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Background: Despite the rapid spread of extended-spectrum beta-lactamase (ESBL) producing-Enterobacterales (ESBL-E) and carbapenemase-producing Enterobacterales (CPE), little is known about the extent of their prevalence in the Greater Mekong Subregion (GMS). In this systematic review, we aimed to determine the epidemiology of ESBL-E and CPE in clinically significant Enterobacterales: Escherichia coli and Klebsiella pneumoniae from the GMS (comprising of Cambodia, Laos, Myanmar, Thailand, Vietnam and Yunnan province and Guangxi Zhuang region of China).

Methods: Following a list of search terms adapted to subject headings, we systematically searched databases: Medline, EMBASE, Scopus and Web of Science for articles published on and before October 20th, 2020. The search string consisted of the bacterial names, methods involved in detecting drug-resistance phenotype and genotype, GMS countries, and ESBL and carbapenemase detection as the outcomes. Meta-analyses of the association between the isolation of ESBL from human clinical and non-clinical specimens were performed using the “METAN” function in STATA 14.

Results: One hundred and thirty-nine studies were included from a total of 1,513 identified studies. Despite the heterogeneity in study methods, analyzing the prevalence proportions on log-linear model scale for ESBL producing-E. coli showed a trend that increased by 13.2% (95%CI: 6.1–20.2) in clinical blood specimens, 8.1% (95%CI: 1.7–14.4) in all clinical specimens and 17.7% (95%CI: 4.9–30.4) increase in carriage specimens. Under the log-linear model assumption, no significant trend over time was found for ESBL producing K. pneumoniae and ESBL-E specimens. CPE was reported in clinical studies and carriage studies past 2010, however a trend could not be determined because of the small dataset. Twelve studies were included in the meta-analysis of risk factors associated with isolation of ESBL. Recent antibiotic exposure was the most studied variable and showed a significant positive association with ESBL-E isolation (pooled OR: 2.9, 95%CI: 2.3–3.8) followed by chronic kidney disease (pooled OR: 4.7, 95%CI: 1.8–11.9), and other co-morbidities (pooled OR: 1.6, 95%CI: 1.2–2.9).

Conclusion: Data from GMS is heterogeneous with significant data-gaps, especially in community settings from Laos, Myanmar, Cambodia and Yunnan and Guangxi provinces of China. Collaborative work standardizing the methodology of studies will aid in better monitoring, surveillance and evaluation of interventions across the GMS.
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INTRODUCTION

Infections caused by extended-spectrum beta-lactamase (ESBL) producing Enterobacterales (ESBL-E) and carbapenemase-producing Enterobacterales (CPE) and their carriage in healthy individuals has been on the rise over the past two decades in Asia, including the Greater Mekong Sub-region (GMS) (Hsu et al., 2017; Chong et al., 2018). The GMS is a trans-national region comprising countries and territories in the Mekong river basin: Cambodia, Laos, Vietnam, Thailand, and the Yunnan province and Guangxi Zhuang autonomous region of China (Chheang, 2010; Figure 1). The GMS stretches over 2.6 million square kilometers and has a combined population of more than 340 million.1 The shared ecological system of GMS nations has led to overlapping health issues, especially high incidence of communicable diseases and drug resistance organisms. The GMS nations also share similar health system problems resulting from limited health investments and workforce. The GMS has undergone remarkable changes in its demographics, industrial growth and ecology (Wu et al., 2020). The region’s rapid demographic and economic expansion has put pressure on farmers facing land scarcity to intensify food production and supply by using pesticides and feed supplemented with antibiotics (Stern, 1998; Richter et al., 2015). Furthermore, much of the food in GMS comes from an integrated agriculture-aquaculture system where humans, vegetable/grain farms, livestock, and aquaculture ponds are in close proximity, which eases horizontal antibiotic-resistant gene (ARG) transfer (Zellweger et al., 2017). ARG transfer is also potentially exacerbated by lack of sanitation and adequate sewerage in low-middle income countries (LMICs) in GMS, leading to contamination of water sources and its spread (Graham et al., 2019). Furthermore, unregulated sale of antibiotics, self-medication and inappropriate prescribing of broad-spectrum antibiotics may have driven emergence of ESBL-E and CPE due to selective pressure (Om et al., 2017; Suy et al., 2019; Minh et al., 2020).
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FIGURE 1. Greater Mekong Subregion (GMS) map.


Production of ESBL and carbapenemase enzymes that hydrolyze antimicrobials is one of the most common and important mechanisms causing drug-resistance in Enterobacterales (van Hoek et al., 2011; Ruppé et al., 2015). ESBL-E can also colonize healthy individuals in the community and serve as the major reservoir for its spread (van Duin and Paterson, 2016). Surveillance of community-acquired infections has reported a widespread ESBL-mediated resistance and has shown an increasing trend for 10 years (Kanoksil et al., 2013; Fox-Lewis et al., 2018; Chang et al., 2020). Furthermore, CPE initially found in hospital settings has also been detected in carriage studies across Cambodian communities which is alarming as carbapenem is reserved as the drug of choice for severe resistant infections.

Majority studies and surveillance across provincial hospitals in individual GMS countries commonly test the phenotypic resistance (Corona and Martinez, 2013) to third-generation cephalosporins (3GC) and carbapenems (Lim et al., 2016; Fox-Lewis et al., 2018; Vu et al., 2019). Review studies conducted on Southeast Asian (SEA) articles have reported increased multidrug-resistance in Gram-negative bacteria, specifically ESBL and carbapenem resistance in Enterobacterales (Suwantarat and Carroll, 2016; Hsu et al., 2017). However, to address the increasing antimicrobial resistance (AMR) in the GMS, it is essential to attain an overview of existing evidence for directing future programs and policies, especially for monitoring and surveillance purposes. The genes encoding these enzymes are frequently found on mobile genetic elements such as plasmids and transposons that can facilitate horizontal transmission of resistance between Enterobacterales (van Hoek et al., 2011; Pierce et al., 2017). ESBLs type blaCTX–M has been increasingly isolated after spread of the epidemic Escherichia coli ST131 lineage in SEA (Dunn et al., 2019). A study on SEA Klebsiella pneumoniae isolates also reported high rates of AMR genes highlighting the importance of genomics-based surveillance that can help standardize data for comparison between sites and identify national and regional differences (Wyres et al., 2020). Characterization of resistance mechanisms is helpful not only for clinical management, but also for tackling their spread. Furthermore, infection with ESBL-E and CPE are speculated to stem from its asymptomatic carriage in an individual’s digestive tract which has been indicated to the main reservoir from which ESBLs are derived (Tseng et al., 2018). Hence, attaining an overview of existing evidence is necessary for directing future programs and policies, especially for monitoring and surveillance. This study aimed to review ESBL-E and CPE epidemiology, their genes in both nosocomial and community settings, the diagnostic methods used in surveillance, and the risk factors associated with their isolation in GMS.



MATERIALS AND METHODS

This review study was structured following the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement (Moher et al., 2011). The study was also registered with the International Prospective Register of Systematic Reviews [PROSPERO registration number: (CRD42021239409)]. Electronic databases of Medline, Embase, Scopus and Web of Science were searched using text, index, thesaurus terms for articles published on and before October 20, 2020. Relevant articles, including pre-print articles identified by snowballing, but published before March 31, 2021, were also included in the review (Vedula et al., 2011). Consistent search terms and structure were applied across these databases containing the terms specific to multidrug-resistant organisms, including ESBL-E and CPE, as presented in Table 1.


TABLE 1. List of search terms.

[image: Table 1]
We included studies that had collected samples from both clinical infections (clinical studies) as well as healthy individuals or hospital patients (carriage studies) and tested the samples for either ESBLs or carbapenemases in Enterobacterales, Escherichia coli (Ec) or Klebsiella pneumoniae (Kp) using either phenotypic or genotypic methods. For the prevalence of ESBLs and carbapenemases, percent of isolates detected from the given sample size were reported if the collection date and place were specified and the number of isolates was higher than 30 which is the minimum number recommended by CLSI for reporting collections of isolates (M39, 2014). Studies reporting prevalence in surveillance reports and observational studies (cross-sectional and cohort studies) were included. For cohort studies that tested the acquisition of ESBLs and carbapenemases at hospital sites, we only extracted the prevalence proportion from the specimens collected at the first time-point. Incidence rates of ESBL-E, ESBL-Ec, ESBL-Kp or CPE, CP-Ec, CP-Kp were not converted to prevalence proportion if we did not have the required information (King et al., 2014). Case-control studies were only included to extract the risk factors associated with ESBL and carbapenemase detection and not for prevalence.

Selected articles were checked for additional references missed in the initial screening of databases. English and Mandarin language studies were included in the review. Studies on only animals and environmental sites with no analysis of human samples were excluded. Two independent reviewers (SS and AT) screened the titles and abstracts, followed by full-text for the inclusion of articles in this review based on the inclusion-exclusion criteria. Interrater agreements for the screening between reviewers were high (Cohen’s kappa = 0.84). Disagreements on the inclusion of studies were discussed and resolved between reviewers.

Data from all included studies were extracted by two authors (SS and AT) in a Microsoft Excel worksheet. Study quality for observational studies reporting risk factors associated with ESBL-E or CPE isolation were assessed based on the Newcastle-Ottawa scale (Stang, 2010) independently. Data variables from individual papers included the study design, time of sample collection, country/region, participant information (clinical or carriage), sample, size, setting (community or hospital), site of sample collection (blood, urine, and all clinical specimens including stool, intra-abdominal, tracheal aspirate, wound exudate or when not specified), details of microbiological and statistical analysis among other data variables. Effect sizes (unadjusted and adjusted odds ratio) were extracted from individual studies for meta-analysis of risk factors associated with ESBL-E and CPE.

