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Abstract

Background

Circulation of multidrug-resistant bacteria (MRB) in healthcare facilities is a major public
health problem. These settings have been greatly impacted by the Coronavirus Disease
2019 (COVID-19) pandemic, notably due to surges in COVID-19 caseloads and the imple-
mentation of infection control measures. We sought to evaluate how such collateral impacts
of COVID-19 impacted the nosocomial spread of MRB in an early pandemic context.

Methods and findings

We developed a mathematical model in which Severe Acute Respiratory Syndrome Coro-
navirus 2 (SARS-CoV-2) and MRB cocirculate among patients and staff in a theoretical hos-
pital population. Responses to COVID-19 were captured mechanistically via a range of
parameters that reflect impacts of SARS-CoV-2 outbreaks on factors relevant for pathogen
transmission. COVID-19 responses include both “policy responses” willingly enacted to limit
SARS-CoV-2 transmission (e.g., universal masking, patient lockdown, and reinforced hand
hygiene) and “caseload responses” unwillingly resulting from surges in COVID-19 case-
loads (e.g., abandonment of antibiotic stewardship, disorganization of infection control pro-
grammes, and extended length of stay for COVID-19 patients). We conducted 2 main sets
of model simulations, in which we quantified impacts of SARS-CoV-2 outbreaks on MRB
colonization incidence and antibiotic resistance rates (the share of colonization due to antibi-
otic-resistant versus antibiotic-sensitive strains).

The first set of simulations represents diverse MRB and nosocomial environments,
accounting for high levels of heterogeneity across bacterial parameters (e.g., rates of trans-
mission, antibiotic sensitivity, and colonization prevalence among newly admitted patients)
and hospital parameters (e.g., rates of interindividual contact, antibiotic exposure, and
patient admission/discharge). On average, COVID-19 control policies coincided with MRB
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prevention, including 28.2% [95% uncertainty interval: 2.5%, 60.2%)] fewer incident cases of
patient MRB colonization. Conversely, surges in COVID-19 caseloads favoured MRB trans-
mission, resulting in a 13.8% [—3.5%, 77.0%)] increase in colonization incidence and a
10.4% [0.2%, 46.9%)] increase in antibiotic resistance rates in the absence of concomitant
COVID-19 control policies. When COVID-19 policy responses and caseload responses
were combined, MRB colonization incidence decreased by 24.2% [-7.8%, 59.3%], while
resistance rates increased by 2.9% [-5.4%, 23.2%)]. Impacts of COVID-19 responses varied
across patients and staff and their respective routes of pathogen acquisition.

The second set of simulations was tailored to specific hospital wards and nosocomial
bacteria (methicillin-resistant Staphylococcus aureus, extended-spectrum beta-lactamase
producing Escherichia coli). Consequences of nosocomial SARS-CoV-2 outbreaks were
found to be highly context specific, with impacts depending on the specific ward and bacteria
evaluated. In particular, SARS-CoV-2 outbreaks significantly impacted patient MRB coloni-
zation only in settings with high underlying risk of bacterial transmission. Yet across settings
and species, antibiotic resistance burden was reduced in facilities with timelier implementa-
tion of effective COVID-19 control policies.

Conclusions

Our model suggests that surges in nosocomial SARS-CoV-2 transmission generate selec-
tion for the spread of antibiotic-resistant bacteria. Timely implementation of efficient COVID-
19 control measures thus has 2-fold benefits, preventing the transmission of both SARS-
CoV-2 and MRB, and highlighting antibiotic resistance control as a collateral benefit of pan-
demic preparedness.

Author summary

Why was this study done?

« Antibiotic resistance is a major global health problem, and healthcare settings are hot-
spots for the spread of antibiotic-resistant bacteria.

» Healthcare settings have been heavily impacted by the Coronavirus Disease 2019
(COVID-19) pandemic, in particular due to sudden surges of COVID-19 cases, the
ensuing disorganization of care delivery, and the enactment of infection control mea-
sures designed to curb viral transmission.

o The COVID-19 pandemic has led to shifts in the epidemiological dynamics of diverse
infectious diseases, but its impacts on the spread of antibiotic-resistant bacteria remain
poorly understood, due in part to the largely unobserved nature of bacterial colonization.

What did the researchers do and find?

« A mathematical model was developed and used to assess how outbreaks of Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in healthcare settings may impact
patient colonization with antibiotic-resistant bacteria.
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« Surges in COVID-19 cases fostered conditions favourable for bacterial transmission, on
average resulting in a 14% increase in colonization acquisition and a 10% increase in
rates of antibiotic resistance.

« Conversely, the implementation of COVID-19 control measures provided the unin-
tended benefit of limiting bacterial spread, leading to a 28% reduction in patient acquisi-
tion of drug-resistant bacteria.

o Impacts of SARS-CoV-2 outbreaks on antibiotic resistance were found to depend fun-
damentally on the particular characteristics of different hospital wards and bacterial spe
cies, but more timely implementation of effective COVID-19 control policies helped to
limit the spread of antibiotic resistance across a wide range of contexts.

What do these findings mean?

o Outbreaks of respiratory pathogens like SARS-CoV-2 risk aggravating the concomitant
spread of antibiotic-resistant bacteria.

o Healthcare facilities with greater underlying risk of bacterial transmission are likely
more vulnerable to surges in antibiotic resistance in the event of a pandemic.

« Limiting the spread of antibiotic resistance should be considered as a collateral benefit
of pandemic preparedness initiatives that enable more efficient public health responses
to counter emerging infectious threats.

Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic has impacted the epidemiology of
diverse infectious diseases, including sexually transmitted infections (e.g., HIV) [1], vector-
borne illnesses (e.g., dengue virus) [2], and invasive bacterial diseases (e.g., Streptococcus pneu-
moniae) [3]. Antibiotic resistance is a leading global driver of infectious morbidity and mortal-
ity [4], yet impacts of the pandemic on the transmission and control of antibiotic-resistant
bacteria remain poorly understood. There are many ways by which the COVID-19 pandemic
is believed to have influenced antibiotic resistance dynamics, particularly in healthcare set-
tings, which face a disproportionately large share of the epidemiological burden of both antibi-
otic resistance and COVID-19. On one hand, surges in COVID-19 cases have led to
conditions favourable for the proliferation of antibiotic-resistant bacteria, including hospital
disorganization, increased demand on healthcare workers (HCWs), abandonment of antimi-
crobial stewardship programmes, and high rates of antibiotic prescribing among COVID-19
patients. On the other, public health interventions implemented to control nosocomial Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) transmission—including patient
lockdowns, hand hygiene education, and provisioning of alcohol-based hand rub—may pro-
vide the unintended benefit of preventing bacterial transmission.

Early in the pandemic, researchers and public health officials warned that COVID-19 may
impact global efforts to curb antibiotic resistance [5,6]. However, epidemiological surveillance
has been greatly challenged by COVID-19 [7], and studies to date report heterogeneous
impacts of the pandemic on antibiotic-resistant bacteria. One review highlights decreased inci-
dence of healthcare-associated infections caused by vancomycin-resistant Enterococci (VRE)
and methicillin-resistant Staphylococcus aureus (MRSA) relative to pre-pandemic levels [8].
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Yet in an analysis of microbiological data from 81 hospitals in the United States of America,
infections due to MRSA, VRE, and multidrug-resistant gram-negative bacteria all spiked dur-
ing local surges in COVID-19 cases [9]. In a United Kingdom hospital network, bloodstream
infection due to MRSA and coagulase-negative staphylococci also spiked during surges in
COVID-19 cases, while those due to Enterobacterales reached historic lows in 2 hospitals
[10,11].

These conflicting reports suggest that impacts of COVID-19 on antibiotic resistance likely
depend on the particular population, setting, and bacteria in question and may be highly con-
text specific. Several international studies have now reported on rates of healthcare-associated
infection during the pandemic [12,13], but few have reported data on bacterial colonization or
transmission, on rates of antibiotic resistance among colonized patients, nor on the putative
mechanisms driving potential pandemic-related shits in antibiotic resistance epidemiology
[14]. Mathematical modelling is a useful tool to help disentangle the mechanisms linking the
transmission dynamics of co-occurring pathogens, especially when data are limited. However,
recent work suggests that models describing impacts of COVID-19 on antibiotic resistance
dynamics remain scarce [15].

To anticipate and mitigate collateral impacts of SARS-CoV-2 outbreaks—and potential out-
breaks of other, as-yet unknown pathogens—there is a need to better understand how the
COVID-19 pandemic has both selected for and controlled against antibiotic resistance. Here,
we propose a mathematical model describing the transmission of SARS-CoV-2 and commen-
sal bacteria among patients and staff in a healthcare setting. We include mechanistic impacts
of SARS-CoV-2 outbreaks on antibiotic consumption, interindividual contact behaviour,
infection prevention and control (IPC) practices, and the size and make-up of the hospital
population. Simulations are used to understand and quantify how outbreaks of SARS-CoV-2
may have influenced antibiotic resistance epidemiology in an early pandemic context.

