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Antibiotic stewardship programs have traditionally focused on reducing hospital antibiotic use. However, reducing community
antibiotic prescribing could have substantial impacts in both hospital and community settings. We developed a deterministic model
of transmission of extended-spectrum beta-lactamase—producing Escherichia coli in both the community and hospitals. We fit the
model to existing, national-level antibiotic use and resistance prevalence data from Sweden. Across a range of conditions, a given
relative change in antibiotic use in the community had a greater impact on resistance prevalence in both the community and hos-
pitals than an equivalent relative change in hospital use. However, on a per prescription basis, changes in antibiotic use in hospitals
had the greatest impact. The magnitude of changes in prevalence were modest, even with large changes in antimicrobial use. These
data support the expansion of stewardship programs/interventions beyond the walls of hospitals, but also suggest that such efforts

would benefit hospitals themselves.
Keywords.

antibiotic resistance; antibiotic stewardship; dynamic modeling; transmission.

In the wake of globally-increasing rates of antibiotic-resistant
infections, mechanisms to monitor and direct the appropriate
use of antimicrobials by health-care practitioners have become
increasingly important [1]. Antimicrobial stewardship pro-
grams (ASPs), typically operated by infectious diseases clini-
cians and pharmacists, apply a variety of approaches to modify
the behavior of prescribing physicians in a given clinical setting.
Their aims include optimizing the drug choice for a given clin-
ical scenario, encouraging shorter durations of treatment, and
encouraging treatment with the narrowest spectrum antimi-
crobials possible. ASPs have grown rapidly over the last decade
and are considered mandatory in acute-care settings in many
high-income countries [1]. The initial outcomes evaluated in
ASP studies have focused on process-related outcomes, includ-
ing behavioral (adoption of stewardship advice) and economic
indices (drug/hospitalization costs) [2]. However, attempts to
evaluate the effects of changes in antimicrobial use on antibiotic
resistant organism (ARO) colonization or infection in hospi-
tal and community settings are complicated by the unknown
expected effect sizes, small sample sizes, costs of large-scale
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interventions, and heterogeneity of interventions. As a result, it
is not clear where our efforts are most effectively concentrated.

Gram-negative bacteria expressing extended-spectrum
beta-lactamases (ESBLs) have emerged as a major cause of
morbidity and mortality [3]. ESBLs can hydrolyze a number
of different broad-spectrum beta-lactam antimicrobials, are
often resistant to standard first-line beta-lactam therapy, and
can be transmitted among host populations through either the
sharing of resistance mechanisms within and between spe-
cies of enteric Gram-negative bacteria (Enterobacteriaceae)
or through the transmission of resistant strains/lineages [4].
Infections caused by ESBL-producing Gram-negative bacteria
(particularly Escherichia coli) have been increasing in the United
States and globally, in both community and hospital settings. In
some countries, the asymptomatic carriage of ESBL-producing
Enterobacteriaceae has been found to occur in up to 70% of
individuals [4]. Recent studies have demonstrated the transmis-
sion of ESBL-producing Enterobacteriaceae between patients
in hospitalized settings, as well as in community environments
[5, 6]. These studies support the notion that acquisition is due,
in large part, to the person-to-person transmission of resistant
strains, from asymptomatic carriage in the gut. In acute-care set-
tings, this may be facilitated by shared health-care personnel and
equipment. Colonization with ESBL-producing Gram-negative
bacteria is a major risk factor for subsequent, invasive infection
and is an important measure of the population burden of disease.

Dynamic modeling, using mechanistic assumptions to con-
struct nonlinear models, offers an approach to simulating the
potential outcomes of large-scale interventions, and has been
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applied to prospectively evaluate the likely effects of interven-
tions focused on reducing the burden of infectious diseases [7,
8]. In particular, such models can capture the effects of inter-
ventions on both program participants and nonparticipants (ie,
“herd effects”). Previous studies have modeled the transmis-
sion of both Gram-positive [9, 10] and Gram-negative bacte-
rial pathogens [5, 11] in both community and hospital settings.
These models often employ compartmental models, using deter-
ministic and/or stochastic approaches. When modeling selection
effects, multi-strain models are employed to permit competition
between strains [12]. Given the lack of empirical data on the
expected impacts of implementing antimicrobial stewardship
on antimicrobial resistance, in either community or hospital
settings, there are clear opportunities for dynamic models [13]
to help guide future antimicrobial stewardship approaches [14].
In this paper, we describe the development and validation of an
ESBL-producing E. coli compartmental transmission model, fit
to high-quality historical data from Sweden. We use this model
to evaluate the expected impacts of changes in antimicrobial use,
in the community and the hospital, over time.

