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Preface

Clostridioides difficile is a Gram-positive, anaerobic bacterium that is one of the most common

causes of healthcare-associated infections worldwide.

Despite research efforts and progress made regarding the epidemiology and clinical

management of Clostridioides difficile infection in the last decade, several critical aspects of this

complex disease remain unclear.

This reprint collects multidisciplinary research articles focusing on Clostridioides difficile infection.

The contributions collected here shed light on grey areas of our knowledge about Clostridioides difficile,

including the identification of Clostridioides difficile carriers at high risk of developing infection or

infection recurrence, the intra-hospital and community spread of Clostridioides difficile the rate of

Clostridioides difficile infection during the SARS-CoV-2 pandemic, and the current treatment approach.

I would like to thank the scientific community for their interest in this collection and for

submitting manuscripts. I am grateful to the editor-in-chief of Antibiotics, Professor Nicholas Dixon,

and the managing editor, Ms. Monica He, for their invaluable support.

Special thanks go to my mentor, Professor Nicola Petrosillo, who introduced me to my career and

research interests and always supported me, and to my beloved family, Patricia, Meletta-Flaminia,

and Maritozza-Cecilia.

Guido Granata

Editor
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Editorial

Introduction to the Special Issue on Clostridioides difficile
Infection, Second Edition
Guido Granata

Clinical and Research Department for Infectious Diseases, National Institute for Infectious Diseases L.
Spallanzani, IRCCS, 00149 Rome, Italy; guido.granata@inmi.it

Clostridioides difficile (CD) is a Gram-positive, anaerobic bacterium that is one of the
most common causes of infective diarrhoea worldwide [1].

Among hospitalized patients, Clostridioides difficile infection (CDI) leads to increased
morbidity, mortality, and extended hospital stays. Despite research efforts and progress
made regarding the epidemiology and clinical management of CDI in the last decade, sev-
eral critical aspects of this complex disease remain unclear. Firstly, the clinical spectrum of
CDI is wide-ranging, from asymptomatic carriage and mild diarrhoea to severe colitis, toxic
megacolon, and fatality [1,2]. The mortality rates associated with CDI vary considerably
across studies, ranging from less than 2% to 17% [2].

The identification of CD carriers at high risk of developing infection and CDI patients
at high risk of developing severe CDI and experiencing recurrence remains a significant
challenge [3].

Another concern is the intra-hospital and community spread of CD [4]. Understanding
the transmission routes is crucial for the development of targeted interventions to reduce
the spread of CDI. Antimicrobial stewardship and infection control programmes may help
to prevent CDI, even during the ongoing SARS-CoV-2 pandemic [4].

The molecular pathogenesis of CDI remains uncertain. Further research is required to
elucidate the interactions between CD, the gut microbiota, host immunity, and the specific
roles of CD toxin A, toxin B, and binary toxin [5,6].

Finally, CDI recurrences present a significant challenge, increasing hospitalization costs
and morbidity and mortality rates [3]. While oral vancomycin or fidaxomicin represent
the recommended first-line antimicrobial therapies, further study is required to confirm
the efficacy and safety of innovative non-antimicrobial approaches, including monoclonal
anti-toxin antibodies, fecal microbiota transplantation, vaccines, and phage therapy [1,7].

The Second Edition of the Special Issue Clostridioides difficile Infection includes seven
full research articles, two review articles, and one perspective and one communication
article. These contributions aim to add clarity on the open issues surrounding this topic.

Among the contributions, the work by Stoian, M. et al. examined the correlation
between COVID-19 and CDI in the intensive care unit [8]. Of interest, the authors identi-
fied immuno-modulator or steroid treatment, antibiotic administration, and proton pump
inhibitor treatment as significant risk factors for CDI coinfection among COVID-19 pa-
tients admitted to intensive care, and reported an increased mortality rate among these
patients [8].

The study by Lis L. et al. aimed to identify the clinical determinants predicting CDI
among the subgroup of hospitalized patients with chronic kidney disease [9]. The results
confirmed that serum albumin has a protective effect against CDI severity. The multivariate
analysis showed that the stage of chronic kidney disease and the length of antibiotic use
increased the risk of CDI, whereas a lower Norton scale score had a protective impact [9].

Regarding CDI treatment in specific subgroups of high-risk patients, Giacobbe, D.
R. et al. discussed the updated evidence on the efficacy of fidaxomicin for the treatment of
either the first CDI episode or recurrent CDI. The authors reported evidence supporting the
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use of fidaxomicin despite its high cost. According to the authors, risk models for recurrent
CDI should be used to select patients for fidaxomicin treatment [10].

Future studies should focus on identifying high-risk groups for recurrent CDI. At
present, bezlotoxumab may be considered in specific, high-risk patients with immunosup-
pression. Granata, G. et al. collected the available evidence on bezlotoxumab for preventing
recurrent CDI during a first CDI episode [11]. Their findings support the administration of
bezlotoxumab in patients with a primary CDI episode, despite the high cost. According
to the authors, it is likely that the future guidance may change from “administer bezlo-
toxumab only in high-risk patients” to “consider bezlotoxumab even for a primary CDI
episode, in view of the patient benefits and the cost-effectiveness of reducing expensive
recurrent CDI episodes” [11].

This Special Issue presents a compendium of multidisciplinary research on CDI. The
collected works serve as a comprehensive resource for scholars engaged in the field of CDI,
and the Guest Editor is grateful for the interest and contributions that have been received.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflicts of interest.
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the Intensive Care Unit
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Abstract: Since the emergence of SARS-CoV-2 in late 2019, the global mortality attributable to
COVID-19 has reached 6,972,152 deaths according to the World Health Organization (WHO). The
association between coinfection with Clostridioides difficile (CDI) and SARS-CoV-2 has limited data
in the literature. This retrospective study, conducted at Mures, County Clinical Hospital in Roma-
nia, involved 3002 ICU patients. Following stringent inclusion and exclusion criteria, 63 patients
were enrolled, with a division into two subgroups—SARS-CoV-2 + CDI patients and CDI patients.
Throughout their hospitalization, the patients were closely monitored. Analysis revealed no signifi-
cant correlation between comorbidities and invasive mechanical ventilation (IMV) or non-invasive
mechanical ventilation (NIMV). However, statistically significant associations were noted between
renal and hepatic comorbidties (p = 0.009), death and CDI-SARS-CoV-2 coinfection (p = 0.09), flourochi-
nolone treatment and CDI-SARS-CoV-2 infection (p = 0.03), and an association between diabetes
mellitus and SARS-CoV-2-CDI infection (p = 0.04), as well as the need for invasive mechanical
ventilation (p = 0.04). The patients with CDI treatment were significantly younger and received
immuno-modulator or corticotherapy treatment, which was a risk factor for opportunistic agents.
Antibiotic and PPI (proton pump inhibitor) treatment were significant risk factors for CDI coinfection,
as well as for death, with PPI treatment in combination with antibiotic treatment being a more
significant risk factor.

Keywords: Clostridioides difficile; SARS-CoV-2; antibiotic therapy; corticosteroid therapy; intensive
care unit

1. Introduction

The literature has limited data regarding the association between coinfection with
Clostridioides difficile and SARS-CoV-2 in Intensive Care Units. Most of the publications have
assessed the characteristics of C. difficile comparatively between the COVID-19 pandemic
and the pre-pandemic period. Starting from this comparison, our goal was to analyze
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the data of critical patients admitted to the Intensive Care Unit (ICU) with SARS-CoV-2
infection and compare them with critical patients with CDI admitted to the ICU.

Since the end of 2019, global healthcare has been affected by the COVID-19 pandemic
and its consequences. At the end of October 2023, nearly 4 years after the onset of the
pandemic, 771,408,825 confirmed COVID-19 cases were declared, with a total number
of 6,972,152 cumulative deaths. There are still reports of new-onset cases, without an
epidemiological risk of a new pandemic [1]. In Romania, the first case of COVID-19 was
identified on the 15 February 2020, and since then, more than 3,485,792 COVID-19 cases
were reported, with a cumulative 68,455 death cases.

