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Abstract
Introduction: Mathematical modelling of Clostridium difficile infection dynamics could contribute to the optimisation
of strategies for its prevention and control. The objective of this systematic review was to summarise the available
literature specifically identifying the quantitative parameters required for a compartmental mathematical model of
Clostridium difficile transmission.
Methods: Six electronic healthcare databases were searched and all screening, data extraction and study quality
assessments were undertaken in duplicate. Results were synthesised using a narrative approach.
Results: Fifty-four studies met the inclusion criteria. Reproduction numbers for hospital based epidemics were
described in two studies with a range from 0.55 to 7. Two studies provided consistent data on incubation periods. For
62% of cases, symptoms occurred in less than 4 weeks (3-28 days) after infection. Evidence on contact patterns was
identified in four studies but with limited data reported for populating a mathematical model. Two studies, including
one without clinically apparent donor-recipient pairs, provided information on serial intervals for household or ward
contacts, showing transmission intervals of <1 week in ward based contacts compared to up to 2 months for
household contacts. Eight studies reported recovery rates of between 75% - 100% for patients who had been treated
with either metronidazole or vancomycin. Forty-nine studies gave recurrence rates of between 3% and 49% but were
limited by varying definitions of recurrence. No study was found which specifically reported force of infection or net
reproduction numbers.
Conclusions: There is currently scant literature overtly citing estimates of the parameters required to inform the
quantitative modelling of Clostridium difficile transmission. Further high quality studies to investigate transmission
parameters are required, including through review of published epidemiological studies where these quantitative
estimates may not have been explicitly estimated, but that nonetheless contain the relevant data to allow their
calculation. [Systematic review reference: CRD42012003081]
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Introduction

recovered [immune], susceptible [second susceptible])
compartmental transmission model for CDI are explicitly stated.

Clostridium difficile (C. difficile) infection (CDI) is a
considerable public health problem with over 20,000 cases in
the UK and up to 300,000 in the US annually [1]. In the last
decade, new strains of and epidemiological changes in existing
strains of the organism have emerged, in particular ribotype
027. This highly pathogenic ribotype has resulted in substantial
morbidity and mortality [1-3]. CDI results in diarrhoea which
ranges in severity from mild to severe, which in life threatening
cases may require surgery [1] . Outbreaks of CDI have
occurred in a wide range of healthcare settings including acute
care hospitals, nursing homes, intensive care units, as well as
in community settings. These have caused considerable
political and public disquiet and have spurred governmentdriven action to address this organism both in the UK and
internationally [3]. However, much remains unknown regarding
the factors which influence CDI acquisition and transmission,
therefore potentially compromising the development of effective
interventions and control policies.
Transmission of C. difficile from hospitalised, symptomatic
cases was previously thought to be the primary source of
disease; however a recent hospital based study has shown that
transmission from these cases accounts for no more than 25%
of new hospital cases [2]. Asymptomatic carriage or
colonisation in both patients and healthcare workers, or
infection from other community sources entering the hospital,
may have relevance to propagation within the healthcare
environment [4,5]. However, uncertainties in attributing
acquisition to the community or from within the hospital setting,
coupled with limitations in microbiological testing methods,
complicates understanding of the routes of transmission and
acquisition [6-8].
CDI has in recent years been noted among groups
previously considered to be at low risk of acquiring the disease
including young adults, pregnant women and people without
apparent prior exposure to antibiotics or healthcare facilities [9].
The possibility of food-borne acquisition of C. difficile, through
contact with companion animals, infants and aerosolised faecal
material has been suggested [10-13].
It is apparent that the mechanisms of C. difficile transmission
are complex. Mathematical modelling could be a useful tool to
improve our understanding of CDI dynamics, as has been
shown for other complex infectious diseases such as influenza
[14]. Such models could make a valuable contribution to
optimising CDI management and control; for example by
providing theoretical frameworks to model and monitor the
spread of infection, to improve the understanding of the
underlying factors that trigger the development of epidemics
from sporadic cases, to predict future trends and for testing the
effects of intervention strategies.

Methods
This review was carried out in accordance with PRISMA
guidelines. A completed PRISMA checklist is available (Table
S1). The full study protocol is registered with the National
Institute for Health Research international prospective register
of systematic reviews (PROSPERO) - registration number:
CRD42012003081
[15].
Minor
subsequent
protocol
amendments were submitted to clarify the study populations
and eligibility criteria. This systematic review of the
mathematical parameters needed to model CDI is a necessary
prerequisite to the development of theoretical frameworks that
can represent the infection dynamics of this organism. A further
systematic review of the epidemiological characteristics
(infection rates and risk factors) of CDI will also be required.

Search strategy and study selection
We searched six electronic databases: EMBASE
(1980-2012), Medline (1946-2012), PubMed (1920-2012), Web
of Science (1899-2012), CINAHL (1968-2012) and the
Cochrane database of systematic reviews to identify all
epidemiological studies and evidence based reviews assessing
transmission and acquisition of CDI. Further publications and
grey literature were identified through internet searches of
relevant websites (World Health Organisation, European
Centre for Disease Prevention and Control, UK Health
Protection Agency, UK Department of Health, US Centres for
Disease Control and Prevention, Public Health Agency of
Canada, Centre for Health Protection, Hong Kong, National
Institute of Infectious Diseases Japan and Chinese Centre for
Disease control and Prevention) [15]. Keywords relating to
‘Clostridium difficile’, ‘epidemiology’, ‘transmission’ and each of
the relevant mathematical parameters were used to identify
relevant papers. Search terms were developed through
discussion and consensus and piloted in each individual
database before the formal search process. Where available,
medical subject headings (MeSH) were defined for the
population and outcome parameters and adapted in
accordance with the specifications of each search engine.
The final electronic search was performed on 8 October
2012. In addition, we performed reference and citation tracking
of all included papers to further identify unpublished literature.
No year limitations were applied. Studies in languages other
than English were only considered if an English abstract was
available.

Eligibility criteria
Studies meeting all the following key criteria were included in
the review:

Objectives

1.

Study design: Any experimental and observational
studies assessing C.difficile transmission or acquisition
2. Population: persons of any age with laboratoryconfirmed CDI whether symptomatic or asymptomatic

We undertook a systematic review to collate and summarise
the available literature where the quantitative estimates of the
mathematical parameters required to inform the development
of a SEIRS (susceptible, exposed [pre-infectious], infectious,
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3.

Results

Outcome measures: studies specifically reporting
parameters required to create a SEIRS type mathematical
model of CDI, i.e. basic reproduction number, net
reproduction number, incubation period, and contact
pattern, force of infection, serial interval and duration of
infectiousness, recovery rate and recurrence rates [16]

Study Selection
We identified 17, 935 articles; 16,963 from healthcare
databases and the rest from other sources (Figure 1). After deduplication, reference tracking and exclusion of studies that did
not fit the inclusion criteria (at title and abstract review), 91
studies reporting mathematical modelling parameters for CDI
were identified for full text review. A further 37 articles were
excluded (Figure 1). Two of the included articles were from a
single retrospective study but reported outcomes from different
population subgroups so both were separately retained [18,19].
Overall, 54 full text articles were included in the narrative
synthesis.

After excluding duplicates, a three-stage filter process
(assessment of titles, abstracts and full text) was used to
screen all identified studies against the eligibility criteria. At
each stage the screening was managed using Endnote X4 ®
(Thomson Reuters, California, USA). Screening was
undertaken independently by two out of three reviewers (AA,
HJ and EHO) with consensus by discussion and provision for
arbitration by a third reviewer.

