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Abstract

Infections caused by antibiotic-resistant bacteria have become more prevalent during past
decades. Yet, it is unknown whether such infections occur in addition to infections with anti-
biotic-susceptible bacteria, thereby increasing the incidence of infections, or whether they
replace such infections, leaving the total incidence unaffected. Observational longitudinal
studies cannot separate both mechanisms. Using plasmid-based beta-lactam resistant E.
coli as example we applied mathematical modelling to investigate whether seven biological
mechanisms would lead to replacement or addition of infections. We use a mathematical
neutral null model of individuals colonized with susceptible and/or resistant E. coli, with two
mechanisms implying a fitness cost, i.e., increased clearance and decreased growth of
resistant strains, and five mechanisms benefitting resistance, i.e., 1) increased virulence, 2)
increased transmission, 3) decreased clearance of resistant strains, 4) increased rate of
horizontal plasmid transfer, and 5) increased clearance of susceptible E. coli due to antibiot-
ics. Each mechanism is modelled separately to estimate addition to or replacement of antibi-
otic-susceptible infections. Fitness costs cause resistant strains to die out if other strain
characteristics are maintained equal. Under the assumptions tested, increased virulence is
the only mechanism that increases the total number of infections. Other benefits of resis-
tance lead to replacement of susceptible infections without changing the total number of
infections. As there is no biological evidence that plasmid-based beta-lactam resistance
increases virulence, these findings suggest that the burden of disease is determined by
attributable effects of resistance rather than by an increase in the number of infections.

Author summary

Infections with antibiotic-resistant bacteria (ARB) are considered a major global problem.
To estimate the burden of antibiotic resistance, one should know whether, at a population
level, infections with ARB replace infections with non-ARB (scenario labelled
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replacement) or whether infections with ARB occur on top of infections with non-ARB
(scenario labelled addition). With replacement, only the additional burden of infections
with ARB compared to infections with a non-ARB should be attributed to antibiotic resis-
tance. With addition, the total burden associated with infections with ARB should be
ascribed to antibiotic resistance. Using E. coli as example, we developed a mathematical
model to investigate whether seven biological characteristics of ARB, each linked to either
fitness costs or benefits, cause replacement or addition. A fitness cost causes resistant bac-
teria to die out if other characteristics are the same as for susceptible bacteria. Only
increased virulence of ARB increases the total number of infections, while other benefits
of resistance lead to replacement. As there is no biological evidence that the type of resis-
tance in E. coli we studied increases virulence, these findings suggest that the burden of
ARB is determined by attributable effects of resistance rather than by an increase in
infections.

Introduction

It is unknown to what extent the global increase in infections caused by antibiotic-resistant
bacteria (ARB) during the last decades has changed the burden of disease. ARB infections may
occur on top of infections caused by non-ARB, a scenario labelled as addition [1], but they
may also replace non-ARB infections. Infections caused by ARB are more difficult to treat,
resulting in more adverse health outcomes [2], which increases the healthcare burden.

In the addition scenario, there is an increase in the total number of infections together with
attributable harm created by those infection caused by ARB. In the replacement scenario, the
increased burden of disease due to resistance results solely from the attributable harm created
by resistant compared to susceptible infections, as the total number of infections remains sta-
ble. Quantifying the relative contribution of both scenarios is of critical importance for quanti-
fying the burden of disease created by ARB. Longitudinal observational data have been used to
estimate the relative importance of addition and replacement [1,3], but the validity of these
approaches suffered-inevitably—from other time-dependent changes and between study-
groups differences that may influence overall incidence of infections, e.g., changes in medical
procedures, population age, antimicrobial stewardship, and infection prevention measures.

As shown in Fig 1 occurrence of addition or replacement of infections caused by ARB can-
not be deduced from observed time trends. Fig 1A depicts a scenario with an unobserved his-
tory and observed time trends of infections. Fig 1B-1D depict three different scenarios that
can explain the same observed time trend namely, addition, replacement or a combination of
the two. The scenarios depicted in Fig 1B-1D have an equal number of resistant and suscepti-
ble infections and are compatible with the observed data. Changing the unobserved prevalence
suggests a different interpretation on whether addition or replacement occurs. However, as the
history is unobserved it cannot be decided based on time trend data whether addition or
replacement has occurred. To illustrate this with real observational data, we determined the
extended-spectrum beta-lactamase (ESBL) E. coli bacteraemia prevalence in the Netherlands
between 2014 and 2019.

We, therefore, developed a mathematical model, comprising three populations, hospitalized
patients, recently hospitalized patients and the general population to determine effects of vari-
ous explicitly stated biological mechanisms that may change ARB carriage and subsequent
infection, and thereby estimate whether these mechanisms cause replacement of or addition to
susceptible infections. We start with a neutral mathematical model and in the base-case

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009875 March 14, 2022 2/14


https://doi.org/10.1371/journal.pcbi.1009875
https://ec.europa.eu/info/research-and-innovation_en
https://ec.europa.eu/info/research-and-innovation_en

PLOS COMPUTATIONAL BIOLOGY Modelling addition and replacement of plasmid-based beta-lactam resistant E. coli

a) Data b) Replacement c) Addition d) Replacement and addition
1 I 1

3 3 3 g L

5 Unobserved hlsloryl Observations S Unobserved hls(ory| Observations 5 Unobserved his(owl Observations 5 Unobserved hislon/l Observations

E « re N '_§ « e > 2 e > 21+ e >

] | ] ] @

=4 = Fet 2

Q. Q| o o

c [=

8 I 2 S 5

p=] = F=3 £

9] )

3 | R 2 o

£ £ £ i)

1
Time ->

B Resistant infections
Susceptible infections

Expected number of infections without resistance having developed
- — - Point in time after which we observe (have data on) the number of infections

