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SUMMARY

ST131 Escherichia coli is an emergent clonal group that has achieved successful worldwide spread
through a combination of virulence and antimicrobial resistance. Our aim was to develop a
mathematical model, based on current knowledge of the epidemiology of ESBL-producing and
non-ESBL-producing ST131 E. coli, to provide a framework enabling a better understanding of
its spread within the community, in hospitals and long-term care facilities, and the potential
impact of specific interventions on the rates of infection. A model belonging to the SEIS
(Susceptible–Exposed–Infected–Susceptible) class of compartmental models, with specific
modifications, was developed. Quantification of the model is based on the law of mass
preservation, which helps determine the relationships between flows of individuals and different
compartments. Quantification is deterministic or probabilistic depending on subpopulation size.
The assumptions for the model are based on several developed epidemiological studies. Based on
the assumptions of the model, an intervention capable of sustaining a 25% reduction in person-
to-person transmission shows a significant reduction in the rate of infections caused by ST131;
the impact is higher for non-ESBL-producing ST131 isolates than for ESBL producers. On the
other hand, an isolated intervention reducing exposure to antimicrobial agents has much more
limited impact on the rate of ST131 infection. Our results suggest that interventions achieving a
continuous reduction in the transmission of ST131 in households, nursing homes and hospitals
offer the best chance of reducing the burden of the infections caused by these isolates.

Key words: Epidemiology, Escherichia coli, ST131, extended-spectrum β-lactamases, mathematical
model, transmission.

INTRODUCTION

A clonal group of Escherichia coli isolates belonging
to phylogroup B2, namely O25b:H4/ST131, recently
emerged as an important cause of human infections
worldwide [1, 2]. This clone has been found to
be the predominant clonal group associated with
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antibiotic-resistant E. coli in different areas [1–4].
Although it was initially found in relation to extended-
spectrum β-lactamase (ESBL) production, recent
studies show that most ST131 isolates do not produce
ESBLs [3, 5]. Fluoroquinolone resistance has been sig-
nificantly associated with the most common lineages
within this clone [4]; antimicrobial resistance and viru-
lence factors are thought to have been important in
the spread of this clone [1, 2]. However, the interac-
tions between the epidemiological determinants of
ST131 are not well-characterized.

The application of mathematical models to study
the dissemination of infectious diseases is now com-
mon practice [6–8]. Some models have been developed
on the dissemination of E. coli O157 [9]; or cephalo-
sporin-resistant E. coli in hospitalized patients [10].
However, to the best of our knowledge, no mathemat-
ical model has yet been proposed to analyse the dis-
semination of the ST131 clonal complex.

The objective of this study was to construct an epi-
demiological framework and mathematical model to
explain the spread of ESBL-producing and non-
ESBL-producing E. coli ST131 isolates using a
population-based perspective and the potential impact
of control interventions.

Study design and data collection

To construct the model, we used recent data from five
different prospective studies: (1) A 30-week prospect-
ive study in Seville, Spain, was performed to estimate
the actual prevalence of ST131 isolates [5]. Briefly,
4308 E. coli isolated were screened by PCR for
ST131. (2) Faecal carriage of ST131 isolates was eval-
uated using rectal swabs from patients diagnosed with
E. coli ST131 infection, their contacts (household
members for community cases and room-mates for
hospitalized cases) [11, 12]. Mean duration of ST131
intestinal carriage was analysed in a subset of the par-
ticipants. (3) Individual risk factors for infection due
to E. coli ST131 were investigated using a case-control
study [13]. (4) The risk factors and prognosis for
bloodstream infections caused by ST131 were studied,
using a case-control design (data on file). (5) Faecal
carriage data from 54 cases of community-acquired
urinary tract infection (UTI) caused by ESBL-
producing E. coli; 105 relatives and 54 controls were
used to provide information about spread of
ESBL-producing E. coli in households [14]. The stud-
ies were approved by the Institutional Review Board
at the University Hospital Virgen Macarena (Seville,

Spain), which waived the need for consent except for
the study of faecal carriers for whom written informed
consent was obtained.

Model methodology

A structural model was proposed. The exposed indivi-
duals were divided into separate subpopulation groups
with specific transmission environments (households,
nursing homes, hospitals). Epidemiological models
in the literature often analyse these environments sep-
arately; by contrast, this work aims to emphasize the
interactions among different populations liable to suf-
fer contagion by ESBL-producing and non-ESBL-
producing ST131.

Epidemiological states considered included suscep-
tible, colonized and infected. The model was developed
using the following stepwise objectives: (1) To analyse
possible interactions between the different variables,
taking cause–effect relationships into account, and to
describe these relationships via mathematical equations,
leading to a mathematical model of the system. (2) To
implement the mathematical model using a high-level
programming language. (3) To validate the model
with the dynamics observed. (4) To exploit the model
by simulating different scenarios to help analyse the
effects of possible strategies for the prevention and con-
trol of bacterial transmission.

