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Abstract

COVID-19 pandemic responses have dramatically modified the global ecological and
epidemiological landscape of many infectious diseases. However, the pandemic’s impacts on
antimicrobial resistance (AMR) are currently poorly understood and lack data. While surges in
COVID-19 cases during the first wave of the pandemic may have exacerbated AMR, decreases in
antibiotic use may have had the opposite effect. To disentangle how pandemic impacts such as
lockdowns and modified antibiotic prescribing may affect AMR, we developed a mathematical
model formalizing simultaneous transmission of SARS-CoV-2 and colonization with a bacterial
pathogen across six pandemic scenarios. We used simulation to assess the effect of each scenario
on the bacterial carriage prevalence, antibiotic resistance rate, and the invasive bacterial disease
(IBD) incidence, using parameters based on the commensal community bacterium Streptococcus
pneumoniae.

Pandemic scenarios without community-wide lockdowns all resulted in a decrease in
carriage prevalence of antibiotic-sensitive bacteria and an increase in the prevalence of antibiotic-
resistant bacteria, while the addition of a population-wide lockdown resulted in a large reduction
in colonization prevalence and IBD incidence for both strains (>70%). This translated to an
increase in the antibiotic resistance rate across all scenarios to varying degrees, with lingering
effects after the cessation of COVID-19 response measures. In the absence of lockdown, a
population-wide surge in antibiotic prescribing coincident with the peak in SARS-CoV-2 infection
resulted in the greatest increases in resistance rate (23%) and resistant IBD incidence (6%). Within-
host interactions, SARS-CoV-2 variants, and population immunity are found to further drive the
magnitude of pandemic impacts on resistant IBD incidence. Sensitivity analyses suggest that the

extent of such impacts likely varies across different bacterial species. Although real-life scenarios


https://doi.org/10.1101/2022.08.08.503267
http://creativecommons.org/licenses/by/4.0/

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.08.503267; this version posted August 9, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

are significantly more complicated, our findings suggest that COVID-19 pandemic responses may
significantly impact antibiotic resistance in the community and support the need for monitoring

resistance during pandemic waves.
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93  Author Summary
94  Antimicrobial resistance (AMR) is a leading threat to global health. The ongoing COVID-19
95  pandemic has occurred during global efforts to combat AMR, and pandemic responses
96 implemented to slow SARS-CoV-2 transmission have dramatically affected the incidence of
97  common viral and bacterial respiratory infections at a global scale. However, impacts of the
98  COVID-19 pandemic on AMR and the incidence of invasive bacterial disease (IBD) caused by
99 antibiotic-resistant bacteria are still being uncovered. Here, we use mathematical modelling to
100  explore how different pandemic scenarios accounting for variation in lockdown implementation
101  and antibiotic use in the community may affect antibiotic-resistant bacteria. We found that
102 lockdown implementation substantially reduces the number of annual cases of resistant IBD (over
103 70%), although the proportion of resistant bacteria among carriers is expected to increase when
104  prophylactic antibiotics are prescribed in response to SARS-CoV-2 infection. We also found that
105  a population-wide surge in antibiotic prescribing in the absence of lockdown may contribute to a
106  large increase (6%) in the number of IBD cases caused by antibiotic-resistant bacteria, while the
107  effect of reduced antibiotic use is negligible. However, such impacts likely vary depending on the
108  bacterial species considered, within-host interactions, SARS-CoV-2 variants, and population
109  immunization levels.
110
111
112
113
114
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116 Introduction

117 Responses to the COVID-19 pandemic have generated unprecedented changes in
118  population mixing, care-seeking behavior, and infection prevention and control practices, which
119  have dramatically modified the ecology and epidemiology of infectious diseases at a global scale.
120 Collateral impacts of COVID-19 on epidemiological dynamics have been reported for common
121  viral and bacterial respiratory infections, sexually transmitted infections like HIV, vector-borne
122 infections like Dengue, and even non-communicable diseases [ 1-4]. However, impacts of COVID-
123 19 on antimicrobial resistance (AMR) remain poorly understood.

124

125 AMR is one of the leading threats to global health. In 2019, AMR in clinically relevant
126  bacteria was estimated to be associated with 4.95 million deaths, of which 1.27 million were
127  directly attributable to resistance [5]. Although AMR continues to receive international attention
128  through initiatives like the World Health Organization’s Global Action Plan on AMR [6], the
129  prevention and control of AMR are challenged by a wide range of biological, behavioural, and
130  economic factors, from the evolution of novel multidrug-resistance genes to pervasive
131  inappropriate prescribing, to intensive prophylactic use in food-animal feedlots [7]. The ongoing
132 COVID-19 pandemic has occurred during global efforts to combat AMR and has diverted
133 considerable public health resources, redirecting them instead towards SARS-CoV-2 prevention
134 and COVID-19 mitigation.

