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Abstract

Beta-lactam- and in particular carbapenem-resistant Enterobacteriaceae represent a major

public health threat. Despite strong variation of resistance across geographical settings,

there is limited understanding of the underlying drivers. To assess these drivers, we devel-

oped a transmission model of cephalosporin- and carbapenem-resistant Klebsiella pneumo-

niae. The model is parameterized using antibiotic consumption and demographic data from

eleven European countries and fitted to the resistance rates for Klebsiella pneumoniae for

these settings. The impact of potential drivers of resistance is then assessed in counterfac-

tual analyses. Based on reported consumption data, the model could simultaneously fit the

prevalence of extended-spectrum beta-lactamase-producing and carbapenem-resistant

Klebsiella pneumoniae (ESBL and CRK) across eleven European countries over eleven

years. The fit could explain the large between-country variability of resistance in terms of

consumption patterns and fitted differences in hospital transmission rates. Based on this fit,

a counterfactual analysis found that reducing nosocomial transmission and antibiotic con-

sumption in the hospital had the strongest impact on ESBL and CRK prevalence. Antibiotic

consumption in the community also affected ESBL prevalence but its relative impact was

weaker than inpatient consumption. Finally, we used the model to estimate a moderate fit-

ness cost of CRK and ESBL at the population level. This work highlights the disproportion-

ate role of antibiotic consumption in the hospital and of nosocomial transmission for

resistance in gram-negative bacteria at a European level. This indicates that infection con-

trol and antibiotic stewardship measures should play a major role in limiting resistance even

at the national or regional level.
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Author summary

As beta-lactam resistant gram-negative bacteria represent one of the most critical threats

in the ongoing antibiotic resistance crisis, it is crucial to identify the underlying drivers

and develop appropriate measures to curb their spread. By combining a transmission

model with epidemiological data at a European level, we can explain the strong differences

of extended-spectrum beta-lactamase-producing and carbapenem-resistant Klebsiella
pneumonia across European countries and their often-rapid temporal increase. We find

that among potentially modifiable drivers, inpatient antibiotic consumption and nosoco-

mial transmission rates have the strongest impact on resistance. This implies that mea-

sures aimed to improve the infection control and the antibiotic stewardship in hospitals

are crucial for preventing antibiotic resistance in gram-negatives even beyond individual

hospitals as they may affect resistance prevalence at the level of entire countries.

Introduction

Carbapenem-resistant and extended-spectrum beta-lactamase (ESBL) producing Enterobacter-
iaceae represent serious threat in the current antimicrobial resistance crisis and are highlighted

by the World Health Organization (WHO) in the most recent “Prioritization of Pathogens to

Guide Discovery” [1]. Beta-lactams are widely used antibiotics due to their broad spectrum of

activity against Gram-negative bacteria. Enterobacteriaceae are common commensal flora, par-

ticularly in the gastrointestinal tract, and are typically exposed to any antibiotic treatment

administered to an individual. Hence, they have developed resistance to most of the commonly

used antibiotics. For example, carbapenem-resistant organisms (CRO) are resistant to all

known beta-lactams [2]. Last-resort drugs such as colistin generally remain effective, though

there have already been reported cases of Enterobacteriaceae resistant to both carbapenems

and colistin [3]. While newer drugs, such as ceftazidime-avibactam, have been introduced,

widespread dissemination of carbapenem-resistant genes may herald the beginning of a post-

antibiotic era [4], at least for the Enterobacteriaceae species in question.

There are several studies that have found a significant correlation between antibiotic con-

sumption in humans, which is considered as one of the most notable drivers of resistance, and

the prevalence of antibiotic resistance in a variety of pathogens [5–9]. However, these correla-

tions are usually far from perfect, e.g. higher consumption does not always indicate more resis-

tance when comparing countries, indicating that other drivers may be at least as important as

antibiotic consumption in determining levels of antibiotic resistance [10].

It is therefore critical to identify these drivers of resistance and to understand how interven-

tions targeting those drivers would translate into changes in antibiotic resistance, in order to

optimize prevention measures. Antimicrobial resistance is affected by a number of potential

drivers such as the consumption of antibiotics in the human population, consumption in live-

stock, health care-related transmission, travel, and environmental contamination [10]. More-

over, antibiotic consumption in humans, which is traditionally considered as a main driver, is

not uniformly distributed, but rather exhibits strong heterogeneities across demographic

groups and institutional settings [10], for instance the differences between the hospital and

community settings, as per-capita consumption and transmission rates tend to be higher in

the hospital setting [11]. The effects of population structure are in principle detectable by geno-

mic and molecular epidemiology approaches [12–14]. However, while such approaches can

help to characterize individual outbreaks, the high frequency of asymptomatically colonized

individuals and the fact that these individuals are typically not sampled, implies that it is
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difficult to quantify the overall importance of different settings with these methods. In this

context, computational models offer a unique opportunity to understand how antibiotic con-

sumption, its distribution by setting, and the transmission of pathogens in hospitals contribute

to antibiotic resistance at the population level.

Here, we aim to combine epidemiological models with surveillance data on antibiotic

consumption and resistance, in order to determine the key driving factors of the spread of

carbapenem-resistant K. pneumoniae (CRK) and ESBL. We focused on rates of resistance for

K. pneumoniae, as it is one of the most common causes of bloodstream infections and hospital-

acquired pneumonia [15], mortality rates related to infection are high (up to 50%), and 5–30%

of the general population is colonized with this pathogen (non-symptomatic carriers) [11,16].

In addition, the epidemiology of this pathogen is well monitored by the European Center

for Disease Prevention and Control (ECDC) for several countries [17], and resistance rates are

highly variable across countries.

Methods

Model

We used a deterministic compartmental model to simulate the spread of ESBL and CRK in the

hospital and the community. Our model has three principal dimensions: setting, colonization,

and treatment (see Fig 1B): we stratified the population into hospital and community settings

to represent the difference in antibiotic consumption and transmission between the two set-

tings. All individuals were classified by colonization status into susceptible, colonized (i.e.

asymptomatic carriers of K. pneumoniae), or infected (i.e. with symptoms caused by K. pneu-
moniae). Colonized and infected individuals were also stratified by strain as non-resistant,

ESBL (3rd generation cephalosporin resistance), and CRK (carbapenem-resistant). The suscep-

tible and colonized compartments could either be treated with 3rd/4th generation cephalospo-

rins (drug A) or carbapenems (drug B) or not treated at all. As most K. pneumoniae-colonized

individuals who are exposed to antibiotics are treated for unrelated illnesses, we assumed that

this treatment is not affected by colonization status and strain.