Fig 1. Three scenarios explained by addition to and replacement of susceptible infections. The observed prevalence
of susceptible and resistant infections is depicted in panel a. In panel b, c and d, three potential scenarios for the
prevalence in the unobserved period are depicted. Each scenario suggests a different interpretation regarding addition
or replacement.

https://doi.org/10.1371/journal.pchi.1009875.9001

scenario we assume that susceptible and resistant strains can co-exist at any ratio if the two
strains behave identical in all aspects. In this model, individuals either have a stable, high-den-
sity, colonization or a disturbed flora with low-density colonization. The neutral null model is
further explained in the base-case scenario in the methods section and the concept of a neutral
null model has also been discussed previously [4]. Next we move away from the neutral null
model and modify the characteristics of the ARB strain to create benefits or costs of resistance.
A fitness advantage for ARB will ultimately lead to dominance of ARB variants over non-ARB
strains [5]. Multiple mechanisms, such as increased transmission or antibiotic use, can create a
dynamical advantage of resistant over susceptible strains [6,7]. Similarly, resistance can be
associated with a fitness cost, which fuelled the hope that natural selection would-in the
absence of beneficial selective pressure—eventually lead to a reduction in ARB [8]. An example
of a fitness cost could be faster clearance. Obviously, ARB (dis)advantages change in the con-
text of antibiotic exposure. We focus on mechanisms that influence the prevalence of colonisa-
tion with ARB and non-ARB and keep host mechanisms affecting individuals’ risks of
acquisition of carriage or infection stable.

First, we study two mechanisms with a cost of resistance (i.e., decreased growth rates of
ARB and increased clearance of ARB, with clearance defined as the rate at which individuals
go from high density colonization to low density colonization), and subsequently five mecha-
nisms that benefit ARB. The first is increased virulence, defined as an increased probability to
develop infection once colonisation has been established. This increased risk of infection may
result from three separate mechanisms that have the same dynamical effects in our model,
such as an increased bacterial load, higher intrinsic virulence of a bacterium, and failure of
antibiotic prophylaxis [6,9,10]. Moreover, increased virulence may be related to other genes
harbored on the ESBL-plasmid [6]. The second is increased transmission, which leads to more
ARB acquisitions and, thereby, to more subsequent infections, despite a stable infection rate
[11]. The third is lower clearance, which makes ARB carriage more persistent, prolonging the
risk period for infection, despite a stable infection rate [12]. The fourth is within-host plasmid
transfer of resistance to susceptible strains, which increases the number of ARB strains and
subsequently ARB infections. The fifth is selective antibiotic pressure, which increases proba-
bilities of ARB acquisitions through cross-transmission due to lower density of susceptible
bacteria in subjects receiving antibiotics, increasing susceptibility to acquisition with resistant
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bacteria. Cross-transmission is defined here as the transfer of bacteria from a source, in this
model, another individual, to a receiver which in mechanism five is the subject receiving anti-
biotics and subsequently having a lower density of susceptible bacteria.

Moreover, we model two scenarios of combined mechanisms. The “mixed scenario” com-
bines increased ARB hospital transmission and increased ARB clearance in the community,
thereby maximizing ARB benefits among hospitalized patients, e.g., due to high selective anti-
biotic pressure, and maximizing fitness costs of ARB in the absence of selective antibiotic pres-
sure. The “double benefit scenario” combines increased ARB virulence and increased hospital
transmission of ARB (through increased selective antibiotic pressure and higher contact rate
by hospital staff acting as potential vectors), thereby maximizing ABR benefits in hospitalized
patients.

We focus on E. coli with plasmid-based beta-lactam resistance, since these are widely preva-
lent in the population and an important cause of both community-acquired and hospital-
acquired infections [13]. Moreover, ESBL and carbapenem resistant E. coli have been set as a
critical priority for research and development by the WHO on the global list of ARB [14].

Results

From 2014 till 2019 the ESBL E. coli bacteraemia prevalence in the Netherlands remained sta-
ble at around 5-4%, but the total number of E. coli bacteraemia increased annually with 3-4%
(S1 Table and Fig 2). Using the scenarios depicted in Fig 1, the observed time trend could
reflect both addition to and replacement of susceptible E. coli bacteraemia (Fig 2).

In the neutral model, of 100,000 subjects, 177 were hospitalised, 694 were former patients
and 99,129 were in the community. Numbers of plasmid-based beta-lactam resistant and sus-
ceptible E. coli infections were 122 and 2,320 per 100,000 subjects annually. Infections caused
by ARB occurred predominantly in former (n = 67) and hospitalised patients (n = 34), and 21
occurred in the community. Infections by non-ARB also occurred predominantly in former(n
=1,275) and hospitalised patients (n = 651), and less frequently in the community (n = 395).
The infection incidence caused by ARB and non-ARB together is 8% per year in the hospital,
16% in former patients and 0.5% in the community, yielding an infection incidence in the pop-
ulation (former patients and the community) of 2% per year.

The effects of changing rates related to costs and benefits of ARB in 10 years are depicted in
Fig 3. Naturally, introducing costs of resistance without benefits of resistance reduces the car-
riage of resistant strains and eventually leads to elimination of resistant strains (S4 Fig and S7
Table). Whereas introducing a benefit without costs of resistance leads to replacement or
addition.