Description of included studies

Data extraction

The characteristics of the 54 studies which met the protocol
eligibility criteria are summarised in Table 1 with further detail
provided in Table S2. All identified studies were observational
(55% [n=32] cross-sectional, 26% [n=14] cohort, 11% [n=6]
case-control studies and in 4% [n=2] the study design was
unclear). Data were reported on at least 26,137 subjects with
CDI (the numbers included in one study were unclear). The
number of subjects with CDI in individual studies ranged from 9
to 14,329 and four studies each made use of large hospital
laboratory databases with over 1,000 CDI cases [20-23].
The characteristics of populations investigated varied
substantially. Studies were reported from at least 17 different
countries including USA (n= 23), Europe (n=13), South Korea
(n=6) and Canada (n=3). There was wide age variability across
most study populations (age range: 1 month to 99 years) but
some focused solely on children or adults [19,22,24-31]. The
majority of studies (n=34) included hospital in-patients with no
other specified co-morbidities, but 16 were from within specific
specialties or investigating patients with defined medical
conditions. Whilst 21 studies investigated non-specific
populations of hospitalised patients alone, the rest either
combined both inpatients and outpatients, hospital inpatients
with nursing home residents or patients diagnosed with CDI
within a circumscribed geographical area [18-21,23,32-37].

Data were extracted independently by two reviewers from
each included study using a pre-defined piloted template.
Disagreements were resolved through discussion with
provision for arbitration by a third reviewer. Data extracted on
study characteristics comprised design, country, time period,
objectives, number of participants and method of subject
selection, diagnostic method and inclusion/exclusion criteria.
Data obtained on population characteristics were; subgroup
studied, study setting, age, sex, co-morbidities and race/
ethnicity. Outcome measures extracted were; basic
reproduction number, net reproduction number, incubation
period, contact pattern, force of infection, serial interval and
duration of infectiousness, recovery rate, recurrence rate and
definition of recurrence. No further data were requested from
authors of included studies. (Definitions of the mathematical
terms are listed in Table S4).

Quality assessment
The quality of included studies was was assessed using only
the Newcastle Ottawa Scale (NOS) for observational studies
since no experimental studies were found. Consensus was
reached by discussion, with arbitration by a third reviewer as
necessary [17]. Studies were judged on three domains i)
selection criteria of subjects, ii) comparability of subjects
(adjustment for confounders) and iii) ascertainment of the
exposure or outcome of interest, with a maximum total score of
9 for cohort or case-control studies and 7 for cross-sectional
studies. A high score across all three assessment domains
(participant selection, adjustment for confounders and
ascertainment of outcome) suggests the study is of higher
quality than those scoring at lower points on the scale. The
paucity of information available from abstract-only manuscripts
precluded assessment of quality for these studies.

Quality assessment
The majority of studies included were judged to have low
scores on the NOS. Among cross-sectional studies, scores
ranged from one to seven [37,38]. In the case-control and
cohort studies, scores ranged from three to seven
[25,33,35,39-41]. Inadequate matching and adjustment for
confounders was responsible for the lower quality assessment
scores attained. Only two cross-sectional studies and one
cohort study reported having adjusted for other confounding
variables [38,42,43]. For most case-control studies, use of
hospital control subjects resulted in lower quality assessment
scores because NOS defines that only the use of community
controls warrants a positive score since hospital controls may
have other co-morbidities that could influence study outcomes.
Although 4 out of 6 case control studies attempted to match
hospital controls to cases by sex, month of diagnosis, antibiotic

Summary measures
Both the quality and data extraction findings were tabulated
and synthesised qualitatively using a narrative approach in
accordance with the framework described by the Economic and
Social Research Council and recommended by the University
of York Centre for Reviews and Dissemination.
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Figure 1. PRISMA flow diagram of the literature review process.
doi: 10.1371/journal.pone.0084224.g001
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non-linear transmission model [42]. Another used ribotyping to
estimate strain-dependent numbers of secondary cases per
index case (Table 2) [34]. The study by Lanzas et al comprised
11,406 patients across 6 medical wards and was used to
estimate parameters of a compartmental mathematical model
for C. difficile transmission [42]. Hosts were classified as
susceptible if they had received antimicrobial treatment. Those
who had not been on antibiotic treatment were presumed to be
resistant to colonisation. Infectious hosts were either diseased
(D) (i.e. manifesting CDI), asymptomatically colonised with
protection (C+) (mounted an immune response) or
asymptomatically colonised without protection (C-) (no immune
response mounted) [42]. The basic reproduction number (R0)
(defined in this context as the average (median) number of
secondary colonisations (C+ or C-) per colonisation (C+ or C-)
or infection (D) in a ward free from CDI) was estimated at 1.04
(range: 0.55-1.99), with each host (susceptible C+ or C- or
infected D) generating on average 0.4 colonised hosts without
protection (C-) and 0.6 colonised hosts with protection (C+).
Noren et al reported higher rates of secondary cases than
Lanzas (335 C. difficile-infected patients from three hospitals
[two tertiary care, one primary care]), although without
accounting for non-linear transmission effects or the proportion
of patients asymptomatically colonised, these estimates cannot
be directly mapped to R0 [34,42]. The reported secondary case
rates were strain-specific. Amongst the 8 strains identified,
Swedish ribotype SE 17 (UK ribotype 012) appeared to pose
the highest risk of transmission (mean 2.6 secondary cases per
index case [range 1 to 7]). C. difficile types 11 (081) and 12
(002/159/183) had the lowest secondary case rate (1
secondary case per index case), while ribotypes 7b (054), 20
(001), 21 (014/077/020/220), 21b (014/077/020/220) and 23a
(258) generated at least 1.2 cases [34]. Both studies
investigating the reproduction number of CDI scored highly on
the quality assessments. (Swedish ribotype, UK ribotype
taxonomy matching – Personal communication, T Akerlund,
Swedish Institute for Communicable Disease Control, October
2013)
Incubation period.
Two hospital-based studies with
estimates of incubation periods for CDI were found (Table 3)
[2,53]. Although the studies were substantially different in terms
of study size, study period and diagnostic technique, each
estimated similar incubation periods of <4 weeks for the most
probable transmission links of all identified “index case secondary case” pairs. In the study by Samore, all 12 inpatients studied over a 2 month period became symptomatic 3
- 28 days (median 19 days) after exposure to infection from a
symptomatic index case [53]. Walker et al, reported estimated
incubation periods for three types of possible transmission
links, the most plausible directional potential transmission links:
Median incubation period 18, (range 8–42) days, the most
plausible links: 24 (10–61) days and all potential links: 33 (13–
74) days [2]. Both of these investigations achieved high NOS
quality assessment scores, although neither explored the
effects of potential confounding factors; in particular it is
possible that the incubation period could be influenced by other
factors within the host. Both studies were undertaken in a

Table 1. Summary of study characteristics for included
studies (N=54).

