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GENERAL INTRODUCTION
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Ever since the first discovery of antibiotics by Alexander Fleming in 1928, resistance against 
these revolutionary drugs was rapidly found.1,2 From that time on it has been a continuous 
fight back and forth between bacteria and medical science. 

ANTIMICROBIAL RESISTANCE

Resistance against antibiotics (antimicrobial resistance) can develop in multiple ways. Some 
bacterial species are already intrinsically resistant against certain antibiotics. For example, 
enterococci are well known for their extensive natural resistance.3 Threatening is the ability of 
bacteria to acquire resistance. Several mechanisms of antimicrobial resistance are recognized.4,5 
Bacteria can limit access of antibiotics into the cell by reducing the permeability of their outer 
membranes or by increasing the efflux of antibiotics, thereby decreasing the intracellular 
concentrations and thus the effect of the drugs. Furthermore, bacteria can modify the binding 
sites where the antibiotics should attach by mutations and, as a result, prevent binding of 
the drugs. Modification of the binding site, for example by addition of a chemical group, has 
a similar effect. Finally, antibiotics can be directly modified or destroyed, either by adding a 
chemical group to the antibiotic molecules and thereby preventing binding to the target site, 
or by hydrolyzing the drugs and inactivating them. The latter is the main mechanism of action 
of carbapenemases and extended-spectrum beta-lactamases (ESBLs), which are the research 
focus of this thesis.

SPREAD OF ANTIMICROBIAL RESISTANCE

A single mutation can already cause resistance in bacteria.4,5 In general, bacteria with these 
genetic mutations will not have a benefit over bacteria without, due to the fitness cost 
associated with these mutations.6 However, compensatory mutations can develop that 
reverse this fitness cost without compromising resistance.6-8 When antibiotic pressure is 
high, endogenous selection of antimicrobial-resistant bacteria occurs because of outgrow of 
resistant bacteria over susceptible ones.9

Depending on the type of bacteria, transmission can occur in several ways. The bacteria 
addressed in this thesis are mainly transmitted via the fecal-oral route. This means that 
bacteria generally living in the gut of human beings are released in the feces and can be 
ingested by another person. This can happen either by direct contact between persons or 
by indirect contact via contaminated surfaces or objects. Commonly, in health care settings, 
indirect transmission is regarded as transmission of a bug from patient to patient via health 
care workers. Especially when hand hygiene is not optimal, this route can be important in 
bacterial transmission.10 Other transmission routes, such as airborne/droplet transmission, will 
not be elaborated upon in this thesis.

Direct transmission can also be referred to as clonal transmission, since bacteria are 
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transmitted between hosts, and thus the clone from the ‘donor’ can grow out to a new bacterial 
population in the ‘receiver’. Genes encoding for antimicrobial resistance are frequently located 
on plasmids: small mobile genetic elements that can be transferred between bacteria. A 
special feature of the spread of antimicrobial resistance is that not only clonal transmission 
of bacteria can occur, but also plasmid transmission.11 This entails exchange of plasmids, also 
known as horizontal gene transfer, between different bacteria and even different bacterial 
species. For example, the blaOXA-48-gene, encoded on a plasmid, can be transferred between 
Escherichia coli and Klebsiella pneumoniae within the gut of patients. This was demonstrated 
both in vitro and in vivo.12-14 In this way, antimicrobial resistance can easily disseminate in 
different bacterial species and hamper detection of outbreaks, thus increasing morbidity and 
mortality associated with antimicrobial resistance. Furthermore, multiple genes encoding 
different resistance mechanisms can be present on a single plasmid, making dissemination of 
antimicrobial resistance a complex problem.11

RESERVOIRS

Humans can be asymptomatic carriers of antimicrobial-resistant bacteria, also known as 
colonization. Colonization can persist for a long time and can proceed to infection.15 Colonized 
individuals still contribute to the spread of antimicrobial-resistant bacteria, as well as infected 
(symptomatic) individuals.16 Humans are not the only reservoir of antimicrobial resistance. 
It can also be found in animals (livestock, pets, and wildlife) and in the environment, e.g., 
contaminated soil or water.17,18 It is hypothesized that – next to direct transmission between 
humans, acquisition during travel, and transmission from animals – ingestion of meat or 
vegetables contaminated with antimicrobial-resistant bacteria contributes to the spread.19-21 
However, the dispute on this subject is not yet solved.22-25 

Antimicrobial resistance used to be mainly a problem in health care facilities, but in the 
last years this has shifted to the community setting.26 More and more ‘simple’ community-
acquired infections, such as urinary tract infections, are caused by antimicrobial-resistant 
bacteria, limiting treatment options. 

MULTIDRUG-RESISTANT ENTEROBACTERIACEAE

The focus of this thesis is on Enterobacteriaceae. This family of Gram-negative bacteria 
encompasses many generally harmless gut commensals, but also more pathogenic species 
such as Yersinia pestis, E. coli, Enterobacter species, Klebsiella species (including K. pneumoniae), 
and Salmonella species. They are known to cause, amongst others, urinary tract infections, 
gastroenteritis, bloodstream infections, and pneumonia.27 

Antimicrobial resistance is emerging in Enterobacteriaceae. The main type of resistance 
found in Enterobacteriaceae is beta-lactam resistance which involves the production of 
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enzymes that can hydrolyze beta-lactam antibiotics. Four groups are distinguished, depending 
on their activity profile: penicillinases, cephalosporinases, ESBLs, and carbapenemases.28 The 
latter two are investigated in this thesis. 

ESBL-producing bacteria are considered to be resistant against all beta-lactam antibiotics, 
such as penicillins, cephalosporins, and monobactams, but not carbapenems. The genes 
encoding for this type of resistance are located on plasmids that frequently also harbor other 
resistance-encoding genes, making infections with ESBL-producing bacteria difficult to treat.29 

A recent threat is the emergence of carbapenemase production in Enterobacteriaceae, 
mainly in K. pneumoniae. This makes the bacteria resistant against carbapenem antibiotics, 
the last resort treatment for infections caused by ESBL-producing bacteria. Several different 
types of carbapenemases exist.28 Klebsiella pneumoniae carbapenemase (KPC) production can, 
unlike its name, occur in all Enterobacteriaceae. It has a significant disease burden in, for 
instance, the USA and some European countries, but the prevalence in the Netherlands is 
still low.30-34 A carbapenemase that is more notorious in the Netherlands is OXA-48, mainly 
because of a large hospital outbreak in 2009-2011.35 OXA-48 production can often be found 
together with ESBL production and may be difficult to detect, allowing for unnoticed spread 
of resistance.31,36 Since many Enterobacteriaceae are resistant against multiple antibiotics, they 
are often referred to as multidrug-resistant.27

EPIDEMIOLOGY

The epidemiology of multidrug-resistant Enterobacteriaceae varies widely between countries. 
EARS-Net, the European Antimicrobial Resistance Surveillance Network, monitors the 
prevalence of antimicrobial resistance in invasive blood cultures in Europe.37 In 2013, 5.8% of 
Dutch E. coli isolates that were send in were resistant against third generation cephalosporins, 
a proxy for ESBL-production. In K. pneumoniae isolates this was 7.5%. European prevalences of 
ESBL-production in E. coli ranged from 5% (Iceland) to 39.6% (Bulgaria) and in K. pneumoniae 
from 0% (Iceland) to 70.1% (Greece). Resistance to third generation cephalosporins seems to 
be increasing over the years.

For carbapenem resistance the picture is different. In the Netherlands, less than 0.1% of 
invasive E. coli bloodstream isolates contain carbapenemases and only 0.2% of K. pneumoniae 
isolates in 2013. In other European countries carbapenem resistance in E. coli is also infrequent. 
Many countries report no resistance, and the highest prevalence is found in Bulgaria (2.8%). This 
is different for K. pneumoniae: although still many countries report no resistance, prevalences 
up to 59.4% (Greece) are found.37 In the USA, carbapenem resistance is by now a clinically 
relevant problem. In several US states endemicity of KPC-producing isolates is found.30,31
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MODELING

Mathematical modeling has been instrumental in improving our understanding of the 
transmission dynamics of infectious diseases.38,39 Using mathematical models forces us to think 
about the complex pattern of infectious disease spread in a simple form and search for the 
most important determinants. It is used increasingly in research on transmission dynamics 
of antimicrobial resistance as a cheap, effective, and ethical way of studying dynamics and 
opportunities for control.40-43

In mathematical modeling the population is commonly divided into compartments, grouping 
individuals with the same characteristic together (colonized vs. not colonized, hospitalized vs. 
not hospitalized, etcetera). Modeled individuals can then move between these compartments, 
depending on their characteristics. In this thesis we used data from endemic and outbreak 
settings, observational data, and data from a randomized controlled trial to estimate the rates 
of movement between states and assess the clinically relevant figures associated with them. Of 
course, models are always a simplification of reality, but they can give insight into the complex 
mechanism of the spread of antimicrobial resistance and help us tackle this emerging problem.

AIM AND OUTLINE OF THIS THESIS

The aim of this thesis was to study the complex dynamics of carriage and spread of multidrug-
resistant Enterobacteriaceae. Using mathematical models, we assessed these epidemiological 
features and identified targets for control. 

In part I of this thesis we assessed the duration of carriage with multidrug-resistant 
Enterobacteriaceae, which is relevant for transmission and infection control. In Chapter 2 data 
from the MOSAR-ICU trial was used to study the duration of carriage with multidrug-resistant 
Enterobacteriaceae, methicillin-resistant Staphylococcus aureus, and vancomycin-resistant 
enterococci. In Chapter 3 the same was done for KPC-producing bacteria, using data collected 
during a period of bundled interventions in four health care facilities in Chicago, US, with a 
high endemic prevalence.

Part II focusses on the transmission dynamics of multidrug-resistant Enterobacteriaceae. 
In Chapter 4 we used the same dataset from Chicago to study the transmission dynamics 
of KPC-producing bacteria and assessed the impact of patient cohorting on spread of these 
bacteria. Data collected during an outbreak of OXA-48-producing Enterobacteriaceae in a 
Dutch hospital was analyzed in Chapter 5, assessing the impact of undetected spread of 
OXA-48. In Chapter 6 transmission dynamics of ESBL-producing bacteria were studied in the 
household setting.
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In part III characteristics of successful bacterial clones are described. In Chapter 7 data 
collected during an outbreak of ESBL-producing E. coli sequence type 131 in a nursing home 
in the Netherlands were analyzed. We assessed the duration of carriage and transmission 
rates of ST131 vs. other sequence types. In Chapter 8 a review is presented focusing on the 
epidemiological traits a bacterial clone needs to have in order to become ‘hyperendemic’. 
These traits were analyzed for E. coli ST131 and K. pneumoniae ST258.

Finally, an overall discussion can be found in Chapter 9, combining all described studies and 
discussing implications and remaining challenges.
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ABSTRACT

Objective
Readmission of patients colonized with antimicrobial-resistant bacteria (AMRB) is important in 
the nosocomial dynamics of AMRB. We assessed the duration of colonization after discharge 
from the intensive care unit (ICU) with highly-resistant Enterobacteriaceae (HRE), methicillin-
resistant Staphylococcus aureus (MRSA), and vancomycin-resistant enterococci (VRE).

Methods
Data were obtained from a cluster-randomized trial in 13 ICUs in 8 European countries 
(MOSAR-ICU trial, 2008-2011). All patients were screened on admission and twice weekly 
for AMRB. All patients colonized with HRE, MRSA, or VRE and readmitted to the same ICU 
during the study period were included in the current analysis. Time between discharge and 
readmission was calculated, and the colonization status at readmission was assessed. Because 
of interval-censored data, a maximum likelihood analysis was used to calculate the survival 
function, taking censoring into account. A nonparametric two-sample test was used to test for 
differences in the survival curves.

Results
The MOSAR-ICU trial included 14,390 patients, and a total of 64,997 cultures were taken from 
8,974 patients admitted for at least 3 days. One hundred twenty-five unique patients had 
141 episodes with AMRB colonization and at least 1 readmission. Thirty-two patients were 
colonized with two or more AMRBs. Median times until clearance were 4.8 months for all 
AMRB together, 1.4 months for HRE, <1 month for MRSA, and 1.5 months for VRE. There were 
no significant differences between the survival curves.

Conclusion
Fifty percent of the patients had lost colonization when readmitted 2 or more months after 
previous ICU discharge.
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INTRODUCTION

The increasing prevalence of antimicrobial-resistant bacteria (AMRB) in health care facilities 
places a heavy load on infection control policies. Readmission of patients colonized with 
AMRB is an important factor in the nosocomial dynamics of AMRB. It creates a ‘feedback loop’ 
where pathogens are reintroduced into the ward and can colonize or infect new patients.1 Yet, 
AMRB carriage disappears after some time in most patients after discharge. In many hospitals 
AMRB-positive patients are ‘flagged’ in patient systems in order to allow quick identification 
at readmission.2-4 Naturally, the feasibility of this infection control measure would be enhanced 
if patients could be safely ‘deflagged.’ However, little is known about duration of colonization 
with AMRB after hospital discharge. 

Several studies have assessed the duration of carriage of methicillin-resistant Staphylococcus 
aureus (MRSA) in varying settings2,4-8, yielding large differences in colonization duration. Results 
vary from 50% clearance in about 1 month2 to a half-life of MRSA persistence of 40 months.4 

For highly-resistant Enterobacteriaceae (HRE) and vancomycin-resistant enterococci (VRE) 
estimates of colonization duration are even scarcer, but also nonconsistent.9-18 In Thailand10, 
a median duration of outpatient colonization with ESBL-producing bacteria of 98 days was 
observed, while a mean duration of carriage of 9 months was reported among adopted 
children from Mali.13 For VRE, the reported median colonization time was 7 weeks15, and in 
another study VRE was still recovered from 60% of carriers of a particular outbreak strain, but 
only from 20% of carriers of non-epidemic strains after 6 months.14 

Knowledge about the time until clearance of AMRB is of great importance for understanding 
nosocomial dynamics and for predicting effects of interventions. Colonization is a better 
indicator of bacterial dynamics than infection, since colonization only leads to infection in a 
small group but contributes significantly to the epidemiology of these bacteria.19 Therefore, 
we assessed the duration of colonization after discharge from the intensive care unit (ICU) with 
HRE, MRSA, and VRE. 

This work was presented in part at the 22nd ECCMID 2012, London, UK, 2 April 2012, abstract 
O126.20

METHODS

Study design and study population
Data were obtained from a cluster-randomized trial in 13 ICUs in 8 European countries (MOSAR-
ICU trial): France (three ICUs), Greece (two ICUs), Italy, Latvia, Luxembourg, Portugal (two ICUs), 
Slovenia (two ICUs), and Spain. Data were prospectively collected from May 2008 until April 
2011. The trial consisted of a 6-month baseline period (phase 1), followed by implementation 
of a hand hygiene improvement program and unit-wide chlorhexidine body washing in months 
7-26 (phase 2), and surveillance screening for AMRB carriage at ICU admission (followed by 
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contact precautions for AMRB carriers) with ICUs randomized to PCR-based or chromogenic 
agar-based screening methods in months 13-26 (phase 3). During the whole study period, all 
patients expected to stay for more than 2 days were screened on admission and twice weekly 
for HRE, MRSA, and VRE. More details can be found in the paper of Derde et al.21

Written approval of the study protocol was obtained from each institution’s review board 
or national ethics committee. A waiver for informed consent was granted for all participants 
since the study was considered to involve no more than minimal risk of harm to patients 
(ClinicalTrials.gov Identifier: NCT00976638).

All patients colonized with HRE, MRSA, or VRE in at least one of the two last cultures during 
the first admission and at least one readmission to the same ICU were included in our study. 
HRE included Enterobacteriaceae suspected to harbor extended-spectrum beta-lactamase 
(ESBL): Escherichia coli (E. coli), Klebsiella, Enterobacter, Serratia, and Citrobacter (KESC), and 
Proteus, Providencia, and Morganella (PPM) spp. The date of discharge was taken as the start 
of the ‘at risk’ period for clearance. This ‘at risk’ period for clearance was calculated as the 
time between discharge and readmission. At readmission, we analyzed the first two available 
cultures for every patient and labeled a patient as colonized if at least one of these cultures 
was positive or decolonized if both cultures were negative. We assumed admission was non-
informative with regard to colonization status. We performed analyses for all bacteria together 
(looking at colonization as the event of interest, regardless of the type of bacteria the patients 
were colonized with) and for all different bacterial types separately. When a patient was 
colonized with more than one bacterial species in the same admission, these were counted as 
separate colonization episodes. If a patient was admitted multiple times while colonized, then 
each readmission was treated as a new episode.

Microbiological tests
Swabs were obtained from the anterior nares (for detection of MRSA), the perineal area (for 
detection of HRE and VRE), and wounds (if present, for detection of HRE, MRSA, and VRE). 
Samples were frozen at -70/-80 °C for a maximum of 2 months before processing in phase 1 
and 2, and samples were analyzed instantly in phase 3. The media used for detection of AMRB 
were Brilliance ESBL 2 for detection of HRE, BBL CHROMagar MRSA II for detection of MRSA, 
and BBL Enterococcosel Agar with 8 μg/ml vancomycin for detection of VRE.

Statistical analyses
The time between discharge and readmission varied between patients. Naturally, it was 
impossible to determine exact times until clearance for patients noncolonized upon 
readmission, resulting in interval-censored data.22 In Mathematica 7.0 (Wolfram Research, Inc., 
Mathematica, Version 7.0, Champaign, IL), we used a maximum likelihood analysis to calculate 
the survival function, taking censoring into account. A more detailed description of the method 
can be found in the paper of Goggins and Finkelstein.22 If a patient lost colonization, then the 
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day of readmission would not be taken as the day of clearance (the last day of the interval, 
as would happen using the more conventional Kaplan-Meier method), but rather a day in the 
interval, calculated to be most likely the day of clearance. Furthermore, with the maximum 
likelihood analysis, sensitivity of the test could be assessed. Graphs were constructed to 
visualize the survival functions for the different bacteria. A nonparametric two-sample test 
was used to test for significant differences in the survival curves. This method was developed 
by Andersen and Rønn23, and a more detailed description can be found in their paper.

In sensitivity analyses, we determined the effects of detection bias by assuming that 
colonization remained until discharge, and thus included all cases with at least one positive 
culture any time during admission, and by analyzing the first readmission culture instead of 
the first two. Also, we analyzed the data excluding wound cultures since they were taken 
infrequently and were dependent on the presence of wounds. Furthermore, we investigated 
different study phases separately (baseline versus intervention period) to determine whether 
decolonization therapy (chlorhexidine body washings), improved hand hygiene, and 
surveillance screening with contact precautions of identified carriers influenced colonization 

Figure 1 | Flowchart of patient inclusion

MOSAR-ICU trial: 
14390 patients 

Multiple admissions:  
926 patients 

Single admission:  
13464 patients 

Colonized at first admission and 
readmitted: 

125 patients 
(11 patients with 2 colonization episodes, 1 patient with 3 

episodes, 1 patient with 4 episodes) 

Uncolonized at first admission: 
801 patients 

Colonization episodes: 
141 episodes 

 

(23 episodes with 2 bacteria, 9 episodes with 3 bacteria) 

KESC: 
73 episodes 

MRSA: 
48 episodes 

VRE: 
19 episodes 

HRE: 
101 episodes 

(14 episodes with  
2 bacteria) 

E. coli: 
34 episodes 

PPM: 
8 episodes 



Chapter 226 |

duration. Finally, we checked whether there was a difference between patients who were 
readmitted from their home and those coming from health care facilities (including hospital 
wards and long-term care facilities).

RESULTS

The MOSAR-ICU trial included 14,390 patients, and a total of 64,997 cultures were taken 
from 8,974 patients admitted for at least 3 days. There were 926 patients with at least one 
readmission who had – in all – 2,111 admissions during the study period. One hundred twenty-
five of these 926 patients were colonized with AMRB in at least one of the last two cultures 
during their first admission and had a subsequent readmission during the study period and 
were included in the analysis (Figure 1). Details on patient characteristics can be found in Table 
1. 

When analyzing all AMRB together, 141 episodes of colonization were recorded, including 
32 episodes of colonization with two or more organisms, 101 episodes of HRE colonization 
(further divided into 34 for E. coli, 73 for the KESC, and 8 for the PPM group), 48 episodes 
of colonization with MRSA, and 19 episodes of colonization with VRE. The median times to 
clearance were around 1-2 months for all bacterial types (Table 2; Figure 2). The nonparametric 
two-sample test revealed no significant differences between the survival curves of the different 
bacteria.

For AMRB, the median time to clearance was 4.8 months, which was longer than for individual 
species. This can be explained by the fact that, in this case, we looked at colonization as the 
event of interest, regardless of the type of bacteria with which the patients were colonized. 

Table 1 | Baseline characteristics, n = 125*

At first admission At readmission

Age in years, median (IQR) 63.0 (51.0-75.0) 64.0 (51.0-75.0)

Male, N (%) 78 (62.4%) 78 (62.4%)

Length of stay at ICU in days, median 
(IQR)

12.0 (6.0-22.5) 9.0 (5.0-18.0)

Location prior to ICU admission, N (%) Home/private residence 29 (23.2%) 14 (11.2%)

Health care facility 88 (70.4%) 103 (82.4%)

Unknown/other 8 (6.4%) 8 (6.4%)

Had surgery in 12 months before ICU 
admission, N (%)

37 (30.8%) 57 (47.1%)

Time from discharge to readmission 
in days, median (IQR)

n/a 11 (3.0-32.0)

IQR: interquartile range 
* Of all unique patients, data from their first admission and readmission in the study period was used. 
Including subsequent admissions gave similar results (data not shown). 5 cases had missing data on some 
variables.
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When a patient was readmitted and colonized with another type of bacterium than in his/her 
previous admission, this was still counted as ‘colonized.’ In our study, in 88 out of 98 cases in 
which a patient was still colonized at readmission, this was with (at least) one of the bacteria 
with which he/she was colonized in the previous admission. Ten cases were colonized with 
another type of bacterium. The same applies to HRE: we regarded a patient, colonized with 
HRE at discharge, as ‘still colonized’ at readmission if he/she was colonized with any type of 
HRE. In 62 out of 65 cases in which a patient was still colonized with an HRE at readmission, 
this was with (at least) one of the bacteria with which he/she was colonized in the previous 

Table 2 | Median times to clearance for antimicrobial-resistant bacteria

Bacteria Number of 
episodes

Median time to clearance in months 
(95% confidence interval)

All AMRB 141 4.8 (0.7-∞)

HRE 101 1.4 (0.32-∞)

E. coli 34 1.0 (0.03-7.6)

KESC 73 1.3 (0.08-∞)

PPM 8 0.4 (0.02-∞)

MRSA 48 0.4 (0.05-∞)

VRE 19 1.5 (0.06-10.3)

Figure 2 | Survival functions and 95% confidence intervals of time to clearance for antimicrobial-
resistant bacteria
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admission. For comparison, in the Supplementary Information data are analyzed using the 
Kaplan-Meier method. Here, interval-censoring is not taken into account. For some bacteria, 
the results are comparable (e.g., all AMRB together and all HRE together), but for example for 
MRSA and VRE the time to clearance is higher than the numbers derived using the maximum 
likelihood method.

Sensitivity analyses
Including all cases with at least one positive culture any time during admission instead of only 
looking at the last two samples of the first admission period did not significantly influence the 
results (data not shown). Restricting the analyses to the first culture of the readmission (instead 
of the first two cultures) also did not change results (data not shown). Furthermore, separate 
analyses of the different study phases or excluding wound cultures did not significantly change 
results (data not shown). Finally, there were no significant differences between patients being 
readmitted from home or from a health care facility.

DISCUSSION

For all antimicrobial-resistant bacterial species, 50% of the patients had lost colonization 
when readmitted 2 or more months after the previous ICU admission. Although this study was 
performed on a selection of hospital patients, i.e., patients admitted to ICUs, the results are of 
critical importance since these patients are especially prone to colonization and (subsequent) 
infection.19,24 From the figures, it seems that the percentage of patients still colonized is stable 
for a period of time (especially for all AMRB and HRE). One could hypothesize that there are 
two distinct populations: the majority, which clears colonization with AMRB quickly, and a 
minority (around 40%) with longer persistence. More research is needed to ascertain this. 

The analysis of all AMRB can be seen as a special case. Here, we did not assess the type(s) of 
bacterium a patient was colonized with, but only colonization status with any AMRB. Naturally, 
longer times to clearance were found, since the type of bacterium at readmission is not 
necessarily the same as the one at discharge from the previous admission. This analysis shows 
that there might be a risk group consisting of patients who are prone to become colonized 
with any AMRB. What these specific risk factors are was not addressed in this study, since it 
was only applicable to ten patients. 

Our study revealed shorter clearance times than previously reported, especially for MRSA4-

8, which may have resulted from several methodological differences. For example, for the 
calculation of the colonization duration of MRSA, Scanvic et al.5 only included patients 
readmitted more than 3 months after discharge, while we included all readmitted patients, 
regardless of time since discharge. Although Larsson et al.6 found a median time to clearance 
of MRSA of 179 days (5.9 months), they also demonstrated that 43% of the cases were 
colonized less than 2 months, which is more similar to our results. In one of the first studies 
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on colonization duration of MRSA, Sanford et al.4 estimated the half-life of MRSA persistence 
in readmitted carriers to be 41 months. However, plasmid analysis and information on phage 
types indicated that only a part of the cases of persistent MRSA carriage had continued carriage 
of the same strain and that the remainder represented acquisition of a new strain. Mattner 
et al.7 indicate that they tend to overestimate the duration of colonization by regarding a 
patient as ‘still colonized’ if the readmission swabs were missed. This could partly explain the 
differences between their median time to clearance (549 days) and the time found in this 
study. However, our results are consistent with the study of Robicsek et al.2 They also found 
that 50% of the people lost colonization quickly (within 1 month). However, the colonization 
rate decreased slowly thereafter. 

Another reason for the differences with these studies is that four of them used the Kaplan-
Meier method to estimate the median time to clearance.5-8 As we pointed out in the methods 
section, the exact time of clearance is usually unknown, especially when readmission cultures 
are used or when sampling is infrequent. As this will result in interval-censored data, we used 
a maximum likelihood analysis to calculate the survival function, with censoring taken into 
account. This will yield more rapid clearance times than a Kaplan-Meier estimate. Also, we used 
a very specific patient population. Moreover, as our results are based on the results of growth 
of cultures on selective media and no genetic confirmation was used, patients colonized upon 
readmission with a new strain might be misclassified as still being colonized. 

Our estimates on colonization duration with HRE were lower than findings in another study.18 
This can be explained by differences in study populations (ICU versus whole hospital), the fact 
that only patients readmitted after 3 months or more were included in the other study, and 
the use of the Kaplan-Meier method. Our estimates of duration of colonization are probably 
more accurate for the first months, but since the other study covered a period of 14 years, 
colonization and readmission after more than 1 or 2 years might have been captured better. 

At readmission, we focused on the first two cultures. We required one or both of the 
readmission cultures to be positive in order to label a patient (still) colonized. This strategy 
was chosen to prevent false-negative results of the first readmission culture, which may 
occur because of sampling errors depending on the swabbing technique used and the site 
swabbed.4,25-28 Perirectal swabs were used in this study for detection of HRE and VRE, but 
several publications suggest that the sensitivity of rectal and perirectal swabs is comparable.25,27 
Different practices in ICUs of all countries included could induce different results. However, an 
extensive protocol was provided to all study sites to standardize all aspects of the main study.21 
Samples were not placed in enrichment broth before plating, which might have influenced 
the sensitivity of the test. Furthermore, the samples were frozen and stored during baseline 
(although for a maximum of 2 months), which might have influenced the results. Survival 
of gram-positive and -negative bacteria during freezing and storage seems quite good29,30, 
although the amount of bacteria recovered from frozen suspensions may be reduced.31 This 
could also have an impact on the colonization times. If the sensitivity of the tests were indeed 
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reduced, shorter colonization times would be found. 
In the intervention period of the MOSAR trial, decolonization therapy (body washings with 

chlorhexidine) was implemented. No mupirocin was used. Body washing with chlorhexidine 
eradicates gram-positive bacteria from the skin.32-37 In the MOSAR trial, patients were washed 
from the neck down. Since we mainly used swabs taken from the nose for MRSA, one could 
expect that chlorhexidine would not influence colonization at this site. However, chlorhexidine 
may remove colonization or temporal contamination with MRSA at other body sites. Hence, 
chlorhexidine may lower the colonization pressure of gram-positive bacteria and could be 
effective in prevention of transmission. Little is known about the influence of chlorhexidine 
on colonization with gram-negative bacteria.33 However, eradication seems unlikely given that 
the gut, the main reservoir of gram-negative bacteria, is not targeted with this decolonization 
therapy. To prevent a potential influence of chlorhexidine washings on colonization duration, 
we only included patients with at least one positive culture in the last two cultures of their ‘first’ 
admission. In this way, patients in whom carriage was eradicated were excluded. Furthermore, 
when we analyzed the different study phases separately, no significant differences in 
colonization duration were found. 

A limitation of this study is that the reasons for patient readmissions were not known. We had 
no information on whether these reasons were correlated with the colonization status of the 
patients. Therefore, we assumed admission was non-informative with regard to colonization 
status. We did have data on the ‘most specific reason for ICU admission’ and there was no 
difference in the prevalence of sepsis or in the type of sepsis (urinary tract or other origin) in 
patients admitted to the ICU for the first time in the study period or readmitted patients (data 
not shown). Furthermore, there were no structured follow-up cultures taken of discharged 
patients. Therefore, we do not know exactly when colonization disappeared. 

