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Purpose: To investigate the antibiotic susceptibility of Escherichia coli isolates in patients diagnosed with intra-abdominal infections
(IAls) in the Asia-Pacific region.

Patients and Methods: This study was conducted at 50 medical hospitals across 9 countries/regions as part of the Study for
Monitoring Antimicrobial Resistance Trends (SMART) surveillance program from 2014 to 2018. Nonduplicate isolates of aerobic and
facultative gram-negative bacilli were collected and processed for further antimicrobial susceptibility testing.

Results: A total of 10,709 isolates were collected, with E. coli (n=4737, 44.2%) being the leading pathogen causing IAls, followed by
Klebsiella pneumoniae (n=2429, 22.7%) and Pseudomonas aeruginosa (n=931, 8.7%). Community-associated (CA) E. coli isolates
generally exhibited higher susceptibility rates for most antibiotics than hospital-associated (HA) isolates. In countries/regions other than
Hong Kong, South Korea, and Singapore, HA isolates displayed lower susceptibility rates for multiple classes (>4) of antibiotics. Among
the commonly used antibiotics in IAls, the overall susceptibility rate for ciprofloxacin was low, with an average of 41.3%. Ceftriaxone
susceptibility rates in all selected countries were below 80% starting in 2018, ranging from 23.3% to 75.8%. The cefepime susceptibility
rates varied across regions, with consistently reduced susceptibility ranging from 45.5% to 57.8% in India, Thailand, and Vietnam.
Piperacillin/tazobactam demonstrated effectiveness against E. coli isolates in almost all countries except India, with a downward trend
observed in the Philippines and Taiwan. Carbapenems remained effective against more than 90% of E. coli isolates, except in India.
Conclusion: Prudent use of fluoroquinolones and ceftriaxone is advised when treating both CA and HA IAls in the Asia-Pacific
region. The low susceptibility rate of cefepime in India, Thailand, and Vietnam needs careful consideration in its administration.
Moreover, the increase in nonsusceptibility to piperacillin/tazobactam in the Philippines and Taiwan poses a potential risk that should
be closely monitored.
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Introduction

Intra-abdominal infections (IAls) refer to infections that occur within the abdominal cavity, involving organs such as the
gallbladder, stomach, intestines, appendix, and peritoneum.l’2 The severity of IAls can vary from mild intramural
inflammation without anatomic disruption to diffuse peritonitis, severe sepsis, and even death.”® Empirically applied
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broad-spectrum antibiotics are often used initially, followed by targeted therapy based on culture results and clinical
response.* Proper antibiotic selection, along with adequate source control, is essential in improving survival among
patients with IAIs.>°

Beta-lactam-based regimens are commonly used in empirical therapy of nonsevere or community-associated (CA)
IAIs.” However, the increasing prevalence of extended-spectrum beta-lactamase (ESBL)-producing Enterobacterales
worldwide has raised questions about the effectiveness of this approach.®” Another concern arises from regional
variations, with Asia exhibiting the highest ESBL prevalence in Escherichia coli and Klebsiella pneumoniae, approxi-
mately 40%, followed by the Middle East.® In contrast, the prevalence in the South Pacific remains relatively low at
approximately 10%.%° In patients with beta-lactam allergy, while fluoroquinolone-based therapy is equally effective for
treating IAls compared with beta-lactam-based therapy, increasing resistance has been reported in previous studies.'®"!
In Korea, ciprofloxacin resistance is as high as 50%, while in the Philippines, Singapore, Thailand, and Vietnam,
fluoroquinolone resistance rates vary considerably, ranging from 20% to 50%.'" Therefore, empirical antibiotic choice
should be dependent on the regional epidemiology of antibiotic resistance.

The Study for Monitoring Antimicrobial Resistance Trends (SMART) is a global surveillance program initiated in
2002.° This program collects longitudinal data on the antibiotic susceptibility of gram-negative bacteria from clinical
isolates, allowing for the early identification of changes in the resistance patterns of community- or hospital-acquired
organisms. With its consistent data collection and wide geographical coverage, SMART serves as a crucial source for
monitoring global trends in antibiotic susceptibility.

