C. parapsilosis 26.6 %
Candida species resistance in C. glabrata
~Caspofungin: 15.3 %
resistance in C. albicans
95 % resistance in
C. glabrata
-Amphotericin B: 0%
resistance in all
species tested
Epidemiology of Candidemia: Marekovic Croatia 2018-2020 Candida albicans (43.53%) -Fluconazole resistance:
Three-Year Results from a etal. (45) C. parapsilosis (31.76%) C. albicans 3.92 %, C.
Croatian Tertiary Care C. glabrata (12.36%) parapsilosis 83.33 %, C.
Hospital C. krusei (5.29%) glabrata 28.57 %
C. tropicalis (2.35%) -Andilofungin
C. lusitaniae (2.35%) resistance: C. albicans
1.96 %, C. parapsilosis
2.78 %, C. glabrata 0.0 %
-Caspofungin,
Amphotericin B
resistance: C. albicans
5.88 & 0.0 %, C.
parapsilosis 0.0 & 0.0%,
C. glabrata 0.0 & 0.0
9%, respectively
Increasing Incidence and Mamali et al. Greece 2008-2018 C. parapsilosis species complex (SC) -Fluconazole resistance:
Shifting Epidemiology of (46) (41%) C. albicans (37%) C. albicans 3%, C.
Candidemia in Greece: C. glabrata SC (10%) parapsilosis 20%, C.
Results from the First C. tropicalis (7%) glabrata 5%, C.
Nationwide 10-Year Survey C. krusei (1%) tropicalis 6%
Other rare Candida spp. (4%). ~Voriconazole resistance:
C. albicans 3%, C.
parapsilosis 1%, C.
glabrata N/A, C.
tropicalis 1%
~Caspofungin: C.
albicans 3%, C.
parapsilosis 0%, C.
glabrata 2%, C. tropicalis
2%, C. krusei 3%
Epidemiology of candidemia Vannini et al. Nice, France January 2014 C. albicans (44%) All C. albicans and C.
in NICE area, France: A (47) to December C. glabrata (22%) parapsilosis isolates were
five-year study of antifungal 2018 C. parapsilosis (13%). susceptible to
susceptibility and mortality Non-albicans Candida decreased from | fluconazole,
68% in 2014 to 45% in 2018 caspofungin,
voriconazole and
amphotericin B
Changes in the Lamoth et al. Global Published 03 over the last decade, there’s been a -Fluconazole: Resistance
epidemiological landscape of | (48) January 2018 decrease in the proportion of C. albicans | rates in the USA for C.
invasive candidiasis and an increase in C. glabrata and C. albicans, C. tropicalis and
parapsilosis. C. parapsilosis are 2%,
USA: the proportion of C. albicans has 5% and 4%, respectively.
dropped significantly and it now These are like rates
accounts for <50% of Candida found in Norway
infections. The largest proportional and Switzerland. 10% of
increase in the USA is in C. glabrata, C. glabrata are resistant
which now accounts for one-third or to fluconazole in the
more of all candidemia isolates. This is USA, like rates in
followed closely by an increase in C. Belgium and Australia.
parapsilosis, which accounts for ~15% Fluconazole resistance in
of all isolates. C. tropicalis are higher in
Australia: between 2004 and 2015 C. Taiwan, Australia, and
glabrata increased from 16% to 27% of Belgium than in
allisolates. the USA.
Denmark: C. glabrata accounted for
26% of isolates by 2009, like the 27%
seen in a multicentre study in Belgium.
Scotland: C. glabrata accounts for 21%
ofisolates, but in Spain C. glabrata only
13%, third behind C. albicans and C.
parapsilosis.
Norway. glabrata accounts for only 15%
of the isolates but is still ranked second
behind C. albicans, which made up 68%
ofall Candida isolates.
Latin America and Africa
:predominant species are C. albicans and
C. parapsilosis.
Brazil : surveillance from 16 hospitals
revealed C. albicans (34%), C.
parapsilosis (24%) and C. tropicalis
(15%) as the predominant species,
numbers that are like earlier
surveillance data in 11 centers from nine
cities: C. albicans (41%), C. parapsilosis
(21%) and C. tropicalis (21%).
Latin America: seven-country,
20-center surveillance study showed C.
albicans (38%) and C. parapsilosis (279%)
were predominant, and a 10-center
study, where again C. albicans (44%)
and C. parapsilosis (26%) were
predominant.
South Africa: C. albicans and C.
parapsilosis are predominant, but data
are dependent on whether the hospitals
are private or public. In public hospitals
itis C. albicans (46%) and C. parapsilosis
(35%), while in private sector hospitals
itis C. parapsilosis (53%) and then C.
albicans.
Asia Pacific: seven-country, 13-hospital
study showed C. albicans was most
common (36%) but C. tropicalis was
second (31%).
Taiwan: increasing C. glabrata rates,
with C. glabrata going from 1.1% in
2003 to 21.6% in 2012.
India and Pakistan: C. tropicalis is the
most prevalent species, followed by C.
albicans. In Pakistani adults, C. albicans
(12%) was fourth most prevalent
following C. tropicalis (38%),
Parapsilosis (18%) and C. glabrata (16%)
Epidemiology, risk factors Zhang etal. Shenyang, 2012-2017 C. parapsilosis 38.3% ~Fluconazole resistance :
and outcomes of Candida (49) Northeast C. albicans 35.6% 6.7 % including
albicans vs. non-albicans China C. glabrata 13.9% C.albicans (3.1%), C.
candidemia in adult patients C. tropicalis 10% parapsilosis (2.9%), C.
in Northeast China C. krusei 1.1% tropicalis (33.3%) and
C. famata 1.1% both isolates of C. krusei.
-Voriconazole
resistance: (5.6%)
-Amphotericin B: except
for one isolate of C.
glabrata, all other
Candida isolates
were susceptible
Changing epidemiology of Ko etal. (50) Korea 6 years increase of C. glabrata (from 21.3% to Replacement of primary
non-albicans candidemia in 28.5%) and a decrease of C. parapsilosis | amphotericin B
Korea (from 36.5% to 24.7%) were noticed. treatment with
During the study period, C. tropicalis echinocandins decreased
(36.4%) was most common NAC amphotericin B
followed by C. glabrata (28.5%), C. resistance from 7.8% in
parapsilosis (24.7%), and C. krusei 2011 to 0% in 2014
(2.6%)
Antifungal Resistance of Juayang et al. Bacolod City, | from July2017 | C. albicans (62%) Voriconazole: C.
Candida Species in Bacolod (1) Philippines to July 2018 C. tropicalis (15%) albicans 7.4 % resistant,
City, Philippines C. cefirrii complex (10%) NAC 10% resistant
-Fluconazole: C. albicans
3.7 % resistant, NAC
5.6% resistant—5-
Fluorocytosine:
C.albicans 2.8 %
resistant, NAC 29
% resistant
~Caspofungin: 0%
resistance found across
all species tested
Non-albicans Candida Jabeen et al. Karachi, October 2016- predominance of C. albicans (54.5%)
species: Emergence of (52) Pakistan September over non- albicans Candida species
neglected pathogens 2017 (45.5%).
among population of Karachi NAGC: Cglabrata (16.7%)
C.tropicalis
(16.5%)
C. rugosa (3.8%)
C.krusei (3.9%), C.
parapsilosis (1.4%)
C. guilliermondii (1.4%), C. kefyr
(0.9%), C. zeylanoides (0.5%), C. apicola
(0.2%) and C.
lipolytica (0.2%)
The epidemiology of Candida Ghazi et al. Middle East ND C. tropicalis prevails in Saudi Arabia,
species in the Middle Eastand | (53) and North Lebanon, and UAE, C. parapsilosis is the
North Africa Africa most common species in Kuwait, Egypt,
(MENA) and Turkey
Changing trends in Khan et al. Kuwait 2006-2017 C. albicans (37.22%) -Fluconazole: 3/371 C.
epidemiology and antifungal (54) C. parapsilosis (34.67%) complex isolates | albicans isolates during
susceptibility patterns of six including C. orthopsilosis (n=>5) and C. | 2006-2011 and 5/363
bloodstream Candida species metapsilosis (n = 2) during 2012-2017 were
isolates over a 12-year period C. tropicalis (14.5%) resistant to fluconazole.
in Kuwait C. glabrata (10.22%) 70.1% C. albicans isolates
C. krusei (1.81%) were susceptible to
C. dubliniensis (1.5%). fluconazole during
There was an overall increase of 8.8% 2006-2011 compared to
candidemia cases caused by 58.1% during 2012-2017
non-albicans Candida species during 1/310 C. parapsilosis
2012-2017. isolates during
between 2006-2011 and 2012-2017: C. 2006-2011 and 21/446
albicans 41.8% and 33.1%, C. during 2012-2017
parapsilosis complex 32.01% and were resistant. 98.0% of
37.04%, C. tropicalis 13.59% and 15.31%, | C. parapsilosis isolates
and C. glabrata 8.77% and 11.51%, and | were susceptible during
C. krusei 2.0% and 1.7%, respectively. 2006-2011 as compared
although C. albicans was the most t093.4%
frequently isolated species during 2006 | during 2012-2017
to 2012, it was replaced by C.
parapsilosis sensu stricto in the next four
years (2013 to 2016)
Prevalence and species Reda etal. (55) Cairo, Egypt 2019-2020 Among Adults: C. Albicans: 28%
distribution of Candida C. Non Albicans: 72%, among which:
bloodstream infection in C. tropicalis 27.8%
children and adults in two C. parapsilosis and C. glabrata 16.7,
teaching university hospitals 11.19% respectively.
in Egypt: first report of Only one C. lusitaniae, C. utilis, and C.
Candida kefyr kefyr (5.5%) were detected in adults. The
uncommon Candida, which was
Candida species other than C. albicans,
C. parapsilosis, C. tropicalis, C. glabrata,
and C. krusei, represented 16.6% of all
candidemia
In pediatrics: C. albicans 48.3% while
non-albicans 51.6%. Of the NAC, most
common were C. tropicalis (22.5%), C.
parapsilosis (10.8%), C. lusitaniae
(6.4%), C. krusei (4.3%), C. famata
(4.3%), and C. utilis (2.2%). One C. kefyr
(1.1%) was also isolated from pediatric
patients. The uncommon Candida
species represented 14% of all
candidemia
Epidemiology and burden of | Kmeid etal. Database Arab League C. albicans is still the most com- Methods of testing
invasive fungal infections in (56) Search Countries monly isolated species in blood in the varied widely
the Arab League countries. between studies
countries of the Arab League 2015(2009-2014) Qatar: C. Albicans -Fluconazole: C. albicans
(38.7%) susceptibility ranged
C. Tropicalis (18.9%) from 38.5 % and 96.2 %.
C. Glabrata (16.3%) C. tropicalis 11.1%-100%
C. Parapsilosis (12.6%) susceptible, C. glabrata
C. Krusei 9 (1.4%) 50%-94.2% susceptible,
Algeria (2004-2014): Parapsilosis (36.6 and C. parapsilosis
%) 66.7%-100% susceptible.
C.albicans 31.6% -Voriconazole: C.
C. Tropicalis 23.3% albicans susceptibility
C. Krusei 3.3% was between 94-100%,
Lebanon: 9-year study published in C. tropicalis 83%-100%,
2015: C. Albicans (24.7%) C. glabrata 74%-100%,
C. Tropicalis (34-45%) and C. parapsilosis 100%.
C. Glabrata (25-36%) - Caspofungin: 81-100%
C. Parapsilosis (9-22 %) Candida susceptibility
C. Krusei 9 (5-11%) -Amphotericin:
90-100% susceptibility
Update on invasive fungal Osman et al. Lebanon and 2011-2012 C. albicans (56%)
infections in the Middle (57) KSA C. tropicalis (20%)
Eastern and North African C. glabrata (14%)
region
- - KSA August 2012 C. albicans (38.3%)
and May 2016 | C. tropicalis (16.7%)
C. glabrata (16%)
C. parapsilosis (13.6%)
B o Kuwait 2014-2016 C. albicans (32%)
C. parapsilosis (32%)
C. tropicalis (20%)
C. glabrata (13%)
C. dubliniensis (1%)
C. famata (1%)
C. auris (1%)
- - Turkey 2010-2016 C. albicans (48.1%)
C. parapsilosis (25.1%)
C. glabrata (11.7%)
Ten-Year Review of Invasive Omrani etal. Saudi Arabia January 2003- C. Albicans 38.7 %
Candida Infections in a (58) December C. Tropicalis 18.9 %
Tertiary Care Center in Saudi 2012 C. Glabrata 16.3 %
Arabia
Comparative Analysis of Al-Sofyani Saudi Arabia March 2018 to | C. albicans: 37.7 %
Candida Albicans Vs. etal. (59) February 2020 C. non-albicans: 62.3 %
Candida Non-Albicans Among non-albicans Candida:
Infection Among Pediatric Candida parapsilosis: 24.6%
Patients at King Abdulaziz Candida topicalis: 19.7%
University Hospital Candida glabrata: 6.6%.
Epidemiology and antifungal Ngouana et al. Yaoundé, January 2012 (37.2%) C. albicans -Amphotericin B and
susceptibility testing of (60) Republic of to October (0.7%) C. Africana itraconazole: All the
non-albicans Candida species Cameroon 2013 (56.6%) NAC isolates. isolates appeared to
colonizing mucosae of The NAC isolates were grouped into 13 be wild-type
HIV-infected patients in species including: ~Fluconazole: One (1/33)
Yaoundé (Cameroon) C. krusei (18.1%) isolate of C. glabrata was
C. glabrata (10.9%) resistant. C. parapsilosis
C. tropicalis (8.5%) a isolates appeared all
C. parapsilosis (5.9%) susceptible to
fluconazole. C. tropicalis
showed 50% resistance
to fluconazole.
Distribution of Candida Seyoum at al. Ethiopia January 2018 C. albicans 49.8 % -Fluconazole: 85.6, 3.9,
albicans and non-albicans (61) to September Non albicans Candida species 43.1 % and 10.5% of the isolates
Candida species isolated in 2018 Other yeasts 7.2 % were susceptible,
different clinical samples and Among NAC species: C. krusei 15.6% intermediate, and
their in vitro antifungal C. famata 14.4% resistant, respectively,
susceptibility profile in C. rugosa 11.1% regardless of species. C
Ethiopia C. lusitaniae 10.0% krusei was 100% resistant
-Voriconazole: 99.4% of
Candida isolates
were susceptible
~Caspofungin and
micafungin: 4
% resistance
“Flucytosine: §6.2, 6.6,
and 7.2% were
susceptibility, resistant,
and
intermediate, respectively
Prevalence and Speciation of | Jimoh etal. Zaria, Nigeria | February2012 | 60.7% Candida parapsilosis
Non-albican Vulvovaginal (62) to March 2013 21.4% Candida tropicalis
Candidiasis in Zaria 17.9% Candida
glabrata.
Non albicans Candida species: | Deorukhkar & Database Published in C. tropicalis: the most
A review of epidemiology, Saini (63) Search 2015 common NAC spp. from HIV infected
pathogenicity patients with
and antifungal resistance. oropharyngeal candidiasis (OPC)
C. glabrata : 2nd or 3rd most common
Candida spp. isolated from various
types of candidiasis.
C. parapsilosis : one of the important
causes of
systemic candidiasis in neonates and
ICU patients.
C. krusei: causes disseminated infections
in bone marrow
or stem cell transplant recipients and
hematological
malignancy patients
Species distribution and Osman etal. Medical January Non-albicans Candida (NAC) NAC species are
antifungal susceptibility (64) centers in 2014-August constituted 68.8% of the isolates intrinsically
patterns of clinical Candida North 2019 Candida glabrata was predominant less-susceptible to the
isolates in North Lebanon: A Lebanon followed by C. parapsilosis, Candida most commonly