Model description and assumptions

We considered the epidemiological background of
ST131 [1, 2], data from ad-hoc studies (see above)
[5, 11–14], and the various models available that ad-
dress the transmission of infectious diseases [6–10].
The proposed structural model falls within the SEIS
class (Susceptible–Exposed–Infected–Susceptible) of
compartmental models, in which we used the term
‘colonized’ instead of ‘exposed’.

The following assumptions according to available
data were established:

(1) The main mechanism of transmission was consid-
ered to be person-to-person. ST131 E. coli has
been isolated only occasionally from food and
companion animals [1, 15–18].

(2) From available evidence and clinical studies, there
is no interaction among colonized or infected indi-
viduals by non-ESBL-producing ST131 and those
colonized or infected by ESBL-producing ST131.
ESBL-producing ST131 formed distinct clusters
separated from ESBL-negative isolate [19].

Mathematical model for ST131 E. coli. 1975
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(3) The following data were used for estimations:
prevalence of colonized persons with ST131 in
the whole population, 2%; with ESBL-producing
ST131, <1%; 93% of infections caused by ST131
infections are caused by non-ESBL-producers;
78% of infections are community onset [5]; 18%
of members of households of a colonized person
are colonized with ST131 and 6% with ESBL-
producing ST131; the remainder (76%) are suscep-
tible individuals [11]. Regarding hospitalized
individuals, 15% are colonized by ST131, 8% of
these with an ESBL-producing isolate [11, 12].
Fifty per cent of infected patients are still colon-
ized after 1 week [14]. Re-colonization was consid-
ered possible.

(4) The majority of the total population considered is
included in the ‘susceptible’ group of the ‘general
population’ compartment. These subjects are
those not sharing a household with a colonized
patient and therefore are at lower risk of acquiring
E. coli ST131.

(5) Households considered were those with at least
one colonized member. The ‘susceptible’ members
may acquire ST131 E. coli mainly from the colo-
nized household member [11]. The initial propor-
tion of susceptible (non-colonized) to colonized
persons in households was estimated to be 3:1,
and the average number of persons in a household
to be n= 4 [11, 12].

(6) In acute healthcare institutions (hospitals) the pro-
portion of susceptible/colonized individuals was
considered to be 5:1 [11]. The estimated preva-
lence of patients colonized by E. coli ST131 at
admission was 2% [11]; of these, 10% are colon-
ized by an ST131 ESBL-producing E. coli [5].
Because available data suggest that transmission
of E. coli ST131 within acute-care hospitals is
low [11, 20], we assume that 2% of discharged
patients harbour this microorganism.

(7) In nursing homes, the input of colonized indivi-
duals is derived predominantly from households,
with outputs being those who die or are trans-
ferred to acute healthcare institutions, which is
particularly frequent in the group developing in-
fection [11].

(8) Previous antibiotic use (mainly fluoroquinolones
and β-lactam/β-lactamase inhibitors) is a risk fac-
tor for infection caused by ST131 and for those
caused by ESBL-producing ST131 [13] but not
for colonization as extrapolated from a study on
ESBL-producing isolates [14].

(9) The relationships between the birth, death, immi-
gration and emigration rates are ignored because
the simulation length covers a period of only 1 year.

Additional flows between compartments were in-
cluded in order to adapt the SEIS model to the condi-
tions of our study. For example, a new flow was added
regarding individuals who are admitted in the hospital
suffering a pathology not related to E. coli infection
(i.e. they flow from the susceptible group of general
population to the susceptible group of the hospital).
Later, they may either return to be susceptible in the
general population compartment (once they are recov-
ered) or be colonized by E. coli and then infected.
Nevertheless, a major proportion of individuals recov-
ered from hospital will return to the susceptible group
of the general population compartment and the re-
mainder to the susceptible group of the nursing-home
compartment.

Figure 1 presents the structure of the proposed
model and the cause–effect relationships between vari-
ables, based on the above-mentioned assumptions.

Quantification of the model was based on the law of
mass preservation, with state variables corresponding
to the populations under consideration in households,
nursing homes, and hospitals, and enabled relation-
ships in the flows of individuals between the different
compartments to be determined. On the basis of this
methodology, a set of first-level coupled differential
equations was proposed representing the dynamic
behaviours of population states. In general, state
equations are expressed as:

dDpi

dt
= Fap − Fdp, (1)

where Dpi represents the population state of compart-
ment i, and Fap (Fdp) expresses the flow of individuals/
day entering (or leaving) that state. A detailed
mathematical description can be found in the
Supplementary material.