We have considered only bloodstream and spinal fluid infections in the infected compart-

ment, which are reported in the ECDC data. Thus, all infected individuals were assumed to be

in the hospital setting. If an infection occurs in the community, the individual was assumed to

be hospitalized immediately upon the development of symptoms. We further assumed that

symptomatically infected individuals are properly diagnosed and appropriately treated. This

may be too optimistic, but it should be noted that the number of symptomatically infected

individuals is small (compared to the colonized individuals) and hence their contribution to

both consumption and transmission of resistance is negligible. We introduced the symptomat-

ically infected compartments to model the sampling process, not for measuring their influence

on consumption and transmission (which is negligible). This was done, because all reported

samples in ECDC data were collected for bloodstream infections and spinal fluid infections.

Colonization can occur due to contact with colonized individuals and due to import from

external sources (which may reflect any process not explicitly captured in the model, for exam-

ple travel, agriculture etc.). In addition, we assumed resistance can spread due to super-coloni-

zation followed by horizontal gene transfer. By this process individuals colonized with a

sensitive strain can acquire resistance (this rate is however lower than primary colonization,

see Table 1 and S1 and S2 Tables and the term HGT in the S1 Appendix equations). To include

import of colonized strains from the sources out of compartments, we added a constant extrin-

sic force of colonization as a free parameter to our model. This small flow (compared with

individual-individual transmission) is a simplification to model the acquisition of the resistant
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Fig 1. The workflow of the modeling approach. Consumption and resistance data were acquired from ECDC, and other parameters were found in the literature or used

as free parameters. The model was fit to the data reported by ECDC to optimize the free parameters. Sensitivity analyses were performed to test the robustness of the

model. Counterfactual scenarios were applied to understand the functional dependencies of the prevalence of resistance from possible drivers.

https://doi.org/10.1371/journal.pcbi.1008446.g001
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strain from any other outer sources (for example other countries or agriculture). Decoloniza-

tion can happen due to the treatment by antibiotics or due to natural clearance rates. The com-

plete description of the processes in the model and the model equations are available in the S1

Appendix.

Fitting process and counterfactual scenarios application

To calibrate the model and determine the free parameters such as fitness costs of resistance, we

fit the model using maximization of likelihood to the resistance data reported by the ECDC.

The likelihood was calculated assuming that resistance in reported samples is binomially dis-

tributed (see S1 Appendix section 2.1).

We compared two main scenarios: in the first case, we assumed that each country had a

unique nosocomial transmission rate, while in the second case all countries were assumed to

have the same transmission rate.

To evaluate the impact of each considered factor on the spread of resistance, we have varied

the parameters from the original ones to obtain the functional dependencies of resistance prev-

alence. We have chosen consumption of 3rd an 4th generation cephalosporins in community

and hospital settings, consumption of carbapenems in the hospital setting, hospital

Table 1. Free model parameters of the fit.

Parameter Variable hospital transmission rates across

countries

Same hospital transmission rate for all

countries

Fitness cost ESBL 1.92% 1.20%

Fitness cost CRK 2.25% 1.21%

Import of ESBL (reservoir size�) 326.1 per 100000 persons 1.01 per 100000 persons

Import of CRK (reservoir size�) 5.6 per 100000 persons 0.34 per 100000 persons

Colonization rate 9.8�10−3 day-1 1.0�10−2 day-1

Super-colonization coefficient 0.177 1.53�10−6

Increased susceptibility by treatment 0.10 0.92

Displacement/loss of plasmid rate (relation to natural

decolonization rate)

0.044 2.7�10−4

Hospital transmission rate (relative to the community level)

Greece 33.1 25.8

Italy 21.9

Portugal 18.7

Croatia 14.4

France 12.1

Hungary 12.4

Denmark 14.0

Finland 0.4

Netherlands 7.8

Norway 9.1

Sweden 10.8

Log-likelihood -989 -1199

BIC 2195 2560

p-LRT <0.001

� Import of resistance strains is included as a constant term added to the force of infection. For interpretability and given the form of the force of infection (see S1

Appendix section 1.4), this term is expressed here as the equivalent of the force of infection that would have been caused by a given number of individuals colonized by

the resistant strain.

https://doi.org/10.1371/journal.pcbi.1008446.t001
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transmission rates, and import rates as parameters to be varied. These counterfactual scenarios

allow us to evaluate the effect of possible public health interventions, and to compare the effect

of the main drivers of the spread.

Specifically, we considered four potential drivers: nosocomial transmission rate, inpatient

and outpatient consumption of 3rd and 4th generations cephalosporins, and inpatient con-

sumption of carbapenems. Finally, to evaluate the robustness of our results, we performed two

types of sensitivity analyses: firstly, a leave-one-out analysis where we excluded each country

and fitted the model to the remaining ten countries; and secondly, variation of 5 fixed parame-

ters with high uncertainty (colonization prevalence, time of treatment, mean time of clearance

on treatment, mean length of colonization, time of disease development in hospital) in a multi-

variate sensitivity analysis (see S1 Appendix section 2.4 and S2 Table).

Data

We parametrized and calibrated the model using different types of data (see S1 Appendix and

S1 and S2 Tables): consumption, hospitalization rate, and length of hospitalization, which

were obtained from surveillance data from the ECDC and WHO or were extracted from the

literature (S1 and S2 Table and S1 Appendix).

Data on resistance was collected through the European Surveillance System (TESSy) by the

ECDC, which includes data going back to 2005 for 30 countries [17]. Consumption data covers

the same time range and includes both hospital and community consumption rates [18].

Countries were included if they had both sufficiently complete data for resistance to 3rd gener-

ation cephalosporins and carbapenems and for the use of 3rd and 4th generations cephalospo-

rins and carbapenems from 2005 to 2015 (see flowchart in S4 Fig).

In line with ECDC reports, considering the fact that between 65.2% and 100% of 3rd genera-

tion cephalosporin isolates are ESBL-positive, we assumed resistance to 3rd generation cepha-

losporins to be a proxy for ESBL strains [19]. We also consider all CRK as ESBL positive. Thus,

CRK colonized individuals are the subset of people colonized with ESBL strain. We excluded

countries that had less than six out of ten annual records for antibiotic consumption in the

hospital setting. Furthermore, we excluded countries that had less than 18 resistance entries

out of the 22 possible. Also, for 4 of them there are less than 18 resistance entries with the num-

ber of reported samples being more than 200. As a result, we restricted our analysis to 11 coun-

tries (Croatia, Denmark, Finland, France, Greece, Hungary, Italy, Netherlands, Norway,

Portugal, Sweden) with sufficient data on both consumption and resistance (S4 Fig).

