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ABSTRACT

Introduction: Clostridioides difficile infection
(CDI) is a major public health threat. Up to 40%
of patients with CDI experience recurrent CDI
(rCDI), which is associated with increased
morbidity. This study aimed to define an at-risk
population by obtaining a detailed under-
standing of the different factors leading to CDI,
rCDI, and CDI-related morbidity and of time to
CDI.
Methods: We conducted a systematic literature
review (SLR) of MEDLINE (using PubMed) and
EMBASE for relevant articles published between
January 1, 2016, and November 11, 2022,
covering the US population.
Results: Of the 1324 articles identified, 151 met
prespecified inclusion criteria. Advanced
patient age was a likely risk factor for primary

CDI within a general population, with signifi-
cant risk estimates identified in nine of 10
studies. Older age was less important in specific
populations with comorbidities usually diag-
nosed at earlier age, such as bowel disease and
cancer. In terms of comorbidities, the estab-
lished factors of infection, kidney disease, liver
disease, cardiovascular disease, and bowel
disease along with several new factors (includ-
ing anemia, fluid and electrolyte disorders, and
coagulation disorders) were likely risk factors for
primary CDI. Data on diabetes, cancer, and
obesity were mixed. Other primary CDI risk
factors were antibiotics, proton pump inhibi-
tors, female sex, prior hospitalization, and the
length of stay in hospital. Similar factors were
identified for rCDI, but evidence was limited.
Older age was a likely risk factor for mortality.
Timing of primary CDI varied depending on the
population: 2–3 weeks in patients receiving
stem cell transplants, within 3 weeks for
patients undergoing surgery, and generally
more than 3 weeks following solid organ
transplant.
Conclusion: This SLR uses recent evidence to
define the most important factors associated
with CDI, confirming those that are well
established and highlighting new ones that
could help to identify patient populations at
high risk.
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Key Summary Points

This study suggests that older age is a risk
factor for Clostridioides difficile infection
(CDI) in the general population.

Data confirm the established risk factor
status of antibiotics, as well as certain
comorbidities (kidney disease, liver
disease, cardiovascular disease, and
infection).

The results also highlight potential new
risk factors, including anemia,
coagulation, fluid and electrolyte
disorders, and being underweight.

Older age, antibiotic intake, and
hospitalization are risk factors for
mortality.

The time to CDI onset varies and depends
on the patient cohort.

DIGITAL FEATURES

This article is published with digital features,
including a graphical abstract, to facilitate
understanding of the article. To view digital
features for this article, go to https://doi.org/10.
6084/m9.figshare.24975549.

INTRODUCTION

Clostridioides difficile, previously known as
Clostridium difficile, is a major public health
threat and one of the most common healthcare-
associated infections globally [1, 2]. It is a Gram-
positive, anaerobic, toxin-producing bacillus,
the spores of which are transmitted by the
fecal–oral route and can survive in the envi-
ronment for several months [1, 2]. The clinical

presentation of C. difficile infection (CDI) ranges
from asymptomatic carriage to mild or moder-
ate diarrhea, and to severe and potentially fatal
pseudomembranous colitis, toxic megacolon,
and sepsis [2]. Hospitalization occurs within
6 days of specimen collection in 42% of cases,
and in-hospital death occurs in 2% of cases [3].
Toxic megacolon or pseudomembranous colitis
occur in fewer than 1% of cases [3]. Approxi-
mately 5–15% of healthy adults [1, 4], up to
70% of newborns and healthy infants [1], and
57% of long-term care facility residents are
colonized by C. difficile [4]. In the USA, there are
nearly half a million cases of CDI and approxi-
mately 30,000 deaths annually [5, 6]. Most cases
and deaths occur in individuals
aged C 65 years, although an estimated 27% of
cases and 17% of deaths occur in the 45–64-year
age group [6].

The proportion of community-derived CDI
has increased, accounting for approximately
one-third of cases in 2011 [5], and 50% of cases
in 2018 [7]. However, the rate of CDI- and
recurrent CDI (rCDI)-related deaths remains
higher for healthcare-acquired rather than
community-acquired disease [5, 6]. Recovery
from CDI is complicated by recurrence, which
affects approximately 15–35% of individuals
[8–10]. The Centers for Disease Control and
Prevention (CDC) defines rCDI as CDI cases
with a positive C. difficile stool specimen
between 2 and 8 weeks after the last positive
specimen [11]. Approximately 40–60% of indi-
viduals with an initial recurrence have a second
recurrence [12], and recurrences are associated
with increased morbidity [10].

Risk factors for CDI can be divided into three
general categories: host factors (advanced age,
impaired immune status, and comorbidities);
increased risk of exposure to C. difficile spores
(longer length of hospital stays, healthcare
environment, infected roommates, or hand
carriage by personnel); and factors that disrupt
the normally protective gut microbiota
(antimicrobials, other medications, or proce-
dures) [13].

Nearly every antibiotic has been associated
with the development of CDI, including
antibiotics used for CDI treatment, leading to
many patients developing recurrent disease
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despite repeated antibiotic courses [1]. Broad-
spectrum penicillins and cephalosporins, clin-
damycin, and fluoroquinolones have been
associated with a higher risk of inducing CDI
than other antibiotics [1, 14, 15]. In addition,
the antibiotics used to treat CDI are associated
with different CDI recurrence rates, with lower
rates seen with vancomycin versus metronida-
zole [16] and with fidaxomicin versus
vancomycin [17]. CDI risk is highest during
systemic antimicrobial therapy and in the first
month following cessation of antimicrobial
therapy [1]. Factors can also predispose indi-
viduals to single or multiple recurrences of CDI
[18, 19]; such risk factors include advanced
patient age, prior antibiotic use, gastric acid
suppression, infection with a hypervirulent
strain, use of antibiotics following completion
of CDI treatment, and length of hospital stay
[20–23].

Considering the high recurrence rate,
prevention of CDI and rCDI is a key clinical
issue. Although current treatment and preven-
tive measures are limited, future measures could
help to reduce CDI morbidity and mortality. For
these measures to be effective and address the
unmet needs of patients, evidence regarding
risk factors is needed to enhance the under-
standing of the populations that may benefit
the most. Although many studies have investi-
gated the association between individual risk
factors and the occurrence of CDI [24–26],
studies are difficult to compare because of
differences in design, outcomes, and populations.