Methods

A nosocomial transmission model for SARS-CoV-2 and antibiotic-resistant
bacteria

We used ordinary differential equations (ODEs) to formalize a deterministic, compartmental
model describing the transmission dynamics of SARS-CoV-2 (V) and a commensal bacterium
(B) among inpatients (pat) admitted to a healthcare facility, and among HCWs (hcw) provid-
ing care to patients (Fig 1). SARS-CoV-2 is conceptualized as transmitting via exhaled respira-
tory droplets/aerosols, while bacteria are conceptualized as transmitting via fomites and
physical touch. We assume no within-host ecological interactions between V and B: bacterial
colonization does not directly impact SARS-CoV-2 infection, nor does infection directly
impact colonization.

SARS-CoV-2 infection is characterized by a modified Susceptible-Exposed-Infectious-
Recovered (SEIR) process among patients and HCWs, with potential sick leave among symp-
tomatic HCWs. The bacterium is characterized by ecological competition between antibiotic-
sensitive strains (B%) and antibiotic-resistant strains (BX). Among patients, we consider exclu-
sive asymptomatic bacterial colonization (C° or C¥), which is potentially cleared naturally
(after 1/y days) or as a result of antibiotic exposure (after 1/0 days). BRis assumed to resist a
greater share of antibiotics than B, but not necessarily all antibiotics (0 < rys < r4 < 1), and
bears a fitness cost resulting in faster natural clearance (yz; > 7,5). Among HCWs, we consider
exclusive transient bacterial carriage (T° or TX), which is potentially cleared via HCW decon-
tamination (w) and depends upon HCW compliance with hand hygiene (H) subsequent to
HCW -patient contact (<" ~7*). HCWs are thus conceptualized as potential vectors for
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Fig 1. Model schematic describing the 3 levels of complexity included in the hospital population. (a) Behaviours within the
healthcare facility, including asymmetric contact patterns among and between patients and HCWs, patient admission and
discharge, patient exposure to antibiotics, and HCW compliance with hand hygiene. (b) SARS-CoV-2 infection progression
among patients and HCWs, modelled as a modified SEIR process. For simplicity, death is not explicitly considered. (c) Bacterial
acquisition and clearance, including patient colonization and clearance via antibiotics, and HCW carriage and clearance via hand
hygiene. HCW, healthcare worker; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2; SEIR, Susceptible-Exposed-
Infectious-Recovered.

https:/doi.org/10.1371/journal.pmed.1004240.9001
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bacterial transmission (HCW colonization is not considered). With this model, antibiotics
select for resistant bacteria, both at the between-host level due to preferential clearance of sen-
sitive bacteria and at the within-host level due to increased rates of endogenous acquisition
during antibiotic exposure [16].

See S1 Appendix section 1.1 for full model description and equations. The complete model
is programmed in R, and all code is freely available at https://github.com/drmsmith/covR.

COVID-19 responses: Policy versus caseload

Ten COVID-19 response parameters (1;) were included in ODEs by changing how individuals
flow through the model or modifying relevant parameter values (detailed in Table 1). Each
parameter reflects a distinct way in which SARS-CoV-2 outbreaks impact the organization of
healthcare settings and delivery of care. These parameters are normalized such that 0<t;<1

Table 1. Responses to COVID-19 included in the transmission model. See Methods for description of how COVID-19 response parameters are implemented in model
equations. Rows describing policy responses are shaded blue, and rows describing caseload responses are shaded grey. Symptomatic refers to COVID-19 symptoms among
individuals infected with SARS-CoV-2.

COVID-19 response

Tas

Abandoned
stewardship

COVID-19
prescribing

Care
disorganization

Patient
lockdown

Universal
masking

Hand hygiene

COVID-19 stays

Staff sick leave

Reduced
admission

Sicker casemix

Evidence

Reduction in antibiotic
stewardship activities [17]

COVID-19 patients receive high
rates of antibiotic prescription
(18]

Compromised ability of HCWs
to adhere to IPC best practices
(e.g., due to increased workload,
PPE shortages) [14]

Social interactions among
patients limited or forbidden [19]

HCWs and patients wear face
masks to prevent transmission
[20]

Increase in HCW handwashing
performance [21]

COVID-19 patients remain in

healthcare facility until recovered
[22]

HCWs with COVID-19 stay
home from work [23]

Decreased number of hospital
admissions during COVID-19
surges [24]

Elective admissions delayed or
cancelled during COVID-19
surges, restricting admissions to
more critically ill patients [10]

Model implementation Category/ Interpretation
Cause =0 =1
Increased proportion of Antibiotics/ | No change in Large increase in antibiotic use
patients exposed to Caseload antibiotic use during COVID-19 surges
antibiotics (A)
Increased proportion of Antibiotics/ | No excess antibiotic All symptomatic patients receive
symptomatic COVID-19 Policy prescribing among antibiotics
patients exposed to symptomatic patients
antibiotics (A;)
Increased daily rate of at-risk | Contact/ No change in contact | Large increase in at-risk patient—
patient-HCW contact Caseload behaviour HCW contact during COVID-19
(KpatﬂhCW) surges
Decreased daily rate of Contact/ No change in contact | Elimination of all patient-patient
patient—patient contact Policy behaviour contact
(Kpatapat)
Decreased SARS-CoV-2 IPC/Policy | No change in SARS-CoV-2 rendered
transmissibility per contact SARS-CoV-2 nontransmissible (perfect mask
(ry) transmissibility effectiveness)
Increased hand hygiene IPC/Policy | No change in hand Perfect hand hygiene compliance
compliance (H) hygiene compliance
Decreased discharge rate for | Disease/ No impact of All patients remain in hospital
symptomatic COVID-19 Caseload SARS-CoV-2 infection | while symptomatic
patients (u;) on patient length of
stay
A proportion of symptomatic | Disease/ No symptomatic staff | All symptomatic staff go on sick
HCWs removed from Caseload go on sick leave leave after being infectious for 1
population for 7 days (until day
recovered)
Decreased patient admission | Admission/ | No change in patient | Large reduction in patient
rate () Caseload admissions admissions during COVID-19
surges
Increased rate of antibiotic- = Admission/ | No change in the Large increase in the probability
resistant bacterial carriage Caseload probability of of colonization with resistant
among patient admissions colonization upon bacteria upon admission during
(fer) admission COVID-19 surges

COVID-19, Coronavirus Disease 2019; HCW, healthcare worker; IPC, infection prevention and control; PPE, personal protective equipment; SARS-CoV-2, Severe

Acute Respiratory Syndrome Coronavirus 2.

https://doi.org/10.1371/journal.pmed.1004240.t001
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(where T; = 0 signifies no impact of COVID-19 response i and t; = 1 signifies the maximum
impact of that response). Each COVID-19 response is further classified as either a policy
response willingly enacted during SARS-CoV-2 outbreaks to limit viral transmission, or as a
caseload response that unwillingly results from surges in COVID-19 patients or HCW infection
(see Methods and Figure A in S1 Appendix). The model is structured such that these parame-
ters have mechanistic impacts on pathogen transmission (Figure B in S1 Appendix).

Policy responses are implemented at a time £, and reflect evolution of public health policy
or practice within the healthcare facility over the course of the epidemic. For each of these
1esponses (Tp, Tpi Tums> Thin)» We assume a phase-in period of duration t;,,,,, during which the
policy is gradually adopted, such that it is implemented with full impact at time £pyjic, * tipmpr-
Hence, for each policy response 1,, the value over time T (t, T,) is taken as

0, < by,
t—1t
policy
Tt(tV Tt) = T X t ’ t— tpolicy < timpl

impl

Tt7t 2 timpl
where
byt > 0.

Second, caseload responses depend on patient and/or staff SARS-CoV-2 infection preva-
lence, reflecting impacts of increasing COVID-19 caseloads on provisioning of care. COVID-
19 stays (t,,) and staff sick leave (1) impact the numbers of infectious patients and staff in the
healthcare facility, while all other dynamic caseload responses (T, Teg> Tra» Tso) Scale dynami-
cally with patient infection prevalence. The quantile of the cumulative Beta distribution B,
(e, B) corresponding with patient SARS-CoV-2 infection prevalence x(t) is used, fixing o = 2
and scaling 3 by the dynamic caseload response t,. This gives a modified time- and preva-
lence-dependent value T, (),

where

g = E )
Npat(t)
given bacterial colonization status g in a set of statuses h (see S1 Appendix section 1.1). The
relationship between T,, x(f), and T,(t) is visualized in Figure A in S1 Appendix.

Simulations

Model simulations were conducted to quantify impacts of SARS-CoV-2 outbreaks and corre-
sponding COVID-19 responses on the epidemiological dynamics of antibiotic resistance. Sim-
ulations aimed at representing poorly anticipated nosocomial SARS-CoV-2 outbreaks in naive
hospital populations, as in the first wave of the COVID-19 pandemic. Dynamics were simu-
lated by solving ODEs through numerical integration using the R package deSolve [25]. For
each simulation, endemic equilibria for bacterial carriage and colonization were found. Then,
2 cases of SARS-CoV-2 (1 patient, 1 HCW) were introduced into the facility, assuming
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complete susceptibility to infection among all other individuals. Dynamics were run for a
period of 180 days from SARS-CoV-2 introduction, using estimates of SARS-CoV-2 transmis-
sibility from early 2020 from a long-term care hospital in Paris, France (see parameter values
in Table A in S1 Appendix) [26]. In simulations tailored to this particular hospital, when all
COVID-19 responses were combined with random magnitude, nosocomial SARS-CoV-2 out-
breaks had complex impacts on hospital demography and healthcare-associated behaviours
(Fig 2A-2E), with heterogeneous consequences for epidemiological dynamics of both SARS-
CoV-2 and antibiotic-resistant bacteria (Fig 2F-2I).

