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Introduction
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Clostridium difficile infection (CDI) was 
discovered in 1978 as an important 
cause of antibiotic-associated diar-
rhoea and pseudomembranous colitis 
[ 1 ]. CDI became the most common 
healthcare-associated infection in 
Northern-America and Europe during 
the antibiotic era, especially after 
global spread of a fluoroquinolone- 
resistant ribotype 027 strain originat-
ing from the Canadian province  
Quebec in 2003 [ 2, 3 ]. The rise of CDI in 
Northern-America and Europe urged 
the use of epidemiological surveil-
lance systems to monitor disease dy-
namics and rapidly detect outbreaks 
[ 3 ]. In Europe, national surveillance 
activities were supported by the Euro-
pean Centre for Disease Prevention 
and Control (ECDC) gradually moving 
towards standardised epidemiologi-
cal surveillance with molecular typ-
ing systems for CDI [ 4 ]. However, valid 
estimations of the infection burden of 
CDI in Europe were hampered by the 
heterogeneity and insufficiency of  
diagnostic algorithms for CDI, lack  
of standardised typing systems and 

incomplete surveillance methodolo-
gies. This thesis includes two studies 
conducted within a project named ‘the 
European CDI Surveillance Network’ 
(ECDIS-Net) focussing on enhancement 
of CDI surveillance and laboratory  
capacity for CDI in Europe. In the 
Netherlands, a sentinel epidemiologi-
cal surveillance system monitors the 
incidence of CDI and the occurrence 
of outbreaks in hospitals, but not in 
other healthcare facilities or in the 
community. This thesis describes (spa-
tial) trends in the epidemiology of CDI 
in the Netherlands according to senti-
nel surveillance, in particular for 
children and the potentially zoonotic 
C. difficile ribotype 078. Data of a com-
munity-based case-control study to 
estimate the burden of CDI in the 
community, was used to apply spatial 
scan statistics to detect CDI clustering  
beyond the hospital setting. Finally, 
this thesis provides directions for  
future epidemiological surveillance 
systems of CDI, both in the Nether-
lands and Europe.
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Clostridium difficile

COMMENSAL AND PATHOGEN
Clostridium difficile is a ubiquitous gram-positive, spore-forming, rod-shaped bacte-
rium, firstly observed in the bacterial flora of meconium from healthy neonates 
in 1935 by Hall and O’Toole [ 5 ]. The bacterium was called “Bacillus difficile” for its 
difficulty to be cultured, growing exclusively under anaerobic conditions. The 
bacterium did not cause any symptoms in the neonates studied, but appeared to 
be highly pathogenic in animal models due to production of an exotoxin [ 5 ]. It 
was not just a matter of chance that C. difficile was firstly isolated from neonates; 
C. difficile colonisation is the highest during early life in humans (prevalence of 
26%, with a range of 18-90%) [ 6, 7 ]. 
C. difficile did not appear to be an important cause of disease before the antibiotic 
era [ 8 – 11 ]. The introduction of antibiotics, especially clindamycin in the 1960s, led 
to an increase of antibiotic-associated colitis [ 11 – 13 ]. In 1978, Bartlett et al. recog-
nised toxins of C. difficile to be the cause of antibiotic-associated pseudomembra-
neous colitis in adults [ 1 ]. The bacterium was renamed “Clostridium difficile” 
(κλωστήρ: Greek for rod) [ 14 ]. Recently, the bacterium has been reclassified as 
Clostridioides difficile [ 15 ]. Subsequent studies confirmed antibiotic use to be the 
foremost risk-factor for C. difficile infection (CDI) [ 11 ]. Antibiotics create a niche for 
C. difficile growth and toxin production in the gut due to loss of other microbial 
communities that compete for nutrients and/or interfere with more specific met-
abolic pathways (e.g. bile acid metabolism) [ 16, 17 ]. During or soon after antibiotic 
use, the odds for getting CDI increase a 7–10-fold, and gradually normalise dur-
ing a period of 3 months [ 18, 19 ]. The risk is dose dependent [ 20 ] for and the high-
est for (third-generation) cephalosporins and clindamycin [ 21, 22 ]. Disruption of 
the gut microbiota is not the exclusive preserve of antibiotics; also other drugs, 
such as proton pump inhibitors, affect the gut microbiota and increase the risk 
for CDI [ 23 ].
C. difficile belongs to the Peptostreptococcaceae family [ 15, 24 ] within the genus of 
Clostridia with more than 150 species. Around 15 of these species, including C. 
difficile, C. perfringens, and C. tetani, are capable to produce toxins, and thereby 
cause infection in humans [ 14 ]. C. difficile is known for its potential to produce a 
toxin A (tcdA), a toxin B (tcdB), and a binary toxin (C. difficile transferase; CDT) [ 25 ]. 
Some C. difficile subspecies carry one or more toxin genes (‘toxigenic’ strains) and 
these toxin genes can be acquired and lost though time [ 26 ]. Toxin A and B inac-
tivate regulatory proteins (Rho-GTPases) of the cytoskeleton, and thereby cause 
apoptosis of the epithelial cells in the gut [ 27, 28 ]. Binary toxin is a ADP-ribosylat-
ing toxin that induces formation of microtubule-based protrusions that might 
facilitate adherence and colonisation [ 29, 30 ]. Its role in C. difficile virulence is a 
topic of debate [ 31 ]. C. difficile contains many other factors to invade and survive 
hostile circumstances [ 32 ]. For example, specific adhesion molecules on the cell 
surface of C. difficile were found to facilitate the binding and release from target 
cells [ 33 ]. The ecological fitness of C. difficile –linked to its ability to cause disease 
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and emerge– varies per genotype [ 34 ]). The exceptional ecological fitness of a gen-
otype named PCR ribotype 027/NAP1 facilitated its worldwide transmission since 
2003 and ability to cause outbreaks [ 2, 34 ]. 
Like other clostridia, C. difficile sporulates to survive the aerobic conditions out-
side the hosts gut, indispensable for transmission to other hosts ( Figure 1 ) [ 35 ].  
C. difficile spores are metabolically dormant and have a spore coat covered by an 
exosporium, causing resistance to other environmental stress-factors (e.g. anti-
septics) as well [ 35, 36 ]. Besides, sporulation helps the bacterium to resist antibiot-
ics and the host immune system after digestion [ 35 ]. C. difficile spores are excreted 
by both symptomatic as asymptomatic humans and animals [ 37, 38 ]. Yet, sympto-
matic patients have higher levels of skin and environmental contamination than 
asymptomatic carriers (Risk Difference 20%) [ 39 ]. 