Model parameters were determined according to
the subpopulation size. Thus, a probabilistic quantifi-
cation was used for small-sized subpopulations (such
as hospitals and nursing homes). Due to the insuffi-
cient amount of available data from the analysed
population, it is not possible to perform a statistical
study that provides an average parameter for each
subpopulation. Therefore, as done in other works of
epidemiological modelling, the contagious probability
is proposed based on experience of clinical experts.

For large-sized subpopulations (such as house-
holds and general population), a deterministic
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quantification was used adjusted using the least
squares method. According to data from previous
studies [5, 11–14], the mean probability [21] for colon-
ization was calculated for each compartment of the
model through an adjustment by the least squares
method from clinical data collected. Thus, the par-
ameters γ affecting flows A1, A2, B1, and B2 mean
the probability that a person has to be colonized by
(ESBL- or non-ESBL-producing) ST131 on a day in
the general population and household.

The initial conditions and parameter values of the
model are shown in Supplementary Tables S1, S2
and S3. Initial conditions and parameters can ease
the use of the global model or a simplified version of
it for other population or bacteria.

We developed different simulations with the aim of
analysing the dynamics of the different populations
from the variation of the parameters and initial condi-
tions in the model rather than providing precise esti-
mates on the number of persons colonized.

Sensitivity analysis

All the parameters were analysed to determine their
influence in the number of colonized individuals.

Results showed that the most dominant parameters
were: (1) those related to colonization acquisition,
(2) those affecting susceptible individuals in the gen-
eral population (γrST131 and γrESBL), (3) the infection
parameter, and (4) the initial populations of colonized
individuals. For the sensitivity analysis of initial popu-
lations, variations were considered by using a multi-
variate technique, in which different parameters are
considered at the same time.

The remaining set of parameters has a lower rele-
vance since they influence smaller population niches.
For these parameters, the sensitivity analysis was per-
formed using a univariate technique, in which the
model is analysed considering variations in one of
these parameters [22–25].

RESULTS

Model validation

In order to assess the validity of the model, we esti-
mated the number of persons colonized with E. coli
ST131 based on the initial conditions. To do this,
the complete set of individuals with infections caused
by non-ESBL-producing and ESBL-producing E. coli

Fig. 1. Model structure.

Mathematical model for ST131 E. coli. 1977
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ST131 in 1 year was considered. The size of the popu-
lation in each compartment in 1 year was estimated
based on local demographic data and was 800000,
70000 and 7000 for the general population, the hos-
pital population, and the nursing home population,
respectively. The estimated cumulative numbers of
persons infected with ESBL-producing and ESBL-
non-producing ST131 E. coli over 2 years are shown
in Supplementary Figure S1. The results obtained
are in agreement with the epidemiological data.

Sensitivity analysis of the parameters and starting
conditions in the model

The first simulation considered a variation in ±50% of
the initial colonized and infected persons in house-
holds, nursing homes and hospitals. The changes in
the total number of persons infected with ESBL-
producing and ESBL-non-producing ST131 E. coli
are shown in Figure 2; the change was more pro-
nounced when the initial proportions were reduced
in 50% than when they were increased in 50%. The
second simulation was performed considering a ±5%
variation in the rate of acquisition of colonization in
all compartments; as shown in Figure 3, such varia-
tions have a very important impact in the number of
persons infected with ESBL-producing and ESBL-
non-producing ST131 E. coli, being the most sensitive
parameter in the model. The changes were bigger
when the acquisition rate was 5% higher than in initial
estimations. The third simulation (Supplementary
Fig. S2) was performed considering a ±5% variation
in the proportion of infected patients in all compart-
ments. In this case, the impact was much lower than
in previous simulations.

Estimation of the impact of specific interventions

We estimated the impact of an intervention (e.g. im-
proving adherence to hand hygiene) achieving a 10%
reduction in the acquisition rate implemented in the
sixth month. As shown in Figure 4, such a reduction
in transmission had a large impact, mainly in reducing
the number of new infections due to non-ESBL-
producing E. coli ST131.

Finally, we examined the impact of changes in ex-
posure to antimicrobials on the generation of new
cases of infection; for this, a reduction from 5% to
0% in the exposure to fluoroquinolones and cephalo-
sporins was considered in the already colonized

population. As shown in Figure 5, the impact was
much more limited compared to the previous
intervention.

DISCUSSION

We constructed a mathematical model to predict the
occurrence of new cases of infection caused by
ESBL-producing and ESBL-non-producing E. coli
ST131, based on epidemiological data mostly devel-
oped for the model. The model suggests that imple-
menting sustained activity capable of reducing
person-to-person transmission in households and
healthcare centres would significantly reduce the inci-
dence of new cases of infection caused by ST131; the
impact would be less for ST131 isolates that produce
ESBLs. The impact of reducing exposure to antimi-
crobials in already colonized populations would be
lower.