To account for extensive parameter uncertainty reflecting heterogeneity across different
bacteria and healthcare facilities, 2 distinct sets of probabilistic Monte Carlo simulations were
conducted: (i) generic MRB in generic hospitals; and (ii) case studies of specific bacteria, hos-
pital wards, and COVID-19 response scenarios (see S1 Appendix section 1.3). Pathogen
transmission rates per unit of time estimated from the literature () were scaled to interindi-
vidual contact rates per unit of time (x) to approximate transmission rates per unit of contact
(7 = B/x), facilitating generalizability across settings. Monte Carlo simulations were conducted
by randomly sampling parameter values from their respective probability distributions, yield-
ing a distinct parameter vector © for each simulation (see S1 Appendix section 1.2). Probabil-
ity distributions for key parameters underlying these distinct simulation sets are visualized in
Figure C in S1 Appendix. Bootstrap resampling was used to determine the appropriate num-
ber of Monte Carlo simulations to conduct (n = 500; Figures D and E in S1 Appendix).

Evaluating impacts of COVID-19 on antibiotic resistance

Epidemiological indicators (I") were calculated from simulation outputs and include the preva-
lence and incidence of SARS-CoV-2 infection, of patient colonization with B® and BX, and of
HCW carriage of B® and B, as well as the cumulative number of patient-days of bacterial colo-
nization and the average resistance rate (the cumulative share of patient colonization due to B
relative to BY) (see S1 Appendix section 1.4). Multivariate sensitivity analyses were conducted
to determine which model parameters drive respective I' (Figures F and G in S1 Appendix).
Epidemiological impacts of COVID-19 were assessed by calculating how COVID-19

responses impacted epidemiological indicators in parameter-matched simulations. For ©’ cor-
responding to the i Monte Carlo simulation, the model was run both with selected COVID-19
response parameters (t>>0) and without (t = 0), and corresponding epidemiological indicators
were calculated in their presence (I";) and absence (I')). The epidemiological change resulting
from COVID-19 responses was thus calculated as the relative difference in each indicator,

AT = <5—1) x 100%
Iy
such that positive (negative) values indicate the percentage increase (decrease) in I"" as a result
of the COVID-19 response parameters included in ©'. Final differences for each indicator are
reported as means and 95% uncertainty intervals (95% Uls, the 2.5th and 97.5th quantiles) of
the resulting distribution AI"". P values are not reported due to lack of interpretability for simu-
lated data.

Results
Impacts of COVID-19 responses on generic MRB in generic hospitals

The first simulation set accounts for broad parameter ranges, representing “generic multi-
drug-resistant bacteria” (MRB) across “generic hospitals” in the context of COVID-19
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Fig 2. Combined influence of all COVID-19 responses on epidemiological dynamics of SARS-CoV-2 and a generic commensal bacterium among
patients and HCWs in a simulated long-term care hospital in France. Baseline conditions include 350 beds, a 1.51:1 HCW:patient ratio, 10% antibiotic
exposure prevalence (Apg = 0.1), 40% HCW compliance with hand hygiene after HCW-patient contact (Hp,s. = 0.4), and an average 80-day patient length of
stay (u = 0.0125). Two index SARS-CoV-2 infections are introduced at ¢ = 0 (vertical dashed lines), and policy responses are implemened at ¢,,;c, =21 days
(vertical grey bars) with an intervention burn-in period of t,,,,,; = 7 days. Lines represent dynamics across # = 100 independent simulations, in which all model
parameters are fixed except for COVID-19 response parameters (1), which are drawn randomly (t~ U0, 1]) for each 7 in each simulation (see Tables A and B
in S1 Appendix). Circles represent means across all simulations. (a) The ratio of HCWs to patients in the hospital (N"™/NF). (b) The average delay between
compliant HCW handwashing events (w/day ' x24 hours/day), i.e., the average duration of transient bacterial carriage. (c) The average number of contacts that
patients have with patients and HCW's (?*~P*4iP* " g01d) and that HCW's have with patients and HCWs (&'~ =Pa green). (d) The average
number of patients exposed to antibiotics (Agz; x -, (S5 + Ef* + RE“) + A, x 37 IP™). () The average number of patients admitted already colonized with
resistant bacteria (u*" x N x f.x). (f) Forces of infection for SARS-CoV-2 (3", magenta) and antibiotic-resistant bacteria (}_, A3, orange). (g) The
number of active SARS-CoV-2 infections among patients (V¥*, gold) and HCWs (vhew, green). (h) The number of patients colonized with antibiotic-sensitive
bacteria (C5, blue) and antibiotic-resistant bacteria (C¥, red). (i) The resistance rate, the proportion of colonized patients bearing antibiotic-resistant bacteria
[CR/(C5+CP)]. COVID-19, Coronavirus Disease 2019; HCW, healthcare worker; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2.

https://doi.org/10.1371/journal.pmed.1004240.9002
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responses of intermediate magnitude (t = 0.5) (see parameter distributions in Table B in S1
Appendix). In the absence of COVID-19, these hospitals and MRB are characterized by sub-
stantial epidemiological heterogeneity (Figures H and I in S1 Appendix).

Combined COVID-19 responses prevent MRB colonization but favour
resistance

When all COVID-19 responses are combined (t = 0.5), nosocomial SARS-CoV-2 outbreaks
have varied impacts on healthcare-associated behaviours, hospital demography, and, conse-
quently, the epidemiological burden of MRB (Fig 3). Collateral impacts favouring MRB colo-
nization include increased rates of HCW contact and increased patient exposure to antibiotics.
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Fig 3. Combined COVID-19 responses impact the behaviour and demography of generic hospital populations and consequently impact the
epidemiological dynamics of generic MRB. Each data point represents one of # =500 unique MRB-hospital pairs. For each indicator (row), change due to
COVID-19 responses is calculated as the difference between parameter-matched simulations including all COVID-19 responses simultaneously (7 = 0.5) versus
those including no COVID-19 responses (7 = 0). Indicators are calculated cumulatively over ¢ = 180 days of simulation, after introduction of 2 index cases of
SARS-CoV-2 into the hospital at ¢ = 0. Boxplots represent the IQR; whiskers extend to the furthest value up to £1.5xIQR; and notches extend to

1.58 x IQR/+/n. Scales are pseudo-log,o-transformed using an inverse hyperbolic sine function (R package ggallin) [27]. COVID-19, Coronavirus Disease
2019; HCW, healthcare worker; MRB, multidrug-resistant bacteria; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2.

https://doi.org/10.1371/journal.pmed.1004240.g003
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Collateral impacts preventing MRB colonization include reduced rates of patient contact,
increased rates of HCW hand decontamination, and an increased HCW:patient ratio.

Combined COVID-19 responses result in a mean 88.1% [95% UI: 58.8%, 99.7%] reduction
in cumulative nosocomial SARS-CoV-2 infection incidence, including reductions across all
acquisition routes (Figure J in S1 Appendix), but have more heterogeneous impacts on MRB
epidemiology (Fig 3). COVID-19 responses lead to a mean 11.6% [-2.7%, 44.1%] reduction in
the cumulative number of patient-days colonized with MRB and a mean 24.2% [-7.8%, 59.3%]
reduction in the cumulative incidence of nosocomial colonization. However, incidence rates
decrease for some acquisition routes (e.g., HCW-to-patient transmission) but increase for oth-
ers (e.g., endogenous acquisition). COVID-19 responses also lead to transient increases in
patient MRB colonization, with a mean 4.7% [0.4%, 18.7%] increase in peak colonization prev-
alence, as well as a 2.9% [-5.4%, 23.2%] increase in the average resistance rate (the cumulative
share of colonized patient-days caused by resistant bacteria).

Distinct COVID-19 responses have distinct epidemiological impacts

Individual COVID-19 responses have distinct impacts on MRB epidemiology (Fig 4A). Several
COVID-19 responses are responsible for reducing the cumulative number of patient-days of
MRB colonization, including reduced patient admission (t,,), improved HCW hand hygiene
(thn)» and patient lockdown (t,;). However, no COVID-19 responses lead to meaningful
reductions in the average resistance rate, although hand hygiene and patient lockdown are
associated with high variance in this outcome despite negligible change on average. The
COVID-19 response that most favours increasing resistance is abandoned stewardship (t),
which, in the absence of other COVID-19 responses, causes a mean 9.4% [0.1%, 49.0%]
increase in the average resistance rate. This is followed by sicker casemix (1) with a 2.5%
[<0.1%, 7.7%)] increase in the average resistance rate, and COVID-19 prescribing (t.,,) with a
1.0% [<0.1%, 6.5%] increase.