We conducted a systematic literature review
(SLR) of publications describing populations
with CDI in the USA, published between
January 1, 2016, and November 11, 2022. The
aim of this SLR was to obtain a detailed under-
standing of the different risk factors leading to
CDI, rCDI, and CDI-related morbidity and of
the time to CDI.

METHODS

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors. The reporting of this SLR

was guided by the standards in the Preferred
Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) Statement [27].

Study Objectives

The primary objective was to establish the risk
factors for CDI and identify at-risk subpopula-
tions. The secondary objective was to gain more
insight into the various risk factors and time to
onset of CDI to identify specific stages of
underlying disease (e.g., end-stage versus early-
stage renal disease) that may increase CDI risk
or serious CDI outcomes.

Identification of Studies

The core of the review was a literature search of
MEDLINE using PubMed, supplemented with a
search in EMBASE, for relevant articles
published between January 1, 2016, and
November 11, 2022. Search strings were devel-
oped that combined keywords and related terms
for C. difficile, the USA, and study design (see
‘‘Supplementary Material: Search Strings’’). Our
search was restricted to US-based studies to limit
data heterogeneity. Additionally, the USA is
unique in terms of its size and data detail and
availability.

Selection Procedure

From the articles retrieved from MEDLINE and
EMBASE, the relevant references were selected
by two authors independently, through a three-
step selection process: screening of title and
abstract; screening of full article; and data
extraction. Inclusion criteria consisted of US-
based studies; the presence of relevant data for
objectives (risk factors, time between exposure
and onset of disease); an adult (aged C 18 years)
study population; inclusion of risk factors
presented with odds ratio (OR), hazard ratio
(HR), or relative risk (RR). Articles that described
non-pertinent publication types (e.g., letters to
the editor, editorials, or comments) were
excluded, as were case reports. Modeling studies
that did not provide original data and C. difficile
incidence or prevalence studies were also
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excluded. Further exclusion criteria were articles
in which the methods section did not provide
sufficient detail to understand what had been
done and articles for which quantitative data
could not be retrieved. For articles presenting
similar results from identical datasets, only one
was included. In the case of meta-analyses or
systematic reviews, the reference list was
checked for missed relevant articles; in such
cases, the original articles were included and the
systematic review or meta-analysis itself was
excluded. See ‘‘Supplementary Material:
Screening’’ for further details on the screening
process.

Study Quality Assessment Checklist
and Procedure

Scottish Intercollegiate Guidelines Network
(SIGN) methodology checklists were used to
rate the quality of the studies: high quality
(??), the majority of the criteria of the SIGN
checklist were met—there was little or no risk of
bias and the results were unlikely to be changed
by further research; acceptable (?), most criteria
were met—some flaws in the study were present
with an associated risk of bias and conclusions
may change in the light of further studies; low
(-), either most criteria were not met or there
were significant flaws in key aspects of the study
design.

Important quality aspects were retrospective
or prospective design; sample size; description
of the study population and main characteris-
tics; description of statistical models and
appropriate adjustments of the models or
appropriate matching of cases and controls;
number of variables in the final statistical model
in relation to the sample size; clear definitions
of the outcomes; setting of the study (e.g.,
single center or database review); and repre-
sentativeness of the study population. The SIGN
score was added to the data-extraction sheet.
Data extraction was performed in Excel. See
‘‘Supplementary Materials: Data Extraction’’ for
details on what was included and decisions that
were made while compiling the data-extraction
tables.

Quality Control

All titles and abstracts were screened by two
independent researchers. The results were
compared, and deviations were discussed. In the
event of doubt by both researchers, the title was
selected for full-text evaluation. The first 10% of
full-text articles were checked for relevancy in
duplicate by two independent researchers. The
results were compared and discussed early in
the process. All doubts and exclusions were
discussed. For data extraction, all evidence
tables were compiled by senior researchers (EB,
JE) and reviewed by a second researcher (EB, JE,
or ESU).

RESULTS

Study Characteristics and Outcomes

Our search yielded 1324 articles, of which 151
met prespecified inclusion criteria (Fig. 1). Most
studies were retrospective (n = 115). Other
studies were of case–control/case–cohort
(n = 26), prospective cohort (n = 7), or nested
case–control design (n = 2). For one study, it
was not clear if the design was retrospective or
prospective [28]. No articles were included from
manual searches of the reference lists of meta-
analyses or systematic reviews.

Risk Factors for CDI

Risk estimates for possible risk factors and the
development of CDI were presented in 101
studies.

Age, Sex, and Lifestyle
Age was reported in 99 studies, with 46 includ-
ing a risk estimate for age as a possible CDI risk
factor (Fig. 2). In general populations, older age
was significantly associated with CDI in nine of
10 studies [29–38]. For example, in the large
sample of hospitalized patients included in the
multicenter study by Webb et al., older age was
significantly associated with CDI (adjusted OR
[aOR] per year of increase 1.01, 95% confidence
interval [CI] 1.006–1.013); p\0.0001) [38].
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However, in specific patient populations, age
was often not related to CDI risk. For example,
age was a significant risk factor in only two of
four studies in patients receiving solid organ
transplants [28, 39–41], one of three studies in
patients with bowel disease [42–44], and one of
four studies in patients with cancer [45–48].

Twenty-six articles included a risk estimate
for sex (Fig. 2); a significantly higher risk of CDI
in women compared with men was reported in
12 studies [28, 43, 47–55]. This ranged from an
aOR of 1.02 (95% CI 1.00–1.04; p value not
presented) in a mixed study population in a
large database study [34] to an aOR of 6.3
(95% CI 1.7–24.0; p\0.01) in patients with
urinary tract infections (UTIs) [50]. Risk was

higher for men than women in one study (aOR
1.47, 95% CI 1.22–1.80; p = 0.0001) [56].

Data regarding the risk associated with
current or history of smoking or alcohol or drug
use were inconclusive. Smoking was not asso-
ciated with CDI risk in a study of patients with
neurosurgical trauma by Belton et al., (aOR
1.246, 95% CI 0.797–1.949; p = 0.334) [57]. In
contrast, in the study by Gonzalez et al.,
patients with orthopedic surgery had an
increased risk of CDI with a history of smoking
(aOR 1.42, 95% CI 1.14–1.77; p = 0.002) [58].