Number of
Characteristic

studies

% of studies

Cross-sectional studies

32

59

Case-control studies

6

11

Prospective cohort studies

14

26

Design unclear

2

4

Very high

47

87

High

1

2

Medium/low

0

0

Data unclear

6

11

Hospital inpatients (general/unspecified)

34

63

Hospital outpatients (general/unspecified)

20

37

Nursing/long-term care facility

5

9

All community cases within a circumscribed area

3

6

Renal patients

2

4

Organ/stem cell transplant patients

6

11

8

15

Toxin detection / immune assay

51

94

Stool culture

18

33

Polymerase chain reaction (PCR) ribotyping

6

11

Antigen detection

1

2

Multilocus sequence typing

1

2

Laboratory-diagnosed, methods unclear

2

2

Study design

Country (UN inequality-adjusted Human
Development Index 2010)

Study population/specific subgroups *

Other – HIV, neurology and psychiatric
gerontology, surgery / gastroenterology,
appendectomy, burns, gynaecological oncology,
IBD
Method of laboratory diagnosis

@

* Numbers do not sum to 54 as some studies include more than one population

group
@ Numbers do not sum to 54 as some studies include more than one method of

diagnosis
doi: 10.1371/journal.pone.0084224.t001

exposure or propensity score, it was unclear whether this was
adequate to control for bias [32,44-46].
Other methodological concerns which resulted in poor quality
assessment scoring were related to insufficient information on
follow-up – 10 of 14 cohort studies, inadequate definitions of
study outcomes - particularly for studies reporting recurrence
and use of suboptimal testing techniques for CDI detection.
For 5 studies, no quality assessment could be performed
because a full English translation of the article was unavailable
[47-51]. For one study in which the study design was unclear,
the quality assessment was made assuming it was a crosssectional study [52].

Synthesis of Results
Reproduction number. Only one hospital-based study
reported estimates for the reproduction number based on a
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Table 2. Studies providing limits on basic reproduction number.

Author

Year Study details

Study Period

Basic Reproduction Number Data

A mathematical model for C.difficile transmission which
identifies hosts who have received antimicrobial treatment as
Lanzas
[42]

susceptible, and distinguishes between diseased,
2011 asymptomatically colonised hosts with protection and
asymptomatically colonised hosts without protection, was fitted

Estimated basic reproduction numbers for variation in other
parameters: Mean= 1.07, Median= 1.04. Range 0.55-1.99. New

January to
December 2008

to a hospital data set comprising 11046 patients in which

colonisations produced by asymptomatic or symptomatic patients’
averaged 0.4 new patients colonised without a protective response
and 0.6 new patients colonised with a protective response

diagnosis was by stool toxin
Noren
[34]

330 isolates from patients with toxin-positive diarrhoea were
2004 analysed by PCR ribotyping Secondary cases were linked to
index cases using PCR ribotyping

For ribotype SE17 (UK ribotype 012), 7 index cases gave rise to 19
February 1999 to

secondary cases. Mean: 2.6 secondary cases per index case

January 2000

(range 1-7). For ribotypes other than SE17: Mean 1.2 secondary
cases per index case (range 1-4)

doi: 10.1371/journal.pone.0084224.t002

hospital setting so limiting their generalizability to community
associated infection.
Contact patterns. The nature of the contact implicated in C.
difficile transmission was reported in three studies; hospital
ward-based contacts and contacts between household
members [20,38,53]. Results are shown in Table 4. These
demonstrated the likelihood that C. difficile could spread from
an infected individual to their ward-based or household
contacts. Information reported in the household study was
limited to relative risks [20]. Pepin et al, showed that child
contacts of an infected individual had a higher risk of being
infected than spouse contacts (relative risk, child: 90.61 [95%
CI: 33.89 - 487.64] vs. spouse: 7.61 [95% CI: 5.77-9.78]),
however there were few child contacts on which this estimate
was based [20]. Information on ward based contact was limited
to the duration of contact that could facilitate transmission
(adjusted hazard ratio per daily roommate exposure: 1.11 [95%
C.I 1.03-1.19]) [38].
The study by Pepin et al (2012) achieved the lowest NOS
quality score [20]. The authors were unable to prove donorrecipient linkages, and thus the strength of evidence for the
reported risk for household contacts is questionable since
‘secondary infection’ in the household may not necessarily be
attributable to the index household case.
Force of infection. No studies describing the force of
infection were identified.
Serial Interval. The serial interval of CDI was reported for
household and hospital contacts in two studies (Table 5) [2,20].
There was some variability in reported intervals which may
reflect differences in study settings and methods. One study
suggested that the serial interval of CDI in a hospital setting is
likely to be <1 week but in some circumstances could be up to
8 weeks [2]. The second study reported serial intervals in
household settings ranging from 6 to 50 days and in one
situation up to 186 days [20]. Although the lower limits reported
in the second study correspond to that of the first, this study
utilised a small cluster of cases and achieved a low NOS
quality score.
Recovery rate. The recovery rate from CDI was reported in
eight studies (Table 6) [22,26,31,32,51,54-56]. Recovery was
typically dependent on treatment with antimicrobials (either
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Table 3. Studies reporting data on incubation period.

Author

Year Study details

Study Period Incubation Period Data

52 ‘index’ cases with
diarrhoea and positive

Interval between onset

stool toxin assay were

of exposure and onset

included; stool

of symptoms in 12

samples from hospital
Samore
[53]

roommates, occupants
1996 of adjacent wards and
the patient

symptomatic contacts:
June to

3-28 days, median 19

December

days. Interval between

1992

onset of exposure and

subsequently

positive culture in 19

occupying the room

asymptomatic contacts:

were analysed for

1-20 days, median 5

evidence of

days

transmission
Incubation periods

Data of 218 enzyme

calculated: 61% of

immune assay positive
patients from a
Walker
[2]

2012

hospital laboratory
database were used to
analyse potential wardbased contacts
between patients

patients <=4wks. 13% of
September

patients >12wks.

2007 to

Medians 18-33 days

March 2010

depending on possible
links. IQRs 8-74 days,
depending on possible
links

doi: 10.1371/journal.pone.0084224.t003

metronidazole or vancomycin). Two studies reported data on
immune-compromised patients and both found similar recovery
rates of 98% and 100% [31,56]. Five studies reported data on
non-specific groups of hospital inpatients with recovery rates
ranging from 75% to 94%. The lowest recovery rate of 56%
was found in the only study which estimated recovery for both
patients who had received any treatment for CDI and those
who received none. Other studies typically estimated separate
recovery rates for treated and untreated patients. Three of the
studies were judged to have low NOS quality scores due to one
or all of the following reasons: unclear definitions of recovery,
lack of information on how recovery was ascertained and
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Table 4. Studies reporting data on contact patterns.

Author

Year

Hamel [38]

2010

Study details

Study Period

Multiple databases of 37697 patients used to identify 202

April 2001 to

cases of CDI (identified by enzyme immunoassay for toxin

March 2006.

A or B) and room-mate exposures.
2222 patients diagnosed with CDI were identified from a
Pepin [20]

2012

hospital database. Cases related to one another were
found and verified using telephone number.

[53]

Ratio (HR) total roommates/day 1.06 (1.00-1.12). After
adjusting for confounders, HR=1.11 (1.03-1.19).
5/1061 spouses and 3/501 children developed CDI. Attack

December 2009.

rates were 4.71/1000 and 5.99/1000 respectively.
99 contacts were analysed; 12 had C. difficile diarrhoea, 19

assay were included; stool samples from hospital
1996

Total roommate exposure was associated with CDI - Hazard

January 1998 to

52 ‘index’ cases with diarrhoea and positive stool toxin
Samore

Contact Pattern Data

June to December

roommates, occupants of adjacent wards and the patient

1992.

subsequently occupying the room were analysed for
evidence of transmission.

were asymptomatically colonised. Typing showed that only 6
of these contacts (5 symptomatic, 1 asymptomatic) had the
identical strain to the index case. 42% of the index cases had
at least 1 positive contact.

doi: 10.1371/journal.pone.0084224.t004

Table 5. Studies reporting time interval between infection and onward transmission.

