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stewardship on antimicrobial
resistance in nosocomial
infections: an interrupted time
series analysis
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Affiliated Hospital, Sun Yat-sen University, Guangzhou, China, *Department of Pulmonary and Critical
Care Medicine, Guangdong Provincial People's Hospital, Guangdong Academy of Medical Sciences,
Southern Medical University, Guangzhou, China, *Department of Laboratory Medicine, The Third
Affiliated Hospital, Sun Yat-sen University, Guangzhou, China

Objectives: The emergency response to the COVID-19 pandemic may disrupt
hospital management activities of antimicrobial resistance (AMR). This study
aimed to determine the changing AMR trend over the period in China when
stringent COVID-19 response measures were implemented.

Methods: This retrospective study was conducted in a designated hospital for
COVID-19 patients in Guangzhou, China from April 2018 to September 2021.
The prevalence of 13 antimicrobial-resistant bacteria was compared before and
after the COVID-19 responses through Chi-square tests. Interrupted time series
(ITS) models on the weekly prevalence of AMR were established to determine
the changing trend. Controlled ITS models were performed to compare the
differences between subgroups.

Results: A total of 10,134 isolates over 1,265days were collected. And
antimicrobial-resistant strains presented in 38.6% of the testing isolates. The
weekly AMR prevalence decreased by 0.29 percentage point (95% CI [0.05-
0.80]) after antimicrobial stewardship (AMS) policy, despite an increase in the
prevalence of penicillin-resistant Streptococcus pneumoniae (from 0/43 to
15/43, p<0.001), carbapenem-resistant Escherichia coli (from 20/1254 to
41/1184, p=0.005), and carbapenem-resistant Klebsiella pneumoniae (from
93/889 to 114/828, p = 0.042). And the changing trend did not vary by gender
(malevs. female), age (<65 vs. >65 years), service setting (outpatient vs. inpatient),
care unit (ICU vs. non-ICU), the primary site of infection (Lung vs. others), and
Gram type of bacteria (positive vs. negative).

Conclusion: The response to COVID-19 did not lead to an increase in overall
AMR; however, it appears that management strategy on the prudent use of
antimicrobials likely contributed to a sizable long-term drop. The frequency of
several multidrug-resistant bacteria continues to increase after the COVID-19
epidemic. It is crucial to continue to monitor AMR when COVID-19 cases have
surged in China after the relaxation of restriction measures.
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Introduction

Antimicrobial resistance (AMR) is regarded as one of the most
pressing public health concerns. Evidence suggests that inappropriate
use of antibiotics is associated with rising resistance, which has
selectively pressured microorganisms to develop resistance
mechanisms (1, 2). The resistant strains can no longer be controlled
with standard treatments, leading to prolonged illnesses, increased
mortality rates, and higher healthcare expenditures (3). The extended
duration of illness and increased severity of symptoms associated with
AMR infections necessitate more intensive and resource-intensive
medical interventions, such as additional hospital admissions, surgical
procedures, and supportive care (1). Furthermore, the loss of effective
first-line treatments means that health systems must invest in new
drugs and technologies, which can be economically burdensome (4).

An estimated 4.95 million deaths were attributable to AMR globally
in 2019 (3). The COVID-19 pandemic has introduced a new layer of
complexity to the challenges posed by AMR (5). The increased use of
antibiotics to manage COVID-19 complications, such as secondary
bacterial infections, has the potential to exacerbate existing trends in
AMR (6). Furthermore, the pandemic has strained healthcare resources,
disrupted supply chains for essential medications, and diverted attention
and funding away from AMR initiatives (7). This has made it even more
difficult for medical workers to adhere to antibiotic prescription
guidelines and implement effective infection control measures (8).

China is one of the countries in the world that introduced the
strictest restriction measures to fight against COVID-19 (9). In China,
the “dynamic zero-COVID” policy has necessitated rigorous infection
prevention and control measures, which, while crucial for containing the
spread of the virus, have also presented challenges for the management
of AMR (10). The need for frequent nucleic acid testing and the protocol
for treating patients with fever have complicated the submission of
clinical samples for microbiological testing and the enforcement of

Abbreviations: ITS, Interrupted time series; AMS, Antimicrobial stewardship; AMR,
Antimicrobial resistance; COVID-19, The coronavirus disease; HAls, Hospital-
acquired infections; CARSS, China Antimicrobial Resistance Surveillance System;
S. aureus, Staphylococcus aureus; E. faecalis, Enterococcus faecalis; E. faecium,
Enterococcus faecium; S. pneumoniae, Streptococcus pneumoniae; E. coil,
Escherichia coli; K. pneumoniae, Klebsiella pneumoniae; P. aeruginosa,
Pseudomonas aeruginosa; A. baumannii, Acinetobacter baumannii; MRSA,
Methicillin resistant S. aureus; MRCNS, Methicillin resistant coagulase-negative
staphylococcus; VR-efa, Vancomycin resistant E. faecalis; VR-efm, Vancomycin
resistant E. faecium; PRSP, Penicillin resistant S. pneumoniae; ERSP, Erythromycin
resistant S. pneumoniae; CtxCroR-eco, Third generation cephalosporin resistant
E. coli; CR-eco, Carbapenem resistant E. coli; QREC, Quinolone resistant E. coli;
CtxCroR-kpn, Third generation cephalosporin resistant K. pneumoniae; CR-kpn,
Carbapenem resistant K. pneumoniae; CR-pae, Carbapenem resistant P, aeruginosa;
CR-aba, Carbapenem resistant A. baumannii; CLSI, Clinical and Laboratory

Standards Institute.
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antibiotic stewardship programs. Evidence from China and other
regions has highlighted the impact of the COVID-19 pandemic on
hospital-acquired infections (HAIs) and antibiotic consumption patterns
(11-13).