The prevalence and incidence of AMRB are different per hospital and country, but this did 
not seem to influence the results. The maximal contribution of one hospital to all cases was 
18.7% for AMRB, 21.8% for HRE, 26.2% for E. coli, 25.9% for KESC, 62.5% for PPM (note: there 
were only eight cases), 21.0% for MRSA, and 29.4% for VRE. 

To our knowledge, this is the first study to assess the duration of colonization of ICU patients 
with HRE. Further studies with more readmitted colonized patients could be of help to assess 
the time to clearance more precisely.
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SUPPLEMENTARY INFORMATION. SURVIVAL CURVES KAPLAN-MEIER 
METHOD

Supplementary Figure 1 | Survival curve all AMRB
141 colonization episodes, Kaplan-Meier method
Median duration of colonization: 110.0 days (95% CI 43.7-176.3)

Supplementary Figure 2 | Survival curve HRE
101 colonization episodes, Kaplan-Meier method
Median duration of colonization: 66.0 days (95% CI 35.1-96.9)
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Supplementary Figure 3 | Survival curve MRSA
48 colonization episodes, Kaplan-Meier method
Median duration of colonization: 75.0 days (95% CI 15.4-134.6)

Supplementary Figure 4 | Survival curve VRE
19 colonization episodes, Kaplan-Meier method
Median duration of colonization: 119.0 days (95% CI 14.8-223.2)
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ABSTRACT

Objective
High prevalence of Klebsiella pneumoniae carbapenemase-producing Enterobacteriaceae 
(KPC) has been reported in long-term acute care hospitals (LTACHs), in part because of 
frequent readmissions of colonized patients. Knowledge of the duration of colonization with 
KPC is essential to identify patients at risk of KPC colonization upon readmission and to make 
predictions on the effects of transmission control measures.

Methods
We analyzed data on surveillance isolates that were collected at four LTACHs in the Chicago 
region during a period of bundled interventions, to simultaneously estimate the duration of 
colonization during an LTACH admission and between LTACH (re-)admissions. A maximum-
likelihood method was used, taking interval-censoring into account. 

Results
The median duration of colonization during an LTACH stay was 165 days (95% CI 70-∞), with 
83% of patients remaining colonized for at least four weeks. Between LTACH admissions, the 
median duration of colonization was 270 days (95% CI 91-∞).

Conclusion
Only 17% of LTACH patients lost colonization with KPC within four weeks, which was the 
median duration of LTACH stay. About half of the KPC-positive patients were still carriers when 
readmitted after nine months. Infection control practices should take prolonged carriage into 
account in order to limit transmission of KPCs in LTACHs.
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INTRODUCTION

The emergence of carbapenem-resistant Enterobacteriaceae (CRE) significantly reduces 
antibiotic treatment options, as carbapenems are the first choice and sometimes last 
resort antibiotics for infections caused by extended-spectrum beta-lactamase producing 
Enterobacteriaceae.1 Four types of carbapenemases exist: Ambler class A, B, C, and D, of 
which Klebsiella pneumoniae carbapenemase (KPC) enzymes are the most frequent class A 
carbapenemases. KPC-producing Enterobacteriaceae were first discovered in the USA in 1996 
and have since then spread across the country and the world. KPCs are now endemic in several 
states in the USA.2

Prevalence of KPC is especially high in long-term acute care hospitals (LTACHs), where a 
convergence of risk factors in the patient population results in frequent colonization and 
infection with multidrug-resistant organisms. Vulnerable patients with multiple comorbidities, 
high rates of medical device use, intensive antibiotic exposure, and long hospital stays require 
frequent hands-on care, allowing bacteria to spread easily.3,4 LTACH patients have high 
readmission rates creating a feedback loop of re-introducing pathogens if carriage persists 
long enough.3,5-7 For instance, in a survey of seven LTACHs and 24 ICUs in Chicago, Illinois, 
USA, in 2011 carriage with KPC was detected in each LTACH, with an overall prevalence of 
30.4% among LTACH patients compared to 3.3% of short-stay hospital ICU patients.8 

The persistence of KPC carriage has been analyzed in four studies, and in each a declining 
trend in the fraction of positive isolates over time from first KPC detection was reported.9-12 
Only one study calculated a median duration of colonization and found this to be 295 days.12 
However, no study has focused on LTACHs. Knowledge of the duration of colonization with 
KPC is essential to identify patients at risk of KPC carriage when readmitted and to control 
the spread of KPC in LTACHs. Therefore, we determined the duration of colonization with KPC 
during admission and after discharge in a cohort of patients from four LTACHs in Chicago, 
Illinois, USA.

METHODS

Data collection
Data were collected from November 2011 until June 2013 in four LTACHs in the Chicago region, 
Illinois, USA. These four LTACHs had a total mean daily census of 247 and a median length 
of stay of 24 days. During the study period, a bundled intervention was implemented.13 This 
infection control bundle involved daily bathing of all LTACH patients with 2% chlorhexidine 
gluconate (CHG) cloths (Sage Products, Inc., Cary, IL), education of the medical staff on KPC 
and infection prevention, adherence monitoring (focusing on hand hygiene), patient and staff 
cohorting, and surveillance screening. Surveillance screening for KPC comprised rectal swab 
culture screening on admission and every-other-week for all LTACH patients. LTACH staff was 
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instructed to discontinue screening patients once they were found to be positive. 
The project was considered to be a quality improvement program by the LTACHs and not 

research. The study was reviewed and approved by the institutional review board of Rush 
University Medical Center and informed consent was waived.

Microbiology
Rectal swab specimens were screened for KPC in a central laboratory using an ertapenem disk 
screen method. Screen-positive isolates were tested by a polymerase chain reaction (PCR) 
assay to confirm the presence of blaKPC.

13,14

Data analysis
We used surveillance isolates to simultaneously estimate the duration of colonization during 
an LTACH admission and between LTACH (re-)admissions. All patients with a KPC-positive 
culture and at least one follow-up culture were included. Readmissions were allowed to be in 
the same or a different study-LTACH. Patients who were discharged for at least one day were 
regarded as readmissions when they returned to the same or to a different LTACH. All cultures 
until the first culture of the second admission in the study period were included, provided that 
this culture was within three days of readmission. 

Since the length of the time periods (length of stay in an LTACH and time between 
admissions) was variable and the exact time of possible clearance of KPC in these intervals was 
unknown, a maximum likelihood analysis was used to estimate the survival curve and to take 
interval-censoring into account.15,16 With this method, the most likely day of clearance within 
the interval was calculated for patients who had lost KPC colonization. 

Negative cultures in between positive cultures were regarded as false-negative and 
influenced the estimate of the sensitivity. Negative cultures after the last positive culture 
were either true negative or false negative. In these cases, sensitivity was interpreted as the 
probability of identifying a KPC-positive isolate, when assuming that patients were colonized 
at least until their last positive culture. A 100% specificity was assumed. A non-parametric 
approach was used as well as an assumption of an exponential distribution for the survival 
curve. The likelihood ratio test was used to calculate 95% confidence intervals. Analyses were 
done in Mathematica 9.0 (Wolfram Research, Inc., Mathematica, Version 9.0, Champaign, IL).

RESULTS

Duration of colonization during LTACH stay
In total, 546 surveillance cultures were available from 251 patients, with a median number of 2 
(IQR 2-2) cultures per patient. Of these, 383 cultures were taken during a patient’s first LTACH 
stay in the study period and could be used to estimate the survival curve during this LTACH 
stay. 
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83% of the patients were still KPC-positive after four weeks (Figure 1), the median duration 
of LTACH stay.13 The number of patients admitted longer than one month was low, though. 
The calculated median duration of colonization with KPC during an LTACH stay was 165 days 
(95% CI 70-∞). When assuming an exponential curve for the colonization duration, a median 
duration of colonization of 205 days (95% CI 101-1150) was found. The overall sensitivity of 
the screening test for KPC was 89.3% (95% CI 83.4-94.4).

Duration of colonization between discharge and readmission
In all, 163 of the 251 patients (64.9%) were readmitted during the study period and had a 
culture taken within three days. The median time between discharge and readmission was 28 
days (IQR 14-72.5). The median duration of colonization with KPC between LTACH admissions 
was found to be 270 days (95% CI 91-∞) when using a non-parametric approach (Figure 2) and 
367 days (95% CI 175-2143) when assuming an exponential distribution of the survival curve. 

We also did the analyses with all available cultures, i.e. including cultures taken during the 
second and subsequent admissions (data not shown). The graphs changed, indicating that the 
patient populations were different. The number of patients with multiple admissions during 
the study period was small (n = 64 having three admission with cultures taken, n = 25 having 
four admissions with cultures taken), leading to very wide confidence intervals, and precluding 
meaningful interpretation.

Figure 1 | Duration of colonization with KPC-producing bacteria during LTACH admission, non-
parametric approach
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DISCUSSION

During a median one-month LTACH stay, only 17% of patients appeared to lose colonization 
with KPC. Based on this result, the commonly made assumption that patients who are found 
to be KPC carriers remain colonized throughout their hospitalization appears reasonable and 
it seems justified to isolate KPC-positive patients for the duration of their hospital stays.

From the second analysis, we conclude that about half of LTACH patients who are colonized 
with KPC remain colonized after nine months. This impacts infection control strategies for 
KPC carriers. Colonized patients likely require isolation or other infection control precautions 
for a prolonged period. However, we had no information on where patients resided between 
admissions. These could be diverse locations with variable antibiotic and other selective 
pressures, which might influences the estimates we calculated. Furthermore, we had 
readmission culture information for only a small fraction of the total study population. This is 
probably because the study protocol specified not to screen previously known KPC-positive 
patients.13

It might seem counterintuitive that the median duration of colonization is longer between 
LTACH admissions than during LTACH admission. First, note that the confidence intervals 
overlap. Only a limited number of cultures were available for patients staying longer than one 
month. Furthermore, in between admissions, LTACH patients usually have frequent health care 

Figure 2 | Duration of colonization with KPC-producing bacteria between discharge and readmission, 
non-parametric approach
F(t): Fraction still colonized
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contact and can come into contact with high antibiotic pressure, both of which are risk factors 
for KPC colonization.3 LTACH patients who are readmitted to an LTACH may thus comprise a 
particularly high-risk population.

The infection control bundle that was implemented in the study period13 might have 
influenced our results. In a previous study, it was found that KPC skin colonization was reduced 
after CHG bathing of the patients.17 If CHG bathing also reduces rectal colonization, our results 
may represent an underestimation of the duration of colonization. On the other hand, since we 
did not perform molecular subtyping of KPC isolates, we cannot be sure that a patient carried 
the same strain of KPC each time that KPC was detected. (Re-)Acquisition of a new strain was 
not taken into account, which might have resulted in an overestimation of the duration of 
colonization.18 One way to overcome this uncertainty is to compare whole genome sequences 
of the isolates, to determine the relatedness between subsequent isolates from the same 
patient. Antibiotic use might also have influenced the results. Unfortunately, no prescription 
data were available for the included patients. 

A longer follow-up period and more frequent screening of all patients, including those 
known to be positive for KPC, would allow a more firm estimate of the colonization duration. 
However, our estimate for the median duration of colonization with KPC between admissions 
is similar to the estimate by Zimmerman et al.12, despite the different populations. Although 
no estimate for the overall duration of colonization is given in Feldman et al.10, the graphs 
presented there overlap with our results. Lubbert et al.9 found a slightly shorter duration of 
colonization of six months, but acknowledge that long-term carriage is possible.

The differences between the median durations of colonization as estimated using a non-
parametric approach versus an exponential approach were small and 95% confidence intervals 
overlapped. This indicates that an exponential distribution, which is easy to use in mathematical 
models for transmission, might appropriately reflect the duration of colonization with KPC.  

In conclusion, carriage of KPC in LTACH patients can persist for a long time. Infection control 
practices should take this into account in order to limit transmission of KPCs in LTACHs.
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Transmission dynamics of multidrug-resistant Enterobacteriaceae
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ABSTRACT

Objective
Prevalence of blaKPC-encoding Enterobacteriaceae (KPC) in Chicago long-term acute care 
hospitals (LTACHs) rose rapidly after the first recognition in 2007. We studied the epidemiology 
and transmission capacity of KPC in LTACHs and the effect of patient cohorting. 

Methods
Data were available from 4 Chicago LTACHs from June 2012 to June 2013 during a period of 
bundled interventions. These consisted of screening for KPC rectal carriage, daily chlorhexidine 
bathing, medical staff education, and 3 cohort strategies: a pure cohort (all KPC-positive 
patients on 1 floor), single rooms for KPC-positive patients, and a mixed cohort (all KPC-
positive patients on 1 floor, supplemented with KPC-negative patients). A data-augmented 
Markov chain Monte Carlo (MCMC) method was used to model the transmission process.

Results
Average prevalence of KPC colonization was 29.3%. On admission, 18% of patients were 
colonized; the sensitivity of the screening process was 81%. The per admission reproduction 
number was 0.40. The number of acquisitions per 1,000 patient days was lowest in LTACHs with 
a pure cohort ward or single rooms for colonized patients compared with mixed-cohort wards, 
but 95% credible intervals overlapped. 

Conclusion
Prevalence of KPC in LTACHs is high, primarily due to high admission prevalence and the 
resultant impact of high colonization pressure on cross transmission. In this setting, with an 
intervention in place, patient-to-patient transmission is insufficient to maintain endemicity. 
Inclusion of a pure cohort or single rooms for KPC-positive patients in an intervention bundle 
seemed to limit transmission compared to use of a mixed cohort.



Modeling spread of KPC-producing bacteria in long-term acute care hospitals in the Chicago region, USA | 51

4

INTRODUCTION

One of the most threatening recent developments to face hospitals is the emergence of 
carbapenemase-producing Enterobacteriaceae (CPE).1 Nosocomial outbreaks of CPE are being 
reported with increasing frequency.2,3 Different types of CPE exist, including Enterobacteriaceae 
that produce Klebsiella pneumoniae carbapenemases (KPC)4, which represent a major problem 
in short-stay hospitals and especially in long-term acute care hospitals (LTACHs).5-8 There, 
vulnerable patients are in close proximity to each other and multidrug-resistant organisms 
can spread easily.9 

KPC was first identified in an isolate from North Carolina, United States, in 1996.4 The first 
recognition of KPC in the Chicago region (Illinois, USA) occurred in 2007 and since then, 
numbers have been rising. A point-prevalence survey in 24 acute-care hospitals and 7 LTACHs 
in 2011 showed that 3.3% of adult patients in short-stay hospital intensive care units (ICUs) 
and 30.4% of LTACH residents were colonized with KPC.10 

LTACHs are assumed to be a driving force behind the KPC epidemic due to high prevalence, 
high transmission rates, and patient movement between facilities.7,11-13 The potential for the 
regional spread of antibiotic resistance has been demonstrated extensively.14-17 Several studies 
have incorporated patient movement in models of infectious disease spread, i.e., for pathogens 
such as Clostridium difficile18, methicillin-resistant Staphylococcus aureus (MRSA)16,19-21, and 
vancomycin-resistant enterococci.22 No model is available for the spread of KPCs in LTACHs. 
Furthermore, the optimal strategy to contain the spread of Gram-negative bacteria, including 
KPCs, in LTACHs is unknown.12,23

Therefore, we investigated the epidemiology of KPCs in 4 different LTACHs participating in 
a bundled KPC control intervention in the Chicago region.24 We used advanced modeling to 
explicitly fill in missing data (e.g., missed swabs), estimate testing characteristics (e.g., imperfect 
sensitivity of rectal cultures for KPC), determine the transmission capacity of KPC, and quantify 
the effect of patient cohorting on transmission within these 4 LTACHs.

METHODS

Data
This analysis was performed on data collected from 4 LTACHs in the Chicago region between 
June 11, 2012 (or June 1 in 1 LTACH), and June 30, 2013, a time within the original study period 
during which complete data regarding patient room occupancy were available. All patients 
admitted were included. During this period, a bundled intervention was implemented in all 
4 LTACHs that consisted of screening all patients for KPC on admission, every-other-week 
point-prevalence surveys, bathing all LTACH patients daily with 2% chlorhexidine gluconate 
(CHG) cloths (Sage Products Inc., Cary, IL), education of medical staff on KPC and infection 
prevention, and adherence monitoring that focused on hand hygiene.24 
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In addition, cohorting strategies were implemented. Ideally, 1 floor was to be a cohort floor 
where KPC-positive patients would be cared for by cohorted staff. This was done at LTACH D. 
For logistical reasons, this was not feasible at the other LTACHs, where the cohorting strategies 
were locally modified. At LTACH B, all KPC-carriers were treated in single rooms without staff 
cohorting. LTACHs A and C had mixed-cohort floors, i.e., the majority of patients were KPC-
positive but KPC-negative patients were also housed on the cohort floor and were cared for 
by the same staff. Previously identified KPC carriers were not screened upon readmission but 
were placed directly in single rooms or on a cohort floor.

The study was reviewed and approved by the institutional review board of Rush University 
Medical Center and granted expedited review.

Microbiology
KPC carriage status was determined from microbiological cultures of rectal swabs, obtained on 
admission and during point-prevalence surveys conducted every other week. These screening 
cultures were included in the current analysis. Samples were screened using an ertapenem disk 
method in a central laboratory; blaKPC was confirmed by polymerase chain reaction (PCR).25-27 
In line with the study protocol, patients previously identified as KPC-positive were excluded 
from screening. 

Clinical cultures were ordered as needed by treating physicians, and samples yielding 
carbapenem-resistant Klebsiella spp. or Escherichia coli were used in the sensitivity analysis. 
Clinical cultures were considered positive for KPC if a Klebsiella spp. or an E. coli isolate was 
isolated that displayed intermediate susceptibility or resistance to imipenem. This approach 
was validated in the original analysis.24

Markov Model
A Markov model was used to describe KPC transmission. Patients were assumed to be either 
colonized with KPC or susceptible to colonization. The rate of transition from susceptible to 
colonized was dependent on the number of colonized patients on the floor28 and was defined 
by α + β * I/N, where α is the background transmission rate, β is the patient-dependent 
transmission rate, I is the number of colonized patients present, and N is the total number of 
patients in the unit (I/N = fraction of colonized patients on the unit, or colonization pressure). 
In β, all transmissions were included that were dependent on the colonization pressure on 
the floor. This rate could include transmission from colonized to susceptible patients (either 
directly or through the contaminated hands of HCW) and transmission from the environment 
when this was dependent on the colonization pressure. All other transmissions were accounted 
for in α, e.g., the endogenous route and transmission from the environment independent of 
the colonization pressure on the floor (including transmission from HCWs moving between 
floors). The endogenous route represents bacteria that were already present in the host at 
undetectable levels and that presumably reached detectable levels under antibiotic pressure. 
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KPC carriers were assumed to remain colonized during their entire stay in the LTACH. We 
assumed that the test specificity for KPC detection was 100% and no distinction was made 
between different species of Enterobacteriaceae. 

As patients were not cultured every day and culture results might have been falsely negative, 
the exact number of colonized patients was unknown. Therefore, a Bayesian framework using 
a data-augmented Markov chain Monte Carlo (MCMC) method with Metropolis-Hastings 
algorithm was developed, taking unobserved colonization and colonization times into 
account, analogous to the method used by Worby et al.29 We also estimated the probability of 
a patient being a KPC carrier on admission (f) and the sensitivity of the screening process (ϕ), 
which included the swabbing technique, transportation and storage of swabs, culture method, 
and accuracy of the blaKPC PCR assay (details are provided in Supplementary Information 1). 

Nurses generally were assigned to 1 floor. Therefore, every LTACH-floor was considered 
a distinct unit in which transmission could occur. The high acuity units (wards that cared for 
patients with higher-level medical or nursing needs) were physically separated from the general 
floors and had a distinct nursing team; therefore, these were considered separate units. In 2 
LTACHs (B and D), 1 floor was divided into 2 separate units because they were separated both 
physically and in terms of nurse assignment. Each admission was considered a new admission 
if the patient had left the facility for at least 1 day, and the culture results obtained during 
previous admissions were not taken into account in the current analysis.

A total of 1,000,000 iterations of the algorithm were run per LTACH. To account for the burn-
in time, the first 20% of the iterations were not used for calculation of parameter estimates. 
Plots of convergence of the parameter estimates were inspected visually, and the Geweke 
diagnostic was calculated for all chains. To calculate summary measures for all LTACHs, a meta-
analysis using a random-effects model was performed.30,31 A natural logarithm transformation 
was performed for α and β to normalize distributions. To investigate the effects of cohorting, 
numbers of acquisitions per 1,000 patient days at risk were calculated for non-cohort and 
cohort floors. In addition, absolute numbers of acquisitions per LTACH were estimated. These 
numbers were then converted to numbers of acquisitions per 1,000 patient days to facilitate 
comparisons between LTACHs and the effects of different cohorting strategies. A weighted 
least-squares regression analysis was performed to relate differences in study protocol 
adherence to numbers of acquisitions. Effects on parameter estimates of clinical cultures 
that yielded KPC were evaluated in a sensitivity analysis. We also analyzed the data using the 
assumption from the original study that patients remained colonized for the remainder of the 
study duration once they had tested positive. To that end, we created a new dataset in which 
positive cultures were added on the day of admission for patients who had previously tested 
positive.

The algorithm for the parameter estimates was written in C++, the meta-analysis was done 
in Microsoft Office Excel 2010, convergence diagnostics were done in R, and the regression 
was performed in SPSS 21 (IBM, Armonk, NY).
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RESULTS

The current analysis included 95,982 patient days and 3,257 admissions of 2,575 unique 
patients, with comparable patient mix among LTACHs (Table 1). 

A total of 7,250 cultures were obtained (6,757 surveillance cultures and 493 clinical cultures). 
The median number of cultures per admission was 2 (range, 0-28), and KPC was detected in 
761 cultures (11.3%). Of positive isolates, 90% were K. pneumoniae, 5% were E. coli, 3% were 
Enterobacter aerogenes, and 2% were other Enterobacteriaceae species. Rates of adherence 
to cohorting (represented as the proportion of positive patients on cohort floors or in single 
rooms) were 88% in LTACH A, 97% in LTACH B, 91% in LTACH C, and 99% in LTACH D.

MCMC Model
Pooled and individual parameter value estimates from the model are presented in Table 2 and 
Supplementary Figure 1. For individual LTACHs, 95% credible intervals largely overlap. Trace 
plots of all chains were inspected and seemed stable. All chains had a Geweke diagnostic 
(z-value) below 2 and were considered converged.

The estimated sensitivity of the screening process was 81%. The per-admission reproduction 
number RA, which is the average number of KPC transmissions caused by 1 KPC-positive 
patient during a single admission32,33, can be approximated by multiplying the transmission 
parameter β (0.0136) by the mean length of stay (29.5 days), which yields a value of 0.40. The 
relative importance of patient-to-patient transmission compared to background transmission 
can be calculated as β * mean prevalence/(β * mean prevalence + α). With an overall mean 
prevalence of 29.3% as calculated by the model, we estimate that 60.9% of the acquisitions 

Table 1 | Patient and admission characteristics

Total LTACH A LTACH B LTACH C LTACH D

Number of patient 
admissions included

3,257 768 730 1,187 572

Number of unique 
patients included

2,575 595 570 937 473

Patient days included 95,982 19,840 20,322 39,070 16,750

Number of distinct units 20 5 5 5 5

Mean census per day 247 52 53 99 44

Median length of stay in 
days (IQR)

24 (14-37) 22 (13-33) 23 (15-36) 25 (14-41) 26 (16-39)

Mean age of patients in 
years (SD)

64 (16) 65 (16) 63 (16) 61 (16) 68 (14)

Gender in % male 56.2% 52.8% 57.7% 57.3% 56.4%

IQR: interquartile range 
SD: standard deviation
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resulted from patient-to-patient transmission and that the remaining 39.1% resulted from 
background transmission.

Calculated acquisitions per 1,000 patient days at risk, absolute numbers of acquisitions per 
month, and acquisitions per 1,000 patient days are depicted in Table 3. When comparing these 
to the numbers reported in the original study, the model predicts more acquisitions than were 
observed.24

Table 2 | Parameter values original model

Pooled* LTACH A LTACH B LTACH C LTACH D

Background transmission rate 
(per day), median (95% CrI)

α 0.0026  
(0.0015-
0.0043)†

0.0021 
(0.00029-
0.0044)

0.0020 
(0.00013-
0.0045)

0.0039  
(0.0017-
0.0061)

0.0014 
(0.00030-
0.0030)

Patient-dependent 
transmission rate (per 
colonized patient per day), 
median (95% CrI)

β 0.014  
(0.0071-
0.026)†

0.019  
(0.0055-
0.033)

0.0076 
(0.00046-
0.018)

0.0078 
(0.00075-
0.018)

0.023 
(0.0039-
0.051)

Probability to be positive on 
admission, median (95% CrI)

f 0.18 (0.14-
0.21)

0.14 (0.11-
0.17)

0.18 (0.14-
0.23)

0.22 (0.19-
0.26)

0.18 (0.14-
0.22)

Sensitivity of screening 
process¶, median (95% CrI)

φ 0.81 (0.74-
0.88)

0.89 (0.74-
0.98)

0.71 (0.56-
0.83)

0.78 (0.70-
0.86)

0.87 (0.75-
0.95)

95% CrI: 95% credible interval 
* Mean and 95% confidence interval instead of median and 95% credible interval 
† Values after transformation back to the original scale 
¶ Including the swabbing process, transportation and storage of swabs, and accuracy of the blaKPC PCR assay

Table 3 | KPC Acquisitions, original model

LTACH Floor type* Modeled 
acquisitions per 
1,000 patient days 
at risk per ward 
type, median 
(95% CrI) †

Modeled 
acquisitions 
per month 
per ward 
type, median 
(95% CrI)

Modeled 
acquisitions 
per month 
per LTACH, 
median 
(95% CrI)

Observed 
acquisitions 
per month 
per LTACH ¶

Modeled 
acquisitions 
per 1,000 
patient days 
per LTACH, 
median (95% 
CrI)

A Non-cohort 3.9 (2.8-5.1) 3.7 (2.7-4.8) 6.3 (4.8-7.9) 3.7 4.0 (3.0-5.0)

Cohort 11.0 (6.4-16.6) 2.5 (1.6-3.6)

B Non-cohort 3.8 (2.4-5.2) 4.5 (2.8-6.2) 4.5 (2.8-6.2) 4.4 2.8 (1.7-3.8)

C Non-cohort 5.5 (4.3-6.6) 7.3 (5.7-9.0) 11.5 (9.2-
14.0)

8.3 3.8 (3.0-4.6)

Cohort 7.0 (4.6-10.1) 4.2 (2.9-5.7)

D Non-cohort 2.4 (1.5-3.4) 2.2 (1.4-3.2) 3.6 (2.1-5.2) 2.0 2.7 (1.6-3.9)

Cohort 20.6 (4.7-50.1) 1.4 (0.4-2.5)

95% CrI: 95% credible interval 
* LTACHs A + C: non-cohort floors and mixed cohort floors, LTACH B: single rooms for positive patients, 
LTACH D: non-cohort floors and pure cohort floors 
† Only patients at risk for colonization (excluding patients positive for KPC) 
¶ A subset of actual numbers found in the original study24, only definite transmissions (excluding patients 
that missed their admission swab but had a positive screening culture at follow-up)
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LTACHs B and D had the lowest number of acquisitions per 1,000 patient days, while LTACHs 
A and C had higher rates. The strategies adopted at LTACHs B (single-room isolation) and 
LTACH D (a strict cohort floor for colonized patients) or the implementation of the infection 
control bundle at these locations were more effective in reducing KPC cross transmission than 
the strategies implemented at LTACHs A and C.

The weighted least-squares regression analysis showed a negative association between 
adherence to cohorting (mean percentage of KPC-positive patients on cohort floors or in single 
rooms) and the number of acquisitions per 1,000 patient days at risk. Adherence to collection 
of admission swabs, every-other-week surveillance swabs, hand hygiene, the quantity of CHG 
cloths ordered per patient per month, or patient-related variables (e.g., length of stay, age, 
gender) were not significantly associated with the number of acquisitions (Supplementary 
Information 2).

Sensitivity analyses
When positive clinical cultures for KPC were added, parameter estimates remained largely 
unchanged (Supplementary Information 3, Table S1). When (artificial) positive cultures for 
previously known carriers were added (Supplementary Information 3, Table S2), the estimates 
for the transmission parameters were lower, whereas the probability to be positive on 
admission was higher than in the main analysis.

DISCUSSION

The results of this study show that in 4 LTACHs with high endemic prevalence of KPC, the 
per admission reproduction number, RA, was 0.40. This value indicates that patient-to-
patient transmission of KPC during a single admission is not enough to maintain endemicity 
in a setting with daily chlorhexidine bathing, staff education, and cohorting. Admissions of 
colonized patients and endogenous selection conserve the transmission cycle of KPC. These 
findings strongly suggest that the admission of colonized patients is a main driver of the KPC 
epidemic in these LTACHs.