Author

Year Study details
2222 patients diagnosed with CDI were identified from a

Pepin [20] 2012 hospital database. Cases related to one another were found
and verified using telephone number.
Data of 218 EIA positive patients from a hospital laboratory
Walker [2] 2012 database were used to analyse potential ward-based
contacts between patients.

Study Period

Serial Interval Data

January 1998 to

9 household contacts with CDI: 8/9 secondary cases developed

December 2009.

within 2 months of the index case.

September 2007 to
March 2010.

Minimum infectious period: 65% of transmissions ≤ 1wk, 82% ≤
4wks, 10% > 8wks. Medians 1-8 days depending on possible
links. IQRs 0-33 days, depending on possible links.

doi: 10.1371/journal.pone.0084224.t005

Table 6. Studies reporting data on recovery rate.

Author / Year

Year Study subgroup

Study Period

Recovery Rate Data

2001-2009

Responded to therapy with metronidazole: 78/80 (98%).

Pediatric patients undergoing
Alanazi [31]

2012 hemopoietic stem cell
transplantation
Blood stem cell transplant

Bilgrami [56]

1999

Bouza [51]

1995 Hospital inpatients

1994 (one year)

Khan [26]

2012 Hospital inpatients (≥15 years)

2006-2009

Kim [55]

2011 Hospital inpatients

Sep 2008-Jan 2010

Kim [22]

2012

Kyne [54]

patients

Adult hospital inpatients (>18
years)

1998 Hospital inpatients

Mar 1993- Aug 1996

1 patient had a relapse but recovered afterwards.
Recovered after initial therapy (oral vancomycin or metronidazole): 76/83 (92%)
Cure rate (resolution of diarrhoea by day 6 of treatment, and negative assays on days
6 and 10): 96/123 (78%).
Diarrhoea stopped without treatment: 49/189 (26%). Clinical cure rate (with treatment):
118/140 (84%). ‘Global cure’ i.e. cured without recurrence: 93/140 (66%).
2008 cohort - ‘Improved' without therapy other than discontinuing antibiotics: 235/1367

2004-2008

(17%) – (NB the 1367 quoted includes patients who went on to have treatment).
‘Improved' with oral metronidazole: 796/846 (94%).

Jan-Jun 1995

All patients in Iceland (hospitalVesteinsdottir [32] 2012 acquired and community-

Recovered after initial therapy with metronidazole and/or vancomycin: 14/14 (100%) -

July 2010-June 2011

acquired CDI)

Resolution of symptoms: 38/73 (52%). Of the 73 patients, 62 had had metronidazole or
vancomycin therapy, 11 had no treatment.
Recovery rate from primary CDI with 1 course of antibiotics: 70/93 (75%) – 69 patients
had metronidazole, 1 had vancomycin.

doi: 10.1371/journal.pone.0084224.t006

insufficient follow up data [31,54,55]. Of the others, three were
judged to be of good quality on the basis of clear definitions
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[22,26,32].
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a recent study by Walker et al (2012) that suggest that only
about 25% of new hospital cases arise from patient-to-patient
transmission within hospital wards [2]. Noren et al, reported
that some strains appeared to be more likely to generate new
cases than others [34]. Given experience with other infectious
diseases, this finding is not surprising, e.g. meningococcal
disease [71]. It is therefore possible that the transmission
dynamics of C. difficile will vary by setting and strain. This has
implications for the design of future studies undertaken to
examine the transmission dynamics of C. difficile, as the
findings may be strain and setting specific which could limit the
generalizability and use of the data generated.
The incubation period of CDI was estimated to last between
3 and 28 days but in some instances up to 12 weeks. It should
be noted that several sources of uncertainty exist when
measuring the incubation period. Estimates typically depend on
knowledge of the time / date of exposure which cannot always
be ascertained, particularly for an infection which may be
carried asymptomatically. Secondly, estimates are subject to
the assumption that transmission arose from the first traceable
contact. Even where typing studies show the same strain
between patient contacts, there is still uncertainty as to whether
transmission occurred as a result of direct patient contact or
indirect contact with other potential sources.
The only conclusion that could be drawn on contact patterns
is that with every additional day of ward contact with C. difficileinfected patients, there is an 11% increase in the risk of
infection acquisition. There was no information on the
frequency and intensity of contacts between patients or
between members of the community that provided the
opportunity for C. difficile transmission to occur. The
information found on patient contacts would be insufficient to
inform the contact WAIFW (who acquired infection from whom)
matrix required for modelling, but is relevant to control policies
which call for the use of isolation as an intervention to curtail
the risk of C. difficile transmission in hospitals.
Serial intervals reported varied from less than one week to
186 days. Despite the variation in study settings, the lower
limits of the serial intervals reported by both studies are
comparable. This might be due to the fact that the risk of
transmitting C. difficile between spouses in a house and
patients in a shared ward depend on the same principles in
terms of contact with contaminated surfaces. It should be noted
that Pepin’s household study did not utilise molecular typing to
confirm the identity of strains responsible for index cases and
secondary cases so linkage cannot be assumed. This might
explain the unusually long serial interval of up to 186 days
estimated in this study [20].
There was a paucity of data on recovery. Observational
studies do not always follow up all infected cases to record
long term outcomes of infection, including complete recovery.
Most of the studies included in this review relied on
retrospective hospital data where recovery as an outcome may
not have been documented. Had we aimed to look at the
effects of the treatments used for CDI, more information on
recovery rate may have been found, but that was beyond the
scope of this review.

Recurrence rate. Forty-nine studies reported recurrence of
CDI data (Table S3) [18,19,21-30,32-37,39-41,43-52,54-70].
Rates ranged from 3 to 49% with variation by study population.
Two studies investigated recurrence in circumscribed
populations that comprised all hospital and community cases
[32,34]. For studies considering only hospitalised patients,
recurrence rates ranged from 3 to 36% were observed
although it should be noted that the study reporting 3% was
based on only 14 patients [59]. The highest proportion of
recurrence was found among the elderly (35 - 39%), those
resident in long-term care (up to 49%) or patients diagnosed
with gastrointestinal related illnesses (45%) [48,58,60,69]. The
generalizability of these findings is compromised by the
variable definitions used for recurrence across the different
studies.
Summary measures. No statistical pooling of results was
undertaken because of the extensive heterogeneity of identified
studies.