		  Stages of the Clostridium dif-
ficile life cycle in the human gastrointestinal 
tract. (copyright Smit 2017).

Figure 1
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PREVENTION OF CDI
The presence of toxigenic C. difficile in the gut does not lead to infection in hosts 
with an adequate colonisation resistance and may even protect against CDI (Risk 
Ratio 0.3) [ 40, 41 ]. CDI occurs when growth and toxin production of commensal or 
recently acquired C. difficile surpasses the host resistance. The host resistance is 
influenced antibiotic use, age, underlying diseases and other drugs that affect 
the gut microbiota or immune system; the most well-described risk factors for 
CDI [ 42 ]. In hospitalised patients whom usually have a reduced colonisation re-
sistance for CDI, exposure to symptomatic CDI patients and/or environmental 
contamination increases the risk for CDI (Hazard Rate 1.2) [ 43, 44 ]. Environmental  
C. difficile exposure in hospitals can be significantly reduced by daily and/or termi-
nal bleach disinfection, and multifaceted campaigns to improve hand hygiene 
[ 45 ]. Restrictive antibiotic stewardship programmes (aiming to persevere the  
patient resistance for CDI) can reduce the incidence of CDI by 48-49%, although 
the evidence for this finding is weak [ 46, 47 ]. The largest preventative effects has 
been shown for daily and terminal bleach disinfection, antibiotic stewardship, 
and bundled interventions (e.g. improved hand hygiene, contact precautions,  
environmental cleaning, and antibiotic stewardship) [ 45, 48 ]. During an outbreak, 
these measures are usually intensified [ 49 ]. Recent developments in the field of 
high resolution molecular typing methods (whole-genome sequencing) resulted 
in a shift of previously generally accepted hypothesis on nosocomial CDI trans-
mission. It was found that only 20-45% of hospital CDI results from direct trans-
mission from other symptomatic patients [ 50 – 52 ]. Alternative reservoirs –within 
and beyond healthcare facilities– were not elucidated and need further investiga-
tion. Reservoirs include ‘one or more epidemiologically connected populations or envi-
ronments in which the pathogen can be permanently maintained and from which infection 
is transmitted to the target population’ [ 53 ]. Reservoir populations of C. difficile include 
several animal species (e.g. pets) and asymptomatic infant and adult carriers [ 54 ]. 
Besides, the living environment is widely contaminated with C. difficile spores; 
25% of the parks, 17% of the households and 17% of the hospitals contains spores 
of toxigenic C. difficile (in southern United States) [ 55 ]. In addition, C. difficile spores 
are isolated from water and food in varying percentages [ 36, 37 ]. Therefore,  
tracing the attribution of different C. difficile sources to CDI is extremely complex 
but would be useful to reduce exposure, especially in those with a decrease of 
colonisation resistance. Antibiotic stewardship in the outpatient setting is impor-
tant as in hospitals; e.g. a 10% reduction of antibiotic use could prevent 17% of the 
community-acquired CDI cases [ 56 ].