135

136 Several studies have raised concern about COVID-19-associated antimicrobial overuse or
137  misuse exacerbating AMR, particularly during and following the first wave of the pandemic [8—

138  10]. On the other hand, interventions implemented to control SARS-CoV-2 transmission —
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139  including lockdowns, physical distancing, travel restrictions, face mask use, and improved hygiene
140  practices — may have concomitantly reduced the spread of antimicrobial-resistant pathogens [1,11].
141 A wide range of other pandemic impacts, such as reduced surveillance capacity, disrupted
142 antimicrobial supply chains, and modified composition of the human microbiota, may have, and
143 continue to influence the epidemiological dynamics of AMR in ways that are as-yet poorly
144  understood [8,12—-14].

145

146 Mathematical models are useful tools for the simulation and quantification of transmission
147  dynamics, particularly when data are limited or lacking [15]. When factors driving the transmission
148  of one pathogen also impact another — as in the present context of the COVID-19 pandemic and
149  its impacts on antibiotic use and antibiotic-resistant bacteria — a co-circulation model is necessary
150  to better understand mechanistic links between coinciding pathogens. Such co-circulation models
151  must be carefully tailored to the respective pathogens under study to accurately represent the
152 biological mechanisms that drive their transmission across scales, including ecological dynamics
153  within the host (e.g., competitive interactions with other organisms) and epidemiological drivers
154  at the between-host level (e.g., inter-individual contact behaviour) [16—18]. Bacteria-virus
155 interaction models have been used previously to disentangle the public health consequences of
156  interactions between pathogens such as influenza and Streptococcus pneumoniae [19-21].
157 However, in a systematic PubMed search conducted on 1 August 2022, we identified no
158  epidemiological models describing the simultaneous transmission of SARS-CoV-2 and antibiotic-
159  resistant bacteria (see Supporting Information S1.1).

160
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161 To disentangle how the COVID-19 pandemic has impacted the epidemiology of antibiotic-
162  resistant bacteria, we propose a transmission model that simultaneously describes infection with
163  SARS-CoV-2 and colonization with both sensitive and resistant bacteria, and which includes
164  mechanistic impacts of SARS-CoV-2 infection burden on epidemiological parameters. Bacterial
165  colonization is parameterized based on the commensal respiratory bacterium S. pneumoniae. This
166  species was chosen because of its high rate of carriage in community settings, heterogenous levels
167  of multidrug resistance across countries and demographic groups, and because its transmission
168  was effectively — but inadvertently — controlled by COVID-19 lockdowns in 2020 [1]. We evaluate
169  six different pandemic scenarios, each accounting for impacts of COVID-19 on antibiotic
170  prescribing and inter-individual contact behaviour. Through simulation, we assess how these
171  scenarios impact the prevalence of bacterial carriage, levels of antibiotic resistance, and incidence
172 of the invasive bacterial disease (IBD) caused by antibiotic-resistant bacteria. Furthermore, we
173  assess how IBD incidence may be additionally impacted by factors such as within-host viral
174  interactions, emerging SARS-CoV-2 variants, and varying levels of population immunity.

175

176  Methods

177 Impacts of the COVID-19 pandemic — such as modified healthcare-seeking behaviour,
178  administration of antibiotic prophylaxis to COVID-19 patients, and implementation of non-
179  pharmaceutical interventions — may be expected to impact selection for the spread of antibiotic-
180  resistant bacteria by modifying antibiotic prescribing and pathogen transmission (Fig 1A). To test
181  these mechanisms, we developed an epidemiological, compartmental, deterministic transmission
182  model describing infection with SARS-CoV-2 and colonization with commensal respiratory

183  bacteria in a large, well-mixed human population. Using this model, we evaluated six pandemic
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184  scenarios by simulating disrupted antibiotic prescribing and the presence or absence of a
185  population-wide lockdown over a 90-day period (Fig 1B and Supporting Information S2).

186

187  Model description

188 SARS-CoV-2 infection is modelled by a Susceptible-Exposed-Infectious-Recovered
189  (SEIR) process where individuals become infected with SARS-CoV-2 at rate S upon contact with
190  other infectious individuals. Infection begins with a non-infectious Exposed period lasting a”! days
191 and is followed by an infectious period lasting y. ! days, eventually leading to recovery and
192  immunization against future re-infection. Waning immunity and competitive multi-strain SARS-
193 CoV-2 dynamics are not considered, since we are interested in the impact of a single COVID-19
194  wave on bacterial carriage and IBD disease dynamics (Fig S1, Supporting Information).