METHODOLOGY

Model Design

A deterministic, compartmental model was developed
(Supplementary Equations 1-16) based on a general, 2-strain
competition model that also allowed for the direct replacement of
1 strain with the other upon exposure. This model is based off of
well-described model structures, used for evaluating the evolution
and spread of antibiotic resistance [12]. The model structure and
superstructure are shown in Supplementary Figures 1 and 2, and
could be applicable to a variety of pathogens (Gram-positive and
Gram-negatives) that transmit within and between community
and hospital environments. We then used this model to simulate
the transmission of ESBL-producing E. coli within and between
these environments. There were 3 groups considered in the base
model: (1) the hospital short-stay group, consisting of initially-
admitted, acute-care hospital inpatients; (2) the hospital long-
stay group, consisting of patients moving from a short to a long
stay after admission to a hospital; and (3) the community group,
consisting of the remainder of the population. An individual
in any group could take 1 of 3 states: either colonized with a
resistant (ESBL-producing), potentially-pathogenic E. coli strain
(Cy: colonized resistant); colonized with a susceptible (non-
ESBL producing), potentially-pathogenic E. coli strain (C,); or
not colonized with an E. coli strain with pathogenic potential
(NC) but potentially colonized with a commensal strain. This
strain structure reflects the notion that highly-transmissible and
-pathogenic lineages of E. coli can compete with other potentially-
pathogenic strains of E. coli to occupy a particular niche [15].
Patients entered the hospital (for a short stay) with rate a and
transitioned from a short stay to a long stay with rate a, . Patients

transitioned back from a long to a short stay, according to an
expected long length of stay (and rate §), and were similarly
discharged from a short stay to the community, according to an
expected length of admission (and discharge rate § ). Mortality
could occur in any individual, with differing rates between the
hospital (y,) and community (u ). “Birth” rates (b) were assumed
to be equal to the death rate, where births only occurred in the
community group in those not receiving antibiotics. The numbers
of colonized (C, and C,) and non-colonized (NC) individuals
that entered (were “born” into) the community (not receiving
antibiotics) group were proportional to the existing distribution
within this group, reflecting the maternal-fetal transmission
of flora. We also assumed that each compartment could be
divided into 2 additional substates: receiving antibiotics or not
receiving antibiotics. We assumed that when a patient is receiving
antibiotics, they could not be colonized by a susceptible strain.
We included 2 terms to incorporate selection due to antibiotic use
[12]: (1) a term governing the increased rate of decolonization
(when receiving antibiotics) in those individuals colonized with a
susceptible organism (C,), called G ; and (2) a term that reflected
enhanced shedding effects (when receiving antibiotics) [12, 16]
in those individuals colonized with a resistant organism (C,),
called G, which would lead to enhanced transmission from this
group. We also included a fitness cost of resistance, whereby the
loss of colonization with the resistant organism is faster than with
the susceptible organism by a factor (F), regardless of whether
the host was receiving antibiotics. Lastly, given the uncertainty
over the true transmission model structure in Gram-negative
pathogens, we allowed for the direct replacement of 1 C strain
with the other, which operated under an attenuated transmission
parameter (modified by parameter P) and was subject to shedding
effects (G). Further model assumptions are outlined in the
Supplementary Materials. Parameter estimates are summarized
in Table 1, and descriptions of selection are provided in the
Supplementary Materials.

Initial Conditions

The proportion of individuals colonized with ESBL-producing
E. coli in the community is highly variable (range 0-70%) [4]. We
chose initial prevalence values for both the community and hos-
pital settings, corresponding to those from Sweden for 2001 [4,
17]. We assumed a roughly equal proportion of colonized, non-
ESBL-producing E. coli (C,) and NC individuals as the baseline.

Evaluating Relative Effects of Antimicrobial Use Across Parameter Ranges
For the purpose of this paper, the dynamic model was populated
with point estimates of specific parameters (Table 1) and initial
conditions for ESBL-producing Escherichia coli. Parameters with
the greatest uncertainty were allowed to vary within ranges, as
shown in Table 1. These included the hospital and community
transmission parameters, acquisition and shedding selection
parameters, fitness, proportion of direct pathway, and duration
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Table 1. Model Parameter Values

Parameter Value  Range Units
Hospital mortality rate (,) 0.924 year”
Community mortality rate (u ) 0.0077 year”
Birth rate (b) @ year'
Hospital admission rate (a)° 0.15 year’
Long-stay admission rate (ot,s)b 8 year'
Short length-of-stay discharge rate () 81 year’
Long length-of-stay-discharge rate (5) 14.6 year'
Hospital loss-of-colonization rate (C,) 15-3.7 vyear'
Community loss-of-colonization rate (C ) 3.7 year'
Community transmission parameter (B ) 4-8 year’
Hospital transmission parameter (B,) 8-16  year'
Rate of starting antibiotics in hospital (A,) N year'
Rate of starting antibiotics in community (A) ¢ year'
Rate of discontinuing antibiotics (d) 52 year'
Proportion of transmission through direct route (P) 0-0.75
Selection effects: acquisition scaling 1-4
parameter (G))
Selection effects: shedding scaling parameter (G) 1-4
Fitness cost (F) 1-1.025

Ranges reflect the upper and lower bounds of parameter estimates used during model
fitting.
®Quasi-steady state assumption: see equations in Supplementary Material.