In the current study, different units were regarded as separate entities, but spillover between 
units was likely. For example, nurses may have taken over shifts on other floors, and other staff, 
such as doctors and physiotherapists, visited patients on all units and may have contributed to 
the spread of KPC. This possibility was captured in the parameter α, together with endogenous 
selection. The latter may occur when a patient is colonized with KPC at undetectable levels 
on admission and these bacteria grow to detectable levels during the patient’s LTACH stay. 
The relevance of this mechanism has also been demonstrated for extended-spectrum beta-
lactamase-producing bacteria.23

Different parameter estimates for the 4 LTACHs may have arisen from inherent differences 
between them, e.g., differences in size and referral patterns. The cohorting strategy should 
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not have influenced the transmission parameters. Cohorting reduces the number of contacts 
between colonized and uncolonized patients, possibly mediated by health care workers, but 
the transmission probability given a contact between a colonized and an uncolonized patient 
is not mediated by cohorting. Only if adherence to the infection prevention bundle was higher 
in cohort wards than in non-cohort wards would cohorting have had a direct influence on 
transmission parameters. Therefore, we considered the number of acquisitions per 1,000 patient 
days to judge the cohorting effect. LTACHs B and D had the lowest numbers of acquisitions 
per 1,000 patient days, suggesting that their strategies were superior to the strategy of mixed-
cohort floors, as adopted at LTACHs A and C. However, 95% credible intervals of parameters 
for the 4 LTACHs overlapped, precluding firm conclusions. The regression analysis indicated 
that the higher the adherence to cohorting, the lower the number of acquisitions. This result is 
another indication that separating KPC-positive from KPC-negative patients is a good control 
strategy for containing the spread of KPC.8,34 However, confounding factors such as differences 
between LTACHs in hand hygiene compliance or case mix may still have played a role. A similar 
result was found by Ben-David et al.35 In their univariate analysis, lower adherence to placement 
of colonized patients in single rooms or cohorting was a risk factor for newly discovered CPE 
carriage in a long-term care facility. Creating a cohort for KPC control is intuitively attractive 
but can be difficult in practice. Our data provide an important demonstration of the potential 
benefit that can be weighted against the effort needed to maintain the cohort. Although this 
benefit might be explained by physical separation of positive and negative patients, it may 
also be related to nurse cohorting, optimal bathing technique, and more attention to hand 
hygiene.

The finding that the estimates for swab sensitivity for all 4 LTACHs were similar and that all 
95% credible intervals overlapped may reflect the fact that all swabs were analyzed in a central 
laboratory. There do not seem to be major differences among LTACHs in swabbing techniques 
used. 

There were differences between the number of acquisitions predicted by the model and 
the crude data, as observed in the epidemiological study.24 These differences can be partially 
explained by the sensitivity of KPC screening that is taken into account in the MCMC model. 
Because specificity was assumed to be 100%, model estimates for the number of acquisitions 
should be equal to or higher than study counts. Furthermore, in the MCMC model, cultures 
from previous admissions were ignored and patients who were considered KPC-positive 
on admission in the epidemiological study might have acquired KPC carriage in the model. 
Because patients may lose colonization between discharge and readmission, assuming patients 
are still positive on admission leads to overestimation of the prevalence of colonization on 
admission. Because no information was available on colonization status during previous LTACH 
visits before the start of the study, we had incomplete data on previous colonization status. 
Therefore, our main model, which allows for colonization on admission, is most likely more 
accurate. Finally, no samples were obtained from some patients. These missing data were 
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taken into account in the MCMC model. The sensitivity analyses demonstrated the robustness 
of the model estimates.

Although we are not aware of similar studies in LTACHs, Worby et al.29 used a similar 
method to estimate transmission parameters of MRSA in 10 general hospital wards in the 
United Kingdom. Naturally, differences in setting and pathogen characteristics preclude direct 
comparisons of study results. However, estimates for α and β, as obtained for KPC in LTACHs, 
were at least 10 times higher than those of MRSA in general hospital wards. This result might 
reflect the fact that more severely ill patients needing more intensive treatment, creating more 
opportunities for the spread of pathogens, are treated in LTACHs. But this result may also 
indicate that KPC has a higher transmission capacity than MRSA. 

This study has several limitations. Data were collected during a bundled intervention, and 
awareness of KPC and enforcement of hand hygiene were heightened in this environment. 
Therefore, values of transmission parameters may be underestimated but reflect achievable 
control parameters. Also, individual effects of separate elements of the bundle are difficult 
to distinguish. Due to the small number of regression points, no multivariable regression was 
possible.

In conclusion, in LTACHs with a high endemicity of KPC carriers, patient-to-patient 
transmission is insufficient to maintain endemicity. Instead, high admission prevalence appears 
to be the main factor driving endemicity. In such settings, during active strategies to prevent 
colonization and infection with KPC, cohorting of KPC carriers on separate floors or in single 
rooms seems beneficial. Prospective comparative studies are needed to quantify the benefits 
of different strategies.

Acknowledgments
This work was supported by the Netherlands Organization of Scientific Research (VICI 
NWO grant no 918.76.611 to MJMB and Priority Medicines Antimicrobial Resistance grant 
no. 205100013 to MRH and MCJB), by funding from the European Community (RGNOSIS 
Integrated project [FP7/2007-2013] under grant no. 282512 to MCJB and MJMB), by the U.S. 
Centers for Disease Control and Prevention (grant no. U54CK000161 to RAW and grant no. 
200-2011-M-41103 to MKH), by funding from a Fulbright Scholarship to MRH, and by an 
unrestricted gift from the Foglia Family Foundation to RAW.



Modeling spread of KPC-producing bacteria in long-term acute care hospitals in the Chicago region, USA | 59

4

REFERENCES

1. Nordmann P, Dortet L, Poirel L. Carbapenem 
resistance in Enterobacteriaceae: here is the storm! 
Trends Mol Med 2012;18:263-272.
2. Canton R, Akova M, Carmeli Y, et al. Rapid 
evolution and spread of carbapenemases among 
Enterobacteriaceae in Europe. Clin Microbiol Infect 
2012;18:413-431.
3. Nordmann P, Naas T, Poirel L. Global spread of 
carbapenemase-producing Enterobacteriaceae. 
Emerg Infect Dis 2011;17:1791-1798.
4. Nordmann P, Cuzon G, Naas T. The real threat of 
Klebsiella pneumoniae carbapenemase-producing 
bacteria. Lancet Infect Dis 2009;9:228-236.
5. Munoz-Price LS, Hayden MK, Lolans K, et al. 
Successful control of an outbreak of Klebsiella 
pneumoniae carbapenemase-producing K. 
pneumoniae at a long-term acute care hospital. Infect 
Control Hosp Epidemiol 2010;31:341-347.
6. Munoz-Price LS, De La Cuesta C, Adams S, et 
al. Successful eradication of a monoclonal strain 
of Klebsiella pneumoniae during a K. pneumoniae 
carbapenemase-producing K. pneumoniae outbreak 
in a surgical intensive care unit in Miami, Florida. Infect 
Control Hosp Epidemiol 2010;31:1074-1077.
7. Won SY, Munoz-Price LS, Lolans K, et al. Emergence 
and rapid regional spread of Klebsiella pneumoniae 
carbapenemase-producing Enterobacteriaceae. Clin 
Infect Dis 2011;53:532-540.
8. Chitnis AS, Caruthers PS, Rao AK, et al. Outbreak 
of carbapenem-resistant Enterobacteriaceae at a 
long-term acute care hospital: sustained reductions 
in transmission through active surveillance and 
targeted interventions. Infect Control Hosp Epidemiol 
2012;33:984-992.
9. Munoz-Price LS. Long-term acute care hospitals. 
Clin Infect Dis 2009;49:438-443.
10. Lin MY, Lyles-Banks RD, Lolans K, et al. The 
importance of long-term acute care hospitals in the 
regional epidemiology of Klebsiella pneumoniae 
carbapenemase-producing Enterobacteriaceae. Clin 
Infect Dis 2013;57:1246-1252.
11. Prabaker K, Lin MY, McNally M, et al. Transfer from 
high-acuity long-term care facilities is associated with 
carriage of Klebsiella pneumoniae carbapenemase-
producing Enterobacteriaceae: a multihospital study. 
Infect Control Hosp Epidemiol 2012;33:1193-1199.
12. Ben-David D, Masarwa S, Navon-Venezia S, et 
al. Carbapenem-resistant Klebsiella pneumoniae in 
post-acute-care facilities in Israel. Infect Control Hosp 
Epidemiol 2011;32:845-853.
13. Schechner V, Kotlovsky T, Tarabeia J, et al. 
Predictors of rectal carriage of carbapenem-resistant 
Enterobacteriaceae (CRE) among patients with known 
CRE carriage at their next hospital encounter. Infect 
Control Hosp Epidemiol 2011;32:497-503.

14. Donker T, Wallinga J, Slack R, et al. Hospital networks 
and the dispersal of hospital-acquired pathogens by 
patient transfer. PLoS One 2012;7:e35002.
15. Donker T, Wallinga J, Grundmann H. Patient 
referral patterns and the spread of hospital-acquired 
infections through national health care networks. 
PLoS Comput Biol 2010;6:e1000715.
16. Lee BY, Bartsch SM, Wong KF, et al. Simulation 
shows hospitals that cooperate on infection control 
obtain better results than hospitals acting alone. 
Health Aff (Millwood) 2012;31:2295-2303.
17. Smith DL, Dushoff J, Perencevich EN, et al. Persistent 
colonization and the spread of antibiotic resistance 
in nosocomial pathogens: resistance is a regional 
problem. Proc Natl Acad Sci U S A 2004;101:3709-
3714.
18. Huang SS, Avery TR, Song Y, et al. Quantifying 
interhospital patient sharing as a mechanism for 
infectious disease spread. Infect Control Hosp 
Epidemiol 2010;31:1160-1169.
19. Barnes SL, Harris AD, Golden BL, et al. Contribution 
of interfacility patient movement to overall methicillin-
resistant Staphylococcus aureus prevalence levels. 
Infect Control Hosp Epidemiol 2011;32:1073-1078.
20. Lee BY, McGlone SM, Wong KF, et al. Modeling the 
spread of methicillin-resistant Staphylococcus aureus 
(MRSA) outbreaks throughout the hospitals in Orange 
County, California. Infect Control Hosp Epidemiol 
2011;32:562-572.
21. Lee BY, Bartsch SM, Wong KF, et al. The importance 
of nursing homes in the spread of methicillin-resistant 
Staphylococcus aureus (MRSA) among hospitals. Med 
Care 2013;51:205-215.
22. Lee BY, Yilmaz SL, Wong KF, et al. Modeling the 
regional spread and control of vancomycin-resistant 
Enterococci. Am J Infect Control 2013;41:668-673.
23. Domenech de Cèlles M, Zahar JR, Abadie V, et 
al. Limits of patient isolation measures to control 
extended-spectrum beta-lactamase-producing 
Enterobacteriaceae: model-based analysis of clinical 
data in a pediatric ward. BMC Infect Dis 2013;13:187.
24. Hayden MK, Lin MY, Lolans K, et al. Prevention of 
colonization and infection by Klebsiella pneumoniae 
carbapenemase-producing Enterobacteriaceae 
in long term acute care hospitals. Clin Infect Dis 
2015;60:1153-1161.
25. Cole JM, Schuetz AN, Hill CE, et al. Development 
and evaluation of a real-time PCR assay for detection 
of Klebsiella pneumoniae carbapenemase genes. J Clin 
Microbiol 2009;47:322-326.
26. Lolans K, Calvert K, Won S, et al. Direct ertapenem 
disk screening method for identification of KPC-
producing Klebsiella pneumoniae and Escherichia 
coli in surveillance swab specimens. J Clin Microbiol 
2010;48:836-841. 



Chapter 460 |

27. Mangold KA, Santiano K, Broekman R, et al. 
Real-time detection of blaKPC in clinical samples and 
surveillance specimens. J Clin Microbiol 2011;49:3338-
3339.
28. Bonten MJ. Colonization pressure: a critical 
parameter in the epidemiology of antibiotic-resistant 
bacteria. Crit Care 2012;16:142.
29. Worby CJ, Jeyaratnam D, Robotham JV, et 
al. Estimating the effectiveness of isolation and 
decolonization measures in reducing transmission of 
methicillin-resistant Staphylococcus aureus in hospital 
general wards. Am J Epidemiol 2013;177:1306-1313.
30. Borenstein M, Hedges L, Rothstein H. Meta-
analysis: fixed effect vs. random effects. Meta-analysis 
website. http://www.meta-analysis.com/downloads/
Meta%20Analysis%20Fixed%20vs%20Random%20
effects.pdf. Published 2007.
31. Neyeloff JL, Fuchs SC, Moreira LB. Meta-analyses 
and Forest plots using a Microsoft excel spreadsheet: 
step-by-step guide focusing on descriptive data 
analysis. BMC Res Notes 2012;5:52.
32. Diekmann O, Heesterbeek H, Britton T. 
Mathematical Tools for Understanding Infectious 
Disease Dynamics. Princeton: Princeton University 
Press, 2012.
33. Cooper BS, Medley GF, Stone SP, et al. Methicillin-
resistant Staphylococcus aureus in hospitals and the 
community: stealth dynamics and control catastrophes. 
Proc Natl Acad Sci U S A 2004;101:10223-10228.
34. Centers for Disease Control and Prevention 
(CDC). Guidance for control of infections with 
carbapenem-resistant or carbapenemase-producing 
Enterobacteriaceae in acute care facilities. MMWR 
2009;58:256-260.
35. Ben-David D, Masarwa S, Adler A, 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.



Modeling spread of KPC-producing bacteria in long-term acute care hospitals in the Chicago region, USA | 61

4

SUPPLEMENTARY INFORMATION 1. MCMC ALGORITHM

A Markov model was developed in which patients were either susceptible (KPC-negative) or 
colonized (KPC-positive). We looked at floors as separate entities. Patients had a probability f 
to be colonized on admission. Transmission could occur at rate β, dependent on the number 
of colonized patients on the floor: β I / N, with I representing the number of colonized patients 
on the floor, and N the total number of patients on the floor. Furthermore, transmission of KPC 
could happen with a constant background rate α, accounting for the endogenous route and 
transmission from the environment, other wards, visitors, et cetera. Hence, the probability for a 
susceptible patient to not acquire KPC during a day was e-(α+ β I / N) and the probability to acquire 
colonization was then 1-e-(α+ β I / N). 

For most patients we had a culture result on the day of admission and a follow-up screening 
culture. However, since screening cultures are imperfect, we also estimated the sensitivity φ, 
allowing for false negative results. Specificity was assumed to be 100%. Furthermore, we knew 
on which floor and in which room patients were during each day of their entire length of stay. 
For modeling convenience, we assumed that microbiological culture results became available 
at a fixed time of the day, e.g., at noon, and that admission and discharge occurred at the same 
fixed time.

The model was developed within a Bayesian framework. We used a data-augmented Markov 
chain Monte Carlo (MCMC) method with Metropolis-Hastings algorithm to analyze the data 
and to update α and β. This method allowed for unobserved colonization times. The method 
was similar to the method described by Worby et al.29 

First, (uninformative) prior distributions were set for the parameters in the model. For α and 
β an exponential distribution was chosen, which is an uninformative prior when the parameter 
of the exponential distribution is chosen to be very small (here, 0.001). In this way, in the 
most relevant area from 0 to 1 this was almost a constant. For f and φ an uninformative beta 
distribution was taken as prior distribution with both parameters of the distribution set to 1. f 
and φ can only adopt values between 0 and 1 and the beta distribution has the same property. 

Parameters α and β were updated using a Metropolis-Hastings algorithm. At each iteration, 
a new value for α was proposed, based on the current sample value plus a value sampled from 
a normal distribution with mean 0 and standard deviation 0.01. If the change in the posterior 
likelihood (the likelihood multiplied with the prior distribution) was either in the right direction 
or the change was smaller than the number sampled from an exponential distribution with 
parameter 1, the new value for α was accepted and used in the next iteration, otherwise it was 
rejected and the current value was reused. The same was done for updating β.

The sensitivity φ can be sampled from a from a beta distribution with parameters (a + TP, 
b + FN) where TP is the number of true positive cases in the augmented data, and FN is the 
number of false negative cases. Likewise, the admission prevalence f can be sampled from a 
beta distribution with parameters (a + PA, b + NA). Here, PA is the number of patients who 
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were positive on admission in the augmented data, and NA the number of patients who were 
negative on admission. 

After updating the model parameters, the augmented data were updated. Both the day of 
colonization and the status on admission (colonized or uncolonized) were updated. Three 
moves were defined within another Metropolis-Hastings algorithm and these moves could be 
made with equal probability. See Worby et al.29 for the exact formulas.
- Move a colonization time: the colonization time is moved to another day, either earlier or 

later. This could also mean that the patient is now assumed to be colonized on admission 
or was assumed to be, but not is now assumed to have acquired colonization later. The 
colonization time of patients with a positive admission screening cannot be moved.
- Add a colonization time: add a colonization time for a patient who was previously assumed 

to be negative, but now assumed to be either positive on admission or to have acquired 
colonization. 
- Remove a colonization time: remove a colonization time for a patient who was previously 

assumed to be positive for KPC. Colonization times of patients who have a positive culture 
result cannot be removed.

When a move was rejected, the augmented dataset was unchanged. In the next step the 
posterior likelihood was updated. If the change in the posterior likelihood was either in the 
right direction or the change was smaller than the number sampled from an exponential 
distribution with parameter 1, then the new colonization times were accepted. Otherwise the 
current times were used in the next iteration. 
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SUPPLEMENTARY FIGURE 1. PARAMETER VALUES ORIGINAL MODEL

Figure S1 | Parameter values original model with pooled estimates for all parameters
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SUPPLEMENTARY INFORMATION 2. REGRESSION ANALYSES

Exploratory regression analyses were undertaken, relating the number of acquisitions per 1,000 
patient days to characteristics of adherence to the study protocol and patient characteristics 
as described in Hayden et al.24 Adherence to collection of admission swabs, the every-other-
week surveillance swabs, hand hygiene, the quantity of CHG cloths ordered per patient per 
month, the percentage of single rooms in the facility, the average number of roommates, or 
patient related variables (length of stay, age, gender) were not significantly associated with the 
number of acquisitions, while adherence to cohorting (percentage of KPC-positive patients on 
cohort floors or in single rooms) was (Figure S2).

Figure S2 | Regression analyses
Association between adherence to cohorting and the number of acquisitions per 1,000 patient days.

Next, weighted least square regression analyses were done, taking into account the spread 
around the estimate of the number of acquisitions. The inverse of the variance was taken as 
the weighing factor. The R2 of the model was high (0.974) and significant (p = 0.013).

The two LTACHs with the highest percentage of KPC-positive patients on cohort floors or in 
single rooms were indeed LTACHs B and D. This strengthens our hypothesis that the use of a 
pure cohort or single rooms for KPC-positive patients in LTACHs seems to limit transmission 
compared to use of a mixed cohort. However, in this exploratory analysis no confounding 
factors (such as differences between LTACHs in case mix or hand hygiene) were taken into 
account and thus no firm conclusion can be drawn.
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SUPPLEMENTARY INFORMATION 3. SENSITIVITY ANALYSES

The parameter estimates found after adding positive clinical cultures to the data (Table S1) 
are comparable to the estimates of the original model. Slight differences can be seen in the 
estimates for the patient-dependent transmission rate and the sensitivity, although these are 
not significant. 

The parameter estimates from Table S2, after adding artificial positive cultures on the day of 
admission for patients with a positive culture in a previous admission, are mostly comparable 
to the original analysis. The estimates for the transmission parameters seem to be slightly 

Table S1 | Parameter values sensitivity analysis: surveillance cultures + clinical cultures

Pooled* LTACH A LTACH B LTACH C LTACH D

Background transmission 
rate (per day), median (95% 
CrI)

α 0.0026 
(0.0015-
0.0046) †

0.0019 
(0.00024-
0.0043)

0.0030 
(0.00033-
0.0059)

0.0042 
(0.0021-
0.0065)

0.0015 
(0.00047-
0.0030)

Patient-dependent 
transmission rate (per 
colonized patient per day), 
median (95% CrI)

β 0.020 
(0.011-
0.036) †

0.026 
(0.012-
0.040)

0.0084 
(0.00046-
0.021)

0.013 
(0.0037-
0.023)

0.038 
(0.015-
0.067)

Probability to be positive on 
admission, median (95% CrI)

f 0.17 (0.14-
0.21)

0.13 (0.11-
0.17)

0.16 (0.13-
0.20)

0.22 (0.19-
0.24)

0.18 (0.15-
0.22)

Sensitivity of screening 
process¶, median (95% CrI)

φ 0.90 (0.87-
0.92)

0.92 (0.85-
0.97)

0.88 (0.83-
0.93)

0.88 (0.84-
0.92)

0.93 (0.87-
0.97)

95% CrI: 95% credible interval 
* mean and 95% confidence interval instead of median and 95% credible interval 
† values after transformation back to the original scale

Table S2 | Parameter values sensitivity analysis 2: surveillance cultures + artificial positive cultures

Pooled* LTACH A LTACH B LTACH C LTACH D

Background transmission 
rate (per day), median (95% 
CrI)

α 0.0015 
(0.00082-
0.0029) †

0.00091 (0-
0.0031)

0.0015 (0-
0.0036)

0.0029 
(0.00062-
0.0050)

0.0013 
(0.00024-
0.0028)

Patient-dependent 
transmission rate (per 
colonized patient per day), 
median (95% CrI)

β 0.0069 
(0.0032-
0.015) †

0.0087 
(0.0010-
0.018)

0.0047 
(0.00028-
0.012)

0.0064 
(0.00052-
0.015)

0.015 
(0.0016-
0.037)

Probability to be positive on 
admission, median (95% CrI)

f 0.28 (0.25-
0.31)

0.29 (0.25-
0.35)

0.26 (0.22-
0.31)

0.31 (0.28-
0.35)

0.26 (0.22-
0.30)

Sensitivity of screening 
process¶, median (95% CrI)

φ 0.73 (0.63-
0.82)

0.63 (0.53-
0.72)

0.70 (0.61-
0.78)

0.71 (0.64-
0.77)

0.86 (0.78-
0.92)

95% CrI: 95% credible interval 
* mean and 95% confidence interval instead of median and 95% credible interval 
† values after transformation back to the original scale
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lower when adding artificial positive cultures. In line with this, the probability to be positive on 
admission is (significantly) higher than in the original model. The most obvious explanation for 
this observation is the fact that extra positive cultures on admission were added. Probably, in 
the original model, these patients were not labeled as positive on admission, but some were 
thought to have acquired KPC later in the admission (via transmission from another positive 
patient). This scenario, however, represents the extreme case where loss of KPC colonization 
never occurs. These results can be interpreted as a lower boundary on the transmission rate β.
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ABSTRACT

During a large hospital outbreak of OXA-48 producing bacteria, most K. pneumoniaeOXA-48 
isolates were phenotypically resistant to meropenem or imipenem, whereas 
most E. coliOXA-48 isolates were phenotypically susceptible to these antibiotics. In 
the absence of molecular gene-detection E. coliOXA-48 could remain undetected, 
facilitating cross-transmission and horizontal gene transfer of blaOXA-48. Based on 
868 longitudinal molecular microbiological screening results from patients carrying  
K. pneumoniaeOXA-48 (n = 24), E. coliOXA-48 (n = 17), or both (n = 40) and mathematical modeling 
we determined mean durations of colonization (278 and 225 days for K. pneumoniaeOXA-48 and 
E. coliOXA-48, respectively), and horizontal gene transfer rates (0.0091/day from K. pneumoniae 
to E. coli and 0.0015/day vice versa). Based on these findings the maximum effect of horizontal 
gene transfer of blaOXA-48 originating from E. coliOXA-48 on the basic reproduction number (R0) 
is 1.9%, and it is, therefore, unlikely that phenotypically susceptible E. coliOXA-48 will contribute 
significantly to the spread of blaOXA-48.
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INTRODUCTION

Nosocomial outbreaks of carbapenemase-producing Enterobacteriaceae are rapidly increasing 
worldwide.1 Three classes of carbapenemases have been identified in Enterobacteriaceae: 
Ambler class A (mainly Klebsiella pneumoniae carbapenemases), B (metallo-beta-lactamases), 
and D (oxacillinases).2 OXA-48, belonging to class D, was found for the first time in K. pneumoniae 
in 2001 in Turkey.3 Since then, OXA-48 has been detected in many other countries1,2,4-6, often 
due to transfer of patients from hospitals in OXA-48 endemic regions.2

The blaOXA-48 gene is located on a plasmid3 and spread of resistance can, therefore, occur 
through cross-transmission of bacteria (harboring the plasmid), but also through within-host 
horizontal gene transfer (HGT) between the same and different species of Enterobacteriaceae, 
e.g., due to conjugation. Several studies have demonstrated that HGT, including of blaOXA-48, 
can be important in the transmission of highly resistant Enterobacteriaceae.7-12

Based on international criteria for defining phenotypes based on antibiotic susceptibilities, 
OXA-48 producing bacteria can be highly resistant to carbapenems (mostly in K. pneumoniae 
and when present together with ESBL genes) or susceptible to imipenem and meropenem 
(e.g., in Escherichia coli in the absence of ESBL genes).13 In the latter case, identification of 
blaOXA-48 relies on molecular detection or susceptibility testing for ertapenem, which is not 
common practice in all diagnostic laboratories. Failure to identify these ‘susceptible’ OXA-48 
producing isolates may facilitate unnoticed spread.2,12,14

The dynamics of blaOXA-48 in Enterobacteriaceae are driven by the rates of bacterial cross-
transmission, within-host HGT, and decolonization rates. Yet, their values have never been 
quantified, although some studies suggest that the cross-transmission rate of K. pneumoniae 
is higher than of E. coli in hospital and household settings.15-17

Data for this study were obtained from an outbreak in the Maasstad hospital, Rotterdam, 
the Netherlands, involving 118 patients.13 Here we have used longitudinal colonization data 
of 81 patients colonized with OXA-48 producing K. pneumoniae and/or E. coli of whom 
follow-up screening cultures were available and determined the within-host HGT-rate and 
duration of colonization with OXA-48 producing bacteria. The outbreak was characterized by 
phenotypical resistance to carbapenems of 15.5% (meropenem) and 71.6% (imipenem) of K. 
pneumoniaeOXA-48 and of 0% (meropenem) and 10.9% (imipenem) of E. coliOXA-48 using EUCAST 
breakpoints as determined by VITEK 2 (bioMérieux, Marcy l’Etoile, France). All tested isolates 
but four had an MIC ≥ 0.25 for ertapenem as determined by Etest (bioMérieux, Marcy l’Etoile, 
France).13 We, therefore, consider the outbreak to be caused by K. pneumoniaeOXA-48 with a 
phenotype detectable by routine susceptibility testing or by E. coliOXA-48 with a susceptible 
phenotype that can only be detected by molecular testing or ertapenem susceptibility testing. 
Most E. coliOXA-48 were found when patients were residing at home, indicating that the hospital 
outbreak was mostly caused by K. pneumoniaeOXA-48 with subsequent HGT.

Here, we assess the influence of E. coliOXA-48 on the epidemiology of blaOXA-48 using the 
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measured duration of colonization, the within-host HGT rates, and mathematical modeling. 
The effect is quantified by the influence of E. coliOXA-48 on the R0 of all OXA-48 producing 
Enterobacteriaceae. R0 is the basic reproduction number (the average number of secondary 
cases caused by one typical infected (colonized) individual, in a population consisting of 
susceptibles only).18

METHODS

All patients included in this study presumably acquired OXA-48 producing Enterobacteriaceae 
during a large nosocomial outbreak in the Netherlands from 2009 to 2011.13 The blaOXA-48 
carrier status of colonized patients was determined every two months after hospital discharge, 
until six consecutive negative cultures with two months in-between cultures. There were no 
attempts for elimination of blaOXA-48 colonization. Screening swabs from rectum, throat, and 
possible infection sites were inoculated overnight in broth containing ertapenem (0.125 
mg/L). The specimens were then tested by PCR for blaOXA-48. Positive samples were inoculated 
on CRE (Oxoid Brilliance™ CRE Agar) and McConkey agar (Oxoid) and the presence of blaOXA-48 
was reconfirmed by PCR in every morphologically different isolate.13 Data for the current study 
was collected until March 2013. Data collection was not designed for research purposes but 
for clinical care. Patient information was anonymized and de-identified prior to analysis. The 
Medical Ethics Review Committee of the Maasstad Ziekenhuis determined that this study was 
exempted from evaluation with regard to the Dutch Medical Research Involving Subjects Act. 
Details on microbiological methods, outbreak management, and impact of infection control 
measures can be found in Dautzenberg et al.13

Model description
We modeled a hospital and its corresponding catchment population with all subjects in 
either of four colonization states: not colonized with OXA-48 producing K. pneumoniae or 
E. coli and susceptible to colonization, colonized with K. pneumoniaeOXA-48, colonized with E. 
coliOXA-48, or colonized with both K. pneumoniaeOXA-48 and E. coliOXA-48 (Figure 1). All subjects were 
assumed to carry (antibiotic susceptible) K. pneumoniae and E. coli. We made no distinction 
between colonization and infection. Cross-transmission was assumed to occur only during 
hospitalization, at a rate proportional to the product of the number of blaOXA-48 colonized 
and susceptible patients according to the mass action principle. Within-host HGT of blaOXA-48 
from K. pneumoniae to E. coli and vice versa was assumed to occur at a constant rate, both 
in- and outside the hospital setting. It was assumed that elimination of blaOXA-48 colonization 
did not occur during hospitalization (because of high antibiotic pressure at hospital level) and 
occurred at a fixed rate after hospital discharge. 

When discharged from the hospital, patients entered the corresponding colonization state 
in the community. As recently discharged patients have a higher risk of readmission, the 
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readmission rate was modeled by dividing non-hospitalized subjects into two compartments. 
After discharge patients entered compartment 1 with a high readmission rate and with a 
fixed rate they moved into compartment 2, in which subjects had a lower readmission rate. 
Discharged patients were immediately replaced by new admissions with subjects from the 
community with either of four colonization states, dependent on the prevalence of blaOXA-48 
colonization in the community.19 Bed occupancy in the hospital was assumed to be constant 
(600 beds). All model parameters are listed in Table 1 and the differential equations are given 
in Supplementary Information 1. 