195

196 Individuals in the model can also be uncolonized with the focal bacterial species (U),
197  colonized with either a drug-sensitive (CS) or a drug-resistant strain (CR), or co-colonized with
198  both strains (CSR). Colonization with each respective strain is acquired at rates 5 and B upon
199  contact with other colonized individuals (Table S1, Supporting Information). We assume a
200  metabolic cost of resistance ¢, whereby the drug-resistant strain has a reduced intrinsic
201  transmission rate relative to the drug-sensitive strain, Sz = f5(1 — c¢). Bacterial carriage is cleared
202  naturally after an average duration of y,' days. We further assume that some share of the
203  population is exposed to antibiotics at any given time, independently of bacterial carriage, with
204  individuals initiating antibiotic therapy at rate 7, which lasts for an average duration of d days.
205 Individuals exposed to antibiotics are unable to acquire the sensitive strain. Antibiotics are

206  assumed to clear (CS) colonization at a rate w while having no direct impact on (CR) colonization.
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207  This bacterial colonization process results in antibiotic selection for resistance via competition for
208  limited hosts, facilitates epidemiological coexistence between strains and is adapted from previous
209  models of S. pneumoniae [22,23].

210

211 We make two further assumptions about individuals with active SARS-CoV-2 infection.
212 First, a certain proportion of infectious individuals receives antibiotic prophylaxis for COVID-19,
213 resulting in an increased rate of antibiotic initiation by a factor 4. Second, a certain proportion of
214  infectious individuals undergoes quarantine, resulting in reduced transmission rates for SARS-
215  CoV-2 and both strains of bacteria by a factor g. This model is illustrated and formalized through
216  a system of ordinary differential equations (ODEs) detailed in Supporting Information S2.1 and
217 S2.2.

218

219  Simulating different pandemic scenarios

220 Using this model, we explored how SARS-CoV-2 outbreaks impact bacterial carriage
221  prevalence, antibiotic resistance rates, and IBD incidence in a simulated population of 100,000
222 individuals. First, assuming that the bacteria under study are endemic, ODEs were integrated
223 numerically until endemic equilibria were found (see parameter values in Table S1, Supporting
224 Information). Second, using equilibrium states as initial conditions, SARS-CoV-2 was introduced
225 on day 0 (~=0), and ODEs were again integrated numerically, this time across six pandemic
226  scenarios. Each scenario involves the modification of epidemiological parameters across the entire
227  population for a 90-day period starting on day 120 in response to a surge in COVID-19 cases (see
228  Table S2, Supporting Information). Two such modifications were considered separately and in

229  combination: changes in antibiotic initiation rate by a factor a (representing modified healthcare-

10
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230  seeking behaviour and/or prescribing behaviour), and changes in pathogen transmissibility by a
231  factor 8p (representing population-wide lockdowns).

232

233 Several epidemiological outcomes were calculated from simulation outputs: (i) daily
234  prevalence of bacterial colonization (the proportion of individuals in the population colonized with
235  antibiotic-sensitive bacteria, antibiotic-resistant bacteria, or co-colonized with both), (ii) daily
236  prevalence of SARS-CoV-2 infection (the proportion of infectious individuals), and (iii) the
237  antibiotic resistance rate, defined as the number of individuals colonized with the resistant strain
238  over the total number colonized (S2.4, Supporting Information). Finally, we estimated the relative
239  change in cumulative IBD incidence (total incidence and incidence due to each strain) over 90
240  days and 365 days, as compared to the pre-pandemic period (i.e., over the same durations but
241  assuming no SARS-CoV-2 circulation in the population).

242

243 Within-host interactions

244 SARS-CoV-2 infection may impact progression from bacterial colonization to invasive
245  bacterial disease at the within-host level. For instance, some respiratory viruses are known to
246  favour bacterial disease (e.g., see impacts of influenza infection on invasive pneumococcal disease
247  [24,25]), while increased antibiotic exposure in response to COVID-19 may also favour the within-
248  host outgrowth of antibiotic-resistant bacteria [26,27]. To incorporate these mechanisms in our
249  model, we included two within-host interaction terms: the co-infection interaction term (y.)
250  increases the rate of progression to invasive disease among colonized individuals who are also
251  infected with SARS-CoV-2, while the antibiotic exposure interaction term (y,) increases the rate

252  of progression to invasive disease among individuals exposed to antibiotics and colonized with the

11
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253  antibiotic-resistant strain [28-31]. The equation for calculating daily IBD incidence assuming
254  within-host interactions due to SARS-CoV-2 co-infection and antibiotic exposure with
255  accompanying details can be found in S2.5, Supporting Information.