COVID-19 can present with various associated symptoms, varying from loss of smell
to nasal obstruction, fever, or difficulty breathing. Interestingly, diarrhea was reported with
an incidence of 19% [2]. Most of the COVID-19 cases had a mild or moderate severity and
did not require hospitalization or advanced medical care [3]. Severe forms of COVID-19
manifested with pneumonia and difficulty breathing, with associated pulmonary infiltra-
tions evidenced by thoracic imagistic scans. Pneumonia can be complicated by respiratory
insufficiency, which requires oxygen supplementations or mechanical ventilation (invasive
or non-invasive) [4,5]. Other severe complications of COVID-19 include thromboembolic
events (pulmonary embolism or stroke), circulatory shock, myocardial lesions, arrhythmias
and encephalopathies [6,7], loss of taste and smell [8], generalized headache [9], dizziness
with vertigo [10], seizures [11], encephalitis [12], and Guillain–Barré syndrome [13]. Never-
theless, the exact mechanisms of these changes are still being studied. Several digestive
symptoms, such as nausea, vomiting, diarrhea, and acute abdominal pain, were observed
in COVID-19 cases [14].

The severe form of COVID-19 usually appears one week after the first symptoms, and
the clinical manifestations can become catastrophic. Observational studies emphasized the
role of dysbiosis in acute and post-acute COVID-19 and its connection to the severity of the
disease [15]. The COVID-19 pandemic placed a significant burden on worldwide healthcare
through the economic challenges related to increasing medical healthcare costs and the
incidence of medical-system-associated infections (nosocomial infections). One of the most
frequently associated infections is C. difficile infection (CDI). The incidence of CDI has been
reported with an increasing pattern since the onset of the COVID-19 pandemic [16,17].
Multiple mechanisms have been proposed to explain the association between COVID-19
and CDI, from which we mention intestinal dysbiosis, the lack of adherence to proper
hand hygiene, and excessive empiric antibiotic treatment [18–20]. The increasing use of
antibiotics during the COVID-19 pandemic, especially for treating bacterial coinfections
and as a prophylactic measure, could have contributed to a higher incidence of CDI and
the development of resistant strains of C. difficile. Excessive use of antibiotics modifies
the normal intestinal flora, which can lead to an increased risk of CDI [18]. CDI is easily
transmitted through spores and appears in medical healthcare and the community [21].
The associated symptoms vary from mild diarrhea to toxic megacolon, which can become
life-threatening.

While a part of the literature data available show an increased incidence of CDI during
the COVID-19 pandemic, other studies show a weak association between the two types of
infection [22]. Comparisons between the pre-COVID-19 incidence of CDI and the COVID-
19 pandemic CDI infection levels showed a positive correlation between the two disorders,
nevertheless showing uncertain significance [23].

This study aimed to assess whether the incidence of CDI and the severity of the
clinical and microbiological forms of CDI are different between COVID-19 patients and
non-COVID-19 patients during the pandemic.

It is essential to acknowledge the mechanism by which concomitant infection with
CDI affects patients and their medical care.
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2. Results
2.1. Hospital Characteristics

Mures County Clinical Hospital has 1182 beds, and it is the second hospital for
number of beds in Romania, with a total of 44 beds assigned to the ICU (23 beds for the
General (Polyvalent) Intensive Care Unit and 21 beds for the Postanesthesia Care Unit
Intermediate Intensive Therapy (PACU). In February 2020, the hospital was assigned to
the care of COVID-19 patients exclusively, as per the order of the Ministry of Health nr.
444; therefore, the admissions were open only for COVID-19 patients or other medical or
surgical emergencies related to these patients. This led to a decrease of 50% in the number
of admissions in comparison to previous years.

2.2. CDI Patient Characteristics

In the two years, between 30 March 2020 and 31 March 2022, a total of 19,414 patients
were admitted in Mures County Clinical Hospital (HCM), from which 6340 patients were
admitted with different forms of COVID-19 and 368 patients were diagnosed with CDI. In
the ICU, without PACU, a total of 3002 critical patients were admitted: 1691 with SARS-
CoV-2 infection; 1311 non-COVID-19 patients, of which 62 presented with CDI; and 38 had
a coinfection with CDI and SARS-CoV-2.

All patients included are presented in Figure 1.
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Figure 1. CDI patients’ characteristics.

Thirty-six critical patients died during the ICU admission. Twenty-one patients from
Group 1 came from an urban environment (55.26%).

The presence of a positive toxin A + B C. difficile infection was seen in 58 of the studied
patients, and in 5 patients, we saw only toxin A C. difficile-positive tests.

The annual incidence of CDI in Mures County Clinical Hospital is seen in Figure 2.
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We can see in Figure 2 an annual increase in the CDI infections starting from 2020
(pandemic period) compared to the pre-pandemic period. In 2020 and 2021, our hospital
admitted only COVID-19 cases to the ICU department at a proportion of 80%, showing a
direct correlation of the increase in the incidence of CDI with COVID-19 cases, an incidence
which dropped in the 2022 and 2023 periods, when our admission pool was mixed (COVID-
19 and non-COVID-19 cases). In the remaining 20% of non-COVID-19 admissions, the
percentage of CDI infection was very low (1.2 per 1000 cases).

2.3. Incidence Analysis

The total number of admissions is described in Figure 2. We see an increase in CDI
incidence in the pre-pandemic period, which varies from 0.8 up to 5.29 per 1000 patients,
which increased during the pandemic period, varying from 6.02 per 1000 patients, when
we admitted only COVID-19 cases in the HCM. This represents the total number gathered
from our electronic databases of nosocomial infections. The patients were not admitted
with a diagnosis of CDI before their admission.

In the ICU department, we found 51 cases during 2020–2021 (COVID-19 group), with
an incidence of 5.6/1000 cases discharged, and 99 cases during 2017–2018 (pre-COVID-19
group), with an incidence of 6.1/1000 cases discharged (p = 0.6). Although the incidence in
our selected patients was not statistically different, the annual incidence as seen in Figure 2
has risen, taking into consideration there were only COVID-19 patients admitted in the
ICU department.

We found 38 cases of CDI in the COVID-19 group, with an incidence reported for all
admitted patients in the ICU of 2.24%, and 25 cases in the non-COVID-19 group, with an
incidence of 1.83%. The mean age of the COVID-19 group was 68.79 ± 16.24 years, whereas
in the non-COVID-19 group, it was 68.83 ± 12.83 years during the 2-year period of analysis.

The mean duration of ICU admissions in the COVID-19 group was 13.57 ± 8.34 days,
whereas in the non-COVID-19 group it was 9.21 ± 9.02 days.

Comparing the mean results, we have a significant statistical difference between the
two groups (CDI + COVID-19 group and CDI group) regarding Carmeli score (p < 0.01),
leukocyte count both at admission and at discharge (p = 0.01, p = 0.04), neutrophil count at
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admission and at discharge (p = 0.03, p = 0.01), creatinine level (p = 0.001), ALT (p = 0.05),
LDH (p = 0.025), and platelet count (p < 0.01). The paraclinical evolution of patients is seen
in Table 1.

Table 1. Paraclinical examinations performed on admission and on discharge.

Group Admission Discharge Unpaired t-Test
p

CRP (mg/dL) 1 36.32 ± 49.6 10.50 ± 11.80 0.731
2 41.83 ± 72.76 12.95 ± 15.90 0.507

Fibrinogen (mg/dL) 1 475.88 ± 214.02 426.06 ± 187.94 0.374
2 428.28 ± 184.23 439.59 ± 160.63 0.773

Ferritin (ng/mL) 1 1332.99 ± 901.43 2008.032 ± 2320.15 0.139
2 838.05 ± 1176.75 724.33 ± 1120.29 0.07

LDH (U/L)
1 480.49 ± 231.26 510.43 ± 342.53 0.02
2 319.00 ± 289.69 249.30 ± 101.82 0.002

Leucocytes (/mm3)
1 10.25 ± 5.06 16.51 ± 8.48 0.01
2 13.67 ± 5.83 12.40 ± 5.66 0.04

AST (U/L)
1 57.89 ± 62.36 104.73 ± 268.58 0.08
2 33.88 ± 28.20 34.46 ± 30.62 0.20

ALT (U/L)
1 74.43 ± 90.98 128.70 ± 235.63 0.05
2 35.83 ± 30.47 32.17 ± 25.25 0.05

Creatinine (mg/dL) 1 1.07 ± 0.58 1.34 ± 1.28 0.001
2 2.65 ± 2.73 1.95 ± 2.18 0.17

Urea (mg/dL) 1 70.52 ± 37.85 111.38 ± 93.41 0.06
2 94.15 ± 60.59 83.90 ± 59.43 0.20

Group 1—COVID-19 + CDI; Group 2—CDI.