Increased ARB virulence is associated with a linear increase in the incidence of infections
caused by ARB: a 10% increased virulence leads to a 10% increase of infections caused by ARB
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Fig 2. Number of susceptible E. coli and ESBL E. coli bacteraemia in 24 Dutch hospitals from 2014 to 2018.
https://doi.org/10.1371/journal.pchi.1009875.9002
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with an unchanged incidence of infections caused by non-ARB. Thus, increased virulence
leads to an equivalent addition to the total number of infections, as can be seen in Fig 3. The
transmission rates, e.g. from S to R or R to RR, are not affected by increased virulence and the
subsequent increase in the incidence of ARB infections. Because the transmission dynamics
are not altered by increased virulence, resistant and susceptible strains coexist in our model,
which precludes eradication of susceptible strains.

The other four mechanisms associated with a dynamical benefit of ARB, all do lead to more
infections caused by ARB, but only through replacing infections caused by non-ARB. In fifty
years, a 10% increase in ARB transmission rates leads to a 13% increase in infections caused by
ARB and a 50% decreased clearance of ARB leads to a 72% increase in infections caused by
ARB which increases the prevalence of carriage with ARB from 5% to 8-:6%. The total number
of infections remains stable. Introduction of plasmid acquisition also causes a linear replace-
ment of infections caused by non-ARB. In 10 years, the number of infections caused by ARB
increases with 67%.

Administering a new course of antibiotics that clears 50% of non-ARB E. coli results in
replacement of non-ARB. Restricting the use of a course of antibiotics in hospitalized patients
only, reduces replacement of infections caused by non-ARB (Fig 3).

Contrary to all other mechanisms, effects of increased virulence are not time dependent, as
shown in the equal trends in S2 and S3 Figs. This implies that an increase in virulence leads
immediately to additional infections and this increase then remains stable. Other mechanisms
benefitting ARB will lead to complete replacement of non-ARB, whereas increased virulence
will lead to more infections without extinction of infections caused by non-ARB (S3 Fig and
S6 Table). Costs of resistance will lead to replacement of ARB.

Thereafter, we investigated two scenarios with combined mechanisms. The mixed scenario
provides maximum benefits for ARB among hospitalized patients, but also maximum fitness
costs of resistance in the absence of selective antibiotic pressure. In this scenario the incidence
of infections caused by ARB declines with 18% (after 50 years), whereas the incidence of infec-
tions caused by non-ARB increases (with 1%), leaving the total number of infections unaf-
fected. In the double benefit scenario (with double benefits for ARB due to increased virulence
and more transmission in hospitals) the incidence of infections caused by ARB would increase
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with a factor 5-75 (after 50 years), at the cost of infections caused by non-ARB (-25%), and
with a 5% increase in the total number of infections (S3 Table).

Finally, we investigated the effect of decreasing antibiotic use by 50% in all three popula-
tions on the number of infections under the conditions that each 1) mechanisms was changed
by 50% and 2) by 75%. The largest decrease in resistant infections was observed for increased
transmission, decreased growth, and increased clearance. Under all conditions, decreased anti-
biotics use lowered the number of resistant infections. The results can be found in S9 Table
and S5 and S6 Figs.

Discussion

The modelling of different biological mechanisms affecting E. coli with and without plasmid-
based beta-lactam resistance revealed that increased virulence is the only mechanism that would
lead to a higher burden of infections due to emerging antibiotic resistance. Such an increase in the
incidence of infections would occur instantaneously and linearly, without affecting the number of
infections caused by non-ARB. All other biological mechanisms investigated, such as increased
transmission, decreased clearance, plasmid transfer, and selection through antibiotic use resulted
in scenarios in which infections caused by ARB would increase at the cost of infections caused by
non-ARB, with a stable overall incidence of infections. This can be explained by increased viru-
lence being the only mechanism which increases the infection rate. The other mechanisms influ-
ence parameters affecting colonisation, and subsequently affect the ratio at which resistant and
susceptible infections occur. A difference in the ratio of colonisation with susceptible and resistant
strains will lead to an equal number of total infections if the infection rate for resistant and suscep-
tible strains is assumed to be equal, because we start with a neutral null model. Moreover, if resis-
tance has both costs and benefits, emergence may lead to a stable co-existence of susceptible and
resistant strains, for instance if resistance is beneficial in one niche, e.g., the hospital, but disadvan-
tageous in the community, as reflected in the mixed scenario.

The starting point of this work was the recognition of difficulties in interpreting observa-
tional longitudinal data on antibiotic resistance prevalence. In the Netherlands the incidence
of E. coli bacteraemia increased over time towards a stable prevalence of ESBL-producing E.
coli bacteraemia (Fig 2). Yet, where the prevalence of ESBL-producing strains among 173 E.
coli bacteraemia isolates was zero around 2000 in the Netherlands [15], it was around 5% in
2014. With a stable population size and unchanged hospital policies related to infection diag-
nosis the 5% increase in resistance in-between both time points could have resulted from both
addition and replacement mechanisms.

The biological plausibility of some of the biological mechanisms that we studied is not obvious.
For instance, there is no biological prove that resistance in itself increases virulence [8]. If ARB
would not have increased virulence, the possibility of the addition scenario would be excluded as
we found that only increased virulence results in additional infections. Furthermore, the dogma
that antibiotic resistance, such as ESBL-production in E. colj, is associated with fitness costs has
been questioned [6,8,16]. Indeed, if resistance comes without fitness costs through, for instance,
increased clearance or decreased growth, ESBL-producing E. coli will not to be completely
replaced by susceptible E. coli and will persist, even in the absence of antibiotic selective pressure.