DIAGNOSING CDI
The range of symptoms caused by toxigenic C. difficile is wide and overlaps other 
gastrointestinal infections. Severe damage of the colon by C. difficile toxins results 
in elevated yellow-white nodules or plaques consisting of neutrophils, nuclear 
debris and other inflammatory elements on the mucosal surface (“pseudomem-
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branes”) observed by endoscopy [ 57 ] potentially leading to ileus, toxic megacolon, 
septic shock and death. The majority of the outpatients diagnosed with CDI has 
persistent diarrhoea, watery stools, weight loss, abdominal pain, and watery or 
slimy stools [ 58 – 60 ]. About 4-8% of the outpatients are hospitalised because of CDI 
and death due to CDI is rare (<1%) [ 58, 59, 61 ]. In contrast, hospital patients with CDI 
more often have systemic signs of infection indicative of severe disease [ 62 ] such 
as leucocytosis (29-50%) and fever (37-56%) [ 63, 64 ]. Within 30 days, 13% of the  
hospital patients with CDI decease, and 10% of these deaths were found to be  
related to CDI [ 65 ]. Children tend to have milder disease compared to adults [ 66 ]. 
Laboratory diagnosis of CDI is one of the most discussed topics in CDI surveil-
lance. The main problem is the absence of a single diagnostic test that has opti-
mal test characteristics (high sensitivity and specificity) and is easy and quick to 
perform. Besides, research and communication on CDI diagnostics is complicated 
by the presence of two golden standards; a cell cytotoxicity assay detecting free 
toxin in faeces and a cytotoxigenic culture detecting toxigenic C. difficile. In 2009, 
a two-step laboratory algorithms was recommended for diagnosis of CDI by the 
ESCMID diagnostic guideline for CDI [ 67 ]. Moreover, the guideline endorsed CDI 
laboratory testing of merely unformed stool samples using the ‘3-day rule’ (test-
ing samples of all diarrhoeic patients ≥72 hrs admitted to a healthcare facility). A 
revised ESCMID diagnostic guideline was published in 2016, e.g. abandoning use 
of toxin EIAs (without detection of GDH) as a first step of the diagnostic algorithm 
for CDI and adding an optional third step for indistinct cases (CDI or carriage of 
toxigenic C. difficile) [ 68 ]. 

CDI TREATMENT
CDI can resolve by discontinuation of the inciting antibiotic. When specific treat-
ment is indicated, it is recommended to treat a first CDI with an oral ten-day 
course of metronidazole in mild cases, or a ten-day course of vancomycin in  
severe cases [ 69 – 71 ]. Metronidazole produces free radicals that break DNA strands 
and cause cell death of several anaerobic bacteria [ 72 ], whereas vancomycin  
inhibits cell-wall synthesis in gram-positives by binding to the peptidoglycan pre-
cursor [ 73 ]. Vancomycin has a higher symptomatic cure rate than metronidazole 
(79 vs. 72%; Risk Difference 7%) but is more expensive [ 74 ] and has more profound 
negative effects on the microbiota [ 75 ]. C. difficile resistance to both antibiotics is 
rare [ 76 ], but needs further clinical evaluation. Nine other antibiotics are available 
for CDI [ 74 ], among them fidaxomycin that has a lower recurrence rate compared 
to vancomycin in cases other than C. difficile ribotype 027 [ 69, 77 ] and mainly has 
its place for treatment of recurrent CDI [ 69 ]. Decision-making (supported by pre-
diction models), involves consideration of disease severity, disease recurrence, 
causative factors, feasibility of oral treatment, C. difficile type and antibiotic sus-
ceptibility [ 69 ]. 
The antithesis of treating an antibiotic-induced disease with antibiotics [ 78 ] stimu-
lated the development of new CDI treatments. The most striking ‘novel’ treatment 
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of CDI includes transfer of a healthy donors stool sample into the gut of an infect-
ed patient (faecal microbiota transfer; FMT) effective in 94% of the patients with 
recurrent CDI [ 79 ]. In 2015, a National Donor Feces Bank (NDFB) was initiated to 
provide FMT for Dutch hospitals in a standardised manner [ 80 ]. Alternative pre-
ventative or treatment modalities in development that focus on the host resist-
ance against CDI are vaccination, human monoclonal immunotherapy [ 81 ], toxin 
binders, administration of non-toxigenic C. difficile strains [ 82 ] and microbiome-
based strategies (e.g. administration of Firmicutes spores) [ 83, 84 ]. 
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Epidemiological surveillance systems