There was much empirical evidence of influenced hospital-
acquired infections (HAIs) and antibiotic consumption during the
COVID-19 pandemic in China. For instance, a higher HAI rate was
reported in Nanjing, China in 2020 (14). A similar study found that
during the COVID-19 epidemic, antibiotic use increased by 137% and
antibiotic use patterns significantly changed among a rural community
in Eastern China (15). However, the analysis of nationwide
procurement data revealed a different result that antibiotic-defined
daily doses per 1,000 inhabitants per day dropped in 2020 (16).

However, the studies focused on AMR are relatively limited and
mostly among COVID-19 patients. A systematic review included 148
studies that revealed a proportion resistant to antimicrobials 60.8%
among COVID-19 patients with bacterial infection people with
bacterial infections, the overall changes of AMR are still unknown
because of the limited evidence among non-COVID-19 patients.
Additionally, the majority of cross-sectional studies make it simple to
get contradicting conclusions based on different periods. In fact, after
the COVID-19 outbreak, the National Health Commission of China
issued a series of regulations and notices in 2020, attempting to
strengthen hospital infection control and rational use of antimicrobials
(17-19). As a result, it is necessary to assess the dynamic changes of
AMR through interrupted time series design, which is considered one
of the strongest quasi-experimental designs (20). Our study aimed to
determine the changing trend of AMR over the period in China when
stringent COVID-19 response measures were put in place. The findings
of our study will also offer some baseline information for future research
into the AMR trend under the new context of COVID-19 in China (21).

Methods
Design and setting

The study adopted an interrupted time series design and was
conducted in a large tertiary hospital affiliated with Sun Yat-sen
University in Guangzhou, China. The hospital has 2000 beds and
receives more than 14,000 outpatient and emergency visits per day on
average. The hospital was arranged as one of the COVID-19 designated
hospitals after the disease was first identified in Guangzhou on 21st
January 2020, and has taken strict triage and isolation measures under
the guidance of the Guangdong Provincial Health Commission (22).
During the initial COVID-19 outbreak, due to the response to the
pandemic such as isolation, adjustment of patient treatment
guidelines, and reallocation of hospital resources, the number of
patients in the hospital decreased, resulting in a decrease in the
number of specimens submitted, but daily service has been resumed
in the most of departments since late February 2020 (23).
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Data collection

AMR testing data were extracted from the microbial laboratory
information system and linked back to the hospital infection control
system that recorded the source of the testing samples. We picked the
samples of regular bacteria monitored by the China Antimicrobial
Resistance Surveillance System (CARSS) after eliminating duplicate
samples from the same patient. Finally, a total of 10,134 isolates over
1,265days (from April 2018 to September 2021) were collected,
covering nine strains of bacteria: Staphylococcus aureus (S. aureus),
coagulase-negative staphylococcus, Enterococcus faecalis (E. faecalis),
Enterococcus faecium (E. faecium), Streptococcus pneumoniae
(S. pneumoniae), Escherichia coli (E. coil), Klebsiella pneumoniae
(K. pneumoniae), Pseudomonas aeruginosa (P. aeruginosa), and
Acinetobacter baumannii (A. baumannii).

The following 13 types of AMR were tested: methicillin resistant
S. (MRSA),
staphylococci (MRCNS), vancomycin resistant E. faecalis (VR-efa),

aureus methicillin resistant coagulase-negative
vancomycin resistant E. faecium (VR-efm), penicillin resistant
S. pneumoniae (PRSP), erythromycin resistant S. pneumoniae (ERSP),
third generation cephalosporin resistant E. coli (CtxCroR-eco),
carbapenem resistant E. coli (CR-eco), quinolone resistant E. coli
(QREC), third generation cephalosporin resistant K. prneumoniae
(CtxCroR-kpn), carbapenem resistant K. pneumoniae (CR-kpn),
carbapenem resistant P. aeruginosa (CR-pae) and carbapenem resistant
A. baumannii (CR-aba). The susceptibility breakpoints followed the

Clinical and Laboratory Standards Institute (CLSI) 2019 guidelines (24).

Statistical analysis

The prevalence of AMR was calculated and compared before and
after the launch of COVID-19 responses using Chi-square tests.
Interrupted time series analyses with a Poisson segmented regression
model were performed to determine both step and trend changes in
the weekly prevalence of AMR. Two intervention (interruption) points
were set up in the analyses: one on January 23, 2020, when Guangdong
Province launched the top-level response to a major public health
emergency, and another on July 23, 2020, when the series of national
regulations and notices relevant to AMR was first released (Table 1).

Potential confounding factors, including patient and sample
characteristics and seasonal factors [spring: ¢(0,0,0), summer: ¢(1,0,0),
autumn: ¢(0,1,0), winter: c(0,0,1)], were introduced into the models

10.3389/fpubh.2024.1419344

as covariates. Considering the effect of the number of patients on
resistance, we added the number of specimens submitted as an offset
to the model to balance its effect on resistance rates. The evaluated
parameters in the model contained baseline trend (trend before the
intervention), step change (short-term change of the intervention),
and trend change (long-term change in trend after intervention). The
effect estimates were expressed as a weekly percentage change (WPC)
and incidence rate ratio (IRR and 95% confidence interval).