Two previous studies attempted to disentangle whether a longitudinal increase in the inci-
dence density of infections caused by ARB resulted from replacement or addition. Firstly, de
Kraker et al. [17] investigated bacteraemia trends of five pathogens; Staphylococcus aureus, E.
coli, Streptococcus pneumoniae, Enterococcus faecalis and Enterococcus faecium, using the
European Antimicrobial Resistance Surveillance System (EARSS) database from 2002 to 2008.
They report an increasing incidence in bacteraemia and suggested that this was mainly driven
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by resistant strains, implying that resistant clones add to rather than replace infections caused
by susceptible bacteria. Secondly, Ammerlaan et al. [1] investigated temporal trends in annual
incidence densities (events per 100,000 patient-days) of nosocomial bloodstream infections
caused by methicillin-resistant Staphylococcus aureus (MRSA), ARB other than MRSA and
non-ARB in 14 hospitals between 1998 and 2007. Seven hospitals had high incidence of MRSA
infection in 1998 and no specific program to control the spread of MRSA. The other seven
hospitals had low incidence of nosocomial infections with MRSA and infection control pro-
grams to maintain low incidence levels of MRSA over this period. During the 10-year period
the increase in the incidence density of non-ARB infections was similar in both hospital
groups. Yet, the incidence of infections caused by ARB increased from 3.0 to 4.7 per 100,000
patient-days between 1998 and 2007 in hospitals that effectively controlled ARB infections,
and from 4.6 to 29.1 per 100,000 patient-days between 1998 and 2007 in hospitals with pre-
existing higher MRSA and ARB infection rates. From this the authors concluded that ARB
infections were additive to non-ARB infections. The observed increase in incidence density of
ARB was 10-fold higher than in non-ARB. Based on the findings in the current study, for such
an increase to be fully explained by addition would require a similar (i.e., linear) increase in
bacterial virulence (S5 Text and S8 Table). It, therefore, seems more plausible that also in these
hospitals replacement had occurred rather than addition.

A limitation of our study is that colonisation density is not modelled quantitatively, pre-
cluding modelling of within-host competition between strains. Yet, dynamics of within-host
competition have not been accurately determined and it is, therefore, unknown, whether addi-
tion of this component improves modelling of the population level colonisation prevalence
and infection incidence. Further, we limit acquisition routes of plasmid-based beta-lactam
resistant E. coli and E. coli to humans, neglecting other reservoirs, such as livestock. Recent
findings reported by Mughini-Gras et al. [18] imply that-at least in the Netherlands—the
human reservoir is largely responsible for transmission among humans, with relatively little
contribution of the animal reservoir.

In our study we explicitly investigate the effects of multiple mechanisms on the incidence of
infections caused by ARB using a single model, which can also be used for other pathogens
and in which other mechanisms can be included. In the current analyses the assumption that
all individuals carry E. coli is vital. Investigating dynamics of pathogens for which this assump-
tion does not hold, such as Staphylococcus aureus, would require an additional compartment
for uncolonised subjects. Moreover, as we assume that everyone is colonised with E. coli, a
mere increase in prevalence of the resistant strain, assuming that characteristics leading to
infection are equal to the susceptible strain, does increase the total number of infections. An
increase in prevalence of the resistant strain may cause an increase in the total number of
infections if a bacterium is assumed not the be carried by everyone, as those uncolonised are
not at risk for infection and become at risk once colonised.

Increased virulence of ARB, compared to non-ARB, is the only mechanism studied that
would increase the total number of infections due to emergence of ARB. Other mechanisms,
such as increased transmission, decreased clearance, plasmid transfer, and antibiotic use result
in replacement of non-ARB infections by ARB infections, with a stable incidence of the total
number of infections.

Methods
Time trend data

As an illustration of the use of time trend data to estimate addition and replacement, we esti-
mated changes in the prevalence of ESBL in community-acquired E. coli bacteraemia in the
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Netherlands from 2014 to 2018. We used data from the national surveillance system of antimi-
crobial resistance (ISIS-AR) based on routinely collected data from medical microbiological
laboratories [19]. We selected blood-isolates containing E. coli (one isolate per patient per
year) with a sample moment maximum two days after hospital admission, or sampled at the
emergency department or outpatient clinic, to define community-acquired bacteraemia. ESBL
E. coli were determined based on ESBL-confirmatory tests or resistance to cefotaxime/ceftriax-
one and/or ceftazidime, according to local practice. For the analysis, 24 hospitals with com-
plete data available for the total study period were used.

Theoretical framework

To study the effects of seven mechanisms on the number of E. coli and plasmid-based beta-lac-
tam resistant E.coli, we use a continuous time deterministic model, similar to Cooper et al.
[20], consisting of a hospital population, a population of recently discharged patients, and the
community (Fig 4A). S2 Table contains the parameters and definitions per mechanisms and
S4 Table provides the parameters of transition pathways between the compartments per popu-
lation. The total population size is constant and we ignore death and birth rates as these are
substantially smaller than transmission and decolonisation rates in most parts of the popula-
tion. Hospitalized patients are discharged to the former patient population at a constant rate.
Subjects are hospitalized at constant rates, with a higher rate in the former patient population.
Former patients transit to the community at constant rates, after which their hospital admis-
sion rate becomes lower.

We assume homogeneous mixing in the hospital, allowing transmission between hospital-
ized patients at a rate four times higher than in the community due to frequent contacts with
healthcare workers and medical devices that may act as vectors for transmission. Among for-
mer patients the transmission rate is assumed to be higher compared to the community, also
because of interactions with healthcare workers [21]. Further, transmission occurs between
and within the former patient and community, which is one homogeneously mixed

Hospital A
prar. ] e » = Transmission

— = Clearance
““““ » = Rate of growing to high density
= Clearance due to antibiotic use

S = Colonised with a susceptible strain
T R = Colonised with a resistant strain
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: SR = Colonised with susceptible and resistant strain
RR= High density colonised with resistant strains

A

W s : )

Former patients Community

V=

Fig 4. Compartmental model of ESBL E. coli and E. coli colonisation states.
https://doi.org/10.1371/journal.pchi.1009875.9004
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population, but we assume no transmission between the community and the hospital. We use
frequency-dependent transmission based on the total fraction of colonised individuals. Mathe-
matically, it means that the rate at which an individual acquires an E. coli strain is proportional
to the fraction of individuals colonised with that strain. Moreover, the three populations have
equal ARB decolonisation rates and transition rates between populations are independent of
colonisation status. S4 Table presents the model parameters.