Individual COVID-19 responses also have distinct impacts on the incidence of SARS-CoV-
2 infection and MRB colonization, with changes varying across different routes of acquisition.
Reductions in SARS-CoV-2 incidence are led by reduced transmission from all individuals
due to universal masking (t,,,,), reduced transmission from HCWs due to staff sick leave (1),
reduced transmission to patients due to reduced admissions (t,,), and reduced patient-to-
patient transmission due to patient lockdown (t,;) (Figure K in S1 Appendix). Reductions in
MRB incidence are largely due to reduced transmission from HCWs as a result of improved
hand hygiene (1), reduced transmission from patients due to patient lockdown (1), and
reduced transmission to and from all individuals due to reduced patient admission (t,,)
(Figure L in S1 Appendix). These COVID-19 responses outweigh the impacts of competing
COVID-19 responses that favour greater SARS-CoV-2 incidence [care disorganization (t.4)
and COVID-19 stays (1.)] and/or MRB incidence [abandoned stewardship (t,;), care disorga-
nization (t.), sicker casemix (1), COVID-19 stays (), staff sick leave (1), and COVID-19
prescribing (t,)] (Figures M and N in S1 Appendix).

Surges in COVID-19 caseloads lead to strong selection for resistance

Impacts of COVID-19 responses on MRB epidemiology vary across policy responses and case-
load responses (Fig 4B). The cumulative number of patient-days colonized with MRB
decreases by a mean 13.2% [0.6%, 46.9%] with policy responses, but increases by a mean 6.3%
[—5.2%, 42.8%)] with caseload responses. Mirroring these trends, MRB colonization incidence
decreases by 28.2% [2.5%, 60.2%] with policy responses but increases by 13.8% [—3.5%, 77.0%]
with caseload responses (Figure M in S1 Appendix). By contrast, policy responses have little
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sick leave (7,), reduced admission (,,), and sicker casemix (7). Small translucent points represents unique MRB-hospital
pairs, and larger opaque points represent means across n =500 pairs. For each indicator, change due to COVID-19 responses is
calculated as the difference between parameter-matched simulations including respective COVID-19 responses (7 =0.5) versus
those including no COVID-19 responses (7 = 0). Indicators are calculated cumulatively over ¢ = 180 days of simulation, after
introduction of 2 index cases of SARS-CoV-2 into the hospital at t =0. Scales are pseudo-log;o-transformed using an inverse
hyperbolic sine function (R package ggallin). COVID-19, Coronavirus Disease 2019; MRB, multidrug-resistant bacteria;
SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2.

https://doi.org/10.1371/journal.pmed.1004240.9004

impact on the average resistance rate, while caseload responses lead to a mean 10.4% [0.2%,
46.9%] increase.

Impacts of COVID-19 on MRSA and ESBL-E. coli across wards and
scenarios

The second simulation set accounts for a series of case studies representing specific bacteria
(MRSA and ESBL-E. coli; see Table C in S1 Appendix), specific healthcare settings (a geriatric
rehabilitation ward, a short-stay geriatric ward, and a general paediatric ward; see Table D in
S1 Appendix), and specific COVID-19 response scenarios (an organized response, an inter-
mediate response, and an overwhelmed response; see Table E in S1 Appendix). Response sce-
narios were assumed to vary in terms of the COVID-19 policies put in place. For example, in
the organized response, we assumed universal masking with N95 respirators, strict patient
lockdown, a large increase in hand hygiene compliance, and COVID-19 prescribing only for
patients experiencing bacterial coinfection; and in the disorganized response, we assumed no
masking, minimally effective patient lockdown, marginal improvement in hand hygiene, and
high rates of COVID-19 prescribing.

Baseline nosocomial dynamics differ across wards

Baseline healthcare-associated behaviours and demography vary across wards (Figure O in S1
Appendix), resulting in ward-specific epidemiological dynamics of MRSA and ESBL-E. coli
colonization (prior to introduction of SARS-CoV-2) (Figure P in S1 Appendix). Due to differ-
ent factors including ward-specific differences in antibiotic exposure, patient length of stay,
and interindividual contact rates, the relative importance of different colonization acquisition
routes varies across settings and bacteria. For MRSA, for example, endogenous acquisition
dominates in the short-stay ward, HCW-to-patient transmission dominates in the general
ward, and patient-to-patient transmission dominates in the rehabilitation ward (Figure Q in
S1 Appendix). Upon introduction of SARS-CoV-2, ward-specific characteristics further trans-
late to variability in SARS-CoV-2 risk and infection dynamics (Figure R in S1 Appendix). In
both the short-stay ward and the general ward, most SARS-CoV-2 transmission results from
HCWs, with negligible transmission from patients to HCWs or other patients. Conversely, in
the rehabilitation ward, patient-to-patient transmission is the dominant acquisition route.

Overwhelmed COVID-19 responses exacerbate antibiotic resistance

Impacts of SARS-CoV-2 outbreaks on antibiotic resistance epidemiology vary across wards,
bacterial species, and COVID-19 response scenarios (Fig 5). SARS-CoV-2 outbreaks have little
impact on bacteria acquired predominantly via endogenous acquisition, including ESBL-E.
coli in the general ward and both MRSA and ESBL-E. coli in the short-stay ward (Figure Q in
S1 Appendix). For remaining contexts with substantial bacterial transmission to and from
patients, SARS-CoV-2 outbreaks have significant impacts on bacterial colonization incidence
and the bacterial resistance rate (Fig 5). Overwhelmed COVID-19 responses are associated
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Fig 5. Overwhelmed responses to COVID-19 result in greater colonization burden of antibiotic-resistant bacteria relative to organized responses. Violin
plots represent outcome distributions from n = 500 Monte Carlo simulations and depict cumulative change in epidemiological indicators due to nosocomial
SARS-CoV-2 outbreaks (x-axis) across different COVID-19 response scenarios (y-axis). Results are presented for (a) camulative MRSA colonization incidence,
(b) the average MRSA resistance rate, (c) cumulative ESBL-E. coli colonization incidence, and (d) the average ESBL-E. coli resistance rate. For each hospital
ward, bacterial species, and COVID-19 response scenario, change due to COVID-19 responses is calculated as the difference between parameter-matched
simulations including respective COVID-19 responses (organized, intermediate, or overwhelmed; see Table E in S1 Appendix) versus those including no
COVID-19 responses (7 = 0), assuming baseline values of SARS-CoV-2 transmissibility (8, = 1.28) and policy implementation timing (¢,oicy = 21). Indicators
are calculated cumulatively over ¢ = 180 days of simulation, after introduction of 2 index cases of SARS-CoV-2 into the hospital at ¢ = 0. COVID-19,
Coronavirus Disease 2019; ESBL, extended-spectrum beta-lactamase-producing; MRSA, methicillin-resistant Staphylococcus aureus; SARS-CoV-2, Severe
Acute Respiratory Syndrome Coronavirus 2.
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Fig 6. Antibiotic resistance is mitigated by earlier implementation of organized COVID-19 responses but exacerbated by earlier implementation of
overwhelmed COVID-19 responses. Each coloured tile depicts mean change in the average resistance rate of MRSA across n = 500 Monte Carlo simulations,
which varies with the SARS-CoV-2 transmission rate (x-axis) and the delay to COVID-19 policy implementation (y-axis) in a geriatric rehabilitation ward with
(a) an organized response to COVID-19 versus (b) an overwhelmed response. Change due to COVID-19 responses is calculated as the difference between
parameter-matched simulations including respective COVID-19 responses (organized, overwhelmed; see Table E in S1 Appendix) versus those including no
COVID-19 responses (7 = 0). Average resistance rate is calculated cumulatively over ¢ = 180 days of simulation, after introduction of 2 index cases of
SARS-CoV-2 into the hospital at ¢ = 0. COVID-19, Coronavirus Disease 2019; MRSA, methicillin-resistant Staphylococcus aureus; SARS-CoV-2, Severe Acute
Respiratory Syndrome Coronavirus 2.

https://doi.org/10.1371/journal.pmed.1004240.9006

with higher colonization incidence and higher resistance rates than organized responses. For
example, given an organized response in the rehabilitation ward, colonization incidence of
MRSA decreases by a mean 65.2%% [48.8%, 79.9%], with little change in the resistance rate.
Conversely, given an overwhelmed response, there is little change in incidence, while the resis-
tance rate increases by a mean 18.7% [8.5%, 28.3%]. These impacts result from how different
COVID-19 response scenarios modify healthcare-associated behaviours and demography in
each ward. In the rehabilitation ward, for example, patient antibiotic exposure and the daily
number of contacts per patient tend to increase in the overwhelmed scenario but decrease in
the organized scenario (Figure S in S1 Appendix).

Impacts of COVID-19 on antibiotic resistance also depend on the transmissibility of
SARS-CoV-2 (By) and the timing of COVID-19 policy implementation (1ic,) (visualized for
MRSA in the rehabilitation ward in Fig 6; see all bacteria and wards in Figures T and U in S1
Appendix). Increasing the SARS-CoV-2 transmission rate results in larger SARS-CoV-2 out-
breaks and, in turn, greater selection for resistance across all wards, bacteria, and control sce-
narios. However, impacts of policy timing depend on the nature of the policies being
implemented. Earlier implementation of organized responses generally results in lower
resistance rates, due to their ability to help control the spread of and selection for resistant
bacteria. Conversely, earlier implementation of overwhelmed responses generally results in
higher resistance rates, as these responses tend to exert additional selection for resistant
bacteria.
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Discussion

This study demonstrates how collateral impacts of COVID-19 may both favour and prevent
against the spread of antibiotic resistance in healthcare settings. Surges in COVID-19 cases—
and associated consequences like abandonment of antibiotic stewardship programmes and
disorganization of patient care—were found to favour the spread of resistant bacteria. Con-
versely, COVID-19 control policies like patient lockdown, universal masking, and reinforce-
ment of hand hygiene were effective for prevention of bacterial colonization. Such policies
work not only by directly preventing bacterial transmission, but also by limiting surges in
COVID-19 cases and the conditions favourable for bacterial spread that they create. These
findings thus suggest that limiting the proliferation of antibiotic resistance is an important col-
lateral benefit of nosocomial COVID-19 prevention. This further suggests that various other
public health strategies effective for prevention of SARS-CoV-2 transmission in healthcare set-
tings—including vaccination, mass testing, and HCW cohorting—may help to alleviate the
spread of antibiotic resistance [28-30].