256

257  Emerging SARS-CoV-2 variants and immunization

258 Impacts of SARS-CoV-2 on antibiotic-resistant IBD incidence may depend on the
259  characteristics of locally circulating SARS-CoV-2 variants and their immune escape properties.
260  To account for potential mediating impacts of SARS-CoV-2 transmissibility and population
261  immunity, in simulations we varied (i) values of R, (basic reproduction number) for SARS-CoV-
262 2 (0<Ry<10) and (i1) the proportion of the population immunized against SARS-CoV-2
263  infection at simulation outset (from 0% to 100%).

264

265  Sensitivity analyses

266 Since there are more than 100 distinct serotypes of S. pneumoniae and the duration of
267  pneumococcal carriage varies among different age groups, we conducted two separate sensitivity
268  analyses. In the first one, we varied the duration of bacterial carriage [20, 30, and 50 days] and in
269  the second one, we varied the fitness cost of resistance [0, 0.03, and 0.05] while maintaining the
270  same Ry value of bacterial colonization to see how changes in these parameters may impact IBD
271  incidence and antibiotic resistance. Considering that this model could apply to any resistant
272 bacterial pathogen that may interact with SARS-CoV-2 (and not only S. pneumoniae), we assessed
273  changes in IBD incidence for different combinations of parameters by varying Ry value of bacterial
274  colonization [1.2, 1.3, and 1.4] and bacterial carriage duration [20, 30, and 50 days]

275  simultaneously.

12
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276
277  Results

278  Pandemic waves increase resistance rates, although lockdowns limit bacterial colonization
279  and disease

280 Pandemic scenarios not including lockdown (scenarios S0, S1, and S2) all resulted in a
281  decrease in carriage of antibiotic-sensitive bacteria and an increase in antibiotic-resistant bacteria
282  (Fig 2A-C, left panels). A population-wide surge in antibiotic prescribing coincident with the peak
283  in SARS-CoV-2 infection (scenario S1) moderately decrease total bacterial carriage but result in
284  the greatest increases in resistance rate (more than 22%) (Fig 2B, middle panel). While total and
285  antibiotic-sensitive IBD incidence decrease, annual antibiotic-resistant IBD incidence increase up
286  to 6% compared to pre-pandemic levels (Fig 2B, right panel). In scenario S2, reductions in overall
287  community prescribing are counteracted by the surge in individuals receiving antibiotic
288  prophylaxis for COVID-19, resulting in a limited overall impact on bacterial epidemiology (Fig
289  20C).

290

291 The addition of a population-wide lockdown (S3, S4, and S5) not only limits the
292  transmission of SARS-CoV-2 but also results in a large reduction in colonization prevalence and
293 IBD incidence for both strains of bacteria, regardless of the antibiotic use modification
294  implemented. However, all scenarios were accompanied by an increase in the antibiotic resistance
295  rate over the 90-day period with the magnitude of increase depending on antibiotic use in the
296  community (Fig 2D-F). As a large share of the population remains susceptible to SARS-CoV-2
297  infection at the end of the lockdown, a second wave of COVID-19 follows several months later,

298  which further increases the resistance rate due to COVID-19 prophylaxis. However, in all

13
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299  scenarios including lockdown, annual IBD incidence decreases substantially (up to 70%), with
300 approximately 67% fewer annual cases of antibiotic-resistant IBD.

301

302  Within-host interactions favour the incidence of antibiotic-resistant invasive bacterial

303  disease

304 On the one hand, when SARS-CoV-2 infection is assumed to favour progression from
305  colonization to disease (y.>1), surges in COVID-19 lead to substantial increases in the incidence
306 of antibiotic-resistant IBD (Fig 3A and 3B). Indeed, a rate of disease progression increased by a
307  factor y.~=10, in approximately 1.1 additional cases/100,000 over the course of one year in the
308 absence of lockdown (scenarios S0, S1, and S2, Fig 3B). On the other hand, when antibiotic use
309 is assumed to favour progression from antibiotic-resistant colonization to disease (y,>1), surges
310  in SARS-CoV-2 infection coincides with transient increases in incidence of antibiotic-resistant
311  IBD, except when surges coincide with reduced antibiotic prescribing (e.g., scenarios S0, S1 vs.
312 scenario S2, Fig 3C). An increased rate of disease progression by y,=10, leads to an increase by
313  approximately 1.6 annual additional cases/100,000 of the incidence of antibiotic-resistant bacterial
314  disease in the absence of lockdown (scenario S1, Fig 3D).