Base-case scenario

We developed a neutral null base-case model for resistant and susceptible bacteria which are
indistinguishable except for their antibiotic susceptibility. In a neutral null model neither
strain can have a selective advantage and the prevalence ratio of the two strains should remain
constant over time [4]. In our base-case, we assume no antibiotic use and, therefore, the base-
case model lacks an intrinsic mechanism to promote stable coexistence between strains. When
we consider other scenarios, we explicitly state the selective (dis)advantages of a strain [4]. We
choose a starting ARB colonisation prevalence of 5% in all populations [22].

E. coli is a commensal bacterial species but pathogenic variants also exist. Due to, amongst
other ways, point mutations and plasmid transfers E. coli strains can vary in their characteristics.
In our model, we assume only two strains, a susceptible and a resistant strain. Carriage with one
or two of the strains is possible, but we assume everyone always carries at least one E. coli strain.
Hence there is no compartment of uncolonized subjects and individuals can be colonized with
resistant strains (R-compartment), susceptible strains (S-compartment) or both (SR-compart-
ment). Individuals in the S-compartment may acquire ARB and then move to the SR-compart-
ment. Similarly, individuals in the R-compartment move to the SR-compartment after acquisition
of susceptible strains. To maintain neutrality in absence of selective advantages, we added SS and
RR compartments [4] which we interpret as states with a high density of colonization. Without
these compartments, introduction of ARB into a population in which everyone could acquire
ARB would lead to an equilibrium prevalence of 50%, even in absence of selective advantages
[23]. Therefore, subjects colonised with susceptible (S) or resistant strains ®) remain susceptible
to other strains as long as they are “low density colonised”. Once progressed to high density colo-
nised (labelled SS, RR or SR) they are non-susceptible to acquisition. We thus interpret the high-
density RR, SR and SS-compartments as stable intestinal flora, preventing colonisation with other
bacteria. We stress that high density colonisation is not the same as having an infection.

Infection rates are equal in high- and low-density compartments and proportional to the
number of subjects colonised with resistant and susceptible strains. The infection rate is
defined as the number of infections per day per person. Infections in the SR-compartment
occur at an infection rate which is the average of the infection rate of the S- and R-compart-
ment. The proportion of the infections in the SR-compartment, which are caused by suscepti-
ble bacteria and by resistant bacteria is proportional to the infection rate in the S- and the R-
compartment, as can be seen in formula 16 and 17 in S1 Text. Differential equations specifying
these models are given in S1 Text. E. coli colonisation states are depicted in Fig 4B.The parame-
ters used in the model can be found in S4 Table.

ARB benefits and costs

To investigate the dynamical effects of benefits and costs of resistance, we distinguish seven
mechanisms, and determine the effects by gradually increasing or decreasing the applicable
rates with 10% to 100%, compared to the rate in the neutral model. Mechanisms benefitting
resistant strains increase the ARB colonisation prevalence. As we assume a maximum coloni-
sation capacity, meaning that new strains cannot successfully colonize individuals in state RR,
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Fig 5. The biological mechanisms shown in the compartmental model.

https://doi.org/10.1371/journal.pcbi.1009875.9005

SR or SS, an increased ARB prevalence renders less people susceptible for acquiring new colo-
nisation with susceptible strains. Details of these biological mechanisms are described in S2
Table. The influence of each mechanism on the paths in the compartmental model is shown
visually in Fig 5.

The mechanism of plasmid transfer was restricted to within-host and within-species trans-
fer, thereby increasing the transition from SR to RR carriage status. Additionally, a scenario
with plasmid transfer from other pathogens to E. coli was analysed, see S4 Text and S1 Fig.

Antibiotic use occurs in all populations—independent of infection. In the Dutch commu-
nity antibiotic courses are prescribed at a rate of 0.374 per year per person [24], and we
assumed that 50% of persons receiving a course of antibiotics clear susceptible E. coli.
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Conceptually, this moves a subject from SS and SR to S and R compartments, respectively,
after which the likelihood of moving to SS, RR and SR increases (Fig 4B). For hospitalized
patients we assumed that 33.8% received antibiotics on any given day, based on published data
[24,25]. We did not consider repeated prescriptions in the community or during hospitaliza-
tion, as the intestinal flora will already be influenced by the first course of antibiotics. For
changes in antibiotic use we also investigate a scenario with daily antibiotic use of 33.8% of all
Dutch hospitalized subjects [25] and without antibiotic use in former patients and the commu-
nity. Furthermore, we modelled two scenarios of combined mechanisms. The “mixed sce-
nario” combines 20% increased ARB hospital transmission with 20% increased ARB clearance
in the community, thereby maximizing the benefits of ARB among hospitalized patients, e.g.,
due to high selective antibiotic pressure, and maximizing fitness costs of ARB in the absence of
selective antibiotic pressure. The “double benefit scenario” combines 20% increased ARB viru-
lence (through increased selective antibiotic pressure) and 20% increased hospital transmis-
sion of ARB (through both increased selective antibiotic pressure and higher contact rate by
hospital staff acting as potential vectors), thereby maximizing the benefits of ARB in hospital-
ized patients. Scenarios and mechanisms are studied during time periods of 10 years, 50 years
and infinite time. The outcome is the annual number of infections after the subsequent time
period (S5, S6, and S7 Tables and S2, S3, and S4 Figs).