Comorbidities
Table 1 provides a summary of comorbidities as
potential risk factors for CDI. Fifteen of 18
studies identified a significant risk estimate for

Fig. 1 PRISMA flowchart. aNo articles were included from manual searches of the reference lists of meta-analyses or
systematic reviews
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CDI with kidney disease (Supplementary
Table S1). Two large studies of a general
hospital population with renal failure reported
aORs of 1.58 (95% CI 1.54–1.62) and 1.93
(95% CI 1.40–2.65) [31, 34]. A hospitalized
patient population with acute renal failure had
aORs of 4.88 (95% CI 4.66–5.12) for age
50–64 years and 4.43 (95% CI 4.24–4.62) for
age C 65 years [56]. In addition, biomarkers
related to poor kidney function had risk esti-
mates significantly associated with CDI in four
of six studies, with aORs of 1.43 (96% CI
1.30–1.57) [52], 1.25 (95% CI 1.11–1.43) [59],
and 1.004 (95% CI 1.001–1.007) [38] and an
adjusted HR (aHR) of 1.09 (95% CI 1.02–1.16)
[60] (Supplementary Table S1). Furthermore,
five of seven studies found that dialysis

increased the risk of CDI [35, 52, 56, 58, 60–62]
(Supplementary Table S1). Most studies were in
surgical patients, and the largest of these
reported an aOR of 1.21 (95% CI 1.05–1.39)
[52].

Eight of 10 studies of patients with liver
disease reported the disease to be a risk factor
for CDI (Supplementary Table S2)
[34, 38, 47–49, 55, 63–66]. This included general
hospital populations with liver disease, with
aORs of 1.34 (95% CI 1.29–1.40) [34] and 1.30
(95% CI 1.1–1.4) [38]. Hepatic encephalopathy
appeared to have a protective effect against
CDI in patients with cirrhosis (aOR 0.86,
95% CI 0.82–0.90) or hepatocellular carcinoma
(aOR 0.75, 95% CI 0.60–0.93) [47]. Liver disease
(among other pathophysiologic states) is often

Fig. 2 Age and gender as possible risk factors for CDI in
patients from non-specific or general populations, patients
undergoing surgery or transplants, patients with bowel
disease or cancer, elderly patients, and othera patient
groups. aOther populations: alcoholic hepatitis (n = 1);
cardiac devices (n = 1); cirrhosis (n = 4; one study
describes CDI in patients with cirrhosis and patients with
hepatocellular carcinoma); Helicobacter pylori infection
(n = 1); HIV (n = 1); intensive care unit (n = 1); kidney
disease (n = 2); neurocritical illness (n = 1); patient

population (UTI, pneumonia, or sepsis) (n = 1); pancre-
atitis (n = 2); pregnant women (n = 2); spinal cord
injury (n = 1); UTI (n = 1); pharyngitis, sinusitis,
influenza, viral upper respiratory infection, non-suppura-
tive otitis media, bronchiolitis, monomicrobial blood-
stream infections (n = 1). CDI Clostridioides difficile
infection, Nr number, pop population, transpl-cells
hematopoietic stem cell transplantation, transpl-organs
organ transplantation, UTI urinary tract infection
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Table 1 Summary of comorbid diseases or conditions as possible risk factors for CDI

Comorbid 
diseases or 
conditions 

# outcomes 
/ # studies 
with risk 
estimate 

 Possible risk 
factor for CDI 

Prevalence (%) or incidence in 
population 

Infections ����������

�����▲ ▲ ▲ ▲ ▲

▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲

▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲

▲ ▲ ▲���▲ ▲ ▲ ▲

▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲�

▲ ▲���

Kidney disease ����������

����������

▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲

▲�����▲▲▲▲

▲

Liver disease ��������▲▲

▲ ▲ ▲ ▲��▲��▲

▲ ▲�

Cardiovascular 
disease 

���▲ ▲ ▲ ▲ ▲ ▲ ▲

▲ ▲�▲ ▲ ▲ ▲ ▲ ▲�

�▲ ▲ ▲▲

Anemia ��������▲ ▲

▲ ▲ ▲ ▲�▲ ▲

Bowel disease ����������

▲ ▲ ▲ ▲ ▲ ▲� Crohn’s disease or 

Coagulation 
disorders 

����▲ ▲ ▲ ▲�▲

▲�

Underweight 
and weight loss 

����▲ ▲ ▲ ▲�▲

�

Fluid and 
electrolyte 
disorders 

������

Cancer �����▲ ▲ ▲ ▲ ▲

▲���▲��▲ ▲�

▲ ▲ ▲ ▲▲▲▲

Diabetes 
mellitus 

��▲ ▲ ▲���▲�

▲����▲ ▲ ▲

Lung disease ����▲���▲�

�▲ ▲��▲

Hypertension ����������

▲�

Obesity ����▲ ▲ ▲��▲

�▲ ▲���▲ ▲ ▲ ▲

▲ ▲�

–

CDI Clostridioides difficile infection, CHD coronary heart disease, COPD chronic obstructive pulmonary disorder, HF
heart failure, PAR population attributable risk
Squares: study with one risk estimate; Triangles: study with multiple risk estimates
Dark red denotes a statistically significant risk factor; light red denotes non-significant risk. Dark green denotes a statistically
significant protective factor; light green denotes non-significant protection. Blue indicates low PAR% from the study by
Dubberke et al., [64]. No color indicates undecisive: odds ratio = 1.00
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associated with changes in serum albumin
[67, 68], and low albumin levels were signifi-
cantly associated with an increased risk of CDI
among surgery patients in four of five studies,
with aORs of 1.44 (95% CI 1.19–1.74) and 1.41
(95% CI 1.17–1.69), 1.48 (95% CI 1.37–1.59)
[52], 3.15 (95% CI 1.25–6.84) [63], and 6.4
(95% CI 2.49–16.43) [63] (Supplementary
Table S2).

Nine studies reported that various cardio-
vascular diseases may be risk factors for CDI;
however, four found a protective effect
(Supplementary Table S3) [34, 35, 42, 48, 49, 59,
63–65, 69–72]. Results differed depending on
the specific population and cardiovascular dis-
ease. For example, congestive heart disease had
a protective effect in patients with ischemic colitis
or diverticulitis (aOR 0.84, 95% CI 0.76–0.94) [42]
but was a risk factor in patients undergoing
neurologic surgery (aOR 2.79, 95% CI 1.82–4.28)
[70] and in a general hospital population (aOR
1.622, 95% CI 1.116–2.357) [35]. Hypertension
was investigated separately, with mixed results
from 13 studies. For example, it was found to be
a risk factor in three of the six studies in surgery
patients (aHR 2.51, 95% CI 1.06–5.98 [73]; aOR
1.55, 95% CI 1.12–2.18 [63]; and aOR 1.09,
95% CI 1.02–1.16 [52]), but it had a protective
effect in four studies with various populations
(aOR 0.85, 95% CI 0.83–0.87 [65]; aOR 0.82,
95% CI 0.75–0.89 [48]; aOR 0.75, 95% CI
0.73–0.76 [34]; and aOR 0.55, 95% CI 0.34–0.90
[31]) (Supplementary Table S4).