Results

Qualitatively, the European countries considered here can be divided into three main groups

(Fig 2). The first group consists of countries with high prevalence of resistance to both 3rd gen-

eration cephalosporins and carbapenems (Greece and Italy) (prevalence of carbapenem resis-

tance higher than 30% and prevalence of resistance to 3rd generation cephalosporins higher

than 50%). The second group consists of countries with high prevalence of resistance to 3rd

generation cephalosporins but low prevalence of resistance to carbapenems (Croatia, France,

Hungary, Portugal) (prevalence of carbapenem resistance less than 10% and prevalence of

resistance to 3rd generation cephalosporins higher than 30%). Finally, the third group consists

of countries with low prevalence of resistance to both (Denmark, Finland, Netherlands, Nor-

way, Sweden) (prevalence of carbapenem resistance less than 3% and prevalence of resistance

to 3rd generation cephalosporins less than 15%).

The correlation between the total (combined inpatient and outpatient) consumption of 3rd

and 4th generation cephalosporins and the prevalence of resistance is weak (adjusted R2 =
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0.27). However, the corresponding correlation with inpatient consumption is stronger (R2 =

0.51) (see Fig 3A). As the consumption of carbapenems selects for the resistance to both carba-

penems and cephalosporins (because CRK are also resistant to cephalosporins), it is reasonable

to consider both 3rd and 4th generation cephalosporins and carbapenems as drivers for the

spread of resistance to 3rd generation cephalosporins. Indeed, in this case the correlation is

even higher (R2 = 0.64). Finally, the strength of the correlation with consumption rates can

change considerably if the average yearly change of resistance is considered instead of the prev-

alence of resistance (S5 Fig). These different correlations provide a first indication that the

structure of antibiotic use (inpatient vs. outpatient), the consumption of other antibiotics in

the same class, and the dynamics of resistance should be taken into account for understanding

the association between antibiotic use and resistance. For carbapenem resistance, the associa-

tion between consumption and resistance prevalence is even weaker (Fig 3B). For example,

Fig 2. Model fit of ESBL and CRK. The model was fitted to the data of the annual prevalence of resistance in Klebsiella pneumoniae reported by ECDC from 2005 to 2015.

Circles represent the reported data, and solid and dotted lines represent the fit with variable between-country and uniform for all hospital transmission rates, respectively.

https://doi.org/10.1371/journal.pcbi.1008446.g002
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Fig 3. Correlation between antibiotic consumption and prevalence of resistance. Correlation between the consumption of

different classes of antibiotics in different settings (x-axes), and the prevalence of resistance to 3rd generation cephalosporins (A),

prevalence of resistance to carbapenems (B). Consumption rates are given as mean yearly consumption in the years 2006-2015 in

DDD per day per 1000 inhabitants.

https://doi.org/10.1371/journal.pcbi.1008446.g003
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both the Italian and Greek levels of carbapenem consumption are comparable with other

countries (Portugal, Hungary, Finland) which do not exhibit a strong increase in CRK.

The eleven included countries exhibited qualitatively different time courses of resistance

and consumption (S1, S2 and S3 Figs). We fit our model by varying among the free parameters

only hospital transmission rate across countries and keeping the other free parameters con-

stant across countries (see Table 1). This corresponds to the assumption that biological param-

eters are comparable across countries, while transmission in the hospital, which depends on

nosocomial infection prevention, is setting specific. The model fit shows a considerable varia-

tion in hospital transmission rates, which range from one to thirty times the corresponding

rate in the community (Table 1). Overall, we find that this model can capture both the dynam-

ics within and the variability across the eleven European countries considered (Fig 2). For

example, our model gives better prediction than simple correlation approach (Figs 2–3).

We find that assuming one universal hospital transmission for all countries provides a sig-

nificantly worse fit of antibiotic resistance levels than the model allowing this rate to vary

across countries (Fig 2 and Table 1). Even though the model with a universal transmission rate

provides overall a qualitatively acceptable fit for most countries, it misses several important

features of the dynamics of resistance in the individual countries. Firstly, the model fails to

reproduce some of the extreme cases among very high and low prevalence countries. For

example, it could not capture the emergence of carbapenem resistance in Italy in 2010–2011

from near zero levels to over 30%, or the slight decrease of carbapenem resistance in Norway

(see Fig 2). Secondly, the fitted initial levels of resistance strongly differ in this model for many

countries (Greece, Italy Portugal) from the ECDC data, which again reflects the model’s inabil-

ity to capture extreme changes in antibiotic resistance.

By applying counterfactual scenarios, we found that nosocomial transmission and the struc-

ture of antibiotic consumption played a key role as drivers of both carbapenem-resistant but

also ESBL strains. To determine the role of nosocomial transmission for the spread of ESBL

and CRK, we varied the corresponding inpatient transmission rate over a broad range (Fig 4).

We found that hospital transmission affected the level of resistance to carbapenems and also

the prevalence of ESBL strains (Fig 4). Despite this, in some countries such as Finland and

Norway, hospital transmission plays a minor role because it is low overall (see Fig 4 and

Table 1). Nevertheless, the results indicate that hospital transmission is a major driver of the

spread of both ESBL and carbapenem-resistant K. pneumoniae strains. Concerning the effect

of the structure of antibiotic consumption, we found that antibiotic use in both the hospital

and community setting affects resistance, but that consumption in the hospital has a stronger

effect: even for ESBL, relative changes of the consumption of cephalosporins in hospitals has

overall a slightly stronger impact than of the outpatient consumption (Fig 5), despite the fact

that the absolute amount of 3rd and 4th generation cephalosporins consumed in the commu-

nity is considerably higher than that in the hospital (S1 and S2 Figs). This implies that the effect

of a given absolute amount of antibiotics (e.g. a given number of Defined Daily Doses, DDDs)

is larger if it is consumed in the hospital than if is consumed in the community. Our results

also show that carbapenem consumption could be a selective factor for the resistance to 3rd

generation cephalosporins (Fig 5) and that high consumption levels of 3rd generation cephalo-

sporins can affect the level of carbapenem resistance (Fig 5, for Italy). In addition, import of

resistance from other countries and agriculture could play a key role in the spread of ESBL-

strains in low-prevalent countries (Fig 6), despite the fact that the import rate is low. Finally,

we find also in the model assuming a uniform nosocomial transmission rate across countries

that transmission and consumption in hospitals are key drivers of resistance and that import is

mainly of importance for low-prevalence countries (S6, S7 and S8 Figs).
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Performed sensitivity analyses showed that the above results and parameter estimates were

robust to both variation of fixed parameters (S12 Fig) and removal of individual countries

from the analyzed data set (S9, S10 and S11 Figs). The main exceptions to this overall robust-

ness are the estimated hospital transmission rates, which varied for some countries consider-

ably in the sensitivity analyses (see S11 Fig). However, even if the estimated hospital

transmission rates of individual countries have to be considered therefore as uncertain, this

analysis also showed that the broader pattern between groups of countries remained robust

(see S11 Fig), i.e. the high prevalence countries robustly exhibited high estimated hospital

transmission rates, and the low-prevalence countries tended to exhibit substantially lower

rates.