pilot cross-sectional
multicentric study

tropicalis.

used anti- fungals
especially fluconazole
and echinocandins. C.
glabrata was found to be
88.9% susc to Ampho B,
none to Fluconazole,
83.3% to Itraconazole,
67% to Voriconazole.
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\[g Name

Institution

1 Ahmed Elhag UAE University, College of Medicine and
Ahmed Health Sciences, Al Ain
2 Ahmed F. Yousef Department of Biology, Center for
Membranes and Advanced Water
Technology, Khalifa University, Abu Dhabi
3 Amna AlBlooshi Purelab, Al Ain
4 Dr. Adnan Alatoom Sheikh Shakhbout Medical City (SSMC), Abu
Dhabi
5 Dr. Ahmed Tawam Hospital, Al Ain
Abdulkareem Al
Hammadi
6 Dr. Alaa MM Dubai Health Authority, Dubai
Enshasy
7 Dr. Amal Mubarak Abu Dhabi Public Health Center, Abu Dhabi
Madhi
8 Dr. Anju Nabi Dubai Academic Health Corporation
(DAHC), Dubai
9 Dr. Anup Al Sharq Hospital, Fujairah
Shashikant Poddar
10 Dr. Arun Kumar Danat Al Emarat Hospital, Abu Dhabi
Jha
11 Dr. Ayesha Abdulla Abu Dhabi Public Health Center, Abu Dhabi
Al Marzoogi
12 Dr. Bashir Aden Khalifa University, Abu Dhabi
13 Dr. Deeba Jafri Purelab, Sheikh Khalifa Medical City, Ajman
14 Dr. Duckjin Hong Sheikh Khalifa Specialty Hospital (SKSH)
RAK
15 Dr. Farah Ibrahim United Arab Emirates University, Al Ain
Al-Marzooq
16 Dr. Fatima Al United Arab Emirates University, Al Ain
Dhaheri
17 Dr. Ghada Abdel Abu Dhabi Agriculture and Food Safety
‘Wahab Authority, Abu Dhabi
18 Dr. Ghalia Abdul University of Sharjah, Sharjah
Khader Khoder
19 Dr. Gitanjali NMC Specialty Hospital, Abu Dhabi
Avishkar Patil
20 Dr. Hafiz Ahmad RAK Hospital, Ras Al Khaimah
21 Dr. Hazim Khalifa Department of Veterinary Medicine, UAE
University, Al Ain
22 Dr. Husein Alzabi Sheikh Khalifa General Hospital, Um al
Quwain
23 Dr. Ibrahim Purelab, Al Qassimi Hospital, Sharjah
Alsayed Mustafa
Alhashami
24 Dr. Irfaan Akthar Mediclinic City Hospital, Dubai
25 Dr. Jens Thomsen Abu Dhabi Public Health Center, Abu
Dhabi
26 Dr. John Stelling ‘WHONET, Boston, USA
27 Dr. Kavita Diddi Prime Hospital, Dubai
2 Dr. Krishnaprasad | Burjeel Hospital, Abu Dhabi
Ramabhadran
29 Dr. Laila Al Dabal Dubai Academic Health Corporation
(DAHC, Dubai)
30 Dr. Madikay Khalifa University, Abu Dhabi
Senghore
31 Dr. Manal Abdel PureLab, Ras Al Khaimah
Fattah Ahmed
32 Dr. Maya Habous Rashid Hospital, Dubai Academic Health
Corporation, Dubai
33 Dr. Moeena Zain American Hospital Dubai
34 Dr. Monika Al Zahra Hospital, Dubai
Maheshwari
35 Dr. Monika Medeor 24x7 Hospital, Dubai
Maheshwari
36 Dr. Mubarak Saif Zayed Military Hospital, Abu Dhabi
Alfaresi
37 Dr. Mushtaq Khan United Arab Emirates University,
Al Ain
£ Dr. Najiba Al Kuwait Hospital, Emirates Health Services
Abdulrazzaq Establishment, Dubai
39 Dr. Nehad Nabeel Al Fujairah Hospital
Al Shirawi
40 Dr. Nesrin Helmy Mediclinic Al Noor Hospital - Khalifa Street,
Abu Dhabi
a1 Dr. Prashant Nasa | NMC Specialty Hospital Al Nahda, Dubai
2 Dr. Rajeshwari T. Burjeel Medical City, Abu Dhabi
A. Patil
43 Dr. Ratna A. NMC Royal Hospital Khalifa City A, Abu
Kurahatti Dhabi
44 Dr. Riyaz Amirali Dubai Hospital, Dubai Academic Health
Husain Corporation, Dubai
45 Dr. Robert Lodu Sheikh Shakhbout Medical City, Abu Dhabi
Serafino Wani
Swaka
46 Dr. Savitha University Hospital Sharjah, Sharjah
Mudalagiriyappa
47 Dr. Seema Burjeel Medical City, Abu Dhabi
Oommen
48 Dr. Shaikha Abu Dhabi Public Health Center, Abu Dhabi
Ghannam Alkaabi
149 Dr. Simantini Jog Fakeeh University Hospital, Dubai
50 Dr. Simantini Jog King’s College Hospital London Dubai Hills,
Dubai
51 Dr. Siobhan Khalifa University, Abu Dhabi
O'Sullivan
52 Dr. Somansu Basu NMC Specialty Hospital,
Al Ain
53 Dr. Yassir Animal Wealth Sector, Abu Dhabi
Mohammed Eltahir | Agriculture and Food Safety Authority, Abu
Ali Dhabi
54 Dr. Yousuf Mustafa | Department of Health Abu Dhabi (DoH),
Naqi Abu Dhabi
55 Dr. Zulfa Omar Al Latifa Maternity & Pediatric Hospital, Dubai
Deesi
56 Emmanuel Fru Sheikh Shakhbout Medical City, Abu Dhabi
Nsutebu
57 Fouzia Jabeen Purelab, Sheikh Khalifa Hospital, Abu Dhabi
58 Francis Amirtharaj Sheikh Khalifa Medical City (SKMC), Abu
Selvaraj Dhabi
59 Hadayatullah Emirates International Hospital, Al Ain
Ghulam
Muhammad
60 Imene Lazreg University of Sharjah, Sharjah
61 Kaltham Ali Kayaf | Ministry of Climate Change & Environment
(MOCCAE), Dubai
62 Laura Thomsen University of Freiburg, Germany
63 Leili Clemenceau Medical Center, Dubai
Chamani-Tabriz
64 Pamela Fares Mrad Abu Dhabi Public Health Center (ADPHC),
Abu Dhabi
65 Pascal Frey Berne University Hospital, Berne,
Switzerland
66 Prof. Abiola Senok College of Medicine, Mohammed Bin Rashid
University of Medicine and Health Sciences,
Dubai
67 Prof. Agnes- University of Pécs, Pécs, Hungary
Sonnevend-Pal
68 Prof. Andreas University Hospital Rostock, Rostock,
Podbielski Germany
6 Prof. Carole Ayoub | College of Natural and Health Sciences,
Moubareck Zayed University, Dubai
70 Prof. Dean Everett Department of Pathology and Infectious
Diseases, College of Medicine, Khalifa
University, Abu Dhabi
71 Prof. Godfred A. Department of Medical Microbiology and
Menezes Immunology, RAK Medical and Health
Sciences University, Ras Al Khaimah
72 Prof. Hala Ahmed PureLab, Al Qassimi Hospital, Sharjah
Fouad Ismail
73 Prof. Mohamud M. United Arab Emirates University, Al Ain
Sheek-Hussein
74 Prof. Peter Nyasulu Department of Global Health, Faculty of
Medicine and Health Sciences, Stellenbosch
University, South Africa
75 Prof. Sameh University of Sharjah, Sharjah
Soliman
76 Prof. Tibor Pal University of Pécs, Pécs, Hungary
77 Rania El Lababidi Dept. of Pharmacy Services, Cleveland Clinic
Abu Dhabi
78 Saced Hussein Erada Center for Treatment and
Rehabilitation, Dubai
79 Stefan Weber Purelab, Abu Dhabi
80 Sura Khamees Al Gharbia Hospitals - Madinat Zayed
Majeed Hospital
81 Syed Irfan Hussein | Mediclinic City Hospital, Dubai
Rizvi
82 Timothy Anthony Tawam Hospital, Al Ain
Collyns
83 Zahir Osman Sheikh Shakhbout Medical City (SSMC), Abu

Babiker

Dhabi
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Answer categories

How often did you use the following patient materials during your consults? (N=30) Never Sometimes  Regularly
The information texts about antibiotics on Thuisarts.nl 8(27%) 19.(63%) 3(10%)
(One of) the translations of the texts about antibiotics on Pharos.nl 16 (53%) 12 (40%) 2(6%)
‘The Dutch animation about antibiotics on Pharos.nl 20 (67%) 9(30%) 1(3%)
‘The animation with (one of the) voice-overs in another language than Dutch on Pharos.nl 19 (63%) 10(33%) 1(3%)
To which extend do you agree with the following statements? Disagree Neutral Agree
The texts about antibiotics provide sufficient support in giving explanation about antibiotics (N=25) 2(8%) 9(36%) 14.(56%)
The translations of the texts about antibiotics provide suffcient support in giving explanation about antibiotics (N=21) 1(5%) 7(33%) 13 (62%)

The animation movie provides the patient understandable information about antibiotics (N=18) - 6(33%) 12(67%)
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Pre-intervention
Mean (SD)

Post intervention
Mean (SD)

Difference
pre- and post

Value of p

1. How do you rate your ability to communicate in @ cultural-sensiive
way with immigrant patients?

(1 absolutely not - 10 excellent)

2. According to your opinion, to which extent do immigrant patients
expect to receive antibiotics during a consult?

(1 absolutely not - 10 completely)

3. How diffcult are situations for you in which you do not want to
prescribe antibiotics to immigrant patients?

(1 not difficult at all - 10 very difficult)

4. Do you believe you more often prescribe antibiotics inappropriately
for immigrant patients than for native Dutch patients?