For given parameter values we can calculate the value of R0 in the model as the dominant 
eigenvalue of the next-generation matrix corresponding to the model18 (see Supplementary 
Information 1) as well as the per admission reproduction number RA (the average number of 

Figure 1 | OXA-48 model
A. Model of population flow
B. Within-host model in the hospital
C. Within-host model in the community with a high risk of readmission
D. Within-host model in the community with a low risk of readmission
K- C-: blaOXA-48 negative (both K. pneumoniae and E. coli are susceptible)
K- C+: E. coliOXA-48 (K. pneumoniae is susceptible) 
K+ C-: K. pneumoniaeOXA-48 (E. coli is susceptible)
K+ C+: K. pneumoniaeOXA-48 and E. coliOXA-48
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blaOXA-48 transmission events due to one colonized individual during a single admission, i.e., 
ignoring the feedback loop due to readmission of patients who are still colonized).19

Model parameterization
The value of the discharge rate α was calculated as the reciprocal of the mean length of stay 
of all patients in the outbreak hospital, excluding admissions of one day.

Cross-transmission parameters for K. pneumoniaeOXA-48 (βK) and E. coliOXA-48 (βC) have never 
been determined. However, to estimate the relative reduction of R0 due to interventions, 
only the ratio of values of the cross-transmission parameters, βK:βC, is important and not the 
absolute values. As the value of R0 for OXA-48 producing Enterobacteriaceae is unknown, we 
arbitrarily choose a value of R0 of 1.1 for our graphs. A ratio of 3:1 for βK:βC was taken, based 
on studies that suggest that ESBL-producing K. pneumoniae spreads better than E. coli.15-17

Decolonization rates (γK and γC) were calculated from the data of all patients who had at 
least one screening culture with K. pneumoniaeOXA-48 or E. coliOXA-48 obtained since June 2011. It 
was assumed that patients were positive at least until their last positive test. Negative culture 
results in-between positive results were considered false negative. Negative cultures after the 
last positive culture could be true negative or false negative. The specificity was assumed to be 
100%.13 We jointly estimated the sensitivity of the detection method (swabbing, culturing, and 
PCR) and the parameter of the (assumed) exponentially distributed survival curve of blaOXA-48 
colonization with a maximum likelihood method. 95% confidence intervals (CI) were obtained 
using the likelihood ratio test (Supplementary Information 2).

The HGT-rates λKC and λCK were also estimated from the results of the blaOXA-48 screening 
cultures, excluding patients in which the first positive screening culture yielded both K. 

Table 1 | Model parameters of the baseline model

Parameter Symbol Default values

Mean length of stay 1/α 7 days

Cross-transmission rate K. pneumoniaeOXA-48 βK 3 * βC, chosen to give R0 the desired value

Cross-transmission rate E. coliOXA-48 βC Chosen to give R0 the desired value

Mean duration of colonization K. pneumoniaeOXA-48 1/γK 278 days

Mean duration of colonization E. coliOXA-48 1/γC 225 days

HGT-rate blaOXA-48 from K. pneumoniae to E. coli λKC 0.0091 per day

HGT-rate blaOXA-48 from E. coli to K. pneumoniae λCK 0.0015 per day

Admission rate from high risk group φ1 1/270 per day

Admission rate from low risk group φ2 1/3897 per day, defined by other parameters:  
(N α χ) / (-N α + M (φ1 + χ))

Rate of change from high to low risk group χ 1/100 per day

Hospital population N 600

Catchment population (high + low risk) M 250,000

HGT: horizontal gene transfer
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pneumoniaeOXA-48 and E. coliOXA-48. The HGT-rate of blaOXA-48 from K. pneumoniae to E. coli 
(λKC) was determined for all patients with at least one positive screening culture for K. 
pneumoniaeOXA-48 and without a previous culture with E. coliOXA-48, with in the denominator the 
number of days from first detection of K. pneumoniaeOXA-48 to either the last culture date with 
K. pneumoniaeOXA-48 or the middle date between the last culture date with K. pneumoniaeOXA-48 
and the first detection of E. coliOXA-48 and K. pneumoniaeOXA-48. In the numerator we included 
all events in which K. pneumoniaeOXA-48 colonization preceded combined colonization with K. 
pneumoniaeOXA-48 and E. coliOXA-48. The HGT-rate was thus calculated as the number of transfers 
per day at risk for HGT. The HGT-rate λCK was calculated analogously. In this way, an effective 
HGT-rate in patients was estimated, providing an averaged rate that incorporates the influence 
of factors changing over time such as antibiotic use. The estimates for the mean time to 
readmission from the population with a high risk of readmission (1/φ1) and the rate of moving 
from the population with a high risk of readmission to the population with a lower risk (χ) 
were obtained from real life data of the University Medical Center Utrecht.20 The mean time to 
readmission from the population with a lower risk (1/φ2) was defined by the other parameters 
in the model, in order to keep population sizes in agreement with the data.

Population sizes in hospital and community were based on those of the Maasstad hospital, 
which contained approximately 600 beds and had a catchment area of approximately 250,000 
people.21 The sizes of the sub communities (high and lower risk of readmission) were defined 
by the model.

Model calculations
The ratio between R0 and RA indicates the relative importance of readmission in the nosocomial 
dynamics of blaOXA-48 spread.

The impact of HGT was measured by comparing the mean duration of colonization with K. 
pneumoniaeOXA-48 and E. coliOXA-48 as calculated from the data and model. As the gene can be 
exchanged between both species, HGT effectively prolongs the duration of colonization. The 
exact derivation can be found in Supplementary Information 1.

In theory, earlier detection of E. coliOXA-48 (e.g., by ertapenem susceptibility testing 
and molecular testing) would reduce nosocomial transmission of OXA-48 producing 
Enterobacteriaceae and the maximum effect would be comparable to immediate elimination 
of E. coliOXA-48. This theoretical effect was quantified by the relative difference between R0 with 
and without E. coli. Arbitrarily, a 20% reduction in R0 was considered effective.

Sensitivity analyses were performed for cross-transmission rates (βK and βC), HGT-rates 
(λKC and λCK), duration of colonization (γK and γC), and the catchment population size (M). 
Furthermore, we determined the potential effects of blaOXA-48 cross-transmission in the 
community and of different definitions for colonization.

Analyses were done in SPSS (IBM SPSS Statistics, Version 20) and Mathematica (Wolfram 
Research, Inc., Mathematica, Version 9.0, Champaign, IL).
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RESULTS

Duration of colonization and HGT-rates were derived from longitudinal culture results of 81 
patients; 24 carried K. pneumoniaeOXA-48 only, 17 carried E. coliOXA-48 only, and 40 carried both K. 
pneumoniaeOXA-48 and E. coliOXA-48 (Table 2). The estimated mean duration of colonization was 
278 (95% CI 204-394) and 225 days (95% CI 164-321) for K. pneumoniaeOXA-48 and E. coliOXA-48, 
respectively.

We observed 21 blaOXA-48 transfer events from K. pneumoniae to E. coli during 2305 days at 
risk, yielding a HGT-rate of 0.0091/day. There were three blaOXA-48 transfer events from E. coli 
to K. pneumoniae during 2004 days at risk, yielding a HGT-rate of 0.0015/day. HGT prolonged 
the mean duration of blaOXA-48 colonization with a factor 1.2 and 1.3 for K. pneumoniaeOXA-48 
and E. coliOXA-48, respectively. The sensitivities of the screening process for detecting K. 
pneumoniaeOXA-48 and E. coliOXA-48 were estimated to be 90.0% (95% CI 86.1-93.3) and 89.7% 
(95% CI 84.4-93.8), respectively.

The ratio between R0 and RA was 1.36, implying that readmissions of colonized patients were 
responsible for a more than a quarter of all transmissions (0.36/1.36 = 26%). As can be seen 
from Supplementary Information 1, this ratio is dependent on the choice of the parameter 
values. However, it does not depend on the values for βK and βC but on the ratio of βK:βC.

The contribution of E. coliOXA-48 to R0 was 1.9% with current parameter values. A 20% 
contribution to R0 would be reached when the mean duration of colonization with E. coliOXA-48 
would be 6.1 years (instead of 225 days as observed) or the HGT-rates from K. pneumoniae to 
E. coli and vice versa would be 7.3 times the observed rates (Figure 2 and Table 3).

Table 2 | Baseline characteristics of the study population of positive patients (n = 81)

Gender, n males (%) 49 (60.5%)

Age at first admission during outbreak period, median (IQR) 69.1 (57.8-77.5)

Length of stay in days during outbreak period, median (IQR) per admission, excluding 
1-day admissions

8 (3-18)

Admission days during outbreak period, median (IQR) 38 (14-68.5)

Number of admissions during outbreak period, median (IQR) 3.5 (2- 6)

Number of days on which screening cultures were taken, median (IQR) 11 (8-15)

Number of days between two subsequent screening cultures, median (IQR) 18 (2-63)

Total number of screening cultures included, n 868

Screening cultures taken during hospital stay, % 41%

Time of follow-up since first positive culture until last known culture in days, mean (SD) 374 (175)

Patients at risk for HGT from K. pneumoniae to E. coli 47

Patients at risk for HGT from E. coli to K. pneumoniae 22

IQR: interquartile range 
SD: standard deviation 
HGT: horizontal gene transfer
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Sensitivity analyses
Increasing the ratio between the cross-transmission parameters βK and βC only has a small 
effect on the contribution of E. coliOXA-48 to R0. The opposite, though, when the βK:βC ratio 
declines, will increase the contribution of E. coliOXA-48, although this scenario does not seem 
realistic (Table 3).

Changing HGT-rates and duration of colonization also influences results, but only to a 
small extent. Doubling both HGT-rates changes the effect of E. coliOXA-48 on R0 to 5.0%, while 
doubling both the duration of colonization with K. pneumoniaeOXA-48 and E. coliOXA-48 changes 
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Figure 2 | Influence of within-host horizontal gene transfer on R0
The dashed line depicts the R0 of E. coliOXA-48 as a function of the duration of colonization with E. coliOXA-48 
when there is no HGT, the dotted line represents the R0 of K. pneumoniaeOXA-48 as a function of the duration 
of colonization with E. coliOXA-48 when there is no HGT, and the solid line represents R0 as a function of the 
duration of colonization with E. coliOXA-48 when there is HGT. R0 is arbitrarily set at 1.1.

Table 3 | Results sensitivity analyses on βK and βC, all other parameters are kept constant

βK = 3 βC 
(baseline)

βK = 6 βC βK = βC βK = 0.5 βC

Ratio R0/RA 1.36 1.36 1.45 1.33

Contribution of E. coliOXA-48 to R0 -1.9% -1.6% -9.8% -50.1%

Duration of colonization E. coli to reach 
20% contribution of E. coliOXA-48 to R0 (days)

2228 2807 535 *

Ratio HGT-rates K. pneumoniaeOXA-48 to E. 
coliOXA-48 and v.v. versus baseline values to 
reach 20% contribution of E. coliOXA-48 to R0 

7.3 9.0 2.4 *

HGT: horizontal gene transfer 
* 20% not achievable with this ratio of βK:βC
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the effect to 7.0% (Supplementary Information 3). Changes in the catchment population size 
(default +/- 100,000) do not impact the results. 

In a setting with 20% of all blaOXA-48 cross-transmissions occurring in the community, while 
keeping the ratio of βK:βC at 3:1, the contribution of E. coliOXA-48 to R0 was 2.6%. The duration 
of colonization with E. coliOXA-48 should then be 3.3 years to reach a 20% contribution to R0 
(Supplementary Information 3).

Finally, we investigated the effects of different definitions for colonization. In the default 
we only used negative culture results to define negativity. In this sensitivity analysis, a patient 
was considered non-colonized with K. pneumoniaeOXA-48 when, on a certain day, E. coliOXA-48 
but not K. pneumoniaeOXA-48 was detected (and vice versa for E. coli). Using this definition, 
the mean durations of colonization were still comparable to the baseline situation: 269 days 
for K. pneumoniaeOXA-48 (95% CI 197-381) and 227 days for E. coliOXA-48 (95% CI 165-324). The 
sensitivity of the screening process for detecting K. pneumoniaeOXA-48 then became 79.7% (95% 
CI 75.1-83.8) and for E. coliOXA-48 74.8% (95% CI 68.7-80.4). 

DISCUSSION

The combination of detailed microbiological data on duration of colonization of K. 
pneumoniaeOXA-48 and E. coliOXA-48, the estimated occurrence of within-host HGT between both 
species, and a mathematical model demonstrated that the feared scenario of a hidden reservoir 
of blaOXA-48 containing, but phenotypically carbapenem-susceptible, E. coli is highly unlikely. 
Based on the parameters derived during a large hospital outbreak of K. pneumoniaeOXA-48, 
blaOXA-48 in phenotypically susceptible E. coli had minor effects on the R0 of OXA-48 containing 
Enterobacteriaceae. Furthermore, the model illustrates the strain characteristics needed, related 
to duration of colonization and incidence of HGT, allowing unnoticed spread of blaOXA-48. In the 
current study the durations of colonization were comparable for K. pneumoniaeOXA-48 and E. 
coliOXA-48, but the HGT-rate of blaOXA-48 from K. pneumoniae to E. coli appeared much higher 
than the other way around. 

Naturally, a model is a simplification of reality and model predictions should be interpreted 
with caution. For example, the population is considered to be homogeneous, so no distinction 
is made between different types of wards and patients. Moreover, parameter estimates are 
based on a single outbreak, reducing the external validity. No data was available on antibiotic 
use during the follow-up period, impairing estimates on the effect of antibiotics on OXA-
48 producing bacteria. Yet, since there are no other studies with a similar data on blaOXA-48 
transmission, we consider these outbreak data currently as the best available. Furthermore, 
only K. pneumoniae and E. coli are included in this model. Although other bacteria can harbor 
the blaOXA-48 plasmid, during this outbreak only 2.5% of all patients carrying OXA-48 producing 
bacteria did not carry K. pneumoniaeOXA-48 or E. coliOXA-48.

13

We did not distinguish colonization from infection, although infected patients might have 
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had a longer length of stay or higher transmission potential. Also, all different routes of 
transmission, such as direct patient to patient contact, transmission via health care workers, or 
transmission from environmental sources were captured in one transmission parameter. This 
seems justified since no colonization was demonstrated in staff13 but transient colonization 
is still possible. Furthermore, when the duration of carriage in health care personnel is 
short, there is no need to model the process as vector-borne transmission.22 In sensitivity 
analyses, the ratio of the transmission parameters for K. pneumoniaeOXA-48 and E. coliOXA-48 was 
changed in order to investigate effects on the outcomes. Results would alter dramatically 
if the transmission parameter for E. coli would be higher than for K. pneumoniae. However, 
although there are no accurate estimates available, there is evidence that K. pneumoniae 
spreads better than E. coli and the ratio of 3:1 seems plausible.13,16,17 Furthermore, allowing 
cross-transmission in the community increased the effect of E. coliOXA-48 only slightly. Also, 95% 
of blaOXA-48 encoding plasmids were identical in pMLST.13 This strengthens our assumptions 
on cross-transmission and HGT. The assumption that all patients carry susceptible E. coli and 
K. pneumoniae might seem stringent, but the model estimates an effective HGT-rate. The 
assumption that all patients carry susceptible K. pneumoniae provides the most conservative 
estimate, since the rate will be higher in patients with susceptible Enterobacteriaceae and 0 in 
patients without. If we would assume that only 50% of the patients carry antibiotic-susceptible 
K. pneumoniae, the rate will be double (and the role of E. coli will likewise decline). When the 
populations are well mixed, the estimates, as determined by the model, will represent the 
effective (averaged) HGT-rates.

Within-host HGT prolongs the duration of colonization. ‘Temporary storage’ of blaOXA-48 in 
another species, which may not be detected on its phenotypical appearance, can thus artificially 
prolong the duration of colonization. However, the effect on transmission will be limited as 
long as most of the prolongation will occur outside the hospital where cross-transmission is 
assumed to occur less frequently than in health care settings. Since patients resided outside 
of the hospital during the follow-up period, we are confident that events we marked as HGT 
in this period were indeed HGT and not transmission, although strain relatedness was not 
assessed.

Even though transmission parameters and R0 of OXA-48 producing Enterobacteriaceae have 
never been quantified, we determined that readmission of colonized patients was important in 
the nosocomial dynamics of blaOXA-48 during this outbreak. Readmission of colonized patients 
may lead to new events of transmission creating a so-called ‘feedback loop’ in the dynamics.19 
We estimated that more than a quarter of transmissions were caused by readmitted patients 
during this outbreak, supporting the policy to flag colonized patients and to treat them 
in isolation or with barrier precautions when readmitted. In analogy of Cooper et al.19 we 
emphasize the importance of readmission. Interventions should not only focus on reducing RA 
below one, but also on getting R0 below one.

Although others have reported sensitivities of (nearly) 100% for PCR for blaOXA-48
23-25, we 
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estimated that the sensitivity of the screening procedures used during this outbreak was 
around 90%. However, this includes the procedure of obtaining and transporting swabs, 
overnight broth inoculation with ertapenem, PCR testing, and microbiological culture. While 
the analytical sensitivity of the PCR is probably close to 100%, each step might have yielded 
false negative results, reducing the sensitivity of the total procedure.

During the time of the outbreak (2011), screening for OXA-48 with ertapenem was not 
widely used, but the molecular screening on OXA-48 identified E. coliOXA-48 with low MICs for 
imipenem and meropenem instead. Our findings suggest that a failure to detect E. coliOXA-48 

(if it had happened) would not have led to massive transmission of OXA-48 originating from 
undetected E. coliOXA-48 isolates. The model, although a simplification of reality, estimated that 
the contribution of E. coliOXA-48 to R0 during this OXA-48 outbreak was 1.9%, which suggests 
that it is unlikely that a large reservoir of E. coliOXA-48 will emerge if these isolates would remain 
undetected.
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SUPPLEMENTARY INFORMATION 1. CALCULATIONS

Differential equations
The model used (Figure S1) can be described by the differential equations below. In the 
equations, W represents the number of hospitalized patients uncolonized with OXA-48 (K- 
C-), X the number of hospitalized patients colonized with E. coliOXA-48 (K- C+), Y the number 
of hospitalized patients colonized with K. pneumoniaeOXA-48 (K+ C-), and Z the number 
of hospitalized patients colonized with both (K+ C+). Since the hospital population size is 
constant, Z = N – (W + X + Y). 

Ah to Dh represent the same types of individuals in the community with a high risk of 
readmission: Ah represents the number of individuals uncolonized with OXA-48 (K- C-), Bh 
the number of individuals colonized with E. coliOXA-48 (K- C+), Ch the number of individuals 
colonized with K. pneumoniaeOXA-48 (K+ C-), and Dh the number of individuals colonized with 
both (K+ C+). Al to Dl represent the same types of individuals in the community with a low 
risk of readmission.
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Calculation of R0 and RA

R0 was calculated using the methodology described in the book of Diekmann et al.18 First, the 
transition matrix Σ was determined. In Σ, all changes of states except for cross-transmissions 
are incorporated:

Figure S1 | OXA-48 model
A. Model of population flow
B. Within-host model in the hospital
C. Within-host model in the community with a high risk of readmission
D. Within-host model in the community with a low risk of readmission
K- C-: blaOXA-48 negative (both K. pneumoniae and E. coli are susceptible)
K- C+: E. coliOXA-48 (K. pneumoniae is susceptible) 
K+ C-: K. pneumoniaeOXA-48 (E. coli is susceptible)
K+ C+: K. pneumoniaeOXA-48 and E. coliOXA-48

A B 

C D 
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Next, minus the inverse of Σ (-Σ-1) is calculated. The 
elements of -Σ-1 have a clear interpretation: the element 
-(Σ-1)ij is the expected time that an individual will spend 
in state i, given that it is currently in state j.

Thereafter, the next-generation matrix (NGM) can be 
calculated, using the cross-transmission parameters (βK 
and βC). Element ij of the NGM can be interpreted as 
the expected number of new colonizations starting in 
state i, caused by an infected individual in state j. Since 
a newly colonized person always starts his ‘colonized 
life’ in state X or Y, the NGM can be reduced to:
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R0 is then the dominant eigenvalue of the NGM. 
An explicit expression for R0 in terms of the model 
parameters does exist, but is too large to write down 
here.

For the calculation of RA we only focused on the 
hospital dynamics (Figure S1b), ignoring readmissions. 
The transition matrix Σ is then:
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Using the same methodology as described above, the 
following NGM is obtained:
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Again, RA is the dominant eigenvalue of this NGM.
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Calculation colonization duration with HGT
In order to determine the influence of HGT on the duration of colonization with K. 
pneumoniaeOXA-48 or E. coliOXA-48, we focused on the situation outside the hospital, where loss of 
colonization is possible (Figure S2). We will elaborate on the calculation of K. pneumoniae; the 
calculation for E. coli is analogous. 

The mean duration of colonization with K. pneumoniaeOXA-48, as calculated from the data, is 
1/γK. If HGT is included, then an individual can ‘start’ being colonized in state K+C-, or in state 
K+C+. T is defined as the mean duration of colonization with K. pneumoniaeOXA-48 given a start 
in K+C- and U is defined as the mean duration of colonization with K. pneumoniaeOXA-48 given 
a start in K+C+. The following expressions can then be derived for T and U:

UT
KCK

KC

KCK 



 


 + 

1  

UTU
CKC

CK

CK

K

CK

C

CK 











 








1  

 
Solving these equations for T and U gives the following expression for T:
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The ratio of the duration of colonization with K. pneumoniaeOXA-48 with and without HGT can 
then be calculated as:
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Figure S2 | OXA-48 model (community)
Representation of the model used to calculate the influence of HGT on the duration of colonization.
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SUPPLEMENTARY INFORMATION 2. PARAMETRIC AND NON-PARAMETRIC 
ESTIMATION OF THE SURVIVAL CURVE

In Figure S3 the survival curve of K. pneumoniaeOXA-48 is plotted, estimated using a non-
parametric maximum likelihood method (dashed line) and a assuming an exponential 
distribution of the survival curve (solid line). The lines are not identical, but the differences are 
relatively small and therefore the exponential distribution seems like a good approximation 
of the non-parametric survival curve. The same applies to Figure S4, where the survival curve 
of E. coliOXA-48 is shown. Since we also assumed an exponential distribution of the duration of 
colonization in our model, we used the parametric estimation of the survival curve.

Simultaneously with the survival curves, the sensitivity of the screening process was estimated 
using a maximum likelihood approach. We assumed that negative cultures in between positive 
cultures were false negative, thereby reducing the sensitivity.

Figure S3 | Survival curve of K. pneumoniaeOXA-48
Parametric (solid) and non-parametric (dashed) estimation of the survival curve of K. pneumoniaeOXA-48
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Figure S4 | Survival curve of E. coliOXA-48
Parametric (solid) and non-parametric (dashed) estimation of the survival curve of E. coliOXA-48
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SUPPLEMENTARY INFORMATION 3. SENSITIVITY ANALYSES

In Figure S5, both HGT-rates are varied with a factor X (dashed line) and also the duration of 
colonization with K. pneumoniaeOXA-48 and E. coliOXA-48 is varied with a factor X (solid line). It is 
clear that increasing the HGT-rates increases the effect of E. coli on R0 (e.g., expressed as the % 
change in R0 when detecting E. coliOXA-48 by PCR and hypothetically eradicating it). Although the 
estimates from the outbreak data leave some room for uncertainty, increasing the parameter 
values has a mild effect on the results. The effect of increasing the duration of colonization is 
stronger. An example of individuals who might have a longer duration of colonization could 
be immunocompromised patients. 

In Figure S6, cross-transmission in the community is included. To assure that 80% of the 
transmission would take place in the hospital and keeping the ratio of βK:βC 3:1 both in the 
hospital and in the community, the cross-transmission parameters in the community should 
be 0.0050 times the values of the parameters in the hospital. βK and βC were chosen such that 
R0 at the baseline values for the parameters was the same as in the rest of the analyses. The 
lines are steeper than in Figure 1 and so the influence of E. coliOXA-48 on R0 is bigger, but only 
slightly. 

Figure S5 | Results sensitivity 
analyses on λKC - λCK and γK - γC
X is the factor with which λKC and 
λCK (dashed line) and 1/γK and 1/
γC (solid line) are changed; X=1 
is the original situation. All other 
parameters are kept constant.

Figure S6 | Influence of within-
host horizontal gene transfer on 
R0, including cross-transmission 
in the community
The dashed line depicts the R0 
of E. coliOXA-48 as a function of the 
duration of colonization with E. 
coliOXA-48 when there is no HGT, the 
dotted line represents the R0 of K. 
pneumoniaeOXA-48 as a function of 
the duration of colonization with 
E. coliOXA-48 when there is no HGT, 
and the solid line represents R0 
as a function of the duration of 
colonization with E. coliOXA-48 when 
there is HGT. R0 is arbitrarily set 
at 1.1.0 2000 4000 6000 8000 10 000
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ABSTRACT

Objective
Patients can acquire extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae 
during hospitalization and colonized patients may transmit these bacteria after discharge, most 
likely to household contacts. We determined the transmission capacity of ESBL-producing 
bacteria in household settings and included these parameters in a population model to 
quantify the contributions of nosocomial, within-household, and travel-associated acquisition 
to the community prevalence of ESBL.

Methods
Fecal samples were collected from hospitalized patients colonized with bacteria suspected of 
ESBL-production and from their household members during hospitalization of index patients 
and at 3, 6, 12, and 18 months after hospital discharge. A mathematical household model was 
developed in which person-to-person transmission occurred at rate β, acquisition from other 
sources at rate α, and carriage was lost at rate γ. Next, a deterministic population model with 
a household structure was created, informed by parameter values found in the household 
model.

Results
74 index patients and 84 household members were included. Model estimates were α =  
0.00015/day (95% CI 0.00002-0.00039), β = 0.0053/colonized person/day (0.0025-0.011), and γ 
= 0.0026/day (0.0016-0.0040) for index patients and 0.0090/day (0.0046-0.018) for household 
members. Transmission rates were equal for index patients and household members. In the 
population model, best estimates of within-household transmission and nosocomial and travel-
related ESBL acquisition could not explain the observed ESBL prevalence in the Netherlands.

Conclusion
There is frequent transmission of ESBL-producing bacteria in households, and this route 
contributes for an estimated 14 to 35% to the currently observed prevalence of ESBL-carriage 
in the Netherlands.
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INTRODUCTION

In recent years, the worldwide prevalence of extended-spectrum beta-lactamase (ESBL)-
producing Enterobacteriaceae has increased.1–5 Resistance rates are especially high in health 
care settings, most likely because of cross-transmission and antibiotic selective pressure. 
Community-acquired infections with ESBL-producing bacteria are also on the rise and there is 
evidence for community spread of ESBL-producing E. coli.1,3 Urinary tract infections constitute 
the major part of these infections. In the Netherlands one in ten patients visiting their general 
practitioner with gastrointestinal complaints appeared to be colonized with ESBL-producing 
bacteria.6

The underlying mechanisms of the established ESBL endemicity in the community are not 
well understood. After hospital discharge, colonized patients can transmit contracted bacteria 
to others in the community, especially within the household setting where people have close 
contacts. Reported colonization prevalence in household contacts of ESBL carriers has ranged 
from 17% to 32%.7–12 Although within-household transmission of ESBL-producing bacteria was 
assessed in several studies7,10,13,14, transmission rates have never been determined. 

The duration of carriage represents the duration of infectiousness and of increased risk for 
an infection with ESBL-producing bacteria. Estimates for the duration of carriage of ESBL-
producing bacteria vary, but they can persist for more than a year.12,15–18 Furthermore, travelers 
returning from areas with high prevalence of ESBL-producing bacteria introduce these bacteria 
in the community19,20, and several studies have suggested that transmission of ESBL-producing 
bacteria may occur through the food chain.21–23

The aim of our study was to determine the transmission capacity of, and duration of 
colonization with, ESBL-producing bacteria in households with previously hospitalized patients. 
We included the calculated parameters in a population model to quantify the contributions 
of nosocomial, within-household, and travel-associated acquisitions to the community 
prevalence of ESBL.

METHODS

Study population and data collection
Data were collected from patients with a newly recognized infection or colonization with 
bacteria suspected of ESBL-production and an expected survival of at least one year. They 
were recruited during their stay in the University Medical Center Utrecht, the Diakonessenhuis, 
or Wilhelmina Children’s Hospital in Utrecht, the Netherlands between July 2010 and October 
2013 and will be referred to as index patients. They were included based upon clinical culture 
results, which could be obtained from any body site and on clinical indication or for screening 
purposes. The first clinical culture per patient suspected of ESBL-production was included.

After patient inclusion a fecal sample was obtained during hospitalization. Furthermore, all 
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household contacts of index patients, defined as persons who shared the same household with 
the index patient on a regular basis, were asked to participate. Fecal samples and questionnaires 
were collected during the hospital stay of the index patient, which will be referred to as T0.

After discharge, index patients and household contacts were followed up with fecal samples 
and questionnaires at 3 (T3), 6 (T6), 12 (T12), and 18 months (T18). Follow up was also continued 
when cultures were negative for ESBL. Follow up was discontinued for household contacts if 
the index patient was lost to follow up. Information on antibiotic use was derived from both 
pharmacy departments and community-based pharmacies. If the day of sample collection was 
not exactly the same for all household contacts, the mean day was used in the analyses. 

Informed consent was obtained from all participants.