To provide an additional validation of our results, we analyzed the correlation between the

fitted hospital transmission rates and three health-system characteristics: the number of

Fig 4. Counterfactual scenarios corresponding to variation of hospital transmission rate. Plots represent the dependence of change in prevalence of resistant strains

between 2005 and 2015 on the level of the hospital transmission rate. Green and purple areas represent the decrease and increase in hospital transmission rate, respectively.

https://doi.org/10.1371/journal.pcbi.1008446.g004
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healthcare workers employed in hospitals, the number of nurses in the country per 100000,

and the yearly spending on healthcare per capita in $PPP (S13 Fig).

Discussion

The epidemic model presented here may explain the spread of carbapenem resistance and

ESBL strains over eleven years for eleven European countries with diverse resistance rates and

trajectories. In particular, we found that a good fit of the observed resistance data was possible

when only varying the hospital transmission rate while keeping the rest of the parameters con-

stant across countries. The model fit provided estimates of key unknown parameters, in partic-

ular the fitness cost associated with antimicrobial resistance. Using counterfactual scenarios,

our results suggest that the hospital environment, both in terms of transmission and antibiotic

Fig 5. Counterfactual scenarios corresponding to variation of antibiotic consumption. Plots represent the dependence of change in prevalence of resistant strains

between 2005 and 2015 on the level of antibiotic consumption. Green and purple areas represent the decrease and increase in antibiotic consumption, respectively. (A)

Outpatient consumption of 3rd and 4th generation cephalosporins (B) Inpatient consumption of 3rd and 4th generation cephalosporins (C) Inpatient consumption of

carbapenems.

https://doi.org/10.1371/journal.pcbi.1008446.g005
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consumption, plays a key role for the spread of antimicrobial resistance even at the level of

entire countries.

Previous studies have shown for several pathogen-drug combinations significant correla-

tions between antibiotic consumption and the prevalence of resistance [5,8,20–22]. However,

European data for K. pneumoniae exhibit no simple relationship between levels of consump-

tion and resistance. Using a dynamic modelling approach to link the history of consumption

and resistance allowed us to explain these apparent discrepancies, and to provide a mechanistic

explanation for the difference across countries and for the rapid dynamics of resistance. In par-

ticular, we found two factors to be central: the structure of antibiotic consumption (hospital vs.

community) and nosocomial transmission of K. pneumoniae, which agrees with prior litera-

ture [23].

Fig 6. Counterfactual scenarios corresponding to variation of import of ESBL strain. Plots represent the dependence of change in prevalence of resistant strains

between 2005 and 2015 from the level of the import of ESBL strain. Green and purple areas represent the decrease and increase in import of ESBL strain, respectively.

https://doi.org/10.1371/journal.pcbi.1008446.g006
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Even though overall the majority of beta-lactams are consumed in the community, we

found that inpatient consumption may be a critical factor for the spread of resistance.

Specifically, our results indicate that a relative change of 3rd generation cephalosporins con-

sumption in the hospital has a similar or even higher impact than the same relative change in

the community (Fig 4). The absolute amount (in DDDs) of 3rd generation cephalosporins con-

sumed in the hospital is however considerably lower than in the community (S1 and S2 Figs).

This implies that an absolute change in antibiotic consumption (e.g. by a given number of

DDDs) has a much higher impact if it occurs in the hospital than if it occurs in the community.

Intuitively, this can be explained by the fact that despite absolute levels of antibiotic consump-

tion being lower in the hospital, the relative consumption per patient-time is higher than in

the community (in terms of DDD per person-time). Thus, the hospital setting can act as an

environment where resistant strains have a selective benefit, leading to a source-sink constella-

tion [24] with the hospital representing the source and the community as the sink for resis-

tance. Moreover, due to its higher transmission rate, the hospital can turn into a hotspot of

colonization with the resistant strain (especially in the high-prevalence countries), explaining

the disproportionate impact of antibiotic consumption we observed in the counterfactual sce-

narios, where even for 3rd and 4th generation cephalosporins, consumption in the hospital had

a much stronger impact on the corresponding resistance evolution than consumption in the

community. As a consequence, our findings also imply that overall levels of antibiotic con-

sumption may not be the optimal way to summarize the impact of consumption on resistance.

Instead, a DDD consumed in a high-transmission setting may have a much stronger impact

than a DDD consumed in a low-transmission setting, implying that consumption rates should

ideally be weighted or stratified by the environment they are consumed in.

Similar to antibiotic consumption in the hospital, we found that nosocomial colonization

rates play an important role both in explaining the differences resistance across countries and

for the counterfactual scenarios. Again, this is consistent with the notion of the hospital envi-

ronment representing a hotspot for the transmission of antimicrobial resistance even against

drugs that are primarily consumed in the community. The high variability of hospital trans-

mission/colonization rates observed between countries can thus explain why countries with

similar levels of consumption exhibit different levels of resistance. In turn, this variability of

estimated transmission rates is expected to be affected by a range of factors such as investment

in hospital hygiene and infection control or hospital occupancy and population structure

within hospitals (see also S13 Fig).

Our results suggest thus that both consumption and transmission rates in the hospital are

critical drivers for the spread of resistance [25]. This indicates that investments in infection

control may not only benefit the individual hospital making those investments but can also

have an impact on the level of resistance at the country level. In line with [26], we found that

such collateral benefits are strongly dependent on the epidemiological setting. Hence, the pos-

sibility of such collateral benefits are consistent with the success of several public health inter-

ventions to reduce transmission in hospitals [27].The impact of the structure of the

consumption suggests that measures which would shift hospital consumption of antibiotics to

the community would give a benefit in terms of slowing down the spread of resistance, for

example by introducing outpatient intravenous antibiotic treatment. Moreover, our results

suggest that resistance to a particular antibiotic could depend on the consumption of other

antibiotics of the same class.

Considering the qualitative behavior of our model across countries, we found three main

types of possible settings: first, countries with a high prevalence of resistance and high hospital

transmission rates, which plays a dominant role in the spread of resistance. It is notable that in

some of these countries (in particular in Greece) hospital transmission rates were estimated to
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be so high that the model predicts the spread of resistance to be almost independent from anti-

biotic consumption rates. Second, we examined countries with medium prevalence, where the

spread is mostly driven by the antibiotic consumption and especially the antibiotic consump-

tion in hospitals. The third setting is countries with low prevalence characterized by low hospi-

tal transmission rates, where import of resistance is a key factor.