(1absolutely not - 10 always)

5. Do you believe that immigrant patients understand your arguments
Jfor not prescribing antibiotics?

(1 absolutely not - 10 always)

6. How much do you know about people with low health lteracy?
(1 absolutely nothing - 10 everything)

7. How do you rate your ability for recognizing patients with low
health literacy?

(1 not capable - 10 fully capable)

8. Do you feel capable to provide adequate care to patients with low
health literacy?

(1 not capable - 10 fully capable)

9. Do you make use o the teach-back method?
(1 never - 10 always)

‘A decrease in this tem i

65(1.07)

7.0(1.05)

62(1.67)

5.1(2.16)

59(1.21)

5.9(098)

6.2(1.26)

6.0(1.25)

5.0(1.94)

7.2(0.75)

6.7(1.37)

5.6(1.93)

45(2.01)

6.3(131)

68(1.15)

65(1.48)

6.9(0.85)

7.0(1.62)

icates an improvement in knowledge and skills, %p<0.05. **Wilcoxon Signed rank-test.

069

—0.26¢

—051¢

~057¢

046

091

025

097

203

0.005*

0.397

0.084

0.083

0142

<0.001*

0325

<0.001%

<0.001%
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Post-test Adjusted post-test

Intervention Control Difference in the Intervention Control Difference in the
group group  mean number of group group  mean number of

(per GP) (per GP) prescribed (per GP) (per GP) prescribed
antibiotics antibiotics

(intervention vs. (intervention vs.

control group) control group)

Intention to treat (ITT)

Mean number of prescribed AB for RTI 91 us ~206% 109 1o ~0.9%
95% CI 60-139 94-140 ~502-26.8% 81-146 96-126 ~282-37.1%
Value of p 0331 0.960
Mean number of total prescribed AB 158 186 ~149% 175 182 —42%
95% CI 104-240 153-226 —462-34.6% 126-241 156-212 ~330-37.1%
Value of p 0489 0813

Per protocol (PP)

Mean number of prescribed AB for RTI 85 us ~262% 104 1o 6%
95% CI 52-137 94-140 ~562-24.4% 75-146 96-126 ~34.4-35.5%
Value of p 0253 0751
Mean number of total prescribed AB 145 186 -222% 165 182 ~9.4%
95% CI 90-233 153-226 ~537-303% 113-240 156-212 ~39.6-35.8%
Value of p 0337 0.630

“The results were transformed by using LOG10 transformation and back-transformed by using the logarithmic operation in reverse.
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Timeline

Two weeks before the intervention

Self-assessment questionnaire 1 for GPs

¥

September — November 2021

Implementation of the PARCA Intervention

E-learning (4 x 10 minutes)
Cultural differences
©  Low health literacy
 Culturally sensitive communication
«  Effective communication skills

Face-to-face communication training at group level (3
hours)
o Interactive with a training actor

Informative patient materials
«  Two antibiotic flyers in 7 languages
o ‘Why do I not always get antibiotics?"
o ‘Twant to know more about antibiotics and
resistance’
+  Short animation movie in 6 languages
© “Why am I sometimes given antibiotics but
not always?”

Three months after the intervention

¥

Evaluation
Effect evaluation
Self-assessment questionnaire 2 for GPs
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Nr. Name Institution

1 Abiola Senok College of Medicine, Mohammed Bin Rashid University of Medicine and Health Sciences, Dubai
Adnan Alatoom Sheikh Shakhbout Medical City (SSMC), Abu Dhabi

3 Agnes-Sonnevend-Pal University of Pécs, Pécs, Hungary

4 Ahmed Abdulkareem Al Hammadi Tawam Hospital, Al Ain

5 Ahmed Elhag Ahmed UAE University, College of Medicine and Health Sciences, Al Ain

6 Ahmed E. Yousef Department of Biology, Center for Membranes and Advanced Water Technology; Khalifa University, Abu
Dhabi

7 Alaa MM Enshasy Dubai Health Authority, Dubai

8 Amal Mubarak Madhi Abu Dhabi Public Health Center, Abu Dhabi

9 Amna AlBlooshi Purelab, Al Ain

10 Andreas Podbielski University Hospital Rostock, Rostock, Germany

n Anju Nabi Dubai Academic Health Corporation (DAHC), Dubai

12 Anup Shashikant Poddar Al Sharq Hospital, Fujairah

13 Arun Kumar Jha Danat Al Emarat Hospital, Abu Dhabi

1 Ayesha Abdulla Al Marzoogi Abu Dhabi Public Health Center, Abu Dhabi

15 Bashir Aden Khalifa University; Abu Dhabi

16 Carole Ayoub Moubareck College of Natural and Health Sciences, Zayed University; Dubai

17 Dean Everett Department of Pathology and Infectious Diseases, College of Medicine, Khalifa University, Abu Dhabi

18 Deeba Jafri Purelab, Sheikh Khalifa Medical City, Ajman

19 Duckjin Hong Sheikh Khalifa Specialty Hospital (SKSH) RAK

20 Emmanuel Fru Nsutebu Sheikh Shakhbout Medical City, Abu Dhabi

2 Farah Ibrahim Al-Marzoog United Arab Emirates University, Al Ain

2 Fatima Al Dhaheri United Arab Emirates University; Al Ain

2 Fouzia Jabeen Purelab, Sheikh Khalifa Hospital, Abu Dhabi

2 Francis Amirtharaj Selvaraj Sheikh Khalifa Medical City (SKMC), Abu Dhabi

2 Ghada Abdel Wahab Abu Dhabi Agriculture and Food Safety Authority, Abu Dhabi

2% Ghalia Abdul Khader Khoder University of Sharjah, Sharjah

27 Gitanjali Avishkar Patil NMC Specialty Hospital, Abu Dhabi

2 Godfred A. Menezes Department of Medical Microbiology and Immunology, RAK Medical and Health Sciences University, Ras Al
Khaimah

29 Hadayatullah Ghulam Muhammad Emirates International Hospital, Al Ain

30 Hafiz Ahmad RAK Hospital, Ras Al Khaimah

31 Hala Ahmed Fouad Ismail PureLab, Al Qassimi Hospital, Sharjah

3 Hazim Khalifa Department of Veterinary Medicine, UAE University, Al Ain

B Husein Alzabi Sheikh Khalifa General Hospital, Um al Quwain

3 Tbrahim Alsayed Mustafa Alhashami Purelab, Al Qassimi Hospital, Sharjah

35 Imene Lazreg University of Sharjah, Sharjah

36 Irfaan Akthar Mediclinic City Hospital, Dubai

37 Jens Thomsen Abu Dhabi Public Health Center, Abu Dhabi

38 John Stelling WHONET, Boston, USA

39 Kaltham Al Kayaf Ministry of Climate Change & Environment (MOCCAE), Dubai

0 Kavita Diddi Prime Hospital, Dubai

a1 Krishnaprasad Ramabhadran Burjeel Hospital, Abu Dhabi

2 Laila Al Dabal Dubai Academic Health Corporation (DAHC, Dubai)

3 Laura Thomsen University of Freiburg, Germany

4 Leili Chamani-Tabriz Clemenceau Medical Center, Dubai

g Madikay Senghore Khalifa University; Abu Dhabi

16 Manal Abdel Fattah Ahmed PureLab, Ras Al Khaimah

47 Maya Habous Rashid Hospital, Dubai Academic Health Corporation, Dubai

18 Moeena Zain American Hospital Dubai

19 Mohamud M. Sheek-Hussein United Arab Emirates University, Al Ain

50 Monika Maheshwari Al Zahra Hospital, Dubai

51 Monika Maheshwari Medeor 24x7 Hospital, Dubai

52 Mubarak Saif Alfaresi Zayed Military Hospital, Abu Dhabi

5 Mushtaq Khan United Arab Emirates University; Al Ain

54 Najiba Abdulrazzag Al Kuwait Hospital, Emirates Health Services Establishment, Dubai

55 Nehad Nabeel Al Shirawi Al Fujairah Hospital

56 Nesrin Helmy Mediclinic Al Noor Hospital - Khalifa Street, Abu Dhabi

57 Pamela Fares Mrad Abu Dhabi Public Health Center (ADPHC), Abu Dhabi

58 Pascal Frey Berne University Hospital, Berne, Switzerland

59 Peter Nyasulu Department of Global Health, Faculty of Medicineand Health Sciences, Stellenbosch University; South Africa

0 Prashant Nasa NMC Specialty Hospital Al Nahda, Dubai

61 Rajeshwari T. A. Patil Burjeel Medical City, Abu Dhabi

6 Rania El Lababidi Dept. of Pharmacy Services, Cleveland Clinic Abu Dhabi

) Ratna A. Kurahatti NMC Royal Hospital Khalifa City A, Abu Dhabi

61 Riyaz Amirali Husain Dubai Hospital, Dubai Academic Health Corporation, Dubai

6 Robert Lodu Serafino Wani Swaka Sheikh Shakhbout Medical City, Abu Dhabi

66 Saced Hussein Erada Center for Treatment and Rehabilitation, Dubai

67 Sameh Soliman University of Sharjah, Sharjah

68 Savitha Mudalagiriyappa University Hospital Sharjah, Sharjah

6 Seema Oommen Burjeel Medical City, Abu Dhabi

70 Shaikha Ghannam Alkaabi Abu Dhabi Public Health Center, Abu Dhabi

71 Simantini Jog Fakeeh University Hospital, Dubai

7 Simantini Jog Kings College Hospital London Duba Hills, Dubai

7 Siobhan O'Sullivan Khalifa University; Abu Dhabi

7 Somansu Basu NMC Specialty Hospital, Al Ain

75 Stefan Weber Purelab, Abu Dhabi

76 Sura Khamees Majeed ‘Al Gharbia Hospitals - Madinat Zayed Hospital

77 Syed Irfan Hussein Rizvi Mediclinic City Hospital, Dubai

78 Tibor Pal University of Pécs, Pécs, Hungary

79 Timothy Anthony Collyns Tawam Hospital, Al Ain

80 ‘Yassir Mohammed Eltahir Ali Animal Wealth Sector, Abu Dhabi Agriculture and Food Safety Authority, Abu Dhabi

81 ‘Yousuf Mustafa Naqvi Department of Health Abu Dhabi (DoH), Abu Dhabi

82 Zahir Osman Babiker Sheikh Shakhbout Medical City (SSMC), Abu Dhabi

83 Zulfa Omar Al Deesi Latifa Maternity & Pediatric Hospital, Dubai
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Antibiotic Breakpoints Number R % R95%C.l.  %S595%C.l MIC90

name

Fluconazole $<16 480 67.92 0.00 32.08 63.5-72.0 28.0-36.5 256
R232

Caspofungin s<i 454 529 000 | w7 3579 921-965 05
R22

Micafungin §<2 449 156 0.00 98.44 0.7-33 96.7-99.3 025
R24

Anidulafungin §<2 1n 0.00 0.00 100.00 0.0-32.1 67.9-100 025
R24

Amphotericin B $<£1 423 85.34 0.24 1442 81.5-88.5 113-18.2 8
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C. auris Total Candida  Infection rate

cases cases
2018 9 2278 0.0039508
2019 93 3,183 00292177
2020 192 3829 0.0501436

2021 614 12962 0.0473692
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M

Isolate
code

Carbapenemase  Amino acids CAZ/ CEF CFT BPR FDC ATM/AVI' IMP/REL MER/VAB ERV APR NEO STR
gene insertion in AVI
PBP3

084C6. OXA-181

084C10 ST46 OXA-244 -
084D2 ST69 OXA-48 -

084D6 ST10 OXA-244 -

OS4E7 ST405  NDM-5 YRIK

OB4E9 ST405  NDM-5 YRIK

O84F2 ST38 OXA-244 -

086D2 §T90 NDM-5 -

O84F9 ST631 NDM-5 YRIN

08541 STS881  OXA-244 -

085C6. STI67  NDM-5 YRIN

O85E2 ST648  NDM-5 YRIK

086A2 5T69 OXA-244 - s s s s s

The isolate selection was done according to their resistance phenotype, genotype and MLST type. *Dark gray: Resistant; Light gray: Intermediate non-susceptible; No color: Susceptible; Abbreviations: CAZ/AVI, ceftazidime/avibactam; CEF, Ceftiofure; CFT: ceftarolin;
BPR, ceftobiprole; FDC: Cefiderocol; ATM/AVI, aztreonam/avibactam; IMP/REL, imipenem/relebactam; MEM/VAB, meropenemi/vaborbactam, ERY, eravacyclin; APR, apramycin; NEO, neomycin; STR, streptomycin; SA, sulfonamides.' As no breakpoints are yet
wailable, those of ATM were used.
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Isolate MLST Carbapenemase Location IncX3 IncX4 IncFIA IncFIB IncFll Col Incl1-1 IncL IncM

code type gene (chromosomal or
plasmid-borne)

Escherichia coli

084D6** ST10 blaoxazu P
085D8* STI0 blagss c
N o
084C10+* ST46 blaoxazu c
3
c
c
c
c
c
3
3
3
3
3
P
P
084E7 ST405 P
084E9 ST405 P
085C3 ST405 P
085E2 STo48 P
ST648 P
ST648 P
ST648 P
ST8881 c
»

Klebsiella pneumoniae
OB4EI** ST35 blagsis P
OsaDs* ST35 blagsis P
3
»
»

Enterobacter spp.