We also conducted subgroup analyses by dividing the study
sample by gender (male vs. female), age (<65 vs. >65years), service
setting (outpatient vs. inpatient), care unit (ICU vs. non-ICU) of the
patients, the primary site of infection (lung vs. others), and the Gram
type of bacteria (positive vs. negative).

All statistical analyses were conducted using R software (version
4.1.3). A two-sided p-value of less than 0.05 was considered
statistically significant.

Results

Of the 10,134 isolates, 3,912 (38.6%) were identified with AMR,
close to the national average prevalence level reported by CARSS in 2020.
Although more AMR isolates were identified before (n=2,057) than after
(n=1,855) the launch of COVID-19 measures (see details of the sample
distribution of the AMR isolates in Supplementary Table S2), Chi-square
tests detected no significant changes in the prevalence of AMR before
and after the launch of COVID-19 measures (p=0.366), except for an
increase of the prevalence of PRSP (increased from 0 to 34.9%, p<0.001),
CR-eco (increased from 1.6 to 3.5%, p=0.005) and CR-kpn (increased
from 10.5 to 13.8%, p=0.042) within the study period (Table 2).

Taking the COVID-19 measures as the only interruption time
point, we found a significant decline in the weekly prevalence of AMR
following the COVID-19 outbreak and the launch of COVID-19
measures (Table 3). The two-point interruption time series analyses
showed that the AMS policy was the only effective policy intervention,
with a 0.42% (95% CI 0.05-0.80) WPC (Table 3; Figure 1).

The subgroup analyses found no significant differences in step or
trend changes by gender, age, service setting, care unit, sample origin,
and bacteria type, although isolates taken from the ICU had
consistently higher prevalence of AMR (IRR=1.34, 95% CI [1.03-
1.73]) (Supplementary Table S3). No significant changes in the weekly
prevalence of AMR were found following the launch of COVID-19
measures (Figure 2).

TABLE 1 Regulations and notices issued by the National Health Commission in response to the COVID-19 outbreak.

Date Regulations and notices Key points
2020-03-13 Further strengthening the prevention and control of infections in medical « Hand hygiene
institutions during the epidemic period (IPC* policy) o Active surveillance of infections
« Infection isolation
2020-06-30 Improving infection prevention and control in medical institutions and fever | « Adding fever clinics
clinics (Second IPC policy) « Strengthening infection training
« Allocation of professional physicians of infectious diseases
2020-07-23 Continuous management of clinical use of antimicrobial agents (AMS* « Special management of key antimicrobial agents
policy) « Standardizing the collection and transportation of
microbial samples

*IPC, infection prevention and control practices; AMS, antimicrobial stewardship.
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TABLE 2 Prevalence of antimicrobial resistance before and after the launch of COVID-19 measures.

Bacterial strain CARSS* 2020 (%) Number and percentage (%) of resistant isolates

Pre-COVID Post-COVID

Gram-positive

MRSA 29.4 422 (37.0) 212 (36.0) 210 (38.0) 0.512
MRCNS 747 922 (72.5) 500 (73.4) 422 (71.0) 0.459
VR-efa 0.2 2(0.4) 1(0.4) 1(0.4) 1.000
VR-efm 1.0 6(1.4) 3(1.3) 3(1.4) 1.000
PRSP 0.9 15 (17.4) 0(0) 15 (34.9) <0.001
ERSP 96.0 73 (84.9) 39(90.7) 34(79.1) 0.229

Gram-negative

CtxCroR-eco 51.6 1,379 (56.6) 700 (55.8) 679 (57.4) 0.472
CR-eco 1.6 61 (2.5) 20 (1.6) 41 (3.5) 0.005
QREC 50.7 1,332 (54.6) 699 (55.7) 633 (53.5) 0.276
CtxCroR-kpn 311 762 (44.4) 379 (42.6) 383 (46.3) 0.144
CR-kpn 10.9 207 (12.1) 93 (10.5) 114 (13.8) 0.042
CR-pae 183 293 (22.1) 144 (21.0) 149 (23.3) 0.355
CR-aba 537 655 (56.2) 366 (57.6) 289 (54.4) 0.298
Total - 3,912 (38.6) 2,057 (39.0) 1,855 (38.1) 0.366

*CARSS, China Antimicrobial Resistance Surveillance System.

TABLE 3 Weekly percentage change of the prevalence of antimicrobial resistance: results from interrupted time series analyses.

Interrupted time series Parameter Weekly percentage 95%Cl

modeling evaluated* change (%)

One interruption point only

COVID-19 Baseline trend 0.04 0.680 —0.15 0.23
Step change 7.15 0.329 —6.74 23.07
Trend change —-0.29 0.044 —0.57 —0.01
IPC policy Baseline trend 0.08 0.377 —0.10 0.25
Step change 0.38 0.957 —12.67 15.37
Trend change —-0.29 0.044 —0.58 —0.01
Second IPC policy Baseline trend 0.06 0.430 —0.08 0.19
Step change 1.52 0.828 —11.48 16.37
Trend change —-0.36 0.029 —0.69 —0.04
AMS policy Baseline trend 0.03 0.619 —-0.10 0.17
Step change 5.20 0.471 —8.37 20.69
Trend change —0.41 0.017 -0.75 —-0.07