Regarding the antibiotic treatment administered, we had a number of patients on
cephalosporin treatment (n = 21), carbapenems (n = 11), fluoroquinolones (n = 5), beta-
lactamines (n = 6), and aminoglycosides (n = 5). All antibiotic treatments were administered
before the hospital admission, there were no patients with previous antibiotic therapy, and
not all patients with SARS-CoV-2 infection received antibiotic treatment.

Fluoroquinolone treatment was statistically associated with cephalosporine treatment
(p = 0.03, Chi-Square test), beta-lactamine, and cephalosporine treatment (p = 0.001, Chi-
Square test).

Death and CDI-SARS-CoV-2 coinfection were statistically significantly associated with
PPI treatment (p = 0.01, Chi-Square test; p = 0.03, Chi-Square test).

From all patients included in this study who died during ICU admission, 75% of
deaths occurred in CDI-SARS-CoV-2 coinfection patients (p = 0.09, Chi-Square test).

2.4. Comorbidities Analysis

We found no statistical differences by performing the analysis between the two groups
regarding hepatic comorbities, diabetes mellitus, renal comorbidities, cardiovascular co-
morbidities, antibiotic treatment administered, and sex.

There was a statistically significant association between renal and hepatic comorbidi-
ties (p = 0.009, Chi-Square test).

CDI + SARS-CoV-2 coinfection was statistically associated with death (p = 0.01, Chi-
Square test) as well as the status of ventilation (p = 0.02, Chi-Square test).

As far as comorbidities, the only comorbidity that was associated with death was
diabetes mellitus (p = 0.05, Chi-Square test) in the CDI + SARS-CoV-2 group.

There was an association between the need for invasive ventilation and CDI + SARS-
CoV-2 coinfection (p = 0.00, Chi-Square test), and diabetes mellitus was statistically associ-
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ated with CDI + SARS-CoV-2 infection (p = 0.04, Chi-Square test) and the need for invasive
ventilation (p = 0.04, Chi-Square test).

Gastrointestinal symptoms such as anorexia, nausea, vomiting, and abdominal pain
were reported in 5 patients in the SARS-CoV-2 group (20%) and 16 patients in the SARS-
CoV-2-CDI group (42.1%). There were no associated gastrointestinal disorders in either of
the two groups studied.

2.5. Severity Score Analysis

The Carmeli score calculated at admission was 1.79 + 0.74 in the COVID-19/-CDI
coinfection patients and 2.46 ± 0.5 in patients with CDI (p = 0.001, Student t-test). The
APACHE score in CDI + COVID-19 coinfection patients was 18.08 ± 4.68 and 25 ± 8.54
in the CDI group (p = 0.06, Student t-test). The SOFA median score was 8.96 ± 2.05 in
CDI + COVID-19 coinfection patients, and 9 ± 3.5 in CDI patients (p = 0.965, Student,
t-test).

3. Discussion

The COVID-19 pandemic represented an unprecedented health crisis, bringing about
radical changes in medical practice in a very short time. The implementation and strong
adherence to infection prevention protocols, wearing protective equipment, and improving
hand hygiene are considered changes that have influenced the decrease in the incidence of
hospital-acquired infections, including CDI [24–26]. Analyzing the incidence of CDI from
2016 to 2023 at our hospital, we observe a progressive increase in the number of diagnosed
cases of CDI rather than a decrease as expected. If in 2016 the number of cases was 1.73‰,
it progressively increased to 9.81‰ in 2017, 14.36‰ in 2019, 16‰ in 2020, reaching the
highest incidence of 22.02‰ in 2021, followed by a slight decline to 17.21‰ in 2022, and
then 16.7‰. An increase in CDI incidence is reported in other studies, explaining that this
rise is because of increased use of antibiotics and/or steroids, or even the modification of
the patient population profile admitted during the pandemic [18,27–29]. In another study,
Markovic-Denic L reported that the incidence density rate was three times higher when the
hospital was a dedicated COVID-19 hospital, meaning only COVID-19-positive patients
were admitted, compared to the period when it was a non-COVID-19 hospital, before and
during the COVID-19 pandemic [30]. Kuijper EJ et al. show that CDI incidence increased
in the mid-first decade of the 21st century due to highly virulent new strains of C. difficile,
such as ribotype (RT) 027 [31]. Following these findings, measures have been introduced
for rational antibiotic use, infection prevention, and control, factors considered essential in
CDI prevention, thus becoming a major national priority in many states [32].

Analyzing the incidence of CDI from 30 March 2020 to 31 March 2021 in critically ill
patients in the ICU, we found a higher incidence of CDI in the COVID-19 group at 2.24%,
compared to the non-COVID-19 group, with an incidence of 1.83%. The average age of
the COVID-19 group was 68.79 ± 16.24 years, while in the non-COVID-19 group it was
68.83 ± 12.83 years over a period of 2 years of analysis. Boeriu et al. show an average
age of 69.56 ± 12.389 in the COVID-19 group and 64.84 ± 15.78 in the non-COVID-19
group, with a higher incidence of CDI at older age (p = 0.025) [33]. In our study group,
there were no significant differences in the incidence regarding the age of patients with
CDI. The average length of stay in the ICU for the COVID-19 group was 13.57 ± 8.34 days,
while for the non-COVID-19 group it was 9.21 ± 9.02 days, indicating the severity of
COVID-19-CDI coinfection. These data highlight the prolonged hospitalization period and
increased mortality of patients with dual infection. Gavrielatou et al. show that the average
length of stay in the ICU for patients with COVID-19-CDI coinfection was 12 days (range
1–59 days), and the mortality of this group of patients increased to 7/11 (63%) [34]. Buetti
N et al., using prospectively collected multicenter data, showed that the risk of COVID-19
patients admitted to the ICU developing BSI (blood stream infection) was higher than
that for patients without COVID-19 after seven days of ICU stay. Clinicians should be
particularly attentive to late ICU-BSI in patients with COVID-19 [35]. The literature data
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have focused on the evolution of patients with CDI and COVID-19 coinfection. Negative
outcomes are associated with prolonged hospitalization of COVID-19 and CDI patients,
as well as CDI recurrence after hospital discharge [36]. The incidence of mortality during
ICU hospitalization of patients with CDI-SARS-CoV-2 coinfection was 75% (p = 0.09, Chi-
Square test). Allegreti et al. showed a significantly higher mortality incidence in patients
with associated infections (80% in COVID-19 with CDI versus 12.2% in patients with only
COVID-19, p < 0.0001) [37], while Sandhu A et al. showed that four out of nine patients with
COVID-19 and CDI coinfection died during hospitalization [38]. Awan RU et al. found that
in-hospital mortality was significantly higher among patients with COVID-19 with CDI
compared to patients with COVID-19 without CDI (23% vs. 13.4%, OR: 1.3, 95% CI: 1.2–1.5,
p = 0.01) [16]. Carmeli score evaluation showed a significant statistical difference between
the two groups (p < 0.01), highlighting once again the role of repeated hospitalizations and
antibiotic therapy in triggering CDI infection. Van Rossen TM et al. identified the only risk
factors associated with CDI recurrence as older age, healthcare-associated CDI, previous
hospitalization (<3 months), PPI initiated during/after CDI diagnosis, and CDI recurrence,
while for severe forms of CDI, only older age was identified as a risk factor [39].

The most prescribed antibiotics for the patients included in this study were
cephalosporins (33.33%), carbapenems (17.46%), beta-lactams (9.52%), fluoroquinolones
(7.93%), and aminoglycosides (7.93%). The association of antibiotic treatment with
fluoroquinolone–cephalosporin (p = 0.03, Chi-Square test) and beta-lactams–cephalosporin
(p = 0.001, Chi-Square test) in patients with coinfection is associated with an unfavorable
outcome for them.