3

; ||

Plasmid incompatibilty groups present i the 33 clinical carbapenemase-producing Enterobacterales isolates, were identified using PlasmidFinder 2.1 online tool available a the Center for Genomic Epidemiology -CGE (hitp://www.genomicepidemiology.org) using
99% identity cut-off (26, 25-30).Nini Hospitals **El-Youssef Hospital Center; ***Tripoli Governmental Hospital; Different colors represent different sequence types (STs).
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Method No. of types Simpson’s ID

(95% ClI)
MLST 7 0.875 (0.813-0.937)
IRBT* 1 0.933 (0.857-1.000)
WGs 2 0.967 (0.935-0.998)

mpson’s index of diversity used to determine the discriminatory power and concordance of
the three typing methods was determined using the online tool 690 (ww.
comparingpartitions.info). "MLST: Multi-locus sequence typing; ‘IRBT: IR Biotyper; ‘WGS:
Whole-genome sequencing,
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Isolate  Sample Hospital ~CarbaNP  NG-Test TM FEP IMP MEM FDC MEC FSF TGC CIP FUR  TMN  AMK
code Carba5 X

MuLTI
Escherichia coli
084C6. Urine YHC + OXA-like + -
084C10  Gastric YHC - OXA-like + +
fluid
084D2 Urine YHC + OXA-like - ND
084D6 Urine YHC = OXA-like + +
O84E5 Urine YHC L OXA-like = ND
O84E7 Urine YHC + NDM - ND
OS4ES Urine YHC - OXA-like - ND
O84E9 Urine NH + NDM + +
084F2 Urine YHC - OXA-like + +
O84F5 Urine YHC + NDM + -
086D2 Urine YHC & NDM + +
084F9 Urine YHC + NDM = ND
084G8. Urine YHC - OXA-like - ND
085A1 Urine YHC - OXA-like + +
085A3 Urine NH = OXA-like = ND
085C3 Urine YHC + NDM + +
085C6. Urine YHC + NDM + +
085C10 | Urine YHC + NDM + +
08506 Plewal | NH + NDM - ND
fuid
085D8 Urine YHC - OXA-like - ND
O85E2 | Axilary | NH + NDM - ND
O85F3 Pus NH + NDM - ND
085G1 ‘Wound NH + NDM - ND
086A2 Urine NH - OXA-like - ND
085C4 Urine NH + NDM + +
086A6 Rectal NH + NDM + +
Kiebsiella pneumoniac
084C9  Blood TGH + NDM + +
culture
084D5  Pus YHC + OXA-like + =
O84E1 Gastric YHC [ + OXA-like + +
fluid
O$5DI0 Urine  NH + NDM + +
O85E3 Axillary ~ NH + OXA-like + +
Enterobacter spp.
OMDS"  Urine  NH + NDM + - 1
OB4F3' Urine  YHC + OXAdike  + - s s s 1

“Susceptibility results were interpreted according to the EUCAST guidelines All isolates are resistant to amoxicillin, amoxicillin/Clavulanate, Ticarcilln, Ticarci
Abbreviations: FOX, cefoxitin; CAZ, cefiazidime; CTX, cefotaxime: ATM, aztreonam; FEP, Cefepim; IM, imipenem: MEM, meropenem; FDC, Cefiderocol; MEC, Mecillinam; FSF, Fosfomycin: TGC, Tigecycline; CIP ciprofloxacin; LVX, levofloxacin CHL, chloramphenicol; SXT,
trimethoprim-sulfamethoxazole; FUR, itrofurantoin; TMN, tobramycin; AMK, Amikacin; GMN, gentamicin; CST, colistin; YHC, El Youssef Hospital Center; TGH, ‘Governmental Hospital; NH, Nini Hospital. Colistin MIC was assessed using the broth microdilution method
according to the EUCAST guidelines (18). ‘The NG-Test CTX-M MULTI was only performed on positive § LACTA isolates. "084D8, Enterobacter hormaechei; O84F3, Enterobacter cloacae (as identified by MALDI-TOF MS),

Clavulanate, piperacillin, piperacillin/tazobactam, temocillin, and ertapenem; (15). Gray: Resistant; No color: Susceptible;






OPS/images/fpubh-11-1244358/fpubh-11-1244358-t001.jpg
Demographic Category Candida auris cases Candida spp. (non-auris) p-value

(N =908) cases (N =21,818)
N % N %
Gender Male 474 522 5539 254 <0.0001
Female 224 247 13,439 61.6
Unknown 210 231 2,840 13.0
Age group Paediatric 7 08 689 32 0.0003
Adult 666 734 17,500 802
Unknown 235 259 2,957 136
Nationality Emirati 186 205 5,669 260 <0001
Non-Emirati 446 49.1 9,086 416
Unknown 276 304 7,064 324
Patient location cu 414 456 3,905 17.6
Inpatient 395 435 5,763 260 <0.0001
Outpatient 2 26 9,620 433
Unknown 75 83 2911 131
Emirate ‘Abu Dhabi 275 303 8,680 39.8 <0.0001
Ajman 56 62 628 29
Dubai 214 26 7610 349
Fujairah 6 07 u5 11
Ras Al Khaimah 100 110 1,167 54
Sharjah 171 188 2,086 9.6

Umm Al Quwain 86 95 1,395 64
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Nr. Name Insti

1 Ahmed Elhag Ahmed UAE University, College of Medicine and Health Sciences, Al Ain

2 Ahmed F. Yousef Department of Biology, Center for Membranes and Advanced Water
Technology, Khalifa University, Abu Dhabi

3 Amna AlBlooshi Purelab, Al Ain

4 Dr. Adnan Alatoom Sheikh Shakhbout Medical City (SSMC), Abu Dhabi

5 Dr. Ahmed Abdulkareem Al Hammadi Tawam Hospital, Al Ain

6 Dr. Alaa MM Enshasy Dubai Health Authority, Dubai

7 Dr. Amal Mubarak Madhi Abu Dhabi Public Health Center, Abu Dhabi

8 Dr. Anju Nabi Dubai Academic Health Corporation (DAHC), Dubai

9 Dr. Anup Shashikant Poddar Al Sharq Hospital, Fujairah

10 Dr. Arun Kumar Jha Danat Al Emarat Hospital, Abu Dhabi

11 Dr. Ayesha Abdulla Al Marzoogi Abu Dhabi Public Health Center, Abu Dhabi

12 Dr. Bashir Aden Khalifa University, Abu Dhabi

13 Dr. Deeba Jafri Purelab, Sheikh Khalifa Medical City, Ajman

14 Dr. Duckjin Hong Sheikh Khalifa Specialty Hospital (SKSH) RAK

15 Dr. Farah Ibrahim Al-Marzooq United Arab Emirates University, Al Ain

16 Dr. Fatima Al Dhaheri United Arab Emirates University, Al Ain

17 Dr. Ghada Abdel Wahab Abu Dhabi Agriculture and Food Safety Authority, Abu Dhabi

18 Dr. Ghalia Abdul Khader Khoder University of Sharjah, Sharjah

19 Dr. Gitanjali Avishkar Patil NMC Specialty Hospital, Abu Dhabi

20 Dr. Hafiz Ahmad RAK Hospital, Ras Al Khaimah

21 Dr. Hazim Khalifa Department of Veterinary Medicine, UAE University, Al Ain

22 Dr. Husein Alzabi Sheikh Khalifa General Hospital, Um al Quwain

23 Dr. Ibrahim Alsayed Mustafa Alhashami Purelab, Al Qassimi Hospital, Sharjah

24 Dr. Irfaan Akthar Mediclinic City Hospital, Dubai

25 Dr. Jens Thomsen Abu Dhabi Public Health Center, Abu Dhabi

26 Dr. John Stelling 'WHONET, Boston, USA

27 Dr. Kavita Diddi Prime Hospital, Dubai

28 Dr. Krishnaprasad Ramabhadran Burjeel Hospital, Abu Dhabi

29 Dr. Laila Al Dabal Dubai Academic Health Corporation (DAHC, Dubai)

30 Dr. Madikay Senghore Khalifa University, Abu Dhabi

31 Dr. Manal Abdel Fattah Ahmed PureLab, Ras Al Khaimah

32 Dr. Maya Habous Rashid Hospital, Dubai Academic Health Corporation, Dubai

33 Dr. Moeena Zain American Hospital Dubai

34 Dr. Monika Maheshwari Al Zahra Hospital, Dubai

35 Dr. Monika Maheshwari Medeor 24x7 Hospital, Dubai

36 Dr. Mubarak Saif Alfaresi Zayed Military Hospital, Abu Dhabi

37 Dr. Mushtaq Khan United Arab Emirates University, Al Ain

38 Dr. Najiba Abdulrazzaq Al Kuwait Hospital, Emirates Health Services Establishment, Dubai

39 Dr. Nehad Nabeel Al Shirawi Al Fujairah Hospital

40 Dr. Nesrin Helmy Mediclinic Al Noor Hospital - Khalifa Street, Abu Dhabi

41 Dr. Prashant Nasa NMC Specialty Hospital Al Nahda, Dubai

12 Dr. Rajeshwari T. A. Patil Burjeel Medical City, Abu Dhabi

43 Dr. Ratna A. Kurahatti NMC Royal Hospital Khalifa City A, Abu Dhabi

44 Dr. Riyaz Amirali Husain Dubai Hospital, Dubai Academic Health Corporation, Dubai

45 Dr. Robert Lodu Serafino Wani Swaka Sheikh Shakhbout Medical City, Abu Dhabi

46 Dr. Savitha Mudalagiriyappa University Hospital Sharjah, Sharjah

47 Dr. Seema Oommen Burjeel Medical City, Abu Dhabi

48 Dr. Shaikha Ghannam Alkaabi Abu Dhabi Public Health Center, Abu Dhabi

49 Dr. Simantini Jog Fakeeh University Hospital, Dubai

50 Dr. Simantini Jog King’s College Hospital London Dubai Hills, Dubai

51 Dr. Siobhan O‘Sullivan Khalifa University, Abu Dhabi

52 Dr. Somansu Basu NMC Specialty Hospital, Al Ain

53 Dr. Yassir Mohammed Eltahir Ali Animal Wealth Sector, Abu Dhabi Agriculture and Food Safety
Authority, Abu Dhabi

54 Dr. Yousuf Mustafa Naqvi Department of Health Abu Dhabi (DoH), Abu Dhabi

55 Dr. Zulfa Omar Al Deesi Latifa Maternity & Pediatric Hospital, Dubai

56 Emmanuel Fru Nsutebu Sheikh Shakhbout Medical City, Abu Dhabi

57 Fouzia Jabeen Purelab, Sheikh Khalifa Hospital, Abu Dhabi

58 Francis Amirtharaj Selvaraj Sheikh Khalifa Medical City (SKMC), Abu Dhabi

59 Hadayatullah Ghulam Muhammad Emirates International Hospital, Al Ain

60 Imene Lazreg University of Sharjah, Sharjah

61 Kaltham Ali Kayaf Ministry of Climate Change & Environment (MOCCAE), Dubai

62 Laura Thomsen University of Freiburg, Germany

63 Leili Chamani-Tabriz Clemenceau Medical Center, Dubai

64 Pamela Fares Mrad Abu Dhabi Public Health Center (ADPHC), Abu Dhabi

65 Pascal Frey Berne University Hospital, Berne, Switzerland

66 Prof. Abiola Senok College of Medicine, Mohammed Bin Rashid University of Medicine
and Health Sciences, Dubai

67 Prof. Agnes-Sonnevend-Pal University of Pécs, Pécs, Hungary

68 Prof. Andreas Podbielski University Hospital Rostock, Rostock, Germany

69 Prof. Carole Ayoub Moubareck College of Natural and Health Sciences, Zayed University, Dubai

70 Prof. Dean Everett Department of Pathology and Infectious Diseases, College of Medicine,
Khalifa University, Abu Dhabi

71 Prof. Godfred A. Menezes Department of Medical Microbiology and Immunology, RAK Medical
and Health Sciences University, Ras Al Khaimah

72 Prof. Hala Ahmed Fouad Ismail PureLab, Al Qassimi Hospital, Sharjah

73 Prof. Mohamud M. Sheek-Hussein United Arab Emirates University, Al Ain

74 Prof. Peter Nyasulu Department of Global Health, Faculty of Medicine and Health
Sciences, Stellenbosch University, South Africa