Two interruption points

COVID-19 +1IPC policy Baseline trend 0.03 0.743 —-0.16 0.22
COVID step change 15.86 0.243 -9.99 47.66
Policy step change -11.25 0.345 —30.41 14.3
Policy trend change —0.24 0.110 —0.54 0.06

COVID-19 + Second IPC policy Baseline trend 0.05 0.636 —0.14 0.24
COVID step change 1.16 0.891 —14.2 19.19
Policy step change 0.99 0.901 —13.56 18.07
Policy trend change —-0.35 0.058 —0.71 0.01

COVID-19 + AMS policy Baseline trend 0.04 0.650 —0.15 0.24
COVID step change -1.21 0.881 -15.75 15.8
Policy step change 5.68 0.471 —9.07 22.85
Policy trend change —0.42 0.027 —0.80 —0.05

*Parameters adjusted for variations in season, gender, age, service setting, care unit, primary site of infection and Gram type of bacteria were fitted as covariates. IPC, infection prevention and
control practices; AMS, antimicrobial stewardship.
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FIGURE 1
Weekly antimicrobial-resistant rate and predicted trend with two breakpoints. The hollow dot represents the weekly point prevalence of antimicrobial-
resistant bacteria. The histogram represents the number of isolates detected. Two dashed lines represent the COVID-19 outbreak and the official
release of AMS policy. The red solid line represents the predicted value of the Poisson segmented regression model. The blue dotted line represents
the 7-week moving average of the antimicrobial-resistant rate. "Jul/18" in the X-axis means July 2018.

Discussion

Our study found a significant long-term decline in weekly
antimicrobial-resistant rates following the COVID-19 pandemic,
particularly following the adoption of the management policy on
rational use of antimicrobial agents. Given a low-level COVID-19
patient population (25), the problem of COVID-19 patients’ antibiotic
abuse in China was not as serious as in other countries (26), which
would enhance the management of rational use of antimicrobial
agents in reducing the spread of antimicrobial resistance (27, 28). A
worldwide systematic review shows that The COVID-19 pandemic
may have hastened the emergence and transmission of AMR,
particularly for Gram-negative organisms in hospital settings,
furthermore, the absence of IPC and/or AMS initiatives was associated
with an increase in gram-negative AMR (risk ratio 1.11, 95% CI:
1.03-1.20), which was consist with our results. The hospital, which
serves as both a large tertiary referral center and a designated facility
for treating local COVID-19 patients during the pandemic, has been
affected by several factors that may have impacted the detection
numbers of pathogens and the resistance rate. The early phase of the
pandemic saw changes in healthcare-seeking behavior and reduced

Frontiers in Public Health

access to healthcare, potentially leading to undiagnosed and untreated
bacterial infections (29). There is increasing evidence that the effects
of COVID-19 on MDROs vary, and specific antimicrobial stewardship
measures should be prioritized over existing empiric treatment
guidelines (30).

Prior research has indicated that the transfer of Multi-Drug
Resistant Organisms (MDROs) was detected in 18.5% of patients, with
this transfer often occurring shortly after admission (31). In regions
heavily impacted by the COVID-19 crisis, the combination of a higher
patient density and greater severity of illness, along with an increased
workload and reduced space, may facilitate the transmission of drug-
resistant bacteria between healthcare workers and patients (32).

Compared with other departments, we found the baseline rate of
antimicrobial resistance in ICU was significantly higher. Indeed,
multidrug-resistant bacteria infections are more likely to occur in
patients with advanced co-morbid illnesses, prolonged hospital stays,
use of invasive procedures, and prior antibiotic exposure, which are
more common in the ICU (33). Besides, we did not see any discernible
variations in step or trend changes of antimicrobial resistance between
different genders (male vs. female), ages (<65 vs. >65 years), service
settings (outpatient vs. inpatient), care unit (ICU vs. non-ICU), the
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FIGURE 2
Weekly prevalence and predicted trend of antimicrobial resistance by gender, age, service setting, care unit, primary site of infection and Gram type of
bacteria with two breakpoints.

primary site of infection (Lung vs. others), or Gram type of bacteria
(positive vs. negative). The results of the two large sample systematic
reviews are not the same, which may be due to the individualized
differences of the included populations. A meta-analysis showed that
the prevalence of secondary bacterial infection was higher in ICU
patients than in non-ICU patients. Another meta-regression showed
that patient age and comorbidities (such as diabetes, hypertension,
COPD, etc.) significantly affected the resistance prevalence of
COVID-19 patients. The management of rational use of antimicrobial
agents was likely to be efficient in most cases since China had not

Frontiers in Public Health 06

experienced a surge of COVID cases. However, things have changed
after abandoning the zero-COVID policy, and the policy intervention
may not work in the context of high numbers of COVID-19 cases (34).
Under this context, regular surveillance and precise evaluation would
become even more crucial (35).