Our model goes beyond previous work as it provides a quantitative assessment of the rela-

tive importance of the different drivers and of potential interventions. Moreover, according to

the principle of triangulation [28], our work provides an additional independent line of rea-

soning supporting these factors’ relevance. Finally, the model fit could also estimate several

unknown parameters governing the spread of resistance, in particular the relative transmission

rate in the hospital environment and the fitness cost of resistance. Given the underlying

assumptions and simplifications of our model, the inferences derived from it should be taken

with caution and need external validation. Such validation can be provided to a limited degree

for several results of our model. Firstly, we find that the hospital transmission rates inferred by

our model fitting are negatively correlated with health-systems markers expected to promote

infection control (S13 Fig). Another key parameter determining the spread of resistance is the

fitness cost that resistant strains pay in the absence of antibiotic treatment. Such fitness costs

are notoriously difficult to estimate. While it is possible to measure competitive differences in
vitro, the relevance of such measures for strain competition at the epidemiological level is

uncertain, and the results could be translated to the populational level only qualitatively. The

modelling approach presented here offers a possibility to obtain such fitness cost estimates

from the model fit to epidemiological data. Intuitively, these estimates are the parameter values

of the fitness cost for which the observed levels of consumption would lead to the observed lev-

els of resistance. The estimated values (Table 1) indicated weak but non-negligible fitness

costs, which is consistent with in vitro estimates [29,30]. Thirdly, our results of a dispropor-

tionate impact of the hospital environment for the selection of ESBL is qualitatively in line

with molecular epidemiology studies [23]. Thus, the estimates derived from our model are

overall consistent with evidence from microbiology, health-systems characteristics, and molec-

ular epidemiology.

Our model has several limitations and strengths. Like any model, it is based on simplifying

assumptions which are mainly dictated by the (granular) availability of data and the difficulties

of parametrizing a more detailed model. For instance, we have not taken into account any dif-

ference in colonization prevalence caused by climate or demographic structure. Moreover, we

were unable to control for differences in population structure, such as age, gender, and other

institutions such as long-term care facilities as data on consumption and resistance at this level

of detail was not available. Additionally, we used resistance to 3rd generation cephalosporins as

a proxy for ESBL strains and assumed that these strains are the same across countries. A fur-

ther key limitation is the representativeness of the resistance and consumption data used for

this analysis: resistance data were available only for bloodstream and spinal fluid infections.

Moreover, consumption data were not complete for all years, and the collection process differs

from country to country and is based on two different sources (reimbursement vs. sales data)

[31]. In addition, we have not considered detailed plasmid dynamics and consumption of

other antibiotics such as quinolones, or penicillins, which may influence the spread of resis-

tance and show more complex dynamics of different strains. The inclusion of these details is

not possible due to a lack of detailed biological data about attack rates, and the fitness costs of

different K. pneumoniae strains. However, we minimized the limitations associated with the

consumption and resistance data by carefully restricting our analysis to countries with large

numbers of isolates and consistent reporting over time. This ensures that even consumption

patterns which may seem counterintuitive (such as a high consumption rates of third

PLOS COMPUTATIONAL BIOLOGY The drivers of multidrug-resistant K. pneumoniae in Europe

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008446 January 29, 2021 14 / 19

https://doi.org/10.1371/journal.pcbi.1008446


generation cephalosporins in the community) are well established [32]. Moreover, the limita-

tions of our approach are counterbalanced by the strengths of data-based modeling approach,

which allows to provide a European perspective on the resistance problem in gram negative

bacteria: using an epidemiological model, we could explain the variation and dynamics of anti-

biotic resistance in a key gram-negative pathogen at a European level and identify the drivers

of its transmission. In particular, our work highlights the disproportionate role of antibiotic

consumption in the hospital and of nosocomial transmission for resistance in gram negative

bacteria. This indicates that infection control and antibiotic stewardship measures should play

a major role in limiting resistance even at the national or regional level.

Supporting information

S1 Appendix. The detailed description of the model. This material contains a detailed

description of the processes, choice of parameters and all differential equations.

(PDF)

S1 Fig. Consumption of antibiotic substances in eleven European countries in the hospital

setting during the year 2006–2015 according to ECDC [31].

(PDF)

S2 Fig. Consumption of antibiotic substances in eleven European countries in the commu-

nity setting during the year 2006–2015 according to ECDC [31].

(PDF)

S3 Fig. Prevalence of resistant strains in eleven European countries during the year 2005–

2015 according to the ECDC [34]. Samples were collected for the bloodstream and spinal

fluid infections.

(PDF)

S4 Fig. A flowchart of data selection for the model.

(PDF)

S5 Fig. Correlation between the consumption of different classes of antibiotics in different set-

tings (x-axes), and the mean yearly change of prevalence of resistance to 3rd generation cepha-

losporins (a), prevalence of resistance to carbapenems (b). Countries where the resistance data

was not fully available are marked with �. Consumption rates are given as mean yearly con-

sumption in the years 2006-2015 in DDD per day per 1000 inhabitants.

(PDF)

S6 Fig. Counterfactual scenarios observed by varying consumption of different antibiotic

classes under the assumption that hospital transmission rate is uniform for all countries

(from 0.25 to 4.0 of the original value). Plots represent the dependence of change in preva-

lence of resistant strains between 2005 and 2015 from the level of antibiotic consumption.

Green and purple areas represent the decrease and increase in antibiotic consumption, respec-

tively.

(PDF)

S7 Fig. Counterfactual scenarios observed by varying hospital transmission rate under the

assumption that hospital transmission rate is uniform for all countries (from 0.25 to 4.0 of

the original value). Plots represent the dependence of change in prevalence of resistant strains

between 2005 and 2015 from the level of the hospital transmission rate. Green and purple

areas represent the decrease and increase in hospital transmission rate, respectively.

(PDF)

PLOS COMPUTATIONAL BIOLOGY The drivers of multidrug-resistant K. pneumoniae in Europe

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008446 January 29, 2021 15 / 19

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s005
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s007
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s008
https://doi.org/10.1371/journal.pcbi.1008446


S8 Fig. Counterfactual scenarios observed by varying import of ESBL strain under the

assumption that transmission rate is uniform for all countries (from 0.25 to 4.0 of the orig-

inal value). Plots represent the dependence of change in prevalence of resistant strains

between 2005 and 2015 from the level of the import of ESBL strain. Green and purple areas

represent the decrease and increase in import of ESBL strain, respectively.

(PDF)

S9 Fig. Leave-one-out sensitivity analysis assuming variable hospital transmission rate

between countries. Histogram of the distribution of free parameters in 12 runs (11 without

one country and the original one). Dotted line represents the original fit.

(PDF)

S10 Fig. Leave-one-out sensitivity analysis assuming the uniformity of hospital transmis-

sion rate for all countries. Histogram of the distribution of free parameters in 12 runs (11

without one country and the original one). Dotted line represents the original fit.