The statistical analysis in our study showed the association between comorbities in our
selected patients and the intense use of antibiotic treatment; together with PPI treatment,
it was a high-risk factor for CDI infection, which led to a higher fatality, even though the
patients had respiratory distress and lung failure.

We observed a high percentage of patients with COVID-19-CDI coinfection who
received antibiotic treatment with one or more class of antibiotics. This is one of the most
important result in our study, as antibiotic use should be limited in patients at risk of
developing CDI, and treatment guidelines in COVID-19 were modified at a late stage after
SARS-CoV-2 detection with caution rules regarding antibiotic treatment. Despotović A
et al. show that the most frequently used antibiotics in COVID-19 patients were macrolides
(32.4%), cephalosporins (29.6%), and fluoroquinolones (28.2%). A third of patients (34.5%)
reported using more than one antibiotic [40]. We found no statistical differences between
hepatic comorbidities, diabetes mellitus, renal comorbidities, cardiovascular comorbidities,
antibiotic treatment administered, and the sex of patients between the two studied groups.
Diabetes is frequently observed in hospitalized patients with COVID-19, with a reported
prevalence between 7 and 30%. It can lead to chronic inflammation and an exaggerated
immune response, as observed in COVID-19 infection [41]. Chronic liver disease is known
as an independent risk factor for CDI infection, as well as for COVID-19 infection, due to
frequent hospitalizations and reduced immunity [16,42]. It has also been noted that patients
with concurrent COVID-19 and CDI have a higher prevalence of essential hypertension
(HTN), coronary artery disease (CAD), and congestive heart failure (CHF) [43]. A meta-
analysis showed that pre-existing coronary artery disease (CAD) is present in about one-
tenth of hospitalized patients with COVID-19 [44].

In our analysis, the only comorbidity associated with the death of patients with
COVID-19-CDI coinfection was diabetes mellitus (p = 0.05, Chi-Square test). Diabetics
have a higher antibiotic consumption due to frequent infections, thus increasing their
predisposition to CDI due to intestinal dysbiosis [41,45,46], thereby triggering increased
morbidity and mortality when combined. This could indicate the possibility of a genetic
background being involved in the intestinal dysbiosis, and a possible genetic susceptibility
to develop autoimmune gastrointestinal disorders even after this episode of CDI or CDI and
SARS-CoV-2 coinfection. Also, the association with fatality of COVID-19 + CDI coinfection
in patients with diabetes mellitus was proven in our study, compared to other comorbidities.
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Even though it is well known that diabetes mellitus is an important risk factor for fatality
in COVID-19 cases, the role of CDI infection in these selected patients is significant.

Ghosdal et al. related in their study the incidence and significance of gastrointestinal
symptoms in COVID-19 infection and concluded that a percentage as high as 25% of
patients had gastrointestinal symptoms as the only manifestation, in relation to the disease
severity and having high clinical implications [47].

In our study, the percentage was higher in the SARS-CoV-2 and CDI group, even
though we excluded from the analysis diarrhea as a gastrointestinal symptom, showing the
clinical implication of gastrointestinal symptoms even before the diagnosis of CDI. Taking
this into consideration, we could conclude that SARS-CoV-2 infection facilitates CDI, and
CDI does not worsen the gastrointestinal symptoms associated with SARS-CoV-2.

Yibirin et al., in their systematic review of the literature, presented the adverse effects
associated with PPI use, signaling the risk of acquiring CDI, alongside respiratory infections,
kidney disease, gastrointestinal malignancies, liver disease, and fracture risk [48].

In our study, the relation to death and PPI use was demonstrated only in the CDI-
SARS-CoV-2 group, showing in fact the risk of PPI and CDI acquirement, which associated
a higher risk of complications and fatality with these associated conditions.

CDI + SARS-CoV-2 coinfection is an independent factor of severity and is statistically
associated with the death of patients (p = 0.01, Chi-Square test). The association of me-
chanical ventilation in patients with coinfection is associated with increased morbidity and
mortality (p = 0.02, Chi-Square test).

Micek S.T et al. reported a mortality rate of 25.1% in patients with CDI requiring
mechanical ventilation [44]

Through the analysis of the Carmeli score, calculated upon admission to the ICU
for both groups, we obtained a value of 1.79 + 0.74 for COVID-19-CDI coinfection and
2.46 ± 0.5 in patients with CDI alone (p = 0.001, Student’s t-test). This score is used in
Romania for screening patients susceptible to colonization with multidrug-resistant bacteria.
In this study, the score emphasizes the risk of developing C. difficile infection, in addition to
the risk of colonization with MDR germs.

The APACHE score in the group with CDI + COVID-19 coinfection was 18.08 ± 4.68
and, respectively 25 ± 8.54 in the CDI group (p = 0.06, Student’s t-test). Even in this
severity score, calculated upon admission to the ICU, patients in the group with CDI
infection without COVID-19 presented a higher risk of mortality. APACHE II is a predictive
instrument that assesses the extent of a patient’s illness and predicts the prognosis of the
disease, usually in terms of mortality, for patients admitted to the ICU [49]. Thus, we
observe that although the group has an unfavorable prognosis, it has a better survival rate
in the case of C. difficile mono-infection.

Another score evaluated upon admission to the ICU was the SOFA score, which had
a value of 8.96 ± 2.05 in patients with concomitant infection with CDI + COVID-19 and
9 ± 3.5 in patients with CDI (p = 0.965, Student’s t-test). The differences between the two
groups are practically statistically insignificant, so its use does not bring additional data for
patients with COVID-19 infection. This was also observed by Moisa et al. in their study,
where they proposed a new mortality predictability score at 28 days for patients admitted
to the ICU [50].

Stoian et al. showed in a case presentation and literature review the significant
number of patients which require ICU services due to severe respiratory, thrombotic, and
septic complications and who require long-term hospitalization, by presenting a case of
a 54-year-old woman with severe COVID-19 infection and an associated critical illness:
polyneuropathy [51]. Although in our study we did not have cases with the critical illness
polyneuropathy, the likelihood of them developing this condition was increased due to the
association of both COVID-19 and C. difficile infection. The case presented was treated with
high-dose intravenous immunoglobulins, which needs to be taken in to consideration if
this pathology is suspected.
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In other study by Stoian et al., the significance and large spectrum of the disease
COVID-19 is presented by the study of the occurrence of acute disseminated encephalomyeli-
tis in SARS-CoV-2 infection/vaccination [52]. We did not have cases of encephalomyelitis,
but the rate of SARS-CoV-2 vaccination in our studied patients was extremely low, and
neurological complications may have appeared in the long course of the disease, which
was limited due to the C. difficile-associated infection.

In our previous study, published by Stoian et al., we followed up patients in the ICU,
with a focus on long-term radiological pulmonary changes in mechanically ventilated
patients with respiratory failure due to SARS-CoV-2 infection [5].

The radiological pulmonary changes were also recorded in our patients, but we did
not follow them up radiologically, due to the increased mortality rate due to the association
of these two separate conditions: SARS-CoV-2 infection and C. difficile infection.

In their study regarding the evolution and incidence of COVID-19 and CDI in a
Romanian institution, Marinescu et al. showed that CDI has complicated the outcome
of COVID-19 patients, especially for those with comorbidities or previously exposed to
the healthcare system, and addressed the same need for vigilance for the extensive use of
antibiotics, similar to our study [53].

Study Limitations

Since only critically ill patients are admitted to the ICU, this study included a lim-
ited number of patients, leading to a small sample size. Additionally, this study was
conducted in a single medical unit and was not a multicenter study. The number of pa-
tients admitted during that period to our unit was limited to medical emergencies and
COVID-19-positive patients.

The evaluation of severity scores such as APACHE II and SOFA is limited to patients
with COVID-19-CDI coinfection; thus, more comprehensive studies or meta-analyses of
these predictability scores are needed.

4. Materials and Methods
4.1. Data Collection and Analysis

We performed a retrospective observational study using the data offered by the
informatic system of Mures County Clinical Hospital and the analysis of the observational
charts and the surveillance charts of CDI patients with COVID-19 infection admitted to
the ICU. The follow-up period was 2 years, from the moment of admission of the first
COVID-19 patient in the ICU on 31 March 2020 up until 31 March 2022.