Findings also suggest that better pandemic preparedness may serve to limit unintended
selection for antibiotic-resistant bacteria. Our simulations tailored to an early pandemic con-
text found that patients in better organized healthcare facilities (i.e., those enacting more effec-
tive COVID-19 control policies sooner) were less likely to acquire bacterial colonization and
experienced lower rates of resistance than patients in facilities overwhelmed by COVID-19.
We further found that facilities with higher underlying rates of bacterial transmission were at
greatest risk of pandemic-associated surges in antibiotic resistance. In the context of poorly
anticipated outbreaks of any novel respiratory pathogen, healthcare facilities that rapidly
instate effective IPC measures and maintain stable staffing ratios while limiting unnecessary
surges in antibiotic use may thus avoid concomitant surges in antibiotic resistance. However,
putting such an organized response into action depends importantly on the financial and
human resources available and on the emergency management systems already in place. With
hindsight, the rapid global spread of SARS-CoV-2 and its associated health system shocks in
early 2020 revealed insufficient global capacity to detect and contain novel pathogens with
pandemic potential [31]. This has spurred calls for transformational change in international
law and governance, and expansive global investment in pandemic preparedness [32]. Our
study suggests that mitigating the spread of antibiotic-resistant bacteria should be considered
as a collateral benefit of pandemic preparedness initiatives, with implications for their funding
and design.

Collateral impacts of COVID-19 have evolved over successive pandemic waves and will
continue to evolve through the transition to endemic COVID-19 [33,34]. Such variability has
coincided with the ebbing and flowing of enforcement of nonpharmaceutical COVID-19 con-
trol interventions, availability of vaccines and antiviral therapies, and capacity and resilience of
healthcare systems. The clinical and epidemiological characteristics of COVID-19 are also in
constant flux, due to evolution of intrinsic virulence and immune escape properties of SARS-
CoV-2 variants, and great heterogeneity in acquisition and waning of both natural and vac-
cine-induced immunity. Understanding how these and other COVID-19-related factors com-
bine to influence the spread of antibiotic-resistant bacteria remains a great challenge.
Asymptomatic bacterial carriage is difficult to detect and relatively rarely monitored, and
interrupted epidemiological surveillance and the reallocation of public health resources away
from antibiotic resistance programmes and towards COVID-19 control have made MRB sur-
veillance particularly challenging. In many instances, SARS-CoV-2 testing and surveillance
infrastructure has been repurposed from existing antimicrobial resistance infrastructure, lead-
ing to extensive gaps and delays in the reporting of antimicrobial resistance data since the
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onset of the pandemic, and a reduction in the number of bacterial isolates sent for whole
genome sequencing [7]. Further, data underlying the causal pathways proposed to link the epi-
demiological dynamics of COVID-19 and MRB (e.g., impacts of the pandemic on contact
behaviour, IPC compliance, care delivery pathways, and underlying rates of bacterial coloniza-
tion and resistance) are sorely lacking.

In light of such complexity and data limitations, mathematical modelling is a powerful tool
to help better understand and disentangle the complex, overlapping mechanisms linking
COVID-19 and antibiotic resistance epidemiology. In this context, our model proposes theo-
retical explanations as to how outbreaks of an emerging pandemic pathogen like SARS-CoV-2
may be expected to exacerbate the spread of antibiotic resistance, and how the timely imple-
mentation of effective control measures can mitigate these impacts. Where data are lacking,
mathematical modelling should continue to be exploited as a tool to understand mechanistic
links between COVID-19 and antibiotic resistance beyond the early pandemic context
explored here. Future work should evaluate impacts across other types of healthcare and resi-
dential facilities (e.g., retirement homes and prisons), nosocomial bacteria (e.g., Pseudomonas
aeruginosa, Acinetobacter baumannii, and Enterobacter spp.), and specific medical procedures
associated with both COVID-19 and nosocomial MRB spread (e.g., mechanical ventilation
and central venous catheterization). It would also be helpful to evaluate impacts of variable
availability of key resources, including masks, diagnostic tests, personal protective equipment,
and appropriately trained medical staff.

Future work is also needed to understand impacts of COVID-19 on antibiotic resistance
across entire health systems and in community settings. An international surge in outpatient
antibiotic consumption was observed initially in March 2020, associated primarily with antimi-
crobials frequently prescribed to COVID-19 patients early in the pandemic (e.g., azithromycin
and hydroxychloroquine) [35,36]. Subsequently, there was an estimated 19% reduction in global
antimicrobial consumption from April to August 2020 (relative to 2019) [37]. In combination
with reduced human mobility, contact rates, and care-seeking during COVID-19 lockdowns,
epidemiological impacts of modified antibiotic consumption in the community remain poorly
understood [15]. Data subsequent to first wave lockdowns have shown a decrease in ESBL resis-
tance among E. coli isolates in France [38], and reduced carriage of cephalosporin- and carbape-
nem-resistant Enterobacterales in Botswana [39]. However, more longitudinal estimates from
diverse geographical regions and bacterial species are greatly needed.

Although few studies have reported explicitly on impacts of COVID-19 on distributions of
antibiotic-resistant strains or serotypes, COVID-19 lockdowns in early 2020 clearly reduced
incidence of disease due to community-associated respiratory bacteria like S. pneumoniae,
Haemophilus influenzae, and Neisseria meningitidis [3,40-43]. Yet over the same time period,
intriguingly, emerging data report persistent carriage of S. pneumoniae in the community
across countries and age groups [44-46]. It has been suggested that reduced incidence of bac-
terial infection may thus be explained at least in part by concomitant prevention of other respi-
ratory viruses like influenza [47], which have been shown to favour progression from bacterial
colonization to disease [48]. Fully understanding impacts of COVID-19 on any particular
form of antibiotic resistance may therefore require taking into account not only SARS-CoV-2
and the bacterium in question, but also other interacting microorganisms. For simplicity, and
due to limited evidence of a strong association between SARS-CoV-2 and bacterial coinfection
[18], our model assumes no impact of SARS-CoV-2 infection on bacterial acquisition, growth,
transmission, or clearance. Yet the extent to which SARS-CoV-2 is prone to within-host virus-
virus and/or virus-bacteria interactions remains relatively unclear, may continue to evolve,
and could have important consequences for epidemiological dynamics and clinical manifesta-
tions of antibiotic resistance [49].
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Our model should be considered in the context of several limitations and simplifying
assumptions. First, although impacts of COVID-19 on hospital admissions are accounted for,
we do not explicitly model community dynamics, nor do we explore different scenarios of
SARS-CoV-2 importation from the community. Yet community SARS-CoV-2 outbreaks also
result in surges in COVID-19 hospitalizations and the potential overwhelming of healthcare
services and have likely played an important role in driving selection for antibiotic-resistant
bacteria since the onset of the pandemic. In the context of prohibited hospital visitation during
the first wave of COVID-19, staff but not patient interactions with the community—and
potential acquisition of both SARS-CoV-2 infection and bacterial carriage—may further be
important drivers of nosocomial transmission dynamics. Second, HCWs are conceptualized
here as transient vectors, but HCW colonization can also impact transmission dynamics. In
particular, nares are a key site for MRSA colonization [50], and chronic HCW colonization
has been found to drive prolonged nosocomial MRSA outbreaks [51]. Further, our model is
conceptualized as applying to commensal bacteria spread through contact and fomites, so we
conservatively assumed that face masks have no impact on bacterial transmission. However,
respiratory droplets may play a nonnegligible role, particularly for MRSA transmission [52],
so impacts of COVID-19 responses on MRSA colonization incidence may be underestimated.
Bacterial strains are also conceptualized as competing exclusively for hosts, although co-colo-
nization is widely observed in vivo. However, exclusive colonization is a common modelling
approach for practical reasons (to keep models as simple as possible) and due to limited data
describing within-host ecological competition dynamics [53]. Finally, our deterministic
modelling approach does not allow for stochastic effects like epidemiological extinctions,
which are particularly relevant in small populations like hospital wards.

In conclusion, this work has helped to disentangle how nosocomial SARS-CoV-2 outbreaks
influence the epidemiological dynamics of MRB. Our simulation-based approach facilitated
the exploration of diverse scenarios and broad parameter spaces, helping to unravel the com-
plexity and context specificity of such impacts. Results suggest that surges in antibiotic resis-
tance may be expected as a collateral impact of sudden nosocomial outbreaks of novel
respiratory pathogens but that effective implementation of IPC policies that limit nosocomial
transmission can mitigate selection for resistance. Given the persistence of SARS-CoV-2 trans-
mission in human populations and high risk of future zoonotic spillovers of other pathogens
with pandemic potential [54], investment in outbreak preparedness should be considered a
crucial element in the fight against antibiotic resistance.