Prevalence proportions of positive ESBL and carbapenemase from the total sample size were extracted and segregated based on the participants, i.e., clinical infections or healthy individuals/hospital inpatients tested for carriage and were compiled based on the time, setting, sampling site, age of participant, place. The articles were further summarized for individual countries in the GMS. We compared the observed ESBL prevalence proportion separately for E, Ec, and Kp isolated from clinical and carriage specimens reported in the studies over time and across geographical regions. Clinical specimens were further classified as blood, urine and all clinical samples. The ESBL prevalence proportions for E, Ec, and Kp were analyzed for time trend using a log-linear model to estimate the proportion change over time (Karanika et al., 2016). For plotting on the graph, the first year of study was considered as the index year and included for studies that extended over 1 year. Similarly, for studies that extended over 2 years, the year that coincided with the mid-timepoint was designated as the index year. Studies reporting an average prevalence proportion for samples collected over the course of 5 years or more were excluded from the plot and trend test. For data sets at two different time points, prevalence proportion of latest data points were included in the plot. Besides, we pooled adjusted odds ratios and 95% confidence intervals of risk factors for each meta-analysis if data were available in two or more studies. Study heterogeneities were quantified using Chi-square statistics Q and I2. Due to the small number of studies analyzed and the potential biases it could have on the estimation of heterogeneities (von Hippel, 2015), we conducted all meta-analyses using both fixed and random-effects models. In the main paper, we incorporated heterogeneities among studies (I2 > 40%) into the DerSimonian-Laird random-effects model (Higgins et al., 2019). A Mantel–Haenszel fixed-effects model was presented for meta-analyses with minimal variations (I2 ≤ 40%) between studies. Meta-analyses of the association between the isolation of ESBL from clinical and non-clinical specimens and (1) previous antibiotics use, and (2) the presence of co-morbidities were performed using the “METAN” function in STATA 14 (StataCorp LP, College Station, TX, United States) (Harris et al., 2008).



RESULTS

The screening flowchart, along with the number of studies, is presented according to PRISMA guidelines in Figure 2. Running the search string through databases yielded 1,513 studies, and after excluding 708 duplicate studies, 805 studies were screened for titles and abstracts. Three pre-print studies that fit the inclusion criteria but were published post the search date were included in the review (Singh et al., 2020; Aung et al., 2021; San et al., 2021). A total of 139 articles were included in the final review, with a subset of 12 studies analyzed for meta-analysis that specifically presented risk factors associated with isolation of ESBL-E and ESBL-Ec from either clinical or non-clinical (carriage) samples. Studies that reported only antibiotic susceptibility of isolates to third-generation cephalosporins or individual carbapenems (imipenem/meropenem) were excluded from this study (Vu et al., 2019).
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FIGURE 2. Preferred reporting items for systematic reviews and meta-analysis (PRISMA) chart displaying flow-chart of study screening and selection.


The majority of studies in this review were conducted in Thailand (n = 80), followed by Vietnam (n = 34). Comparatively, fewer ESBL and CPE detection studies were conducted in Cambodia (n = 14), Myanmar (8), Laos (n = 3) and Yunnan and Guangxi province of China (n = 3). The carriage rates were reported as proportion of positive isolates of Ec, Kp or Enterobacterales (when specified as Enterobacteriaceae or Enterobacterales in the study).

A total of 42 studies reported ESBL-Ec clinical isolates of which 64% (n = 27) were collected from a tertiary hospital setting (Supplementary Table S1). Phenotypic ESBL was detecting by double disk synergy test, MIC-E test method and VITEK-2 in isolation or combination in all studies whereas carbapenemase was detected using Modified Hodge test or mCIM method (Pierce et al., 2017; CLSI, 2020). Of the total 73 studies that reported genotype, PCR (n = 52) was the most common method of detection, followed by WGS (16) and combination of both (n = 5) (data not shown). Applying the log-linear model over the prevalence proportion observed in the past two decades, the annual prevalence of ESBL-Ec increased by 13.2% [95% CI: (6.1–20.2), p = 0.003] in clinical blood samples and 8.1% [95% CI:(1.7–14.4), p = 0.019] in all clinical samples (Figure 3), whereas no significant trend was observed for ESBL-Kp (Figure 4) and ESBL-E specimens (Figure 5). The annual ESBL-Ec prevalence in carriage samples also increased by 17.7% [95% CI: (5.0–30.4), p = 0.015] (Figure 6). The details of individual studies, place, specimen site, sample size and prevalence proportion of ESBL-Ec, ESBL-Kp, and ESBL-E in clinical and carriage specimens are given in Supplementary Tables S1–S3, and Supplementary Tables S4–S6, respectively.
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FIGURE 3. Clinical ESBL-Ec prevalence proportion in GMS. Observed ESBL prevalences, presented as proportions, of Ec isolated from clinical—blood, urine, all—specimens in the Greater Mekong Subregion over time and across geographical regions. The smallest unit of geographical regions considered, demarcated by white lines on the map, is the first-order administrative units or provinces. The size of the points corresponds to the sample size of the studies, and broken rings represent studies that do not report a sample size. Darker points and regions indicate a higher prevalence of ESBL Ec, and province with no observed data are shaded gray. If multiple studies were available for a province, the highest value is presented. For studies across multiple provinces, the ESBL Ec overall prevalences are presented for all the named provinces.
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FIGURE 4. Clinical ESBL Kp prevalence proportion in GMS. Observed ESBL prevalences, presented as proportions, of Kp isolated from clinical—blood, urine, all—specimens in the Greater Mekong Subregion over time and across geographical regions. The smallest unit of geographical regions considered, demarcated by white lines on the map, is the first-order administrative units or provinces. The size of the points corresponds to the sample size of the studies, and broken rings represent studies that do not report a sample size. Darker points and regions indicate a higher prevalence of ESBL-Kp, and province with no observed data are shaded gray. If multiple studies were available for a province, the highest value is presented. For studies across multiple provinces, the ESBL Kp overall prevalences are presented for all the named provinces.
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FIGURE 5. Clinical ESBL-E prevalence proportion in GMS. Observed ESBL prevalences, presented as proportions, of Enterobacterales isolated from clinical—blood specimens in the Greater Mekong Subregion over time and across geographical regions. The smallest unit of geographical regions considered, demarcated by white lines on the map, is the first-order administrative units or provinces. The size of the points corresponds to the sample size of the studies, and broken rings represent studies that do not report a sample size. Darker points and regions indicate a higher prevalence of ESBL E, and province with no observed data are shaded gray. If multiple studies were available for a province, the highest value is presented. For studies across multiple provinces, the ESBL E overall prevalences are presented for all the named provinces.
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FIGURE 6. Carriage ESBL-E, Ec, and Kp prevalence proportion in GMS. Observed ESBL prevalences, presented as proportions, of E, Ec, and Kp isolated from stool or rectal swab specimens in the Greater Mekong Subregion over time and across geographical regions. The smallest unit of geographical regions considered, demarcated by white lines on the map, is the first-order administrative units or provinces. The size of the points corresponds to the sample size of the studies, and broken rings represent studies that do not report a sample size. Darker points and regions indicate a higher prevalence of ESBL Ec, and province with no observed data are shaded gray. If multiple studies were available for a province, the highest value is presented. For studies across multiple provinces, the ESBL-E, Ec, and Kp overall prevalences are presented for all the named provinces.



Thailand

Thailand contributed to the majority data from GMS, with a total of 77 studies included in this review that reported on ESBL-E or CPE or both. Surveillance of ESBL-E and CPE has been conducted in almost all individual states and regions of Thailand as presented in Figure 2.

Carriage studies conducted on healthy individuals from community settings or patients in hospital settings (but non-clinical specimens) are presented in Figure 3. Carriage rates of ESBL-Ec varied based on region and year of specimen collection. A study conducted in Kanchanaburi province (Sasaki et al., 2010; Luvsansharav et al., 2011) and populations (farmers) (Boonyasiri et al., 2014) had higher proportions of ESBL-Ec carriage (ranging from 53.6 to 75.5%) compared with other areas and populations (Supplementary Table S1), but statistical significance is uncertain owing to heterogeneity of studies. CP-Ec carriage has not been reported in any of the carriage studies conducted in Thailand.

A similar trend was observed for ESBL-Ec carriage rates in the Thailand community, with very low carriage rates observed in early 2,000 to high ESBL-Ec (>50%) in the 2010s. Only four studies reported K. pneumoniae carriage with a maximum prevalence rate of 19.4% reported from Phitsanulok in a 2014–2015 study (Kiddee et al., 2019). The same study reported a 3.3% carriage of CP-Kp in its sample.

Previous genotypic studies from Thailand showed the dominance of blaTEM and blaSHV, however, in recent studies, blaCTX–M was found more commonly. The major ESBL genes found in ESBL-Ec isolates were blaCTX–M (predominant subtypes –14, –15, 55) followed by blaTEM–1, blaSHV–12, blaVEB–1 and blaOXA–10. Major carbapenemase genes reported were blaNDM–1, blaOXA–48, blaIMP–14 and blaKPC(–13, –2). It is interesting to note that blaKPC genes commonly detected in Kp, was also found in Ec. The detailed list of the reported genes from each country in the GMS is presented in Supplementary Tables S7–S9.



Vietnam

Vietnam produced the second highest number of studies following Thailand. The majority of the clinical surveillance and cross-sectional studies were conducted in the largest cities Hanoi and Ho Chi Minh city. The majority of clinical specimens comprised of blood, urine, intra-abdominal samples. The ESBL-Ec isolation proportion ranged from approximately 35% in the 2000s (Hawser et al., 2009; Huang et al., 2012) to approximately 50–60% in 2010s (Biedenbach et al., 2014; Nga et al., 2014; Chang et al., 2017; Dat et al., 2017; Hoang T. A. V et al., 2017). ESBL-Kp prevalence in clinical samples (blood, intra-abdominal and all other samples) ranged between 0% in 2004 (Jones et al., 2006) and 39.5% in 2009–2011 (Biedenbach et al., 2014). Carbapenemase prevalence in K. pneumoniae was reported to be 2.3% (Biedenbach et al., 2014).