Discussion
To our knowledge, this is the first systematic review
undertaken to assess the evidence base on the mathematical
parameter estimates required for modelling the infection
dynamics of C. difficile. The study was designed to only search
for studies that specifically estimated and reported on one or
more of the quantitative parameters required to inform a SEIRs
compartmental transmission model. Our summary of the
evidence has identified that there is a paucity of literature
available explicitly reporting the mathematical parameters
which describe the transmission and acquisition of C. difficile.
This probably reflects a lack of attention of the infectious
diseases modelling community to this important disease. It is
however likely that published epidemiological studies will
contain suitable data from which these quantitative parameters
can be estimated, even where these have not be explicitly
stated. For example, the generation time and serial interval are
composite quantities determined by the incubation period
distribution and infectiousness over time in infected individuals.
Nonetheless, the paucity of information available on the
parameters required to construct suitable infectious disease
models is an important finding in itself. Given the substantial
burden posed by CDI, the near absence of published estimates
with which to model CDI and therefore by implication the likely
paucity of modelling activity is perhaps surprising and a missed
opportunity.
Limited evidence was identified on the reproduction
numbers. A single study used a non-linear transmission model
to estimate R0 and whilst point estimates for this threshold
parameter were above one, the data were consistent with
values below one [42]. However, it is important to note in this
study by Lanzas et al, that the definition of colonization used by
the research only includes those recently exposed to
antibiotics. It therefore ignores those who may be carrying the
organism asymptomatically but who nonetheless could be
shedding it. Rates of secondary infection also indicated that
transmission from infected patients alone may not sustain new
cases of CDI within hospitals. This complements the results of
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Only two studies had adequate definitions of recurrence of
CDI. These allowed for recurrence being due to either relapse
of the primary infection or re-infection / new infection with a
different strain [34,59]. The proportion of recurrences caused
by these different possibilities will vary from cohort to cohort,
potentially influenced by, for example, treatment efficacy and
infection control precautions. Other (n=17) studies used the
terms recurrence and relapse interchangeably and others did
not clearly define these terms (n=27) [72].
The studies evaluated in this review were subject to
methodological weaknesses which suggest that this field of
research has some inherent difficulties. CDI is influenced by
multiple potentially confounding factors (e.g. patient age,
presence of co-morbidities, medication history and duration of
inpatient stay), but these were not considered in many studies.
Such residual confounding may partially explain some
differences in findings among studies reporting similar
parameters. All but thirteen studies estimated parameters using
retrospective data [25,29,32,35,39,41,43,53,55,61-63,66]. This
might explain inadequacies in outcome definitions in these
studies since the data used were initially assembled for other
purposes. Varying diagnostic techniques were used across all
studies which further limits the generalizability of individual
study findings. Diagnosis of CDI by looking for faecal C. difficile
toxins only, has sub-optimal sensitivity and is generally
considered to be insufficient as a stand-alone test for CDI. A
combined
two-test
algorithm
involving
glutamate
dehydrogenase preliminary screen or PCR for toxin gene,
followed by toxin detection is recommended for use in England
for greater sensitivity, specificity [73]. Standardisation of
diagnostic approaches would be appropriate for future studies.

explicitly describe them. Recognising this, the next step of this
work will be to systematically review the epidemiological study
data in order to calculate these estimates. Nonetheless, this
and further reviews may potentially be biased by the variability
in how CDI is defined and diagnosed. The diagnostic
methodologies have evolved over time with inconsistent
sensitivity, specificity and predictive values which may
compromise the comparability of results. This has implications
for the development of mathematical models for CDI. For
example, the incubation period assumes a date of inoculation
resulting in infection; however this date is not necessarily clear
for some infections, including CDI. It is thought that
approximately 3% of the adult population carry the organism,
but it is possible that these estimates are compromised by our
current capacity to detect colonisation. Some of the included
studies utilised data from children with apparent CDI as young
as a month old. The validity of this could be questioned as
colonisation without disease has been noted in as many as
70% of neonates [74]. However, pseudomembranous colitis
associated with Clostridium difficile has been noted before in
young babies [75].
A potential criticism could be that the research did not
differentiate between mathematical parameters for community
and hospital associated or acquired disease as the setting may
influence the estimate for each parameter due to potentially
different infection dynamics by setting. However, the purpose
of the work was to elucidate all published estimates of infection
parameters for Clostridium difficile, such that they could be
utilised in models at a later date, which may or may not be
adjusted to take account of setting according to the evidence
on the importance of setting as a variable. It should be noted
that recent research has suggested that our previous
assumptions about the importance of ‘in hospital’ transmission
and acquisition in the hospital setting have been thrown into
doubt, given that only 25% of cases occurring in the hospital
studied appeared to have an links to other cases in the hospital
[2].
Our research was limited to human studies. It was beyond
the scope of the work to consider animal based studies;
however, this may have compromised the capacity to find
suitable mathematical parameters as animal based models of
the disease have been developed. Repeating this systematic
review with animal models may be an area for future research.

Strengths and limitations of this review
Our literature search was extensive with over 7,000 studies
screened to identify potentially relevant articles. Study
selection, data extraction and study quality assessment were
all performed in duplicate to ensure consistency and reduce the
potential for bias, particularly where subjective judgement was
required. The authors conducted this review in accordance with
PRISMA and the Centre for Reviews and Dissemination (CRD)
guidelines. However, our ability to draw conclusions was
limited by the number and quality of studies found, the limited
reported detail and the heterogeneity of the included studies
(which precluded statistical synthesis of the evidence to
generate pooled estimates of parameters). The narrative
analyses were limited mainly to epidemiological studies, and
thus some of the findings (e.g. recovery rate) may not be
comparable to results obtained from clinical trials on the
effectiveness of various CDI treatments where definitions may
differ. The differential use of transmission / mathematical
modelling terminologies may have also limited our ability to
identify all studies reporting the above parameters, although
the extensive reference and citation tracking of relevant papers
will have made this unlikely. This review was designed to
identify only studies which specifically reported one or more of
the quantitative estimates required. It is likely that this tight
constraint will have excluded studies that report data which
could be used to calculate these parameters but which don’t
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Conclusions
Mathematical models are increasingly being used to improve
infectious disease control. The studies identified for this review
suggest that the dynamics of human-human transmission of C.
difficile are uncertain and provide insufficient evidence for
creating a simple SEIRS type mathematical model of CDI.
Well-designed prospective transmission studies are
warranted. To establish transmission and acquisition
parameters, including the serial interval, basic reproduction
number and force of infection, studies would need to explore
the linkage between primary and secondary cases. Given that
this review has found that the reproduction rate may be
different between strains, and that these can each be carried at
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burden of CDI. Further empirical evidence to quantify
mechanistic transmission models could assist in controlling this
organism and inform robust infection control or healthcare
policy. Research in this area by experienced infectious disease
modellers is overdue.

variable rates in community and hospital settings, modelling
studies may need to consider the possibility that strains can
exhibit different transmission dynamics depending on the
microbial burden and toxin concentrations they invoke in the
host and any cross-strain protection that may be present.
Additionally such studies may need to consider the setting. In
seeking to elucidate the evidence base for the mathematical
parameters that can be used to describe and model CDI, we
have not differentiated between settings (e.g. acute hospital,
community, care home). As this review has indicated, the
transmission patterns of Clostridium difficile are not completely
clear. Intuitively it might be assumed that they are different
depending on the setting, however until the scientific
understanding of the spacial and temporal relationships of
organism acquisition prior to causing symptomatic infection are
more clearly understood, this cannot be assumed. Nonetheless
it may be appropriate to consider adjusting for setting in any
future model development.
Future studies investigating CDI will necessitate clear,
consistent definitions and molecular typing / whole genome
sequencing. This is particularly relevant in the ascertainment of
relapse versus re-infection and may also help to elucidate the
prevalence, longevity and specificity of any immunity to C.
difficile. Characterising population susceptibility and its
modification with antimicrobial treatment, gut flora and IgG
antibody to C. difficile strains is also important for interpreting
reproduction rates in the modelling of outbreaks and the
potential for this to vary between cohorts. CDI testing
algorithms with higher sensitivity and specificity, positive and
negative predictive value would improve the accuracy of
diagnosis and hence the identification of C. difficile-infected
individuals to inform these parameters. Future studies could
include the screening of patients at hospital admission to
determine rates of carriage and the propensity for hosts with
asymptomatic carriage to infect others (however the positive
and negative predictive value of testing methods becomes
critical where the underlying prevalence is expected to be low).
The need for more rigorous evidence on C. difficile
transmission dynamics is particularly important given the

Supporting Information
Table S1. PRISMA checklist.
(DOCX)
Table S2. Characteristics of included studies.
(DOCX)
Table S3. Studies reporting data on recurrence rate.
(DOCX)
Table S4. Parameter definitions.
(DOCX)

Acknowledgements
We acknowledge and thank the Nottingham University library
staff for assistance with literature requests.