Risk estimates for a wide variety of infections
were presented in 18 studies and are summa-
rized in Supplementary Table S5. UTI and
pyelonephritis were significant risk factors in
five of seven studies. Sepsis and sepsis-related
syndromes were significant risk factors for CDI
in eight of 10 studies, pneumonia was a signif-
icant risk factor in seven of eight studies, and
human immunodeficiency virus or acquired
immunodeficiency syndrome was a risk factor
for CDI in three of four studies. For example,
hospital patients aged 50–64 years had an aOR
of 4.32 (95% CI 4.15–4.50) with a UTI, 5.9
(95% CI 5.53–6.30) with sepsis, and 4.49
(95% CI 4.30–4.70) with pneumonia [56].
Notably, antibiotic use during infections may

be related to the increased risk of CDI, as
discussed in Sect. ‘‘Antibiotic Use’’.

Anemia and low hematocrit were reported as
risk factors for CDI in 11 of 13 studies. Six of these
studies included patients undergoing surgery,
with five reporting a significant risk: one large
study of surgery patients with low hematocrit
reported an aOR of 1.39 (95% CI 1.31–1.48) [52].
Five of six studies found fluid and electrolyte dis-
order to strongly increase the risk of CDI (aOR
range 1.46 [95% CI 1.17–1.84] to 9.96 [95% CI
9.37–10.60]) [30, 31, 34, 42, 64, 70]. Bowel disease
[30, 42–44, 48–51, 69, 74–77], coagulation disor-
ders [31, 34, 42, 47, 49, 52, 54, 62, 64, 70], and
being underweight [31, 32, 34, 42, 44, 49, 52, 64,
78, 79] were also found to be possible risk factors.
Obesity appeared to have a protective effect and
decreased the risk of CDI in four studies, with
aORs ranging from0.252 (95% CI 0.058–0.945) to
0.81 (95% CI 0.74–0.87) [34, 49, 52, 80], although
no significant effect was found in the other seven
studies [42, 48, 53, 63, 64, 78, 81]. From15 studies
on solid tumors, five reported cancer to be a sig-
nificant risk factor and one reported a protective
effect. However, six of seven studies on hemato-
logic malignancies reported a significant risk for
CDI, the aOR ranging from 1.74 (95% CI
1.48–2.06) to 12.9 (95% CI 3.7–44.8)
[31, 34, 38, 64, 82–84]. Among six studies of
metastatic cancer, significant risk was reported in
three, and one reported a protective effect
[34, 54, 62, 64, 82, 85].Diabeteswas reported in15
studies, with four reports of significantly
increased risk and six reports of a protective effect.
Results for lung disease were also mixed: from 14
studies, five reported a significant risk and three
reported a protective effect.

Antibiotic Use
A total of 46 studies with a CDI outcome
reported a risk estimate for antibiotic use, and
27 of these evaluated general antibiotic use.
Twenty of 27 studies found that general use of
antibiotics significantly increased the risk of
CDI. For example, in the large multicenter
study by Webb et al., an increasing number of
antibiotic days of therapy during admission was
associated with CDI (aOR per day increase
1.007, 95% CI 1.005–1.009; p\0.0001) [38].
Moreover, in the same study, an increasing
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number of antibiotic days of therapy in the
prior 60 days was associated with CDI (aOR per
day increase 1.128, 95% CI 1.122–1.134;
p\0.0001). However, five studies found no
significant association. Previous SLRs and meta-
analyses ranked the classes of antibiotics by
their presumed CDI risk [86, 87]. We used these
studies to categorize the reported antibiotics in
our literature review into five groups: low risk,
moderate risk, high risk, treatment for CDI, and
not categorized (see Supplementary Table S6 for
antibiotic categorization). High-risk antibiotics
included cephalosporins, quinolones (fluoro-
quinolones), lincomycins, and carbapenems. As
expected, CDI risk was increased with high-risk
antibiotics in 17 of 22 studies (Fig. 3). In three
studies, high-risk antibiotics (quinolones, clin-
damycin) had a protective effect and signifi-
cantly decreased the risk of CDI [30, 88, 89].

Treatments
Eleven of 17 studies reported that proton pump
inhibitors (PPIs) significantly increased the risk
of CDI. In a general hospital population, PPI use

was associated with aORs ranging from 1.32
(95% CI 1.00–1.73) to 2.48 (95% CI 2.15–2.85)
[29, 31, 88, 90]. H2 antagonists were reported as
significant risk factors in two of three studies,
with aORs of 1.132 (95% CI 1.059–1.210) [88]
and 1.45 (95% CI 1.11–1.91) [31]. In addition,
increased risk of CDI was reported for studies of
gastric acid suppression and for combined esti-
mates for PPI and H2 antagonists, but not for
antacids [38, 55, 88, 91]. Four of seven studies
reported that steroid use significantly increased
the risk of CDI; however, the evidence was
limited [38, 52, 62, 80, 92–94]. CDI risk esti-
mates related to surgery procedures or surgery
outcomes were presented in 14 studies; wound
infections or contaminated wounds were
significant risk factors for CDI in two of the
studies [52, 95]. Procedures considered to pose a
higher risk of CDI included general surgery [52],
circumferential surgery [70], and stoma reversal
[62]. Risk factors were also investigated for
patients undergoing transplantation. Eight of
14 studies reported significant risk factors rela-
ted to transplantation, including presence of

Fig. 3 Antibiotics as possible risk factor for CDI, by risk category. CDI Clostridioides difficile infection, nc not categorized,
Nr number
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graft versus host disease and lung transplanta-
tion versus kidney transplantation.

Other Risk Factors
Prior hospitalization was identified as a signifi-
cant risk factor for CDI in all 11 studies in which
it was evaluated [35, 37, 38, 46, 51, 82, 84,
94, 96, 97]. In the large multicenter study by
Webb et al., patients with a recent history of
hospitalization (within the past 60 days) had an
increased risk of CDI (aOR 2.2, 95% CI 1.5–3.4;
p\0.0001) [38]. In addition, length of stay
(LOS) in hospital was presented in 16 studies: 10
identified LOS as a risk factor. In a study with
acute and critical care surgery patients,
increasing LOS was associated with CDI (aOR
per day increase 1.013, 95% CI 1.003–1.024;
p = 0.02) [98].