Supporting information

S1 Text. Differential equations of the mathematical model.
(DOCX)

S2 Text. Infection rate calculations.
(DOCX)

S$3 Text. Calculations admission and readmission rates.
(DOCX)

$4 Text. External plasmid transfer.
(DOCX)

S5 Text. Calculations of increased virulence.
(DOCX)

S1 Fig. Compartmental model of E. coli with plasmid transfer from other sources.
(DOCX)

S2 Fig. Annual ESBL E. coli infections per 100,000 people per mechanism in 10 years of
time.
(DOCX)

S3 Fig. Annual ESBL E. coli infections per 100,000 people per mechanism in in 50 years of
time.
(DOCX)

S4 Fig. Annual ESBL E. coli infections per 100,000 people per mechanism when letting
time run to infinity.
(DOCX)

S5 Fig. Annual ESBL E. coli infections per 100,000 people with 50% change in mechanisms
and decreased antibiotics use.
(DOCX)

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009875 March 14, 2022 11/14


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s005
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s007
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s008
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s009
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s010
https://doi.org/10.1371/journal.pcbi.1009875

PLOS COMPUTATIONAL BIOLOGY Modelling addition and replacement of plasmid-based beta-lactam resistant E. coli

S6 Fig. Annual ESBL E. coli infections per 100,000 people with 75% change in mechanisms
and decreased antibiotics use.
(DOCX)

§1 Table. Annual prevalence of ESBL in E. coli bacteraemia in 24 Dutch hospitals.
(DOCX)

$2 Table. Scenarios and mechanisms studied in this paper.
(DOCX)

$3 Table. In 50 years, the number of resistant and susceptible infections per 100,000 inhab-
itants under different scenarios.
(DOCX)

S$4 Table. Parameters used in the model.
(DOCX)

S5 Table. In 10 years, the number of infections per 100,000 people per year for each mechanism.
(DOCX)

$6 Table. In 50 years, the number of infections per 100,000 people per year for each mecha-
nism.
(DOCX)

S7 Table. Letting time run to infinity, the number of infections per 100,000 people per
year for each mechanism.
(DOCX)

S8 Table. Observed growth reported in Ammerlaan et al. [4] and expected growth.
(DOCX)

S9 Table. In 10 years, the number of infections for 50% and 75% change per mechanism
when using antibiotics and when decrease overall antibiotic use with 50%.
(DOCX)

Author Contributions

Conceptualization: Noortje G. Godijk, Martin C. J. Bootsma, Marc J. M. Bonten.
Data curation: Noortje G. Godijk.

Formal analysis: Noortje G. Godijk, Sabine C. de Greeff, Annelot F. Schoffelen.
Funding acquisition: Martin C. J. Bootsma, Marc J. M. Bonten.

Investigation: Noortje G. Godijk.

Methodology: Noortje G. Godijk, Martin C. J. Bootsma.

Project administration: Noortje G. Godijk.

Supervision: Martin C. J. Bootsma, Marc J. M. Bonten.

Visualization: Noortje G. Godijk.

Writing - original draft: Noortje G. Godijk.

Writing - review & editing: Martin C. J. Bootsma, Henri C. van Werkhoven, Valentijn A.
Schweitzer, Sabine C. de Greeff, Annelot F. Schoffelen, Marc J. M. Bonten.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009875 March 14, 2022 12/14


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s011
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s012
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s013
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s014
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s015
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s016
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s017
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s018
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s019
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009875.s020
https://doi.org/10.1371/journal.pcbi.1009875

PLOS COMPUTATIONAL BIOLOGY

Modelling addition and replacement of plasmid-based beta-lactam resistant E. coli

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Ammerlaan HSM, Harbarth S, Buiting AGM, Crook DW, Fitzpatrick F, Hanberger H, et al. Secular
trends in nosocomial bloodstream infections: antibiotic-resistant bacteria increase the total burden of
infection. Clin Infect Dis. 2013 Mar; 56(6):798-805. https://doi.org/10.1093/cid/cis1006 PMID:
23223600

World Health Organization. Antimicrobial resistance global report on surveillance [Internet]. 2014. Avail-
able from: https://apps.who.int/iris/bitstream/handle/10665/112642/9789241564748_eng.pdf;
jsessionid=FAF3CA93BA29CAE7224A9B741E8E8C20?sequence=1

Temkin E, Fallach N, Almagor J, Gladstone BP, Tacconelli E, Carmeli Y. Estimating the number of
infections caused by antibiotic-resistant Escherichia coli and Klebsiella pneumoniae in 2014: a model-
ling study. Lancet Glob Heal. 2018 Sep; 6(9):e969-79. https://doi.org/10.1016/S2214-109X(18)30278-
X PMID: 30103998

Lipsitch M, Colijn C, Cohen T, Hanage WP, Fraser C. No coexistence for free: neutral null models for
multistrain pathogens. Epidemics [Internet]. 2008/11/04. 2009 Mar; 1(1):2—13. https://doi.org/10.1016/j.
epidem.2008.07.001 PMID: 21352747

Beardmore RE, Gudelj |, Lipson DA, Hurst LD. Metabolic trade-offs and the maintenance of the fittest
and the flattest. Nature. 2011 Apr; 472(7343):342-6. https://doi.org/10.1038/nature09905 PMID:
21441905

Schaufler K, Semmler T, Pickard DJ, de Toro M, de la Cruz F, Wieler LH, et al. Carriage of Extended-
Spectrum Beta-Lactamase-Plasmids Does Not Reduce Fitness but Enhances Virulence in Some
Strains of Pandemic E. coli Lineages. Front Microbiol. 2016; 7:336. https://doi.org/10.3389/fmicb.2016.
00336 PMID: 27014251