Microbiology
All cultures were inoculated on an ESBL Brilliance plate (Thermo Fisher Scientific, UK) to detect 
ESBL-producing strains and on MacConkey agar (Thermo Fisher Scientific, UK) as a control for 
adequate sampling. Growth on MacConkey agar, but not on ESBL Brilliance plates, was defined 
as ESBL-negative; growth on ESBL Brilliance plates was defined as possible ESBL carriage. 
Isolates obtained from ESBL Brilliance plates were investigated by microarray analysis (Check-
Points, Wageningen, the Netherlands) for presence of ESBL genes. PCR, DNA sequencing, and 
species identification using MALDI-TOF (Bruker Daltonik, Bremen, Germany) were performed 
on ESBL-positive isolates. Participants were informed about their ESBL carriage status. 

Relatedness of isolates was determined at the level of the bacterial strain, ESBL gene, and 
plasmid. This was assessed for families consisting of at least two persons, of which the index 
patient had an ESBL-positive clinical culture or T0 screening culture and at least one household 
member had a positive follow up culture. Relatedness was determined for the first isolated 
culture of the household contact with the same ESBL gene as identified from the index patient 
and the previous ESBL-positive culture of the index patient. Strain relatedness was  also 
investigated using an isolate obtained during hospitalization and the last follow up isolate 
with a similar ESBL gene. 

ESBLs were considered related if the ESBL gene and plasmid incompatibility group were 
the same, according to PCR, sequencing, and PCR-based replicon typing (PBRT). Strain 
relatedness was based on DiversiLab typing (BioMérieux, Marcy l’Etoile, France). Occurrence 
of ESBL relatedness in absence of strain relatedness was considered as occurrence of within-
host plasmid transfer. Isolates with similarities of >98% in DiversiLab typing were considered 
similar. Isolates with similarities of <98% were judged manually.  

From sets of isolates from the same patient with similarities of <98%, plasmids were typed 
with PBRT after transformation, as previously described.24 For sets of isolates with similarities 
of >98%, PBRT was performed without transformation. If plasmid types were not similar, PBRT 
and DiversiLab were also performed for more ESBL-producing isolates of that patient. 
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Household model
In order to estimate transmission rates and decolonization rates we developed a Markov 
model, taking false-negative results, missing results, and unobserved colonization times into 
account. A detailed description can be found in Supplementary Information 1. 

Participants could be in one of two states: colonized or uncolonized with ESBL-producing 
bacteria. Patients were assumed to have a probability f to acquire ESBL-producing bacteria 
during hospital stay. Household contacts of the patients had a probability g to be colonized 
when their family member was hospitalized. ESBL-positive participants could lose colonization 
with rate γ. Person-to-person transmission was captured in β. Since transmission and 
decolonization rates might be different for index patients and household members, we 
estimated γ1 and β1 for index patients and γ2 and β2 for household members, respectively. 
Transmission rates were also determined for subjects below the age of 5 years and all other 
ages. A constant background transmission rate α was assumed to account for transmission 
from other sources. Assuming 100% specificity, the sensitivity φ was estimated, accounting for 
the fact that negative cultures could be false negative. Time was measured in days.

We assumed that participants had a fixed number of contacts per day with their household 
members (or with objects contaminated by positive household members) and if more 
household members were present, this fixed number should be ‘divided’ over all household 
members (frequency-dependent transmission). In Supplementary Information 2 the results 
under the assumption of density-dependent transmission are shown.

A maximum likelihood method was used to simultaneously estimate the model parameters. 
We assumed that transmission could only take place after the first culture taken in the 
hospital. The probability to transmit ESBL-producing bacteria during the infectious period 
to a household contact was calculated as βi/(βi+γi) for both index patients and household 
members. The different model variants are presented in Supplementary Information 3. Model 
fit was evaluated using the likelihood ratio test (LRT). Calculations were done in Mathematica 
9.0 (Wolfram Research, Inc., Mathematica, Version 9.0, Champaign, IL).

Population model
In order to study the effect of household transmission on the population level, a deterministic 
population model was constructed consisting of households of size one to five. Information 
on the household size distribution in the Netherlands was obtained from the Dutch Bureau 
of Statistics (CBS). Using a maximum household size of five persons ensures that more than 
95% of the Dutch population was covered.25 Parameters as estimated in the transmission 
model were used to inform the population model. In the population model, ESBL-negative 
persons could acquire ESBLs during hospital stay (α1), during travel to a region with a high 
prevalence of ESBL (α2), and due to transmission originating from an ESBL-positive person (β). 
Homogeneous mixing was assumed both at the level of contacts within the households and at 
the level of between-household contacts.26 The transmission parameter β and decolonization 
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rates γ1 and γ2 found in the transmission model were used in the population model.
In the first analysis, we only allowed for within-household transmission, to explore the 

effects of this parameter on the population-wide prevalence. Subsequently, we added the 
possibility of between-household transmission and an unknown parameter representing all 
other possibilities of exogenous acquisition (such as consumption of contaminated food or 
transmission from companion animals).

RESULTS

Baseline characteristics
In total, 74 index patients and 84 household contacts were included in the study. Household 
sizes ranged from 1 to 5 persons, with 20 single households, 39 couples, 3 families of 3, 9 
families of 4, and 3 families of 5. For computational reasons, one family of size 10 (with only 
complete data at T0) was excluded.

Mean age at enrolment was 54 years for index patients and 43 years for household contacts. 
Half (51%) of the included household contacts were partner of the index patient, 23% were a 
parent, 13% a child, and 13% a sibling. 51% of the index patients and 46% of the household 
contacts were male (Table 1). 

Relatedness of ESBLs
Isolates of 32 index patients and 53 household contacts were studied for relatedness (Table 2). 
In 31 of 53 (58%) household contacts ESBL-producing bacteria were demonstrated at some 
time during follow up; in 19 of 26 (73%) partners, 6 of 11 (55%) parents, 5 of 9 (56%) children 
and 1 of 7 (14%) siblings. 

In 13 of the 16 (81%) household contacts colonized with ESBL-producing bacteria at T0, 
ESBLs were related to those of the index patient. These 13 household contacts originated 
from 11 households. In six of the 11 index patients belonging to these 11 households, their 
first culture was obtained within three days after hospital admission and was producing ESBLs. 
In these patients it was, therefore, not excluded that they were already colonized at hospital 
admission. Cultures obtained within three days after hospital admission were not available for 
the other five index patients. 

Of strains with related ESBLs, 12 were clonally related E. coli isolates and the other strain was 
an unrelated K. pneumoniae isolate. Nine household contacts were partners, three parents and 
one a sibling of the index patient.

Household model estimates
In the best fitting model 52% of the included patients (95% confidence interval (CI) 41-61) 
were positive based on the first in-hospital screening culture, as were 24% (95% CI 16-35) of 
the household members at that time (T0). 
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The person-to-person transmission (β) and background transmission rates (α) were 
estimated to be 0.0053 (95% CI 0.0025-0.011) per colonized person per day and 0.00015 (95% 
CI 0.00002-0.00039) per day, respectively. No significant difference was found between the 

Table 1 | Baseline characteristics

Index patients 
(n = 74)

Household 
contacts (n = 83)*

Gender (male), N (%) 38 (51.4) 38 (45.8)

Age, mean (SD) 54 (24) 43 (23)

Household contacts, median (IQR) 1 (0-1)

Hospital admission in 3 months before current 
admission, N (%)

43 (58.1) 4 (4.8)

Use of carbapenems in 3 months before first 
screening culture, N (%)

23 (32.4) ‡ 0 (0)#

Use of ESBL-selecting antibiotics in 3 months 
before first screening culture, N (%)†

53 (74.6) ‡ 4 (5.1)#

Relation to index patient, N (%) Partner 42 (50.6)

Parent 19 (22.9)

Child 11 (13.3)

Sibling 11 (13.3)

Any positive isolate during study, N (%) 49 (66.2) 34 (41.0)

ESBL-positive isolate at first screening culture, N (%) 39 (52.7) 17 (20.5)

ESBL gene at first screening culture, N (%) CTX-M-1 5 (12.8) 1 (5.9)

CTX-M-9 7 (17.9) 1 (5.9)

CTX-M-14 3 (7.7) 2 (11.8)

CTX-M-15 18 (46.2) 10 (58.8)

CTX-M-27 1 (2.6) 0 (0)

CTX-M-55/79 2 (5.1) 1 (5.9)

SHV-2 0 (0) 1 (5.9)

SHV-12 3 (7.7) 0 (0)

TEM-19 0 (0) 1 (5.9)

Species at first screening culture, N (%)¶ E. coli 26 (66.7) 13 (76.5)

K. pneumoniae 7 (17.9) 3 (17.6)

E. cloacae 5 (12.8) 1 (5.9)

C. freundii 1 (2.6)

SD: standard deviation 
IQR: inter quartile range 
* Data from one household contact were missing 
† Including cephalosporins, beta-lactam/beta-lactamase inhibitor combinations, or penicillins 
¶ When not available (n = 17), species from clinical culture was taken. In only 1/21 cases where species were 
both determined from the clinical culture and the culture at T0, there was disconcordance. 
‡ Data from three index patients were missing 
# Data from four (extra) household contacts were missing
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transmission rate from an index patient and from a household member or from children below 
the age of 5 years. The sensitivity of the fecal screening (φ) was estimated to be 74% (95% CI 
64-84). Estimated decolonization rates were 0.0026 (95% CI 0.0016-0.0040) and 0.0090 (95% 
CI 0.0046-0.018) for index patients and household members, respectively, reflecting a longer 
median duration of colonization for index patients compared to household members (267 
[95% CI 173-433] days versus 111 [95% CI 56-217] days). A model with different susceptibilities 
for acquisition for index patients and household members did not perform significantly better 
(data not shown).

The estimated probability of transmission of ESBL-producing bacteria from an index 
patient to a household contact, given that this contact did not acquire carriage through 
another route, was 67% (95% CI 38-88) and from a household member to another household 
member (including the index patient) was 37% (95% CI 12-71). This suggests that transmission 
originating from the index patient is the dominant route in the household dynamics of ESBL-
producing bacteria. 

Population model estimates
The parameters for the population model are given in Table 3. A weighted average acquisition 
rate was calculated for travel-associated acquisition based on Paltansing et al.19 and travel 
data from the CBS (Supplementary Information 4). In addition, the current prevalence of ESBLs 
in an unselected Dutch population was estimated to be 4%, based on the weighted average 
of van Hoek et al.29 and G. van den Bunt (unpublished data). Hospital acquisition was set to 
1.5%, based on the difference in admission and discharge prevalence in 14 Dutch hospitals (M. 
Kluytmans-van den Bergh, unpublished data).

Under the assumption of absence of transmission between households, the steady state 
prevalence in the baseline model was 1.6%, indicating that acquisitions during hospital 

Table 2 | Culture results of index patients and household contacts 

During 
hospitalization of 
index patient (T0)

T3 T6 T12 T18

Included families 32 32 30 22 18

ESBL-positive index patients 32 (100%) 21* (67.7%) 18† (64.3%) 11 (50.0%) 7 (38.9%)

Included household contacts 53 53 48 36 32

ESBL-positive household 
contacts

16† (31.4%) 16¶ (32.0%) 10* (21.3%) 7¶ (21.2%) 6‡ (21.4%)

ESBLs related to index patient 13 13 8 5 6

Acquisitions of ESBLs related 
to index patient

0 5 4 1 1

* 1 culture was missing  
† 2 cultures were missing 
¶ 3 cultures were missing 
‡ 4 cultures were missing
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admissions, during travel, and resulting from within-household transmission were not 
sufficient to reach the currently observed prevalence of 4%. In order to reach a steady state 
prevalence of 4%, two options were evaluated: adding between-household transmission as a 
source for ESBL acquisition in the population or adding a constant external source for ESBL 
acquisition. The between-household transmission rate needed to be 0.67 times the within-
household transmission rate to reach a prevalence of 4% (in the absence of the unknown 
external source). In the absence of between-household transmission, the acquisition rate 
originating from the unknown external source should be 0.00014 per day to reach the 4% 
prevalence. In that scenario, 5.1% of the population would acquire ESBLs from an external 
source per year. Within-household transmission contributes for an estimated 14 to 35% to the 
currently observed prevalence. The relative contributions of the different sources are depicted 
in Figure 1. 

As a sensitivity analysis, we changed the proportion of people acquiring ESBLs in the 
hospital to 4%. This slightly changed the above numbers, but was still not enough to explain 
the current prevalence.

DISCUSSION

This study demonstrated a high transmission rate of ESBL-producing bacteria within 
household settings, associated with a high prevalence of carriage of ESBL-producing bacteria 
in household members of patients identified as ESBL carriers during hospitalization. The results 
of a simple population model indicate that, apart from acquisition in health care settings, 
within households, and during travel, ESBL acquisition in the community may significantly 
contribute to the observed endemicity of ESBL carriage. 

During our study more than 20% of household contacts were carrier of ESBL-producing 
bacteria at every time point. This prevalence is considerably higher than the 8% found at 
hospital admission and the estimated 4% in the general population in the Netherlands.30 
Furthermore, according to the model, only 52% of the index patients appeared colonized 

Table 3 | Parameter values used in the population model

Symbol Value

Acquisition rate in hospital α1 0.0000037 / day*

Acquisition rate after travel α2 0.000082 / day†

Within-household transmission rate β 0.0053 / colonized person / day

Decolonization rate hospital-acquired ESBL γ1 0.0026 / day

Decolonization rate healthy persons γ2 0.0090 / day

Total population N 16,566,961 persons

* 9.1 admissions per 100 persons per year27 multiplied by 1.5% acquisition / 365 days.   
† acquisition rates from Paltansing et al.19 together with travel data from the CBS28 were used to obtain a 
weighted average acquisition rate (Supplementary Information 4)
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in the gut at T0, while they were selected based on a clinical culture suspected of ESBL-
production. This can be explained by the fact that some clinical cultures did, in retrospect, 
not contain ESBL genes, some patients were admitted to the ICU and received SDD (selective 
digestive decontamination), or patients received carbapenems to treat the ESBL infection, 
which might have influenced the yield of ESBL-producing bacteria in the screening culture. 
Also, some patients might have lost colonization before the screening culture was taken. 
As a consequence, some included families had no ESBL carriers during follow-up. As they 
cannot contribute to transmission, they will also not impact the estimate of the transmission 
parameter. 

Thirteen household contacts were colonized with genetically related ESBL-producing 
bacteria at the time of identification of an index patient. It seems unlikely that this carriage 
resulted from transmission from the index patient during hospital stay. It seems more likely 
that the index patient and household contact were already colonized with the ESBL-producing 
bacteria before hospital admission of the index patient, e.g., from transmission within the 
household or from other sources.21 At inclusion especially ESBL-E. coli were isolated in index 
patients and household contacts (66.7% and 76.5%, respectively). These findings fit with the 
concept of community-spread.31

Our findings support the results from previous studies, in which 17-32% of household 
contacts of ESBL carriers appeared colonized with genetically related ESBL-producing 
bacteria.7–11,13 Also, the model estimated the median duration of colonization to be nine months 

Figure 1 | Prevalence and relative contributions of hospital acquisition, travel acquisition, within-
household transmission and between-household transmission to the prevalence as a function of the 
between-household transmission rate 
B/W: between-household transmission rate as a fraction of the within-household transmission rate.
The colored areas indicate the relative contributions of the different ESBL sources on the modeled 
prevalence. ‘Unknown’ indicates the contribution of the hypothetical external source to reach a prevalence of 
4%. 

Unknown 

 
Between-household transmission 

 
Within-household transmission 

 
Travel acquisition 

 
Hospital acquisition 
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for index patients and only two to three months for household members. This is in line with 
several other studies assessing the duration of ESBL carriage.8,9,15–18 Strengths of our study were 
the assessment of the colonization status in household contacts before hospital discharge of 
the index patient, the protocolled data collection from index patients and household contacts 
at fixed time points, and the analysis of plasmid transfer among different Enterobacteriaceae 
species by performing transformations and PBRT.32 

Study limitations include the selection of patients. As inclusion of index patients and 
household contacts was based on the first screening culture being done during the admission 
of the index patient, there was a bias towards including patients with a longer length of 
stay, which might indicate more severely ill patients. This could have influenced the within-
household acquisition rate if the illness severity increased the number of close contacts 
between household members.

Based on the culture results we estimated a sensitivity of 74% of the screening process. 
Reasons for suboptimal screening included the self-sampling approach and the need to store 
samples before shipment through regular mail. Furthermore, the selection of a single colony 
may lead to an underestimation of transmission if a patient is carrying diverse ESBL types.33 
Finally, antibiotic use may have influenced test sensitivity, and possibly also transmission 
capacity and duration of colonization.

For the population model we lacked sufficiently detailed data to make accurate estimations. 
Yet, based on the best data available for the Netherlands, the model suggests that there is 
not a single dominant acquisition route in the community. The model also demonstrated the 
importance of external acquisition in addition to the well-documented routes of nosocomial, 
within-household, and travel-associated acquisitions. This external acquisition route could 
be dominated by person-to-person transmission or by exogenous acquisition, for instance 
through contaminated foods or the environment.21 The contribution of contaminated meat 
has been suggested as extensive by some22,23 and as less prominent by others.34 There are 
currently no estimates available on the person-to-person transmission rates outside health care 
settings and we still lack accurate estimates of the risks of contaminated meat products and 
environmental contamination. The modeling results clearly demonstrate the need to obtain 
these figures for a better understanding of the epidemiology of ESBL-producing bacteria.
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SUPPLEMENTARY INFORMATION 1. MODEL OF WITHIN-HOUSEHOLD 
TRANSMISSION

Here, we will use an example of the basic model with a household size of 2 (index patient + one 
household member). A graphical representation of the different states in which a household 
can be is depicted in Figure S1.

Patients were assumed to have a probability f to acquire ESBL producing bacteria during 
hospital stay. The household contacts of the patients had a probability g to be colonized 
when their family member was hospitalized; e.g., due to their family member, a source in 
the hospital, or the background prevalence in the Netherlands. ESBL-positive participants 
could lose colonization with rate γ. Transmission from person to person was captured in β. A 
constant background transmission rate α was assumed to account for transmission from other 
sources. Assuming 100% specificity, the sensitivity φ was estimated in the model.

During hospitalization of the index patient (T0), both the patient and the household member 
were screened. The probability that a first screening culture of a patient is positive, is fφ (the 
background prevalence in the hospital times the sensitivity, assuming that transmission from 
the household member could not yet have taken place). The probability to find a negative 
screening culture is 1-f (probability to not be colonized) + f(1-φ) (probability to be colonized, 
but with a false-negative result). For the household member this is similar: the probability 
that a first screening culture of a household member is positive, is gφ (the probability that a 
household member is ESBL-positive during the hospital stay of the patient times the sensitivity, 
assuming that transmission from the patient could not yet have taken place). The chance to 
have a negative first screening result is 1-g (probability to not be colonized) + g(1-φ) (if there 
is a false-negative result). Depending on the result of the screening culture, these probabilities 
can be multiplied by 0 or 1. A vector P0 is then created:

P0 =



















11

10

01

00

P
P
P
P

 

In this vector, P00 is the probability that both the patient and the household member are 
negative during hospitalization of the patient, P01 is the probability that the patient is negative 
and the household member is positive, P10 is the probability that the patient is positive and 
the household member is negative, and P11 is the probability that both the patient and the 
household member are positive. To construct this vector P0, the corresponding probabilities 
for the patient and the household member are multiplied. Vector P0 is the ‘starting probability’ 
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for the household at T0.
For example, if from the screening results it appears that the index patient has an ESBL-

positive culture while the household member has a negative culture, the probability that both 
of them are actually negative is:

P00 = 0 * fφ * 1 * (1-g) = 0, since no false-positive results are assumed. The probability that 
the index patient is actually negative and the household member is actually positive (thus 
having a false-negative culture) is:

P01 = 0 * fφ * 1 * g(1-φ) = 0. The probability that the index patient is positive and the 
household member is negative is:

P10 = 1 * fφ * 1 * (1-g) = fφ(1-g). Finally, the probability that the index patient is positive and 
the household member is also actually positive is:

P11 = 1 * fφ * 1 * g(1-φ) = fφg(1-φ). The vector will then look like:

P0 =






















)1(
)1(

0
0



gf

gf

 

This can be done analogously for other screening results. 
Next, for every subsequent culture, the time t (in days) from the previous culture until this 

next culture is calculated. To calculate a vector with the probabilities to be in the different 
states after t days, we calculated etA, with A being a transition matrix:

A =
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The resulting matrix is then multiplied by P0, giving vector P(t). 
Next, the results and sensitivity of the screening cultures at time t are taken into account. 

Depending on the results, vector q is created. Four different vectors can be distinguished:
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If the result is {0 0}, then q00 =
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Corresponding vector q is then multiplied component wise by vector P(t), resulting in a new 
vector containing the probabilities that the household is in one of the four states at t days after 
the previous culture. 

Next, the logarithm of the likelihood (logL) is calculated as the logarithm of the sum of the 
different elements of the resulting vector. All separate logL are then added to get the overall 
logL, which is maximized to obtain the most likely values of f, g, a, β, γ, and φ.

In the data, a distinction was made between different ESBL-types. In the model we assumed 
that the parameter values were similar for the different ESBL-types and gave one overall 
estimate per parameter. With this method we ensured that transmission from person to 
person was only counted when the ESBL-types were similar. In the same line, the estimate 
for the duration of colonization was only based on carriage of one ESBL-type. In this way, we 
prevented overestimation of β and γ.
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This is done analogously for households of size 1, 3, 4, and 5. The corresponding matrices 
and vectors are available upon request. In the main analysis, we assumed frequency-dependent 
transmission (every person has a fixed number of contacts per unit of time that have to be 
‘divided’ over all household members, β * I/(N-1)). In Supplementary Information 2, the results 
under the assumption of density-dependent transmission are shown (the number of contacts 
per day increases with the household size, β * I).

 

Figure S1 | Transition model
0 0: both ESBL-negative
1 0: patient ESBL-positive, household member ESBL-negative
0 1: patient ESBL-negative, household member ESBL-positive
1 1: both ESBL-positive
α: background transmission rate
β: person-to-person transmission rate
γ: decolonization rate

γ γ 

γ 

α, β1 
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SUPPLEMENTARY INFORMATION 2. RESULTS FREQUENCY-DEPENDENT 
TRANSMISSION VERSUS DENSITY-DEPENDENT TRANSMISSION

In this table, the results are presented for both frequency-dependent transmission and density-
dependent transmission. 

Table S1 | Parameter estimates for frequency-dependent transmission and density-dependent 
transmission

Parameter Estimate (95% confidence interval)

Frequency-dependent 
transmission*

Density-dependent 
transmission

f - probability to be colonized during 
hospitalization (index patient)

0.52 (0.41-0.61) 0.52 (0.41-0.63)

g - probability to be colonized during 
hospitalization (household member)

0.24 (0.16-0.35) 0.24 (0.15-0.35)

α - background transmission rate 0.00015 (0.00002-0.00039) 0.00010 (0.00002-0.00038)

β - direct transmission rate 0.0053 (0.0025-0.011) 0.0024 (0.0012-0.0049)

γ1 - decolonization rate (index patient) 0.0026 (0.0016-0.0040) 0.0025 (0.0018-0.0038)

γ2 - decolonization rate (household member) 0.0090 (0.0046-0.018) 0.0081 (0.0044-0.016)

f - sensitivity of the screening process 0.74 (0.64-0.84) 0.74 (0.63-0.83)

* Original model

It can be seen that most parameter estimates almost equal with overlapping confidence 
intervals. This indicates that the model works robust. The largest difference is seen in the 
estimate for β, although 95% confidence intervals overlap. This difference can be explained 
by the assumptions made: in the density-dependent transmission, the number of contacts 
per day increases with the household size and thus a lower value for β is necessary to explain 
the data, compared to frequency-dependent transmission in which every person has a fixed 
number of contacts per unit of time that have to be ‘divided’ over all household members.
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SUPPLEMENTARY INFORMATION 3. MODEL RESULTS (PARAMETER 
ESTIMATES WITH 95% CONFIDENCE INTERVALS)

In this table, the full model and variants of this model are presented. Model 1 is the full model, 
and assumes the different transmission rates and different decolonization rates for index 
patients and household members. Models 2, 3, and 4 vary these assumptions.

Table S2 | Parameter estimates for different variants of the model

Parameter 1. Different 
transmission 
rates + 
decolonization 
rates

2. Same 
transmission 
rates, different 
decolonization 
rates*

3. Different 
transmission 
rates, same 
decolonization 
rates

4. Same 
transmission 
rates + 
decolonization 
rates

f - probability to be 
colonized during 
hospitalization (index 
patient)

0.52 (0.41-0.63) 0.52 (0.41-0.61) 0.54 (0.43-0.65) 0.54 (0.43-0.65)

g - probability to be 
colonized during 
hospitalization (household 
member)

0.25 (0.16-0.34) 0.24 (0.16-0.35) 0.28 (0.15-0.35) 0.25 (0.15-0.35)

α - background 
transmission rate

0.00016 (0.00002-
0.00040)

0.00015 (0.00002-
0.00039)

0.000088 (0-
0.00034)

0.00016 (0-
0.00035)

β - direct transmission rate 0.0053 (0.0025-
0.011)

0.0033 (0.0016-
0.0054)

β1 - direct transmission rate 
(index patient)

0.0062 (0.0027-
0.015)

0.0031 (0.0015-
0.0058)

β2 - direct transmission rate 
(household member)

0.0031 (0.0002-
0.010)

0.0026 (0.0004-
0.0081)

γ - decolonization rate 0.0034 (0.0024-
0.0051)

0.0037 (0.0024-
0.0051)

γ1 - decolonization rate 
(index patient)

0.0024 (0.0014-
0.0038)

0.0026 (0.0016-
0.0040)

γ2 - decolonization rate 
(household member)

0.0093 (0.0048-
0.018)

0.0090 (0.0046-
0.018)

f - sensitivity of the 
screening process

0.74 (0.63-0.83) 0.74 (0.64-0.84) 0.71 (0.61-0.82) 0.72 (0.65-0.82)

p-value LRT Reference 0.35 < 0.05 < 0.05

LRT = Likelihood Ratio Test 
* Best fitting model, presented in the paper

Model 1 (the full model) seems to perform significantly better than model 3 and 4, but 
incorporating an extra transmission parameter β2 compared to model 2 does not seem to 
add significantly to the model fit. Therefore, model 2 was chosen as the best fitting model. 
From this we can derive that decolonization rates are different between index patients and 
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household members, and the mean duration of colonization therefore seems to be longer 
for index patients. Making a distinction between transmissions rates for index patients and 
household members does not seem to add to the model fit compared to the same transmission 
rates, although model 1 suggests that transmission of ESBL-producing bacteria from index 
patients to household members might happen at a higher rate than from household members 
to others. However, the estimate is very uncertain due to the small number of transmissions 
from household members to others in our dataset.
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SUPPLEMENTARY INFORMATION 4. CALCULATIONS TRAVEL ACQUISITION

Table S3 | Calculations travel acquisition

Region % positive post-
travel19

Dutch travelers 
per year28 † 

% of Dutch 
population

Risk ¶

Southeast Asia 34 203.000 1.23 0.00412

East Asia 67 60.000 0.36 0.00241

South Asia 72 48.000 0.29 0.00209

Central Asia 33 18.000 0.11 0.000362

North Africa 40 338.000 2.04 0.00816

Middle East (West Asia) 13 895.000 5.40 0.00720

Sub-Saharan Africa (Central + 
Southern Africa)

24 163.000 0.98 0.00240

Central America, Caribbean 25 186.000 1.12 0.00281

South America 6 61.000 0.37 0.000230

North America, Europe, Australia 0 * 12.470.000 0.75 0

Yearly risk 0.0298 ‡

Daily risk 0.000082

* Not assessed, but 0% in Kantele et al.20 
† One traveler can visit one region multiple times per year or visit multiple regions per year and will then be 
counted multiple times 
¶ Fraction positive post-travel multiplied by the fraction of Dutch population traveling to the region per year  
‡ Sum of risks
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ABSTRACT

Objective
The extended-spectrum beta-lactamase (ESBL) producing Escherichia coli clone ST131 (ESBL-
ST131) is pandemic in health care settings. The reasons for its success are unknown, but might 
include more effective transmission and/or longer persistence.

Methods
We evaluated the course of ESBL-producing E. coli (ESBL-EC), including ESBL-ST131, in a long-
term care facility (LTCF) with a high endemic level of ESBL-EC rectal colonization. During a 14 
month period, six repetitive prevalence surveys were performed, using ESBL selective culture 
of rectal and fecal samples. Transmission rates, reproduction numbers, and durations of 
colonization were calculated and compared for ESBL-ST131 versus other ESBL-EC. Furthermore, 
the likely duration for ESBL-ST131 to disappear from the LTCF was estimated. 

Results
Over time, the endemic level of ESBL-ST131 remained elevated whereas the level of other 
ESBL-EC returned to normal. Transmission rates were comparable. Survival analysis showed 
a half-life of 13 months for ESBL-ST131 carriage, vs. two to three months for other ESBL-EC 
(p < 0.001). Per admission reproduction numbers were 0.66 for ESBL-ST131 vs. 0.56 for other 
ESBL-EC, predicting a mean time of three to four years for ESBL-ST131 to disappear from the 
LTCF under current conditions.