75 Prof. Sameh Soliman University of Sharjah, Sharjah

76 Prof. Tibor Pal University of Pécs, Pécs, Hungary

77 Rania El Lababidi Dept. of Pharmacy Services, Cleveland Clinic Abu Dhabi

78 Saeed Hussein Erada Center for Treatment and Rehabilitation, Dubai

79 Stefan Weber Purelab, Abu Dhabi

80 Sura Khamees Majeed Al Gharbia Hospitals - Madinat Zayed Hospital

81 Syed Irfan Hussein Rizvi Mediclinic City Hospital, Dubai

82 Timothy Anthony Collyns Tawam Hospital, Al Ain

83 Zahir Osman Babiker Sheikh Shakhbout Medical City (SSMC), Abu Dhabi
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Number of patients Percentage
(N =11,242)
Gender Male 5,597 49.8%
Female 3,901 34.7%
Unknown 1,744 15.5%
Age group Pediatric 5,647 50.2%
Adult 3,244 28.9%
Unknown 2,351 20.9%
Nationality Emirati 4,012 35.7%
Non-Emirati 4,266 37.9%
Unknown 2,964 26.4%
Patient location Outpatient 4,663 41.5
type
Inpatient 3,124 27.8
Emergency 1,430 127
unit
Intensive care 622 55
unit
Unknown 1,403 125
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Patients with Patients with

non-invasive invasive
pneumococcal pneumococcall
disease disease
N = 9,905 N =
(88.1%) 1,337 (11.9%)
Gender Male 4,898 (49.4%) 699 (52.3%)
Female 3,497 (35.3%) 404 (30.2%)
Unknown 1,510 (15.2%) 234 (17.5%)
Age group Pediatric 5,250 (53.0%) 397 (29.7%)
Adult 2,637 (26.6%) 607 (45.4%)
Unknown 2,018 (20.4%) 333 (24.9%)
Nationality Emirati 3,553 (35.9%) 459 (34.3%)
Non- 3,721 (37.6%) 545 (40.8%)
Emirati
Unknown 2,631 (26.6%) 333 (24.9%)
Patient Outpatient 4,608 (46.5%) 55 (4.1%)
location
type
Inpatient 2,506 (25.3%) 683 (51.1%)
Emergency 1,129 (11.4%) 301 (22.5%)
unit
Intensive 495 (5.0%) 127 (9.5%)
care unit
Unknown 1,167 (11.8%) 171 (12.8%)
Clinical Discharged 2,787 (28.1%) 428 (32.0%)
outcome alive
Discharged 70 (0.7%) 30 (2.2%)
expired
Unknown 7,048 (71.2%) 879 (65.7%)
Length of Median 5 7
stay inpatient
(inpatients) LOS
(days)






OPS/images/fpubh-11-1244357/fpubh-11-1244357-g002.gif





OPS/images/fpubh-11-1244357/fpubh-11-1244357-g003.gif
JGEEEEEE

o s





OPS/images/fpubh-11-1244357/fpubh-11-1244357-g004.gif





OPS/images/fpubh-11-1113239/crossmark.jpg
©

2

i

|





OPS/images/fpubh-12-1359790/fpubh-12-1359790-g003.jpg
ider level

qustinintervention,

+—————————Provi

gence! tional
(o o emetional concern,
NS gt pealth 8ujy
e &
3
&
&
& o
,re«o X prescribe unnecessariy
3 we? ed &
O 12 atc sneeded,
& &,%Quasa%,:a or antibiotics
£,
s8¢ 10T QO e
$ A
s& s
£ S
Ss ST
& S
< SR
$ ¢
S
&

Patient level






OPS/images/fpubh-12-1359790/fpubh-12-1359790-g002.jpg
Are there clear research questions.
o the collected data allow to address the research questions
s the qualtative approach appropriate to answer the research question

2. Arethequatatie data collction methods adecuate to adressth esearch ueston
£ T Are the findings adequately derived from the data
3 Is the interpretaton of results suffcenty substantiated by data

Is there coherence between qualitative data sources, collection, analysis and...
s randomization appropriately performed
Are the groups comparable at baseline
Are there complete outcome data
Are outcome assessors blinded to the intervention provided
Did the participants adhere to the assigned intervention
Are the participants representative of the target population
Are measurements appropriate regarding both the outcome and intervention (or..
Are there complete outcome data
Are the confounders accounted for in the design and analysis
During the study period, is the intervention adrministered (or exposure occurred) as...
Is the sampling strategy relevant to address the research question
Is the sample representative of the target population
Are the measurements appropriate
Is the isk of nonresponse bias low (Say yes if response rate higher than 60%)
s the statistical analysis appropriate to answer the research question
Is there an adequate rationale for using a mixed methods design to address the..
Are the different components of the study effectively integrated to answer the...
Are the outputs of the integration of qualitative and quantitative components.
Are divergences and inconsistencies between quantitative and qualitative results..
Do the different components of the study adhere to the quality criteria of each...
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Medline

(n=2,562)

Embase

(n=4,148)

Science Citation
Index (n=1,862)

Google Scholar
(n=600)

Total record retrieved

Duplicates excluded

= —

8,172 (n=4,193)
Records screened after Title and abstracts

duplicate removed excluded
(n=4,979) (n=4,812)

Full text articles assessed Full text excluded (n=124)

for eligibility -
(n=167)

Identified from other
sources (n=1)

Google general (n=3)
Citation checking (n=12)

Articles included

(n=59)

No relevant Intervention (61)
Wrong publication type (29)
No relevant outcome (19)
Wrong study design (6)

No relevant population (3)
Not an original study (3)
Foreign Language (2)

Study retrieval issue (1)
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Variable OR (95% CI) p value
Age, year 1.04(1.02-1.07) 0.001
BMI, kg/m® 1.03(0.94-1.12) 057
Hyperlipemia

No Reference

Yes 9.70 (0.86-109.13) 0,066

“The usage of immunosuppressant

No Reference

Yes 217 (0.96-4.91) 0.062
Hypoproteinemia

No Reference

Yes 243 (1.20-4.90) 0013

Administering a coml

No Reference

Yes 078 (0.37-1.64) 0505
Daily dose

100mg Reference

200mg 231(1.07-5.00) 0034
SOFA 27

No Reference

Yes 197 (0.86-4.51) 0.108

Medication within 14days

Prior to surgical intervention

No Reference

Yes 298 (1.19-7.44) 0019
Microbial clearance

No Reference

Yes 031 (0.14-0.70) 0,005

BMI, body mass index; SOFA, sequential organ failure assessment, OR, odds ratio; CI, confidence interval; SE, standard error.
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Variable
Age, year

Sex

Female

Male

BMI, kg/m?
Hypertension
No

Yes

Diabetes

Hyperlipemia

No

Yes

Liver dysfunction

No

Yes

Usage of immunosuppressant

No

Yes

Hypoproteinemia

No

Yes

Usage within 48 h of incubation
No

Yes

Administering a combination dose
No

Yes

Daily dose

100mg

200mg

‘Treatment duration exceeds 7 days
No

Yes

Combination

No

Yes

SOFA 27

No

Yes

Surgical intervention within 14 days
prior to medication administration
No

Yes

Microbial clearance

No

Yes

BMI, body mass index; CAD, coronary artery disease; SOFA, sequential organ failure assessment, OR, odds ratio; CI, confidence intervl,

OR (95% CI)
1.02 (1.00-1.04)

Reference
089 (0.48-1.64)
1.08 (1.01-1.17)

Reference

064 (034-1.23)

Reference

137 (0.68-2.75)

Reference

118 (0.48-2.94)

Reference
673 (0.77-58.77)

Reference

184 (0.84-4.05)

Reference

2,04 (1.08-3.85)

Reference

2,65 (1.45-4.83)

Reference

118 (0.63-2.22)

Reference
052 (0.29-0.93)

Reference

2,15 (1.14-4.06)

Reference

0.74(041-1.33)

Reference

115 (0.54-2.43)
Reference
229 (1.12-4.67)
Reference

187 (093-3.77)

Reference

034(0.17-0.70)

0.704

0.048

0182

0.383

0717

0.085

0128

0.028

0.001

0.609

0027

0018

0.308

0722

0023

0.078

0.003
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Serovar Source No. isolates

Derby Animal 2
Food 2
Human 2
Dublin Animal 2
Food 2
Human 1
Enteritidis Animal 2
Food 2
Human 2
Hadar Animal 2
Food 2
Human 2
Infantis Animal 2
Food 2
Human 2
Kentucky Animal 2
Food 2
Human 2
Livingstone Animal 2
Food 2
Human 2
Mbandaka Animal 2
Food 2
Human 1
Montevideo Animal 2
Food 2
Human 2
MVST Animal 2
Food 2
Human 2
Newport Animal 2
Food 2
Human 2
Rissen Animal 2
Food 2
Human 2
Senfienberg Animal 2
Food 2
Human 2
Thompson Animal 2
Food 2
Human 2
Typhimurium Animal 2
Food 2

Human 2
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Total (n=189) Failed treatme uccessful treats

group (n = 83) group (n =106)

Age, year 620(53.0;71.0] 640 (54.5,74.5] 0051
Sex 0823
Female 61(32.3) 28(33.7) 33611

Male 128(67.7) 55(66.3) 73 (68.9)

BMI, kg/m® 23.4(21.3;25.4] 240(21.2,269] 229(21.3;249] 0125
Hypertension 55(29.1) 20(24.1) 35(33.0) 0.238
Diabetes 40(21.2) 20 (24.1) 20(189) 0.488
CAD 210111 10(120) 11(104) 0897
Hyperlipemia 6(3.17) 5(602) 1(094) 0.088
Liver dysfunction 30(159) 17 (20.5) 13(123) 0.182
Usage of immunosuppressant 55(29.1) 31(37.3) 24(226) 0.041
Hypoproteinemia 105 (55.6) 57(68.7) 48 (45.3) 0.002
Usage within 48h of incubation 133 (70.4) 60(72.3) 73(689) 0.726
Administering a combination 97(51.3) 35 (42.2) 62(58.5) 0037
Daily dose 0026
100mg 63(33.3) 20(24.1) 43 (40.6)

200mg 126 (66.7) 63(759) 63(59.4)

Treatment duration exceeds 7 days 117 (61.9) 48(57.8) 69(65.1) 0.385
Combination 155 (82.0) 69(83.1) 86 (81.1) 0.869
SOFA 27 40(21.2) 24(289) 16.(15.1) 0033
Medication within 14days

Prior to surgical intervention 4117 23(27.7) 18 (17.0) 0.110
Microbial clearance 50(266) 13(157) 37(35.2) 0.004

BMI, body mass index; CAD, coronary artery disease; SOFA, sequential organ failure assessment.
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Intervention; (Patient
interactive component)

Study ID (Author, Participants which

Year); Study health care

location professionals are
involved (number of

Study design Are there findingson  Study
barriers and facilitators ~ setting
of appropriate
behaviours for the
healthcare
professionals and

patients reported?

participants if
available)

Ackerman, (23); United States | Mixed method includingan |~ All Primary care clincians Bespoke ant-microbial stewardship Primary care
RCT (physicians, physician assistants,  (Patient education brochures)

and nurse practitioners) (55

Clinicians Recruited 29

Completed)
Agency For Healthcare Cohort study Physicians and pharmacists “The safety programme (Commitment Primary care
Research and Quality, 2022 (physicans and pharmacists from | posters and patient handouts)
(24); United States 14acute care hospitals, seven

Tong-term care faclities, and nine

ambulatory care practses

participated)
Allson, 2020 (25); Quantiative quest Pharmacy staf (pharmacists “The pharmacy antimicrobial Community
United Kingdom study pre-registration trainee Stewardship intervention (PAMSI) pharmacy

pharmacists,healthare couter
taff,dispensary staff, technicians,
pharmacy manager and pharmacy

assistant) (12 pharmacies comprise

(An Antibiotic Checklist, AMS
reinforcing material, which included
postrs,shelfsigns, counter mats and

presciption bag stckers)

of 43 pharmacy staf)
Andreeva, 2014 (6); Russian An open cluster General practiioners (GPS) (HCP:  Bespoke anti-microbial stewardship Primary care
Federation randomised dlinical trial | 18) (CRP testing)
Anthierens, 2015 (27); Multi- | Qualtaive study. General practise dlinicians (HCPs: | Genomics to combat rsistance Primary care
Country ) against antibiotics in community-
acquired LRT in Europe INternet
“TRaining for antibiOtic use (GRACE.
INTRO) (Training in communication
sills with use o a patient booklet)
Ashiru-Oredope, 2020 (4); A non-blinded cluster Community pharmacies-Pharmacy | The TARGET treating your Community
United Kingdom randomised controltrial | staff (182 pharmacies) infection —respiratory tract nfection’ pharmacies
(TARGET-TYL-RTI) (TARGET
TYLRTI community pharmacy
lealet)
Avent, 2024 (29); Australia | A cluster randomised trial | GPs (GPs from 27 practises) General practitioner antimicrobial Primary care
(Quantitative and stewardship programme study (GAPS)
qualitative component) (Posters, patient information leaflt)
Biezen, 2021 (30) Australia | Qualtatve intervention | VcREN practise HCP (G practise | Bespoke anti-microbial stewardship Primary care

Bjerrum, 2011 (31); Mlt-

country

Butler, 2012 (2);
United Kingdom

Cals, 2010 (33)
‘The Netherlands

study

Audit Project Odense
(4pO)

Randomised controlled trial

Randomised controlled trial

nurse) (HCP: eight practises, 14

GPs, one practise nurse)

GPs (HCPs 440)

Clinicians [clnicians from 68

practises (34 each arm)]

ians (HCPs 32)

(Seven patient information sheets)

Health Allance for Prudent
Prescribing, Yield and Use of
Antimicrobial Drugs n the Treatment
of Respiratory Tract Infections
(HAPPY AUDIT) (Posters, Brochures
and handouts to patients)