Other possible risk factors may include
intensive care unit (ICU) stay [38, 41, 60,
99–102], emergency department stay
[34, 69, 103], being a transfer patient [71], or
being admitted from outside hospital or nurs-
ing/chronic care facilities [104]. However, these
factors were described in different manners, and
the small number of studies make conclusions
difficult. Colonization with C. difficile was a
highly significant risk factor for CDI in two
studies (aOR 2.7, 95% CI 1.11–6.48; p = 0.025;
aOR 13.52, 95% CI 3.46–52.83) [39, 105]. Two
studies included pregnant women as a study
population [75, 77]; in one study, multiple
gestations and perineal or cesarean wound
infections were significant risk factors for CDI
(aOR 1.8, 95% CI 1.4–2.3; p\ 0.001; and aOR
9.7, 95% CI 8.0–11.6; p\0.001, respectively)
[75].

rCDI Risk Factors
Data on risk of rCDI were presented in 30
studies and are summarized in Table 2. The
definitions for rCDI varied across studies
(Supplementary Table S7), as did the follow-up
time from primary CDI to recurrence. Fifteen
studies assessed the impact of age on the risk of
rCDI, eight of which found a significantly
increased risk; however, results were not con-
sistent across all age groups. In the database
study by Ma et al., age as a linear variable was

associated with rCDI (aOR per 10-year increase
1.25, 95% CI 1.21–1.29; p\0.001]) [106]. Many
studies categorized patients in age groups. For
example, in the study by Mathews et al.,
patients were categorized into the groups aged
\45 years, 45–54 years, 55–64 years,
65–74 years, and[75 years [107]. The youngest
group (aged \45 years) was less likely to be
readmitted compared with the oldest group
(aged[75 years) (aOR 0.828, 95% CI 0.79–0.86)
[107]. In contrast, in one report, younger
patients (aged 18–65 years) had a significantly

Table 2 Possible risk factors for recurrent CDI

Risk
factor

No. of
studies
with risk
estimate

Significant
risk factor

Effect

Age 15 8 Increased age

might be risk

factor for

rCDI; results

not consistent

Gender 12 2 Female patients

might be at

higher risk for

rCDI than

male patients;

results not

consistent

Antibiotics 15 12 Antibiotics

increase risk of

rCDI;

differences exist

between classes

and types

PPIs 8 4 PPIs and

acid-reducing

medication

increase the

risk of rCDI

CDI Clostridioides difficile infection, PPI proton pump
inhibitor, rCDI recurrent CDI
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higher risk of rCDI than older patients (aged
[65 years) [108].

Recurrence rate was not associated with sex
in 10 of 12 studies [20, 44, 106, 108–116],
though two studies reported an increased risk
for women [106, 115]. In the large database
study by Ma et al., women were at higher
risk of rCDI compared with men (aOR 1.24,
95% CI 1.11–1.38; p\0.001) [106]. In a small
retrospective study by Benitez et al. [112], no
difference was observed between men and
women (aOR 1.02, 95% CI 0.71–1.47; p value
not presented).

In eight of 15 studies on antibiotics, a signifi-
cantly increased risk of rCDI was found. The
classes or types of antibiotics used were
compared in five of these studies
[20, 111, 112, 117, 118]. Use of clindamycin,
fluoroquinolones, third- or fourth-generation
cephalosporins, ceftriaxone, or piperacillin/
tazobactam prior to the initial CDI event were
risk factors for rCDI. In the study by Appaneal
et al., for example, the highest risk was observed
with fluoroquinolones versus no use of fluoro-
quinolones (aOR 3.35, 95% CI 2.58–4.34; p value
not presented) [117]. Increased risk was also
found with aztreonam, penicillin/amoxicillin/
ampicillin, or cephalosporins during an initial
CDI event. For cephalosporins, Appaneal et al.,
reported an aOR of 1.92 (95% CI 1.13–3.25) with
first- or second-generation cephalosporins [117].
Sutton et al., reported a higher risk of rCDI when
primary CDI was treated with fidaxomicin com-
pared with vancomycin or vancomycin combi-
nations, although only a small proportion of
patients were treated with fidaxomicin [111].
During their CDI treatment, patients receiving
vancomycin had a decreased risk of developing
rCDI in comparison with patients receiving
fidaxomicin (aHR 0.335, 95% CI 0.204–0.548;
p value not presented) [111]. In contrast, a large-
scale study by Hall et al., found that rCDI was
reduced in patients who were treated with
fidaxomicin during initial CDI compared with
vancomycin (aHR 0.67, 95% CI 0.50–0.90;
p value not presented) [119]. Appaneal et al.,
further reported that the use of any antibiotic
after completing primary CDI treatment was
associated with an increased risk of rCDI (aOR

2.14, 95% CI 1.68–2.73; p value not presented)
[117].

In four of eight studies, PPIs or acid-reducing
medications significantly increased the risk of
rCDI [20, 106, 109, 110, 113, 114, 117, 120]. In
the study by Ma et al., PPI use B 90 days before
CDI was associated with rCDI (aOR 1.14, 95% CI
1.01–1.29; p = 0.039) [106]. Results for comor-
bidities are summarized in Supplementary
Table S8. Increased risk of rCDI was reported in
five of six studies on kidney disease
[20, 106–108, 114, 115], four of five studies on
liver disease [20, 108, 117, 121, 122], and both
studies on fluid and electrolyte disorders
[107, 108]. Reports on cardiovascular disease
were less clear, with increased risk of rCDI seen
with hypertension (aOR 1.17, 95% CI 1.15–1.20)
[107], but heart failure has been associated with
both increased (aOR 1.14, 95% CI 1.06–1.22)
[115] and decreased risk (aOR 0.94, 95% CI
0.92–0.96) [107]. Three of five diabetes studies
reported an increased risk of rCDI
[20, 106–108, 114], with a peak OR of 1.36
(95% CI 1.14–1.67). Two of three lung disease
studies [107, 108, 123] also reported an increased
risk of rCDI, with aORs of 1.09 (95% CI
1.07–1.12) [107] and 3.55 (95% CI 1.41–8.94)
[123].