AIMS AND METHODOLOGIES
Epidemiological surveillance systems originate from the mid-20th century and 
involve “the systematic collection, analysis, interpretation and timely dissemination of 
health data for the planning, implementation and evaluation of public health programmes” 
[ 85, 86 ]. Surveillance systems aim to generate “a public health response leading to the 
control and prevention of adverse health events, or to a better understanding of the process 
leading to an adverse outcome” (e.g. disease risk factors or transmission) [ 86 ]. Epide-
miological surveillance systems are categorised into disease-specific, syndromic, 
and event-based surveillance [ 87 ]. Sub classifications refer to the method of data 
collection, e.g. differentiating healthcare provider-based from laboratory-based 
surveillance, active from passive surveillance, and prospective from retrospec-
tive surveillance [ 88 ]. Yet, ‘retrospective surveillance’ seems like a contradiction-
in-terms that should be avoided. Another sub classification differentiates senti-
nel from national surveillance [ 89 ]. Sentinel surveillance refers to collection of 
data from a representative fraction of the population to monitor disease trends in 
a larger area. A sentinel approach is useful when high-quality data is needed that 
cannot be obtained through passive surveillance [ 89 ] and the workload and/or 
costs of national surveillance is too high. The methodology of an epidemiological 
surveillance system is adapted to its aim; control of an infectious disease with a 
high disease burden requires comprehensive national surveillance, whereas 
elimination of a rare infectious disease requires more detailed information [ 89 ]. 
A surveillance system can also be applied at a regional or local level, e.g. within a 
single hospital, to guide the local infection control measures.

INTRODUCTION OF NATIONAL SURVEILLANCE OF CDI
Historically, the use of epidemiological surveillance systems for CDI has been trig-
gered by the occurrence of outbreaks. One of the first publications on surveillance 
of CDI describes the implementation of active hospital-wide surveillance after the 
recognition of a CDI cluster in Belgium in 1988 [ 90 ]. Interestingly, the authors note 
that surveillance outcomes were initially biased due to unawareness and underdi-
agnosis of CDI. After addressing these issues, surveillance and molecular typing 
led to improved prevention of CDI. In the Netherlands, a first laboratory-based sur-
veillance study was conducted in 2005 [ 91 ]. This study coincided with the occur-
rence of PCR ribotype 027 CDI outbreaks in the Netherlands [ 92 ]. In 2006-2009, 
Dutch national surveillance was limited to severe cases of CDI and outbreaks and a 
three-year surveillance study [ 93 ]. In 2009, continued Sentinel Surveillance for CDI 
was implemented in a subset of hospitals in the Netherlands ( Figure 2 ). Aims are to:
	 •	 obtain continuous incidence rates of CDI in hospitals in the Netherlands
	 •	 identify and characterize new circulating PCR ribotypes
	 •	� correlate new circulating PCR ribotypes with changes of epidemiology, 

and clinical syndromes of CDI
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The Dutch Sentinel Surveillance for CDI is a disease-specific, healthcare-provider 
based surveillance system that targets acute care hospitals only. Inclusion of  
patients is based on the presence of clinical symptoms of CDI and laboratory con-
firmation. The surveillance system is exceptional in Europe for its unselective 
PCR ribotyping of all submitted C. difficile strains. Hospital participation in Senti-
nel Surveillance for CDI is voluntary. Outcomes of Sentinel Surveillance for CDI 
are used to prioritise and monitor national control of CDI, especially transmis-
sion and outbreaks of ribotype 027 and other C. difficile strains with an increased 
ecological fitness. Hospital get direct notification of molecular typing results in 
case of ribotype 027 and/or outbreaks and can receive additional support for local 
infection control measures. Healthcare facilities not participating in Sentinel 
Surveillance for CDI are able to submit samples for (free of charge) PCR ribotyp-
ing in case of severe CDI or suspected outbreaks.