After the COVID-19 outbreak, we found significantly increasing
antimicrobial-resistant rates in PRSP, CR-eco and CR-kpn.
Although the sample size of these strains is too small to have a
significant impact on the overall AMR trend, the increase in AMR
relating to the three strains has important clinical implications. For
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instance, S. pneumoniae is susceptible to penicillin and is a major
cause of community-acquired pneumonia, meningitis, sepsis,
bacteremia and otitis media, whose treatment would become
problematic due to the increasing antimicrobial resistance (36).
Similarly, CR-eco and CR-kpn usually cause a wide range of serious
infections that carry significant morbidity and mortality and
infections lack new agents in clinical practice (37, 38). The lack of
effective treatments for infections involving multidrug-resistant
Klebsiella pneumoniae infections may result in higher risks of
mortality and disease burden, which merits attention. Our results
showed that after the outbreak of the pandemic, the risk of CR-kpn
decreased significantly, which was consistent with recent research
(39, 40). There were also increasing cases of carbapenems-resistant
Enterobacter after the COVID-19 outbreak (41-44). However, the
study based on the national AMR surveillance data in Japan
discovered a drop in patients with PRSP from 2019 to 2020 (45).
The different trend in China may be explained by hospitals and
doctors’ strong preference for penicillin and cephalosporin whose
proportion of prescriptions was still increasing in 2020 (16).

Since China relaxed its zero-COVID policy, the demand for
nucleic acid detection has been sharply falling, allowing many
laboratories to focus on the detection of dangerous bacteria and
antimicrobial resistance (46). Focus should be placed on developing
diagnostic tests that distinguish between bacterial infections and
COVID-109, particularly multiplex diagnostic tests that target viruses
and bacterial infections, to reduce the need for unnecessary
antimicrobials (47).

There are several limitations in this study. First, even though
antimicrobial-resistant rates in our study were close to the data reported
by CARSS, our study was conducted in a single hospital which was not
representative of some hospitals in different settings. Second, our study
was unable to explain why antimicrobial-resistant rates had changed due
to the lack of antimicrobial prescription data, which reduces the strength
of our conclusions. Finally, we also did not consider the lag effects of
interventions. Further multicenter studies are expected to be conducted.

Conclusion

During the study period, the overall status of antimicrobial
resistance in teaching hospital has improved as a result of COVID-19’s
effective implementation of antimicrobial stewardship, but there is still
the problem of the increase in the resistance rate of some important
clinical pathogens. Regular monitoring and adjustment of prevention
and control strategies are very essential to respond to the major
change in the epidemic prevention and control policy.

Data availability statement
The original contributions presented in the study are included in

the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

Ethics approval was obtained from the Ethics Review Committee
of the School of Public Health, Sun Yat-sen University (No. 2021-117),

Frontiers in Public Health

10.3389/fpubh.2024.1419344

and the requirement for written informed consent from patients
was waived.

Author contributions

WL: Conceptualization, Data curation, Formal analysis,
Methodology, Software, Validation, Writing — original draft, Writing -
review & editing. XY: Conceptualization, Data curation, Formal analysis,
Methodology, Software, Writing — original draft, Writing — review &
editing. CL: Conceptualization, Data curation, Methodology, Resources,
Writing - review & editing. XuL: Conceptualization, Formal analysis,
Resources, Writing — review & editing. LS: Conceptualization, Data
curation, Formal analysis, Writing - review & editing. YZ:
Conceptualization, Data curation, Formal analysis, Writing — review &
editing. HX: Conceptualization, Data curation, Formal analysis, Writing —
review & editing. JL: Conceptualization, Formal analysis, Resources,
Writing - review & editing. MZ: Conceptualization, Formal analysis,
Resources, Writing — review & editing. SY: Conceptualization, Formal
analysis, Resources, Writing - review & editing. XiL: Conceptualization,
Formal analysis, Resources, Writing - review & editing. BH:
Conceptualization, Resources, Writing — review & editing, Formal
analysis. LY: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Supervision, Validation, Writing — original draft, Writing —
review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
funded by grants from the National Natural Science Foundation of
China (grant numbers: 72374228, 72074234, 72204275), China
Medical Board (grant number: CMB-OC-19-337), and Guangdong
Basic and Applied Basic Research Foundation (grant numbers:
2023A1515010163, 2022A1515011338, 2021A1515110364).

Acknowledgments

We sincerely thank Doctor Junqi Feng for his invaluable
technical assistance.

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.

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1419344
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Lietal.

References

1. Collignon P, Beggs JJ, Walsh TR, Gandra S, Laxminarayan R. Anthropological and
socioeconomic factors contributing to global antimicrobial resistance: a univariate and
multivariable analysis. Lancet Planet Health. (2018) 2:e398-405. doi: 10.1016/
$2542-5196(18)30186-4

2. Lewnard JA, Charani E, Gleason A, Hsu LY, Khan WA, Karkey A, et al. Burden of
bacterial antimicrobial resistance in low-income and middle-income countries avertible
by existing interventions: an evidence review and modelling analysis. Lancet (London,
England). (2024) 403:2439-54. doi: 10.1016/S0140-6736(24)00862-6

3. Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial
resistance in 2019: a systematic analysis. Lancet (London, England). (2022) 399:629-55.
doi: 10.1016/S0140-6736(21)02724-0

4. Liu X, Cui D, Li H, Wang Q, Mao Z, Fang L, et al. Direct medical burden of
antimicrobial-resistant healthcare-associated infections: empirical evidence from China.
J Hosp Infect. (2020) 105:295-305. doi: 10.1016/j.jhin.2020.01.003

5. Langford BJ, Soucy JR, Leung V, So M, Kwan ATH, Portnoff JS, et al. Antibiotic
resistance associated with the COVID-19 pandemic: a systematic review and meta-
analysis. Clin Microbiol Infect. (2023) 29:302-9. doi: 10.1016/j.cmi.2022.12.006

6. Yang X, Li X, Qiu S, Liu C, Chen S, Xia H, et al. Global antimicrobial resistance and
antibiotic use in COVID-19 patients within health facilities: a systematic review and
meta-analysis of aggregated participant data. J Infect. (2024) 89:106183. doi: 10.1016/j.
jinf.2024.106183