Prevalence of ESBL-Ec carriage in non-clinical specimens ranged from 9.7% in healthy adults with no history of antibiotic consumption in the previous 3 months (Hoang P. H. et al., 2017) to approximately 83% in urban children from Ho Chi Minh City (Thi Quynh Nhi et al., 2018), and in farmers from Thai Binh province (Kawahara et al., 2019). The studies with the highest prevalence proportion were conducted between 2013 and 2016. A study screening patients from the urology department in a tertiary hospital in Hanoi reported that 4.85% of samples were positive for CPE (Tran et al., 2015). None of the Vietnamese studies reported ESBL-Kp carriage in healthy individuals.

Majority of the ESBL-E genes came from the blaCTX–M family, specifically blaCTX–M–15, blaCTX–M–55, blaCTX–M–27 followed by blaTEM,–1, blaSHV–12. The most common carbapenemase genes were blaNDM–1, followed by blaKPC–2, blaNDM–4 and blaOXA–48. It is important to note that blaKPC was detected in both Ec and Kp, similar to Thailand studies.



Cambodia

All the clinical studies and most of the carriage studies from Cambodia were conducted in either Phnom Penh or Siem Reap. The clinical studies that reported ESBL-E evaluated samples from wound (Hout et al., 2015), urine (Ruppé et al., 2009; Moore et al., 2016), blood (Vlieghe et al., 2013), and other samples (Caron et al., 2018). The clinical studies conducted between 2010 and 2015 reported ESBL proportions that ranged from 33.7% (Caron et al., 2018) to 47.7% (Vlieghe et al., 2013). Among carriage studies, a longitudinal study reported 56.3% patients (n = 161/286) admitted to neonatal intensive care unit (NICU) colonized by more than 1 third-generation cephalosporin resistance (3GCR) species. Of these 3GCR isolates (n = 573), ESBL-Ec was detected from 96.9% isolates and ESBL-Kp was detected from 98.5% of the isolates (Turner et al., 2016). A study conducted in 2019 reported ESBL carriage rates of 92.8% in E. coli and 44.1% in K. pneumoniae isolated from healthy individuals in the community, which showed a sharp increase compared to previous studies (Singh et al., 2020). The same study also reported a CPE prevalence of 2.1% in the sample size of 290 stool samples.

Major genes identified from ESBL-Ec were blaCTX–M–14, blaCTX–M–15, and blaCTX–M–55. The two studies reporting CPE from samples collected in 2011 (Atterby et al., 2019) and 2015–2016 (Nadimpalli et al., 2019) identified blaOXA–48 and blaNDM–5, and blaOXA–181, respectively. Details of all ESBL and carbapenemase genes isolated from Cambodia is reported in Supplementary Tables S1–S3.



Laos

A total of three studies from Laos were included. The study conducted on ESBL-Ec and ESBL-Kp prevalence was conducted in Vientiane in a tertiary hospital setting and reported a prevalence rate of 20% (Chang et al., 2020). The same study reported a fourfold increase in ESBL-Ec proportion from four (7.8%) cases in 2010 to 17 (34.7%) cases in 2014. Another study was conducted on healthy children attending a child-care facility in Vientiane and reported ESBL–E carriage of 23.2% (Stoesser et al., 2015). The ESBL genes found in E. coli in the study were blaCTX–M–14, blaCTX–M–35, blaCTX–M–15, blaCTX–M–27, blaCTX–M–64, blaCTX–M–24, blaCTX–M–101. In K. pneumoniae, the genes isolated from the study were blaCTX–M–14 and blaSHV–2a. The only study evaluating carbapenemase presence in Laotian E. coli isolates found blaNDM like genes (Cusack et al., 2019).



Myanmar

A total of six studies were included from Myanmar. All the studies were conducted in tertiary hospital settings in Yangon. The studies reported the prevalence of ESBL-Ec and ESBL-Kp to be 36.9% (Aung et al., 2018) and 33.5% (Aung et al., 2021), respectively. Carbapenemase genes were detected in the same studies, with prevalence rates of CP-Ec and CPE-Kp reported to be 8.2 and 7.3%, respectively. Furthermore, a study conducted on septicemic patients reported a CPE prevalence rate of 14% (Myat et al., 2020).

The major genes isolated from the ESBL-Ec included blaCTX–M–15, blaCTX–M–14, blaCTX–M–55, blaCTX–M–27, and major carbapenemase genes found in E. coli were blaNDM–5, blaNDM–7, blaNDM–1 and blaOXA–181. The only study on ESBL and CPE genes in K. pneumoniae reported blaCTX–M–1 and blaCTX–M–9 groups, blaSHV–27 and blaNDM–5, blaNDM–7, and blaNDM–1 (Aung et al., 2021).



China

A total of two studies were included from the Yunnan province and Guangxi Zhuang autonomous region of China. The only prevalence study from clinical specimens that fit our inclusion criteria reported ESBL-Ec prevalence of 48.4% and was conducted in Dali Bai, Yunnan (Zhao et al., 2014). The ESBL-Ec found in these studies were blaCTX–M–1 and blaCTX–M–9 groups. blaTEM–1 and blaSHV–1 (Zhao et al., 2014; Zheng et al., 2016). The two carbapenemase genes found in the clinical samples were blaNDM–1, blaIMP–4 (Zheng et al., 2016).




RISK FACTORS ASSOCIATED WITH EXTENDED-SPECTRUM BETA-LACTAMASE AND CARBAPENEMASE ISOLATION

Moderate to substantial heterogeneities existed for studies that reported previous antibiotic (Q = 6.0, p = 0.11, I2 = 49.8%) and specifically fluoroquinolone use (Q = 3.5, p = 0.06, I2 = 71.1%) as presented in Figure 7. The combined analysis of eligible studies indicated that previous antibiotic use was a significant risk factor associated with the isolation of ESBL-Ec and CP-Ec [pooled odds ratio (OR): 5.4, 95% CI: 2.4–12.01], as well as other ESBL-E and CPE (pooled OR:2.9, 95%CI: 2.26–3.80) in the GMS. Presence of comorbidities (pooled OR:1.6, 95%CI: 1.2–2.2) and chronic kidney disease (pooled OR:4.7, 95%CI: 1.8–12.0) were also associated with the isolation of ESBL-E as presented in Figure 7. The forest plot based on random-effects model for ESBL-E is presented in Supplementary Figures S1, S2 and fixed-effects model for ESBL-Ec is presented in Supplementary Figure S3. A study conducted in neonates in an NGO hospital in Siem Reap reported hospital birth to be a statistically significant risk factor on multivariable analysis (aOR: 3.0, 95%CI: 1.7–5.4), while probiotic treatment appeared to be protective (Hazards ratio: 0.58, 95%CI: 0.35–0.98) (Turner et al., 2016).
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FIGURE 7. Forest plot of the risks factor associated with ESBL Enterobacterales. Carriage studies. Forest plots from the fixed-effects meta-analyses of studies showing the individual and pooled odds ratios for the association between (1) presence of comorbidities (top), (2) chronic kidney disease (mid), and (3) previous antibiotics use (bottom) and the isolation of Enterobacteriaceae (ESBL-E and CPE) from clinical and non-clinical specimens. The gray shaded box on the individual point estimates represents the relative weight of each individual study contributes to the pooled effect.


Other statistically significant risk factors not included in the meta-analyses due to insufficient studies, were malignancy [adjusted OR (aOR): 3.1, 95%CI: 1.1–9.3] (Musikatavorn et al., 2011), prolonged admission to hospital (aOR: 3.1, 95%CI: 1.9–5.0) (Chaiwarith et al., 2008; Pornsinchai et al., 2015), and previous healthcare visit (aOR: 3.0, 95%CI: 1.7–5.7) (Pornsinchai et al., 2015; Turner et al., 2016). Other environmental and dietary factors that were significantly associated with ESBL-E isolation in travelers were travel history to Southeast Asia (specifically CTX-M -1 and -9 groups) (aOR: 4.3, 95%CI: 1.8–10.3) (Barreto Miranda et al., 2016), and consumption of undercooked meat (aOR: 2.1, 95%CI: 1.3–3.5) (Niumsup et al., 2018). Two studies were identified that reported the risk factors of carbapenem-resistant Enterobacterale (CRE) and CPE in hospitalized patients. A study conducted in 12 Vietnam hospitals identified healthcare-associated Infection (HAI) (aOR: 1.7, 95%CI: 1.2–2.6) and recent carbapenem use (aOR:1.8, 95%CI: 1.2–2.7) to be the risk factors associated with CRE. Another study reported independent predictors of carbapenemase in ertapenem-non-susceptible Enterobacterales isolated from intra-abdominal infections viz. positivity of the ESBL encoding allele(s) by PCR test (aOR: 11.5, 95%CI: 2.8–47.1) and sample cultured from the peritoneal space (tissue, abscess) (aOR: 3.3, 95%CI: 1.4–7.9) (Jean et al., 2018).

Factors that were significantly associated with ESBL-Ec isolation (Figure 8) other than the risk factors for ESBL-E included environmental risk factors of staying in a rural region (aOR: 2.04, 95%CI: 1.3–3.2) as reported in a Vietnamese study (Trung et al., 2019). A study conducted among urban Vietnamese children also reported an inverse association with blaCTX–M gene carriage in older children (aOR: 0.97, 95%CI: 0.94–0.99) for each additional year (Thi Quynh Nhi et al., 2018).


[image: image]

FIGURE 8. Forest plot for previous antibiotics consumption as a risk factor associated with ESBL-E. coli. Carriage studies. Forest plots from the random-effects meta-analyses of studies showing the individual and pooled odds ratios for the association between (1) previous fluroquinolone use (top half) and (2) previous antibiotics use (bottom half) and the isolation of E. coli (ESBL-Ec) from clinical and non-clinical specimens. The gray shaded box on the individual point estimates represents the relative weight of each individual study contributes to the pooled effect.