(PDF)

S11 Fig. Leave-one-out sensitivity analysis assuming the variable hospital transmission

rate between countries. Histogram of the distribution of countries’ nosocomial transmission

rate related to outpatient transmission rate in 11 runs (10 without one country and the original

one). Dotted line represents the original fit. Box and whiskers plot represent the distribution of

those runs. Orange lines represents the values of the original fit.

(PDF)

S12 Fig. Results of the multivariate sensitivity analysis. Solid lines represent the original fits,

and painted areas represent the possible trajectories of the prevalence when the parameters are

varied within the predefined boundaries. A) shows sensitivity analysis for the assumption of

variable hospital transmission rate between countries and B) for the assumption that the trans-

mission rate is uniform for all countries.

(PDF)

S13 Fig. Correlation between the fitted hospital transmission rates and healthcare-system

parameters. The data was taken from the World Bank (healthcare spending per capita in $

PPP, average from 2005 to 2015) [35], WHO (number of practicing nurses per 100000 in

2005) [36] (search terms:”Practicing nurses per 100000”), and OECD (number of healthcare

workers (HCW) employed in hospital, “Total hospital employment” in 2005) [37].

(PDF)

S1 Table. Free parameters of the model. The boundaries were determined on the basis of the

literature search.

(PDF)

S2 Table. Parameters defined based on the literature search. � represents parameters, which

became subject for sensitivity analysis due to uncertainty of the value.

(PDF)

Acknowledgments

We thank Katharina Kusejko, Huldrych Günthard, and Sebastian Bonhoeffer for useful

discussions.

Presented data on antibiotic consumption and prevalence of the resistance from The Euro-

pean Surveillance System–TESSy, provided by (Croatia, Denmark, Finland, France, Greece,

Hungary, Italy, Netherlands, Norway, Portugal, Sweden) and released by ECDC. As required

PLOS COMPUTATIONAL BIOLOGY The drivers of multidrug-resistant K. pneumoniae in Europe

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008446 January 29, 2021 16 / 19

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s009
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s010
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s011
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s012
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s013
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s014
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s015
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1008446.s016
https://doi.org/10.1371/journal.pcbi.1008446


by the ECDC, we confirm that “the views and opinions of the authors expressed herein do not

necessarily state or reflect those of the ECDC. The accuracy of the authors’ statistical analysis

and the findings they report are not the responsibility of ECDC. ECDC is not responsible for

conclusions or opinions drawn from the data provided. ECDC is not responsible for the cor-

rectness of the data and for data management, data merging and data collation after provision

of the data. ECDC shall not be held liable for improper or incorrect use of the data” [33].

Author Contributions

Conceptualization: Viacheslav N. Kachalov, Stefan P. Kuster, Pia Abel zur Wiesch, Eili Klein,

Roger D. Kouyos.

Formal analysis: Viacheslav N. Kachalov, Suraj Balakrishna.

Methodology: Viacheslav N. Kachalov, Suraj Balakrishna, Luisa Salazar-Vizcaya, Rami Som-

merstein, Stefan P. Kuster, Anthony Hauser, Pia Abel zur Wiesch, Eili Klein, Roger D.

Kouyos.

Supervision: Stefan P. Kuster, Eili Klein, Roger D. Kouyos.

Writing – original draft: Viacheslav N. Kachalov, Eili Klein, Roger D. Kouyos.

Writing – review & editing: Viacheslav N. Kachalov, Huyen Nguyen, Suraj Balakrishna, Luisa

Salazar-Vizcaya, Rami Sommerstein, Stefan P. Kuster, Anthony Hauser, Pia Abel zur

Wiesch, Eili Klein, Roger D. Kouyos.

References
1. Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet DL, et al. Discovery, research,

and development of new antibiotics: the WHO priority list of antibiotic-resistant bacteria and tuberculo-

sis. The Lancet Infectious Diseases. 2018; 18: 318–327. https://doi.org/10.1016/S1473-3099(17)

30753-3 PMID: 29276051

2. van Duin D, Kaye KS, Neuner EA, Bonomo RA. Carbapenem-resistant Enterobacteriaceae: a review of

treatment and outcomes. Diagnostic Microbiology and Infectious Disease. 2013; 75: 115–120. https://

doi.org/10.1016/j.diagmicrobio.2012.11.009 PMID: 23290507

3. Marchaim D, Chopra T, Pogue JM, Perez F, Hujer AM, Rudin S, et al. Outbreak of Colistin-Resistant,

Carbapenem-Resistant Klebsiella pneumoniae in Metropolitan Detroit, Michigan. Antimicrobial Agents

and Chemotherapy. 2011; 55: 593–599. https://doi.org/10.1128/AAC.01020-10 PMID: 21115786

4. Michael CA, Dominey-Howes D, Labbate M. The Antimicrobial Resistance Crisis: Causes, Conse-

quences, and Management. Front Public Health. 2014; 2. https://doi.org/10.3389/fpubh.2014.00145

PMID: 25279369

5. Goossens H. Antibiotic consumption and link to resistance. Clinical Microbiology and Infection. 15: 12–

15. https://doi.org/10.1111/j.1469-0691.2009.02725.x PMID: 19366364

6. Goossens H, Ferech M, Stichele RV, Elseviers M. Outpatient antibiotic use in Europe and association

with resistance: a cross-national database study. 2005; 365: 9.

7. Riedel S, Beekmann SE, Heilmann KP, Richter SS, Garcia-de-Lomas J, Ferech M, et al. Antimicrobial

use in Europe and antimicrobial resistance in Streptococcus pneumoniae. Eur J Clin Microbiol Infect

Dis. 2007; 26: 485. https://doi.org/10.1007/s10096-007-0321-5 PMID: 17551759

8. Meyer E, Gastmeier P, Deja M, Schwab F. Antibiotic consumption and resistance: Data from Europe

and Germany. International Journal of Medical Microbiology. 2013; 303: 388–395. https://doi.org/10.