Author Contributions
Conceived and designed the experiments: RLP CRB CWJ
MHW NMF TCB. Performed the experiments: ASA HJ EHO.
Analyzed the data: ASA HJ EHO. Wrote the manuscript: ASA
HJ EHO RLP. Advised on project design: MHW NMF TCB
CWJ. Advised on mathematical aspects of the project: KJB.
Provided intellectual content and approved the manuscript to
be submitted for publication: EHO ASA HJ KJB CWJ TCB
MHW NMF CRB RLP.

References
1. Rupnik M, Wilcox MH, Gerding DN (2009) Clostridium difficile infection:
new developments in epidemiology and pathogenesis. Nat Rev
Microbiol 7: 526–536. doi:10.1038/nrmicro2164. PubMed: 19528959.
2. Walker AS, Eyre DW, Wyllie DH, Dingle KE, Harding RM et al. (2012)
Characterisation of Clostridium difficile hospital ward-based
transmission using extensive epidemiological data and molecular
typing. PLoS Med 9 (2): e1001172. PubMed: 22346738.
3. Cookson B (2007) Hypervirulent strains of Clostridium difficile.
Postgrad Med J 83: 291-295. doi:10.1136/pgmj.2006.056143. PubMed:
17488855.
4. Riggs MM, Sethi AK, Zabarsky TF, Eckstein EC, Jump RLP et al.
(2007) Asymptomatic Carriers Are a Potential Source for Transmission
of Epidemic and Nonepidemic Clostridium difficile Strains among LongTerm Care Facility Residents. Clin Infect Dis 45: 992-998. doi:
10.1086/521854. PubMed: 17879913.
5. Clabots CR, Johnson S, Olson MM, Peterson LR, Gerding DN (1992)
Acquisition of Clostridium difficile by Hospitalized Patients: Evidence for
Colonized New Admissions as a Source of Infection. J Infect Dis 166:
561-567. doi:10.1093/infdis/166.3.561. PubMed: 1323621.
6. Peterson LR, Robicsek A (2009) Does My Patient Have Clostridium
difficile
Infection?
Ann
Intern
Med
151:
176-179.
doi:
10.7326/0003-4819-151-3-200908040-00005. PubMed: 19652187.

PLOS ONE | www.plosone.org

7. Donskey CJ (2010) Preventing Transmission of Clostridium difficile: Is
the Answer Blowing in the Wind? Clin Infect Dis 50: 1458-1461. doi:
10.1086/652649. PubMed: 20415566.
8. Otten AM, Reid-Smith RJ, Fazil A, Weese JS (2010) Disease
transmission model for community-associated. Epidemiol Infect 138:
907-914. doi:10.1017/S0950268809991646. PubMed: 20092667.
9. Wilcox MH, Mooney L, Bendall R, Settle CD, Fawley WN (2008) A
case–control study of community-associated Clostridium difficile
infection. J Antimicrob Chemother 62: 388-396. doi:10.1093/jac/
dkn163. PubMed: 18434341.
10. Metcalf DS, Costa MC, Dew WMV, Weese JS (2010) Clostridium
difficile in vegetables, Canada. Lett Appl Microbiol 51: 600-602. doi:
10.1111/j.1472-765X.2010.02933.x. PubMed: 21069911.
11. Lefebvre SL, Arroyo LG, Weese JS (2006) Epidemic Clostridium
difficile strain in hospital visitation dog [letter] Emerg Infect Dis 12:
1036-1037 doi:10.3201/eid1206.060115. PubMed: 16752477.
12. Gould LH, Limbago B (2010) Clostridium difficile in Food and Domestic
Animals: A New Foodborne Pathogen? Clin Infect Dis 51: 577-582. doi:
10.1086/655692. PubMed: 20642351.
13. Best EL, Fawley WN, Parnell P, Wilcox MH (2010) The Potential for
Airborne Dispersal of Clostridium difficile from Symptomatic Patients.

10

December 2013 | Volume 8 | Issue 12 | e84224

Modelling Parameters for C.diff: Systematic Review

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Clin Infect Dis 50: 1450-1457. doi:10.1086/652648. PubMed:
20415567.
Merler S, Ajelli M, Pugliese A, Ferguson NM (2011) Determinants of the
Spatiotemporal Dynamics of the 2009 H1N1 Pandemic in Europe:
Implications for Real-Time Modelling. PLoS Comput Biol 7: e1002205.
PubMed: 21980281.
Puleston R, Wilcox M, Ferguson N, Otete H, Jones H, et al. (2012)
Epidemiological characteristics and infection dynamics of Clostridium
difficile acquisition and transmission: a systematic review. Centre for
Reviews and Dissemination Register: CRD42012003081
Vynnycky E, White RG (2010) An introduction to infectious disease
modelling. Oxford: Oxford University Press.
Wells GA, Shea B, O'Connell D, Peterson J, Welch V et al. (2011) The
Newcastle-Ottawa Scale (NOS) for assessing the quality of
nonrandomised studies in meta-analyses. Ottawa Hospital. Research
Institute.
Khanna S, Aronson S, Kammer P, Orenstein R, Pardi D (2009)
Comparison Between Community Acquired and Hospital Acquired
Clostridium difficile Infection: A Population-based Study. Am J
Gastroenterol 104: S183-S183.
Khanna S, Aronson S, Kammer P, Orenstein R, Pardi D (2009) 1448:
Comparison Between Community Acquired and Hospital Acquired
Clostridium difficile Infection: A Population-based Study. Am J
Gastroenterol 104: S544. doi:10.1038/ajg.2009.492_22.
Pépin J, Gonzales M, Valiquette L (2012) Risk of secondary cases of
Clostridium difficile infection among household contacts of index cases.
J Infect 64 (4): 387-390. doi:10.1016/j.jinf.2011.12.011. PubMed:
22227466.
Linsky A, Gupta K, Lawler EV, Fonda JR, Hermos JA (2010) Proton
pump inhibitors and risk for recurrent Clostridium difficile infection. Arch
Intern Med 170 (9): 772-778. doi:10.1001/archinternmed.2010.73.
PubMed: 20458084.
Kim YS, Han DS, Kim YH, Kim WH, Kim JS et al. (2013) Incidence and
clinical features of Clostridium difficile infection in Korea: a nationwide
study.
Epidemiol
Infect
141:
189-194.
doi:10.1017/
S0950268812000581. PubMed: 22717061.
Campbell RJ, Giljahn L, Machesky K, Cibulskas-White K, Lane LM et
al. (2009) Clostridium difficile Infection in Ohio Hospitals and Nursing
Homes During 2006. Infect Control Hosp Epidemiol 30: 526-533. doi:
10.1086/597507. PubMed: 19419272.
Kim JW, Lee KL, Jeong JB, Kim BG, Shin S et al. (2010) Proton pump
inhibitors as a risk factor for recurrence of Clostridium-difficileassociated diarrhea. World J Gastroenterol 16 (28): 3573-3577. doi:
10.3748/wjg.v16.i28.3573. PubMed: 20653067.
Kim J, Shaklee JF, Smathers S, Prasad P, Asti L et al. (2012) Risk
factors and outcomes associated with severe Clostridium difficile
infection in children. Pediatr Infect Dis J 31 (2): 134-138. doi:10.1097/
INF.0b013e3182352e2c. PubMed: 22031485.
Khan FY, Abu-Khattab M, Anand D, Baager K, Alaini A et al. (2012)
Epidemiological features of Clostridium difficile infection among
inpatients at Hamad General Hospital in the state of Qatar, 2006-2009.
Travel Med Infect Dis 10 (4): 179-185. doi:10.1016/j.tmaid.2012.06.004.
PubMed: 22800937.
Keven K, Basu A, Re L, Tan H, Marcos A et al. (2004) Clostridium
difficile colitis in patients after kidney and pancreas-kidney
transplantation. Transpl Infect Dis 6 (1): 10-14. doi:10.1111/j.
1399-3062.2004.00040.x. PubMed: 15225221.
Kelsen JR, Kim J, Latta D, Smathers S, McGowan KL et al. (2011)
Recurrence rate of Clostridium difficile infection in hospitalized pediatric
patients with inflammatory bowel disease. Inflamm Bowel Dis 17 (1):
50-55. doi:10.1002/ibd.21421. PubMed: 20722068.
Garey KW, Jiang ZD, Ghantoji S, Tam VH, Arora V et al. (2010) A
common polymorphism in the interleukin-8 gene promoter is associated
with an increased risk for recurrent Clostridium difficile infection. Clin
Infect Dis 51 (12): 1406-1410. doi:10.1086/657398. PubMed:
21058913.
Chung CH, Wu CJ, Lee HC, Yan JJ, Chang CM et al. (2010)
Clostridium difficile Infection at a Medical Center in Southern Taiwan:
Incidence, Clinical Features and Prognosis. JMII 43 (2): 119-125.
Alanazi A, Doyle J, Allen U, Richardson S, Egeler M et al. (2012)
Clostridium difficile infection following haematopoietic stem cell
transplantation in children. Bone Marrow Transplant Conference: 38th
Annual Meeting of the European Group for Blood and Marrow
Transplantation: S134.
Vesteinsdottir I, Gudlaugsdottir S, Einarsdottir R, Kalaitzakis E,
Sigurdardottir O et al. (2012) Risk factors for Clostridium difficile toxinpositive diarrhea: a population-based prospective case-control study.
Eur J Clin Microbiol Infect Dis 31: 2601-2610. doi:10.1007/
s10096-012-1603-0. PubMed: 22441775.