315

316 Emerging SARS-CoV-2 variants and population immunity

317 Varying variant characteristics in the simplest scenario SO (no lockdown, no community-
318 level change in antibiotic prescribing, and no within-host interactions), we found that the annual
319  cumulative incidence of antibiotic-resistant IBD increases with increasing R, values of SARS-
320 CoV-2 and decreases with the population immunity against SARS-CoV-2 infection (Fig 4).

321

14
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322 Sensitivity to the duration of bacterial carriage

323 Changing the duration of bacterial carriage while maintaining bacterial R, did not change
324  the main trends observed. However, scenarios implemented over a 90-day period had a greater
325  impact on both total and resistant IBD incidence when the duration of bacterial carriage was shorter
326 (d=20days) (Fig S3A).

327

328  Sensitivity to the fitness cost of resistance

329 When assuming a lower fitness cost of resistance (c¢) but holding all other bacterial
330 parameters equal, antibiotic-resistant bacteria were more prevalent in the population, as expected,
331  Dbut the relative impacts of pandemic scenarios on IBD incidence and antibiotic resistance rates
332  were smaller (Fig S4). Moreover, in the absence of any resistance cost (c = 0) the antibiotic
333  resistance rate decreased during the intervention period in scenario S5 (i.e., with lockdown and
334  reduced community antibiotic prescribing), because resistant carriage prevalence decreased faster
335 than sensitive carriage prevalence, before rising again due to rising antibiotic exposure and
336  COVID-19 prophylaxis. Having a lower cost of resistance also meant that it took more time for
337  resistant IBD incidence and resistance rate to return to the pre-pandemic levels (>3 years).

338

339  Other bacterial species

340 In all scenarios implementing lockdown (S3-S5), resistant IBD incidence did not
341  experience a major change across different bacterial Ry values during a 90-day period (Fig S6).
342  However, the effect of lockdown was most beneficial in reducing the annual resistant IBD
343  incidence for bacteria with shorter carriage duration and the lower Ry values. Similar trends were

344  observed for total IBD incidence across all lockdown scenarios (Fig S7). The opposite was true

15
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345  for bacteria with longer carriage durations and higher values of Ry. Bacteria with shorter carriage
346  duration and higher RO value experienced the greatest increase in annual resistant IBD incidence
347  in the scenario with increased antibiotic use in the community (S1, Fig S6), although the total
348  number of IBD cases was reduced (S1, Fig S7).

349

350 Discussion

351 We propose a novel co-circulation model describing the spread of SARS-CoV-2 and
352  antibiotic-resistant bacteria in a community setting and show how behavioural responses to the
353  COVID-19 pandemic may differentially impact AMR. By simulating a range of lockdown and
354  antibiotic use scenarios, we highlight potential direct and indirect consequences that outbreaks of
355 novel viral respiratory pathogens like SARS-CoV-2 may have on epidemiological dynamics of
356 antibiotic resistance. We found that IBD incidence may either increase or decrease, depending on
357  how overall antibiotic prescribing in the community changes in response to COVID-19, and on
358  implementation of measures to control viral transmission. Impacts of COVID-19 on IBD incidence
359  and antibiotic resistance rate may linger long after extinction of SARS-CoV-2 outbreaks and the
360  cessation of control measures, and the magnitude of such impacts for any particular bacterium may
361  depend on its duration of carriage and the strength of potential fitness costs of resistance.

362

363 Impacts of the COVID-19 pandemic on epidemiological trends of antibiotic-resistant
364  bacteria in community settings are still being uncovered. A study by Tomczyk et al. and the WHO
365 AMR Surveillance Network from March 2021 highlighted that most of the 73 countries surveyed
366  had incomplete data on changing AMR rates due to the pandemic, lack of funding, or disruption

367  of surveillance systems [32]. However, many studies have reported trends in the incidence of
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368  community-acquired bacterial infections since the onset of the pandemic. A comprehensive global
369 analysis using national surveillance data from 26 countries identified substantial and sustained
370  reductions in S. pneumoniae incidence after the implementation of COVID-19 control measures
371  such as lockdowns and travel restrictions [1]. Our model scenarios that most closely fit with early
372 2020 are scenarios including strict lockdown, with or without change in the antibiotic use, which
373  led to similar estimates of the relative (%) reduction in IBD incidence as observed in Brueggemann
374 et al. [1]. Similar findings have been observed in the context of sentinel community-acquired
375 infections in New Zealand [33], invasive pneumococcal disease (IPD) in Taiwan [34] and Hong
376  Kong [35], and lower respiratory tract infection in China [36]. Across these studies, data on the
377  relative impacts of COVID-19 on drug-sensitive versus drug-resistant isolates have been
378  unavailable. However, data from France suggest a reduced proportion of extended spectrum-beta
379  lactam producers among Escherichia coli urinary isolates in primary care patients and nursing
380  home residents after the lockdown in March 2020 [37].