Antimicrobial susceptibility monitoring of bacteria that cause IAls is important to guide antibiotic therapy and to
identify emerging trends in resistance. The microbial composition of IAls is complex, involving both aerobic and
anaerobic bacteria, with gram-negative bacteria such as E. coli, K. pneumoniae, and Bacteroides fragilis being commonly
identified.'*"* E. coli is frequently implicated as the primary pathogen in IAls. In this study, the main objective was to
analyze the trend of antibiotic susceptibility among E. coli isolates obtained from patients diagnosed with IAls in the
Asia-Pacific region as part of the SMART program. Additionally, we sought to investigate potential differences in
antibiotic susceptibility patterns between CA and hospital-associated (HA) E. coli isolates in the region. This comparison
is particularly important, as it will provide valuable insights into the selection of empirical antibiotics in various
healthcare settings.

Materials and Methods

Bacterial Isolates and Definitions

In this study, each participating site adhered to the protocols established by the SMART program, as described in a
previous study.'* In brief, this study was conducted at 50 medical hospitals across 9 countries in the Asia-Pacific region
as part of the Study for Monitoring Antimicrobial Resistance Trends (SMART) from 2014 to 2018. The participating
regions included the Hong Kong Special Administrative Region of China (n=4), India (n=8), Malaysia (n=4), the
Philippines (n=4), Singapore (n=2), South Korea (n=7), Taiwan (n=9), Thailand (n=5), and Vietnam (n=7).
Nonduplicate isolates of aerobic and facultative gram-negative bacilli were collected from patients diagnosed with
[Als. Clinical specimens were obtained from intra-abdominal abscess drainage fluid, gastrointestinal tissues, paracent-
esis, or peritoneal fluid aspiration, and deep wound cultures were obtained intraoperatively. Isolates obtained within 48
hours of hospital admission were classified as CA TAls, while those collected more than 48 hours after admission were
classified as HA [Als.

Antimicrobial Susceptibility Testing

All isolates were sent to a central laboratory (International Health Management Associates, Inc., Schaumburg, IL) for
further processing. Confirmation of isolates was performed using matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (Bruker Daltonics, Billerica, MA). Antimicrobial susceptibility testing was conducted using the
Clinical and Laboratory Standards Institute (CLSI) broth microdilution method. Minimum inhibitory concentration
(MIC) breakpoints, as defined by CLSI M100-S33 standards, were used to determine the susceptibility of isolates to
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antimicrobial agents.'> The antibiotics tested from 2014 to 2018 included amikacin, ceftazidime, ciprofloxacin, ceftriax-
one, ertapenem, cefepime, levofloxacin, imipenem, and piperacillin/tazobactam. Antibiotics that were not tested in
consecutive years during the study period, such as meropenem, ceftolozane/tazobactam, and colistin, were excluded
from our analysis.

Statistical Analysis

We compared the percentages of susceptible isolates between the two subgroups using chi-square tests. If the application
conditions of the chi-square test were not met, Fisher’s exact tests were used instead. To examine the trend of annual
rates of various PB-lactamases among Enterobacterales isolates, we used the Mantel-Haenszel chi-square test for trend.

We considered a p value of 0.05 to be statistically significant. All analyses were performed using SPSS for Windows
(version 26.0, SPSS, Chicago, IL, USA).

Ethical Approval

This study was conducted with approval from the Institutional Review Boards and Ethics Committees of Chi Mei
Medical Center (Approval No. 10,908-E02). The requirement for written informed consent was waived by the Ethics
Committees because this research involved in vitro antimicrobial susceptibility surveillance of bacterial isolates, posing
no more than minimal risk to the subjects. Additionally, the links to limited clinical information required for the subjects
in this study were removed.