Supporting information

S1 Appendix. File containing detail on model structure (section 1.1; Figures A and B); a
description of model simulations (section 1.2); a description of model parameterization (sec-
tion 1.3; Tables A-E; Figure C); detail on calculation of methodological indicators (section
1.4); simulation convergence and sensitivity analyses (section 1.5; Figures D-G); supplemen-
tary results for generic MRB in generic hospitals (section 1.6; Figures H-N); and supplemen-
tary results for case studies of specific bacteria in specific hospital wards (section 1.7; Figures
0-U).

(PDF)

Acknowledgments

We thank the members of the EMAE-MESuRS Working Group on Nosocomial SARS-CoV-2
Modelling for helpful discussion. We are also grateful for material support provided by the

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1004240 June 5, 2023 18/22


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1004240.s001
https://doi.org/10.1371/journal.pmed.1004240

PLOS MEDICINE

COVID-19 and the hospital epidemiology of antibiotic resistance

French National Institute for Health and Medical Research (Inserm), Institut Pasteur, le Con-
servatoire National des Arts et Métiers, and 'Université Versailles Saint-Quentin-en-Yvelines/
Université Paris-Saclay.

Author Contributions

Conceptualization: David R. M. Smith, Laura Temime, Lulla Opatowski.
Formal analysis: David R. M. Smith.

Funding acquisition: Laura Temime, Lulla Opatowski.

Investigation: David R. M. Smith, George Shirreff.

Software: David R. M. Smith.

Supervision: Laura Temime, Lulla Opatowski.

Visualization: David R. M. Smith.

Writing - original draft: David R. M. Smith.

Writing - review & editing: David R. M. Smith, George Shirreff, Laura Temime, Lulla
Opatowski.

References

1. Braunstein SL, Slutsker JS, Lazar R, Shah D, Hennessy RR, Chen SX, et al. Epidemiology of Reported
HIV and Other Sexually Transmitted Infections During the COVID-19 Pandemic, New York City. J Infect
Dis. 2021; 224:798-803. https://doi.org/10.1093/infdis/jiab319 PMID: 34134130

2. ChenY,LiN, Lourengo J, Wang L, Cazelles B, Dong L, et al. Measuring the effects of COVID-19-
related disruption on dengue transmission in southeast Asia and Latin America: a statistical modelling
study. Lancet Infect Dis. 2022; 22:657-667. https://doi.org/10.1016/S1473-3099(22)00025-1 PMID:
35247320

3. Brueggemann AB, Jansen van Rensburg MJ, Shaw D, McCarthy ND, Jolley KA, Maiden MCJ, et al.
Changes in the incidence of invasive disease due to Streptococcus pneumoniae, Haemophilus influen-
zae, and Neisseria meningitidis during the COVID-19 pandemic in 26 countries and territories in the
Invasive Respiratory Infection Surveillance Initiative: a prospective analysis of surveillance data. Lancet
Digit Health. 2021; 3:e360-e370. https://doi.org/10.1016/S2589-7500(21)00077-7 PMID: 34045002

4. Murray CJL, lkuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A, et al. Global burden of bac-
terial antimicrobial resistance in 2019: a systematic analysis. Lancet. 2022; 399:629—655. https://doi.
org/10.1016/S0140-6736(21)02724-0 PMID: 35065702

5. 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. https://doi.org/10.7554/eLife.64139
PMID: 33588991

6. Rodriguez-Baiio J, Rossolini GM, Schultsz C, Tacconelli E, Murthy S, Ohmagari N, et al. Key consider-
ations on the potential impacts of the COVID-19 pandemic on antimicrobial resistance research and
surveillance. Trans R Soc Trop Med Hyg. 2021. https://doi.org/10.1093/trstmh/trab048 PMID:
33772597

7. US Centers for Disease Control and Prevention. COVID-19: US impact on antimicrobial resistance,
special report 2022. US Department of Health and Human Services, CDC; 2022 Jun. https://doi.org/10.
15620/cdc:117915

8. O'Toole RF. The interface between COVID-19 and bacterial healthcare-associated infections. Clin
Microbiol Infect. 2021; 27:1772-1776. https://doi.org/10.1016/j.cmi.2021.06.001 PMID: 34111586

9. Baker MA, Sands KE, Huang SS, Kleinman K, Septimus EJ, Varma N, et al. The Impact of Coronavirus
Disease 2019 (COVID-19) on Healthcare-Associated Infections. Clin Infect Dis. 2022; 74:1748—1754.
https://doi.org/10.1093/cid/ciab688 PMID: 34370014

10. Zhu N, Rawson TM, Mookerjee S, Price JR, Davies F, Otter J, et al. Changing patterns of bloodstream
infections in the community and acute care across two COVID-19 epidemic waves: a retrospective anal-
ysis using data linkage. Clin Infect Dis. 2021. https://doi.org/10.1093/cid/ciab869 PMID: 34596212

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1004240  June 5, 2023 19/22


https://doi.org/10.1093/infdis/jiab319
http://www.ncbi.nlm.nih.gov/pubmed/34134130
https://doi.org/10.1016/S1473-3099%2822%2900025-1
http://www.ncbi.nlm.nih.gov/pubmed/35247320
https://doi.org/10.1016/S2589-7500%2821%2900077-7
http://www.ncbi.nlm.nih.gov/pubmed/34045002
https://doi.org/10.1016/S0140-6736%2821%2902724-0
https://doi.org/10.1016/S0140-6736%2821%2902724-0
http://www.ncbi.nlm.nih.gov/pubmed/35065702
https://doi.org/10.7554/eLife.64139
http://www.ncbi.nlm.nih.gov/pubmed/33588991
https://doi.org/10.1093/trstmh/trab048
http://www.ncbi.nlm.nih.gov/pubmed/33772597
https://doi.org/10.15620/cdc%3A117915
https://doi.org/10.15620/cdc%3A117915
https://doi.org/10.1016/j.cmi.2021.06.001
http://www.ncbi.nlm.nih.gov/pubmed/34111586
https://doi.org/10.1093/cid/ciab688
http://www.ncbi.nlm.nih.gov/pubmed/34370014
https://doi.org/10.1093/cid/ciab869
http://www.ncbi.nlm.nih.gov/pubmed/34596212
https://doi.org/10.1371/journal.pmed.1004240

PLOS MEDICINE

COVID-19 and the hospital epidemiology of antibiotic resistance

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Denny S, Rawson TM, Hart P, Satta G, Abdulaal A, Hughes S, et al. Bacteraemia variation during the
COVID-19 pandemic; a multi-centre UK secondary care ecological analysis. BMC Infect Dis. 2021;
21:556. https://doi.org/10.1186/s12879-021-06159-8 PMID: 34116643

Lastinger LM, Alvarez CR, Kofman A, Konnor RY, Kuhar DT, Nkwata A, et al. Continued increases in
the incidence of healthcare-associated infection (HAI) during the second year of the coronavirus dis-
ease 2019 (COVID-19) pandemic. Infect Control Hosp Epidemiol. 2022:1-5. https://doi.org/10.1017/
ice.2022.116 PMID: 35591782

Rosenthal VD, Myatra SN, Divatia JV, Biswas S, Shrivastava A, Al-Ruzzieh MA, et al. The impact of
COVID-19 on health care-associated infections in intensive care units in low- and middle-income coun-
tries: International Nosocomial Infection Control Consortium (INICC) findings. Int J Infect Dis. 2022;
118:83-88. https://doi.org/10.1016/}.ijid.2022.02.041 PMID: 35218928

Witt LS, Howard-Anderson JR, Jacob JT, Gottlieb LB. The impact of COVID-19 on multidrug-resistant
organisms causing healthcare-associated infections: a narrative review. JAC Antimicrob Resist. 2023;
5:dlac130. https://doi.org/10.1093/jacamr/dlac130 PMID: 36601548

Kovacevic A, Smith DRM, Rahbé E, Novelli S, Henriot P, Temime L, et al. COVID-19 pandemic
responses may impact the spread of antibiotic-resistant bacteria: a modelling study. BioRxiv. 2022.
https://doi.org/10.1101/2022.08.08.503267

Smith DR, Temime L, Opatowski L. Microbiome-pathogen interactions drive epidemiological dynamics
of antibiotic resistance: A modeling study applied to nosocomial pathogen control. eLife. 2021: 10.
https://doi.org/10.7554/eLife.68764 PMID: 34517942

Ashiru-Oredope D, Kerr F, Hughes S, Urch J, Lanzman M, Yau T, et al. Assessing the Impact of
COVID-19 on Antimicrobial Stewardship Activities/Programs in the United Kingdom. Antibiotics (Basel).
2021: 10. https://doi.org/10.3390/antibiotics 10020110 PMID: 33498716

Langford BJ, So M, Raybardhan S, Leung V, Soucy J-PR, Westwood D, et al. Antibiotic prescribing in
patients with COVID-19: rapid review and meta-analysis. Clin Microbiol Infect. 2021. https://doi.org/10.
1016/j.cmi.2020.12.018 PMID: 33418017

Comas-Herrera A, Marczak J, Lorenz-Dant K. Care Policy and Evaluation Centre, International Long-
term Care Policy Network. LTCcovid International living report on COVID-19 and Long-Term Care.
LTCCovid and Care Policy and Evaluation Centre, London School of. Economics. 2021. https://doi.org/
10.21953/Ise.mire15e0u6s6