381

382 Globally, community antibiotic prescribing dropped during the first year of the COVID-19
383  pandemic compared to the pre-pandemic period. In Europe, antibiotic consumption decreased by
384  almost 20% in 2020 compared to 2019 [38], with heterogeneity between countries and antibiotic
385 classes. Similar temporal trends were observed in England [39], Canada [40], the United States
386  [41], China [42], South Korea [43] and New Zealand [33]. These trends may largely be explained
387 by reduced incidence of seasonal respiratory tract infections, and reduced primary care
388  consultations [44,45]. On the other hand, the advent of telemedicine, pandemic-related patient
389  stress, and antibiotic demand may have to a certain extent mitigated reductions in prescribing

390 owing to reduced consultation [46]. In a global analysis of antimicrobial sales, Khouja et al. found
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391 that antibiotic consumption initially increased by approximately 7% in March 2020, prior to
392  subsequent declines through to August 2020 [47]. Furthermore, while overall prescribing may
393  have decreased, prescription of specific antibiotics has increased, particularly those associated with
394  COVID-19 prophylaxis. For instance, community consumption of azithromycin increased during
395 the first year of the pandemic in multiple countries [48—50]. Several studies have now
396  characterized the wide range of antibiotics provided as prophylaxis to both mild and severe
397 COVID-19 patients in 2020 [51,52], though it remains unclear to what extent prophylaxis is
398  appropriate for prevention of bacterial coinfection in COVID-19 patients, particularly for mild
399  cases treated in the community. Therefore, testing different scenarios with both increases and
400  decreases in antibiotic use seems appropriate due to spatial and temporal heterogeneity in impacts
401  of COVID-19 on antibiotic exposure, especially considering that over time, many trends in
402  antibiotic consumption observed early in the pandemic may have reversed or returned to the pre-
403  pandemic baseline.

404

405 Our model shows that antibiotic resistance rates increase with surges in SARS-CoV-2
406 infections when there is a corresponding increase in antibiotic use due to COVID-19 prophylaxis,
407  as expected, but that lockdowns can mitigate this increasing trend to some degree. To date, few
408  studies have reported resistance rates in carriage from healthy patients during the COVID-19
409  waves. Using shotgun metagenomics on fecal samples, Peng et al. showed a decrease in
410  Actinobacteria richness in the microbiota of healthy adults from Hong-Kong and an increase of
411  resistance genes against S-lactam antibiotics during the first wave of the pandemic compared to a
412  pre-pandemic period [53]. One simulation study suggests that lockdowns and associated

413 reductions in mobility and human contact (informed by Portuguese mobility data) may have led to
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414  reductions in the diversity of antibiotic resistance genes found in the human microbiome [54].
415  Such disruptions to human microbiota may have further downstream impacts on colonization
416  resistance and the propensity for antibiotic-resistant bacterial symbionts to transmit [12,55].

417

418 One promising outcome of scenarios assuming a decrease in antibiotic use is that increases
419  in antibiotic resistance were minor (Fig 2C and F), while changes in resistant IBD incidence were
420  either negligible (Fig 2C) or negative (Fig 2F). However, for simplicity we simulated reduction of
421  antibiotic use during a single 90-day period only. Real-life scenarios are significantly more
422 complicated and may involve multiple alterations of these factors at different points in time. Over
423  longer timescales, and in the context of successive COVID-19 outbreaks with heterogeneous
424  public health responses and impacts on human behaviour, it is unclear exactly how levels of
425  resistance and burden of disease may be expected to evolve.