Results
Between 2014 and 2018, a total of 10,709 isolates were collected. The top ten most frequently isolated pathogens are
listed in Table 1. Among them, E. coli (n=4737, 44.2%), K. pneumoniae (n=2429, 22.7%), and Pseudomonas aeruginosa
(n=931, 8.7%) were the most commonly recovered species, accounting for 75.6% of the total isolates. E. coli remained
the leading pathogen causing IAls in the Asia-Pacific region, but with some variability in annual counts. The annual
distribution of E. coli isolates from 2014 to 2018 was as follows: 1002, 1074, 1057, 904, and 700, respectively.
Susceptibility to antibiotics that are commonly used to treat IAls was examined. Detailed data can be found in Table 2.
Overall, the highest susceptibility was observed for amikacin, with 97.3% of isolates being susceptible, followed by
imipenem, with 96.2% of isolates being susceptible. The lowest susceptibility was observed for ciprofloxacin, with 41.3%

Table | Top ten Pathogens in Patients with Intra-Abdominal
Infections (IAls) from 2014 to 2018 in the Asia-Pacific Region

Pathogen Number (n=10,709)
| Escherichia coli 4737 (44.2%)
2 Klebsiella pneumoniae 2429 (22.7%)
3 Pseudomonas aeruginosa 931 (8.7%)
4 Enterobacter cloacae 493 (4.6%)
5 Proteus mirabilis 277 (2.6%)
6 Acinetobacter baumannii 228 (2.1%)
7 Citrobacter freundii 176 (1.6%)
8 Kiebsiella aerogenes 169 (1.6%)
9 Kiebsiella oxytoca 145 (1.4%)
10 Stenotrophomonas maltophilia 143 (1.3%)
Others 981 (9.2%)
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Table 2 Antibiotic Susceptibility Patterns and Percentage of Susceptible Isolates in Community-Associated (CA) and
Hospital-Associated E. coli Isolates from the Asia-Pacific Region

CIP LvX CRO CAZ FEP PTZ EPM IPM AMK
Total (n=4737) 41.3% 48.7% 50.9% 61.1% 70.1% 85.0% 93.3% 96.2% 97.3%
Hong Kong (n=157) 48.4% 58.0% 75.8% 87.9% 87.3% 91.7% 100% 100% 98.1%
CA 50.5% 60.2% 77.7% 89.3% 93.2% 94.2% 100% 100% 97.1%
HA 43.4% 52.8% 71.7% 84.9% 75.5%* 86.8% 100% 100% 100%
India (n=996) 16.8% 22.7% 23.3% 32.1% 45.5% 61.8% 79.7% 86.1% 90.0%
CA 18.7% 25.9% 28.7% 35.9% 45.1% 68.1% 85.3% 87.9% 91.4%
HA 14.8% 19.5%* 19.19%* 28.5%* 44.5% 57.6%* 76.0%* 84.9% 89.0%
Malaysia (n=249) 56.5% 66.5% 73.7% 80.2% 84.7% 96.0% 98.4% 99.2% 100%
CA 63.0% 73.6% 82.7% 87.7% 92.4% 98.1% 100% 100% 100%
HA 44.2%* 54.5%* 56.5%* 65.9%* 73.6%* 91.9%* 95.3%* 97.7% 100%