		  Flow chart of Sentinel Surveillance for CDI in the Netherlands. The National Reference 
Laboratory for C. difficile is a collaboration of the Department of Medical Microbiology of the Leiden  
University Medical Centre in Leiden and the National Institute for Public Health and the Environment 
(RIVM) in Bilthoven. aThe Orisis registration system of the RIVM is used for case registration with clinical 
and epidemiological data, and linkage of molecular typing results.

Figure 2
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SURVEILLANCE OF CDI IN EUROPE
In Europe, national surveillance activities of European countries were supported 
by ECDC after recognition of the emergence of ribotype 027 in Europe in 2006, 
gradually moving towards standardised epidemiological surveillance and molec-
ular typing systems [ 4 ]. In the same year, ECDC and the ESCMID study group for C. 
difficile publised ‘interim’ surveillance definitions for CDI [ 3 ]. European countries 
were advised to adapt their national surveillance system to their local situation, 
selecting for laboratory-based surveillance or healthcare provider-based surveil-
lance in specific, targeted populations. In 2005, a first pilot of multicountry two-
month survey in Europe was conducted [ 94 ]. This study underlined the need for 
implementation of a standardised case-definition and harmonisation of laborato-
ry diagnostics for benchmarking. The need for routine surveillance was rein-
forced in the ESCMID guideline to control transmission of CDI in 2008, also in the 
absence of outbreaks [ 95 ]. In that year, a first periodic European surveillance for 
CDI illustrated the added value of multicountry surveillance in Europe [ 64 ]. How-
ever, the continued heterogeneity of diagnostic, molecular typing and surveil-
lance methodologies hampered implementation of European-wide surveillance.

By way of comparison, The Centers for Disease Control and Prevention (CDC)  
integrated CDI surveillance as separate component in the Healthcare-Associated 
Infections Community Interface (HAIC) of the Emerging Infections Program (EIP) 
in the United in 2009 [ 96 ]. Before that time, surveillance was implemented in the 
National Nosocomial Infection Surveillance System initiated in 1970 [ 97 ]. The CDI 
surveillance component of EIP is population-based and aims to estimate the  
burden of health-care associated CDI and in the community, describe other  
epidemiological aspects of CDI and characterize C. difficile strains [ 96 ]. 
In 2011, 14 of the 31 European countries (45%) had adopted CDI surveillance and 
methodologies were heterogeneous. Continued integration of microbiological 
data was limited [ 98 ]. A multistate CDI surveillance system, such as implemented 
in the United States[ 99 ], was considered the only viable option to monitor and 
control CDI in Europe. Objectives of such a European surveillance system of CDI 
were agreed to [ 100 ]: 
	 •	 estimate the incidence of CDI in European acute care hospitals
	 •	 assess the burden of CDI in European acute care hospitals
	 •	� provide participating hospitals with a standardised tool to measure and 

compare their own incidence rates with those observed in other partici-
pating hospitals

	 •	 assess adverse outcomes of CDI including death
	 •	� describe the epidemiology of C. difficile at the local, national and European 

level, in terms of factors such as antibiotic susceptibility, PCR ribotype, 
presence of toxin A (TcdA), toxin B (TcdB) and binary toxin, morbidity and 
mortality of infection, and the detection of new/emerging types

The ‘European CDI Surveillance Network’ (ECDIS-Net) aimed to optimise and test the 
feasibility of a surveillance protocol for European Surveillance of CDI in 2010-2014.
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USE OF MOLECULAR TYPING FOR SURVEILLANCE
Molecular typing methods aim to identify relatedness of pathogens and are used 
to test epidemiological hypotheses on transmission events [ 101 ]. Hence, molecu-
lar typing is vital for outbreak investigations [ 102 ]. Molecular typing also supports 
monitoring of ‘outbreak-associated’ or more virulent genotypes in an endemic 
setting. Several typing methodologies for C. difficile were developed and imple-
mented all over the world, targeting different parts of the C. difficile genome [ 103 