426

427 SARS-CoV-2 bacterial coinfection has been reported relatively rarely over the course of
428  the pandemic, suggesting that most COVID-19 patients probably do not require antibiotic therapy
429  [10,56,57], although extensive antibiotic prophylaxis may have limited observed co-infection
430 incidence. The inflammatory immune response resulting from COVID-19 likely predisposes
431  patients to subsequent progression to IBD to some extent [58], but antibiotic use may also favour
432  progression to IBD for patients colonized with drug-resistant strains [59]. The results presented
433  here (Fig 3) suggest that such overlapping within-host interactions could have important
434  consequences for the IBD incidence during waves of COVID-19, but future studies are needed to
435  better understand the magnitude of these interactions for S. prneumoniae and other commensal,

436  facultatively pathogenic bacteria.
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437

438 Emerging SARS-CoV-2 variants, which often vary in their transmissibility and severity,
439  may be expected to have variant-specific impacts on AMR, especially in the context of the
440  tightening and loosening of community control measures and their extensive heterogeneity both
441  within and between countries. The highly heterogeneous distribution of diverse SARS-CoV-2
442  vaccines presents an additional mechanism that may further complexify interactions between
443  antibiotic consumption, community control measures, circulating SARS-CoV-2 variants, and their
444  cumulative impacts on antibiotic resistance. In our simulations, we used SARS-CoV-2 parameter
445  values characteristic of the wild type or ancestral strain with Ry = 2.5 [60,61] and in the absence
446  of population immunity, best reflecting epidemiological dynamics from early in the pandemic.
447  However, successive SARS-CoV-2 variants of concern, most notably Alpha, Delta, Omicron, and
448  most recently Omicron sub-lineages BA.4 and BA.5 [62], are highly variable in their
449  transmissibility, and evade to some degree the immune protection induced by prior infection and/or
450  vaccination, especially if it has waned over time. Our analysis demonstrates that these viral
451  parameters may affect how SARS-CoV-2 outbreaks impact antibiotic-resistant IBD incidence and
452  shows how increasing SARS-CoV-2 R values may exacerbate impacts of COVID-19 on antibiotic
453  resistance, while increasing population immunity may mitigate them (Fig 4). However, the overall
454  impacts of COVID-19 on AMR are difficult to predict, likely vary over the short, medium, and
455  long term, and depend on the specific organism and setting considered.

456

457 Our model was structured and parameterized based upon S. pneumoniae, but other bacterial
458  species might have been impacted by the COVID-19 outbreak in unique ways. Epidemiological

459  and natural history characteristics of Enterobacterales, for example, strongly differ (e.g., longer
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460  bacterial colonization duration, greater carriage prevalence in the population) relative to
461  respiratory bacteria. However, sensitivity analyses showed that our main conclusions still held
462  across different pandemic scenarios when using different colonization durations but had impacts
463  of different magnitude, suggesting that global trends predicted by our model might hold true for
464  other bacterial species. A study by Zhu et al. showed that observed trends of bloodstream infections
465  (BSI) greatly varied depending on the bacterial species considered, as well as settings: during the
466  first wave, community-acquired Escherichia coli BSI felt below pre-pandemic levels whereas
467  hospital-acquired methicillin-resistant Staphylococcus aureus BSI had a large increase in numbers
468  compared to pre-pandemic [63].

469

470 We present here the first epidemiological model describing how the ongoing COVID-19
471  pandemic may have and may continue to influence the epidemiological dynamics of AMR.
472  Because this work was intended as a theoretical framework, we aimed at developing the simplest
473  model possible. Nonetheless, an important limitation of our model is the lack of age structure, as
474  SARS-CoV-2 infection risk, IBD risk, disease severity, bacterial carriage prevalence and antibiotic
475  prescribing are all highly heterogeneous across age groups. Ultimately, a lack of available data
476  precluded us from accounting for such levels of complexity. Future work would benefit from
477  integrating real-world data on AMR trends of different bacterial species during multiple COVID-
478 19 waves. Although such data are currently lacking, especially in community settings, longitudinal
479  microbiome sequencing may facilitate better understanding of the impacts of COVID-19 on the
480  transmission of resistance throughout this period. This model can be applied to a wide variety of
481  bacteria and epidemiological scenarios in the community, such as bacterial winter outbreaks as

482  well as more endemic pathogens like ESBL-Enterobacterales.
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483

484 Our model and discussion have focused on the general community, yet COVID-19 has had
485  distinct impacts on AMR in other settings, particularly in hospitals and long-term care facilities.
486  In these settings, a highly selective environment, favoured by extensive antibiotic use in COVID-
487 19 patients and disruption of antibiotic stewardship programmes, may have predisposed patients
488  and healthcare workers to increased antibiotic resistance carriage. In a meta-analysis conducted on
489  studies published up to June 2020 [64], an estimated 68-81% of patients hospitalized with COVID-
490 19, and 74-94% of patients in intensive care, were treated with antibiotics. In addition, workplace
491  disorganization (e.g., low healthcare worker-patient ratios, overcrowded facilities, longer hospital
492  stays for COVID-19 patients) may have led to decreased antibiotic resistance surveillance and
493  detection, promoting the dissemination of resistant organisms through rooms and wards [8,65].
494  However, this increase has been mitigated or even absent in settings where antibiotic stewardship
495  programs were implemented, as soon as March 2020, to lower antimicrobial use [66—68].
496  Increased hygiene through extensive personal protective equipment use and patient isolation also
497  led to decreased antibiotic-resistant organisms in healthcare facilities [8,65]. Specific models
498  dedicated to the analysis of such impact in the hospital could bring a better understanding of the
499  specificities of different settings on the contribution of COVID-19 to the antibiotic resistance
500  burden.