PLOS ONE | www.plosone.org

33. Pizzala JE, Abecia VH, Larriva DAJ, Manazzoni D, Oria I et al. (2012)
Epidemiology and Clinical Characteristics of Clostridium difficile
Infection Between Outpatients and Inpatients. Gastroenterol 142: S601S601.
34. Norén T, Akerlund T, Bäck E, Sjöberg L, Persson I et al. (2004)
Molecular epidemiology of hospital-associated and community-acquired
Clostridium difficile infection in a Swedish county. J Clin Microbiol 42:
3635-3643.
doi:10.1128/JCM.42.8.3635-3643.2004.
PubMed:
15297509.
35. Lu SS, Schwartz JM, Simon DM, Brandt LJ (1994) Clostridium difficileassociated diarrhea in patients with HIV positivity and AIDS: a
prospective controlled study. Am J Gastroenterol 89: 1226-1229.
PubMed: 8053439.
36. Cadena J, Thompson GR 3rd, Patterson JE, Nakashima B, Owens A et
al. (2010) Clinical predictors and risk factors for relapsing Clostridium
difficile infection. Am J Med Sci 339 (4): 350-355. PubMed: 20224312.
37. Armbruster S, Goldkind L (2012) A 5-year retrospective review of
experience with Clostridium difficile associated diarrhea. Mil Med 177
(4): 456-459. doi:10.7205/MILMED-D-11-00389. PubMed: 22594138.
38. Hamel M, Zoutman D, O'Callaghan C (2010) Exposure to hospital
roommates as a risk factor for health care-associated infection. Am J
Infect Control 38 (3): 173-181. doi:10.1016/j.ajic.2009.08.016. PubMed:
20022405.
39. Van Der Zwet WC, Wolf I, Bergervoet PWM, Sebens FW, Notermans
DW et al. (2012) Outbreak of Clostridium difficile ribotype 027 in a
hospital and a nursing home. Deventer, the Netherlands. Clin Micro
Infec Conference, 22nd European Congress of Clinical Microbiology
and Infectious Diseases. p. 652.
40. Kim JH, Toy D, Muder RR (2011) Clostridium difficile infection in a
long-term care facility: Hospital-associated illness compared with longterm care-associated illness. Infect Control Hosp Epidemiol 32 (7):
656-660. doi:10.1086/660767. PubMed: 21666395.
41. Grube BJ, Heimbach DM, Marvin JA (1987) Clostridium difficile
diarrhea in critically ill burned patients. Arch Surg 122 (6): 655-661. doi:
10.1001/archsurg.1987.01400180037007. PubMed: 3579579.
42. Lanzas C, Dubberke ER, Lu Z, Reske KA, Gröhn YT (2011)
Epidemiological model for Clostridium difficile transmission in
healthcare settings. Infect Control Hosp Epidemiol 32 (6): 553-561. doi:
10.1086/660013. PubMed: 21558767.
43. Beausejour Y, Pichette G, Su S, Frost E, Lavergne V (2010) Factors
associated with recurrence of Clostridium difficile infection. Am J
Gastroenterol Conference: 75th Annual Scientific Meeting of the
American College of Gastroenterology: S142-S143.
44. Waggoner SE, Barter J, Delgado G, Barnes W (1994) Case-control
analysis of Clostridium difficile-associated diarrhea on a gynecologic
oncology service. Infect Dis Obstet Gynecol 2: 154-161. doi:10.1155/
S1064744994000578. PubMed: 18475384.
45. Kim YG, Graham DY, Jang BI (2012) Proton pump inhibitor use and
recurrent Clostridium difficile-associated disease: A case-control
analysis matched by propensity score. J Clin Gastroenterol 46 (5):
397-400. doi:10.1097/MCG.0b013e3182431d78. PubMed: 22298089.
46. Fujii L, Fasolino J, Crowell M, DiBaise J (2010) Prior appendectomy is
not associated with an increased risk of Clostridium difficile relapse. Am
J Gastroenterol Conference: 75th Annual Scientific Meeting of the
American College of Gastroenterology: S144.
47. Vojtilová L, Freibergerová M, Juránková J, Husa P, Polák P et al.
(2011) A study of patients with Clostridium difficile infection hospitalized
at Brno Clinic of Infectious Diseases in 2007-2010. [Czech]. Klinicka
Mikrobiologie a Infekcni Lekarstvi 17 (6): 208-213. PubMed: 22247031.
48. Polivkova S, Sykorova B, Dzupova O, Reisingerova M, Benes J (2010)
Incidence and characteristics of Clostridium difficile infection in patients
with diarrhea in a Prague teaching hospital. Klin Mikrobiol Infekc Lek
16: 206-210
49. Lee JH, Lee SY, Kim YS, Park SW, Jo SY et al. (2010) The incidence
and clinical features of Clostridium difficile infection; single center
study. Korean J Gastroenterol 55: 175-182. doi:10.4166/kjg.
2010.55.3.175. PubMed: 20357528.
50. Hayek DV, Scherer J, Dietl HW, Lohse J, Fuessl HS (1997) Clostridium
difficile associated diarrhea in geriatric patients. [German]. Geriatrie
Forschung 7 (3): 123-128.
51. Bouza E, Padilla B, Catalán P, Sánchez-Carrillo C, Blázquez R et al.
(1996) Clostridium difficile associated diarrhoea: One-year experience
in a general hospital. Rev Clin Esp 196: 424-430. PubMed: 8804202.
52. Aronsson B, Barany P, Nord CE, Nyström B, Stenvinkel P (1987)
Clostridium difficile associated diarrhoea in uremic patients. Eur J Clin
Microbiol 6 (3): 352-356. doi:10.1007/BF02017639. PubMed: 3622506.
53. Samore MH (1996) Clinical and molecular epidemiology of sporadic
and clustered cases of nosocomial Clostridium difficile diarrhea. Am J