PCalibrated to achieve ratio of short-to-long length of stay (5-6:1) and outpatient to inpatient
(450-550:1).

Varying by year.

of colonization in hospital. All modeling was performed in R
(version 1.1.383, Vienna, Austria), and all ordinary differential
equations were solved numerically, based on initial conditions
and using the Isoda function in the R package deSolve [18]. We
generated effect ratios of ESBL-producing E. coli colonization
in order to illustrate the relative impacts of antimicrobial use in
community and hospital settings. We calculated the effect ratio
for a particular setting (community or hospital) as the change
in prevalence (at the end of the observed data time period) in

that setting for a relative (or absolute) change in antimicrobial
use in the community, divided by the change in prevalence in
that setting for a relative (or absolute) change in antimicrobial
use in the hospital. An effect ratio value greater than 1 indicates
that, for the particular setting, a change in antibiotic use of the
specified relative amount in the community had a greater effect
on prevalence than a change in antibiotic use of the specified
relative amount in the hospital setting. An effect ratio value less
than 1 indicates that, for the particular setting, a change in an-
tibiotic use of the specified relative amount in the hospital had
a greater effect on prevalence than a change in antibiotic use of
the specified relative amount in the community setting.

Model Fitting Approach

We fit the model to observed antibiotic resistance prevalence
data for hospital and community settings within Sweden from
2001-2016, using a Bayesian melding-like approach [19].
Good model fits for both inpatient and outpatient settings
were achieved for a variety of parameter sets, across a range of
plausible parameter values (Figure 1; Supplemental Figure 5).
Full details of the model fitting process are outlined in the
Supplementary Materials.

RESULTS

We performed 200000 realizations of the model (Figure 1;
Supplementary Figures 3 and 4) over a 16-year period, with
each realization corresponding to a unique set of model param-
eters. Using the best-fitting parameter sets from these realiza-
tions, we explored the potential impact of changes in antibiotic
use on the ESBL-producing E. coli prevalence in hospital and
community settings. We found that the hospital prevalence of
ESBL-producing E. coli was generally greater than the commu-
nity prevalence (Figure 1). Moreover, across different scenarios
of relatively large changes in antibiotic use (up to 25%) for the
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Figure 1. Model simulations for the 5% of runs with the highest log likelihood, with color gradients proportional to the log likelihood, for (A) hospital and (B) community
antibiotic resistance prevalence. The dashed black lines indicate observed data from Sweden.
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16-year period, corresponding magnitudes of absolute change
in ESBL-producing E. coli prevalence were modest, ranging

from less than 0.2% up to 3.1%.

Changes in ESBL-producing Escherichia coliPrevalence

For the 16-year period evaluated, using a likelihood-weighted

average output of the best-fitting parameter sets (likelihood
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Figure 2. The likelihood-weighted model output under different relative changes in antibiotic prescription rate. Only parameter sets with likelihood weights greater than 0.001
contributed to the output. Simulated (4) community and (B) hospital prevalences of ESBL-producing Escherichia coli correspond to relative changes in both community and anti-
biotic use. Simulated community prevalence of ESBL-producing E. coli, corresponding to relative changes in (C) only hospital and (£) only community antimicrobial use. Simulated

hospital prevalence of ESBL-producing £. coli, corresponding to relative changes in (D) only hospital and (F) only community antimicrobial use.
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weights >0.001), a 10% and 25% relative reduction in both
community and hospital antimicrobial use resulted in absolute
reductions in ESBL-producing E. coli prevalences of 0.8%/1.4%
(community/hospital) and 1.7%/3.1% (community/hospital),
respectively.

For a 10% and 25% relative reduction in hospital antibiotic
use, while maintaining baseline community antimicrobial use,
we found absolute reductions in ESBL-producing E. coli prev-
alences of 0.2%/0.7% (community/hospital) and 0.5%/1.6%
(community/hospital), respectively.

For a 10% and 25% reduction in relative community antibi-
otic use, while maintaining baseline hospital antimicrobial use,
there were absolute reductions in ESBL-producing E. coli prev-
alences of 0.5%/0.8% (community/hospital) and 1.2% /1.8%
(community/hospital), respectively.