DISCUSSION

This review highlighted the stark data gaps in ESBL and carbapenemase, especially from Laos, Myanmar and Cambodia in the GMS. The majority of ESBL and carbapenemase studies in these GMS countries were conducted on clinical samples obtained in tertiary hospitals from major cities (Yangon for Myanmar, Vientiane for Laos, Phnom Penh and Siem Reap for Cambodia). There was a dearth of studies from community settings in Myanmar, Yunnan and Guangxi provinces of China, highlighting the significant gap compared to Thailand and Vietnam, which had comparatively more provincial studies. The concentration of studies in hospital settings gives us minimal idea about ESBL and CPEs carriage in communities and other non-urban and rural settings. Thailand is the most researched nation and the only upper-middle-income country in GMS with a robust public health set-up and surveillance systems. The second most researched country in GMS is Vietnam. However, the heterogeneous study designs and sampling strategy makes data comparison difficult. Nevertheless, recent advances in next-generation sequencing have helped identify the common genes and sequence types from GMS, which will be beneficial in keeping track of drug-resistant mechanism in Enterobacterales (Holt et al., 2015; Matsumura et al., 2016).

Our analysis has reported an increasing trend for ESBL detection in clinical (8.1% each year) and carriage Ec isolates (17.7% each year) and that with the current high prevalence proves that ESBL is widespread and dominant in the both nosocomial and community settings. Although, we did not find any significant trend for ESBL detection in either Enterobacterales or Kp isolates, a rising trend cannot be ruled out unless we have a more consistent and homogenous data set from individual GMS nations. We also could not analyze the trend for carbapenemase given the small and uneven dataset. A meta-analysis on Carbapenem-resistant Kp had reported a high (>5%) prevalence proportion in Thailand and Vietnam and low (<1%) in Cambodia (Malchione et al., 2019). However, a study from Myanmar published in 2019 reported a high (7.3%) CPE prevalence in clinical isolates (Aung et al., 2018). Thus, accounting for missing data is essential as GMS nations except Thailand and Vietnam have fewer data points to inform prevalence proportion for the nation. Furthermore, majority of microbiology data comes from tertiary hospital settings, and it is impossible to generalize either high or low prevalence for the whole nation based on limited information.

Previous domination of ESBL type blaTEM and blaSHV in Thailand studies have been increasingly replaced by blaCTX–M, which has become endemic in both Ec and Kp (clinical and carriage) specimens in the entire GMS. We found blaCTX–M–15 and blaCTX–M–14 (followed by blaCTX–M–27) as the dominant ESBL genes in the GMS similar to other regions in the world (Bevan et al., 2017). Genotypes blaCTX–M–15 and blaCTX–M–14 have successfully displaced other ESBL genes (blaCTX–M–1 and others) perhaps owing to their stable maintenance in commensal Ec within humans and animal gastro-intenstinal tract and have resulted in a consistently upward carriage trend all over the world including GMS (Karanika et al., 2016). Carbapenemase has also been increasingly detected from both clinical and carriage specimens with blaNDM being the most commonly detected genotype, followed by blaOXA The major carbapenemase found in GMS were blaNDM genes similar to South Asia and other SEA nations (Hsu et al., 2017). The other most commonly reported carbapenemase was blaOXA–48 like genes followed by blaIMP, blaVIM and blaKPC. It is interesting to note that blaKPC were detected in both Ec and Kp from Vietnam and Thailand hinting at transfer of KPC mechanisms via mobile genetic elements from Kp to Ec (Ruppé et al., 2015).

Our study also found that ESBL isolation in both hospital as well as community settings is significantly associated with recent exposure to broad-spectrum antibiotics such as third-generation cephalosporin and fluoroquinolone similar to the risk factors reported by other recent systematic review and meta-analysis in carriage and infection studies (Karanika et al., 2016; Flokas et al., 2017; Larramendy et al., 2020). Another factor-chronic kidney disease is frequently associated with ESBL-E carriage, however, the disease has not been proven as a causative factor for ESBL-E carriage and further research is needed to explain this association (Kiddee et al., 2019). However, patients with chronic kidney disease often have history of frequent hospitalization and invasive procedures which have been the most common reported factors associated with ESBL-E infection (Flokas et al., 2017; Larramendy et al., 2020). Interestingly, western studies also reported international travel as one of the risk factors associated with ESBL isolation. AMR has multifactorial drivers and hence it is crucial to identify other risk factors from a one-health perspective that may be causing drug resistance (Chereau et al., 2017). Antibiotic use is largely unregulated in the rapidly developing and populated GMS (Klein et al., 2018), which may be one of the driving factors of increasing ESBL prevalence. We did not include antibiotic consumption patterns of the GMS nations in this review, nevertheless, correlating antibiotic consumption patterns with prevalence of ESBL-E and CPE is an important question warranting further research. Moreover, it is unwise to discount the environmental factors associated with a higher risk of ESBL spread, such as farming and household practices, as reported in Thai, Vietnamese and Cambodian studies from rural regions (Niumsup et al., 2018; Atterby et al., 2019; Trung et al., 2019; van Aartsen et al., 2019). A review study by Collignon et al. (2018) has reported that environmental and socioeconomic factors such as higher temperatures, ratio of private to public health expenditure and poor governance were positively correlated with AMR. GMS shares a common geography and social background, and thus, it is vital to have collaborative studies across the region that can produce a homogenous data set for assessment and comparison of ESBL and carbapenemase from the region. Also, Thailand and Vietnam serve as global hubs for recreational and medical tourism, and have been identified as possible exporters of novel ESBL and carbapenemase genes with the patients and travelers that visit the GMS (Tham et al., 2010; Barreto Miranda et al., 2016; Nakayama et al., 2018). It is interesting to note that few regional studies such as Study for Monitoring Antimicrobial Resistance Trends (SMART) with a standard methodology are a step in the right direction for comparison of data across nations (Hawser et al., 2009; Huang et al., 2012; Chang et al., 2017; Jean et al., 2018). Furthermore, uptake of software application such as AMASS (Antimicrobial resistance Surveillance system) that can analyze routine hospital microbiology laboratory data for generation of standardized surveillance reports will be useful in monitoring AMR in local settings (Lim et al., 2020). Upcoming projects of ACORN (A Clinically Oriented Antimicrobial Resistance Surveillance Network) study funded by Wellcome grant that focus on capturing patient outcomes and linking them with microbiology data within the current available resources seem promising and may help in informing treatment guidelines and providing comparable data for monitoring AMR burden and effectiveness of interventions (van Doorn et al., 2020).

This review study was focused on ESBL and carbapenemase enzymes and their phenotypic and genotypic detection. Hence, we have excluded studies that reported phenotypic 3GC or carbapenem resistance using antibiotic susceptibility tests, more commonly reported in provincial hospital, and thus missed these datasets from our review. There is considerable overlap between ESBL and carbapenemase-mediated resistance with phenotypic resistance (van Hoek et al., 2011). Thus, the stark gaps in ESBL and carbapenemase data availability cannot be extrapolated to absence of phenotypic resistance data, especially of third generation cephalosporins and carbapenems which have been published in previous systematic reviews conducted for SEA countries (Suwantarat and Carroll, 2016; Malchione et al., 2019). However, with the focus on GMS, the unavailability of data becomes more evident with even fewer studies in Laos, Myanmar and Yunnan and Guangxi provinces of China. Another limitation of this study is that we included published data including surveillance reports and cross-sectional studies which may not be consistent and inclusive of the internal nationwide surveillance reports mandated by individual countries in the GMS. GMS nations such as Laos and Vietnam do not grant public access to their surveillance data whereas the National Antimicrobial Resistance Surveillance Centre, Thailand (NARST) has been publishing surveillance data biannually for universal access (Chua et al., 2021). However, since our study did not capture any data points from NARST and it does not provide the exact surveillance information which can be accessed on NARST portal.2 Also, we did not actively search for official websites for Chinese surveillance data.

Poor antibiotic regulation and environmental factors have led to an unprecedented rise in ESBL, specifically ESBL-Ec isolation from clinical and carriage specimens. With rising resistance to beta-lactams, third-generation cephalosporins and fluoroquinolones, there will be increased demand for carbapenems, one of the last-line antibiotics, which may eventually drive an increase in CPE genes as has already been detected in specimens across the GMS. Thus, investing in collaborative research studies with standardization in diagnostic methods for detection of ESBL, carbapenemase and other antibiotic susceptibility testings exploring the risk factors associated with ESBL and carbapenemase isolation in hospital as well as community as well as strict surveillance and enforcement of infection-prevention and control measures, antibiotic regulations, and effective treatment strategies are needed to limit the rising prevalence of ESBL and Carbapenemase in GMS.



AUTHOR CONTRIBUTIONS

LH, SS, and AT contributed to conception and design of the study. SS and AT performed the database search, subsequent screening of articles for inclusion in the review, and extracted data from included articles for data analysis. AT, KP, and SS performed the statistical analysis and prepared the figures included in the systematic review. SS wrote the first draft of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This work was supported by the Infectious Disease Programme Unit, Saw Swee Hock School of Public Health (SSHSPH), National University of Singapore.



ACKNOWLEDGMENTS

We thank the National University of Singapore (NUS) senior librarian, Ms. Loh Mee Lan for her assistance in development of the search strings for individual databases.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.695027/full#supplementary-material


FOOTNOTES

1About the Greater Mekong Subregion. https://www.greatermekong.org/about (Accessed March 10, 2021).

2NARST, 2021. National Antimicrobial Resistant Surveillance Center, Thailand. http://narst.dmsc.moph.go.th/ (Accessed March 15, 2021).