7. Ukuhor HO. The interrelationships between antimicrobial resistance, COVID-19,
past, and future pandemics. J Infect Public Health. (2021) 14:53-60. doi: 10.1016/j.
jiph.2020.10.018

8. Walia K, Mendelson M, Kang G, Venkatasubramanian R, Sinha R, Vijay S, et al.
How can lessons from the COVID-19 pandemic enhance antimicrobial resistance
surveillance and stewardship? Lancet Infect Dis. (2023) 23:e301-9. doi: 10.1016/
$1473-3099(23)00124-X

9.Zhu N, Tan W. Control and challenge of COVID-19: lessons from China's
experience. Am ] Physiol Lung Cell Mol Physiol. (2021) 321:1958-9. doi: 10.1152/
ajplung.00412.2021

10. Yang G, Ren Z, Zou Y, Xu Q, Li S, Pan L, et al. Antimicrobial stewardship in non-
COVID-19 patients with fever and respiratory symptoms in outpatient settings: lessons
from the "dynamic zero-COVID policy" in mainland China. J Infect. (2022) 84:e39-41.
doi: 10.1016/j.jinf.2022.03.015

11. Getahun H, Smith I, Trivedi K, Paulin S, Balkhy HH. Tackling antimicrobial
resistance in the COVID-19 pandemic. Bull World Health Organ. (2020) 98:442-a. doi:
10.2471/BLT.20.268573

12.Han X, LiJ, Chen Y, Li Y, Xu Y, Ying B, et al. SARS-CoV-2 nucleic acid testing is
China's key pillar of COVID-19 containment. Lancet (London, England). (2022)
399:1690-1. doi: 10.1016/S0140-6736(22)00577-3

13. Rawson TM, Ming D, Ahmad R, Moore LSP, Holmes AH. Antimicrobial use, drug-
resistant infections and COVID-19. Nat Rev Microbiol. (2020) 18:409-10. doi: 10.1038/
541579-020-0395-y

14. Chen C, Zhu P, Zhang Y, Liu B. Effect of the "normalized epidemic prevention and
control requirements” on hospital-acquired and community-acquired infections in
China. BMC Infect Dis. (2021) 21:1178. doi: 10.1186/512879-021-06886-y

15. Zhu B, Zhao X, Li Y, Wang N, Lambert H, Yan F, et al. Impact of the COVID-19
outbreak on the antibiotic use patterns among a rural community population in
eastern China. Antibiotics (Basel, Switzerland). (2022) 11:1544. doi: 10.3390/
antibiotics11111544

16. Yang Y, Geng X, Liu X, Wen X, Wu R, Cui D, et al. Antibiotic use in China's public
healthcare institutions during the COVID-19 pandemic: an analysis of Nationwide
procurement data, 2018-2020. Front Pharmacol. (2022) 13:813213. doi: 10.3389/
fphar.2022.813213

17. The State Council of the People's Republic of China. Circular of the General Office
of the National Health Commission on Further Strengthening the Prevention and
Control of Infections in Medical Institutions during the Epidemic Period 2020. Available
at: http://www.nhc.gov.cn/yzygj/s7659/202003/0c85996bb762437581¢98317365fa01c.
shtml (Accessed March 13, 2020).

18. The State Council of the People's Republic of China. Circular of the General Office
of the National Health Commission on Improving Infection Prevention and Control in
Fever Outpatients and Medical Institutions 2020. Available at: http://www.nhc.gov.cn/
yzygj/s3573d/202006/4e456696ceef482996a5bd2c3fb4c3db.shtml (Accessed June 30,
2020).

19. The State Council of the People's Republic of China. Circular of the General Office
of the National Health Commission on Continuous Management of the Clinical
Application of Antimicrobial Agents 2020. Available at: http://www.nhc.gov.cn/yzygj/
$3593/202007/8311bda4cf2443dfae4d719f1d0d72da.shtml (Accessed July 23, 2020).

20. Hudson J, Fielding S, Ramsay CR. Methodology and reporting characteristics of
studies using interrupted time series design in healthcare. BMC Med Res Methodol.
(2019) 19:137. doi: 10.1186/s12874-019-0777-x

21. World Health Organization. WHO policy guidance on integrated antimicrobial
stewardship activities. Geneva: World Health Organization (2021). 2021 p.

Frontiers in Public Health

10.3389/fpubh.2024.1419344

22.Health Commission of Guangdong Province. Provincial designated treatment
hospitals for COVID-19 in Guangdong Province (30 hospitals) 2020. Available at:
http://wsjkw.gd.gov.cn/zwgk_gsgg/content/post_2878317.html (Accessed January
22, 2020).

23.Han ], Zhu L, Wang Y, Zeng Z, Zhang S. Resumption of daily services in a
gastroenterology department in Guangzhou, China, in the wake of COVID-19. Lancet
Gastroenterol Hepatol. (2020) 5:645-6. doi: 10.1016/52468-1253(20)30133-3

24. Shaer S, Shaaban M, Barwa R, Hassan R. Performance standards for antimicrobial
susceptibility testing: Twenty-third informational supplement. M100-S23. Pennsylvania:
Clinical and Laboratory Standards Institute (2013).