Risk Factors for Mortality

Mortality after CDI diagnosis was described in
22 studies. Significantly increased risk of
mortality with older age was reported in nine of
10 studies [25, 30, 124–130]. In the study by
Appaneal et al., within a Veterans Affairs facil-
ity, age as a linear variable was associated with
mortality: aOR per year increase 1.04 (95% CI
1.01–1.06; p value not presented) [124]. Results
for sex as a risk factor for mortality were
inconclusive. Two studies presented the OR for
women versus men: one showed an increased
risk (aOR 1.08, 95% CI 1.06–1.10; p value not
presented) [125], whereas the other showed a
decreased risk (aOR 0.78, 95% CI 0.60–0.99;
p = 0.048) [25]. Another study presented the
ORs for men versus women, reporting a signif-
icant increased risk in index encounters (aOR
1.17, 95% CI 1.05–1.31; p value not presented),
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but not in recurrent encounters (aOR 1.01,
95% CI 0.72–1.41). Two reports found that a
body mass index (BMI) greater than
35–40 kg/m2 was associated with higher risk of
in-hospital mortality (aOR 2.71, 95% CI
1.51–4.84) [25] and 30-day mortality (aOR 4.58,
95% CI 1.20–16.06) [129]; however, another
reported no conclusive results related to a high
BMI.

Four of five studies found that an ICU stay
significantly increased the risk of mortality
[121, 128, 129, 131]. In patients with cirrhosis
and CDI, ICU was strongly associated with
30-day mortality (aOR 4.533, 95% CI 2.80–7.33;
p\0.0001) and overall mortality (aOR 2.232,
95% CI 1.32–3.79; p = 0.003) [131]. Antibiotic
use was presented in three studies
[124, 130, 131]. Any antibiotic use significantly
increased the risk of overall mortality (aOR 3.33,
95% CI 1.79–6.17; p value not presented) [124].
Antibiotics during an initial CDI episode
significantly increased the risk of 30-day mor-
tality in patients with cirrhosis (aOR 2.186,
95% CI 1.23–3.89; p = 0.01) [131]. All-cause
mortality was increased with extended-spec-
trum penicillin (aHR 1.86, 95% CI 1.1–3.2;
p value not presented) but decreased with clin-
damycin (aHR 0.85, 95% CI 0.8–0.9; p value not
presented) within 90 days of CDI diagnosis.

The effect of comorbidities on the risk of
mortality was confounded by the limited
number of reports and by conflicting results.
Liver disease increased the risk of mortality or
CDI-related mortality in three of five studies
(aOR 1.65, 95% CI 1.53–1.77 [132]; aOR 2.00,
95% CI 1.78–2.25; aHR 3.31, 95% CI 1.19–9.25
[121]). Nutrition deficiency/malnutrition was a
risk factor for all-cause mortality and CDI-re-
lated mortality (aOR 2.91, 95% CI 1.37–6.21
[124]; aOR 1.83, 95% CI 1.42–2.35) [79].
Increased risk of mortality was seen in two
reports of autoimmune disease (aOR 1.39,
95% CI 0.73–2.65 [25]; and aOR 10.15, 95% CI
1.62–63.54 [127]) and one of two reports of
infection (UTI aOR 1.36, 95% CI 1.35–1.37;
sepsis aOR 3.54, 95% CI 3.47–3.60) [125]. In
terms of bowel disease, ischemic bowel disease
increased the risk of in-hospital death (aOR
4.94, 95% CI 3.91–6.41) [74] and inflammatory

bowel disease (IBD) increased the risk of CDI-
related mortality (aOR 1.72, 95% CI 1.49–1.99).

Time to CDI

The time to CDI was presented in 17 studies.
Ten of the studies described CDI in a population
of transplant recipients (stem cell transplant,
n = 6; solid organ transplant, n = 4), five studies
described CDI in patients undergoing surgery,
and two studies were in other patient popula-
tions. In patients receiving stem cell transplant,
the median time for CDI occurrence was
generally in the first 2 or 3 weeks after trans-
plantation [94, 105, 133–136]. In patients
receiving organ transplantation, time to CDI
varied but was often more than 3 weeks after
transplantation [28, 41, 66]. In patients under-
going surgery, the mean or median times of CDI
diagnoses were almost all within 3 weeks of the
surgical procedure [61, 72, 76, 98, 137]. One
study in patients admitted to ICU reported a
median of 7 days to CDI onset [60]. Another
study of patients with pancreatitis reported a
mean time of 71 days following onset of
necrotizing pancreatitis [71]. Three studies
reported on the period between CDI and
recurrence [41, 100, 138]: time varied widely
between patients from a mean of 6.3 days in
patients receiving high-risk antibiotics for an
infection [100] to a median of 498 days in
combined heart–lung transplant [138].

DISCUSSION

This SLR identified likely risk factors for CDI as
older age, female sex, the presence of certain
comorbidities (including kidney disease, liver
disease, cardiovascular disease, anemia, infec-
tions, and fluid and electrolyte disorders), use of
antibiotics or PPIs, prior hospitalization, and a
long LOS. Risk factors for rCDI were similar to
those for initial CDI, including older age, use of
antibiotics and PPI, and the presence of kidney
disease, liver disease, and fluid and electrolyte
disorders. Older age and an ICU stay were also
identified as mortality risks. The time to occur-
rence of primary CDI was approximately 2–-
3 weeks in patients receiving stem cell
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transplantation, but longer for patients receiv-
ing solid organ transplantation.

Previous SLRs have confirmed that increas-
ing age is a risk factor for CDI, rCDI, and
mortality following CDI [21, 139, 140]. In our
SLR, increasing age was a significant risk factor
for primary CDI in almost all general popula-
tion studies that reported on age. For specific
populations, such as patients with IBD or can-
cer, age was not as common a risk factor, sug-
gesting that other factors may be of greater
importance in these populations. A previous
report highlighted that, among an elderly pop-
ulation aged[ 65 years, overall health status
(including infection, acute conditions, comor-
bidities, frailty, and healthcare system utiliza-
tion) was more important than age when
predicting CDI risk [141]. Moreover, patients
with CDI and IBD tend to be younger than
those without IBD, likely as a result of the
pathophysiology of IBD, which causes a dis-
rupted gut microbial environment fundamental
for C. difficile growth, thus increasing CDI risk
regardless of age [142].