Previous mathematical models developed to investi-
gate the spread of antibiotic-resistant bacteria were
mainly performed for nosocomial transmission of
antibiotic-resistant Staphylococcus aureus and Enter-
ococcus spp. [6]. However, designing mathematical
models is much more complex when population-based
community transmission is studied. Recently, a dy-
namic transmission model was developed for
methicillin-resistant S. aureus in the community [26].
To the best of our knowledge, ours is the first attempt
to develop a model of the transmission dynamics of
ST131 considering both the community and health-
care centre settings. Some particular aspects of the epi-
demiology of E. coli should be considered. First,
E. coli is part of the normal flora of all humans.
Second, humans can be colonized by different
E. coli phylogroups and clones [27], meaning that
one person can be colonized by several clones of
E. coli. Third, the mechanism of transmission of
E. coli has not been systematically studied in all set-
tings, and specific phylogroups or clones may show
differences in main reservoirs, virulence features and
competing influences; in fact, some may be preferen-
tially acquired through the food chain or via contact
with animals [27, 28], while others, including ST131,
seem to be more frequently transmitted by direct
person-to-person contact [1, 15, 19, 29]. The fact
that ST131 is causing an increasing number of infec-
tions is thought to be facilitated both by its virulence
profile as an extraintestinal pathogenic E. coli (typical
of the B2 phylogroup) and its antibiotic resistance
profile [1, 2, 4, 14, 29].
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Fig. 2. Sensitivity analysis considering a variation in ±50% of the initial colonized and infected persons in households,
nursing homes and hospitals. The data represent the number of persons infected due to (a) non-ESBL-producing ST131
E. coli (EO25) and (b) ESBL-producing ST131 E. coli (Eblee) over 1 year.

Fig. 3. Sensitivity analysis considering a ±5% variation in the rate of acquisition in all compartments. The data represent
the number of persons infected due to (a) non-ESBL-producing ST131 E. coli (EO25), and (b) ESBL-producing ST131 E.
coli (Eblee) over 1 year.

Mathematical model for ST131 E. coli. 1979
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The results of the sensitivity analysis showed that
the structure of the model is robust and stable, and
the validation showed that the estimations in the
population dynamics are in accord with available epi-
demiological data. The simulations performed showed
a greater decrease in the number of newly infected

individuals when the interventions reducing person-
to-person transmissions were implemented in a sus-
tainable manner. It is well known that transmission
of multidrug-resistant pathogens can be reduced by
hand hygiene in healthcare centres; in households,
hand hygiene is also important to avoid transmitting

Fig. 4. Comparison of the estimated numbers of individuals predicted to become infected with non-ESBL-producing
ST131 E. coli (EO25) and ESBL-producing ST131 E. coli (Eblee) with and without the implementation of an intervention
achieving a 50% reduction in the person-to-person transmission rate, implemented at month 6.

Fig. 5. Comparison of the estimated numbers of individuals predicted to become infected with non-ESBL-producing
ST131 E. coli (EO25) and ESBL-producing ST131 E. coli (Eblee), with and without the implementation of an intervention
reducing exposure to fluoroquinolones and cephalosporins from 5% to 0% in the colonized population.
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pathogens [30, 31]. We recognize that more data are
needed to definitively assess that colonized persons
in households are actually the main source for
ST131; there is a strong rationale supporting an im-
portant role for hand hygiene in the prevention of
transmission.

Antibiotic use is always an important variable in
the epidemiology of antibiotic-resistant organisms.
Exposure to fluoroquinolones and to cephalosporins
are risk factors for infections caused by multidrug-
resistant E. coli, including ST131 [13, 29], although
such exposure has not been found to increase the
risk of colonization with ESBL-producing E. coli
[14]. Although more data are needed to investigate
the effect of exposure on ST131 acquisition in differ-
ent settings, our results suggest that reducing transmis-
sion would have a more significant impact than
reducing the potential selective pressure caused by ex-
posure to antibiotics.

Our study has several limitations. Models are sim-
plifications of reality and are based on assumptions.
Clearly, the model parameters would need to be chan-
ged if future studies show that some of the assump-
tions made are incorrect. Moreover, our estimates
would only be applicable in areas with a similar epi-
demiology. The epidemiology behaviour of ST131
E. coli may vary according to social and epidemio-
logical factors including international travel and mi-
gration, hand hygiene habits, etc. Finally, subclones
may show specific epidemiological features [2].

In conclusion, we built a population-based model of
the transmission dynamics of E. coli ST131; our
results suggest that interventions achieving a sustained
reduction in the transmission of these isolates in
households, nursing homes and hospitals are most
likely to reduce the burden of infections that they
cause.

SUPPLEMENTARY MATERIAL

For supplementary material accompanying this paper
visit http://dx.doi.org/10.1017/S0950268816000030.
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