– 105 ]. PCR ribotyping is the traditional typing method in Europe. It targets the 
intermediary region of the 16S and 23S rRNA genes with a variable length, present 
in multiple copies of the ribosomal operon in the genome [ 106, 107 ]. Identical PCR 
ribotypes have an equivalent banding pattern after visualising the DNA frag-
ments [ 106 ]. Currently, 219 PCR ribotypes can be discriminated by the national 
reference laboratory for C. difficile in the Netherlands [ 108 ]. Capillary gel-based 
electrophoresis ribotyping has an improved performance compared to conven-
tional (agarose gel-based) PCR ribotyping for inter-laboratory standardization 
[ 109 ]. Moreover, the electronic portability of capillary ribotyping results is consid-
ered to dissolve the current problem of limited reference/central databases and 
contribute to more rapid detection of internationally emerging PCR ribotypes 
[ 109 ]. C. difficile transmission events are hallmarked by identical PCR ribotypes, 
but far more discriminatory typing methods are required to confirm transmis-
sion events and to study outbreaks [ 103, 105 ]. One of these methods is Multiple-
Locus Variable-Number Tandem-Repeat Analysis (MLVA), targeting seven regions 
with short tandem repeats spread in the C. difficile genome [ 110 ]. The total number 
of differences in repeat copy number at each locus (summed tandem-repeat  
difference; STRD) describes the genetic relatedness of the studies isolates [ 111 ]. 
Whole genome sequencing –of which the application for C. difficile was firstly  
reported in 2010 [ 112 ]– has the capability to distinct strains at a single nucleotide 
level; single nucleotide variants (SNV) [ 103 ]. The application of whole-genome  
sequencing led to important insights in the evolution and (drivers of ) transmis-
sion of CDI [ 2, 50, 112 ].
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The burden of CDI in hospitals

After the discovery of C. difficile as a pathogen in 1978, CDI was soon recognised as 
the foremost cause of antibiotic-associated diarrhoea in hospitals, causing 15-25% 
of all cases [ 102 ]. The regional incidence rate of CDI ranged from 1.1-7.9 cases per 
10,000 patient-days in the United States according to data from the National  
Nosocomial Infections Surveillance System in 1978-2001 [ 97 ]. A gradual increase 
of the incidence of CDI was noted for IC units and smaller hospitals. In Canada, 
the incidence rate of CDI was estimated at 6 cases per 10,000 patient-days in 1997 
(corresponding to a prevalence of 13% among all diarrhoeic inpatients) by surveil-
lance part of the Canadian Nosocomial Infection Surveillance Program [ 113 ]. In 
2002, the incidence rate of CDI increased dramatically in the region of Quebec in 
Canada to 15 cases per 10,000 patient-days [ 114, 115 ]. Almost a quart (23%) of the 
affected patients died within 30-days compared to 7% of matched controls [ 115 ]. 
Continuing signs of increased severity of CDI and the occurrence of outbreaks led 
to the recognition of the emergence of an earlier uncommon ribotype 027/NAP 1 
strain in Canada and the United States in 2005 [ 116, 117 ].
In the Netherlands, the endemic incidence of CDI remained unreported until 2005 
but sporadic outbreaks were noticed [ 118 – 120 ]. In 2005, an excessive number of CDI 
outbreaks occurred with a high impact on the local incidence rates and mortality 
[ 91, 121 – 125 ]. Also other European countries, i.e. the United Kingdom, Belgium and 
France, were affected by CDI outbreaks [ 94 ]. These outbreaks were related to the 
global spread of the ribotype 027/NAP1 strain from Canada and the United States 
towards Europe [ 2 ]. Transmission of ribotype 027 had been reported by 11 and 16 
European countries in 2007 and 2008, respectively [ 126 ]. Introduction of ribotype 
027 could be linked to international travels in some countries. The exceptional 
virulence of ribotype 027 was attributed to increased toxin production (associated 
to its tcdC gene mutation) and altered antibiotic resistance [ 126 ]. Retrospective in-
vestigation using whole-genome sequencing demonstrated that fluoroquinolone 
resistance acquired by two separate ribotype 027/NAP1 lineages contributed to its 
emergence and undermined the role of the tcdC gene mutation [ 2 ]. 
The Netherlands was the first European country that reported a decrease of  
ribotype 027 in 2006 by national surveillance data [ 93 ]. The incidence rate of CDI 
in hospitals in the Netherlands stabilised at 3 cases per 10,000 patient-days and 
ribotype 027 caused not more than 3% of all CDI (virtually all relating to health-
care). However, transmission of ribotype 078 caused concern due it high abun-
dance, especially compared to other countries [ 93 ]. A European surveillance esti-
mated the incidence of healthcare-associated CDI at 4 cases per 10,000 patient- 
days in 2008. Ribotype 027 was isolated from 5% of CDI, and less prevalent than 
e.g. ribotype 078 [ 64 ] The United Kingdom had a remarkable high prevalence of 
ribotype 027, but succeeded to reduce the national incidence rate of CDI and prev-
alence of ribotype 027 by antibiotic stewardship (e.g. restricting fluoroquinolone 
prescribing) in additional to other infection prevention control measures in 2007-
2013 [ 127 ]. ECDC estimated the overall number of healthcare-acquired CDI at 
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		  Infographic of the Centers for Dis-
ease Control and Prevention (CDC) on prevention 
of CDI.