Stemming the Tide of Antibiotic
Resistance programme (STAR)
programme (Video-rich material
presenting novel communication skills

based on moti

ional interviewing)

C reactive protein (CRP) asistance

(Consultation with the nurse and CRP

Primary care

Primary care

Primary care

testing)
Cals, 2013 (34): The A pragmatc,factorial, Family physicians (40 family Bespoke anti-microbial stewardship Primary care
Netherlands cluster-randomised physicians from 20 practises) (Physicians communication sill for
controlled trial cough consultation)
Chiswell, 2019 (35); A quasi-experimental PC practise staff (HCPs: NR) Bespoke ant-microbial stewardship Primary care
United States pretest-post-test design (Patient education materials, posters
and videos)

Chung, 2017 (36); Canada | Qualitative study. Stakeholder and pacdiatric ED Hlectronic health record-based Secondary

providers including ED physicians,  clinicaldecision support (EHR CDS) are

nurse practiioners, physician (EHR CDS)

assistants,and residents (HCP: 22

individuals)
Cross 2019 (7); Asingle-site study Consultan, rainee grade doctor,  Antibioti Review Kit (ARK) (Patient Secondary
United Kingdom pharmacist, nurse and patients lealet) aare

(HCPs175)
Dekker, 2018 (38); The Acluster randomised GPs (35 GPs were in controlarm  Bespoke anti-microbial stewardship Primary care

Netherlands

Dekker, 2019 (39); The
Netherlands

controlled trial with
‘measurements before and

after

Cluster two-arm RCT

and 40 GPs in intervention arm)

GPs (30 GPS)

(Patient information booklet)

RAAK (RAtional Antibiotic use Kids)
intervention (A written information

bookle for parents)

Primary care

Eley, 2018 (10): Nested qualitative study | Practise staff from GP practises (12| Point ofcare C reactiv protein test Primary care
United Kingdom practises and 26 general practise | (CRP POCT) (CRP testing)

staff)
Bl 2020 (41): Service evaluation HCPsand GP (43 HCPs, 15GPS) | TARGET The Treating Your Infection Primary care
United Kingdom (TY1) (Version 8) (TARGET Treating

Your Infection leaflt)

Forrest, 2020 (12); Mixed method Plan-Do-  Nurse practtioners, physician Bespoke ant-microbial stewardship Secondary
United States Study-Act cycles assistants Practical nurse, and (Shared decision aids) are

Francis, 2013 (43);

United Kingdom

Francis, 2020 (44);
United Kingdom

Quaitative study

RCT, process and economic

evaluation

registration staf (HCPs:18)
Clinicians (13 Outof 51linician

participated)

Clinicians (¢.g. GPs, nurse
practitioners, practise nurses and
health-care assistants) (Clinicians

from 86 practises)

Enhancing the Quality of
Information-sharing in Primary Care
(EQUIP) study (Interactive booklet)
‘The PACE (Primary care use of A
Creactive protein point-of-care est to
help target antibiotic prescribing to
patients with acute Exacerbations of
chronic obstructive pulmonary
disease who are most likely to benefit)

(CRPtesting)

Primary care

Primary care

Giry, 2016 (45); France Acrosssectional survey | Family physician (HCPs: Bespoke anti-microbial stewardship Primary care
(Handing out ofa factsheet, Using
specific prescription with an
educational message for patients)
Goggin, 2022 (16); A multisite,paralll group,  Clinicians (HCP: 51) Bespoke ant-microbial stewardship Primary care
United Sates cluster randomised rial (905 video and information brochure)
Gonales, 2013 (47); “Three-arm cluster Board certfed internal medicine  Bespoke anti-microbial stewardship Primary care
United States randomised tial and family practse physicians, (Patient educational brochures and a
nurse practitioners, physician poster)
assistants, and registered nurses
(HCPs:NR)
Gulliford, 2014 (48); RCT Family practises [HCPs from 50 VISON (A single-sided patient Primary care
United Kingdom family pracises cach arm)] information sheet)
Hermander-Santago, 2015 Cohortstudy General practises (HCPs; NR) Bespoke anti-microbial stewardship primary care

(19); United Kingdom

Hounkpatin, 2021 (30);
United Kingdom

Qualitative study

GPs (HCPs:32)

(Patient information leaflets and
posters)
Respiratory tract infections-clnical

prediction rules (RTI CPRS) (CRP

Primary care

testing)
Huddy, 2016 51 Qualiative study GPs including those with Point of are C reactive protein (POC Primary care
United Kingdom commissioning experience), CRP) (CRP testing)
biochemists pharmacists, linical
laboratory scentists and industry
representatives (HCP: Stage 1: 11
Invited, § Agreed, Stage 2:
24 Invited 10 Attended)
Jenkins, 2013 (52); RCT Practise staff (HCPs: 46 study Bespoke anti-microbial stewardship Primary care
United States groupand 34 the control group)  (Patient education materials) and
secondary
aare
Jones, 2017 (53) A mixed method study GP and stakeholders [269 (quant) Treat Antibiotics Responsibly: Primary care
United Kingdom and 53 (qual)) Guidance, Education, Tools
(TARGET) Antibiotics Toolkit
[Patient leaflts (Treating Your
Infection)]
Legare, 2012 (54 Canada. Multicentre, parallel cluster | Family physicians,including DECISION+2 (Decision support tool) Primary care
randomised tial physician teachers and residents
(12 family practise comprised of
162 family physicians)
Lemiengre, 2018 (55): Acluser randomised, Family physicians (FPs) (131 FPs Briefintervention to eict parental Primary care

Belgium

factorial controlled trial

from 78 practises Analysed)

concern combined with safety net
advice (BISNA) and point of care C
reactve protein (POC CRP) (A parent

information leaflet)

Lemiengre, 2018 (56); RCT Family physicians (FPs) [HCP 133 ERNIE2 trial-point of care C reactive Primary care
Belgiom (analysed)] protein (POC CRP) (CRP testing)
Likopa, 2022 (57); Latvia RCT General practises (HCPS 80) Point of are C reactive protein test Primary care
(CRP POCT) (Parent information
booklets)
Litde, 2019 (59); Multi- RCT and audit Cliniciansand nurses (HCPs: 372)  Bespoke anti-microbial stewardship Primary care
country (Aninteractive patient booklet)
Litde, 2013 (39); Multi- Amultinational cluster, | General practses include clnicians |~ Bespoke anti-microbial stewardship Primary care
country randomised, factorial, and nurse prescribers (HCP: 259 (Training in enhanced communication
controlled trial practises randomised and 228 sills)
analysed)
Lor, 2014 (60); Spain A prospective non- GP or Physician (HCPs:235 Full | Health Alliance for Prudent Primary care
randomised before-and- | intervention, 97 Partial Prescribing, Yield and Use of
afer study intervention) Antimicrobial Drugs in the Treatment
of Respiratory Tract Infections
(HAPPY AUDIT) (Postes for doctors’
waiting rooms, Brochures and
handouts for patients)
Lor, 2015 (61); Spain Experimental study Gs (primary care physicians) Health Alliance for Prudent Primary care
(HCPs 281) Prescribing, Yield and Use of
Antimicrobial Drugs in the Treatment
of Respiratory Tract Infections
(HAPPY AUDIT) (Postes for doctors’
waiting rooms, Brochures and
handouts for patients)
A quasi-experimental Clinicians from emergency Bespoke ant-microbial stewardship Primary care
United States controlled study departments and primary care (Patient educationl materias for and
cinics (Approximately 170 distribution during visi) secondary
inicians from ED and PCCs) are

‘MeDermott, 2014 (63);

United Kingdom

A mixed method evaluation

GP and practise staff [107
participants (Evaluation), 24
Participants (Qualitative), 83 GPs.

(Questionnaire)]

Bespoke anti-microbial stewardship
(Electronic educational and decision

support tools)

Primary care

Melsaac, 2021 (64);Canada A quasi-experimental Clinicians, pharmaciss, and Bespoke point of care anti-microbial Primary care
pre-and poststudy design  supportsaff (HCPs: 86) stewardship (Patient education
materials)
Meeker, 2014 (65) Randomised dlinical trial | Clinicians (HCPs: 14) Bespoke anti-microbial stewardship Primary care
United Sates (A posted commitment letter)
Milos, 2013 (66): Sweden RCT Participants from private primary  Bespoke anti-microbial stewardship Primary care
health care centres (PHCCs) (22 (Persuasive communication
PHCCs Comprises of 139 GPs) intervention)
Mowbray, 2020 (67): Qualitative study Medical staffinvolved in ARK-Hospital intervention-GRACE- Secondary
United Kingdom discharging patients (HCPs: NR)  INTRO (Patint education leaflet) are
‘Muhia, 2016 (8); Apre-and post-test quality  Healtheare providers, which Bespoke ant-microbial stewardship Primary care
United States improvement project consisted of MDs, PAs, NPs, (Patient education material)
interns and registered nurses
(HCPs:30)
Patel, 2022 (69) United States | Survey. Clinicians (38 response form Bespoke anti-microbial stewardship Secondary
dinicians) (Posterand a trifold patient education are
pamphlet)
Peters, 2013 (70) The A prospective case-control | Primary care taf (Primary care Paint of cre C reactve protein (POC Primary care

Netherlands

Pitenger, 2015 (71);

United States

study

A retrospective time series

study and cost analysis

staff from two centres)

Primary care providers (family
practise and general internal
‘medicine physicians, nurse

practitioners, and physician

crp)
(CRP esting]
Bespoke anti-microbial stevardship

(Nursing phone care)

Primary care

assistants) [HCPs: 118 (At Seven
sites)]
Poss-Doering 2020 (72) (2 Qualtative study. Physicians (27 Primary Care Arena (Sustainable reduction of Primary care
Germany Physicians) antibiotic-induced antimicrobial
resistance) study (E-learning on
communication with patients,
information material on tablet
computer for patints)
Poss-Doering, 2020 (73) (b | RCT nested with inamixed | Healthcare provider team (GPsand |~ CHANGE-3 (Converting Habits of Primary care
Germany ‘method study MAS) (HCPs from 114 practises)  Antibioti Use for Respiratory Tract
Infections in German Primary Care)
(Thematicall focused information
and a web-and paper-based public
awareness campaign)
Poss-Daering, 2020 (74); A mixed method evaluation | GPsand non-physician health ‘CHANGE-3 (Converting Habits of Primary care
Germany profesionals (HCPs: 340) Antibiotic Use for Respiratory Tract
Infections in German Primary Care)
(Educational contentsfor patints)
Sloane, 2020 (75); Two-year quality Physicians, nurse practitioners,and | Antibiotic Stewardship Training and Tertiary care
United Sates improvement trial with two | physician asistants 27 (NH chain |~ Quality Improvement Itervention (community
ams 14, Provider group13)] (Bespoke) (Information brochure in nursing
lay language) homes)
Tonkin-Crine, 2023 (76) A mixed method evaluation | General practses (nine practise | Bespoke anti-microbial sewardship- Primary care
United Kingdom comprises of $1 HCPs, 13HCPs  point of care C reactive protein est
participated in interviews) (POC-CRPT) (Patent leaflets)
“Tonna, 2020 (77); Scotland, | Qualitative study. Pharmacists, pharmacy students,  Bespoke anti-microbial stewardship Community
United Kingdom pharmacy technician and medicine | (Self-help guide leaflet) pharmacy
counterassistants (HCPs:28)
van Esch, 2018 (79); The A questionnaire survey GPs (15 general practises) Bespoke anti-microbial stewardship Primary care
Netherlands [shared decision making (SDM)
Questionnaire]
Wei, 2017 (79); China A parallel-group, cluster- | Partcipants from Township Bespoke anti-microbial stewardship Secondary
randomised controlled trial | hospials-Doctors (Doctors from  (Leaflets and a video educating aare
25 Township hospitals) caregivers)
Wei, 2019 (50); China Two-arm, custer- Doctors (doctors from 25 Bespoke anti-microbial stewardship Secondary
randomised controlled trial | Township Hospitals) (Leaflets and a video educating are
with Mixed method caregivers)
approach
Yardley, 2013 (51); Multi- A quantitative process study | GP practies (229 practises and 346 Genomics to combat resistance Primary care

country

nested within a cluster-

randomised controlled tral

Gps)

against Antibiotics in Comnmunity
acquired LRI in Europe/INternet
‘Training for Reducing antibiOtic use

(GRACE/INTRO) (Patient booklet)
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EU

Policy-maker (e.g., Head of directorate for a reimbursement body; Coordinator of an 2 4 5

antibiotic policy committee; Member of a reimbursement agency)

Scientific association (e.g, Lead for diagnostics in a government funding body; 5 3 2

Member of a pharmacy association; Medical directory of a general practice association)

Diagnostic industry (e.g., Chief scientific offcer; Market access director) 4 0 1