Klompas M, Morris CA, Sinclair J, Pearson M, Shenoy ES. Universal Masking in Hospitals in the Covid-
19 Era. N Engl J Med. 2020; 382:e63. https://doi.org/10.1056/NEJMp2006372 PMID: 32237672

Moore LD, Robbins G, Quinn J, Arbogast JW. The impact of COVID-19 pandemic on hand hygiene per-
formance in hospitals. Am J Infect Control. 2021; 49:30-33. https://doi.org/10.1016/j.ajic.2020.08.021
PMID: 32818577

Rees EM, Nightingale ES, Jafari Y, Waterlow NR, Clifford S, Pearson B, et al. COVID-19 length of hos-
pital stay: a systematic review and data synthesis. BMC Med. 2020; 18:270. https://doi.org/10.1186/
$12916-020-01726-3 PMID: 32878619

Dzinamarira T, Murewanhema G, Mhango M, Iradukunda PG, Chitungo |, Mashora M, et al. COVID-19
Prevalence among Healthcare Workers. A Systematic Review and Meta-Analysis. Int J Environ Res
Public Health. 2021: 19. https://doi.org/10.3390/ijerph19010146 PMID: 35010412

Bodilsen J, Nielsen PB, Sggaard M, Dalager-Pedersen M, Speiser LOZ, Yndigegn T, et al. Hospital
admission and mortality rates for non-covid diseases in Denmark during covid-19 pandemic: nationwide
population based cohort study. BMJ. 2021; 373:n1135. https://doi.org/10.1136/bmj.n1135 PMID:
34035000

Soetaert K, Petzoldt T, Setzer RW. Solving Differential Equations in R: PackagedeSolve. J Stat Softw.
2010: 33. https://doi.org/10.18637/jss.v033.i09

Shirreff G, Zahar J-R, Cauchemez S, Temime L, Opatowski L. EMEA-MESuURS Working Group on the
Nosocomial Modelling of SARS-CoV-22. Measuring Basic Reproduction Number to Assess Effects of
Nonpharmaceutical Interventions on Nosocomial SARS-CoV-2 Transmission. Emerging Infect Dis.
2022; 28:1345-1354. https://doi.org/10.3201/eid2807.212339 PMID: 35580960

Pav SE. Grab Bag of “ggplot2” Functions [R package ggallin version 0.1.1]. 2017 [cited 2023 Mar 7].
Available from: https://cran.r-project.org/web/packages/ggallin/index.html.

Smith DRM, Duval A, Zahar JR, EMAE-MESuURS Working Group on Nosocomial SARS-CoV-2 Model-
ling, Opatowski L, Temime L. Rapid antigen testing as a reactive response to surges in nosocomial
SARS-CoV-2 outbreak risk. Nat Commun. 2022; 13:236. https://doi.org/10.1038/s41467-021-27845-w
PMID: 35017499

Pham TM, Tahir H, van de Wijgert JHHM, Van der Roest BR, Ellerbroek P, Bonten MJM, et al. Interven-
tions to control nosocomial transmission of SARS-CoV-2: a modelling study. BMC Med. 2021; 19:211.
https://doi.org/10.1186/s12916-021-02060-y PMID: 34446011

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1004240  June 5, 2023 20/22


https://doi.org/10.1186/s12879-021-06159-8
http://www.ncbi.nlm.nih.gov/pubmed/34116643
https://doi.org/10.1017/ice.2022.116
https://doi.org/10.1017/ice.2022.116
http://www.ncbi.nlm.nih.gov/pubmed/35591782
https://doi.org/10.1016/j.ijid.2022.02.041
http://www.ncbi.nlm.nih.gov/pubmed/35218928
https://doi.org/10.1093/jacamr/dlac130
http://www.ncbi.nlm.nih.gov/pubmed/36601548
https://doi.org/10.1101/2022.08.08.503267
https://doi.org/10.7554/eLife.68764
http://www.ncbi.nlm.nih.gov/pubmed/34517942
https://doi.org/10.3390/antibiotics10020110
http://www.ncbi.nlm.nih.gov/pubmed/33498716
https://doi.org/10.1016/j.cmi.2020.12.018
https://doi.org/10.1016/j.cmi.2020.12.018
http://www.ncbi.nlm.nih.gov/pubmed/33418017
https://doi.org/10.21953/lse.mlre15e0u6s6
https://doi.org/10.21953/lse.mlre15e0u6s6
https://doi.org/10.1056/NEJMp2006372
http://www.ncbi.nlm.nih.gov/pubmed/32237672
https://doi.org/10.1016/j.ajic.2020.08.021
http://www.ncbi.nlm.nih.gov/pubmed/32818577
https://doi.org/10.1186/s12916-020-01726-3
https://doi.org/10.1186/s12916-020-01726-3
http://www.ncbi.nlm.nih.gov/pubmed/32878619
https://doi.org/10.3390/ijerph19010146
http://www.ncbi.nlm.nih.gov/pubmed/35010412
https://doi.org/10.1136/bmj.n1135
http://www.ncbi.nlm.nih.gov/pubmed/34035000
https://doi.org/10.18637/jss.v033.i09
https://doi.org/10.3201/eid2807.212339
http://www.ncbi.nlm.nih.gov/pubmed/35580960
https://cran.r-project.org/web/packages/ggallin/index.html
https://doi.org/10.1038/s41467-021-27845-w
http://www.ncbi.nlm.nih.gov/pubmed/35017499
https://doi.org/10.1186/s12916-021-02060-y
http://www.ncbi.nlm.nih.gov/pubmed/34446011
https://doi.org/10.1371/journal.pmed.1004240

PLOS MEDICINE

COVID-19 and the hospital epidemiology of antibiotic resistance

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Rosello A, Barnard RC, Smith DRM, Evans S, Grimm F, Davies NG, et al. Impact of non-pharmaceuti-
cal interventions on SARS-CoV-2 outbreaks in English care homes: a modelling study. BMC Infect Dis.
2022; 22:324. https://doi.org/10.1186/s12879-022-07268-8 PMID: 35365070

Singh S, McNab C, Olson RM, Bristol N, Nolan C, Bergstrem E, et al. How an outbreak became a pan-
demic: a chronological analysis of crucial junctures and international obligations in the early months of
the COVID-19 pandemic. Lancet. 2021; 398:2109-2124. https://doi.org/10.1016/S0140-6736(21)
01897-3 PMID: 34762857

Sirleaf EJ, Clark H. Report of the Independent Panel for Pandemic Preparedness and Response: mak-
ing COVID-19 the last pandemic. Lancet. 2021; 398:101-103. https://doi.org/10.1016/S0140-6736(21)
01095-3 PMID: 33991477

Telenti A, Arvin A, Corey L, Corti D, Diamond MS, Garcia-Sastre A, et al. After the pandemic: perspec-
tives on the future trajectory of COVID-19. Nature. 2021; 596:495-504. https://doi.org/10.1038/s41586-
021-03792-w PMID: 34237771

Cohen LE, Spiro DJ, Viboud C. Projecting the SARS-CoV-2 transition from pandemicity to endemicity:
Epidemiological and immunological considerations. PLoS Pathog. 2022; 18:e1010591. https://doi.org/
10.1371/journal.ppat.1010591 PMID: 35771775

Shehab N, Lovegrove M, Budnitz DS. US hydroxychloroquine, chloroquine, and azithromycin outpatient
prescription trends, october 2019 through march 2020. JAMA Intern Med. 2020; 180:1384—1386.
https://doi.org/10.1001/jamainternmed.2020.2594 PMID: 32628242

King LM, Lovegrove MC, Shehab N, Tsay S, Budnitz DS, Geller Al, et al. Trends in U.S. outpatient anti-
biotic prescriptions during the COVID-19 pandemic. Clin Infect Dis. 2020. https://doi.org/10.1093/cid/
ciaa1896 PMID: 33373435

Khouja T, Mitsantisuk K, Tadrous M, Suda KJ. Global consumption of antimicrobials: impact of the
WHO Gilobal Action Plan on Antimicrobial Resistance and 2019 coronavirus pandemic (COVID-19). J
Antimicrob Chemother. 2022; 77:1491-1499. https://doi.org/10.1093/jac/dkac028 PMID: 35178565

Lemenand O, Coeffic T, Thibaut S, Colomb Cotinat M, Caillon J, Birgand G, et al. Decreasing proportion
of extended-spectrum beta-lactamase among E. coli infections during the COVID-19 pandemic in
France. J Infect. 2021. https://doi.org/10.1016/}.jinf.2021.09.016 PMID: 34600019

Mannathoko N, Mosepele M, Gross R, Smith RM, Alby K, Glaser L, et al. Colonization with extended-
spectrum cephalosporin-resistant Enterobacterales (ESCrE) and carbapenem-resistant Enterobacter-
ales (CRE) in healthcare and community settings in Botswana: an antibiotic resistance in communities
and hospitals (ARCH) study. Int J Infect Dis. 2022; 122:313-320. https://doi.org/10.1016/j.ijid.2022.06.
004 PMID: 35688308