REFERENCES

Atterby, C., Osbjer, K., Tepper, V., Rajala, E., Hernandez, J., Seng, S., et al. (2019). Carriage of carbapenemase- and extended-spectrum cephalosporinase-producing Escherichia coli and Klebsiella pneumoniae in humans and livestock in rural Cambodia; gender and age differences and detection of blaOXA-48 in humans. Zoonoses Public Health 66, 603–617. doi: 10.1111/zph.12612

Aung, M. S., San, N., Maw, W. W., San, T., Urushibara, N., Kawaguchiya, M., et al. (2018). Prevalence of extended-spectrum beta-lactamase and carbapenemase genes in clinical isolates of Escherichia coli in Myanmar: dominance of bla NDM-5 and emergence of bla OXA-181. Microb. Drug Resist. 24, 1333–1344. doi: 10.1089/mdr.2017.0387

Aung, M. S., Win, N. C., San, N., Hlaing, M. S., Myint, Y. Y., Thu, P. P., et al. (2021). Prevalence of extended-spectrum beta-lactamase/carbapenemase genes and quinolone-resistance determinants in klebsiella pneumoniae clinical isolates from respiratory infections in Myanmar. Microb. Drug Resist. 27, 36–43. doi: 10.1089/mdr.2019.0490

Barreto Miranda, I., Ignatius, R., Pfüller, R., Friedrich-Jänicke, B., Steiner, F., Paland, M., et al. (2016). High carriage rate of ESBL-producing Enterobacteriaceae at presentation and follow-up among travellers with gastrointestinal complaints returning from India and Southeast Asia. J. Travel Med. 23:tav024. doi: 10.1093/jtm/tav024

Bevan, E. R., Jones, A. M., and Hawkey, P. M. (2017). Global epidemiology of CTX-M β-lactamases: temporal and geographical shifts in genotype. J. Antimicrob. Chemother. 72, 2145–2155. doi: 10.1093/jac/dkx146

Biedenbach, D. J., Bouchillon, S. K., Hoban, D. J., Hackel, M., Phuong, D. M., Thang Nga, T. T., et al. (2014). Antimicrobial susceptibility and extended-spectrum beta-lactamase rates in aerobic gram-negative bacteria causing intra-abdominal infections in Vietnam: report from the study for monitoring antimicrobial resistance trends (SMART 2009–2011). Diagn. Microbiol. Infect. Dis. 79, 463–467. doi: 10.1016/j.diagmicrobio.2014.05.009

Boonyasiri, A., Tangkoskul, T., Seenama, C., Saiyarin, J., Tiengrim, S., and Thamlikitkul, V. (2014). Prevalence of antibiotic resistant bacteria in healthy adults, foods, food animals, and the environment in selected areas in Thailand. Pathog. Glob. Health 108, 235–245. doi: 10.1179/2047773214Y.0000000148

Caron, Y., Chheang, R., Puthea, N., Soda, M., Boyer, S., Tarantola, A., et al. (2018). Beta-lactam resistance among Enterobacteriaceae in Cambodia: the four-year itch. Int. J. Infect. Dis. 66, 74–79. doi: 10.1016/j.ijid.2017.10.025

Chaiwarith, R., Pasogpakdee, P., Salee, P., Kanjanaratanakorn, K., Sirisanthana, T., and Supparatpinyo, K. (2008). Risk factors for extended-spectrum β-lactamase-producing Klebsiella pneumoniae and Escherichia coli acquisition in a tertiary care teaching hospital in Thailand. J. Hosp. Infect. 71, 285–286. doi: 10.1016/j.jhin.2008.11.021

Chang, K., Rattanavong, S., Mayxay, M., Keoluangkhot, V., Davong, V., Vongsouvath, M., et al. (2020). Bacteremia caused by extended-spectrum beta-lactamase–producing Enterobacteriaceae in Vientiane, Lao PDR: a 5-year study. Am. J. Trop. Med. Hyg. 102, 1137–1143. doi: 10.4269/ajtmh.19-0304

Chang, Y.T., Coombs, G., Ling, T., Balaji, V., Rodrigues, C., Mikamo, H., et al. (2017). Epidemiology and trends in the antibiotic susceptibilities of gram-negative bacilli isolated from patients with intra-abdominal infections in the Asia-Pacific region, 2010–2013. Int. J. Antimicrob. Agents 49, 734–739. doi: 10.1016/j.ijantimicag.2017.01.030

Chereau, F., Opatowski, L., Tourdjman, M., and Vong, S. (2017). Risk assessment for antibiotic resistance in South East Asia. BMJ 358:j3393. doi: 10.1136/bmj.j3393

Chheang, V. (2010). Environmental and economic cooperation in the Mekong region. Asia Eur. J. 8, 359–368. doi: 10.1007/s10308-010-0272-9

Chong, Y., Shimoda, S., and Shimono, N. (2018). Current epidemiology, genetic evolution and clinical impact of extended-spectrum β-lactamase-producing Escherichia coli and Klebsiella pneumoniae. Infect. Genet. Evol. 61, 185–188. doi: 10.1016/j.meegid.2018.04.005

Chua, A. Q., Verma, M., Hsu, L. Y., and Legido-Quigley, H. (2021). An analysis of national action plans on antimicrobial resistance in Southeast Asia using a governance framework approach. Lancet Reg. Health West. Pac. 7:100084. doi: 10.1016/j.lanwpc.2020.100084

CLSI (2020). Performance Standards for Antimicrobial Susceptibility Testing. CLSI Document M100-S29. Wayne: Clinical and Laboratory Standards Institute.

Collignon, P., Beggs, J. J., Walsh, T. R., Gandra, S., and Laxminarayan, R. (2018). Anthropological and socioeconomic factors contributing to global antimicrobial resistance: a univariate and multivariable analysis. Lancet Planet. Health 2, e398–e405. doi: 10.1016/S2542-5196(18)30186-4

Corona, F., and Martinez, J. L. (2013). Phenotypic resistance to antibiotics. Antibiotics 2, 237–255.

Cusack, T.-P., Phimolsarnnousith, V., Duangmala, K., Phoumin, P., Turton, J., Hopkins, K. L., et al. (2019). Molecular characterization of carbapenem-resistant Escherichia coli and Acinetobacter baumannii in the lao people’s democratic republic. J. Antimicrob. Chemother. 74, 2810–2821. doi: 10.1093/jac/dkz234

Dat, V. Q., Vu, H. N., Nguyen, The H, Nguyen, H. T., Hoang, L. B., Vu Tien Viet, D., et al. (2017). Bacterial bloodstream infections in a tertiary infectious diseases hospital in Northern Vietnam: aetiology, drug resistance, and treatment outcome. BMC Infect. Dis. 17:493. doi: 10.1186/s12879-017-2582-7.

Dunn, S. J., Connor, C., and McNally, A. (2019). The evolution and transmission of multi-drug resistant Escherichia coli and Klebsiella pneumoniae: the complexity of clones and plasmids. Curr. Opin. Microbiol. 51, 51–56. doi: 10.1016/j.mib.2019.06.004

Flokas, M. E., Alevizakos, M., Shehadeh, F., Andreatos, N., and Mylonakis, E. (2017). Extended-spectrum β-lactamase-producing Enterobacteriaceae colonisation in long-term care facilities: a systematic review and meta-analysis. Int. J. Antimicrob. Agents 50, 649–656. doi: 10.1016/j.ijantimicag.2017.08.003

Fox-Lewis, A., Takata, J., Miliya, T., Lubell, Y., Soeng, S., Sar, P., et al. (2018). Antimicrobial resistance in invasive bacterial infections in hospitalized children, Cambodia, 2007-2016. Emerg. Infect. Dis. 24, 841–851. doi: 10.3201/eid2405.171830

Graham, D. W., Giesen, M. J., and Bunce, J. T. (2019). Strategic approach for prioritising local and regional sanitation interventions for reducing global antibiotic resistance. Water 11:27. doi: 10.3390/w11010027

Harris, R. J., Deeks, J. J., Altman, D. G., Bradburn, M. J., Harbord, R. M., and Sterne, J. A. (2008). Metan: fixed-and random-effects meta-analysis. Stata J. 8, 3–28. doi: 10.18632/oncotarget.23810

Hawser, S. P., Bouchillon, S. K., Hoban, D. J., Badal, R. E., Hsueh, P. R., and Paterson, D. L. (2009). Emergence of high levels of extended-spectrum-β-lactamase-producing gram-negative bacilli in the Asia-Pacific region: data from the study for monitoring antimicrobial resistance trends (SMART) program, 2007. Antimicrob. Agents Chemother. 53, 3280–3284. doi: 10.1128/AAC.00426-09

Higgins, J. P., Thomas, J., Chandler, J., Cumpston, M., Li, T., Page, M. J., et al. (2019). Cochrane Handbook for Systematic Reviews of Interventions. Chichester: John Wiley & Sons.

Hoang, T. A. V., Hoang, T. A. V., Nguyen, T. N. H., Nguyen, T. N. H., Ueda, S., Ueda, S., et al. (2017). Common findings of bla CTX-M-55-encoding 104–139 kbp plasmids harbored by extended-spectrum β-lactamase-producing Escherichia coli in pork meat, wholesale market workers, and patients with urinary tract infection in Vietnam. Curr. Microbiol. 74, 203–211. doi: 10.1007/s00284-016-1174-x

Hoang, P. H., Awasthi, S. P., Nguyen, P. D. O., Nguyen, N. L. H., Nguyen, D. T. A., Le, N. H., et al. (2017). Antimicrobial resistance profiles and molecular characterization of Escherichia coli strains isolated from healthy adults in Ho Chi Minh city, Vietnam. J. Vet. Med. Sci. 79, 479–485. doi: 10.1292/jvms.16-0639

Holt, K. E., Wertheim, H., Zadoks, R. N., Baker, S., Whitehouse, C. A., Dance, D., et al. (2015). Genomic analysis of diversity, population structure, virulence, and antimicrobial resistance in Klebsiella pneumoniae, an urgent threat to public health. Proc. Natl. Acad. Sci. U.S.A. 112, E3574–E3581. doi: 10.1073/pnas.1501049112

Hout, B., Oum, C., Men, P., Vanny, V., Supaprom, C., Heang, V., et al. (2015). Drug resistance in bacteria isolated from patients presenting with wounds at a non-profit surgical center in Phnom Penh, Cambodia from 2011-2013. Trop. Dis. Travel Med. Vaccines 1:4. doi: 10.1186/s40794-015-0006-5

Hsu, L. Y., Apisarnthanarak, A., Khan, E., Suwantarat, N., Ghafur, A., and Tambyah, P. A. (2017). Carbapenem-resistant Acinetobacter baumannii and Enterobacteriaceae in South and Southeast Asia. Clin. Microbiol. Rev. 30, 1–22.