Total number of participants 1 7 8
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Antibiotic class  Antibiotic No of farms

using
antibiotics
(N=40)
n (%)
Aminopenicillins Amoxicilin trihydrate 3(75)
Tetracyclines Chlortetracycline 1(25)
Oxytetracycline 125)
Doxycydline 9(22.5)
Polymyxins Colistin 24(60.0)
Macrolides Tylosin 10(25.0)
Erythromycin 250)
Fluoroquinolones Ciprofloxacin 125)
Enrofloxacin 14(35.0)
Penicillin Penicillin 2(5.0)
Polype, Bacitracin 4(10.0)
Trimethoprim Trimethoprim 125)
Sulfonamides Sulfamethoxypyridazine 125)
Sulfamethazine 125)
Aminoglycosides Neomycin 4(10.0)
Streptomycin 2(5.0)
Gentamycin 250)
Nitrofurans derivatives  Furaltadone 125)
Aminopenicillins/ Amoxicillin

polymyxins trihydrate + colistin sulfate 24(60.0)
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Farmers’ Antibiotic/s used Value of p
characteristics n (%) as growth
promoter (18 out

of 40)
n (%)

Education level of farmers

40(100.0) o
Not educated 10(25.0) 6(60.0)

Primary 5(12.5) 4(80.0)

Secondary 20(50.0) 7(35.0)

Higher secondary or

g:duarian L lz.Z) 12000

Professional farm training 005
No35(87.5) 18(51.4)

Yes 5(12.5) 0(0)

Obtained antibiotics after

prescription 0436
No 24(60.0) 12(50.0%)

Yes 16 (40.0) 6(37.5)
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\ELELIES Total Knowledge about AB use Knowledge about prohibited Knowledge about
AB antimicrobial resistance

N (%) No YesN  Value of No Yes Value of No YesN  Value of

(VA] P P N (V4] P

N (%) N (%) N (%)

Education level

0012 0.051 0.083
of farmers
Not educated 10(25.0) 9(90.0) 1(10.0) 9(90.0) 1(10.0) 10(100) 00)
Primary 5(12.5) 5(100.0) 0(0) 5(100.0) 0(0) 5(100) 0(0)
Secondary 20(50.0) 15(75.0) 5(25.0) 17(85.0) 3315.0) 18(90) 2(10.0)
Higher
secondary or 50125) 1(20.0) 4(80.0) 2(40,0) 3(60.0) 3(60) 2(40.0)
graduation
Professional farm
<0.001

training 0,002 0017
No 356875 29(6829) 6017.1) 3291.4) 3(8.6) 33(943) 25.7)
Yes 50125 1(20.0) 4(80.0) 1(20.0) 4(30.0) 3(60.0) 2(40.0)
No. of year/s in

0,026
farming 0.004 <0.001
1-15 25(625) 21(840) 4016.0) 23(920) 28.0) 24(96.0) 1(40)
15-30 13(32.5) 9(69.2) 4030.8) 10(76.9) 323.1) 12(92.3) 17.7)

>30 25) 0(0) 2(1000) 0(0) 2(1000) 0(0) 2(1000)
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Characteristics Total n (%)

Purpose of antibiotic/s use

Flu (common cold) 17(42.5)
Gastrointestinal infections 4(10.0)
Respiratory infections 13(32.5)
Fever 3(7.5)
Others* 3(7.5)

Physician prescription
No 21(525)
Yes 19(47.5)

Reason behind self-medication

None 19(47.5)
Not access to physician care 125)
Previous experience 19(47.5)
Advice from relatives 125)

Source of getting antibiotic/s

Pharmacy 30(75.0)
Leftover household antibiotics 8(200)
Rural practitioner (Untrained doctor) 25.0)

Duration of antibiotic/s use

1-3days 28(70.0)
4-7days 8(20.0)
>7days 4(10.0)

*Others include skin infections (11=2) and Inguinal hernia (n=1).
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VAP caused by CRAB (n =268)

{ Arrangement standard

Inclusion criteria ) Exdusion criteria

® Tigecycline treatment course for <3 days
(n=26).

® Other infection sites except VAP (n=29).

® Other pathogen of VAP infection (n =22).

® January 1,202 to december 31, 2022.
® Confirmed by CRAB-VAP.
® Tigecycline monotherapy or combination

A e s, ® Resistant to tigacycline (n.=2).
- _d ~ =
The safety analysis set (n =189
| Successful treatment group (n=106) | Failed treatment group (n=83)

(a) Baseline characteristics comparison.
(b) Risk Factors for failed treatment.
() The Nomogram to Predict the failed treatment.

(d)The ROC curve , DCA of the prediction model.
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Critical patients Constructions and effects of t Methods References

models

Febrile children with cancer BSI sampleftotal sample sizes is 91/463; Logistic regression (12)

“The effect is represented by probability score and
nomogram; the C-index s 0885 (no external

validation).

Severe/acute burn patients

BSI sample/total sample sizes are 118/222 and 59/272; | Logistic regression (113, 114)

“The effects of the two models are represented by
computing the formula and nomogram; the two
models’ AUC are 0.84 (external validation) and 0.90

(no external validation).

CRE carriers in the ICU

BSI sampleftotal sample size is 21/42; Logistic regression (115)

‘The effect s represented by the probability score; AUC
is 0.921 (no external validation).

Patients using CVC.

BSI sample/total sample size is 399/7468; RE; 16
AUC=02 (no external validation). Forward selection;

Lasso regression

Burned children « BST sampletotal sample size is 21/82; RE; Forward selection; Lasso 17)
+ AUC=0.938 (no external validation). regression
Pediatric cancer patients with HSCT « BSI sampleftotal sample size s 624/11183; ENR; SVM; XGBoost; GBM (18)

AUC=0.74 (no external validation).

Patients with suspected bacteremia

Tnan ICU and another ICU, BSI sample/total sample  RF; XGBoost 119
sizes are 151/2351 and 162/1021 respectively;
‘The two models’ AUC are 0.89 and 0.92. The samples

of the two centers are used for external verification of

the models, and the outcomes are bad.

The burn patients correspond to the early warning models for two categories of patients, severe burns and acute burns; the patients with suspected bacteremia in the ICU correspond to two
models constructed from two samples from different centers. The rest are single-center BSI early warning models for such critical patients. BSI, bloodstream infection; ICU, intensive care unit;
CVC, central venous catheter; HSCT; hematopoetic stem cel transplantation; AUC, area under the curve; RE, random forest; GBM, gradient boosting machines; SVM, support vector
machine; XGBoost, extreme gradient boosting; ENR, elastic-net regression.
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Purpose of model
application

Constructions and
effects of the models

Methods

Factors for modeling

References

CR-GNB acquisition prediction
in the ICU

CR-GNB carriage prediction in
the ICU

CRO infection prediction in
patients with the first ICU

admission

CR-GNB infection prediction
in the ICU

Identification of CR-GNB
carriers during ICU admission

CR-GNB carbapenem-resistant gram.negative bacteria; ICU, intensive care unit; APACHE 11, acute physiology and chronic health evaluation; AUC, area under the curve; RF, random forest;

XGBoost, extreme gradient boosting.

CR-GNB culture-positive sample/
culture-negative sizes is 343/1029.

Model displays good result with
an accuracy of ~90% (no external
validation).

CR-GNB culture-positive sample/
culture-negative sample sizes of
experimental and validation

‘groups are 1385/1535 and 74/132.

RE model s the optimal model;
AUC of model are 0.91
(experimental cohort) and 0.92

(prospective validation cohort).

CRO infection sample/total
sample sizes is 183/4531.

‘The effect s represented by the
Nomogram; AUC is 0.723 (no

external validation).

CR-GNB infections sample/total
sample size of experimental and
validation groups are 143/205
and 69/104.

‘The effect is represented by the

Nomogram; AUC of model are:

0.753 (experimental cohort) and
0.718 (validation cohort).

CR-GNB carries sampleftotal
sample sizes is 183/1736.

‘The effect s represented by the
Nomogram; AUC is 0.83 (no

external validation).

(1) Increased Simplified Acute Multiple logistic regression
Physiology Score 3

(2) Severe chronic obstructive

pulmonary disease;

(3) Exposure to hemodialysis catheter;

(4) Central venous catheter;

(5) Mechanical ventilation.
(1) Male sex;

(2) Invasive catheterization; RE;

(3) Single room; XGBoost;

(4) Mechanical ventilation; Decision tree

Multiple logistic regression;

(5) Hospital residence history;
(6) History of cephalosporins;
(7) Systolic blood pressure;
(8) Respiratory rate;

(9) Glasgow Coma Scale;

(10) APACHE I scores;

(1) White blood cell count;

(12) Hematocri

(13) C-Reactive protein;
(14) Direct bilirubin;
(15) Total protein;

(16) Fibrinogen

1) Male sex;
2) Hemoglobin-min;

Logistic regression

3) Temperature-max;

(4) Use of a peripherally inserted
central catheter line;
(5) Dialysis treatment;

(6) Use of carbapenems

(1) Combination antibiotic treatments;  Multiple logistic regression

(2) Hospital-acquired infection;
(3) Mechanical ventilation 27 days

(1) Neurological disease; Logistic regression
(2) High-risk department history;

(3) Length of stay >14days;

(#)ICU history;

(5) Invasive mechanical ventilation;

(6) Gastrointestinal tube placement;

(7) Carbapenem usage

(104)

(105)

(106)

@07)

(108)
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+,active; -, not active; *KPC-producing CRPA; **KPC and OXA producing CRPA.
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Sub-theme

Meaning and

Implications

Behavior Collaboration
and coordination
Behavior Commitment and
engagement
Capacityand | Personnel
resources
Capacityand | Funding and
resources finances
Planning Implementation
Planning Assessment
Planning Design
Information  Awareness
Intervention  Mandatory

enforcement

Intervention  Multiple profiles

Institution  Management

Institution  Governance

Infection Surveillance,

Control epidemiology,
and preventive

screening

assumptions

Actors need to collaborate and/or
coordinate themselves to enhance the
likelihood of success. Collaboration
and coordination lead to effective
communication and implementation.
On the contrary, reluctance to
participate, lack, or difficult
collaboration, disagreements, and lack
of coordination with mixed tasks can

jeopardize the intervention.

Commitment, engagement, and
implication of actors are crucial to
conducting things well and in a
positive way as people welcome the

campaign and have the willingness to

take actions inclu

ng voluntary

Personnel and/or trained personnel
working on the intervention. On the
contrary, lack of them, or personnel
with heavy overload schedules
without sufficient time or personnel
unable to assist, for example in remote
o rural areas hinder intervention

outcomes.

Enough budget and funding to carry
out all aspects needed for
interventions over time. Funding for
resources, techniques, or personnel,
but also for teaching and training the
main actors responsible for the

intervention.

Implementation planning needs to
be very detailed, casy to apply, and
considering the flexibility of contexts
and to be tailored to them. It must
also have consultation or guidance for
actors during implementation to
clarify the actions and objectives of
the intervention. When lacking, often
implies insecurity toward the
intervention and actors can go back to
old habits especially if the
implementation process is long or
requires a certain amount of time.
After implementation, checking,
analyzing, or measuring outcomes of
the actions applied can help to
elucidate the usefulness of the
intervention or ts possible gaps,
otherwise, the usefulness is not

assessed and, therefore, unknown.

Time to plan and design
interventions. Good planning has
well-defined targets and detailed
timeline, and it can foresee if training
of professionals is needed or if
possible complications and where can

arise.

Knowledge about AMR and people
aware of the problem of untreatable
infections enhance positive outcomes
and thorough follow of therapy.
Ignorance of the problem may lead to
pressure for antibiotic prescribing and

public opposition.

‘When interventions are mandatory,
actors need to implement and comply
with what is mandated, independently
of what they think or their

preferences.

Interventions whose responsible
actors are from different sectors
(multisector, One Health), disciplines
(multidisciplinary/ transdisciplinary),
or have different roles in the same
action or complemented actions
(multifaceted). Intervention is

composed or carried out by different

actors in sectors, settings, disciplines,

or professional backgrounds.

Execution of interventions suggesting
how interventions are going to

be done (cither designed,
implemented, or assessed).
Management has communication as a
key skill to drive and organize all the
pieces of the intervention.
Compromise, commitment,
engagement, support, and clarity

toward the intervention, its goals, and

decisions from the institution
suggesting what should be done or

being accountable for interventions.

Information about the current
epidemiological situation with
continued surveillance, antimicrobial

susceptibilty testing, in some settings,

preventive screening.

AMR, antimicrobial resistance and AMU, antimicrobial use.

A collaborative and coordinative

behavior is crucial to involve

individuals in AMR and to engage
them in the specific tasks they need

to do with motivation,

Actors who are committed believe
that what they are doing helps in
tackling AMR and are more aware
and willing to (voluntarily)

participate and take action.

Personnel accessible, dedicated, and
with enough time to carry out the
intervention or only working on the
intervention is needed to ensure the
likelihood of success and that the
actions expected from the

interventions are met.

Good budgets are key as costs can
be very expensive for implementing
interventions. Without enough
budget, many interventions are not
going forward, are partially applied,
interrupted, or side cost effects are
assumed by others (with negative

effects).