25.Jin H, Lu L, Liu J, Cui M. COVID-19 emergencies around the globe: China's
experience in controlling COVID-19 and lessons learned. Int ] Qual Health Care. (2021)
33:mzaal43. doi: 10.1093/intghc/mzaal43

26. Lai CC, Chen SY, Ko WC, Hsueh PR. Increased antimicrobial resistance during
the COVID-19 pandemic. Int ] Antimicrob Agents. (2021) 57:106324. doi: 10.1016/j.
ijantimicag.2021.106324

27. Canton R, Horcajada JP, Oliver A, Garbajosa PR, Vila J. Inappropriate use of
antibiotics in hospitals: the complex relationship between antibiotic use and
antimicrobial resistance. Enferm Infecc Microbiol Clin. (2013) 31:3-11. doi: 10.1016/
$0213-005X(13)70126-5

28. Wang H, Wang H, Yu X, Zhou H, Li B, Chen G, et al. Impact of antimicrobial
stewardship managed by clinical pharmacists on antibiotic use and drug resistance in a
Chinese hospital, 2010-2016: a retrospective observational study. BMJ Open. (2019)
9:¢026072. doi: 10.1136/bmjopen-2018-026072

29.Clancy CJ, Nguyen MH. Coronavirus disease 2019, superinfections, and
antimicrobial development: what can we expect? Clin Infect Dis. (2020) 71:2736-43. doi:
10.1093/cid/ciaa524

30. Lucien MAB, Canarie MF, Kilgore PE, Jean-Denis G, Fénélon N, Pierre M, et al.
Antibiotics and antimicrobial resistance in the COVID-19 era: perspective from
resource-limited settings. Int J Infect Dis. (2021) 104:250-4. doi: 10.1016/j.
ijid.2020.12.087

31. Jernigan JA, Hatfield KM, Wolford H, Nelson RE, Olubajo B, Reddy SC, et al.
Multidrug-resistant bacterial infections in U.S. hospitalized patients, 2012-2017. N Engl
] Med. (2020) 382:1309-19. doi: 10.1056/NEJMoa1914433

32. Knight GM, Glover RE, McQuaid CF, Olaru ID, Gallandat K, Leclerc QJ, et al.
Antimicrobial resistance and COVID-19: intersections and implications. eLife. (2021)
10:10. doi: 10.7554/eLife.64139

33. Timsit JE, Bassetti M, Cremer O, Daikos G, de Waele J, Kallil A, et al. Rationalizing
antimicrobial therapy in the ICU: a narrative review. Intensive Care Med. (2019)
45:172-89. doi: 10.1007/s00134-019-05520-5

34. CaiJ, Deng X, Yang J, Sun K, Liu H, Chen Z, et al. Modeling transmission of SARS-
CoV-2 omicron in China. Nat Med. (2022) 28:1468-75. doi: 10.1038/s41591-022-01855-7

35. COVID-19: U.S. Impact on antimicrobial resistance, Special Report 2022. (2022).

36. Cherazard R, Epstein M, Doan TL, Salim T, Bharti S, Smith MA. Antimicrobial
resistant Streptococcus pneumoniae: prevalence, mechanisms, and clinical implications.
Am ] Ther. (2017) 24:e361-9. doi: 10.1097/M]JT.0000000000000551

37.CDC. Antibiotic Resistance Threats in the United States, 2019. Atlanta, GA: U.S.
Department of Health and Human Services, CDC (2019).

38. Tamma PD, Aitken SL, Bonomo RA, Mathers AJ, van Duin D, Clancy CJ.
Infectious Diseases Society of America guidance on the treatment of extended-Spectrum
p-lactamase  producing Enterobacterales (ESBL-E), Carbapenem-resistant
Enterobacterales (CRE), and Pseudomonas aeruginosa with difficult-to-treat resistance
(DTR-P. aeruginosa). Clin Infect Dis. (2021) 72:e169-83. doi: 10.1093/cid/ciaal478

39.Ding X, Liang H, Qi X, Sun G, Cheng M, Feng M, et al. Changes of Klebsiella
pneumoniae infection and carbapenem resistance in ICU elderly infected patients before
and after the COVID-19 pandemic in Zhengzhou, China. ] Infect. (2023) 86:256-308.
doi: 10.1016/j.jinf.2023.01.008

40. Patil S, Chen H, Dong S, Liu S, Wen E Klebsiella pneumoniae infection in the
paediatric population before and after the COVID-19 pandemic in Shenzhen, China. ]
Infect. (2023) 86:256-308. doi: 10.1016/j.jinf.2023.01.003

41. Farfour E, Lecuru M, Dortet L, Le Guen M, Cerf C, Karnycheff E et al.
Carbapenemase-producing Enterobacterales outbreak: another dark side of COVID-19.
Am ] Infect Control. (2020) 48:1533-6. doi: 10.1016/j.ajic.2020.09.015

42. Nori P, Szymczak W, Puius Y, Sharma A, Cowman K, Gialanella P, et al. Emerging
co-pathogens: New Delhi Metallo-beta-lactamase producing Enterobacterales infections
in new York City COVID-19 patients. Int ] Antimicrob Agents. (2020) 56:106179. doi:
10.1016/j.ijantimicag.2020.106179

43, Tiri B, Sensi E, Marsiliani V, Cantarini M, Priante G, Vernelli C, et al. Antimicrobial
stewardship program, COVID-19, and infection control: spread of Carbapenem-
resistant Klebsiella Pneumoniae colonization in ICU COVID-19 patients what did not
work? J Clin Med. (2020) 9:2744. doi: 10.3390/jcm9092744