Figure 3

123,997 (95% CI: 107,697-441,969) in 2011-2012 [ 128 ]. Yet, thereafter ribotype 027 
emerged in Eastern-Europe [ 129 ]. 
In the United States however, 31% of healthcare-associated CDI and 19% of communi-
ty-associated CDI was caused by ribotype 027/NAP1 in 2011 [ 99 ]. It was estimated that 
approximately 453,000 patients were affected by CDI in 2011 (95% confidence inter-
val: 397,100 -508,500) of which 29,000 succumbed ( Figure 3 ). CDC denoted CDI as one 
of the three urgent ‘antibiotic resistance threats’ in the United States in 2013 [ 130 ]. 
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CDI beyond hospitals

As hospitals, long-term care facilities (LTCF) host a population at high risk  
for developing CDI, due to frequent antibiotic consumption, advanced age,  
comorbidities and suboptimal infection prevention. LTCF residents can facilitate 
C. difficile transmission between hospitals and LTCF [ 111 ]. In the United States, the 
number of CDI cases in nursing homes in 2012 was estimated at 112,800 (95% 
confidence interval: 93,400-131,800), circa one quarter of all CDI cases [ 131 ]. These 
numbers may be biased due to the fact that C. difficile laboratory testing in nurs-
ing homes is not always part of daily routine. A large proportion of the patients 
(76%) had been hospitalised ≤12 weeks before CDI and the very old (>85 yrs) were 
at particular risk [ 131 ]. In Europe, the burden of healthcare-associated infections 
in LTCF is monitored by repeated point-prevalence surveys. CDI was not one of 
most common HAI or isolated microorganisms. The CDI-specific burden was not 
reported but approximated 37,900 (0.9% of all HAI) on the basis of available data 
[ 132 ]. There are no national estimates of CDI in LTCF in the Netherlands, but out-
breaks have been reported [ 3 ]. 
In the general population, the incidence of CDI in the community was estimated 
at 0.67 cases per 10,000 person years (95% CI 0.58–0.78) in the Netherlands in 2010-
2012, comparable to Salmonella spp. This corresponded to a prevalence of 1.5% 
amongst community residents that visit their general practitioner with diar-
rhoea and submit a stool sample for laboratory testing [ 59, 60 ]. In another Dutch 
study, 4.2% of community residents with gastro-intestinal complaints were  
positive for toxigenic C. difficile using PCR, higher than Salmonella spp [ 133 ]. In  
Denmark, the community incidence of CDI was 2.3 cases per 10,000 person years 
[ 58 ]. In Minnesota, United States, the incidence of community-acquired CDI was 
estimated at 0.96 cases per 10,000 person years in 1991-2005 in a population-
based study [ 134 ]. While recent literature underlines the increasing burden of CDI 
in the community, the substantial community burden of CDI has been confirmed 
decades ago –prior to the emergence of ribotype 027/NAP1–if tested for [ 135 ]. Yet, 
the minority of the diarrhoeic community patients were tested for CDI at that 
time [ 135, 136 ].
Community patients with CDI have a rather different risk profile compared to 
hospital patients [ 134, 137 ]. Antibiotic use is the foremost risk-factor for CDI as in 
hospitalised patients, but absent in a considerable proportion (30-60%) of the com-
munity patients [ 59, 60, 137, 138 ]. It was suggested that other disrupting factors of 
the microbiome cause CDI in this subpopulation of non-exposed patients (e.g. 
proton-pump inhibiters) [ 139 ]. As mentioned before, C. difficile reservoirs include 
asymptomatic infant and adult carriers, and animals (e.g. pets). Food, water and 
other environmental contamination can be considered as ‘sinks’ rather than res-
ervoirs, but may be part of CDI transmission paths. In previous years, molecular 
studies aimed to trace CDI sources. One of these studies showed that 13% of CDI 
in adults were genetically related to infants strains according to whole-genome 
sequencing [ 140 ]. Advanced age, breastfeeding and exposure to pet dogs were 
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found to be risk factors for C. difficile in children in the same study. Animal contact 
has been recognised to increase the risk of CDI in children <2 yrs old by others 
[ 138 ]. Phylogenetic results of other whole-genome sequence studies suggest that 
numerous long-range transmission events occur between pet dogs and humans 
[ 141 ], as well as pigs and humans [ 142, 143 ]. Transmission paths have not been  
elucidated. In the Netherlands, piglets are frequently colonised by C. difficile PCR 
ribotype 078 [ 144 ] and contamination of the farm environment has been demon-
strated [ 145 ]. Persons with daily contact with pigs had a 1:4 risk to be positive  
for C. difficile in a small study, virtually all ribotype 078 [ 146 ]. In Central North 
Carolina, one of the largest pig producing states in the United States, environ-
mental exposure to livestock farms increases the risk for community-acquired 
CDI [ 147 ]. Moreover, CDI complies with some criteria of foodborne disease. Yet, the 
attribution of food to CDI transmission is considered low, as illustrated for hospi-
talised patients [ 148 ]. C. difficile cannot germinate and grow in food, and outbreaks 
of CDI were never found to be food-related [ 37, 149 ]. Yet, regular consumption of 
beef was an imported risk factor (Odds Ratio 5.5) of community-acquired CDI for 
adults in Denmark in contrast to other food products [ 138 ]. Overall, a complex  
interplay of animal and human reservoir populations and environmental sources 
(‘sinks’) need to be considered for CDI transmission beyond hospitals.
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Outline of the thesis