Increases in baseline antimicrobial use in the community had
a greater impact on the prevalences of ESBL-producing E. coli
(in both the hospital and community) than similar relative
increases in hospital antibiotic use (Figure 2). Increases in hos-
pital antibiotic use resulted in attenuated increases in the com-
munity ESBL-producing E. coli prevalence, whereas increases
in community antibiotic use amplified increases in the hospital
ESBL-producing E. coli prevalence (Figure 2).

Effect Ratios for Comparison of Setting Specific Changes in Antibiotic Use
A change in community antibiotic use had greater impacts
on hospital and community ESBL-producing E. coli preva-
lences than similar relative changes in hospital use (effect
ratios >1; Figures 3 and 4). However, on a per prescription
level, changes in hospital antibiotic use had greater reduc-
tions in both hospital and community prevalences (effect
ratios <1; Figures 3 and 4).

DISCUSSION

For the models described in this paper, community antibiotic
use is the dominant factor governing the prevalence of ESBL-
producing E. coli colonization of individuals in both commu-
nity and hospital environments. These findings reflect the flux
of patients to and from hospitals, coupled with long durations
of colonization, such that many patients acquire resistant, col-
onizing strains in the community, and then carry them on
admission into a hospital [20]. Hospital antibiotic use thereafter
modulates the hospital prevalence of resistant colonizers on this
background of immigration from the community. These results
are clinically relevant, because the prevalence of resistant col-
onizers is believed to be related to the incidence of resistant,
hospital-associated infections [21], where the enteric flora is a
source for hospital-associated/-acquired pathogens.

From the epidemic curves (Figures 1 and 2), we see that prev-
alence increases gradually, over long periods of time, and this
fits with the gradual increases in ESBL prevalence seen in many
countries [4]. But we also see that prevalence can ultimately
reach high levels, depending upon the underlying parameters
and the extent of antimicrobial use, and this is also in keeping
with the reported high prevalence of resistance in certain regions
[4]. This could reflect differences in factors such as transmission
parameters, duration of colonization, and antibiotic use between
countries. Few investigators have identified significant fitness
costs associated with the production of ESBLs [22, 23] and, as a
result, even substantial reductions in antimicrobial use may have
limited impacts on the longterm prevalence of resistance.

The findings of this model are relevant in a number of ways to
current practices of antibiotic use and misuse, as well as current
approaches to measuring the impacts of hospital and community
stewardship programs. Firstly, we see that community-directed
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approaches, as have been highlighted in the literature [14, 24],
are predicted to have the greatest impact on not only communi-
ty-associated ESBL-producing E. coli infections, but also hospi-
tal-associated infections. Moreover, our findings can explain the
inconsistent impacts of hospital-based antimicrobial steward-
ship interventions on hospital-wide resistance outcomes [25],
given the relatively small effect sizes over large spans of time for
relatively large reductions in antibiotic use. However, it should
be noted that, as a result of the smaller numbers of antibiotic pre-
scriptions in the hospital relative to the community as a whole,
on a per prescription basis the greatest impact is found by reduc-
ing antibiotic use in the hospital, and this likely relates to the
high transmission rates in that setting. This supports the impor-
tance of ongoing/existing hospital-based stewardship programs
[26], and illustrates that maximum value will likely be obtained
with interventions/studies that operate across scales [13], with
combined stewardship in the community and the hospital.

Although this study was designed to evaluate ESBL-
producing E. coli, these results may be generally applicable to
other Gram-negatives and antibiotics in which the predomi-
nant mechanism of acquiring a resistant infection is through
transmission. When de novo resistance formation is possible,
along with patients infected with organisms whose origin is
more likely from the hospital environment (eg, Pseudomonas
spp. or Acinetobacter spp.), this model would likely underesti-
mate the impact of changes in hospital antibiotic use.

These models have a number of limitations. Firstly, we have
only explored the heterogeneity of hospital length of stay by mod-
eling 2 lengths-of-stay categories. It is possible a more complicated
length-of-stay distribution pattern may give differing outcomes,
likely accentuating the effect of antibiotic selection pressure in
those patients with extreme lengths of stay. Furthermore, we did
not consider other settings within the continuum of care that may
be relevant to resistance, such as long-term care facilities. Our

model also does not explicitly consider transmission between/
from health-care personnel; however, if part of the patient-to-pa-
tient spread in the hospital is mediated by health-care person-
nel/equipment, our mass action-based approach is a reasonable
approximation. While we have not directly incorporated the
environment or food as sources of transmission, these routes
have not been consistently demonstrated as major contributors to
resistant E. coli transmission [27, 28] and, as such, have not been
included in our model. Lastly, we did not model the possibility of
horizontal gene transfer across organisms; however, this is not the
predominant means of antibiotic resistance transmission [29].

In summary, our model findings support the ongoing use
of hospital-based ASPs, but highlight the potential, significant
impact of community-based stewardship interventions on
resistance prevalence in both community and hospital settings.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding author.
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