501
502 Conclusion

503 Using a mathematical modelling approach, we analysed how behavioural responses to the
504  COVID-19 pandemic may differentially impact AMR in the community. In a context where data

505 s still sorely lacking and more studies are required to evaluate the consequences of the pandemic
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506  on the global burden of AMR, this work demonstrates how mathematical modelling can help
507 improve our understanding of the complex, overlapping links between COVID-19 and the
508  epidemiology of antibiotic resistance.
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Figure Legends

Fig 1. COVID-19 pandemic impacts, model schematic, and community scenarios of antibiotic
prescribing and lockdown implementation.

A. COVID-19 pandemic impacts on antibiotic prescriptions and pathogen transmissibility B.
Schematic of the model describing simultaneous co-circulation and transmission of SARS-CoV-2
infection and bacterial carriage. Scenarios implemented over a 90-day period combine factors

leading to modifications in antibiotic prescribing in the community relative to the pre-pandemic
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797  period (no change/increase/decrease) and pathogen transmissibility (presence or absence of
798  lockdown). Stars and blue circles represent parameters potentially impacted by COVID-19 burden
799  due, respectively, to modified antibiotic exposure and modified pathogen transmissibility. Model
800  equations, parameters, and a complete list of modelling assumptions are provided in S2,
801  Supporting Information.

802

803  Fig 2. The effect of different community scenarios during the SARS-CoV-2 outbreak on the
804  bacterial carriage, antibiotic resistance, and invasive bacterial disease (IBD) incidence over
805  a period of 90 days and one year.

806  A. Scenario 0 (baseline scenario): no lockdown and no modification in the antibiotic use B.
807  Scenario 1: no lockdown with increased antibiotic use C. Scenario 2: no lockdown with decreased
808 antibiotic use D. Scenario 3: lockdown with no modification in the antibiotic use E. Scenario 4:
809  lockdown with increased antibiotic use F. Scenario 5: lockdown with decreased antibiotic use.
810  Highlighted time intervals represent a 90-day intervention period (days 120-210) of lockdown and
811 antibiotic use modifications. SARS-CoV-2 is introduced at initial time /=0. Columns with dotted
812  pattern represent pre-pandemic baseline - cumulative 90-day and annual IBD incidence (per
813  100,000).

814

815  Fig 3. Within-host interactions favour the incidence of antibiotic-resistant invasive bacterial
816  disease (IBD) across different scenarios.

817  When SARS-CoV-2 infection leads to faster progression from bacterial colonization to disease
818  (y>1), surges in COVID-19 lead to a greater daily incidence of disease (A) and a greater

819  cumulative burden of disease (B). When antibiotic exposure leads to faster progression from
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820  antibiotic resistant bacterial colonization to disease (y,>1), surges in COVID-19 can also lead to
821  a greater daily incidence of disease (C) and a greater cumulative burden of disease (D). Here,
822  simulations were truncated at time t=365 days to evaluate cumulative impacts of interactions after
823  COVID-19 outbreak. Panels (B) and (D) show excess annual antibiotic-resistant IBD incidence
824  (per 100,000) due to within-host interactions.

825

826  Fig 4. Annual cumulative incidence of antibiotic-resistant invasive bacterial disease (IBD)
827  across different combinations of Ry (SARS-CoV-2) values and levels of population immunity
828  at SARS-CoV-2 introduction.

829  Assuming that there is no lockdown implementation and no change in the antibiotic prescribing in
830  the community (except for COVID-19 prophylaxis in a certain proportion of infected individuals)
831  —scenario SO — the cumulative incidence of antibiotic-resistant IBD increases with the increasing
832 Ry values of SARS-CoV-2 (x-axis) and decreases with the increasing proportion of the population
833  immunized against SARS-CoV-2 infection (y-axis). Square with the red border indicates baseline
834  antibiotic-resistant IBD incidence when there is no SARS-CoV-2 circulating in the population and
835 no immunization. R, estimates for different SARS-CoV-2 variants of concern (Wuhan, Alpha,
836  Delta, and Omicron) are also depicted.

837
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