We collected and analyzed the following data: age, environment, sex, comorbidities,
incidence of CDI in the pre-COVID19 period and COVID-19 period, APACHE score, SOFA
score, duration of treatment in the ICU, the status of mechanical ventilation, treatment
administered (H2 blockers, PPI, empirical antibiotic treatment, the class of antibiotics
administered), the identified pathogen, and documented infections. The following para-
clinical examinations were followed up: leukocyte count, neutrophil count, lymphocyte
count, monocyte count, platelet count, seric urea, creatinine, ALT, AST, GGT, LDH, ferritin,
albumin, total proteins, glycemia, potassium, sodium, detection of toxin A + B C. difficile,
and RT PCR SARS-CoV-2 status.

All the paraclinical examinations were conducted in the Mures County Clinical Hospi-
tal laboratory through spectrophotometry, flow cytometry, impedance testing, turbidimetry
(PCR), molecular diagnosis, and immunochromatography for toxin A + B C. difficile.

We created 2 subgroups of patients: the first group—patients with SARS-CoV-2 and
CDI coinfection—and the second group—patients with mono-infection with CDI.

Inclusion criteria:

- Critical patients admitted to the ICU department;
- SARS-CoV-2 infection, confirmed by RT-PCR SARS-CoV-2;
- Diagnosis of CDI, confirmed by toxin A + B C. difficile.

11



Antibiotics 2024, 13, 367

Statistical analysis was performed using software applications such as IBM SPSS
Statistics v26 and Microsoft Excel 2019. We assessed parametric variables (ANOVA test),
describing the data as continuous (mean, standard deviation [SD], median, min/max)
depending on their distribution. We used correlations for quantitative variables with Pear-
son’s correlation coefficient (rho), with alpha set at 0.05. A p-value ≤ 0.05 was considered
significant. Contingency tables and the Chi-Squared test were used to assess the correlation
between the distributions of the categorical variables.

We analyzed two types of data: the incidence of CDI for Mures County Clinical Hospi-
tal in the 2016–2023 period and the comparative analysis of the two groups, coinfection
with SARS-CoV-2 and CDI group and CDI group, during the two-year period.

4.2. Ethics Statement

For this study, we used data from the hospital’s informatic system and the observation
charts and surveillance charts during the admissions. We did not collect supplementary
data or materials or require any supplementary data from the patients included in this study.

The data do not include data regarding personal identity. We obtained the Ethics
Committee of Mures County Clinical Hospital’s approval; 6077 from 7 April 2023.

5. Conclusions

The incidence of CDI infection in both COVID-19 and non-COVID-19 groups is prac-
tically similar. All patients underwent curative antibiotic treatment for a documented
infection with at least one pathogen agent. The patients with CDI treatment were signifi-
cantly younger and received immunomodulator or corticotherapy treatment, which was a
risk factor for opportunistic agents.

Antibiotic and PPI treatment were significant risk factors for CDI coinfection, as well as
for death, with PPI treatment associated with antibiotic treatment being a more significant
risk factor. This was one of the most important aspects of our study, as COVID-19 treatment
guidelines included, for a long period of time, recommendations for antibiotic treatment.
Diabetes mellitus was a significant comorbidity associated with CDI-COVID-19 coinfections
as well as death.

Most patients received empiric antibiotic treatment from the initial days of hospitalization.
For all patients admitted in the intensive care unit in a critical condition, the association

of CDI with SARS-CoV-2 infection was associated with a worse prognosis and an increased
risk of fatality.
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Abbreviations

ALT alanine aminotransferase
APACHE II Acute Physiology and Chronic Health Evaluation II
AST aspartate aminotransferase
CAD coronary artery disease
CDI Clostridioides Difficile Infection
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CHF cardiac heart failure
GGT gamma-glutamyl transferase
HCM Hospital County Mures
HTN hypertension
GDH glutamate dehydrogenase
ICU intensive care units
LDH lactate dehydrogenase
MDR multidrug resistance
RT PCR SARS-CoV-2 Real-Time Polymerase Chain Reaction SARS-CoV-2
PPI proton-pump inhibitors
PACU Post-Anesthesia Care Unit
PCR polymerase chain reaction
PCT procalcitonin
SOFA Sequential Organ Failure Assessment
VSH (ESR) Erythrocyte Sedimentation Rate
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Abstract: Clostridioides difficile is a Gram-positive bacteria that causes nosocomial infections, signifi-
cantly impacting public health. In the present study, we aimed to describe the clinical characteristics,
outcomes, and relationship between antibiotic exposure and Clostridioides difficile infection (CDI) in
patients based on reports from two databases. Thus, we conducted a retrospective study of patients
diagnosed with CDI from Sibiu County Clinical Emergency Hospital (SCCEH), Romania, followed by
a descriptive analysis based on spontaneous reports submitted to the EudraVigilance (EV) database.
From 1 January to 31 December 2022, we included 111 hospitalized patients with CDI from SCCEH.
Moreover, 249 individual case safety reports (ICSRs) from EVs were analyzed. According to the
data collected from SCCEH, CDI was most frequently reported in patients aged 65–85 years (66.7%)
and in females (55%). In total, 71.2% of all patients showed positive medical progress. Most cases
were reported in the internal medicine (n = 30, 27%), general surgery (n = 26, 23.4%), and infectious
disease (n = 22, 19.8%) departments. Patients were most frequently exposed to ceftriaxone (CFT)
and meropenem (MER). Also, in the EV database, most CDI-related ADRs were reported for CFT,
PIP/TAZ (piperacillin/tazobactam), MER, and CPX (ciprofloxacin). Understanding the association
between previous antibiotic exposure and the risk of CDI may help update antibiotic stewardship
protocols and reduce the incidence of CDI by lowering exposure to high-risk antibiotics.

Keywords: Clostridioides difficile; Clostridioides difficile infections; CDI; antibiotic exposure; EudraVigilance;
single-center retrospective study; healthcare-associated infections

1. Introduction

Clostridioides difficile (CD) is a bacterium characterized by its Gram-positive nature,
spore-forming ability, and anaerobic properties [1,2]. The microorganism commonly occurs
in the human gastrointestinal tract, which harbors a variety of bacteria, mainly anaerobic,
but it can also occur in animals and various environments [3].

CD infection (CDI) is a highly prevalent hospital-acquired infection [4] that has in-
creased in frequency and severity over the past decade. CD most often causes healthcare-
associated infections. They are one of the top three threats to public health, according
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to the Centers for Disease Control and Prevention [5,6]. On the other hand, a recent
population-based study found that as much as 41% of CDI cases are actually contracted in
the community. Interestingly, the study also revealed that while community-acquired CDI
generally has a milder clinical course than the hospital-acquired form, it is still a significant
concern. It is essential to be aware of the prevalence of CDI in community settings to
identify high-risk individuals early on [7].

CDI is frequently linked to a set of risk factors. Many factors contribute to CDI,
including antimicrobial use, advanced age, hospitalization, and a compromised immune
system. Advanced age is strongly associated with complications and death, especially in
patients with co-infections and high comorbidity scores [8].

It is a well-known fact that patients who receive antibiotics during their hospital stay
are at a higher risk of developing CDI [9,10]. Carbapenems are a class of broad-spectrum
antibiotics that are highly effective against many bacteria, including Gram-positive and
Gram-negative bacteria. They are considered last-resort antibiotics typically used to treat
severe and often life-threatening infections resistant to other antibiotics [11]. However,
their increasing use is a matter of concern for several reasons, and one is the imbalances
produced in the microbiota, with a high risk of CDI [12]. A member of the oxazolidinone
antibiotic family, linezolid (LIN) stands out as the first representative of its class [13]. The
drug has been approved for treating infections caused by Enterococcus faecium, which
is resistant to vancomycin; Staphylococcus aureus pneumonia, which occurs in hospitals;
and complex skin and skin structure infections. Furthermore, LIN is well known for its
effectiveness as an antibiotic in treating infections in the ICU [13]. In recent years, there has
been renewed attention on polymyxins due to the emergence of Gram-negative bacteria
resistant to multiple antibiotics, leaving few alternative treatment options available [14]. It
is common for healthcare professionals to administer antibiotics, including piperacillin and
tazobactam (PIP/TAZ), ceftriaxone (CFT), ciprofloxacin (CPX), and gentamicin (GEN), in
intensive care settings. PIP/TAZ is recognized for its β-lactam/β-lactamase solid-inhibiting
properties [15,16]. Upon conducting a thorough examination of the medical records of
640 patients treated in an ICU, it was discovered that a significant majority of 73.4% of
patients had received CFT. Interestingly, it was noted that CPX and GEN were administered
to fewer than 3% of patients who were admitted to the ICU [17]. One notable benefit of
using CPX and GEN to treat patients who are critically ill is that they can effectively treat
pathogens that are not as responsive to the typical antibiotics administered in intensive
care scenarios, particularly in the context of urinary tract infections [18,19].