The Philippines (n=326) 46.0% 53.4% 66.3% 69.6% 82.2% 87.1% 96.9% 98.8% 99.7%

CA 50.8% 59.6% 71.6% 73.2% 87.4% 91.8% 96.7% 100% 100%
HA 40.0% 45.7%* 59.3%* 65.0% 75.7%* 81.4%* 97.1% 97.1%* 99.3%
Singapore (n=197) 58.9% 66.0% 73.6% 82.7% 83.8% 94.9% 98.5% 99.5% 99.5%
CA 61.9% 71.4% 77.8% 85.7% 86.5% 96.8% 99.2% 100% 99.2%
HA 53.5% 56.3%* 66.2% 77.5% 78.9% 91.5% 97.2% 98.6% 100%
South Korea (n=435) 48.0% 52.9% 67.6% 81.8% 81.6% 95.9% 99.1% 100% 99.5%
CA 52.2% 59.2% 72.6% 85.4% 87.9% 95.5% 99.4% 100% 99.4%
HA 45.7% 49.3% 64.7% 79.9% 78.1%* 96% 98.9% 100% 99.6%
Taiwan (n=1211) 60.1% 67.6% 65.0% 70.9% 87.8% 92.1% 96.5% 99.3% 99.5%
CA 64.3% 72.3% 70.8% 77.4% 91.8% 95.0% 98.2% 99.6% 99.7%
HA 54.2%* 61.0%* 56.9%* 61.7%* 82.1%* 88.0%* 94.2%* 98.8% 99.2%
Thailand (n=322) 24.5% 34.2% 41.6% 53.4% 55.3% 88.8% 95.3% 98.8% 99.1%
CA 28.2% 34.7% 50.8% 62.1% 66.9% 91.9% 98.4% 98.4% 100%
HA 21.8% 36.1% 34.0%* 46.3%* 47.6%* 83.7%* 91.8%* 98.6% 98.0%
Vietnam (n=844) 36.4% 42.6% 35.3% 54.5% 57.8% 87.5% 95.6% 97.6% 98.7%
CA 37.8% 47.7% 35% 55.2% 56.2% 89.8% 95.8% 97.3% 99.3%
HA 27.8%* 33.5%* 32% 49.1% 58.5% 81.2%* 94.4% 97.7% 97.4%*

Note: An asterisk (¥) indicates a significant difference between CA and HA isolates.
Abbreviations: AMK, amikacin; CA, community-associated; CAZ, ceftazidime; CIP, ciprofloxacin; CRO, ceftriaxone; EPM, ertapenem; FEP, cefepime; HA,
hospital-associated; LVX, levofloxacin; IPM, imipenem; PTZ, piperacillin/tazobactam.

of isolates being susceptible, followed by levofloxacin, with 48.7% of isolates being susceptible. When comparing
susceptibility patterns based on the time of collection after admission, we found that CA isolates generally exhibited
higher susceptibility rates for most antibiotics than HA isolates. In Hong Kong, higher susceptibility rates for CA isolates
(93.2%) than HA isolates (75.5%) were observed only for cefepime (p < 0.05). Similar trends of cefepime susceptibility
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were observed in South Korea (CA vs HA: 87.9% vs 78.1%; p < 0.05). In Singapore, only levofloxacin showed a
statistically significant difference between CA and HA isolates (CA vs HA: 71.4% vs 56.3%; p < 0.05). However, in the
other six countries/regions, multiple classes (>4) of antibiotics exhibited lower susceptibility rates in HA isolates.
Carbapenems remained effective against more than 90% of isolates, except in India. However, in Malaysia (CA vs HA:
100% vs 95.3%), Thailand (CA vs HA: 98.4% vs 91.8%), and Taiwan (CA vs HA: 98.2% vs 94.2%), there was a significant
decrease in susceptibility to ertapenem among HA isolates (p < 0.05).

We observed significant differences in the susceptibility rates of four antibiotics (ceftriaxone, cefepime, ciprofloxacin,
and piperacillin/tazobactam) between CA and HA isolates, as well as regional variations. To illustrate these findings more
effectively, we depicted the visualized antimicrobial susceptibility pattern of E. coli isolates in Figure 1. This figure
provides a clear context of the variations observed. India exhibited higher nonsusceptibility rates than other countries for
all four antibiotics. Specifically, India showed susceptibility rates of 16.8%, 23.3%, 45.5% and 61.8% for ciprofloxacin,
cefepime, ceftriaxone, and piperacillin/tazobactam, respectively; these rates were much lower than the susceptibility rates
observed in other countries. In contrast, the remaining countries displayed a wide range of susceptibility rates for the
same four antibiotics.

Among the four antibiotics depicted in Figure 1, ciprofloxacin exhibited the lowest susceptibility rate. We present the
annual trend in Figure 2. Even among CA isolates, the susceptibility rate remained below 80%. Malaysia (47.6%) and
Taiwan (54.1%) had the lowest CA susceptibility rates in 2018. For HA isolates, the susceptibility rate of ciprofloxacin in
Hong Kong showed a wide range (11.8% to 80%) due to low case numbers. In 2018, Malaysia (27.8%), the Philippines
(26.9%), South Korea (38%), Taiwan (47.2%), Thailand (7.4%), and Vietnam (8.7%) all showed the lowest susceptibility
rates. The susceptibility rates of HA E. coli isolates in Thailand and Vietnam showed a continuous downward trend
during the study period (p < 0.05).