Conclusion
Transmissibility rates were comparable for ESBL-ST131 vs. other ESBL-EC. Prolonged rectal 
carriage explained the persistence of ESBL-ST131 in the LTCF. 
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INTRODUCTION

The worldwide prevalence of extended-spectrum beta-lactamase (ESBL)-producing 
Enterobacteriaceae is increasing rapidly.1-2 Infections with these and other resistant bacteria 
are associated with increased morbidity, mortality, and health care costs.3-4 Enterobacteriaceae 
colonizing the gut are the most important reservoirs for infection5 and transmission of ESBL-
producing Enterobacteriaceae.6 

Initially, outbreaks with ESBL-producing Enterobacteriaceae were hospital associated. 
However, more and more outbreaks in long-term care facilities (LTCFs) are reported.7-8 
Residents of LTCFs are mainly frail, elderly people, who often have medical devices and need 
medical attention. Among these residents, a low functional status, and thus more medical and 
nursing dependence, is associated with a greater risk of ESBL carriage.9 For their residents, 
LTCFs emphasize the quality of life, including participation in social activities, over health 
care. Therefore, the amount of interaction between LTCF residents is high in comparison with 
hospitalized patients, which may be important since the risk of transmission of ESBL-producing 
Enterobacteriaceae is greater among household contacts than among hospital inpatients.10 
Furthermore, diagnostic sampling frequency in LTCFs is low and infection control measures 
are not as strict as in hospitals. We assume that, under these conditions, transmission of ESBL 
carriage between residents is often overlooked. 

In June-July 2012, a routine prevalence survey involving nine LTCFs in the southern 
Netherlands identified one facility with an unusually high endemic level of rectal ESBL carriage 
(21%), compared to a prevalence of 0-10% in six of the other LTCFs11 and approximately 5% 
in hospitalized patients.12 Typing showed the presence of one large cluster of ESBL-producing 
Escherichia coli from sequence type O25:ST131 (i.e. ESBL-ST131), along with other smaller 
clusters and unique strains. According to the Dutch guidelines, this prompted outbreak 
containment measurements including frequent prevalence surveys. 

The ESBL-ST131 lineage is a worldwide pandemic clone that is a major driver of the current 
worldwide spread of ESBLs.13-15 This clone contains many virulence factors16 and is associated 
with community-acquired infections. Older age and LTCF residence have been implicated as 
independent risk factors for ESBL-ST131 colonization and infection.17 ST131 was the most 
prevalent clone in a recent study of antimicrobial resistance in another Dutch LTCF.18 

Here we evaluated the epidemiology of various ESBL-producing E. coli (ESBL-EC), including 
ESBL-ST131, in a LTCF with a high endemic level of ESBL carriage. Specifically, we assessed 
whether ESBL-ST131 strains were more transmissible or more persistent colonizers than other 
ESBL-EC, both theoretical explanations for the pandemic success of ESBL-ST131. 
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METHODS

Epidemiology
The study LTCF comprised four semi-separate buildings (A, B, C, and D), each divided into 
one to three separate wards (A1-3, B1-2, C1-3, and D). Each ward housed approximately 20 
residents and contained two kitchens and communal areas. Sanitary facilities were used by 
several residents each. Staff members were dedicated to specific wards. The building contained 
communal recreation and therapy areas where residents from all buildings and wards meet 
regularly. 

During the study period, improved infection control measures, improved emphasis on hand 
hygiene, and improved cleaning strategies were implemented on all wards. No attempts were 
made to actively decolonize residents.

Specimen collection
During a 14 month period (March 2013-April 2014), six cross-sectional surveys were performed 
with an interval of two to three months by culturing feces or rectal swabs from all residents. 
Residents admitted during the study were cultured similarly within one week after admission.

To assess different possible routes of transmission, concurrently with the resident surveys, 
environmental cultures were obtained five times, the hands of all available facility staff were 
cultured twice, residents’ hands were cultured once, and air sedimentation cultures were 
collected twice near residents colonized with ESBL and near a selection of uncolonized 
residents.

Identification and detection of resistant strains
Fecal and rectal samples were collected using ESwab (Copan diagnostics, Brescia, Italy). Air 
sedimentation cultures were performed by placing five selective agar plates around the 
residents when they were washing and dressing. Residents’ hands were cultured using ESwab, 
emphasizing palms, fingers, nails, and jewelry. Hands of staff members were cultured by having 
the workers dip and rub their hands in tryptic soy broth (TSB) directly.

For environmental cultures, standardized surfaces of 10x10cm were sampled thoroughly 
using ESwab medium in the first two surveys, and a sterile 10x10cm pad soaked in sterile 
isotonic saline solution for the next three surveys.

The sterile pads used for environmental culturing and all ESwabs were incubated for 16-
18h at 37°C in 15 mL of TSB containing 8 mg/L vancomycin and 0.25 mg/L cefotaxime. Then, 
10 µL of the broth was inoculated and incubated on an EbSA agar plate (Cepheid Benelux, 
Ledeberg, Belgium), selective for ESBL-producing Enterobacteriaceae. The TSB rinsates 
from staff members’ hands were incubated directly, as were the agar plates used for the air 
sedimentation cultures.

Identification of all oxidase-negative, Gram-negative bacteria was performed by MALDI-
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TOF (BioMérieux, Marcy l’Etoile, France). Susceptibility testing was performed by VITEK2 
(BioMérieux, Marcy l’Etoile, France) using EUCAST criteria, and ESBL production was confirmed 
by a double disk method.19

Typing
All phenotypically confirmed ESBL-EC underwent phylogroup-defining PCR.20 Group B2 
E. coli underwent O25:ST131-specific PCR.21 ESBL-EC obtained from colonization cultures, 
environmental cultures, air sedimentation cultures, and hand cultures underwent ESBL 
genotyping using a micro-array (Check-MDR CT103, CheckPoints, Wageningen, The 
Netherlands)22-23 and strain typing by using amplified fragment length polymorphism (AFLP).24 
Clusters were defined based on both visual and computerized interpretation of AFLP patterns. 

Of residents with repetitive positive colonization cultures with similar ESBL-EC, only the 
first isolate underwent genotyping. Similarity was defined as identical identity according to 
species, phylogroup and O25:ST131 status, and absence of major susceptibility differences 
(i.e., susceptible versus resistant) for the 25 antibiotics tested. 

Statistical analysis
Acquisition was defined as detection of an ESBL-producing organism in a previously culture-
negative resident. Transmission was defined as acquisition of an ESBL-EC strain identical 
according to AFLP profile and ESBL-variant to one already present on the ward where the 
subject resided prior to the acquisition. Routine prevalence surveys in several LTCFs and a 
hospital in the same area as the LTCF studied showed little clustering of ESBL-EC and low 
prevalence of colonization with O25:ST131 E. coli. Consequentially, it was unlikely for newly 
admitted residents to be colonized with the same strain as present on the ward they were 
admitted to. Therefore, transmission was also assumed for residents who were admitted 
during the study period, stayed on a ward over 14 days before being cultured, and when their 
first cultured yielded an ESBL-EC strain already present on that ward.

We used differences in length of stay (LOS) as a marker for inter-individual differences in 
susceptibility to colonization. We reasoned that if differences in susceptibility were present, 
residents less susceptible to acquiring colonization should remain uncolonized for a longer 
LOS than other residents. Consequentially, acquisition risk should be lower for patients with 
a longer LOS. For this, LOS was grouped into three month periods in which residents could 
be ESBL culture-negative and, consequentially, be at risk for acquisition, or have acquired 
ESBL-EC. Differences in acquisition risk between a LOS shorter vs. longer than 12 months were 
assessed by chi-square analysis.

Median duration of colonization was calculated starting from the first positive culture using 
Kaplan-Meier survival analysis, with loss of colonization as the primary outcome. Differences 
between ESBL-ST131 and other ESBL-EC were tested with log-rank analysis.

Transmission rates and corresponding reproduction numbers were calculated for ESBL-
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ST131 and other ESBL-EC separately, taking into account the ward level infection pressure 
and assuming that transmission occurs only at the ward level. Residents were considered to 
have newly acquired or lost colonization on the day of the culture that detected their changed 
colonization status. Weighted days at risk (at the ward level) were calculated by multiplying, for 
each day, the number of positive residents per ward by the number of uncolonized residents 
on the same ward. Weighted days at risk were summed over all wards, separately for all 
combinations of AFLP+ESBL-variants. Per-day transmission rates were calculated by dividing 
the number of presumed transmissions by weighted days at risk. A per admission reproduction 
number was calculated by multiplying the mean number of residents on a ward (n = 20) by 
the per-day transmission rates of ESBL-ST131 and other ESBL-EC and the corresponding mean 
durations of colonization obtained from the Kaplan-Meier survival analysis.25

The time for all ESBL-ST131 to disappear from the LTCF was estimated by using a mathematical 
model that incorporated the per-day transmission rate and a constant decolonization rate 
equal to the mean duration of colonization obtained from the Kaplan-Meier survival analysis. 
The model randomly simulated one million scenarios. This was repeated for situations with 1 
to 10 colonized residents per ward. Also, the effects of alterations in the transmission rates 
and mean duration of colonization on time for all ESBL-ST131 to disappear from the LTCF were 
calculated. 

RESULTS

Colonization cultures
During the 14 month study period, the LTCF housed a total of 296 residents, 126 male and 
170 female, with an average of 192 residents at the time of the prevalence surveys. During 
the study period, 125 residents were newly admitted and 120 residents were lost to follow up 
due to transfer to other facilities, transfer back home, or death. The average age at time of 
the prevalence surveys was 78 years (range: 46-98 years). The participation rate was 90.6% for 
intended culturing at the prevalence surveys and at admission. Only four residents declined to 
participate at all culture points.

In total, 1050 rectal or fecal samples were obtained, of which 188 (17.9%) yielded one or 
more ESBL-EC; 131 contained ESBL-ST131 and 57 contained other ESBL-EC. The positive rectal 
samples were obtained from 69 individual residents (23.3%). Table 1 shows the number of 
residents who were colonized at the start of the survey, acquired colonization during the study, 
or were already colonized when admitted during the study period. All ESBL-ST131 were also 
resistant to ciprofloxacin, 19 were co-resistant to co-trimoxazole, whereas none of the isolates 
were resistant to colistin, meropenem or imipenem.

The prevalence of ESBL-EC colonization was unequally distributed across the LTCF. At study 
onset, wards B-1, B-2, and C-2 had large clusters with ESBL-ST131 (29 carriers, all isolates 
from the same AFLP cluster; by-ward prevalence 39%-45%). Wards A-2, A-3, and C-3 had 
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smaller clusters of other ESBL-EC plus sporadic carriage of non-related isolates (16 carriers; 
by-ward prevalence 11%-23%). The remaining three wards had only sporadic cases of ESBL-EC 
colonization (2 carriers; by-ward prevalence < 5%). During the follow-up period, the endemic 
level of ESBL-ST131 remained high and on ward A-3 new colonization and transmission of 
ESBL-ST131 appeared. However, the prevalence of other ESBL-EC returned to normal over 
time. On wards C-1 and D, the prevalence of ESBL colonization remained nil.

Environmental surveys
Of 485 standardized environmental cultures, 17 (3.5%) yielded ESBL-EC, including 17 (6.0%) of 
285 done in the latter three surveys using the sterile gauze method, vs. none (0%) done in the 
first two surveys using the ESwab method (p < 0.001). Isolates from only nine (52.9%) of the 
17 positive cultures matched isolates obtained from residents on the same ward during the 
same survey. Three identical environmental ESBL-EC isolates were obtained from ward D, but 
during the corresponding survey, a prevalence survey was not performed on this ward. Toilets 
were the sites most likely to yield any ESBL-EC, and overall ESBL-ST131 was less often cultured 
than other ESBL-EC (Table 2).

Table 1 | Number of residents being colonized with ESBL-producing E. coli

At start of the survey 
(number positive 
during entire survey)*

By acquisition (number 
with presumed by-ward 
transmission)

When admitted 
during the study 
period

Total number 
colonized at 
any point

ESBL-ST131 24 (10) 14 (12) 3 41

Other ESBL-EC 11 (1) 17 (10) 5 33

Total 35 (11) 29 (22)† 8 69†¶

* Only residents that were admitted during the entire study period could be positive during the entire survey, 
this in contrast to residents that were lost to follow up 
† 2 residents acquired both an ESBL-ST131 and a non-ST131 ESBL-EC 
¶ 3 residents were positive with ESBL-ST131 at the start of the survey, and acquired a non-ST131 ESBL-EC 
later

Table 2 | Prevalence of surface contamination with ESBL-producing E. coli 

Surface Total no. of 
cultures

Total cultures 
positive, n (%)

Positive ESBL-
ST131, n (%)

Positive other 
ESBL-EC, n (%)

Toilet or potty chair 103 11 (10.7) 3 (2.9) 8 (7.8)

Sink 54 2 (3.7) 1 (1.9) 1 (1.9)

Kitchen area 48 3 (6.3) 0 (0.0) 3 (6.3)

Common living area 58 1 (1.7) 0 (0.0) 1 (1.7)

Total 285 17 (6.0) 4 (1.4) 13 (4.6)

Ward related* 285 9 (3.2) 4 (1.4) 5 (1.8)

Only the results from the sterile gauze method are shown in this table 
* Number of isolates which were similar to isolates obtained from residents’ colonization cultures at the 
same time period
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Hand and air sedimentation cultures
Of 176 residents, 168 (95.5%) underwent hand culturing. At the time of hand culture, 30 (17.9%) 
of these residents were colonized with ESBL-EC, and three had unknown carriage status. Hand 
cultures of two residents yielded an ESBL-producing organism (in each instance, non-E. coli). 
For one of these residents did the cultured strain, a blaCTX-M9-producing Enterobacter cloacae, 
correspond with a strain colonizing other ward residents (here, two). 

Air sedimentation cultures were obtained near 52 residents, including all 26 ESBL carriers 
plus 26 uncolonized residents. Three of these residents, all colonized with ESBL-ST131, had 
positive air sedimentation cultures with the same strain they were colonized with. Repeated air 
sedimentation cultures for these three residents, and for 12 other ESBL-carriers, were negative.

Figure 1 | Acquisition of carriage with ESBL-producing E. coli at various lengths of stay
Histogram shows the number of facility residents during the study period (Y-axis) with a length of stay equal 
to or greater than the indicated number of months (X-axis). Grey: residents not colonized with ESBL-EC and 
therefore at risk for ESBL-EC acquisition. Black: residents who acquired ESBL-EC during the indicated time 
period after admission. Residents already admitted at the start of our survey ‘entered’ the histogram at the 
time of their first negative culture.
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Hand cultures from four (2.7%) of 148 cultured staff members yielded ESBL-producing 
Enterobacteriaceae. All four individuals worked on ward C-2, a ward with a high endemic level 
of ESBL-ST131. However, only one of these individuals carried ESBL-ST131 on the hands; the 
other three all carried blaCTX-M9-producing Enterobacter cloacae, another strain present in a 
colonized ward resident.

LOS as marker for inter-individual differences in acquiring ESBL-colonization
The risk of acquiring ESBL-EC remained stable for all LOS, and prolonged LOS did not select for 
residents less-susceptible to acquiring ESBL-colonization (Figure 1). For both ESBL-ST131 and 
other ESBL-EC, acquisition risk did not differ between residents with a LOS shorter vs. longer 
than 12 months (p = 0.13 and p = 0.84, respectively). 

Duration of colonization
During the study, conversion to ESBL-negative was observed for 13 (33.3%) of 39 ESBL-ST131 
carriers, versus 18 (62.1%) of 29 carriers of other ESBL-EC (p = 0.03). Residents acquiring 
colonization in the final prevalence survey were excluded. Survival analysis showed that the 
half-life of carriage for ESBL-ST131 was 13 months, compared to two to three months for other 
strains (p < 0.001; Figure 2). 

Figure 2 | Survival curve for remaining colonized with ESBL-producing E. coli 
Day 0 is the day of a resident’s first rectal culture with ESBL-producing E. coli (ESBL-EC). Follow-up ends 
on the day of the first negative rectal culture (drop of the line) or at the day the resident dies or leaves the 
facility (+ sign on the curve). Black: ESBL-ST131. Gray: all other ESBL-EC combined



Chapter 7122 |

Transmission rates
During the study, we documented 12 transmissions involving ESBL-ST131 and 10 involving 
other ESBL-EC. The ratio of per-day transmission rates for ESBL-ST131 versus other ESBL-EC 
was 0.59 (95% CI: 0.26-1.32), indicating that other ESBL-EC spread as readily as ESBL-ST131. 
The corresponding reproduction numbers were 0.66 (95% CI 0.25-1.09) for ESBL-ST131 and 
0.56 (95% CI 0.20-1.01) for other ESBL-EC.

Estimated duration for ESBL-ST131 to disappear from the LTCF
Figure 3 shows the estimated time for ESBL-ST131 to disappear from a ward, given the 
number of colonized residents present, the mean duration of colonization, and the current 
reproduction numbers. In the current situation, with a maximum of six colonized resident per 
ward, the mean expected time for all ESBL-ST131 to disappear from the LTCF is > 1000 days, or 
three to four years. Halving the duration of colonization, e.g., by active decolonization, would 
reduce the average expected time to approximately 400 days (one year), versus 800 days (two 
to three years) when the transmission rate is halved, e.g., by improved hygiene. 

Figure 3 | Estimated time for all ESBL-ST131 to disappear from a ward in relation to transmission rate 
and duration of colonization
Dots: mean time for all ESBL-ST131 to disappear from a ward
Vertical lines: 95% confidence intervals
Black symbols: assuming current conditions, without any change in tactics
Dark gray symbols: assuming a 50% reduction of the transmission rate, e.g., by intensified infection control 
efforts
Light gray symbols: assuming a 50% reduction in the duration of colonization, e.g., by active decolonization
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DISCUSSION

We performed a prospective cohort study of ESBL colonization comparing ESBL-ST131 
with other ESBL-EC, in a LTCF where, in spite of the measures taken, a high endemic level of 
ESBL-ST131 colonization persisted, while colonization with other ESBL-EC evolved to normal 
level over time. In exploring the basis for the sustained high endemic level of ESBL-ST131, 
we examined the environment, staff members, and direct resident-to-resident contact as 
possible transmission routes, and found that ESBL-ST131 were practically absent from the 
corresponding cultures, whereas other ESBL-EC were more often detected; thus environmental 
contamination of ESBL-ST131 was not explanatory. Furthermore, transmission rates did not 
differ between ESBL-ST131 and other ESBL-EC, which excluded one possible explanation 
for the persistence of ESBL-ST131 colonization. Instead, we documented more prolonged 
colonization of individual residents with ESBL-ST131, with a half-life of approximately 13 
months, vs. two to three months for other ESBL-EC (p < 0.001). This appeared to sustain the 
high endemic level of ESBL-ST131 colonization. 

One could hypothesize about reasons for ESBL-ST131 to cause prolonged colonization. 
Possibly ESBL-ST131 has an intrinsically better ability to persist in the gut than other ESBL-EC 
do, maybe even more so in elderly or functionally dependent individuals who constitute most 
of the LTCF population. Further research should be performed to elucidate the reasons behind 
the prolonged colonization. 

Since the data were obtained in the context of infection prevention measures, data on 
patient bound factors like functional status or indwelling catheters could not be obtained. 
We used difference in acquisition risk for different LOS, as a surrogate marker for differences 
in acquisition risk between residents. However, longer LOS did not select for residents less 
susceptible for acquisition of ESBL-EC, indicating that differences in susceptibility between 
patients with ESBL-ST131 versus other ESBL-EC were unlikely. 

The per admission reproduction numbers were 0.66 (95% CI: 0.25-1.09) for ESBL-ST131 
and 0.56 (95% CI: 0.20-1.01) for other ESBL-EC, which were comparable. Both were below 1, 
indicating that, under the current infection control measures, the prevalence of ESBL carriage 
should eventually return to normal level. However, in the current situation, with residents 
having a long average LOS, a strain (ESBL-ST131) that causes persistent colonization, and 
infection control measures in place – the estimated time for ESBL-ST131 to disappear from the 
LTCF was three to four years. This indicates that prolonged periods of increased prevalence 
do not necessarily mean that infection control measures are ineffective. Improving infection 
control measures was predicted to influence the duration for ESBL-ST131 to disappear from 
this LTCF only minimally, whereas shortening the duration of colonization would have a more 
pronounced effect. Unfortunately, effective decolonization strategies are not abundant. 
Probiotics26 and donor feces infusion27 have been used in experimental settings. Selective 
bowel decontamination regimes are proposed as suitable eradication therapies for ESBL 
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colonization.28-29 However, others observed only a temporary suppression of ESBL carriage 
during treatment, with a rapid rebound one week after the end of treatment.30 

Few reports of prolonged colonization with ESBL-EC have been published. Alsterlund et al. 
reported five residents who stayed colonized for 41 to 59 months after an infection caused by 
ESBL-EC.31 Others reported colonization durations of 1.4 months32, > 3 months33, and 179 days 
(i.e., ~6 months)34. To our knowledge, only one study compared duration of colonization for 
different types of ESBL-producing Enterobacteriaceae. Titelman et al. found that fecal carriage 
of ESBL-EC often persists one year after infection, and that prolonged carriage is associated 
with E. coli phylogroup B2.35 In our study, the prolonged duration of colonization was fully 
ascribed to ESBL-ST131 (phylogroup B2), with its 13-month colonization half-life, vs. three to 
four months for other phylogroup B2 E. coli. 

Differences in transmission rates between different types of ESBL-EC have been investigated 
previously. Hilty et al. suggested that E. coli phylogroups B2 and D are more often transmitted 
within households than phylogroups A and B1.10 However, these differences were not statistically 
significant (p = 0.10). Adler et al. found that CTX-M-27 (CTX-M-9 group) producing ST131 E. 
coli spread more efficiently than the CTX-M-15 ST131 E. coli.36 Since our cohort included only 
few CTX-M-9 group positive ST131 isolates, we could not reliably compare these two ST131 
subgroups.

Our analysis has several limitations. One is the underlying assumption that all residents 
are equally contagious over time, whereas, hypothetically, ‘super-spreaders’ or periods of 
increased infectiousness may occur. Second, we used a conservative definition for transmission 
that presumed that transmission occurred only between residents on the same ward and 
disregarded the possibility of plasmid transmission. The resulting transmission numbers, 
which might have been underestimates, were used to calculate reproduction numbers, which 
if too low could have resulted in underestimation of the average duration for ESBL-ST131 to 
disappear from the LTCF. On the other hand, the method used to type the isolates (AFLP) is not 
as detailed as, for example, whole genome sequencing (WGS). Theoretically, this might have 
led to an overestimation of transmissibility by designating isolates to the same clonal complex 
which were actually different on WGS. Using AFLP in prevalence surveys in other health care 
facilities in the same area and time period revealed hardly any clonal relatedness. Therefore, 
the clonal relatedness in this specific nursing home is likely to represent clonal spread. Another 
limitation is the setting, i.e., a specific LTCF, during a situation of elevated endemic levels of 
ESBL colonization that had triggered intensified infection control measures. Transmission rates 
and duration of colonization might be different in other situations. However, we suspect that 
the differences in duration of colonization between ESBL-ST131 and other ESBL-EC can be 
extrapolated reasonably to other settings. 

Furthermore, we had no data on antimicrobial use during the study period, which could 
influence risk of acquisition and/or duration of carriage. However, from a previous study we 
know that in this LTCF antimicrobial use is low.11 Therefore we think that antimicrobial use 
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cannot explain why ESBL-ST131 has reached such a high endemic level of colonization in this 
LTCF. 

Our study also had notable strengths. Most important is the length of follow-up, with 
standardized intervals at which standardized cultures were taken, and the high participation 
rate. 

In conclusion, we found that ESBL-ST131 can colonize residents for prolonged periods, with 
an estimated half-life of 13 months, which contrasts the half-life of two to three months for 
other ESBL-EC. Furthermore, calculated transmission rates did not differ between ESBL-ST131 
and other ESBL-EC, and environmental contamination was more abundant for other ESBL-
EC than for ESBL-ST131. Duration of colonization was therefore the main identified factor 
contributing to the success of ESBL-ST131 in this LTCF under the current infection control 
measures. We postulate that prolonged colonization may also be the key to success of this 
clone worldwide. Our models predict that implementing additional infection control measures 
aimed at limiting the spread of ESBL-ST131 will only have a minor effect on duration of high 
endemic levels, whereas effective decolonization strategies should have a more profound 
effect. Therefore, in addition to implementing infection control measures, development of 
effective decolonization strategies is warranted to combat ESBL-ST131 worldwide.
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ABSTRACT

Observational studies have suggested that Escherichia coli sequence type (ST) 131 and Klebsiella 
pneumoniae ST258, both frequently resistant to multiple antibiotics and first described in 
2008 and 2009, respectively, have hyperendemic properties. This would be obvious from 
continuously high incidence and/or prevalence of carriage or infection with these bacteria in 
specific patient populations. Hyperendemicity could result from increased transmissibility, a 
longer duration of infectiousness, and/or a higher pathogenic potential as compared to other 
lineages of the same species. We have systematically assessed the evidence for each of these 
characteristics for E. coli ST131 and K. pneumoniae ST258.

The systematic literature search yielded 386 articles, of which 17 data sources provided 
information on transmissibility (E. coli ST131 n = 10; K. pneumoniae ST258 n = 7)), two on 
duration of infectiousness (E. coli ST131 n = 2), and 305 on pathogenicity (E. coli ST131 n = 278; 
K. pneumoniae ST256 n = 27). Available data on duration of carriage and on transmissibility 
were insufficient for quantitative assessment. 

In multivariable meta-regression E. coli isolates causing infection were associated with 
ST131, compared to isolates only causing colonization, suggesting that E. coli ST131 can 
be considered more pathogenic than non-ST131 isolates. Date of isolation, location, and 
resistance mechanism also influenced the prevalence of ST131. E. coli ST131 was 3.4 (95% 
CI 2.0-5.8) times more pathogenic than non-ST131. For K. pneumoniae ST258 there were not 
enough data for meta-regression assessing the influence of colonization versus infection on 
ST258 prevalence. 

With the currently available data, it cannot be confirmed nor rejected, that E. coli ST131 or 
K. pneumoniae ST258 are hyperendemic clones. 
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INTRODUCTION

Infections caused by Escherichia coli and Klebsiella pneumoniae producing extended-
spectrum beta-lactamases (ESBL) or carbapenemases are increasing worldwide. There is 
growing evidence that certain clonal lineages of these species, such as E. coli sequence type 
(ST) 131 and K. pneumoniae ST258, have more epidemic potential than other lineages within 
their species group. E. coli ST131 was first described in 20081 and K. pneumoniae ST258 in 
2009.2 E. coli ST131 is reported from around the globe, both in health care settings and in the 
community3,4, and is mostly associated with ESBL production and fluoroquinolone resistance.3,5 
K. pneumoniae ST258 is mainly associated with Klebsiella pneumoniae carbapenemase (KPC) 
production, and other resistance mechanisms6, is widespread in the USA, and expanding 
in Europe.6-8 In the scientific literature, E. coli ST131 and K. pneumoniae ST258 are widely 
considered hyperendemic clones.3,5,6,8,9 But the evidence underlying these assumptions is 
not that obvious.3,5 If E. coli ST131 or K. pneumoniae ST258 are truly hyperendemic clones, 
interventions may be targeted to these specific clones.

The characteristics of hyperendemicity follow from a simple model in which patients can 
be susceptible, colonized, or infected (Figure 1). Susceptible hosts can acquire colonization 
through transmission, either directly (from another colonized or infected person) or indirectly 
(from the environment or via the hands of health care workers). Both colonized and infected 
patients contribute to transmission, as long as they are infectious, which can be expressed 
with the duration of colonization. Duration of colonization can be influenced by fitness cost 
associated with resistance or by antibiotic use. Colonization can proceed to infection, which 
typically occurs in a fraction of colonized patients10 and the rate of this progression can be 
expressed as the pathogenicity level. Decolonization can occur in both colonized and infected 
persons. 

To be hyperendemic, a clone has to have advantages over other clones in at least one 
of the traits transmissibility, duration of colonization, or pathogenicity. Therefore, we define 
a hyperendemic clone as ‘a clone that is more transmissible, has a longer duration of 
colonization, and/or is more pathogenic than other clones of the same species’. The presence 
of any or more of these traits will then lead to a continuously high incidence and/or prevalence 
of carriage or disease in a specific patient population. We performed a systematic review to 
quantitatively estimate these critical parameters for E. coli ST131 and K. pneumoniae ST258. 

Figure 1 | Simple 
model
S: Susceptible
C: Colonized
I: Infected

Transmission 

Decolonization 

S C I 
Pathogenicity 

Decolonization 

Recovery 
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METHODS

Search strategy
A PubMed search was performed to retrieve relevant articles published until February 11, 
2014. The complete search string can be found in Supplementary Text 1. A cross-reference 
check was performed to include relevant articles not found during the search. Only English, 
full-text articles were included. Articles unavailable online were requested from the authors. 
The MOOSE statement was followed for reporting in this paper.11

Study selection
Titles and abstracts were independently reviewed by two reviewers (MRH and MJDD) and 
selected for further review if they met the inclusion criteria. Selections were compared between 
the two reviewers and if consensus was not reached, a third reviewer (MCJB or MJMB) was 
consulted. 

The inclusion criteria for articles on transmissibility were that possible transmissions should 
be described and the number of cases should be reported. Outbreak reports were included. 
Articles focusing on duration of colonization should include at least two cultures per patient 
taken at two different time points. Pathogenicity was defined as the difference in the prevalence 
of ST131 or ST258 in infections (clinical isolates) compared to colonization. We considered a 
clone to be more pathogenic when the relative abundance of this clone in isolates causing 
infections was higher compared to isolates associated with colonization. Therefore, articles 
on pathogenicity of E. coli ST131 or K. pneumoniae ST258 should report the prevalence or 
incidence of infections among patients colonized with E. coli ST131 or K. pneumoniae ST258, 
the prevalence of E. coli ST131 or K. pneumoniae ST258 among patients colonized with E. coli 
or K. pneumoniae, respectively, or the prevalence of E. coli ST131 or K. pneumoniae ST258 
among at least 10 clinical isolates of E. coli or K. pneumoniae, respectively.