Healthcare providers can improve patient care in managing CDI by using a range
of therapeutic techniques and expanding their knowledge of the unique characteristics
of individuals at higher risks of acquiring infections during their hospital stay [20]. This
information allows for tailoring antibiotic therapies and decreasing the probability of
contracting hospital-acquired infections, such as CDI [21,22].

In the present study, we aimed to describe the clinical characteristics, outcomes, and
relationship between previous antibiotic exposure and Clostridioides difficile infection in
patients based on reports from two databases. We conducted a retrospective analysis of
medical records and data for patients diagnosed with healthcare-associated CDI at the Sibiu
County Clinical Emergency Hospital (SCCEH) in 2022. We analyzed patient demographics,
comorbidity scores, antibiotic prescriptions, the duration of hospitalization, the need for
intensive care admission, and clinical outcomes related to Clostridioides difficile infection.
The antibiotics of interest for our study were PIP/TAZ, CFT, CPX, GEN, meropenem (MER),
colistimethate or colistin (COL), and LIN. Moreover, in the present study, we examined each
antibiotic’s independent potential contribution to the development of CDI. Consecutively,
we evaluated data reported in EudraVigilance (EV), an extensive database for reporting
adverse drug reactions (ADRs), as individual case safety reports (ICSRs). To evaluate the
real-world situation, we compared the reports regarding CDI from both databases and
related to patients’ exposure to all seven antibiotics.
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2. Results
2.1. Descriptive Analysis of Reports from Sibiu County Clinical Emergency Hospital (SCCEH)
2.1.1. Baseline Patients’ Characteristics

The patients’ characteristics are represented in Table 1. The average age of patients
was 72.1 years. The most frequent cases were registered in the 65–85 years category (66.7%)
and in the female group (55%). A favorable evolution was observed in 71.2% of patients.
For surgical patients, favorable outcomes were registered for a high proportion of patients
(86.8%) compared to non-surgical patients (63.0%). Regarding the detection mode, 57.7% of
the cases were active, and 42.3% were passive.

Table 1. Clostridium difficile infection patients’ characteristics.

Patient Characteristic Cases
n (%)

Age
Mean

(Minimum–Maximum)
72.1 years

(18.3–94.8 years)
111

Age category *
Mean

(Minimum–Maximum)

18–64 years
54.7 years

(18.3–63.9 years)
25 (22.5)

65–85 years
75.1 years

(65.3–84.3 years)
74 (66.7)

>85 years
89.7 years

(85.8–94.8 years)
12 (10.8)

Gender
Female 61 (55.0)
Male 50 (45.0)

Patients’ category

Surgical 38 (34.2)
favorable outcome 33 (86.8)

unfavorable outcome 5 (13.2)

Non-surgical 73 (65.8)
favorable outcome 46 (63.0)

unfavorable outcome 27 (37.0)

Evolution

Favorable 79 (71.2)
resolved/recovered 79 (100)

Unfavorable 32 (28.8)
aggravated condition 3 (9.0)

Death 28 (88.0)
not resolved/not recovered 1 (3.0)

Detection mode
Active 64 (57.7)
Passive 47 (42.3)

* p < 0.001.

2.1.2. Hospital Length of Stay

In the studied group, the total hospital length of stay (T-HLS) was 20.18 days. The
media of hospital length of stay until the detection (HLS-UD) was 9.2 days (minimum
0–maximum 34 days). A longer period was observed for the duration of hospitalization
after CDI detection (11.03 days, minimum 0–maximum 31 days). The average hospital
length of stay in ICU (HL-ICU) was 3.45 days (minimum 0–maximum 45 days) (Figure 1).
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Figure 1. Hospital length of stay. HLS-AD—hospital length of stay after detection (days); HLS-
ICU—hospital length of stay in ICU (days); HLS-UD—hospital length of stay until detection (days);
T-HLS—total hospital length of stay (days).

According to the data presented in Table 2, no statistical difference regarding the
outcomes could be observed in the four categories (HLS-UD, HLS-AD, HLS-ICU, T-HLS).

Table 2. The relationship between the number of hospitalization days and patients’ outcomes. HLS-
AD—hospital length of stay after detection (days); HLS-ICU—hospital length of stay in ICU (days);
HLS-UD—hospital length of stay until detection (days); T-HLS—total hospital length of stay (days).

Outcome Average Duration of
Hospitalization (Days) p-Value

HLS-UD
favorable 9.78

p > 0.05
unfavorable 7.75

HLS-AD
favorable 11.08

p > 0.05
unfavorable 10.91

HLS-ICU
favorable 2.57

p > 0.05
unfavorable 5.63

T-HLS
favorable 20.80

p > 0.05
unfavorable 18.66

2.1.3. Influence of Age on the Patients’ Outcome

According to the data presented in Table 3, a favorable outcome was obtained in the
first two subgroups (18–64 years and 65–85 years). As observed, the unfavorable outcome
resulted in a proportion of 12% in the 18–64 years group, over 29.7% in the 65–85 years
group, and 58.3% in people aged more than 85 years old.

Table 3. The distribution of the outcome by age category. n—number of patients.

Age Category Favorable
n (%)

Unfavorable
n (%)

18–64 years 22 (88.0) 3 (12.0)
65–85 years 52 (70.3) 22 (29.7)
>85 years 5 (41.7) 7 (58.3)

2.1.4. Wards

The highest number of cases was reported in internal medicine (n = 30, 27.0%), general
surgery (n = 26, 23.4%), and infectious disease (n = 22, 19.8%). The rest of the wards
reported fewer than four cases, except neurology (n = 7, 6.3%). In seven wards, the
favorable outcomes represented 100% of total cases, and only in two wards, the favorable
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outcome represented 0%. It can be noticed that a higher percentage of favorable outcomes
was reported in the wards with the most cases, such as general surgery (92.3%) and internal
medicine (70.0%) (Figure 2).
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Figure 2. The distribution of cases by ward.

2.1.5. Admission Diagnosis

According to the results presented in Figure 3, we observed that among the cases
diagnosed with CDI in SCCEH, the majority of them were found in patients with an
admission diagnosis of oncological pathology (n = 17, 15.3%; favorable outcome = 94.1%),
SARS-COV2 (n = 13, 11.7%; favorable outcome = 38.5%), chronic liver disease (n = 13,
11.7%; favorable outcome = 84.6%), stroke (n = 7, 6.3%; favorable outcome = 85.7%), and
urinary tract infection (n = 6, 5.4%; favorable outcome = 50%).
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Figure 3. The distribution of cases by admission diagnoses. CDI—Clostridioides difficile infection.
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2.1.6. Charlson Comorbidity Index

Table 4 presented the Charlson comorbidity index (CCI) for patients with CDI from
SCCEH (average CCI: 7.6). No significant differences could be observed in females com-
pared to males. Still, significant differences could be observed between age categories and
evolution groups (favorable compared to unfavorable).

Table 4. Charlson comorbidity index for patients with Clostridoides difficile infection.