Duffy E, Thomas M, Hills T, Ritchie S. The impacts of New Zealand’s COVID-19 epidemic response on
community antibiotic use and hospitalisation for pneumonia, peritonsillar abscess and rheumatic fever.
Lancet Reg Health West Pac. 2021; 12:100162. https://doi.org/10.1016/j.lanwpc.2021.100162 PMID:
34124704

Chien Y-C, Lee Y-L, Liu P-Y, Lu M-C, Shao P-L, Lu P-L, et al. National surveillance of antimicrobial sus-
ceptibilities to dalbavancin, telavancin, tedizolid, eravacycline, omadacycline and other comparator anti-
biotics and serotype distribution of invasive Streptococcus pneumoniae isolates in adults: results from
the Surveillance of Multicenter Antimicrobial Resistance in Taiwan (SMART) programme in 2017—2020.
J Glob Antimicrob Resist. 2021; 26:308-316. https://doi.org/10.1016/j.jgar.2021.07.005 PMID:
34289409

Teng JLL, Fok KMN, Lin KPK, Chan E, Ma Y, Lau SKP, et al. Substantial decline in invasive pneumo-
coccal disease during coronavirus disease 2019 pandemic in hong kong. Clin Infect Dis. 2022; 74:335—
338. https://doi.org/10.1093/cid/ciab382 PMID: 33907808

Kadambari S, Goldacre R, Morris E, Goldacre MJ, Pollard AJ. Indirect effects of the covid-19 pandemic
on childhood infection in England: population based observational study. BMJ. 2022; 376:e067519.
https://doi.org/10.1136/bmj-2021-067519 PMID: 35022215

Willen L, Ekinci E, Cuypers L, Theeten H, Desmet S. Infant Pneumococcal Carriage in Belgium Not
Affected by COVID-19 Containment Measures. Front Cell Infect Microbiol. 2021; 11:825427. https://doi.
org/10.3389/fcimb.2021.825427 PMID: 35111700

Wyllie AL, Mbodj S, Thammavongsa DA, Hislop MS, Yolda-Carr D, Waghela P, et al. Persistence of
Pneumococcal Carriage among Older Adults in the Community despite COVID-19 Mitigation Measures.
Microbiol Spectr. 2023:€0487922. https://doi.org/10.1128/spectrum.04879-22 PMID: 37036377

Nation ML, Manna S, Tran HP, Nguyen CD, Vy LTT, Uyen DY, et al. Impact of COVID-19 Nonpharma-
ceutical Interventions on Pneumococcal Carriage Prevalence and Density in Vietnam. Microbiol Spectr.
2023; 11:€0361522. https://doi.org/10.1128/spectrum.03615-22 PMID: 36645282

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1004240  June 5, 2023 21/22


https://doi.org/10.1186/s12879-022-07268-8
http://www.ncbi.nlm.nih.gov/pubmed/35365070
https://doi.org/10.1016/S0140-6736%2821%2901897-3
https://doi.org/10.1016/S0140-6736%2821%2901897-3
http://www.ncbi.nlm.nih.gov/pubmed/34762857
https://doi.org/10.1016/S0140-6736%2821%2901095-3
https://doi.org/10.1016/S0140-6736%2821%2901095-3
http://www.ncbi.nlm.nih.gov/pubmed/33991477
https://doi.org/10.1038/s41586-021-03792-w
https://doi.org/10.1038/s41586-021-03792-w
http://www.ncbi.nlm.nih.gov/pubmed/34237771
https://doi.org/10.1371/journal.ppat.1010591
https://doi.org/10.1371/journal.ppat.1010591
http://www.ncbi.nlm.nih.gov/pubmed/35771775
https://doi.org/10.1001/jamainternmed.2020.2594
http://www.ncbi.nlm.nih.gov/pubmed/32628242
https://doi.org/10.1093/cid/ciaa1896
https://doi.org/10.1093/cid/ciaa1896
http://www.ncbi.nlm.nih.gov/pubmed/33373435
https://doi.org/10.1093/jac/dkac028
http://www.ncbi.nlm.nih.gov/pubmed/35178565
https://doi.org/10.1016/j.jinf.2021.09.016
http://www.ncbi.nlm.nih.gov/pubmed/34600019
https://doi.org/10.1016/j.ijid.2022.06.004
https://doi.org/10.1016/j.ijid.2022.06.004
http://www.ncbi.nlm.nih.gov/pubmed/35688308
https://doi.org/10.1016/j.lanwpc.2021.100162
http://www.ncbi.nlm.nih.gov/pubmed/34124704
https://doi.org/10.1016/j.jgar.2021.07.005
http://www.ncbi.nlm.nih.gov/pubmed/34289409
https://doi.org/10.1093/cid/ciab382
http://www.ncbi.nlm.nih.gov/pubmed/33907808
https://doi.org/10.1136/bmj-2021-067519
http://www.ncbi.nlm.nih.gov/pubmed/35022215
https://doi.org/10.3389/fcimb.2021.825427
https://doi.org/10.3389/fcimb.2021.825427
http://www.ncbi.nlm.nih.gov/pubmed/35111700
https://doi.org/10.1128/spectrum.04879-22
http://www.ncbi.nlm.nih.gov/pubmed/37036377
https://doi.org/10.1128/spectrum.03615-22
http://www.ncbi.nlm.nih.gov/pubmed/36645282
https://doi.org/10.1371/journal.pmed.1004240

PLOS MEDICINE

COVID-19 and the hospital epidemiology of antibiotic resistance

47.

48.

49.

50.

51.

52.

53.

54.

Smith DRM, Opatowski L. COVID-19 containment measures and incidence of invasive bacterial dis-
ease. Lancet Digit Health. 2021; 3:e331—e332. https://doi.org/10.1016/S2589-7500(21)00085-6 PMID:
34044998

Domenech de Celles M, Arduin H, Lévy-Bruhl D, Georges S, Souty C, Guillemot D, et al. Unraveling the
seasonal epidemiology of pneumococcus. Proc Natl Acad Sci USA. 2019; 116:1802—-1807. https://doi.
org/10.1073/pnas.1812388116 PMID: 30642967

Wong A, Barrero L, Goult E, Briga M, Kramer SC, Kovacevic A, et al. The interactions of SARS-CoV-2
with co-circulating pathogens: Epidemiological implications and current knowledge gaps. PLoS Pathog.
2023; 19(8):e1011167. https://doi.org/10.1371/journal.ppat.1011167

Poyraz O, Sater MRA, Miller LG, McKinnell JA, Huang SS, Grad YH, et al. Modelling methicillin-resis-
tant Staphylococcus aureus decolonization: interactions between body sites and the impact of site-spe-
cific clearance. J R Soc Interface. 2022; 19:20210916. https://doi.org/10.1098/rsif.2021.0916 PMID:
35702866

Quan KA, Sater MRA, Uy C, Clifton-Koeppel R, Dickey LL, Wilson W, et al. Epidemiology and genomics
of a slow outbreak of methicillin-resistant Staphyloccus aureus (MRSA) in a neonatal intensive care
unit: Successful chronic decolonization of MRSA-positive healthcare personnel. Infect Control Hosp
Epidemiol. 2022:1-8. https://doi.org/10.1017/ice.2022.133 PMID: 35706396

Creamer E, Shore AC, Deasy EC, Galvin S, Dolan A, Walley N, et al. Air and surface contamination pat-
terns of meticillin-resistant Staphylococcus aureus on eight acute hospital wards. J Hosp Infect. 2014;
86:201-208. https://doi.org/10.1016/j.jhin.2013.12.005 PMID: 24529449

Niewiadomska AM, Jayabalasingham B, Seidman JC, Willem L, Grenfell B, Spiro D, et al. Population-
level mathematical modeling of antimicrobial resistance: a systematic review. BMC Med. 2019; 17:81.
https://doi.org/10.1186/s12916-019-1314-9 PMID: 31014341

Grange ZL, Goldstein T, Johnson CK, Anthony S, Gilardi K, Daszak P, et al. Ranking the risk of animal-
to-human spillover for newly discovered viruses. Proc Natl Acad Sci USA. 2021; 118. https://doi.org/10.
1073/pnas.2002324118 Sciwheel inserting bibliography. PMID: 33822740

PLOS Medicine | https://doi.org/10.1371/journal.pmed. 1004240  June 5, 2023 22/22


https://doi.org/10.1016/S2589-7500%2821%2900085-6
http://www.ncbi.nlm.nih.gov/pubmed/34044998
https://doi.org/10.1073/pnas.1812388116
https://doi.org/10.1073/pnas.1812388116
http://www.ncbi.nlm.nih.gov/pubmed/30642967
https://doi.org/10.1371/journal.ppat.1011167
https://doi.org/10.1098/rsif.2021.0916
http://www.ncbi.nlm.nih.gov/pubmed/35702866
https://doi.org/10.1017/ice.2022.133
http://www.ncbi.nlm.nih.gov/pubmed/35706396
https://doi.org/10.1016/j.jhin.2013.12.005
http://www.ncbi.nlm.nih.gov/pubmed/24529449
https://doi.org/10.1186/s12916-019-1314-9
http://www.ncbi.nlm.nih.gov/pubmed/31014341
https://doi.org/10.1073/pnas.2002324118
https://doi.org/10.1073/pnas.2002324118
http://www.ncbi.nlm.nih.gov/pubmed/33822740
https://doi.org/10.1371/journal.pmed.1004240