44. Cano-Martin E, Portillo-Calderén I, Pérez-Palacios P, Navarro-Mari JM,
Fernandez-Sierra MA, Gutiérrez-Fernandez J. A study in a regional Hospital of a mid-

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1419344
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/S2542-5196(18)30186-4
https://doi.org/10.1016/S2542-5196(18)30186-4
https://doi.org/10.1016/S0140-6736(24)00862-6
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/j.jhin.2020.01.003
https://doi.org/10.1016/j.cmi.2022.12.006
https://doi.org/10.1016/j.jinf.2024.106183
https://doi.org/10.1016/j.jinf.2024.106183
https://doi.org/10.1016/j.jiph.2020.10.018
https://doi.org/10.1016/j.jiph.2020.10.018
https://doi.org/10.1016/S1473-3099(23)00124-X
https://doi.org/10.1016/S1473-3099(23)00124-X
https://doi.org/10.1152/ajplung.00412.2021
https://doi.org/10.1152/ajplung.00412.2021
https://doi.org/10.1016/j.jinf.2022.03.015
https://doi.org/10.2471/BLT.20.268573
https://doi.org/10.1016/S0140-6736(22)00577-3
https://doi.org/10.1038/s41579-020-0395-y
https://doi.org/10.1038/s41579-020-0395-y
https://doi.org/10.1186/s12879-021-06886-y
https://doi.org/10.3390/antibiotics11111544
https://doi.org/10.3390/antibiotics11111544
https://doi.org/10.3389/fphar.2022.813213
https://doi.org/10.3389/fphar.2022.813213
http://www.nhc.gov.cn/yzygj/s7659/202003/0c85996bb762437581e98317365fa01c.shtml
http://www.nhc.gov.cn/yzygj/s7659/202003/0c85996bb762437581e98317365fa01c.shtml
http://www.nhc.gov.cn/yzygj/s3573d/202006/4e456696ceef482996a5bd2c3fb4c3db.shtml
http://www.nhc.gov.cn/yzygj/s3573d/202006/4e456696ceef482996a5bd2c3fb4c3db.shtml
http://www.nhc.gov.cn/yzygj/s3593/202007/8311bda4cf2443dfae4d719f1d0d72da.shtml
http://www.nhc.gov.cn/yzygj/s3593/202007/8311bda4cf2443dfae4d719f1d0d72da.shtml
https://doi.org/10.1186/s12874-019-0777-x
http://wsjkw.gd.gov.cn/zwgk_gsgg/content/post_2878317.html
https://doi.org/10.1016/S2468-1253(20)30133-3
https://doi.org/10.1093/intqhc/mzaa143
https://doi.org/10.1016/j.ijantimicag.2021.106324
https://doi.org/10.1016/j.ijantimicag.2021.106324
https://doi.org/10.1016/S0213-005X(13)70126-5
https://doi.org/10.1016/S0213-005X(13)70126-5
https://doi.org/10.1136/bmjopen-2018-026072
https://doi.org/10.1093/cid/ciaa524
https://doi.org/10.1016/j.ijid.2020.12.087
https://doi.org/10.1016/j.ijid.2020.12.087
https://doi.org/10.1056/NEJMoa1914433
https://doi.org/10.7554/eLife.64139
https://doi.org/10.1007/s00134-019-05520-5
https://doi.org/10.1038/s41591-022-01855-7
https://doi.org/10.1097/MJT.0000000000000551
https://doi.org/10.1093/cid/ciaa1478
https://doi.org/10.1016/j.jinf.2023.01.008
https://doi.org/10.1016/j.jinf.2023.01.003
https://doi.org/10.1016/j.ajic.2020.09.015
https://doi.org/10.1016/j.ijantimicag.2020.106179
https://doi.org/10.3390/jcm9092744

Lietal. 10.3389/fpubh.2024.1419344

Sized Spanish City Indicates a major increase in infection/colonization by Carbapenem- 46. Mallapaty S. China is relaxing its zero-COVID policy - here's what scientists think.

resistant Bacteria, coinciding with the COVID-19 pandemic. Antibiotics (Basel, Nature. (2022) 612:383-4. doi: 10.1038/d41586-022-04382-0

Switzerland). (2021) 10:1127. doi: 10.3390/antibiotics10091127 47. Rodriguez-Bafio ], Rossolini GM, Schultsz C, Tacconelli E, Murthy S, Ohmagari
45. Hirabayashi A, Kajihara T, Yahara K, Shibayama K, Sugai M. Impact of the N, et al. Key considerations on the potential impacts of the COVID-19 pandemic on

COVID-19 pandemic on the surveillance of antimicrobial resistance. ] Hosp Infect. antimicrobial resistance research and surveillance. Trans R Soc Trop Med Hyg. (2021)

(2021) 117:147-56. doi: 10.1016/j.jhin.2021.09.011 115:1122-9. doi: 10.1093/trstmh/trab048

Frontiers in Public Health 09 frontiersin.org


https://doi.org/10.3389/fpubh.2024.1419344
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.3390/antibiotics10091127
https://doi.org/10.1016/j.jhin.2021.09.011
https://doi.org/10.1038/d41586-022-04382-0

	Multiple impacts of the COVID-19 pandemic and antimicrobial stewardship on antimicrobial resistance in nosocomial infections: an interrupted time series analysis
	Introduction
	Methods
	Design and setting
	Data collection
	Statistical analysis

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