Ceftriaxone susceptibility rates exhibited variability among regions and between CA and HA isolates, as shown in
Figure 3. Until 2016, Hong Kong, Malaysia, the Philippines, and South Korea displayed relatively high ceftriaxone
susceptibility rates in CA isolates, approximately 70-80%. In contrast, India had the lowest ceftriaxone susceptibility
rates, ranging from 28.4% in 2014 to 9.4% in 2018. However, in 2018, ceftriaxone susceptibility rates were no longer
higher than 80% in any of the countries. Similar trends were observed for HA isolates. India (13.6%), Taiwan (48.3%),
and Vietnam (17.4%) showed the lowest ceftriaxone susceptibility rates in 2018. A significant downward trend was
observed in both CA and HA isolates from the Philippines (p < 0.05).

In terms of cefepime susceptibility rates, Hong Kong, Malaysia, the Philippines, Singapore, South Korea, and Taiwan
demonstrated relatively high susceptibility rates, ranging from 84.7% to 97.8% in CA isolates and 60% to 88.9% in HA
isolates. On the other hand, India, Thailand, and Vietnam exhibited low susceptibility rates, ranging from 33.3% to
76.7% in CA isolates and 28.2% to 61.4% in HA isolates. Over the years, there were fluctuations in cefepime
susceptibility rates among regions. A slight increase in cefepime susceptibility was found in HA isolates from India (p
< 0.05). The trend is displayed in Figure 4.

Piperacillin/tazobactam is commonly used as a broader-spectrum alternative to penicillin antibiotics and is often
employed before using carbapenems. Figure 5 shows that CA E. coli isolates remained more than 80% susceptible to
piperacillin/tazobactam in almost all regions except for India. However, its performance was suboptimal against HA
isolates in the Philippines (69.2%) and Vietnam (69.6%) in 2018, with a significant downward trend observed in the
Philippines and Taiwan (p < 0.05).

Carbapenems are highly effective against gram-negative bacteria in the Asia-Pacific region. However, our data
suggest a downward trend in susceptibility rates among CA isolates for ertapenem and imipenem in India; their
susceptibility rates have both declined significantly since 2017 (p < 0.01). In 2017, the susceptibility rate of ertapenem
was as low as 68.8%, while that of imipenem was only 70.8%.

Discussion
Our study presents regional antimicrobial susceptibility data for the most common pathogen that causes IAls, E. coli, in
the Asia-Pacific region between 2014 and 2018. In general, the susceptibility rates of commonly used antibiotics were
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significantly lower for HA isolates. Carbapenems remained highly effective. However, for antibiotics other than
carbapenems, the susceptibility showed high regional variation.

Ciprofloxacin and levofloxacin, commonly used as first-line and empirical treatments in both community and hospital
settings, showed the lowest susceptibility rates among all selected antibiotics in our study. The ciprofloxacin MIC in E. coli
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is mainly influenced by target mutations in specific residues, such as gyrA and parC.'® However, the spread of plasmid-
mediated quinolone resistance genes and efflux pump mutants has also been reported.!” In a previous meta-analysis, India
had the lowest ciprofloxacin susceptibility among E. coli isolates in Asian countries.'® However, in our analysis, Thailand
and Vietnam also showed increased ciprofloxacin resistance. The spread of multiple local strains, such as ST1193 in
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Vietnam, may contribute to the prevalence of antibiotic resistance in different regions.'”?' These strains may carry

mutations in the quinolone resistance-determining region and undergo clonal expansion, resulting in a higher number of

resistant isolates in certain areas.
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Figure 5 Piperacillin/tazobactam susceptibility rates of E. coli isolates from community-associated (CA) and hospital-associated (HA) intra-abdominal infections in the Asia-
Pacific region from 2014 to 2018. (A) CA isolates (B) HA isolates. An asterisk (*) denotes a statistically significant difference between years, and a hashtag (#) denotes a
significant upward or downward trend.