1016/j.ijmm.2013.04.004 PMID: 23727396

9. Megraud F, Coenen S, Versporten A, Kist M, Lopez-Brea M, Hirschl AM, et al. Helicobacter pylori resis-

tance to antibiotics in Europe and its relationship to antibiotic consumption. Gut. 2013; 62: 34–42.

https://doi.org/10.1136/gutjnl-2012-302254 PMID: 22580412

10. Holmes AH, Moore LSP, Sundsfjord A, Steinbakk M, Regmi S, Karkey A, et al. Understanding the

mechanisms and drivers of antimicrobial resistance. The Lancet. 2016; 387: 176–187. https://doi.org/

10.1016/S0140-6736(15)00473-0 PMID: 26603922

PLOS COMPUTATIONAL BIOLOGY The drivers of multidrug-resistant K. pneumoniae in Europe

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008446 January 29, 2021 17 / 19

https://doi.org/10.1016/S1473-3099%2817%2930753-3
https://doi.org/10.1016/S1473-3099%2817%2930753-3
http://www.ncbi.nlm.nih.gov/pubmed/29276051
https://doi.org/10.1016/j.diagmicrobio.2012.11.009
https://doi.org/10.1016/j.diagmicrobio.2012.11.009
http://www.ncbi.nlm.nih.gov/pubmed/23290507
https://doi.org/10.1128/AAC.01020-10
http://www.ncbi.nlm.nih.gov/pubmed/21115786
https://doi.org/10.3389/fpubh.2014.00145
http://www.ncbi.nlm.nih.gov/pubmed/25279369
https://doi.org/10.1111/j.1469-0691.2009.02725.x
http://www.ncbi.nlm.nih.gov/pubmed/19366364
https://doi.org/10.1007/s10096-007-0321-5
http://www.ncbi.nlm.nih.gov/pubmed/17551759
https://doi.org/10.1016/j.ijmm.2013.04.004
https://doi.org/10.1016/j.ijmm.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23727396
https://doi.org/10.1136/gutjnl-2012-302254
http://www.ncbi.nlm.nih.gov/pubmed/22580412
https://doi.org/10.1016/S0140-6736%2815%2900473-0
https://doi.org/10.1016/S0140-6736%2815%2900473-0
http://www.ncbi.nlm.nih.gov/pubmed/26603922
https://doi.org/10.1371/journal.pcbi.1008446


11. Martin RM, Bachman MA. Colonization, Infection, and the Accessory Genome of Klebsiella pneumo-

niae. Front Cell Infect Microbiol. 2018; 8. https://doi.org/10.3389/fcimb.2018.00004 PMID: 29404282

12. Hall MAL-V, Stuart JC, Voets GM, Versteeg D, Tersmette T, Fluit AC. Global spread of New Delhi

metallo-β-lactamase 1. The Lancet Infectious Diseases. 2010; 10: 830–831. https://doi.org/10.1016/

S1473-3099(10)70277-2 PMID: 21109170

13. Witte W. Selective pressure by antibiotic use in livestock. International Journal of Antimicrobial Agents.

2000; 16: 19–24. https://doi.org/10.1016/s0924-8579(00)00301-0 PMID: 11137404

14. Woodford N, Ward ME, Kaufmann ME, Turton J, Fagan EJ, James D, et al. Community and hospital

spread of Escherichia coli producing CTX-M extended-spectrum β-lactamases in the UK. J Antimicrob

Chemother. 2004; 54: 735–743. https://doi.org/10.1093/jac/dkh424 PMID: 15347638

15. Schaberg DR, Culver DH, Gaynes RP. Major trends in the microbial etiology of nosocomial infection.

The American Journal of Medicine. 1991; 91: S72–S75. https://doi.org/10.1016/0002-9343(91)90346-y

PMID: 1928195

16. Borer A, Saidel-Odes L, Riesenberg K, Eskira S, Peled N, Nativ R, et al. Attributable Mortality Rate for

Carbapenem-Resistant Klebsiella pneumoniae Bacteremia. Infection Control & Hospital Epidemiology.

2009; 30: 972–976. https://doi.org/10.1086/605922 PMID: 19712030

17. Data from the ECDC Surveillance Atlas—Antimicrobial resistance. In: European Centre for Disease

Prevention and Control [Internet]. [cited 1 Dec 2018]. Available from: http://ecdc.europa.eu/en/

antimicrobial-resistance/surveillance-and-disease-data/data-ecdc.

18. Trend of antimicrobial consumption by country. In: European Centre for Disease Prevention and Control

[Internet]. [cited 26 Aug 2018]. Available from: http://ecdc.europa.eu/en/antimicrobial-consumption/

database/trend-country.

19. European Union, European Union bEuropean Centre for Disease Prevention and Control. Antimicrobial

resistance surveillance in Europe 2011. Luxembourg: Publications Office of the European Union;

2012.

20. Baquero F. Antibiotic consumption and resistance selection in Streptococcus pneumoniae. Journal of

Antimicrobial Chemotherapy. 2002; 50: 27–38. https://doi.org/10.1093/jac/dkf504 PMID: 12556431

21. Mouton RP, Hermans J, Simoons-Smit AM, Hoogkamp-Korstanje JAA, Degener JE, Klingeren B van.

Correlations between consumption of antibiotics and methicillin resistance in coagulase negative staph-

ylococci. J Antimicrob Chemother. 1990; 26: 573–583. https://doi.org/10.1093/jac/26.4.573 PMID:

2254225

22. Bell BG, Schellevis F, Stobberingh E, Goossens H, Pringle M. A systematic review and meta-analysis

of the effects of antibiotic consumption on antibiotic resistance. BMC Infect Dis. 2014; 14: 13. https://

doi.org/10.1186/1471-2334-14-13 PMID: 24405683

23. the EuSCAPE Working Group, the ESGEM Study Group, David S, Reuter S, Harris SR, Glasner C,

et al. Epidemic of carbapenem-resistant Klebsiella pneumoniae in Europe is driven by nosocomial

spread. Nat Microbiol. 2019; 4: 1919–1929. https://doi.org/10.1038/s41564-019-0492-8 PMID:

31358985

24. Perron GG, Gonzalez A, Buckling A. Source–sink dynamics shape the evolution of antibiotic resistance

and its pleiotropic fitness cost. Proceedings of the Royal Society B: Biological Sciences. 2007; 274:

2351–2356. https://doi.org/10.1098/rspb.2007.0640 PMID: 17650474

25. Smith DL, Levin SA, Laxminarayan R. Strategic interactions in multi-institutional epidemics of antibiotic

resistance. 6.

26. Klein EY, Smith DL, Laxminarayan R, Levin S. Superinfection and the evolution of resistance to antima-

larial drugs. Proceedings of the Royal Society B: Biological Sciences. 2012; 279: 3834–3842. https://

doi.org/10.1098/rspb.2012.1064 PMID: 22787024

27. Ben-David D, Masarwa S, Adler A, Mishali H, Carmeli Y, Schwaber MJ, et al. A National Intervention to

Prevent the Spread of Carbapenem-Resistant Enterobacteriaceae in Israeli Post-Acute Care Hospitals.