Increasing age was a potential risk factor for
rCDI, although results were inconsistent. One
study reported that younger patients
(aged\ 65 years) had a higher risk than those
aged C 65 years; however, younger patients
were more likely to belong to the most disad-
vantaged neighborhoods, which had higher
rates of comorbidities [108]. The lack of
consistency with age as a risk factor for rCDI
may also be due to the smaller pool size for
patients with rCDI compared with primary CDI,
making it more difficult for studies to detect
significant differences. Increasing age was also a
risk factor for mortality following CDI in almost
all studies, although this result is confounded
by the fact that the incidence of comorbidities
increases with age [142].

Although an age cutoff of C 65 years is often
used in risk-estimate studies, particularly high-
risk estimates for CDI at a cutoff of C 50 years
for infection and renal failure were found in the
current SLR [56]. Future studies should investi-
gate potentially increased risk beyond 50 years
of age. Overall, older age is an important risk
factor linked to immunosenescence, and is
compounded by a greater exposure to the

healthcare system, including antibiotics and
hospitalization. CDI in younger patients may be
linked to the presence of comorbidities, such as
IBD or cancer.

In line with a previous report [21], we found
female sex to be a risk factor for primary CDI.
The reason for this is unknown, but female
individuals are more likely to receive prescrip-
tions for antibiotics than male individuals
[143], which is linked to a higher tendency of
women to seek medical care [144]. Therefore,
greater exposure of female individuals to the
healthcare system, including hospitalization,
may explain the increased risk of primary CDI.

Comorbidities have long been considered
potential risk factors for CDI [145]; however,
our SLR suggests that some comorbidities are of
greater importance than others. Kidney disease
was a risk factor for primary CDI and rCDI, as
has been previously reported [146]. Patients
with chronic kidney disease are often old, with
greater exposure to the healthcare system than
the general population, and they typically have
immune deficiencies with a reliance on antibi-
otics to fight infections, all of which contribute
to an increased risk of CDI [146, 147]. Hypoal-
buminemia and high serum creatinine levels are
also associated with kidney disease and are
further risk factors for CDI. Liver disease was a
risk factor for CDI and rCDI; liver cirrhosis has
previously been reported as a risk factor for CDI,
potentially linked to immune dysfunction and
hospitalization [148, 149]. Furthermore, CDI
tends to be more severe in patients with
cirrhosis, and has been linked to an increased
risk of mortality [149]. Cardiovascular disease
has previously been identified as a risk factor in
primary CDI [21]. In particular, heart failure has
been associated with an increased incidence of
CDI and a risk of CDI-related mortality [150].
One potential reason for the increased risk of
CDI may be reduced intestinal blood flow with
heart failure, which could impact the intestinal
microflora [151].

Our report also highlights several comor-
bidities not currently established as risk factors
for CDI. For example, we identified 11 studies
that reported anemia or low hematocrit as risk
factors for CDI, and further investigation is
warranted of anemia, coagulation disorders,
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fluid and electrolyte disorders, and being
underweight as potential risk factors for CDI.

Four studies found that patients with versus
those without obesity were less likely to expe-
rience CDI [34, 49, 52, 80]. In one of these
studies, in CDI-associated pouchitis, a protec-
tive effect was seen at BMI[25 kg/m2 [80];
another study, in surgical patients, found that
the degree of protection increased with the level
of obesity [52]. No clear effect of obesity was
seen in seven other studies, including two
studies in surgical patients with BMI cutoffs of
[30 kg/m2 [63] and C 35 kg/m2 [53]. The
reasons for the inter-study differences in effect
are unclear.

Overweight (BMI C 25 kg/m2) protected
against CDI in other settings, including in
elderly Japanese patients with pneumonia
[152]. Despite this, we reported two of three
studies where high BMI was a risk factor for
mortality [25, 129]. More research is required to
fully elucidate the impact of obesity and other
factors (including BMI cutoffs) on the risk of
developing CDI.

Diabetes, cancer, hypertension, and lung
disease did not demonstrate a consistent,
significantly increased risk of developing pri-
mary CDI, and further studies are required on
these conditions. Although diabetes was repor-
ted as a risk factor for CDI in another SLR [21],
our results were mixed and inconclusive.
Patients with diabetes are at increased risk of
infection and developing kidney disease [153],
and may have high exposure to healthcare;
these issues are potential risk factors for CDI.
One potential reason for our findings could be
the use of metformin in type 2 diabetes, which
has been linked to protection from CDI [154].
The studies included in this review did not dif-
ferentiate between type 1 or 2 diabetes; how-
ever, as type 2 diabetes accounts for 90–95% of
diabetes cases in the USA [155], it is likely that
most data included in the studies in this review
were for type 2 diabetes. Although we examined
only single comorbidities, the presence of mul-
tiple comorbidities could have had a cumulative
effect. For example, another SLR reported that
multiple comorbidities and increasing age
(particularly[ 65–70 years) were key risk factors
for severe CDI [139]. In our review, risk factors

for severe CDI were investigated, but were rarely
reported in the constituent studies.

Antibiotic use is a risk factor for primary CDI
and rCDI [21]. In line with previous findings, we
found general antibiotic use to be a risk factor for
primary CDI, and the risk was highest for cepha-
losporins, fluoroquinolones, lincosamides, and
carbapenems. Three studies reported a protective
effect for high-risk antibiotics: clindamycin in a
general hospital population [88], fluoro-
quinolones in patients undergoing hematopoi-
etic stem cell transplantation [94], and
fluoroquinolones inageneralhospital population
[30]. The authors of these studies were unable to
explain these surprising results, althoughWatson
et al., proposed that their findingsmay have been
due to a reduced use of clindamycin over time
[88].

In this SLR, rCDI was associated with general
antibiotic use before, during, or after primary
CDI. A large-scale study showed that the use of
fidaxomicin to treat primary CDI was associated
with a reduced risk of recurrence compared with
vancomycin [119]. This is in line with phase 3/4
studies and current treatment guidelines
[156, 157]. Infection was also a risk factor for
CDI, which is likely related to the routine use of
antibiotics. In fact, there was considerable
overlap in several risk factors. For example, the
report of perineal or cesarean wound infections
as significant risk factors for CDI could have
been related to antibiotic treatment, being
female, and hospitalization.

The time to CDI onset was largely studied in
transplant recipients, although evidence was
also available for patients undergoing surgery,
patients attending an ICU, and patients with
pancreatitis. A detailed comparison between
patient groups was difficult because of the
limited number of studies, small patient num-
bers, different follow-up periods, and differ-
ences in presentation of the results. CDI onset
following stem cell transplantation is usually
within the first month post-transplant [158],
which is in line with our finding of 2–3 weeks.
The incidence of CDI is generally two-fold
higher in allogeneic compared with autologous
transplants [158].