Earlier reports showed that the success rate of treating complicated [Als with ceftriaxone plus metronidazole was
similar to that of treating IAls with ertapenem.”” However, ceftriaxone is not currently a good choice due to the
increasing prevalence of CTX-M-producing E. coli, which are an important cause of healthcare-associated infections
in the Asia-Pacific region.*** Our previous work identified CTX-M-1 (CTX-M-15, CTX-M-55) and CTX-M-9 (CTX-
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M-14, CTX-M-27) as the major groups of ESBLs between 2015 and 2018 in the Asia-Pacific region.””> ST131 is
considered the most prevalent and clinically important sequence type associated with CTX-M ESBLs.?® These findings
may partly explain the increasing ceftriaxone resistance observed in the Asia-Pacific region, considering the widespread
prevalence of ESBLs among E. coli isolates.

Cefepime is a broad-spectrum antibiotic with activity against common gram-negative and gram-positive bacteria in
IAIs. It is an important option for HA TAls due to its coverage of P. aeruginosa. However, we consistently observed
reduced cefepime susceptibility in certain countries for both CA and HA E. coli isolates, particularly in India, Thailand,
and Vietnam. Multiple resistance mechanisms can contribute to cefepime resistance, including the production of CTX-M
and co-occurrence with other p-lactamases as well as loss of outer membrane proteins.”’** Previous SMART surveillance
data have shown that the co-occurrence of plasmid-mediated AmpC beta-lactamase/ESBLs among carbapenemase-
negative E. coli is common in Taiwan and Vietnam.*”> The in vitro antimicrobial susceptibility rates to cefepime in
these isolates are low, with rates as low as 19.6%. While this finding may partially explain the observed low in vitro
susceptibility rates to cefepime, further examination is needed to confirm this hypothesis.

Piperacillin/tazobactam is commonly used as an empirical therapy for suspected healthcare-associated infections
because it is effective against a broad range of organisms, including ESBL-producing Enterobacterales and P. aeruginosa.
However, significantly decreased susceptibility has been observed in HA isolates from Taiwan and the Philippines. In our
data, 12 HA isolates from the Philippines were analyzed for ESBL genes, and one isolate was found to carry the OXA-48-
producing gene, while another carried both NDM-7 and KPC-2. On the other hand, no carbapenemase-producing genes
were detected in piperacillin/tazobactam-resistant isolates from Taiwan. The prevalence of carbapenemase-producing genes
has remained stable in previous SMART surveillance, indicating that dissemination of carbapenemase-producing clones is
an unlikely explanation for this trend.”® Recent studies suggest that hyperproduction of SHV and TEM-1 B-lactamases may
contribute to p-lactam/B-lactamase inhibitor resistance in E. coli.**>° In previous work, we found that the TEM, CTX-M-
15, and CMY-2 B-lactamases were the most commonly identified among our piperacillin/tazobactam-resistant E. coli
isolates.”> Although we could not measure their enzyme activity in our study, these isolates are known to potentially express
substantial amounts of B-lactamase, which could explain their resistance to piperacillin/tazobactam.

There are several limitations to this study. First, some demographic data were incomplete, and there were gaps in
some years, which may affect the representativeness of the trends. Second, the data were collected before 2019, and the
trend and susceptibility patterns may have changed due to the COVID-19 pandemic. Third, in India, where the lowest
susceptibility rate was observed for all selected antibiotics, the lack of ESBL and carbapenemase data in the current
database calls for further studies to investigate the underlying mechanisms.

Conclusion

Prudent use of fluoroquinolones and ceftriaxone is advised when treating both CA and HA E. coli infections causing IAls
in the Asia-Pacific region. The low susceptibility rate of cefepime in India, Thailand, and Vietnam needs careful
consideration in its administration. Moreover, the increase in nonsusceptibility to piperacillin/tazobactam in the
Philippines and Taiwan poses a potential risk that should be closely monitored.
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