Friedman ND, Temkin E, Carmeli Y. The negative impact of antibiotic resistance. Clin Microbiol Infect.
2016 May; 22(5):416-22. https://doi.org/10.1016/j.cmi.2015.12.002 PMID: 26706614

Andersson DI, Hughes D. Antibiotic resistance and its cost: is it possible to reverse resistance? Nat Rev
Microbiol. 2010 Apr; 8(4):260-71. https://doi.org/10.1038/nrmicro2319 PMID: 20208551

Farajzadah Sheikh A, Goodarzi H, Yadyad MJ, Aslani S, Amin M, Jomehzadeh N, et al. Virulence-asso-
ciated genes and drug susceptibility patterns of uropathogenic Escherichia coli isolated from patients
with urinary tract infection. Infect Drug Resist. 2019; 12:2039-47. https://doi.org/10.2147/IDR.S199764
PMID: 31410031

Baba T, Takeuchi F, Kuroda M, Yuzawa H, Aoki K, Oguchi A, et al. Genome and virulence determinants
of high virulence community-acquired MRSA. Lancet (London, England). 2002 May; 359(9320):1819—
27. https://doi.org/10.1016/s0140-6736(02)08713-5 PMID: 12044378

Facinelli B, Spinaci C, Magi G, Giovanetti E, E Varaldo P. Association between erythromycin resistance
and ability to enter human respiratory cells in group A streptococci. Lancet (London, England). 2001 Jul;
358(9275):30-3. https://doi.org/10.1016/s0140-6736(00)05253-3 PMID: 11454374

Sarkar S, Hutton ML, Vagenas D, Ruter R, Schiller S, Lyras D, et al. Intestinal Colonization Traits of
Pandemic Multidrug-Resistant Escherichia coli ST131. J Infect Dis [Internet]. 2018 Aug 14; 218(6):979—
90. https://doi.org/10.1093/infdis/jiy031 PMID: 29471349

Vihta K-D, Stoesser N, Llewelyn MJ, Quan TP, Davies T, Fawcett NJ, et al. Trends over time in Escheri-
chia coli bloodstream infections, urinary tract infections, and antibiotic susceptibilities in Oxfordshire,
UK, 1998-2016: a study of electronic health records. Lancet Infect Dis [Internet]. 2018 Oct 1 [cited 2019
Nov 15]; 18(10):1138-49. https://doi.org/10.1016/S1473-3099(18)30353-0 PMID: 30126643

World Health Organization. Global priority list of antibiotic-resistant bacteria to guide research, discov-
ery, and development of new antibiotics [Internet]. Geneva; 2017. Available from: https://www.who.int/
medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf?ua=1

Nijssen S, Florijn A, Bonten MJM, Schmitz FJ, Verhoef J, Fluit AC. Beta-lactam susceptibilities and
prevalence of ESBL-producing isolates among more than 5000 European Enterobacteriaceae isolates.
Int J Antimicrob Agents. 2004 Dec; 24(6):585-91. https://doi.org/10.1016/j.ijantimicag.2004.08.008
PMID: 15555882

Ranjan A, Scholz J, Semmler T, Wieler LH, Ewers C, Miller S, et al. ESBL-plasmid carriage in E. coli
enhances in vitro bacterial competition fitness and serum resistance in some strains of pandemic
sequence types without overall fitness cost. Gut Pathog [Internet]. 2018; 10(1):24. https://doi.org/10.
1186/s13099-018-0243-z PMID: 29983750

de Kraker MEA, Jarlier V, Monen JCM, Heuer OE, van de Sande N, Grundmann H. The changing epi-
demiology of bacteraemias in Europe: trends from the European Antimicrobial Resistance Surveillance
System. Clin Microbiol Infect [Internet]. 2013; 19(9):860-8. https://doi.org/10.1111/1469-0691.12028
PMID: 23039210

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009875 March 14, 2022 13/14


https://doi.org/10.1093/cid/cis1006
http://www.ncbi.nlm.nih.gov/pubmed/23223600
https://apps.who.int/iris/bitstream/handle/10665/112642/9789241564748_eng.pdf;jsessionid=FAF3CA93BA29CAE7224A9B741E8E8C20?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/112642/9789241564748_eng.pdf;jsessionid=FAF3CA93BA29CAE7224A9B741E8E8C20?sequence=1
https://doi.org/10.1016/S2214-109X%2818%2930278-X
https://doi.org/10.1016/S2214-109X%2818%2930278-X
http://www.ncbi.nlm.nih.gov/pubmed/30103998
https://doi.org/10.1016/j.epidem.2008.07.001
https://doi.org/10.1016/j.epidem.2008.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21352747
https://doi.org/10.1038/nature09905
http://www.ncbi.nlm.nih.gov/pubmed/21441905
https://doi.org/10.3389/fmicb.2016.00336
https://doi.org/10.3389/fmicb.2016.00336
http://www.ncbi.nlm.nih.gov/pubmed/27014251
https://doi.org/10.1016/j.cmi.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26706614
https://doi.org/10.1038/nrmicro2319
http://www.ncbi.nlm.nih.gov/pubmed/20208551
https://doi.org/10.2147/IDR.S199764
http://www.ncbi.nlm.nih.gov/pubmed/31410031
https://doi.org/10.1016/s0140-6736%2802%2908713-5
http://www.ncbi.nlm.nih.gov/pubmed/12044378
https://doi.org/10.1016/s0140-6736%2800%2905253-3
http://www.ncbi.nlm.nih.gov/pubmed/11454374
https://doi.org/10.1093/infdis/jiy031
http://www.ncbi.nlm.nih.gov/pubmed/29471349
https://doi.org/10.1016/S1473-3099%2818%2930353-0
http://www.ncbi.nlm.nih.gov/pubmed/30126643
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf?ua=1
https://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf?ua=1
https://doi.org/10.1016/j.ijantimicag.2004.08.008
http://www.ncbi.nlm.nih.gov/pubmed/15555882
https://doi.org/10.1186/s13099-018-0243-z
https://doi.org/10.1186/s13099-018-0243-z
http://www.ncbi.nlm.nih.gov/pubmed/29983750
https://doi.org/10.1111/1469-0691.12028
http://www.ncbi.nlm.nih.gov/pubmed/23039210
https://doi.org/10.1371/journal.pcbi.1009875

PLOS COMPUTATIONAL BIOLOGY

Modelling addition and replacement of plasmid-based beta-lactam resistant E. coli

18.