Infect Control Hosp Epidemiol. 2014; 35: 802–809. https://doi.org/10.1086/676876 PMID: 24915207

28. Lawlor DA, Tilling K, Davey Smith G. Triangulation in aetiological epidemiology. Int J Epidemiol. 2017;

dyw314. https://doi.org/10.1093/ije/dyw314 PMID: 28108528

29. Vogwill T, MacLean RC. The genetic basis of the fitness costs of antimicrobial resistance: a meta-analy-

sis approach. Evolutionary Applications. 2015; 8: 284–295. https://doi.org/10.1111/eva.12202 PMID:

25861386

30. Hennequin C, Robin F. Correlation between antimicrobial resistance and virulence in Klebsiella pneu-

moniae. European Journal of Clinical Microbiology & Infectious Diseases. 2016; 35: 333–341. https://

doi.org/10.1007/s10096-015-2559-7 PMID: 26718943

PLOS COMPUTATIONAL BIOLOGY The drivers of multidrug-resistant K. pneumoniae in Europe

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008446 January 29, 2021 18 / 19

https://doi.org/10.3389/fcimb.2018.00004
http://www.ncbi.nlm.nih.gov/pubmed/29404282
https://doi.org/10.1016/S1473-3099%2810%2970277-2
https://doi.org/10.1016/S1473-3099%2810%2970277-2
http://www.ncbi.nlm.nih.gov/pubmed/21109170
https://doi.org/10.1016/s0924-8579%2800%2900301-0
http://www.ncbi.nlm.nih.gov/pubmed/11137404
https://doi.org/10.1093/jac/dkh424
http://www.ncbi.nlm.nih.gov/pubmed/15347638
https://doi.org/10.1016/0002-9343%2891%2990346-y
http://www.ncbi.nlm.nih.gov/pubmed/1928195
https://doi.org/10.1086/605922
http://www.ncbi.nlm.nih.gov/pubmed/19712030
http://ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc
http://ecdc.europa.eu/en/antimicrobial-resistance/surveillance-and-disease-data/data-ecdc
http://ecdc.europa.eu/en/antimicrobial-consumption/database/trend-country
http://ecdc.europa.eu/en/antimicrobial-consumption/database/trend-country
https://doi.org/10.1093/jac/dkf504
http://www.ncbi.nlm.nih.gov/pubmed/12556431
https://doi.org/10.1093/jac/26.4.573
http://www.ncbi.nlm.nih.gov/pubmed/2254225
https://doi.org/10.1186/1471-2334-14-13
https://doi.org/10.1186/1471-2334-14-13
http://www.ncbi.nlm.nih.gov/pubmed/24405683
https://doi.org/10.1038/s41564-019-0492-8
http://www.ncbi.nlm.nih.gov/pubmed/31358985
https://doi.org/10.1098/rspb.2007.0640
http://www.ncbi.nlm.nih.gov/pubmed/17650474
https://doi.org/10.1098/rspb.2012.1064
https://doi.org/10.1098/rspb.2012.1064
http://www.ncbi.nlm.nih.gov/pubmed/22787024
https://doi.org/10.1086/676876
http://www.ncbi.nlm.nih.gov/pubmed/24915207
https://doi.org/10.1093/ije/dyw314
http://www.ncbi.nlm.nih.gov/pubmed/28108528
https://doi.org/10.1111/eva.12202
http://www.ncbi.nlm.nih.gov/pubmed/25861386
https://doi.org/10.1007/s10096-015-2559-7
https://doi.org/10.1007/s10096-015-2559-7
http://www.ncbi.nlm.nih.gov/pubmed/26718943
https://doi.org/10.1371/journal.pcbi.1008446


31. Data source overview of antimicrobial consumption. In: European Centre for Disease Prevention and

Control [Internet]. [cited 22 Mar 2019]. Available from: http://ecdc.europa.eu/en/antimicrobial-

consumption/database/data-source-overview.

32. Versporten A, Coenen S, Adriaenssens N, Muller A, Minalu G, Faes C, et al. European Surveillance of

Antimicrobial Consumption (ESAC): outpatient cephalosporin use in Europe (1997–2009). Journal of

Antimicrobial Chemotherapy. 2011; 66: vi25–vi35. https://doi.org/10.1093/jac/dkr455 PMID: 22096063

33. ECDC Data Disclaimer. [cited 21 Mar 2019]. Available: https://atlas.ecdc.europa.eu/public/disclaimer.

htm

34. Surveillance Atlas of Infectious Diseases. In: European Centre for Disease Prevention and Control

[Internet]. [cited 21 Mar 2019]. Available from: http://ecdc.europa.eu/en/surveillance-atlas-infectious-

diseases.

35. Current health expenditure per capita, PPP (current international $)—Croatia, Denmark, Finland,

France, Greece, Hungary, Netherlands, Norway, Portugal, Sweden, Italy | Data. [cited 10 Aug 2020].

Available from: https://data.worldbank.org/indicator/SH.XPD.CHEX.PP.CD?end=2015&locations=HR-

DK-FI-FR-GR-HU-NL-NO-PT-SE-IT&start=2005.

36. WHO European health information at your fingertips. [cited 10 Aug 2020]. Available from: https://

gateway.euro.who.int/en/indicators/cah_17-practicing-nurses-per-100-000-population/visualizations/

#id=27487.

37. OECD. OECD Health Data: Health care resources. OECD Publishing; 2016. https://doi.org/10.1787/

data-00541-en

PLOS COMPUTATIONAL BIOLOGY The drivers of multidrug-resistant K. pneumoniae in Europe

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008446 January 29, 2021 19 / 19

http://ecdc.europa.eu/en/antimicrobial-consumption/database/data-source-overview
http://ecdc.europa.eu/en/antimicrobial-consumption/database/data-source-overview
https://doi.org/10.1093/jac/dkr455
http://www.ncbi.nlm.nih.gov/pubmed/22096063
https://atlas.ecdc.europa.eu/public/disclaimer.htm
https://atlas.ecdc.europa.eu/public/disclaimer.htm
http://ecdc.europa.eu/en/surveillance-atlas-infectious-diseases
http://ecdc.europa.eu/en/surveillance-atlas-infectious-diseases
https://data.worldbank.org/indicator/SH.XPD.CHEX.PP.CD?end=2015&locations=HR-DK-FI-FR-GR-HU-NL-NO-PT-SE-IT&start=2005
https://data.worldbank.org/indicator/SH.XPD.CHEX.PP.CD?end=2015&locations=HR-DK-FI-FR-GR-HU-NL-NO-PT-SE-IT&start=2005
https://gateway.euro.who.int/en/indicators/cah_17-practicing-nurses-per-100-000-population/visualizations/#id=27487
https://gateway.euro.who.int/en/indicators/cah_17-practicing-nurses-per-100-000-population/visualizations/#id=27487
https://gateway.euro.who.int/en/indicators/cah_17-practicing-nurses-per-100-000-population/visualizations/#id=27487
https://doi.org/10.1787/data-00541-en
https://doi.org/10.1787/data-00541-en
https://doi.org/10.1371/journal.pcbi.1008446