Articles were excluded if they did not contain original data (such as reviews, commentaries, 
or articles reusing existing datasets), if they considered E. coli or K. pneumoniae only in non-
human sources, or if there was no clear information on the isolate collection or selection.

Data extraction
Data were extracted by the same two reviewers independently and cross-checked using a 
standard form developed by the researchers. Data were collected on population and setting, 
recording if participants were inpatients, outpatients/community residents, travelers, or 
from another/unknown group. The area/region where the study took place was recorded 
and categorized into (mainly) from Africa, Asia, Australia, Europe, North America, and South 
America. It was recorded whether data collection took place during an outbreak period, and 
if a selection on antibiotic susceptibility or resistance was made, divided into selection on 
ESBL/AmpC-producing isolates (including third generation cephalosporin-resistant isolates), 
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carbapenem-resistant or carbapenemase-producing Enterobacteriaceae (CRE/CPE, e.g., KPC, 
OXA-48), other resistance profiles (e.g., ciprofloxacin-resistant, fluoroquinolone-susceptible, 
or multidrug- resistant), or no selection on resistance. Furthermore, the method to detect 
sequence types was documented, split up into multi-locus sequence typing (MLST, when all 
isolates were typed by MLST), extrapolation based on pulsed-field gel electrophoresis (PFGE, 
when only selected isolates were typed with MLST and the sequence types were inferred based 
on PFGE type), polymerase chain reaction (PCR, when all isolates underwent PCR-screening 
for ST-specific alleles), extrapolation based on PCR (mainly MLST for E. coli isolates that 
were positive for O25b-ST131 by PCR), or other/unknown (such as fumC/fimH typing). Also, 
the sample site of the included isolates (percentage of isolates isolated from blood, urine, 
gastrointestinal, respiratory, wound/abscess, or other sites) and time period of the study were 
recorded. For the time period, the middle date was used in the model if the study covered a 
longer time period.

For transmissibility, if available, information was gathered on admission prevalence, 
number of cases, number of uncolonized patients, and transmission measure given. For 
duration of colonization, the number of cases and duration of colonization were recorded. 
For pathogenicity, information was collected on the prevalence or incidence of infections in 
patients colonized with E. coli ST131 or K. pneumoniae ST258, the prevalence of E. coli ST131 
or K. pneumoniae ST258 in patients colonized with E. coli or K. pneumoniae, respectively, and/
or the prevalence of E. coli ST131 or K. pneumoniae ST258 in patients infected with E. coli or K. 
pneumoniae, respectively.

Quality of the included articles was assured by only including papers with a proper selection 
of isolates. Furthermore, quality was implicitly incorporated in the data that were collected on 
the detection method used, the sample sites, whether data were collected during an outbreak, 
and the setting and time period in which data were collected.

Several studies allowed for splitting of the data into multiple ‘data sources’. For example, if 
data were available per year or per country, these were recorded separately. Figure 2 shows 
a flow diagram with the included and excluded articles. Since only 17 data sources were 
available on transmissibility (10 on E. coli ST131 and seven on K. pneumoniae ST258) and 
two on duration of colonization (both on E. coli ST131), we could only describe these without 
quantifying summary measures. For pathogenicity, enough data was available on E. coli to do 
a meta-regression analysis and calculate summary measures.

Meta-regression pathogenicity
In order to evaluate the pathogenicity of E. coli ST131 and K. pneumoniae ST258 and to assess 
which factors influence this, meta-regression was performed using all reported data on the 
prevalence of E. coli ST131 in clinical (infection) or screening (colonization) isolates of E. coli and 
for all reported data on the prevalence of K. pneumoniae ST258 in clinical (infection) isolates 
of K. pneumoniae. The prevalence estimates (calculated as the number of ST131- or ST258-
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positive isolates divided by the total number of E. coli or K. pneumoniae isolates, respectively) 
and standard errors (SEs) were logit transformed in the analysis. Heterogeneity between 
studies was evaluated with Cochran’s Q and the I2 statistic.12 Because of high heterogeneity 
(I2 > 75%), a meta-analysis using a generalized linear mixed effect model with random effects 
per data source was used to assess sources of variability in the overall prevalence estimates. 
Univariate analyses were performed to identify covariates associated with the overall prevalence 
estimates. All covariates with a p-value < 0.20 were included in the multivariate model, and 
backward selection was performed using the likelihood ratio test. There, as we are performing 
an exploratory analysis, a cut-off of p < 0.10 was used to determine statistical significance. The 
variable describing sample site was not included in the models, because of great dependency 
on the type of isolate (clinical or screening isolate, e.g. blood isolates representing infection), 
and the effect of culture site might not be comparable for isolates representing colonization 
or infection. The estimated between-study variance (τ2) was evaluated for the model with and 
without explanatory parameters. The exponent of the coefficient for colonization/infection 
found in the meta-regression model is an odds ratio, which can be interpreted as a risk ratio. 
This was taken as a measure of how much more pathogenic E. coli ST131 was compared to 

Figure 2 | Flowchart of article selection

341 articles identified through 
PubMed search 

47 articles identified through 
cross-references 

386 articles screened for inclusion 
criteria 

135 articles excluded based on 
title/abstract 

251 full-text articles assessed for 
eligibility 

69 full-text articles excluded 
- Data also described in other paper (9) 
- No (good) info on any of the 3 subjects (6) 
- No original data (9) 
- Not enough cases to assess pathogenicity 

(8) 
- ST’s not determined (18) 
- Unusable selection (19) 

182 articles included 
151 E. coli, 26 K. pneumoniae, 5 both 

285 data sources 
248 E. coli, 37 K. pneumoniae 

Duration of colonization: 2  
2 E. coli, 0 K. pneumoniae 

Pathogenicity: 269  
239 E. coli, 30 K. pneumoniae 

Transmissibility: 14 
7 E. coli, 7 K. pneumoniae  

386 articles after duplicates 
removed 
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non-ST131. I.e., a value of 2 would indicate that per colonized day colonization with ST131 
leads two times more often to an infection as compared to colonization with non-ST131. All 
analyses were performed in R v. 3.0.3 (http://CRAN.R-project.org) using the ‘metafor’ package.

RESULTS

In all, 285 useful data sources were identified (see Figure 2 for the consecutive steps followed 
for identification). For transmissibility 14 data sources were identified, for duration of carriage 
two, and for pathogenicity 269. Most studies (n = 206, 72%) were performed in Europe 
and North America, and 266 (93%) were performed in a non-outbreak setting (Table 1). E. 
coli isolates were most selected on ESBL production or resistance against third-generation 
cephalosporins, and K. pneumoniae isolates on being CRE/CPE. Colonization isolates were 
most often from gastro-intestinal origin (85.2%), and infection isolates from urine (54.8%) or 
blood (24.5%).

Transmissibility 
There were 14 studies reporting transmissibility of E. coli ST131 (n = 7) and K. pneumoniae 
ST258 (n = 7), some being case-reports or describing single possible transmission events 
(Table 2). Transmission events for E. coli ST131 have been described or suggested in household 
(n = 3), day care (n = 1), and hospital settings (n = 4). For K. pneumoniae ST258 all sources 
reported on transmission events in hospital settings, and all included CRE/CPE. 

Transmissibility can be quantified by the number of transmissions per patient or patient days 
at risk, which requires information on the number of index cases, number of transmissions, 
and number of days or patients at risk. Yet, one or more of these aspects, especially time 
at risk, is missing in all studies but one. Most studies are cross-sectional studies, in which 
transmission cannot be proven.

Differences in transmission capacity between E. coli ST131 and non-ST131, or between K. 
pneumoniae ST258 and non-ST258, have not been quantified, precluding any conclusion on 
the relative transmissibility of E. coli ST131 and K. pneumoniae ST258 compared to other clonal 
lineages. 

Duration of carriage
The duration of carriage of E. coli ST131 was investigated in two studies. In one study 
colonization with E. coli was still apparent after 12 months in 64% (n = 9) and 40% (n = 14) 
of those carrying E. coli ST131 or other STs, respectively (p = 0.12).27 In another study, of two 
patients acquiring colonization with E. coli ST131 during travel, one was a prolonged carrier 
with this strain. The definition of prolonged carriage was not given however.28 The duration of 
carriage of K. pneumoniae ST258 has not been determined.
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Table 1 | Characteristics of included studies
SD: standard deviation. EC: E. coli, KP: K. pneumoniae. Site: site from which most isolates were identified.
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Table 3 | Effect of covariates on prevalence of ST131 in E. coli (univariable random effects meta-

regression models)

p-value

Study period (per month*)   < 0.0001

Infection or colonization 0.0011

Colonization

Infection 

Outbreak setting 0.9893

No

Yes

Selection of isolates based on resistance pattern < 0.0001

No selection on resistance profile

ESBL/3GC-R

CRE/CPE

Other

Study population 0.9383

Inpatients

Outpatients /community

Mixed

Travelers

Other/unknown

Location 0.0071

Europe

North America

South America

Australia

Asia

Africa

Method used to detect ST131 0.5312

MLST

Extrapolation based on PFGE

PCR

Extrapolation based on PCR

Other/unknown

CRE/CPE: carbapenem-resistant Enterobacteriaceae/carbapenemase-producing Enterobacteriaceae 
ESBL/3GC-R: extended-spectrum beta-lactamases/third-generation cephalosporin resistance 
MLST: multi-locus sequence typing 
PCR: polymerase chain reaction 
PFGE: pulsed-field gel electrophoresis 

* Reference date: 1 January 2009
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Pathogenicity
E. coli
From 239 data sources, we retrieved data from 25,722 E. coli isolates (1,657 associated with 
colonization and 24,065 with infection). Prevalence of E. coli ST131 in these studies ranged 
from 0% to 100% (Supplementary Figure 1), with high statistical heterogeneity between 
studies (I² = 98.1%, 95% CI 97.7%-98.4%). 

In univariable meta-regression the E. coli ST131 prevalence in individual studies increased 
in time, and appeared to be influenced by whether isolates were associated with infection or 
colonization, resistance patterns used for isolate selection, and location where the study was 
performed (p-value < 0.20; Table 3). These variables were included in the multivariable meta-
regression model, and time, location, and selection remained significantly associated with 
E. coli ST131 prevalence (Table 4). No significant effects were present for study population, 
microbiological methods used to detect ST131, or whether the study was performed in an 
outbreak situation or not. The prevalence of ST131 was highest if E. coli isolates were selected 
upon the presence of ESBL production or third generation cephalosporin resistance, and 

Table 4 | Effect of covariates on prevalence of ST131 in E. coli (multivariable random effects meta-

regression model)

Estimate (SE*) p-value

Intercept  -3.0020 (0.3351)

Study period (per month†)   0.0180 (0.0025) < 0.0001

Infection or colonization < 0.0001

Colonization Reference

Infection 1.2353 (0.2649)

Selection of isolates based on resistance pattern < 0.0001

No selection on resistance profile Reference

ESBL/3GC-R 1.4858 (0.2578)

CRE/CPE 0.5575 (0.5632)

Other 0.9444 (0.2951)

Location < 0.0001

Europe Reference

North America 0.3395 (0.1770)

South America -2.1666 (1.2034)

Australia -0.4926 (0.3658)

Asia -0.2399 (0.2133)

Africa -0.0390 (0.3770)

CRE/CPE: carbapenem-resistant Enterobacteriaceae/carbapenemase-producing Enterobacteriaceae 
ESBL/3GC-R: extended-spectrum beta-lactamases/third-generation cephalosporin resistance 
SE: standard error 
* Parameter estimates (SEs) are presented on a logit scale 
† Reference date: 1 January 2009
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lowest if derived from non-selective media. Prevalence of E. coli ST131 was highest in North 
America, and lowest in South America.

The estimated prevalence of ST131 in E. coli, given particular values of the covariates, can be 
derived from the regression equation (Table 4). For example, the estimated logit (prevalence 
ST131) for isolates causing infection, selected on presence of ESBL, in North America in 
January 2010 is given by -3.0020 + 12 * 0.0180 + 1.2353 + 1.4858 + 0.3395 = 0.2746, which 
corresponds to a prevalence of ST131 of exp(0.2746) / (1+exp(0.2746)) = 56.8%. The estimated 
prevalence in the reference category (January 2009, colonization, no selection on resistance 
profile, Europe) is exp(-2.940) / (1+exp(-2.940)) = 5.0%.

In the multivariable meta-regression model E. coli ST131 was significantly associated with 
infection compared to colonization, suggesting that ST131 isolates are more pathogenic than 
non-ST131 isolates. From the infection/colonization coefficient we can calculate the relative 
pathogenicity of E. coli ST131 compared to non-ST131. We found that E. coli ST131 is 3.4 
(95% CI 2.0-5.8) times more pathogenic than non-ST131. Supplementary Figure 2 shows the 

Table 5 | Effect of covariates on prevalence of ST258 in clinical isolates of K. pneumoniae (univariable 

random effects meta-regression models)

p-value

Study period (per month*)   0.0875

Outbreak setting 0.0147

No

Yes

Selection of isolates based on resistance pattern 0.1333

Non-CRE/CPE

CRE/CPE

Study population 0.0071

Inpatients

Mixed

Other/unknown

Location 0.0415

Europe

North America

South America

Asia (including Australia)

Method used to detect ST131 0.1569

MLST

Extrapolation based on PFGE

CRE/CPE: carbapenem-resistant Enterobacteriaceae/carbapenemase-producing Enterobacteriaceae 
MLST: multi-locus sequence typing 
PFGE: pulsed-field gel electrophoresis 

* Reference date: 1 January 2009
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proportion of ST131 found in infection isolates compared to colonization isolates as estimated 
by the meta-regression model. 

The estimated between-study variance (τ2) reduced from 1.28 in the model without 
parameters to 0.90 in the final model, implying that a high level of heterogeneity remained.

K. pneumoniae
There were 27 and two data sources providing information on the prevalence of ST258 K. 
pneumoniae in clinical and colonizing isolates, respectively (Supplementary Figure 3). Because 
of limited data on colonization, quantitative analyses were performed for clinical isolates only. 

In the univariable meta-regression model, study period, outbreak setting yes/no, selection of 
isolates based on resistance pattern, study population, geographic location, and method used 
to detect ST258 were all associated with a higher prevalence of ST258 with a p-value < 0.20 
and were, thus, included in the multivariable model (Table 5). This model yielded a significant 
increasing effect in time of the prevalence of ST258 in K. pneumoniae isolates, as well as an 
effect of resistance patterns on the prevalence of ST258 in K. pneumoniae (Table 6). ST258 
prevalence was associated with selection of isolates on CRE-positivity, but the number of data 
sources describing isolates that are not CRE/CPE was low (not selected on resistance pattern, 
n = 1 or selected on ESBL, n = 1). Furthermore, study population characteristics also appeared 

Table 6 | Effect of covariates on prevalence of ST258 in clinical isolates of K. pneumoniae 

(multivariable random effects meta-regression model)

Estimate (SE*) p-value

Intercept  -0.8794 (1.1010) 0.4244

Study period (per month†)   0.0588 (0.0257) 0.0221

Selection of isolates based on resistance pattern 0.0264

Non-CRE/CPE Reference

CRE/CPE 2.4991 (1.1257)

Study population < 0.0001

Inpatients Reference

Mixed -5.7152 (1.4969)

Other/unknown -2.9060 (0.7049)

Location 0.0553

Europe Reference

North America 0.7178 (0.9240)

South America 0.6296 (0.9180)

Asia (including Australia) -2.4943 (0.9626)

CRE/CPE: carbapenem-resistant Enterobacteriaceae/carbapenemase-producing Enterobacteriaceae 
SE: standard error 
* Parameter estimates (SEs) are presented on a logit scale 
† Reference date: 1 January 2009
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to influence ST258 prevalence in K. pneumoniae, with higher prevalence of ST258 in inpatients, 
compared to ‘other’ populations. Yet, the ‘other’ group was not defined accurately, precluding 
firm conclusions. No data sources were available for outpatients or persons residing in the 
community. Finally, reported ST258 prevalence was higher in Asia and Australia than in other 
continents. 

The method of sequence type detection (nine data sources with extrapolation based on 
MLST of selected isolates; 18 data sources using MLST for all isolates) or whether data were 
collected during an outbreak (eight data sources) or not (n = 19) were not associated with a 
higher prevalence of ST258.

The estimated prevalence of ST258 in K. pneumoniae, given particular values of the 
covariates, can be derived from the regression equation. For example, the estimated logit 
(prevalence of ST258) for isolates selected on presence of CRE in hospital inpatients in North 
America in January 2010 is given by -0.8794 + 12 * 0.0588 + 2.4991 + 0.7178 = 3.0431, which 
corresponds to a prevalence of ST258 of exp(3.0431) / (1+exp(3.0431)) = 95.4%. The estimated 
prevalence in the reference category (January 2009, non CRE/CPE, hospital inpatients, Europe) 
is exp(-0.8794) / (1+exp(-0.8794)) = 29.3%.

The estimated between-study variance (τ2) reduced from 7.87 in the model without 
parameters to 1.43 in the final model, indicating a considerable improvement, but still a high 
level of heterogeneity.

ST258 was not detected in the two studies reporting on colonization with K. pneumoniae 
that included 36 and four isolates 146,173. This precludes any quantification of the pathogenicity 
of K. pneumoniae ST258. 

The only study in which both colonization and infection with K. pneumoniae ST258 were 
investigated included a set of seven KPC-producing K. pneumoniae ST258 isolates collected 
from a long-term acute care facility in South Florida.194 Three patients were colonized, and 
four had both colonization and infection. Again, the sample size is too small for drawing 
conclusions. 

DISCUSSION

Based on published information we conclude that there is evidence that E. coli ST131 is 
more pathogenic than E. coli non-ST131, but not for increased transmissibility or prolonged 
duration of carriage. Because of the heterogeneity in the data it cannot be concluded (nor 
rejected) that E. coli ST131 is a hyperendemic clone. For K. pneumoniae ST258 the published 
data precluded any conclusion on increased transmissibility, longer duration of carriage, or 
increased pathogenicity. 

Several limitations in our study should be acknowledged. Because of our search strategy, 
the prevalences of E. coli ST131 and K. pneumoniae ST258 that were retrieved were likely 
overestimations of the real prevalences. We required the articles to report ST131/ST258 in 



Epidemic potential of E. coli ST131 and K. pneumoniae ST258: a systematic review and meta-analysis | 143

8

their title and/or abstract and therefore articles that did not report this, or that did not detect 
ST131/ST258 in their study, may have been missed. Since the prevalence is dependent on 
factors including time, location, resistance pattern, population studied, and possibly variables 
not included in this review (e.g., patient-specific details like age, gender), we deemed it not 
meaningful to estimate an overall prevalence of ST131 in E. coli or ST258 in K. pneumoniae. 

We also did not create a funnel plot to assess publication bias, as such an analysis also 
assumes that there is one overall effect or prevalence. Thus, publication bias cannot be 
excluded. It is possible that identification of E. coli ST131 or K. pneumoniae ST258 stimulates 
publication, because of the current interest in these clones. However, this will most likely equally 
influence studies reporting infection and colonization isolates, which would not influence our 
conclusions. In our analysis, we used grouped variables (e.g., continent instead of country), as 
there are limitations to the number of variables that can be studied.

There could also be differences in detecting infection and colonization associated isolates. 
Infection isolates are mainly collected retrospectively, when a pattern or outbreak is recognized, 
whereas colonization isolates are more often collected prospectively. Yet, since determination 
of sequence types is unambiguous it is unlikely that such differences have affected our 
conclusions.

Our analysis clearly demonstrates that more – and better designed – studies are needed 
to determine whether E. coli ST131 and K. pneumoniae ST258 are truly hyperendemic clones. 
This would be possible with a prospective cohort study of a population (e.g., the general 
population or hospitalized patients) with a certain contact structure, in which carriage with 
E. coli or K. pneumoniae is regularly (e.g. weekly or monthly) determined. For determination 
of transmissibility genotyping should be performed, preferably with highly discriminatory 
methods, and preferably with inclusion of multiple isolates per patient.195 The duration of 
exposure to persons colonized or infected with E. coli ST131/K. pneumoniae ST258 should be 
determined to calculate the number of acquisitions per unit of time. Carriers could be studied 
in more detail to determine the duration of carriage and the infection rate (and duration until 
infection), preferably with inclusion of the effects of antibiotic use on these parameters. There 
should be a sufficient duration of follow-up, and isolates should be characterized to determine 
whether multiple isolates represent persistent carriage or recolonization with different strains. 

In conclusion, current evidence does not allow the conclusion that E. coli ST131 and K. 
pneumoniae ST258 are hyperendemic clones. 
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SUPPLEMENTARY TEXT 1. SEARCH STRING

((k. pneumoniae[All Fields] AND (st258[All Fields] OR st 258[All Fields] OR (((“sequence”[All 
Fields] AND type[All Fields]) OR sequence type[All Fields]) AND 258[All Fields]))) OR (e. 
coli[All Fields] AND (st131[All Fields] OR st 131[All Fields] OR (((“sequence”[All Fields] AND 
type[All Fields]) OR sequence type[All Fields]) AND 131[All Fields]))))
AND
(
(“transmission”[Subheading] OR transmissi*[All Fields] OR transmit*[All Fields] OR spread*[All 
Fields] OR disease outbreaks[All Fields] OR (disease[All Fields] AND outbreaks[All Fields]) OR 
outbreak*[All Fields] OR “gene transfer, horizontal“[MeSH Terms] OR (gene[All Fields] AND 
(“transfer”[All Fields] OR “transfers”[All Fields]) AND horizontal[All Fields]) OR horizontal gene 
transfer*[All Fields] OR conjugation*[All Fields] OR ((“plasmids”[MeSH Terms] OR plasmid*[All 
Fields]) AND (“transfer”[All Fields] OR “transfers”[All Fields])))
OR
(((colonis*[All Fields] OR coloniz*[All Fields]) AND (duration*[All Fields] OR (“period”[All 
Fields] OR “periods”[All Fields]) OR times[All Fields])) OR (infectious[All Fields] AND 
(“period”[All Fields] OR “periods”[All Fields] OR times[All Fields] OR interval[All Fields] OR 
intervals[All Fields])) OR (“generation”[All Fields] AND (times[All Fields] OR interval[All Fields] 
OR intervals[All Fields])))
OR
(“pathogenicity”[Subheading] OR pathogenic*[All Fields] OR virulen*[All Fields] OR 
“virulence”[MeSH Terms] OR infectiv*[All Fields] OR infectious[All Fields] OR infectious*[All 
Fields])
)
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SUPPLEMENTARY FIGURE 1. FOREST PLOT SHOWING PROPORTION ST131 
IN E. COLI
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SUPPLEMENTARY FIGURE 2. DIFFERENCES IN PROPORTION ST131 IN 
E. COLI IN COLONIZATION VERSUS INFECTION AS GIVEN BY THE META-
REGRESSION MODEL
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The confidence interval should be interpreted as the confidence interval for the mean effect 
and not the individual effect. If one would average the proportions E. coli ST131 found in 100 
studies, the mean should fall within the limits of the confidence interval of this graph 95% of 
the times.
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SUPPLEMENTARY FIGURE 3. FOREST PLOT SHOWING PROPORTION ST258 
IN K. PNEUMONIAE
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In this thesis, carriage and transmission dynamics of multidrug-resistant Enterobacteriaceae 
have been investigated in various settings. Mathematical models were used to derive estimates 
for these epidemiological traits. Mathematical modeling can support in the decision making 
and provide guidance to policymakers on how to most efficiently use resources and set 
infection control measures, such as antibiotic use, hand hygiene, cleaning, and cohorting.1-4

DURATION OF CARRIAGE WITH MULTIDRUG-RESISTANT 
ENTEROBACTERIACEAE

Until recently, antimicrobial resistance has been mainly a problem in hospitals, especially in 
intensive care units (ICUs).5,6 Patients admitted to ICUs are critically ill, have many indwelling 
devices, and receive many antibiotics and health care contacts, creating the perfect 
environment for antimicrobial-resistant bacteria to spread. Also, visitors of patients can be 
a source of contamination.7 Next to this, readmissions are common in ICUs, creating an 
opportunity for a ‘feedback loop’ where pathogens are reintroduced into a ward and can cause 
new colonizations and infections.8 

This was studied in Chapter 2, where we determined the duration of carriage with 
antimicrobial-resistant bacteria after ICU discharge. This can provide guidance on when 
and how long to isolate readmitted patients who are known to be colonized in a previous 
admission. Data were used from a cluster-randomized trial in 13 ICUs in eight European 
countries (MOSAR-ICU trial, 2008-2011). All patients colonized with highly-resistant 
Enterobacteriaceae (HRE), methicillin-resistant Staphylococcus aureus (MRSA), or vancomycin-
resistant enterococci (VRE) and readmitted to the same ICU during the study period were 
included. Over 6% of the patients had a (registered) readmission to the same ICU during the 
study period. Surprisingly, rather short durations of colonization were found compared to 
previously published studies, ranging from a median of 0.4 months for MRSA to 1.4 months 
for HRE and 1.5 months for VRE. One of the main reasons for these differences is the different 
method used to estimate the survival curve, taking interval-censoring into account. However, 
confidence intervals were wide and no significant differences between the survival curves were 
found. A more accurate estimate would have been obtained if more patients were included 
and sampling had been performed more regularly. Cluzet et al.9 have recently done this for 
MRSA and found an even shorter duration of three weeks, but noted that 20% of the patients 
were still colonized after six months. For ESBL-producing Enterobacteriaceae a similar study 
was done, in which a median duration of over six months was found, much longer than our 
estimate.10 Yet, both studies were in non-ICU patients with a previous infection with the studied 
pathogen, impeding comparisons with our results. It indicates that durations of carriage might 
vary between populations, even within the hospital. 

Long-term care facilities (LTCFs), such as nursing homes, skilled nursing facilities, and long-
term acute care hospitals (LTACHs), differ from acute care hospitals in the type of patients 
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admitted and the type and duration of care given. Especially in nursing homes, residents 
have more direct contact with each other during social activities. Therefore, the dynamics 
of antimicrobial-resistant bacteria may differ as well. Carriage and spread of antimicrobial-
resistant bacteria in LTCFs have not been studied extensively, but are most probably 
instrumental in the epidemiology.11

In Chapter 3 we determined the duration of carriage with Klebsiella pneumoniae 
carbapenemase-producing Enterobacteriaceae (KPC) in an endemic setting with an infection 
control intervention in place. Data were used of 251 patients admitted to four LTACHs in 
Chicago, USA. The median duration of colonization during an LTACH stay was 165 days, 
with 85% of patients remaining colonized for at least one month. The median duration of 
colonization between LTACH admissions was 270 days. 

A recent study concluded that patients should be regarded as still carrying carbapenem-
resistant Enterobacteriaceae for at least a year after the last positive microbiological sample.12 
The risk of recurrence of positivity was higher when patients had recurrent admissions to 
health care facilities during follow-up and had foreign bodies present at the time of presumed 
eradication. However, like in our study, the screening method was not sensitive enough to 
distinguish true persistence from reacquisition. Since LTACH patients have regular health care 
contact and are frequently readmitted11, they have a large impact on the regional epidemiology 
of antimicrobial resistance.13-15 Infection control measures should, therefore, be taken at the 
regional level and include different types of facilities and different levels of care.16

TRANSMISSION DYNAMICS OF MULTIDRUG-RESISTANT 
ENTEROBACTERIACEAE

The same database from Chicago, USA, was used in Chapter 4, where we found that inclusion 
of a pure cohort (all KPC-positive patients on one floor) or single rooms for KPC-positive 
patients in an intervention bundle seemed to limit transmission compared to use of a mixed 
cohort, where KPC-positive and negative patients were mixed on a ward. We also demonstrated 
using a Markov model that the per admission reproduction number RA was 0.40, implicating 
that patient-to-patient transmission of KPCs in these four LTACHs was not enough to maintain 
endemicity. The high admission prevalence and subsequent high colonization pressure seem 
to be the drivers behind the KPC epidemic in these LTACHs. Using whole genome sequencing 
(WGS), Pecora et al.17 demonstrated that introduction of strains from external sources was 
responsible for the prevalence observed, rather than outbreaks. To the contrary, in a study 
from Israel so-called super-spreaders – individuals that produce considerably more new 
cases than average – appeared responsible for the epidemic of KPC.18 Yet, they only focused 
on environmental contamination; cross-transmission was not studied. More studies will be 
needed to quantify the different elements contributing to the KPC epidemic.

In the Netherlands, the prevalence of carbapenemase-producing Enterobacteriaceae is still 
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low and outbreaks of KPCs have only occurred sporadically.19,20 However, failure to identify 
OXA-48-producing bacteria, and thus the failure to isolate colonized patients, led to a large 
hospital-wide outbreak of OXA-48 in the Netherlands involving at least 118 patients.21 The 
question was raised whether the inability to detect OXA-48 in E. coli would allow for a reservoir 
of undetected OXA-48 to develop, facilitating unnoticed spread. In Chapter 5 we found 
that the contribution of OXA-48-positive E. coli to the epidemiology of OXA-48-containing 
Enterobacteriaceae was small. OXA-48-positive E. coli only accounted for 1.9% of R0, the basic 
reproduction number. The feared scenario of a hidden reservoir of OXA-48 in E. coli therefore 
seemed highly unlikely. 