Huang, C. C., Chen, Y. S., Toh, H. S., Lee, Y. L., Liu, Y.M., Ho, C. M., et al. (2012). Impact of revised CLSI breakpoints for susceptibility to third-generation cephalosporins and carbapenems among Enterobacteriaceae isolates in the Asia-Pacific region: results from the study for monitoring antimicrobial resistance trends (SMART), 2002–2010. Int. J. Antimicrob. Agents 40, S4-S10. doi: 10.1016/S0924-8579(12)70003-1

Jean, S.-S., Lee, W. S., Hsueh, P. R., and Group, S. A. P. (2018). Ertapenem non-susceptibility and independent predictors of the carbapenemase production among the Enterobacteriaceae isolates causing intra-abdominal infections in the Asia-Pacific region: results from the study for monitoring antimicrobial resistance trends (SMART). Infect. Drug Resist. 11, 1881–1891. doi: 10.2147/IDR.S181085

Jones, S. L., Nguyen, V. K., Nguyen, T. M. P., and Athan, E. (2006). Prevalence of multiresistant gram-negative organisms in a surgical hospital in Ho Chi Minh Cit, Vietnam. Trop. Med. Int. Health 11, 1725–1730. doi: 10.1111/j.1365-3156.2006.01731.x

Kanoksil, M., Jatapai, A., Peacock, S. J., and Limmathurotsakul, D. (2013). Epidemiology, microbiology and mortality associated with community-acquired bacteremia in Northeast Thailand: a multicenter surveillance study. PloS One 8:e54714. doi: 10.1371/journal.pone.0054714.

Karanika, S., Karantanos, T., Arvanitis, M., Grigoras, C., and Mylonakis, E. (2016). Fecal colonization with extended-spectrum beta-lactamase–producing Enterobacteriaceae and risk factors among healthy individuals: a systematic review and metaanalysis. Clin. Infect. Dis. 63, 310–318. doi: 10.1093/cid/ciw283

Kawahara, R., Khong, D. T., Le, H. V., Phan, Q. N., Nguyen, T. N., Yamaguchi, T., et al. (2019). Prevalence Of mcr-1 among cefotaxime-resistant commensal Escherichia coli in residents of Vietnam. Infect. Drug Resist. 12, 3317–3325. doi: 10.2147/IDR.S224545

Kiddee, A., Assawatheptawee, K., Na-Udom, A., Boonsawang, P., Treebupachatsakul, P., Walsh, T. R., et al. (2019). Risk factors for extended-spectrum β-lactamase-producing Enterobacteriaceae carriage in patients admitted to intensive care unit in a tertiary care hospital in Thailand. Microb. Drug Resist. 25, 1182–1190. doi: 10.1089/mdr.2018.0318

King, C., Aylin, P., and Holmes, A. (2014). Converting incidence and prevalence data: an update to the rule. Infect. Control Hosp. Epidemiol. 35, 1432–1433.

Klein, E. Y., Van Boeckel, T. P., Martinez, E. M., Pant, S., Gandra, S., Levin, S. A., et al. (2018). Global increase and geographic convergence in antibiotic consumption between 2000 and 2015. Proc. Natl. Acad. Sci. U.S.A. 115, E3463–E3470. doi: 10.1073/pnas.1717295115

Larramendy, S., Deglaire, V., Dusollier, P., Fournier, J. P., Caillon, J., Beaudeau, F., et al. (2020). Risk factors of extended-spectrum beta-lactamases-producing Escherichia coli community acquired urinary tract infections: a systematic review. Infect. Drug Resist. 13, 3945-3955. doi: 10.2147/IDR.S269033

Lim, C., Miliya, T., Chansamouth, V., Aung, M. T., Karkey, A., Teparrukkul, P., et al. (2020). automating the generation of antimicrobial resistance surveillance reports: proof-of-concept study involving seven hospitals in seven countries. J. Med. Internet Res. 22:e19762. doi: 10.2196/19762

Lim, C., Takahashi, E., Hongsuwan, M., Wuthiekanun, V., Thamlikitkul, V., Hinjoy, S., et al. (2016). Epidemiology and burden of multidrug-resistant bacterial infection in a developing country. Elife 5:e18082 doi: 10.7554/eLife.18082

Luvsansharav, U.-O., Hirai, I., Yamamoto, Y., Niki, M., Sasaki, T., Makimoto, K., et al. (2011). Analysis of risk factors for a high prevalence of extended-spectrum β-lactamase-producing Enterobacteriaceae in asymptomatic individuals in rural Thailand. J. Med. Microbiol. 60, 619–624. doi: 10.1099/jmm.0.026955-0

M39 (2014). Analysis and Presentation of Cumulative Antimicrobial Susceptibility Test Data,4th Edn. Wayne: Clinical and Laboratory Standards Institute

Malchione, M. D., Torres, L. M., Hartley, D. M., Koch, M., and Goodman, J. L. (2019). Carbapenem and colistin resistance in Enterobacteriaceae in Southeast Asia: review and mapping of emerging and overlapping challenges. Int. J. Antimicrob. Agents 54, 381–399. doi: 10.1016/j.ijantimicag.2019.07.019

Matsumura, Y., Pitout, J. D. D., Gomi, R., Matsuda, T., Noguchi, T., Yamamoto, M., et al. (2016). Global Escherichia coli sequence type 131 clade with bla CTX-M-27 gene. Emerg. Infect. Dis. J. 22, 1900-1907. doi: 10.3201/eid2211.160519

Minh, N. N. Q., Toi, P. V., Qui, L. M., Tinh, L. B. B., Ngoc, N. T., Kim, L. T. N., et al. (2020). Antibiotic use and prescription and its effects on Enterobacteriaceae in the gut in children with mild respiratory infections in Ho Chi Minh city, Vietnam. A prospective observational outpatient study. PLoS One 15:e0241760. doi: 10.1371/journal.pone.0241760.

Moher, D., Altman, D. G., Liberati, A., and Tetzlaff, J. (2011). PRISMA statement. Epidemiology 22:128. doi: 10.1097/ede.0b013e3181fe7999

Moore, C. E., Sona, S., Poda, S., Putchhat, H., Kumar, V., Sopheary, S., et al. (2016). Antimicrobial susceptibility of uropathogens isolated from Cambodian children. Paediatr. Int. Child Health 36, 113–117. doi: 10.1179/2046905515y.0000000008

Musikatavorn, K., Chumpengpan, C., and Sujinpram, C. (2011). Risk factors of extended-spectrum beta-lactamaseproducing Enterobacteriaceae bacteremia in Thai emergency department: a retrospective case-control study. Asian Biomed. 5, 129–138. doi: 10.5372/1905-7415.0501.016

Myat, T. O., Oo, K. M., Mone, H. K., Htike, W. W., Biswas, A., Hannaway, R. F., et al. (2020). A prospective study of bloodstream infections among febrile adolescents and adults attending yangon general hospital, Yangon, Myanmar. PLoS Negl. Trop. Dis. 14:e0008268. doi: 10.1371/journal.pntd.0008268.

Nadimpalli, M. L., de Lauzanne, A., Phe, T., Borand, L., Jacobs, J., Fabre, L., et al. (2019). Escherichia coli ST410 among humans and the environment in Southeast Asia. Int. J. Antimicrob. Agents 54, 228–232. doi: 10.1016/j.ijantimicag.2019.05.024

Nakayama, T., Kumeda, Y., Kawahara, R., Yamaguchi, T., and Yamamoto, Y. (2018). Carriage of colistin-resistant, extended-spectrum β-lactamase-producing Escherichia coli harboring the mcr-1 resistance gene after short-term international travel to Vietnam. Infect. Drug Resist. 11, 391–395. doi: 10.2147/IDR.S153178

Nga, T. T. T., Phuong, T. T. L., Phuong, T. M., Phuong, D. M., Biedenbach, D. J., Narang, P., et al. (2014). In vitro susceptibility of gram-negative isolates from patients with urinary tract infections in Vietnam: results from the study for monitoring antimicrobial resistance trends (SMART). J. Glob. Antimicrob. Resist. 2, 338–339. doi: 10.1016/j.jgar.2014.04.003

Niumsup, P. R., Tansawai, U., Na-udom, A., Jantapalaboon, D., Assawatheptawee, K., Kiddee, A., et al. (2018). Prevalence and risk factors for intestinal carriage of CTX-M-type ESBLs in Enterobacteriaceae from a Thai community. Eur. J. Clin. Microbiol. Infect. Dis. 37, 69–75. doi: 10.1007/s10096-017-3102-9

Om, C., Daily, F., Vlieghe, E., McLaughlin, J. C., and McLaws, M. L. (2017). Pervasive antibiotic misuse in the Cambodian community: antibiotic-seeking behaviour with unrestricted access. Antimicrob. Resist. Infect. Control 6:30. doi: 10.1186/s13756-017-0187-y

Pierce, V. M., Simner, P. J., Lonsway, D. R., Roe-Carpenter, D. E., Johnson, J. K., Brasso, W. B., et al. (2017). Modified carbapenem inactivation method for phenotypic detection of carbapenemase production among Enterobacteriaceae. J. Clin. Microbiol. 55, 2321–2333. doi: 10.1128/JCM.00193-17

Pornsinchai, P., Chongtrakool, P., Diraphat, P., Siripanichgon, K., and Malathum, K. (2015). emergency room: an unrecognized source of extended-spectrum [beta]-lactamase producing Escherichia coli and Klebsiella pneumoniae. Southeast Asian J. Trop. Med. Public Health 46, 51-62.