A recent database study of patients under-
going spinal surgery in Korea reported an
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average time of 18 days to CDI onset [159],
which is in line with our findings for the time to
CDI onset following surgery. A large Canadian
study found that the risk of CDI differed with
different solid organ transplants, with the inci-
dence highest for multiorgan transplants (45.3
per 1000 person-years), followed by lung trans-
plants (20.6 per 1000 person-years), and lowest
for kidney allografts (9.6 per 1000 person-years)
[160]. The researchers also reported that median
time to CDI onset was longest for kidney
transplants, at 2.2 years, and that late-onset CDI
(C 90 days post-transplant) was associated with
a greater than two-fold increased rate of
mortality. Our SLR found that the time to CDI
onset following solid organ transplantation was
generally longer than that following stem cell
transplantation. Together, these data highlight
the need to consider long-term preventive
measures in transplant recipients.

Only three studies investigated the time to
CDI recurrence, two of which had mean or
median values well beyond the generally
accepted time of 2–8 weeks [11]. Furthermore,
the definition of recurrence varied greatly across
studies, highlighting the need to confirm a
definition that can be used consistently in
research and practice, whether the CDC defini-
tion or an adapted one.

Limitations

Limitations of this review include the hetero-
geneous nature of the constituent studies
regarding designs, outcomes, patient popula-
tions, and definitions, making inter-study
comparisons difficult. We searched two data-
bases, which is regarded as the minimum
required [161]. We considered that the two
databases chosen (MEDLINE using PubMed, and
EMBASE) would identify most of the relevant
articles, especially regarding observational
studies conducted in the USA. Reference lists
from other SLRs were also checked for any
articles that may have been missed (none were
identified). We considered there was no addi-
tional benefit from using other databases; for
example, CENTRAL contains mostly random-
ized controlled trials, which were not the focus

of our search. Information on the definition or
diagnosis of primary CDI was limited, so it was
unclear if CDI was truly primary. Moreover,
many studies were conducted retrospectively,
making causality difficult to determine. CDI
testing in most studies was conducted after
symptoms occurred, and the status of ‘‘No CDI’’
was often not confirmed by testing. Further-
more, the recommended testing algorithms and
the sensitivities of the tests may have changed
over the past 5 years and could have been
implemented to differing degrees across insti-
tutions and countries. Risk factors, such as
comorbidities, were often grouped, although
there was heterogeneity within the groups (i.e.,
conditions with varying causes that may have
impacted differently on the risk of developing
CDI). In the constituent studies of the review,
dietary factors were generally not collected or
reported; therefore, we could not generate a
body of evidence robust enough to include in
our analysis.

A meta-analysis was not conducted, as our
fundamental research goal was to enhance
understanding of the wider clinical context of
CDI and not to specifically determine which
comorbidities had the greatest impact in
increasing CDI risk. As such, we agreed that a
qualitative SLR would suffice. Moreover, given
the marked heterogeneity of the studies and
data (e.g., the different patient populations,
subgroups, and CDI definitions), a meta-
analysis would have provided limited additional
information of clinical relevance.

CONCLUSION

In this SLR, evidence was strong for the estab-
lished CDI risk factors of age and antibiotics,
and certain comorbidities, including infection,
kidney disease, liver disease, and cardiovascular
disease. Several new risk factors for CDI were
identified: anemia, underweight, coagulation
disorders, and fluid and electrolyte disorders;
these risk factors require further study to
confirm the findings. Evidence was variable for
cancer, diabetes, lung disease, and obesity, with
further data required to fully understand the
impact of these conditions on CDI. Risk factors
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for rCDI were similar to those for CDI, but
evidence was more limited. In addition, age and
antibiotics were important risk factors for
mortality. Although data on the time to CDI
onset were limited, strong evidence was pro-
vided for hematopoietic stem cell transplanta-
tion, in which CDI onset was generally within
3 weeks following transplantation; studies are
needed to assess the time to CDI onset in other
patient populations. Overall, this SLR provides
recent evidence to define the most important
risk factors associated with CDI, confirming
those that are well established and highlighting
new ones that could help to identify patient
populations at high risk.

ACKNOWLEDGEMENTS

Medical Writing and Editorial Assistance.
Medical writing support was provided by David

Murdoch, a contract writer working on behalf of
Apollo, and Lewis Cawkwell, of Apollo, OPEN
Health Communications, funded by GSK, in
accordance with Good Publication Practice 3 GPP)
guidelines (www.ismpp.org/gpp-2022). Eveline
Bunge of Pallas Health Research and Consultancy,
Ornella Ruiz and Egbe Sheila Ubamadu of P95 were
involved in the selection, reviewing, and extraction
for the systematic literature review.

Author Contributions. All authors were
involved in the planning, discussion, and
interpretation of the data. All reviewed and
revised the manuscript and approved the final
manuscript as submitted.

Funding. This article was supported by
GSK Biologicals SA. GSK Biologicals SA also took
in charge all costs associated with the develop-
ment and publication of this manuscript,
including the journal’s Rapid Service fee.

Data Availability. The authors confirm
that the data supporting the findings of this
study are available within the article. Most of
the cited peer-reviewed publications of this
study are available via PubMed, and the gray

literature was derived from resources available
in the public domain.

Declarations

Conflict of Interest. Gui Ferreira and Juan
Pablo Yarzabal are employees of GSK, and hold
or may hold stock options. Jennifer Eeuwijk is
an employee of Pallas Health Research and
Consultancy. Mirna Robert-Du Ry van Beest
Holle is owner of Mirna Robert Epidemiology
d.o.o., and she was a freelance consultant for
GSK until June 2023. Mirna Robert-Du Ry van
Beest Holle holds no GSK stock options.

Ethical Approval. This article is based on
previously conducted studies and does not
contain any new studies with human partici-
pants or animals performed by any of the
authors.

Open Access. This article is licensed under
a Creative Commons Attribution-NonCom-
mercial 4.0 International License, which per-
mits any non-commercial use, sharing,
adaptation, distribution and reproduction in
any medium or format, as long as you give
appropriate credit to the original author(s) and
the source, provide a link to the Creative
Commons licence, and indicate if changes were
made. The images or other third party material
in this article are included in the article’s
Creative Commons licence, unless indicated
otherwise in a credit line to the material. If
material is not included in the article’s Creative
Commons licence and your intended use is not
permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view
a copy of this licence, visit http://
creativecommons.org/licenses/by-nc/4.0/.

REFERENCES
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