In recent years, it appeared that spread of antimicrobial-resistant bacteria was not confined 
to hospitals or other health care settings, but also occurred in the community.22 In the 
Netherlands, OXA-48 only caused one hospital outbreak and its prevalence is not (yet) relevant 
in the community.23-25 Community carriage of antimicrobial-resistant bacteria can result from 
acquisition from a variety of sources. As described before, hospitals and LTCFs can be a reservoir 
for acquisition of pathogens because of the high prevalence. Also, travelers visiting countries 
with a high prevalence of antimicrobial resistance are at risk to acquire antimicrobial-resistant 
bacteria.26-31 Duration of carriage with multidrug-resistant Enterobacteriaceae after travel 
acquisition seems to be in the order of weeks or months.32-34 Food has also been hypothesized 
as a source for acquisition of antimicrobial-resistant bacteria, such as contaminated meat or 
vegetables.35-37 Other possible sources for acquisition are contact with animals, either livestock, 
wild animals, or pets, sewage water, and other environmental niches.22,38-41 Also, community 
antibiotic use can select for resistant bacteria and contact between humans in the community 
can lead to direct transmission of antimicrobial-resistant bacteria.42-47

We tried to capture this complex interplay of acquisition routes for ESBL-producing 
Enterobacteriaceae in a population model described in Chapter 6. After quantifying within-
household transmission rates and duration of carriage with ESBL-producing Enterobacteriaceae 
in a household model, these parameters were used as input for a population model together 
with values derived from the scientific literature. Hospital acquisition, travel acquisition, and 
within-household transmission could not explain the current prevalence in the Netherlands. 
ESBL acquisition in the community may considerably contribute to the observed endemicity 
of ESBL-carriage. However, what the exact contribution and size of the different community 
elements is (e.g., between-household transmission and other external sources), remains to be 
determined.

Community spread of pathogens is more difficult to study than spread in hospitals or 
LTCFs. Community-dwelling people are usually more mobile and have multifaceted contact 
patterns. Most community studies performed so far, including our study, have focused on 
ESBLs. However, future studies should also address the potential impact of community spread 
of carbapenemase-producing bacteria on the prevalence.20,48 
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SUCCESSFUL BACTERIAL CLONES

During an outbreak of ESBL-producing E. coli sequence type (ST) 131 in a nursing home in the 
Netherlands we determined carriage duration and transmission capacity of the – presumed 
– hyperendemic clone E. coli ST131 and other E. coli clones (Chapter 7). ST131 colonized 
residents for a longer time than non-ST131, but no difference was seen in the transmission 
rates. Despite the infection control measures installed, it was estimated that the outbreak 
would persist for three to four years. This emphasizes the difficulties in controlling antimicrobial 
resistance in these settings and the possibility of development of a reservoir of antimicrobial-
resistant bacteria in LTCFs.49-51 The results also show that, with the current development of 
more detailed detection methods, we might have to tailor our infection control strategies to 
sub-groups and sub-clones of antimicrobial-resistant bacterial species. 

However, more research into sub-clones will be needed, as described in Chapter 8. After 
performing a systematic review of the literature we found no difference in transmissibility, 
duration of colonization, or pathogenicity of K. pneumoniae ST258 compared to other K. 
pneumoniae clones, mainly due to the low number of studies performed. No conclusions could 
be drawn regarding potential hyperendemicity of K. pneumoniae ST258. Also, no differences 
were found in transmissibility or duration of colonization with E. coli ST131 versus other E. coli 
clones. In a meta-regression analysis we did see a higher pathogenic potential of sub-clone 
E. coli ST131 compared to other E. coli clones. The results described in Chapter 7, giving 
a measure for the duration of colonization and transmission rate of E. coli ST131, add new 
insights to the conclusions of this review and indicate that there might actually be relevant 
differences between sub-clones of E. coli. 

FUTURE PERSPECTIVES

The battle against antimicrobial-resistant bacteria, in particular multidrug-resistant 
Enterobacteriaceae, has only just started. Carriage and spread of these bacteria are a complex 
interplay between the bacteria and the human host, which we tried to capture in mathematical 
models in this thesis. Using mathematical models, one is forced to think about the different 
aspects involved in a simple way. They can be used to calculate parameters, predict effects 
of interventions, or identify knowledge gaps. Although our models mostly focused on one 
setting at a time, we know these settings are connected via patient-sharing.14,15 Future models 
should take this regional connectedness into account, to more precisely model hospital and 
pathogen dynamics. Of course, more detailed data will be needed to inform these models. 

New developments in methods to detect pathogens can also improve mathematical 
models. WGS provides more detailed information on the pathogen, enabling researchers to 
more accurately identify closely related or identical strains (an indication for transmission), 
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advancing outbreak investigations. The first steps have been made52-55, but much more 
research is needed before this will become an accepted method.56,57 

As mentioned before, food can also be source of antimicrobial-resistant bacteria. However, 
what the exact impact is on prevalence of antimicrobial-resistant bacteria, and in particular 
multidrug-resistant Enterobacteriaceae, in the human population is still unclear.58-62 In the 
perspective of One Health63,64, more research will be needed to estimate the contributions of the 
different sources. Collaborations between researchers in human and veterinary epidemiology 
regarding joint data collection, analysis, and interpretation will advance knowledge on 
transmission dynamics in and between the human and animal populations and help combat 
antimicrobial resistance.65
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INTRODUCTIE

Sinds de ontdekking van de eerste antibiotica door Alexander Fleming in 1928 is ook 
resistentie tegen deze revolutionaire medicijnen snel gevonden. Resistentie tegen antibiotica 
kan op verschillende manieren ontwikkelen. Sommige bacteriën zijn van nature al resistent, 
maar bacteriën kunnen resistentie ook verkrijgen. Eén enkele mutatie in het DNA van bacteriën 
kan al voor resistentie zorgen. Wanneer de antibioticadruk hoog is, kan endogene selectie van 
antibioticaresistente bacteriën optreden door het uitgroeien van resistente bacteriën ten koste 
van niet-resistente bacteriën. 

Enterobacteriaceae, gramnegatieve darmbacteriën die over het algemeen onschadelijk zijn, 
worden voornamelijk overgebracht via de fecaal-orale route. Dit kan door direct contact tussen 
personen of door indirect contact met besmette oppervlakten of objecten. Genen die coderen 
voor antibioticaresistentie zitten vaak op plasmiden: kleine mobiele genetische elementen 
die uitgewisseld kunnen worden tussen bacteriën. In Enterobacteriaceae kan transmissie van 
plasmiden plaatsvinden tussen verschillende bacteriën en zelfs verschillende bacteriesoorten. 
Zo kan antibioticaresistentie zich makkelijk verspreiden onder verschillende bacteriën.

De meest voorkomende resistentiemechanismen in Enterobacteriaceae zijn extended-
spectrum beta-lactamase (ESBL)-productie en productie van carbapenemases. ESBL-
producerende bacteriën zijn resistent tegen alle beta-lactam antibiotica, maar niet tegen 
carbapenems. Carbapenemase-producerende bacteriën zijn daarentegen wel resistent tegen 
carbapenems, het laatste redmiddel bij ESBL-infecties. Verschillende typen carbapenemases 
bestaan, waarvan Klebsiella pneumoniae carbapenemase (KPC)-productie en OXA-48-
productie in dit proefschrift behandeld worden. Aangezien veel Enterobacteriaceae resistent 
zijn tegen meerdere antibiotica, worden ze vaak multiresistent genoemd.

De epidemiologie van multiresistente Enterobacteriaceae varieert sterk tussen landen. 
In Nederland wordt relatief weinig resistentie gevonden, terwijl in Zuid-Europa ESBL-
producerende Enterobacteriaceae en vooral KPC-producerende Enterobacteriaceae een groot 
probleem vormen. In de Verenigde Staten zijn KPC-producerende bacteriën endemisch in 
enkele staten.

Mensen kunnen antibioticaresistente bacteriën asymptomatisch bij zich dragen (kolonisatie). 
Kolonisatie kan leiden tot een infectie. Zowel gekoloniseerde als geïnfecteerde personen 
dragen bij aan de verspreiding van deze bacteriën. Antibioticaresistente bacteriën kunnen 
ook gevonden worden in dieren (vee, huisdieren, wilde dieren) en de omgeving (o.a. besmette 
grond of water). Door middel van wiskundige modellen kan de complexe samenhang van 
verschillende bronnen en transmissieroutes in beeld worden gebracht en kunnen belangrijke 
parameters gekwantificeerd worden.

In dit proefschrift is de complexe dynamiek van dragerschap en transmissie van multiresistente 
Enterobacteriaceae bestudeerd met behulp van wiskundige modellen.
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DUUR VAN KOLONISATIE MET MULTIRESISTENTE ENTEROBACTERIACEAE

Het bepalen van de duur van kolonisatie met multiresistente Enterobacteriaceae is van 
belang voor inzicht in transmissie en infectiepreventie. Wanneer gekoloniseerde patiënten 
heropgenomen worden in zorginstellingen kan een ‘feedback loop’ ontstaan waarin bacteriën 
worden geherintroduceerd op de afdeling en nieuwe patiënten kunnen koloniseren of 
infecteren. De duur van kolonisatie kan een leidraad geven wanneer en hoe lang heropgenomen 
patiënten, van wie bekend is dat ze gekoloniseerd zijn, geïsoleerd moeten blijven.

In hoofdstuk 2 bepaalden we de duur van kolonisatie met multiresistente Enterobacteriaceae, 
methicilline-resistente Staphylococcus aureus (MRSA) en vancomycine-resistente enterokokken 
(VRE). Hiervoor is ata van een cluster-gerandomiseerde trial in 13 intensive care (IC) afdelingen 
in 8 Europese landen (MOSAR-ICU trial, 2008-2011) gebruikt. Tijdens de trial werden 
alle patiënten bij opname en tweemaal per week gescreend voor deze pathogenen. Alle 
gekoloniseerde patiënten met minimaal één heropname op dezelfde IC werden geïncludeerd 
in de huidige studie. In totaal hadden 125 unieke patiënten 141 kolonisatie-episodes en 
minimaal 1 heropname. Mediane tijden tot verlies van kolonisatie waren 4,8 maanden voor 
alle antibioticaresistente bacteriën samen, 1,4 maand voor multiresistente Enterobacteriaceae, 
minder dan één maand voor MRSA en 1,5 maand voor VRE. Deze tijden zijn relatief kort ten 
opzichte van eerder gepubliceerde studies, hoewel de betrouwbaarheidsintervallen groot zijn. 
Een belangrijke reden is het verschil in methode van berekening, waarbij wij rekening hebben 
gehouden met het feit dat de dag van verlies van kolonisatie onbekend is. Ook omvat de 
MOSAR-ICU trial een specifieke patiëntenpopulatie van IC patiënten. 

De duur van kolonisatie met KPC-producerende Enterobacteriaceae in long-term acute 
care hospitals in Chicago, Verenigde Staten is bepaald in hoofdstuk 3. Hier is data gebruikt 
van surveillance kweken die bij opname en om de week genomen werden bij alle patiënten 
in vier instellingen, tijdens een periode waarin gebundelde interventies ten behoeve van 
infectiepreventie geïmplementeerd waren. De mediane duur van kolonisatie tijdens opname 
was 165 dagen, waarbij 83% van de patiënten ten minste vier weken gekoloniseerd bleef (de 
mediane duur van een opname). Tussen opnames was de mediane kolonisatieduur 270 dagen.

TRANSMISSIE VAN MULTIRESISTENTE ENTEROBACTERIACEAE

In hoofdstuk 4 is dezelfde database uit Chicago gebruikt om de epidemiologie 
en transmissiecapaciteit van KPC-producerende bacteriën te bestuderen terwijl 
infectiepreventiemaatregelen geïmplementeerd waren. De gemiddelde prevalentie in de 
vier instellingen was 29.3%. Bij opname was 18% van de patiënten gekoloniseerd. Het per-
opname reproductie getal (een maat voor de besmettelijkheid) was 0.40, wat aangeeft dat 
transmissie van patiënt naar patiënt niet voldoende is om endemiciteit te behouden. De hoge 
prevalentie lijkt vooral verklaard te kunnen worden door de hoge prevalentie bij opname en 
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de resulterende hoge kolonisatiedruk.
Ook is gekeken naar het effect van patient cohorting: alle KPC-positieve patiënten op een 

aparte afdeling bij elkaar opnemen, gescheiden van KPC-negatieve patiënten. Door logistieke 
redenen is dit op verschillende wijzen geïmplementeerd in de vier instellingen. De transmissie 
leek het laagst in de instellingen waar alle KPC-positieve bij elkaar opgenomen lagen – 
gescheiden van KPC-negatieve patiënten – of waar KPC-positieve patiënten een privékamer 
hadden, ten opzichte van instellingen waar alle KPC-positieve patiënten bij elkaar opgenomen 
lagen, maar de afdeling aangevuld werd met KPC-negatieve patiënten. Echter, de 95% 
betrouwbaarheidsintervallen overlapten waardoor geen harde conclusies getrokken konden 
worden.

De transmissie van OXA-48-producerende Enterobacteriaceae is bestudeerd in hoofdstuk 
5. Tijdens een uitbraak bleek K. pneumoniaeOXA-48 fenotypisch resistent tegen meropenem 
of imipenem, terwijl de meeste E. coliOXA-48 fenotypisch vatbaar leken voor deze antibiotica. 
De vraag rees daarom of zich een reservoir van ongedetecteerde OXA-48 kon ontwikkelen 
als OXA-48 niet gevonden werd in E. coli, waardoor ongemerkte verspreiding zou kunnen 
plaatsvinden. Moleculaire microbiologische screening is gedaan op kweken van OXA-48-
dragers om duur van kolonisatie met K. pneumoniaeOXA-48 (278 dagen) en E. coliOXA-48 (225 
dagen) te bepalen en de snelheid van horizontale genoverdracht te kwantificeren. Op basis 
van deze resultaten was de maximale bijdrage van E. coliOXA-48 aan het basis reproductie getal 
(R0, een maat voor de besmettelijkheid) 1.9%. Het is daardoor onwaarschijnlijk dat fenotypisch 
vatbare E. coliOXA-48 significant zullen bijdragen aan de verspreiding van OXA-48.

In de laatste jaren is duidelijk geworden dat antibioticaresistente bacteriën zich niet 
alleen verspreiden in ziekenhuizen of andere zorginstellingen, maar dat verspreiding in de 
gemeenschap ook een grote rol speelt. In hoofdstuk 6 hebben we aan de hand van data 
verzameld van patiënten verdacht van kolonisatie met ESBL-producerende Enterobacteriaceae 
en hun huisgenoten een huishoudensmodel opgesteld. Hieruit zijn transmissiesnelheden 
en duur van kolonisatie bepaald. Deze parameters waren samen met waarden uit de 
wetenschappelijke literatuur de input voor een populatiemodel, waarin de complexe 
samenhang van verschillende bronnen van ESBL-producerende Enterobacteriaceae werd 
samengevat. Hieruit bleek dat acquisitie van ESBL-producerende Enterobacteriaceae tijdens 
ziekenhuisopname, tijdens reizen en door transmissie binnen huishoudens niet genoeg was 
om de huidige prevalentie in Nederland te verklaren. ESBL acquisitie in de gemeenschap 
(bijvoorbeeld transmissie tussen huishoudens of acquisitie van andere externe bronnen) lijkt 
een belangrijke rol te spelen in epidemiologie van ESBL-producerende Enterobacteriaceae.

SUCCESVOLLE BACTERIEKLONEN

Bepaalde subklonen van E. coli en K. pneumoniae worden verondersteld hyperendemisch te 
zijn. Als dit het geval is, zouden infectiepreventiemaatregelen toegespitst kunnen worden 
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op subgroepen of subklonen van antibioticaresistente bacteriën. In hoofdstuk 7 hebben we 
daarom gekeken naar de duur van kolonisatie en transmissiecapaciteit van E. coli sequence 
type (ST) 131 versus andere E. coli klonen in een verpleegtehuis met een hoog endemisch 
niveau van ESBL-producerende Enterobacteriaceae. De duur van kolonisatie met E. coli ST131 
was langer dan met non-ST131 E. coli, maar er bleek geen verschil in snelheid van transmissie. 
Op basis van deze getallen is berekend dat de uitbraak drie tot vier jaar zou aanhouden, 
ondanks de infectiepreventiemaatregelen die genomen waren. 

In hoofdstuk 8 wordt een systematische literatuurreview beschreven waarin wordt 
gefocust op kenmerken van hyperendemiciteit: verhoogde transmissiecapaciteit, langere duur 
van kolonisatie en/of hogere pathogeniciteit vergeleken met andere klonen van dezelfde 
bacteriesoort. Er is geen verschil gevonden voor K. pneumoniae ST258 vergeleken met andere 
K. pneumoniae klonen, met name omdat het aantal gevonden studies klein was. Er konden 
geen conclusies getrokken worden over de potentiële hyperendemiciteit van K. pneumoniae 
ST258. Ook is er geen verschil gevonden in transmissiecapaciteit en duur van kolonisatie met 
E. coli ST131 versus andere E. coli klonen. In een meta-regressieanalyse vonden we echter 
wel een verhoogde pathogeniciteit van subkloon E. coli ST131 vergeleken met andere E. coli 
klonen. De resultaten van hoofdstuk 7, die een maat geven voor de duur van kolonisatie en 
transmissiesnelheid van E. coli ST131, geven nieuwe inzichten in de conclusies van dit review 
en geven aan dat er relevante verschillen zouden kunnen zijn tussen subklonen van E. coli.

TOEKOMSTPERSPECTIEVEN

De strijd tegen antibioticaresistente bacteriën, in het bijzonder multiresistente 
Enterobacteriaceae, is nog maar net begonnen. Door het gebruik van wiskundige modellen 
wordt men gedwongen om de complexe samenhang tussen bacteriën en de menselijke 
gastheer op een simpele manier weer te geven. Onze modellen richtten zich vooral op één 
setting per keer, hoewel bekend is dat verschillende settings met elkaar verbonden zijn door 
het delen van patiënten. Dit zou in toekomstige modellen meegenomen moeten worden.

Ook kunnen nieuwe ontwikkelingen in detectiemethoden wiskundige modellen helpen 
verbeteren. Whole genome sequencing geeft meer gedetailleerde informatie over bacteriën, 
waardoor nauw verwante of identieke stammen (een indicatie voor transmissie) beter 
geïdentificeerd kunnen worden.

Wat de precieze bijdrage is van vlees en andere voeding op de prevalentie van 
antibioticaresistentie in de humane populatie is nog onduidelijk. In het perspectief van One 
Health zal er meer onderzoek nodig zijn om het aandeel van de verschillende bronnen te 
bepalen. Samenwerking tussen onderzoekers in de humane en veterinaire epidemiologie 
met betrekking tot gezamenlijke datacollectie, analyse en interpretatie zal de kennis over de 
dynamiek van antibioticaresistentie in en tussen humane en veterinaire populaties bevorderen 
en helpen in de strijd tegen antibioticaresistentie.
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En dan is het klaar! De afgelopen vier jaar heb ik niet alleen gewerkt. Verschillende mensen 
hebben bijgedragen aan dit boekje of aan mijn ontspanning om dit boekje met succes te 
kunnen voltooien. Een aantal van deze mensen wil ik graag in het bijzonder bedanken.

Geachte professor Bonten, beste Marc. Ik ben erg blij dat ik dit promotietraject onder jouw 
hoede heb kunnen volgen. Jouw kennis, interesse, enthousiasme, werklust en humor zijn 
besmettelijk, om in het onderwerp van dit proefschrift te blijven. Bedankt dat je mij naar 
‘jouw’ Chicago hebt laten gaan, ook ik heb mijn hart verloren aan deze prachtige wereldstad. 

Geachte dr. Bootsma, beste Martin. Zonder jou was er van de wiskunde in dit proefschrift 
weinig terecht gekomen. Ik heb ontzettend veel geleerd van je scherpe blik en oneindige 
kennis. Bedankt dat je deur altijd open stond en je supersnel op mijn mailtjes antwoordde. Het 
was inspirerend om met je samen te werken.

Dear professor Hayden and professor Weinstein, dear Mary and Bob, thank you for hosting 
me at Rush and working together on two papers. It was unforgettable. Bob, I’m very happy to 
have you at our symposium and my defense. 

All other colleagues from Rush, you made me feel at home in Chicago. Thank you for being 
so interested and involved. Dear Shayna, thanks for helping me find my way in Chicago and 
taking me to great places and parties. I hope to see you in Europe soon!

The members of the reading committee, prof. dr. Kretzschmar, prof. dr. Carmeli, prof. dr. ir. 
Heederik, prof. dr. Mevius, prof. dr. Vandenbroucke-Grauls, thank you for studying and 
evaluating my PhD thesis.

Dear co-authors, thank you for the pleasant collaborations. Due to your critical visions the 
papers have improved tremendously.

Els en Bregje, zonder jullie wordt promoveren heel moeilijk. Bedankt voor het inplannen 
van alle meetings, het regelen van allerhande zaken en uiteraard het organiseren van het 
symposium!

Alle Julius-collega’s, kamergenoten, lunchmaatjes, Coby en Henk, bedankt voor de hulp en 
gezelligheid rondom het promoveren. WMM’ers en MMB’ers, het is heerlijk om onder mensen 
te zijn die ook enthousiast worden van bacteriën, statistiek en modellen. Dat begrijpt niet 
iedereen. Mathematical modelers, it was very nice to have the opportunity to discuss modeling-
related questions with colleague-experts. Karlijn, het was een eer om met jou samen de JOB 
voor te zitten! Last but certainly not least, een bijzonder bedankje voor kamer 6.101+ van 
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het eerste uur: Anoukh, Maaike, Maarten, Noor, Sara, Sophie, en Willemijn, aangevuld met 
Julien, Stavros en Wouter. Ik herinnerer me vooral de (te) grote gezelligheid op de kamer en 
tijdens onze exotische uitstapjes naar o.a. Wrocław, Exeter, Wiene en Nordhorn, het treintraject 
Nijmegen-Utrecht-Nijmegen en natuurlijk het Bob Ross schilderen en pasta maken, maar 
blijkbaar hebben we ook gewerkt aangezien we allemaal (bijna) de eindstreep in zicht hebben/
hebben gehaald. Bedankt voor deze geweldige tijd!

Allerliefste vriendinnetjes, Floor, Maartje, Romy en Stephie. Ondanks dat ik de studie 
geneeskunde niet met jullie afgemaakt heb, ben ik blij dat ik nog in jullie dokterswereld zit. 
Afspreken met jullie in Nijmegen (of waar dan ook) voelt altijd weer als thuiskomen. En wat 
leuk dat twee van jullie mij toch gevolgd zijn (of zelfs ingehaald hebben) in de wetenschap!

Lenige en sterke KUNSTenaars, in het bijzonder Carola, Floor, Karlijn, Monika, Naomi en Sanne, 
waar turnen op (te) hoge leeftijd al niet toe kan leiden! Er is veel gebeurd de laatste tijd en 
dat heeft ons nog hechter gemaakt. Hoewel het turnen en de toffe demo’s voor de meesten 
van ons nu echt klaar zijn, ben ik blij dat onze eet-/klus-/bootje-vaar-/feest-/sauna-/Escape-/
BBQ-dates dat nog steeds niet zijn!

Lieve VWO’ers, wat bijzonder dat wij na al die jaren nog steeds zo’n geweldige groep zijn. 
Hoewel het voor jullie misschien heel logisch was dat ik zou gaan promoveren, moest ik 
het nog wel waarmaken. Ik hoop dat onze memorabele Ardennen-weekendjes, inclusief alle 
creatieve (drank-)spelletjes, eeuwig door zullen gaan! Annemarie en Reina, hadden we dit 25 
jaar geleden in ons blokkenhuis kunnen voorspellen?

Mijn schoonfamilie, bedankt voor een fijn tweede thuis. Jullie waren altijd geinteresseerd in mijn 
promotie en hebben naast ontspanning ook gezorgd voor grote stappen in de verbouwing 
van ons huis. Bedankt dat jullie er altijd voor ons zijn!

Op de ‘grote dag’ zullen twee bijzondere mensen naast mij staan. Lieve Mirjam, wat was het 
leuk om samen aan artikelen te werken of gewoon gezellig te kletsen. Als kers op de taart 
hebben we een prachtig symposium in elkaar gezet ter ere van onze promoties. Als iemand mij 
tijdens mijn verdediging kan helpen – mocht het nodig zijn – dan ben jij het wel. Veel plezier in 
het prachtige Nijmegen, een goede keus! Lieve Debbie, het is heerlijk om een zusje te hebben 
waar je altijd bij terecht kunt. Ik ben blij dat jij ook je droom kunt gaan navolgen, je wordt een 
geweldige huisarts!

Lieve zusjes en zwager, Debbie en Jeroen, Anne, wat fijn dat we weer bij elkaar in de buurt 
wonen! Alle gezellige en intens sportieve avondjes en vruchtbare klus-/verhuisdagen hebben 
voor veel welkome afleiding gezorgd de afgelopen jaren, die houden we er in (hoewel het 
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klussen en verhuizen een keer klaar mag zijn). Anne, jij kunt er helaas tijdens mijn verdediging 
niet bij zijn, maar met jaloersmakende reden. Ik kijk er naar uit je op te zoeken in Melbourne! 
Hopelijk is dit boekje een mooi voorbeeld voor jouw toekomstdroom?

Lieve oma, je bent een groot voorbeeld voor de hele familie. Er is geen moment dat je niet hard 
aan het werk bent. Je optimistische blik, oprechte interesse en de de grote liefde waarmee je 
alles doet zijn bewonderingswaardig. Ik hoop ook op die manier oud te worden!

Lieve pap & mam, ontzettend bedankt voor alle steun, hulp en vrijheid die ik gekregen heb. 
Jullie hebben me altijd gemotiveerd om te doen wat ik leuk vind, maar wel een doel voor ogen 
te houden. Bedankt ook voor jullie grote hulp in ons huis; vanaf nu moeten we weekendjes 
gaan inplannen om samen te gaan genieten in plaats van te klussen.

Liefste Bas, bedankt voor je steun bij alles. Jouw inbreng in dit boekje was groot en dan heb 
ik het niet alleen over praktische zaken als alle eerste hulp bij computerproblemen en je hulp 
bij het lay-outen. Zelfs verhuizen naar Utrecht had je er voor over. Ik hoop dat ik net zoveel 
kan bijdragen aan jouw voorgenomen promotietraject. Laten we nog heel lang zo genieten 
van elkaar!



Concluding remarks | 181

#





ABOUT THE AUTHOR



Part IV184 |

LIST OF PUBLICATIONS

Haverkate MR, Bootsma MCJ, Weiner S, Blom D, Lin MY, Lolans K, Moore N, Lyles RD, Weinstein 
RA, Bonten MJM, Hayden MK, for the CDC Prevention Epicenter Program. Modeling spread of 
KPC-producing bacteria in long-term acute care hospitals in the Chicago region, USA. Infect 
Cont Hosp Epidemiol 2015;36:1148-1154

Haverkate MR, Dautzenberg MJD, Ossewaarde JM, van der Zee A, den Hollander JG, Troelstra 
A, Bonten MJM, Bootsma MCJ. Within-Host and Population Transmission of blaOXA-48 in K. 
pneumoniae and E. coli. Accepted for publication in PLOS ONE

Haverkate MR, Derde LP, Brun-Buisson C, Bonten MJ, Bootsma MC. Duration of colonization 
with antimicrobial-resistant bacteria after ICU discharge. Intensive Care Med 2014;40:564-571

Haverkate M, Smits J, Meijerink H, van der Ven A. Socioeconomic determinants of haemoglobin 
levels of African women are less important in areas with more health facilities: a multilevel 
analysis. J Epidemiol Community Health 2014;68:116-122

van Bunnik BA, Ssematimba A, Hagenaars TJ, Nodelijk G, Haverkate MR, Bonten MJ, Hayden 
MK, Weinstein RA, Bootsma MC, De Jong MC. Small distances can keep bacteria at bay for 
days. Proc Natl Acad Sci U S A 2014;111:3556-3560

Haverkate M, D’Ancona F, Giambi C, Johansen K, Lopalco PL, Cozza V, Appelgren E, on 
behalf of the VENICE project gatekeepers and contact points. Mandatory and recommended 
vaccination in the EU, Iceland and Norway: results of the VENICE 2010 survey on the ways of 
implementing national vaccination programmes. Euro Surveill 2012;17:pii=20183

Haverkate M, D’Ancona F, Johansen K, Van der Velden K, Giesecke J, Lopalco P. Assessing 
vaccination coverage in the European Union: is it still a challenge? Expert Rev Vaccines 
2011;10:1195-1205



Concluding remarks | 185

#

CURRICULUM VITAE

Manon was born on 20 July 1986 in Neede. In 2004 she graduated 
from het Assink Lyceum in Haaksbergen with distinction. In that 
year, she started studying Medicine at the Radboud University 
Nijmegen. During her study time, she participated in several 
boards and committees, including one year full-time as the 
treasurer of the Nijmegen Student Sport Association (NSSR).

After completion of her bachelor in Medicine, she continued 
with a Masters program in Biomedical Sciences, with a major in 
Epidemiology.  There, her enthousiasm for scientific research grew. 
During her master she did internships at the National Institute 
for Public Health and the Environment (RIVM) in Bilthoven, the 
European Center for Disease Prevention and Control in Stockholm, Sweden and the Nijmegen 
School of Management/Nijmegen Institute for International Health in Nijmegen.

In 2011 Manon graduated with distinction and started her PhD research at the Julius Center 
of the University Medical Center Utrecht, resulting in this thesis. During her PhD project, she 
coordinated the biweekly meeting of mathematical modeling PhDs and chaired the PhD 
meetings at the Julius Center. As part of her PhD Manon has visited several conferences in 
Europe and the USA. She also received a Fulbright scholarship to perform part of her PhD 
research at Rush University Medical Center in Chicago, USA.

Manon lives together with Bas Fransen in Utrecht.


	Cover for pdf
	Thesis Manon for pdf