19.

20.

21,

22,

23.

24,

25.

Mughini-Gras L, Dorado-Garcia A, van Duijkeren E, van den Bunt G, Dierikx CM, Bonten MJM, et al.
Attributable sources of community-acquired carriage of Escherichia coli containing B-lactam antibiotic
resistance genes: a population-based modelling study. Lancet Planet Heal. 2019 Aug; 3(8):e357—-69.
https://doi.org/10.1016/S2542-5196(19)30130-5 PMID: 31439317

Altorf-van der Kuil W, Schoffelen AF, de Greeff SC, Thijsen SF, Alblas HJ, Notermans DW, et al.
National laboratory-based surveillance system for antimicrobial resistance: a successful tool to support
the control of antimicrobial resistance in the Netherlands. Euro Surveill Bull Eur sur les Mal Transm =
Eur Commun Dis Bull. 2017 Nov; 22(46). https://doi.org/10.2807/1560-7917.ES.2017.22.46.17-00062
PMID: 29162208

Cooper BS, Medley GF, Stone SP, Kibbler CC, Cookson BD, Roberts JA, et al. Methicillin-resistant
Staphylococcus aureus in hospitals and the community: stealth dynamics and control catastrophes.
Proc Natl Acad Sci U S A. 2004 Jul; 101(27):10223-8. https://doi.org/10.1073/pnas.0401324101 PMID:
15220470

Haverkate MR, Platteel TN, Fluit AC, Cohen Stuart JW, Leverstein-van Hall MA, Thijsen SFT, et al.
Quantifying within-household transmission of extended-spectrum B-lactamase-producing bacteria. Clin
Microbiol Infect [Internet]. 2017 Jan 1 [cited 2019 Nov 15]; 23(1):46.e1-46.e7. https://doi.org/10.1016/j.
cmi.2016.08.021 PMID: 27596534

van den Bunt G, van Pelt W, Hidalgo L, Scharringa J, de Greeff SC, Schurch AC, et al. Prevalence, risk
factors and genetic characterisation of extended-spectrum beta-lactamase and carbapenemase-pro-
ducing Enterobacteriaceae (ESBL-E and CPE): a community-based cross-sectional study, the Nether-
lands, 2014 to 2016. Euro Surveill Bull Eur sur les Mal Transm = Eur Commun Dis Bull. 2019 Oct; 24
(41). https://doi.org/10.2807/1560-7917.ES.2019.24.41.1800594 PMID: 31615600

Colijn C, Cohen T, Fraser C, Hanage W, Goldstein E, Givon-Lavi N, et al. What is the mechanism for
persistent coexistence of drug-susceptible and drug-resistant strains of Streptococcus pneumoniae? J
R Soc Interface. 2010 Jun; 7(47):905-19. https://doi.org/10.1098/rsif.2009.0400 PMID: 19940002

de Greeff SC, Mouton JW. NethMap 2018: Consumption of antimicrobial agents and antimicrobial resis-
tance among medically important bacteria in the Netherlands / MARAN 2018: Monitoring of Antimicro-
bial Resistance and Antibiotic Usage in Animals in the Netherlands in 2017 [Internet]. Rijksinstituut voor
Volksgezondheid en Milieu RIVM; 2018. Available from: https://rivm.openrepository.com/bitstream/
10029/622042/2/2018-0046.pdf

Akhloufi H, Streefkerk RH, Melles DC, de Steenwinkel JEM, Schurink CAM, Verkooijen RP, et al. Point
prevalence of appropriate antimicrobial therapy in a Dutch university hospital. Eur J Clin Microbiol Infect
Dis. 2015 Aug; 34(8):1631-7. https://doi.org/10.1007/s10096-015-2398-6 PMID: 26017664

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009875 March 14, 2022 14/14


https://doi.org/10.1016/S2542-5196%2819%2930130-5
http://www.ncbi.nlm.nih.gov/pubmed/31439317
https://doi.org/10.2807/1560-7917.ES.2017.22.46.17-00062
http://www.ncbi.nlm.nih.gov/pubmed/29162208
https://doi.org/10.1073/pnas.0401324101
http://www.ncbi.nlm.nih.gov/pubmed/15220470
https://doi.org/10.1016/j.cmi.2016.08.021
https://doi.org/10.1016/j.cmi.2016.08.021
http://www.ncbi.nlm.nih.gov/pubmed/27596534
https://doi.org/10.2807/1560-7917.ES.2019.24.41.1800594
http://www.ncbi.nlm.nih.gov/pubmed/31615600
https://doi.org/10.1098/rsif.2009.0400
http://www.ncbi.nlm.nih.gov/pubmed/19940002
https://rivm.openrepository.com/bitstream/10029/622042/2/2018-0046.pdf
https://rivm.openrepository.com/bitstream/10029/622042/2/2018-0046.pdf
https://doi.org/10.1007/s10096-015-2398-6
http://www.ncbi.nlm.nih.gov/pubmed/26017664
https://doi.org/10.1371/journal.pcbi.1009875