Richter, C. H., Custer, B., Steele, J. A., Wilcox, B. A., and Xu, J. (2015). Intensified food production and correlated risks to human health in the greater Mekong subregion: a systematic review. Environ. Health 14:43. doi: 10.1186/s12940-015-0033-8

Ruppé, E., Hem, S., Lath, S., Gautier, V., Ariey, F., Sarthou, J. L., et al. (2009). CTX-M β-lactamases in Escherichia coli from community-acquired urinary tract infections, Cambodia. Emerg. Infect. Dis. 15, 741-748. doi: 10.3201/eid1505.071299

Ruppé, É, Woerther, P. L., and Barbier, F. (2015). Mechanisms of antimicrobial resistance in gram-negative bacilli. Ann. Intensive Care 5:21.

San, T., Moe, I., Ashley, E. A., and San, N. (2021). High burden of infections caused by ESBL-producing MDR Escherichia coli in paediatric patients, Yangon, Myanmar. JAC Antimicrob. Resist. 3:dlab011. doi: 10.1093/jacamr/dlab011

Sasaki, T., Hira, I., Niki, M., Nakamura, T., Komalamisra, C., Maipanich, W., et al. (2010). High prevalence of CTX-M β-lactamase-producing Enterobacteriaceae in stool specimens obtained from healthy individuals in Thailand. J. Antimicrob. Chemother. 65, 666–668. doi: 10.1093/jac/dkq008

Singh, S. R., Mao, B., Evdokimov, K., Tan, P., Leab, P., Ong, R., et al. (2020). Prevalence of MDR organism (MDRO) carriage in children and their household members in siem reap province, Cambodia. JAC Antimicrob. Resist. 2:dlaa097. doi: 10.1093/jacamr/dlaa097

Stang, A. (2010). Critical evaluation of the newcastle-ottawa scale for the assessment of the quality of nonrandomized studies in meta-analyses. Eur. J. Epidemiol. 25, 603–605. doi: 10.1007/s10654-010-9491-z

Stern, A. (1998). International population movements and public health in the Mekong region: an overview of some issues concerning mapping. Southeast Asian J. Trop. Med. Public Health 29, 201–212.

Stoesser, N., Xayaheuang, S., Vongsouvath, M., Phommasone, K., Elliott, I., Del Ojo Elias, C., et al. (2015). Colonization with Enterobacteriaceae producing ESBLs in children attending pre-school childcare facilities in the lao people’s democratic republic. J. Antimicrob. Chemother. 70, 1893–1897. doi: 10.1093/jac/dkv021

Suwantarat, N., and Carroll, K. C. (2016). Epidemiology and molecular characterization of multidrug-resistant Gram-negative bacteria in Southeast Asia. Antimicrob. Resist. Infect. Control 5:15.

Suy, S., Rego, S., Bory, S., Chhorn, S., Phou, S., Prien, C., et al. (2019). Invisible medicine sellers and their use of antibiotics: a qualitative study in Cambodia. BMJ Glob. Health 4:e001787. doi: 10.1136/bmjgh-2019-001787

Tham, J., Odenholt, I., Walder, M., Brolund, A., Ahl, J., and Melander, E. (2010). Extended-spectrum beta-lactamase-producing Escherichia coli in patients with travellers’ diarrhoea. Scand. J. Infect. Dis. 42, 275–280. doi: 10.3109/00365540903493715

Thi Quynh Nhi, L., Thanh Tuyen, H., Duc Trung, P., Do Hoang Nhu, T., Duy, P. T., Hao, C. T., et al. (2018). Excess body weight and age associated with the carriage of fluoroquinolone and third-generation cephalosporin resistance genes in commensal Escherichia coli from a cohort of urban Vietnamese children. J. Med. Microbiol. 67, 1457–1466. doi: 10.1099/jmm.0.000820

Tran, H. H., Ehsani, S., Shibayama, K., Matsui, M., Suzuki, S., Nguyen, M. B., et al. (2015). Common isolation of New Delhi metallo-beta-lactamase 1-producing Enterobacteriaceae in a large surgical hospital in Vietnam. Eur. J. Clin. Microbiol. Infect. Dis. 34, 1247–1254. doi: 10.1007/s10096-015-2345-6

Trung, N. V., Jamrozy, D., Matamoros, S.b, Carrique-Mas, J. J., Mai, H. H., Hieu, T. Q., et al. (2019). Limited contribution of non-intensive chicken farming to ESBL-producing Escherichia coli colonization in humans in Vietnam: an epidemiological and genomic analysis. J. Antimicrob. Chemother. 74, 561–570. doi: 10.1093/jac/dky506

Tseng, W. P., Chen, Y. C., Chen, S. Y., Chen, S. Y., and Chang, S. C. (2018). Risk for subsequent infection and mortality after hospitalization among patients with multidrug-resistant gram-negative bacteria colonization or infection. Antimicrob. Resist. Infect. Control 7:93.

Turner, P., Pol, S., Soeng, S., Sar, P., Neou, L., Chea, P., et al. (2016). High prevalence of antimicrobial resistant gram negative colonization in hospitalized Cambodian infants. Pediatr. Infect. Dis. J. 35, 856–861. doi: 10.1097/INF.0000000000001187

van Aartsen, J. J., Moore, C. E., Parry, C. M., Turner, P., Phot, N., Mao, S., et al. (2019). Epidemiology of paediatric gastrointestinal colonisation by extended spectrum cephalosporin-resistant Escherichia coli and Klebsiella pneumoniae isolates in North-West Cambodia. BMC Microbiol. 19:59. doi: 10.1186/s12866-019-1431-9.

van Doorn, H. R., Ashley, E. A., and Turner, P. (2020). Case-based surveillance of antimicrobial resistance in the ACORN (a clinically oriented antimicrobial resistance surveillance network) study. JAC Antimicrob. Resist. 2:dlaa018. doi: 10.1093/jacamr/dlaa018

van Duin, D., and Paterson, D. L. (2016). Multidrug-resistant bacteria in the community: trends and lessons learned. Infect. Dis. Clin. North Am. 30, 377–390. doi: 10.1016/j.idc.2016.02.004

van Hoek, A., Mevius, D., Guerra, B., Mullany, P., Roberts, A., and Aarts, H. (2011). Acquired antibiotic resistance genes: an overview. Front. Microbiol. 2:203. doi: 10.3389/fmicb.2011.00203.

Vedula, S., Mahendraratnam, N., Rutkow, L., Kaufmann, C., Rosman, L., Twose, C., et al. (2011). “A snowballing technique to ensure comprehensiveness of search for systematic reviews: a case study,” in Proceedings of the 19th Cochrane Colloquium, Madrid.

Vlieghe, E. R., Phe, T., De Smet, B., Veng, H. C., Kham, C., Lim, K., et al. (2013). Bloodstream infection among adults in Phnom Penh, Cambodia: key pathogens and resistance patterns. PloS One 8:e59775. doi: 10.1371/journal.pone.0059775.

von Hippel, P. T. (2015). The heterogeneity statistic I2 can be biased in small meta-analyses. BMC Med. Res. Methodol. 15:35. doi: 10.1186/s12874-015-0024-z

Vu, T. V. D., Do, T. T. N., Rydell, U., Nilsson, L. E., Olson, L., Larsson, M., et al. (2019). Antimicrobial susceptibility testing and antibiotic consumption results from 16 hospitals in Viet Nam: the VINARES project 2012–2013. J. Glob. Antimicrob. Resist. 18, 269–278. doi: 10.1016/j.jgar.2019.06.002

Wu, J., Wang, X., Zhong, B., Yang, A., Jue, K., Wu, J., et al. (2020). Ecological environment assessment for greater Mekong Subregion based on pressure-state-response framework by remote sensing. Ecol. Indic. 117:106521.

Wyres, K. L., Nguyen, T. N. T., Lam, M. M. C., Judd, L. M., van Vinh Chau, N., Dance, D. A. B., et al. (2020). Genomic surveillance for hypervirulence and multi-drug resistance in invasive Klebsiella pneumoniae from South and Southeast Asia. Genome Med. 12:11. doi: 10.1186/s13073-019-0706-y

Zellweger, R. M., Carrique-Mas, J., Limmathurotsakul, D., Day, N. P. J., Thwaites, G. E., Baker, S., et al. (2017). A current perspective on antimicrobial resistance in Southeast Asia. J. Antimicrob. Chemother. 72, 2963–2972.

Zhao, W. D., Yan, P., Guan, H. N., and Zhang, Q. Z. (2014). Characterization of CTX-M-type extended-spectrum beta-lactamase in clinical clones of Escherichia coli in Southwest China. J. Basic Microbiol. 54, 247–252. doi: 10.1002/jobm.201200313

Zheng, R., Zhang, Q., Guo, Y., Feng, Y., Liu, L., Zhang, A., et al. (2016). Outbreak of plasmid-mediated NDM-1-producing Klebsiella pneumoniae ST105 among neonatal patients in Yunnan, China. Ann. Clin. Microbiol. Antimicrob. 15:10. doi: 10.1186/s12941-016-0124-6


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

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

Copyright © 2021 Singh, Teo, Prem, Ong, Ashley, van Doorn, Limmathurotsakul and Turner and Hsu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-695027-g003.jpg
% isolates positive % isolates positive

% isolates positive

100

(o]
o

(*)]
o

H
o

20

100

80

(*2]
o

H
o

20

100

80

(o2
o

H
o

N
o

ESBL E. coli from blood samples

' I 1 L] L} 1 I ' ' | ' ' ' ' ' | l I Ll ! I

2000 2005 2010 2015 2020
Year of study
{ ESBL E. coli from urine samples
- ‘mmummu
B eancher, 2012
- .Nm-"hm—u.ma
ot i
G AR S 1 R
= O Tatprowcs 201314
| O fiangped. 200418
L l 1 ) L] |l l ) | 1 L l ) ] ) 1 l ] ) | )
2000 2005 2010 2015 2020
Year of study
1 ESBL E. coli from all samples
§ Yanpon 20 @
- .vmm 210
o Tradwd 200 m@”"‘-wos
L] I \_/ 1 ) 1 I ) ) 1 1 l ) 1 J 1 l L ) 1 ]
2000 2005 2010 2015 2020

Year of study

ESBL E. coli (blood)
CCE——

0 50 100
% isolates positive

10 100 1000
Sample size

{

ESBL E. coli (urine)
0 0 100
% isolates positive

10 100 1000
Sample size

ESBL E. coli (all)
CC .