11

December 2013 | Volume 8 | Issue 12 | e84224

Modelling Parameters for C.diff: Systematic Review

54.

55.

56.

57.
58.
59.

60.

61.

62.

63.

Med 100 (1): 32-40. doi:10.1016/S0002-9343(96)90008-X. PubMed:
8579084.
Kyne L, Merry C, O'Connell B, Harrington P, Keane C et al. (1998)
Simultaneous outbreaks of two strains of toxigenic Clostridium difficile
in a general hospital. J Hosp Infect 38 (2): 101-112. doi:10.1016/
S0195-6701(98)90063-9. PubMed: 9522288.
Kim J, Pai H, Seo MR, Kang JO (2011) Epidemiology and clinical
characteristics of Clostridium difficile infection in a Korean tertiary
hospital. J Korean Med Sci 26 (10): 1258-1264. doi:10.3346/jkms.
2011.26.10.1258. PubMed: 22022175.
Bilgrami S, Feingold JM, Dorsky D, Edwards RL, Bona RD et al. (1999)
Incidence and outcome of Clostridium difficile infection following
autologous peripheral blood stem cell transplantation. Bone Marrow
Transplant 23 (10): 1039-1042. doi:10.1038/sj.bmt.1701773. PubMed:
10373070.
Yagues L, Fung J, Kusne S (2001) The epidemiology of Clostridium
difficile associated diarrhea in a tertiary care medical center. Clin Infect
Dis 33: 1105-1105.
Shaw J, Tumangday S, Polashenski P (2008) Predictors of recurrent
Clostridium difficile-associated diarrhea at Rochester general hospital.
Am J Gastroenterol 103: S182-S182.
San-Gil E, Avendano E, Mora N (2010) Epidemiology of diarrhea due to
Clostridium difficile in a tertiary general Hospital in San Jose, Costa
Rica, from January to October, 2009. Int J Infec Dis Conference: 14th
International Congress on Infectious Diseases: e263
Ross J, Brown P, Aldridge C, Lim L, Nayar D et al. (2012) Clostridium
difficile diarrhoea – the changing hospital epidemiology and clinical
outcomes from a high prevalence area in North East England. Gut 61:
A336-A337. doi:10.1136/gutjnl-2012-302514d.97.
Pawar D, Tsay R, Nelson DS, Elumalai MK, Lessa FC et al. (2012)
Burden of Clostridium difficile Infection in Long-Term Care Facilities in
Monroe County, New York. Infect Control Hosp Epidemiol 33:
1107-1112. doi:10.1086/668031. PubMed: 23041808.
Muñoz P, Giannella M, Alcalá L, Sarmiento E, Fernandez Yañez J et al.
(2007) Clostridium difficile-associated diarrhea in heart transplant
recipients: is hypogammaglobulinemia the answer? J Heart Lung
Transplant 26: 907-914. doi:10.1016/j.healun.2007.07.010. PubMed:
17845929.
Legaria MC, Lumelsky G, Rosetti S (2003) Clostridium difficileassociated diarrhea from a general hospital in Argentina. Anaerobe 9
(3):
113-116.
doi:10.1016/S1075-9964(03)00088-X.
PubMed:
16887697.

PLOS ONE | www.plosone.org

64. Laffan AM, Bellantoni ME, Greenough WB, Zenilman JM (2006) Burden
of Clostridium difficile-associated diarrhea in a long-term care facility. J
Am Geriatr Soc 54: 1068-1073. doi:10.1111/j.1532-5415.2006.00768.x.
PubMed: 16866677.
65. Kasper S, Kanitz EE, Indra A, Watkins-Riedel T, Masoud H et al.
(2010) A Clostridium difficile 027 epidemic in a hospital in Vienna,
Austria. pp. 2008-2009. Clin Micro Infectious Conference: 20th
ECCMID. p.
66. Golan Y, Louie TJ, Miller M, Mullane KM, Weiss K et al. (2011) Risk of
recurrence and time to recurrence following treatment of Clostridium
difficile infection: Patient characteristics and the differential effect of
fidaxomicin vs. vancomycin. Gastroenterol Conference: Digestive
Disease Week, DDW 2011 S360-S361.
67. Choi HK, Kim KH, Lee SH, Lee SJ (2011) Risk factors for recurrence of
Clostridium difficile infection: Effect of vancomycin-resistant enterococci
colonization. J Korean Med Sci 26 (7): 859-864. doi:10.3346/jkms.
2011.26.7.859. PubMed: 21738336.
68. Berling A, Hossain N, Mody L (2009) Risk factors for Clostridium
difficile infection in Nursing Homes settings. J Am Geriatr Soc 57:
S199-S199.
69. Bárány P, Stenvinkel P, Nord CE, Bergström J (1992) Clostridium
difficile infection - poor prognostic sign in uremic patients? Clin Nephrol
38 (1): 53-57. PubMed: 1499170.
70. Alanganden GJ, Jamma K, Chandrasekar P, Karanes C, Klein J et al.
(2000) Clostridium difficile associated diarrhoea during Hemopoietic
Stem. Cell Transplantation - Clin Infect Dis 31: 280.
71. Watkins ER, Maiden MCJ (2012) Persistence of Hyperinvasive
Meningococcal Strain Types during Global Spread as Recorded in the
PubMLST Database. PLOS ONE 7: e45349. doi:10.1371/journal.pone.
0045349. PubMed: 23028953.
72. Wilcox MH, Spencer RC (1992) Clostridium difficile infection:
responses, relapses and re-infections. J Hosp Infect 22: 85-92. doi:
10.1016/0195-6701(92)90092-Z. PubMed: 1358964.
73. Department of Health (2012) Updated guidance on the diagnosis and
reporting of Clostridium difficile. Best Practice Guidelines.
74. Al-Jumaili IJ, Shibley M, Lishman AH, Record CO (1984) Incidence and
origin of Clostridium difficile in neonates. J Clin Microbiol 19: 77-78.
PubMed: 6690469.
75. Singer DB, Cashore WJ, Widness JA, Campognone P, Hillemeier C
(1986) Pseudomembranous Colitis in a Preterm Neonate. J Pediatr
Gastroenterol
Nutr
5:
318-320.
doi:
10.1097/00005176-198603000-00029. PubMed: 3958861.

12

December 2013 | Volume 8 | Issue 12 | e84224