Strong implementation considers
‘small-scale contexts (e.g., regional)
even though interventions can

be implemented at bigger scales
(e.g. national). Guidance enhances
positive outcomes, even though the
implementation is along, process as
they can rely on experts or other
professional criteria when doubts
arise. It promotes the self-esteem
and motivation of executors due to
continuous knowledge, feedback,
and follow-ups.

Results from the assessment can
help to maintain motivation f there
are positive outcomes and to
identify new goals and opportunities
to improve outcomes or to promote

actions impacting AMR.

Preparedness and time to carefully
think about the system interventions
are embedded is key to having the

desired outcomes.

Society may behave differently
following and finishing prescribed
antimicrobial treatments
Prescribers are less pressured to
prescribe treatments to please
patients or farmers. Citizenship is

engaged to preserve antimicrobial

effectiveness.

Intervention has to be implemented
by the main actors, and they do not
necessarily need to be interested (so
itis not siloed to the ones who
already care like voluntary

interventions).

Different professionals, sectors, and
disciplines help to understand and
detail better the variety and
complexity of AMR and have more
insights on how to tackle this
challenge. Joined efforts from
different backgrounds and
perspectives may have bigger

impacts and redundancies.

Good management foresces how to
train, how to coordinate, or how to
enhance the collaboration of actors.
“This empovers and increases the
information available in the system,
plus it increases knowledge and
self-esteem.

Ensures balanced effort and the
broader interests of the institution

to maintain or o carry out the

intervention. This is done,

independently of individualities and

personal interests,joining efforts in
partnerships and avoiding hierarchy
or roles of power.

“These tools can help to better
manage AMR, and useful detailed
data to know what is more prevalent
including species and subspecies

data.

“open collaboration between all entities”//
“cooperation with food producers and catle
farms...”// ...and collaborative effort between
industry and government”// “A key factor s the good
collaboration between national and local ...}
Groups...”// “Challenges included attaining industry
buy-in and collaboration, considering that each

livestock industry has its unique considerations.

“The swine stakeholder (...) voluntarily comitted to
reduce antimicrobial use by 20%" // “Implication of
the stakeholders, communication with the staff” //
“The initiative was also successful due to outreach
and engagement with farm and veterinary

communities ...” // “Challenges included engagement

and negotiation with industry around costs of

antimicrobial stewardship!
“availability of human resources” // “Personnel
exclusively dedicated to that” // “wailability of time,
work initiated in the summer” // “Lack of experts and
public diagnostic facilities for AMR-prevention’//
“The availability to inflectious] disfeases] specialists
and the financing of the time it takes to do the

rounds”

“Founder donor agency go through a complicated
process which causes interruption of funding” //
“There was no dedicated budget for this campaign.
Communication strategy was based primarily on the
information relay and the ability of each organization
to pay for the printing of the tools and their
distribution.”// “Financial resources and education” //

“Funding"

..there are provincial and regional production
differences, so.a national requirement has to

be flexible enough to take these differences into
account...”// “It takes a lot of time to implement a
program that s supposed to reach all nurses in all
hospitals”/ “resistance to change - this change took
over 10years to implement!”// “But we also.
understood that it would take time to implement in
all hospitals...Step by step we learn more with
national and regional workshops to share
experience’// “(Implementation] Guidance from
'WHO, OIE and FAO" // “Support from WHO &
AGISAR documents™

“Dialogue based on the figures for each unit and they

can see differences between units and colleagues” //

“[Assessment with] quantifiable objective’// “Clinical
microbiology laboratories are typically required to
provide annual [data]... to providers to help guide
empiric antimicrobial therapy”/ “to obtain enough
microbiological data to follow temporal trends of

antimicrobial resistance’”// “Impact of awareness

creation needs to be evaluated”

“This was discussed at length before the intervention
was...implemented.” // ... systematic collection,
aggregation and analysis of AMR data representing all
the geographical areas of the country is being done.
Lab capacity in terms of manpower development
(through training by ASM members), providing
laboratory SOP logistics and equipment has been
developed, a software capable of collecting all the lab
and epi[demiological] data has been developed to
collect both kind of data from different sentinel sites
to the center....in real time”// “short timeline to
create and deliver a national awareness campaign’//
“Cost is always an obstacle as interventions typically
add cost to operations; this is typically discussed
before the intervention is finalized and implemented””
“Consistent awareness creation, commitment” //
“Public awareness by showing who received
certificates. Certificates were handed over by publicly
important personalities, such as health ministers or
regional governors.

- Public awareness through modern media (TV,
radio)"// “This Annual Conference recalls the

nportance of the issuc of antimicrobial resistance.” //

industry-wide initiative that expanded past our
sector, and was accompanied by regular

communication to farmers to increase awareness”

“Strict government regulation and requirement to

reduce antimicrobial use in food animals at the
national level”// “It was a mandatory reduction in
use’// “it was successful because it was mandated -

farmers had to comply”// “Regulatory authority saw it

nportant to make sure that the legislation was
obeyed”

*..collaborative effort between industry and
‘government” // “The cross border aspect,
transdisciplinary, regional network formin[gJa
common goal” // “multi-disciplinary team from
industry, academia and government” // “inability to
accept multidisciplinary or varied thought
processes”// “Multisector approach” // “One Health

approach”

“That so many [...] national agencies work together
with the same problem and message to the public? //
“Regional training activities” // “Implication of the
stakeholders, communication with the staff” / “open
collaboration between all entities”// “Educational
afternoons for them, updates and workshops.

Practical information on how to treat infections”

“Long-term government engagement of
stakeholders”// “Good political support” //
“Governance of the programme and financial
commitment” // “there is a need to strengthfen] the

relation between Academia-Governmental

institutions’// “Achieve good multisector
collaboration and bureaucratic procedures between
institutions from different origins”"

“Understand epidemiology at a subspecies level, as
species level does not allow to understand real
epidemiology” // *- Implementation of preventive
screening”// “Antibiogram development (.,
antimicrobial resistance surveillance in human
pathogens) has been common practice in clnical
microbiology laboratories for many years”// *
obtain enough microbiological data to follow

temporal trends of antimicrobial resistance”





OPS/images/fpubh-12-1376513/fpubh-12-1376513-g002.jpg
Class
A

TEM
SHV
KPC

\\ ESBL-E

[ CTX-M

Serine B-lactamases
Class
c

cMY
ACT
DHA

CRE

Ambler’s classification

Class
D

OXA-48
0XA-23
OXA-40
OXA-50

CRAB

Metallo p-lactamases

Class
B

NDM
VIM
IMP

CRPA





OPS/images/fpubh-12-1376513/fpubh-12-1376513-g001.jpg
Gram-negative . Gram-positive

Porins.

Drug target
Drug efflux pump.
Hydrolytic enzymes

Cell wall proteins

Degrading enzyme

WS =L

cell membrane

a.restiiction of antibiotic entry
. H b. enhancement of efflux pumps . peptidoglycan

c. regulation and defense of antibiotic target sites.

. Hydrolysis antibiotics. ~— outer membrane





OPS/images/fpubh-12-1376513/crossmark.jpg
©

2

i

|





OPS/images/fpubh-12-1292660/crossmark.jpg
©

|





OPS/images/fpubh-11-1230848/fpubh-11-1230848-g002.jpg
STACKED NUMBER OF INTERVENTIONS BY SECTORS AND REGION IN LOW-MIDDLE INCOME
COUNTRIES AND HIGH-INCOME COUNTRIES
LMics (alf)
SEARD
AFRO
PAHO

HICS (all)
PAHO
EurRO
weRo

= Animal B Animal/Food & Animal/Human ® Human & One Health B Environmental/Plant - Not specified





OPS/images/fpubh-12-1385118/fpubh-12-1385118-g003.jpg
3
s
8
g
[
B
s
8
<

1.0

08

04 06

0.2

0.0

Apparent
—— Bias-corrected
~~~~~ Ideal

T T T T
04 06 08 10

Predicted Probability





OPS/images/fpubh-11-1230848/fpubh-11-1230848-g003.jpg
Percentage of interventions that reported each theme by context

.

.
.
:
,
35

B Allinterventions 8 HICs interventions B LMICs interventions.

70





OPS/images/fpubh-11-1230848/fpubh-11-1230848-g004.jpg
Percentage of key and important sub-themes for intervention success by context

implementation
Calberation and ccordination
Personnel®

Maragement

Commitment and engagement®

Mandatory®
Mtple proffes*
Govemarce

Funding and firances®
Design®

Surveilance, epidemiology and preventive screening®

I - L
or

. Erb
Tl

_-——l-m
T
e —— L






OPS/images/fpubh-11-1230848/fpubh-11-1230848-t001.jpg
Group ( Variables ( Percentage (%

Social system Economicscale 57 75%
Low-middle-income countries 17 2%
Global or both high- and low-middle-income countris 3 %
Sector scale Animal sector only 37 5%
Human sector only 2 20%
Animal and food sectors 7 %
Haman and animal sectors 7 %
Haman, animal, food sectors, and environment sctors (OH') 3 %
Environment or plant sectors only 2 %
Not speciied 1 1%
Governance Agents responsible Public sector (government-owned) 36 %
Public and private sector 2 7%
Public and acadenmic sector 8 10%
Privatesector (private owned) 7 %
Academic sector (university/researchiscientific sector) 4 %
Public,private, and academic ' 1%
Level offunding Publicfunding 37 5%
Public and private funding 2 16%
Private funding 5 %
Without funding 2 7%
Not reported 2 3
“Trigger/ goals “Trigger of the ntervention Pressure on AMR (high AMU) 27 3%
State of AMR (increase of AMR) 7 2%
Pressure and state of AMR (high AMU, increase of AMR) 9 12%
Drivers of AMR s 10%
Impacts of AMR 7 %
Pressure and/or state of AMR and impacts of AMR 5 %
Not known 1 %
Mainstrategy Conservation (reducefimprove AMU) 20 26%
Conservation and surveillance and/or other 17 2%
Surveillance 2 16%
Conservation and containment (reduction of AMR spread) or IPC 2 16%
Conservation or surveilance and other 10 13%
Other 6 &%
Level of implementation National ) a9
Sub-national or Regional 27 3%
Inter-regional diferent countres in the same area) 6 %
Local 4 %
International (Global) 2 %
Bio-ccologicalscale Type of microorganism Bacteria a 3%
Nospecific B %
Bacteria and Fungi 3 %
Assessment Assessment of the intervention | In progress 3 s1%
Not-evaluated 2 7%
Baluated 7 2%
Subjectve evaluation Positive 7 4%
Neutral Not sure 3 %
No 2 %
AMR, robial resistance; AMU, antimicrobial use; incl, includes; IPC, Infection prevention and control; OH, ‘One Health.

Bolded values indicate number of interventions among the total 77 interventions.
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Antimicrobial No. of No. of Kappa p-value  Antimicrobial class No. of No. of genomes Kappa P-value

class phenotypically genomes phenotypically  positive for at least a
resistant isolates positive for at resistant isolates resistant gene/
leasta mutation*
resistant gene/
mutation*

Aminoglycosides Folate Pathway Inhibitors
Gentamycin 5 B 015 0,06 Sulphonamides 2 2 078 <001
flactams Trimethoprim 10 8 0,40 <0,01
Ampicillin 2% 2 079 <001 Phenicols
Cefotaxime 2 21 004 0,498 Chloramphenicol 7 8 078 <001
Fluoroquinolones Tetracyclines
Ciprofloxacin 2 53 035 <001 Tetracycline B 31 0,64 <001
Nalidixic acid 17 53 037 <001 Macrolides and ketolides

Adithromycin 1 2 0.6 003

“For statstical purposes, the sum of ARGs conferring resistance t0: specific antimicrobial compound was used to calculate the Kappa value. Ceftazidime, meropenem and tigecycline results are not reported since there were no phenotypicall resistant isolates to these
in was not reported since there were no antimicrobial resistance genes.
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IncEl 1
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IncHI2A 2
Incl1-I(Alpha) 3
IneN 4
IncQl 12
IncX1 8
IncX4 1

IncY 1
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Antimicrobial ARG name®  Number of genomic

class sequences positive for
the ARG*
aadal 1
aadA2 s
aph(3)1b (trA) 1
aph(6)-1d (strB) 19
aph3)ia s
aac(3)d 2
Aminoglycosides aadAs 1
a3V 1
aphte)ia 1
ant(3*)la 2
awe(3)1d 1
aadA7 1
an(z)la 1
[T, 1
blarss 16
blacuss: 2
Hlactams
blacxso 1
blacrxous 1
[ 1
caral 3
Phenicol
ok 6
QA (583Y) 3
ParC (1575) 3
QA (DS7N) 3
QA (087Y) 1
(Fluoro)quinolones QA (5839 B
A8 4
qub19 s
quD1 2
qurst 1
sult u
Sulphonamides
sut2 13
Al 1
a2 1
“Trimethoprim
a7 1
A s
Lincosamides and G !
macrolides mpha '
teta 15
e u
Tetracyclines
G 2
e 2
Fosfomyin Josa7 1

‘Chromosomal point mutations conferring resistance to antimicrobials are reported in
brackets. *Some genomic sequences contained more than one ARG, conferring resistance to
the same antimicrobial class.