This thesis aims to describe contemporary changes of the epidemiology of CDI  
in the Netherlands and Europe and the subsequent introduction of a new stand-
ardised epidemiological surveillance system for CDI in Europe. Findings will be 
used to guide future directions of epidemiological surveillance systems for CDI 
–in particular for Europe and the Netherlands. This will improve estimations of 
the infection burden and helps to understand C. difficile sources and transmission 
routes that are needed for appropriate infection prevention control interventions. 

The heterogeneity of existing epidemiological surveillance systems for CDI in 
Europe hampered a valid estimation of CDI burden and illustrated the need for a 
standardised European-wide surveillance system for CDI. However, suboptimal 
laboratory diagnostic capacity was considered as the foremost barrier for imple-
menting European-wide surveillance for CDI. Besides, application of various  
non-standardised molecular typing methodologies prevented their use for moni-
toring transmission and control. In 2010, ECDC supported a 4-year project named 
‘the European CDI Surveillance Network’ (ECDIS-Net) to enhance CDI surveil-
lance and laboratory capacity to test for CDI. This thesis incorporates two studies 
that were conducted within the framework of ECDIS-Net. CHAPTER 2 evaluates 
changes in local laboratory diagnostic and national typing capacity for CDI 
through cross-sectional surveys amongst ECDIS-Net participants in 33 European 
countries in 2011 and 2014. CHAPTER 3 explores the feasibility of implementing  
a standardised European surveillance protocol for CDI through a three-month 
pilot in 14 countries in 2013. This study also illustrates the added value of  
collecting detailed epidemiological and microbiological data on CDI at European 
level. ECDIS-Net activities resulted in initiation of European Surveillance of CDI 
in EU/EEA countries by ECDC in 2016. 

The Netherlands has a national reference laboratory in place to support  
epidemiological surveillance and molecular typing of CDI since the recognition 
of ribotype 027 outbreaks in 2005. A national Sentinel Surveillance for CDI was 
implemented for ongoing monitoring of the incidence of CDI and detection of 
new outbreaks in 2009. According to this surveillance, the incidence of CDI stabi-
lised at 3 cases per 10,000 patient-days. Yet, the burden of CDI in children was 
never examined in detail but has been reported to increase in other countries. 
CHAPTER 4 investigates changes of the number of reported CDI amongst children 
in the Netherlands. Additionally, the clinical and microbiological characteristics 
of CDI in hospitalised children are compared to adults to determine if additional 
strategies to prevent, diagnose, and treat CDI in children are needed. Overall  
ribotype 027 caused not more than 3% of all CDI, but the high incidence of  
ribotype 078 caused concern because of its potential relation to pig-farming. 
CHAPTER 5 assesses the association between hospital incidence rates or ribotype 
078 and provincial pig-farming. This study also incorporates the use of spatial 
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scan statistics to search for clustering of community-CDI that could indicate 
sources of CDI beyond hospitals. CHAPTER 6 extends the use of spatial scan statis-
tics in a community-based case-control study of CDI, with detailed data on envi-
ronmental exposure of community-acquired CDI patients. These data are used to 
test livestock exposure as a risk factor for community-acquired CDI.

CHAPTER 7 elaborates on how advanced insights in the epidemiology, sources and 
transmission of CDI challenge present surveillance systems and synthesises  
future directions for improved surveillance systems and control of CDI. 
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