Variables
Charlson Comorbidity Index

p-Value
Average Range

All patients 7.6 (0–16 points)

Gender
Female 8.04 (4–15 points)

p > 0.05Male 7.14 (0–16 points)

Category of age
18–64 years 6 (4–16 points)

p < 0.0165–85 years 8.1 (0–15 points)
>85 years 8.2 (6–11 points)

Outcome

Favorable 7.2 (0–15 points)

p < 0.01

resolved/recovered 7.2 (0–15 points)

Unfavorable 8.8 (4–16 points)
aggravated condition 8.3 (7–11 points)

death 8.8 (4–16 points)
not resolved/not recovered 11 (11 points)

2.1.7. Antibiotic Exposure

The mean of antibiotics used by all patients is 1.50 ± 1.09. In subgroup 1, the mean
has a higher value (1.68 ± 1.22) than the other two subgroups (1.5 ± 1.11 for 65–85 years
and 1.17 ± 0.39 for > 85 years subgroup). The median of the antibiotics used by all patients
is 1. Except for subgroup 1 (median = 2), the other subgroups have a median equal to 1.
The value of the mode (maximum repeated value) is 1 for the entire group and subgroups
2 and 3. For subgroup 1, the mode is 3 (Table 5).

Table 5. The exposure of patients to antibiotics.

All Group
Subgroup 1 Subgroup 2 Subgroup 3

18–64 Years 65–85 Years >85 Years

Mean 1.504505 1.68 1.5 1.166667

Standard Error 0.103084 0.243036 0.129434 0.112367

Median 1 2 1 1

Mode 1 3 1 1

Standard
Deviation 1.086059 1.215182 1.11343 0.389249

Sample Variance 1.179525 1.476667 1.239726 0.151515

Kurtosis 0.202974 −1.16656 0.517144 2.64

Skewness 0.66032 0.07172 0.734379 2.055237

Range 5 4 5 1

Minimum 0 0 0 1

Maximum 5 4 5 2

Sum 167 42 111 14

Count 111 25 74 12
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Although there is no statistical difference regarding the outcomes, it can still be
observed that the cases with favorable outcomes were exposed to a more significant number
of antibiotics (1.53 ± 1.07) compared to the unfavorable ones (1.44 ± 1.13). The median of
the antibiotics used by patients is 1 in both subgroups. (Table 6).

Table 6. Distribution of cases by number of antibiotics and outcome.

Favorable Unfavorable

Mean 1.531646 1.4375

Standard Error 0.120633 0.200491

Median 1 1

Mode 1 1

Standard Deviation 1.072206 1.134147

Sample Variance 1.149627 1.28629

Kurtosis 0.439452 −0.07617

Skewness 0.652101 0.730805

Range 5 4

Minimum 0 0

Maximum 5 4

Sum 121 46

Count 79 32

Regarding previous antibiotic exposure, the patients in the analyzed group were most
frequently exposed to CFT (n = 32) and MER (n = 20) and the least to COL (n = 3). Exposure
to the other four antibiotics was as follows: LIN (n = 11), GEN (n = 10), PIP/TAZ (n = 8),
and CPX (n = 7).

According to Figure 4, the proportion of the recovered/resolved cases from the total
cases was higher for GEN (100%, n = 10), PIP/TAZ (88%, n = 7), and CFT (75%, n = 24).
Also, a lower proportion of recovered/resolved cases was registered in patients treated
with COL (0%, n = 0), LIN (45%, n = 5), and MER (55%, n = 11). The highest proportion of
fatal cases was registered for MER (45%, n = 9), LIN (45%, n = 5), and COL (100%, n = 3).
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Figure 4. The percentage of cases by outcome in total reports. CFT—ceftriaxone; COL—colistin;
CPX—ciprofloxacin; GEN—gentamicin; LIN—linezolid; MER—meropenem; PIP/TAZ—piperacillin
and tazobactam.
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2.2. Analysis of Spontaneous Reports from EudraVigilance
2.2.1. Descriptive Analysis of ICSRs Uploaded in 2022

In 2022, the EV database registered 249 ICSRs for all antibiotics analyzed in the present
study, most of them being reported for CFT (n = 85), PIP/TAZ (n = 78), MER (n = 36), and
CPX (n = 36). For all seven drugs analyzed, health professionals uploaded the majority of
reports, but only for COL, GEN, and LIN, the majority of ICSRs were reported from the
European Economic Area (EEA).

It can also be noted that CDI was most frequently reported for patients in the following
age groups: 65–85 years (n = 107, 43.0%), more than 85 years (n = 67, 26.9%), and 18–64 years
(n = 61, 24.5%).

The proportion of reports between the two genders was similar (male—122, female—124),
but for males, CDI associated with the consumption of MER (72.2%), CFT (55.3%), and GEN
(50%) were reported more frequently (Table 7).

Table 7. Characteristics of ICSR related to CDI recorded in EudraVigilance (1 January–31 December
2022). EEA—European Economic Area, non-EEA—non-European Economic Area; HP—healthcare
professionals, N-HPs—non-healthcare professionals; n—number of reports.

CFT COL CPX GEN LIN MER PIP/TAZ

Total ICSRs, n 85 2 36 6 6 36 78

Reporter
Group

HPs
n 85 2 30 6 6 34 76

(%) (100) (100) (85.7) (100) (100) (94.4) (97.4)

N-HPs
n 0 0 5 0 0 2 2

(%) (0.0) (0.0) (14.3) (0.0) (0.0) (5.6) (2.6)

Countries
EEA

n 27 2 7 6 5 10 14
(%) (31.8) (100.0) (20.0) (100.0) (83.3) (27.8) (17.9)

Non-EEA
n 58 0 28 0 1 26 64

(%) (68.2) (0.0) 80.0) (0.0) (16.7) (72.2) (82.1)

Age Category

2 months–2 years n 0 0 0 0 0 0 2
(%) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (2.6)

3–11 years n 1 0 0 0 0 0 1
(%) (1.2) (0.0) (0.0) (0.0) (0.0) (0.0) (1.3)

18–64 years n 17 2 13 1 2 13 13
(%) (20.0) (100.) (36.1) (16.7) (33.3) (36.1) (16.7)

65–85 years n 34 0 17 3 4 18 31
(%) (40.0) (0.0) (47.2) (50.0) (66.7) (50.0) (39.7)

>85 years n 31 0 4 1 0 4 27
(%) (36.5) (0.0) (11.1) (16.7) (0.0) (11.1) (34.6)

Not specified n 2 0 2 1 0 1 4
(%) (2.4) (0.0) (5.6) (16.7) (0.0) (2.8) (5.1)

Gender

Male
n 47 0 14 3 2 26 30

(%) (55.3) (0.0) (38.9) (50.0) (33.3) (72.2) (38.5)

Female
n 38 2 22 3 4 9 46.00

(%) (44.7) (100.0) (61.1) (50.0) (66.7) (25.0) (59.0)

Not specified n 0.00 0.00 0.00 0.00 0.00 1.00 2.00
(%) (0.0) (0.0) (0.0) (0.0) (0.0) (2.8) (2.6)

2.2.2. Outcomes

Figure 5 presents the outcomes included in ICSRs for all seven drugs analyzed. More
than 61.1% of total reports are related to a favorable outcome (recovered/resolved—38.2%
and recovering/resolving—22.9%). Death was reported in 18 ICSRs (7.2%), and not recov-
ered/not resolved outcome was reported in 7 ICSRs (2.8%).
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Figure 5. Outcomes presented in ICSRs reported in EV in 2022.

Although favorable results were reported for most antibiotics, unfavorable results
were recorded in some reports for LIN (16.7%), CPX (11.1%), CFT (10.6%), and PIP/TAZ
(10.3%) (Figure 6).
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Figure 6. Distribution of ICSR by category of outcomes and antibiotic. CFT—ceftriaxone; COL—
colistin; CPX—ciprofloxacin; GEN—gentamicin; LIN—linezolid; MER—meropenem; PIP/TAZ—
piperacillin and tazobactam.