0 50 100
% Isolates positve

o @

10 100

1000
ple





OPS/images/fmicb-12-695027-g004.jpg
% isolates positive % isolates positive

% isolates positive

100 -
ESBL K. pneumoniae
—
from blood samples
80 -
60 =
-
O Sinpe s © Mren Pari, 010
40 -
-
20 -
g © rortruen Vhstnam, 231113
0 ) ' Ll ) | | l ] Ll | ] I ] ) L | l ] | ! )
2000 2005 2010 2015 2020
Year of study
100 .
ESBL K. pneumoniae
-J -
from urine samples
80 —
o ® torcien 201
60
© Phuses 2013
B Barghes, 012
. 8 Bupan, 2013
40 - ) Burghon, 0%
o
20
-
0 ) ' L) ) L] | l ) L) 1 ) l ] ) ) 1 I L) | | )
2000 2005 2010 2015 2020
Year of study
100 :
ESBL K. pneumoniae
“ from all samples
BU =
60
Tralind 2005 w‘m"mwu:
Moy HOMC, 0011 ‘hmm&mjﬁ‘.‘;
230 Manci, B v Dan Cro Ray, 2010
QO cernal prosnze 2206
20 cmbei Drcs @mnmwo
- o
0 mmm"tmnm
L l o U Ll T ' ] I Ll L l L 1 ] Ll I ] | 1 )
2000 2005 2010 2015 2020

Year of study

ESBL K. pneumoniae (blood)
0 50 100
% isclates positive

10 100 1000
Sample size

10000

ESBL K. pneumoniae (urine)
E— ]

0 50 100
% isclates positve

10 100 1000
Sample size

10000

ESBL K. pneumoniae (all)
C._

==t

0 50 100
% isolates positve

o @

10 100 1000 10000
Sample size





OPS/images/fmicb-12-695027-g001.jpg





OPS/images/fmicb-12-695027-g002.jpg
Identification

Records identified through
database searching
(h=1513)

Screening

Eligibility

Inclusion

l

Records after
duplicates removed
(n = 805)

l

Records screened
(n =805)

! Duplicates (n = 708)

l

Records excluded
{n =512)

Full-text articles
assessed for eligibility
(n=293)

—>

Full-text articles
excluded with reasons
(n =158)

l

Studies included in
trends in time-chart
(n=139)

l

Studies included in
meta-analysis
(n=12)

Articles identified as
pre-print articles
published later or

snowballing (n = 4)






OPS/images/fmicb-12-695027-g007.jpg
Previous fluoroquinolone use
Apisarnthanarak 2007
Anunnatsiri 2012

Subgroup, DL (I° =71.1%, p = 0.063)

Previous antibiotics use
Apisarnthanarak 2007 (Cephalosporin)
Polwichai 2009

Apisarnthanarak 2007

Apisarnthanarak 2008

Subgroup, DL (I° =49.8%, p = 0.113)

R

Odds Ratio

(95% Cl)

3.63 (1.40, 18.30)
19.14 (5.82, 62.96)
8.49 (1.67, 43.28)

5.69 (2.20, 16.40)
2.52 (1.08, 5.87)
15.10 (4.20, 44.20)
4.50 (1.70, 75.20)

5.36 (2.39, 12.05)

10





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Epidemiology of Extended-Spectrum Beta-Lactamase and Carbapenemase-Producing Enterobacterales in the Greater Mekong Subregion: A Systematic-Review and Meta-Analysis of Risk Factors Associated With Extended-Spectrum Beta-Lactamase and Carbapenemase Isolation



		INTRODUCTION



		MATERIALS AND METHODS



		RESULTS



		Thailand



		Vietnam



		Cambodia



		Laos



		Myanmar



		China







		RISK FACTORS ASSOCIATED WITH EXTENDED-SPECTRUM BETA-LACTAMASE AND CARBAPENEMASE ISOLATION



		DISCUSSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-12-695027-g008.jpg
Odds Ratio
(95% ClI)

Presence of comorbidities
® Rattanaumpawan 2018 —e— 1.45 (1.00, 2.10)
Chaiwarith 2009 1.95{1.17, 3.25)
Subgroup, IV (I2 =0.0%, p = 0.358) 1.61 (1.19, 2.17)

Chronic kidney disease
Bunjoungmanee 2018 5.62(1.08, 41.31)
® Kiddee 2019 4.37 (1.46, 13.12)

——
[
—e—
LR
Subgroup, IV (I = 0.0%, p = 0.817) <> 4.67 (1.82, 11.97)
—
i —

Previous antibiotics use
2.00 (1.13, 3.54)
3.92(2.72, 6.77)
2.40 (0.70, 9.00)
< 6.10 (1.80, 20.50)
-~ 3.89(1.85, 8.18)
Nivesvivat 2018 g 2.70 (0.80, 9.30)
® Stoesser 2015 —_— 2.11(1.21, 3.68)
Subgroup, IV (I2 =10.3%, p = 0.351) 0 2.93 (2.26, 3.80)

Rattanaumpawan 2018 (Cephalosporin)
Chaiwarith 2009

Nivesvivat 2018 *
Musikatavorn 2011
Chang 2020






OPS/images/fmicb-12-695027-g005.jpg
% isolates positive

100

(o]
o

(o2
o

40

N
o

ESBL E from blood samples

@ voepcn 2000

Ferh, 200710
@1 ovnes o mranina

Bangek. 2002 ‘m%
@ Yingin, 201690
.v-‘m.mo.u
| & T Ll | A | i I 1 | B L i 3 Ll T = ) LB i I Ll ] il | Y BT | B
2000 2005 2010 2015 2020

Year of study

ESBL E (blood)
0 S0 100
% isolates positive

10 100 1000
Sample size






OPS/images/fmicb-12-695027-g006.jpg
% isolates positive % isolates positive

% isolates positive

100

80

60

40

20

100

80

60

40

20

100

80

60

40

20

ESBL E carriage

.wm 220

.mm

.M.
. s 200418

@ rwravind 28

.m.m

Nabhorr €4 Tharmommee, 2009
Nan 2009

Barghon, 200000

[ p——

L) I 1 1 | 1 l L] ' 1 L I L] L ] 1 l Ll l Ll ]

2000 2005 2010 2015 2020
Year of study

ESBL E. coli carriage “*®

L201845
L Crabun, 201415

Chon Dor, 201540
Mo SHMnn 20149

Tuaciwng 20213

.tmmwm:

Oma.am

Q nouc. 23

o~ Banghan 2004

] l 1 ! | l | Fa. 1 L I ] ) ' | ' ] Ll ! I

2000 2005 2010 2015 2020
Year of study

ESBL K. pneumoniae carriage

o= rean 210

O ot 201415

@mvages | L

() Bangper. 2011
o il | ]

2000 2005 2010
Year of study

2015 2020

ESBL E carriage

CC .
0 50 100
% isolates positive

o @
10 100 1000 10000
Sample size

ESBL E. coli carriage

CC .
0 0 100
% isolates positve

o @
10 100 1000 10000
Sample size

ESBL K. pneumoniae carriage
[ |

0 0 100
% isolates positve

10 100 1000 10000
Sample size





OPS/images/cover.jpg
, frontiers
in Microbiology

Epidemiology
of Extended-Spectrum
Beta-Lactamase
and Carbapenemase-Producing
Enterobacterales in the Greater
Mekong Subregion:
A Systematic-Review
and Meta-Analysis of Risk
Factors Associated With
Extended-Spectrum
Beta-Lactamase
and Carbapenemase Isolation









OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-695027-t001.jpg
Topic

Context or countries
in GMS

Bacteria
Methods

Outcome

Search terms

“Greater Mekong Subregion” OR “GMS” OR “Thailand” OR “Myanmar” OR “Laos” OR “Lao PDR” OR “Cambodia” OR “Vietnam” OR
“Mekong delta” OR “Yunnan Province, China” OR “Yunnan” OR “Yunnan*PRC” OR “Yunnan*China” OR “Mekong Valley” OR “Guanxi”
OR “Guanxi*Zhuang”

“Enterobacteriaceae” OR “Enterobacterales” OR “Escherichia coli” OR “E. coli” OR “Klebsiella pneumoniae” OR “K. pneumoniae”
“Antibiotic susceptibility” OR “antibiotic sensitivity” OR “antimicrobial susceptibility” OR “antimicrobial sensitivity” OR “microbial
sensitivity” OR “dis* diffusion” OR “whole genome sequencing” OR “genome sequencing” OR “bacterial genome” OR “bacterial DNA”
OR “PCR” OR “Polymerase chain reaction”

“multidrug resistan*” OR “multidrug-resistant organism*” OR “MDRO” OR “antimicrobial resistan*” OR “AMR” OR “antibiotic resitan*” OR
“multidrug-resistant bacteria®” OR “MDRB” OR “drug resistan*” OR “Extended-spectrum beta-lactamase” OR “ESBL” OR “ESBLP-E”
OR “peta-lactamase” OR “B-lactamase” OR “carbapenem-resistan*” OR “CRE” OR carbapenemase-producing” OR “CPE” OR
“colistin-resistance” OR “KPC” OR “NDM” OR “MBL” OR “horizontal gene transfer” OR “lateral gene transfer” OR “molecular evolution”
OR “evolution” OR “mutation”