Figure 7 showed that all analyzed antibiotics caused/prolonged hospitalization in
percentages between 66.7% (GEN and LIN) and 100% (COL).
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Figure 7. Distribution of cases associated with caused/prolonged hospitalization reported in EV
in 2022. CFT—ceftriaxone; COL—colistin; CPX—ciprofloxacin; GEN—gentamicin; LIN—linezolid;
MER—meropenem; PIP/TAZ—piperacillin and tazobactam.
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2.3. Comparison between the Reports from Sibiu County Clinical Emergency Hospital (SCCEH)
and the Spontaneous Reports from EudraVigilance (EV)
2.3.1. Exposure to Analyzed Drugs as a Single Suspected Antibiotic

Figure 8 showed a similar situation in SCCEH and EV, referring to the proportion of
cases associated with COL (0%—SCCEH, 0%—EV) and MER (11.11%—EV, 10%—SCCEH)
as a single suspected antibiotic for CDI. A large difference was noticed regarding the CPX
(0%—SCCEH, 31.43%—EV), CFT (62.5%—SCCEH, 31.76%—EV), and GEN (0%—SCCEH,
16.67%—EV) as being the only suspected antibiotics.
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Figure 8. Comparison of the proportion of reports associated with each drug as the only suspected
antibiotic in all reports associated with the analyzed drug in SCCEH vs. EudraVigilance (2022).
CFT—ceftriaxone; COL—colistin; CPX—ciprofloxacin; GEN—gentamicin; LIN—linezolid; MER—
meropenem; PIP/TAZ—piperacillin and tazobactam.

2.3.2. Frequency of Exposure to Other Antibiotics in Cases Where the Analyzed Drug Was
Not the Only Suspected Antibiotic

The frequency of exposure to other antibiotics in cases where the analyzed drug was
not the only suspected antibiotic in EV database reports (AEv) and in hospital database
reports (AH), respectively, are presented in Figure 9. Similar values could be observed for
CFT (AEv = 0.8 and AH = 0.5) and PIP/TAZ (AEv = 0.5 and AH = 0.9) (Figure 9).
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Subsequently, we identified the other suspected antibiotics associated with the ana-
lyzed drug. The frequency of exposure (R) to each suspected antibiotic, in the total number
of exposures for each of the seven studied antibiotics, was compared between the two
databases. Thus, in Figure 10, it can be observed that amoxicillin/clavulanic acid was most
frequently reported as a suspected drug in CDI cases associated with GEN and PIP/TAZ
in the EV database but not found in any SCCEH reports. The proportion of reports show-
ing ampicillin as a suspected drug in CDI cases associated with GEN is similar in both
databases (SCCEH: R = 0.10 and EV: R = 0.11). The same observation is available for MER
in CDI cases associated with COL (SCCEH: R = 0.50 and EV: R = 0.50), CFT in CDI cases
associated with PIP/TAZ (SCCEH: R = 0.14 and EV: R = 0.13), and PIP/TAZ in CDI cases
associated with CPX (SCCEH: R = 0.17 and EV: R = 0.13).
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3. Discussion

CDI is a frequently occurring disease that affects patients previously exposed to
antibiotics. This infection is an essential concern for healthcare professionals, as it can lead
to significant morbidity and mortality worldwide [23].

From 30,608 patients admitted to SCCEH in 2022, 111 patients were diagnosed with
CDI, representing an incidence rate of 3.63 per 1000 admissions. A study performed in
another hospital in Romania revealed a high incidence of CDI (20.57/15.70 to 1000 dis-
charged patients in 2013/2014) [24]. A meta-analysis that included 229 publications with
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data from 41 countries identified a yearly incidence of up to 35.15 CDI per 1000 admis-
sions [25]. A retrospective, multicenter cohort study performed in 43 hospitals in the United
States of America between 1 January 2013 and 31 December 2017 showed that the median
total incidence has increased from 7.9 CDIs per 1000 admissions to 9.3 CDIs per 1000 ad-
missions [26]. Also, a study by Kuntz et al. reported a higher incidence (13.3 CDIs per
1000 patient admissions) [27] than that observed in SCCEH. On the other hand, a teaching
hospital from Okayama City (Japan) reported a low incidence rate, between 1.71 cases per
1000 admissions in an old hospital and 0.46 cases per 1000 admissions in a new hospital [28].
Also, a low incidence of CDI was recorded in a Portuguese hospital (20.7 per 10,000 ad-
missions) [29]. The mortality rate from SCCEH was 252.3 deaths/1000 cases/year (25%).
Mortality rates due to CDI vary widely between studies. A systematic review of HA-CDI in
Europe based on studies published between 2000 and 2010 estimated in-hospital mortality
ranging between 0% (Latvia) and 44% (Austria) [30]. A retrospective study of patients
diagnosed with CDI in a healthcare facility in Taiwan reported an in-hospital mortality
of 28.7% [31]. Another multicenter cohort study from the Netherlands found a 2.5-fold
increase in 30-day mortality due to CDI [32]. Age and the presence of comorbidities were
found to be among the most reported risk factors for mortality in CDI patients [33].

A significant proportion (77.5%) of all patients admitted to SCCEH and affected
by CDI are represented by the elderly population (≥65 years). Also, in the three age
subgroups, the proportion of unfavorable outcomes doubles from one group to another.
Thus, elderly people who are over 85 years old are exposed to a higher risk of unfavorable
outcomes associated with CDI. Also, in the descriptive analysis of the spontaneous reports
recorded in EV during 2022 and associated with the use of CFT, COL, CPX, GEN, LIN, MER,
and PIP/TAZ, it was observed that CDI was most frequently reported in patients aged
65–85 years, followed by individuals over 85 years. According to other studies, the elderly
have a weakened immune response, which makes them more vulnerable to infections,
including CDI, especially when they have other illnesses [34,35]. The elderly population is
often exposed to long-term medical care and interventions, and frequent drugs used by this
patient population (e.g., antibiotics and proton pump inhibitors) can disrupt the microbial
balance, creating an environment for CD proliferation [35–38]. Moreover, according to
the literature, the mortality rate within 30 days is higher in individuals over the age of 60.
This risk increases substantially in those aged 80 and above. This highlights the increased
susceptibility of older populations, particularly those over 80, to the negative consequences
of CDI [39].

In total, 55% of all patients admitted to SCCEH and affected by CDI were females.
Regarding the occurrence of CDI-related ADRs recorded in EV, no major difference was
observed between females (50.4%) and males (49.6%). Previous studies have shown that
females have higher rates of CDI compared to males [40,41]. This suggests that sex-specific
dynamics, particularly concerning the gut microbiome, may be at play. Research has re-
vealed that differences in the gut microbiome between males and females are closely linked
to hormonal variations. Hormone levels have been identified as mediators influencing the
distinct microbial composition observed in both sexes [42,43].

Out of all the cases of CDI from SCCEH, only 34.2% were surgical cases. However,
we observed that 86.8% of these cases had favorable outcomes, suggesting good antibiotic
stewardship in terms of antibiotic prophylaxis. On the other hand, non-surgical patients
had favorable outcomes in only 63% of cases. This indicates a significant difference in the
clinical paths and ultimate prognosis between these two groups of patients. Several studies
and reports have shown a strong link between the occurrence of CDI in individuals who
undergo surgical procedures [44,45]. This correlation is mainly attributed to the widespread
use of broad-spectrum antibiotics in surgical care. Moreover, the increasing incidence of
CDI in surgical patients is closely related to the rising number of elderly individuals and
those with weakened immune systems who undergo various surgical interventions [44]. A
recent study found that patients undergoing surgical procedures are more likely to develop
severe CDI [46]. Although these patients tend to have a more challenging clinical course
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with CDI, their overall outcomes are better than those of medical patients [46]. On the
other hand, medical patients experience a shorter hospital stay, an earlier onset of CDI, and
higher rates of 30-day and overall mortality, with deaths occurring earlier after the onset of
CDI [46].

The results of our study showed that, on average, it takes around 9.2 days from
the time of admission until the detection of CDI in hospitalized patients from SCCEH.
Additionally, once CDI is identified, the average hospital stay significantly increases to
11.03 days. However, the reports from EV showed that COL, PIP/TAZ, MER, CFT, and CPX
were associated with caused/prolonged hospitalization in a high proportion (100%, 92.3%,
91.7%, 80%, and 83.3%, respectively). A recent study found that CDI adds an average
of three days to hospital stays, significantly impacting hospital discharge rates [47]. For
example, in the context of the United Kingdom, CDI was linked to a considerable reduction
in the daily discharge rate, specifically by about 28% [48]. On the other hand, a prospective
study has reported a relatively short duration of hospitalization, with a median stay of only
five days and a range spanning from 3 to 11 days [49]. The difference in hospitalization du-
ration highlights the variability across different studies and the importance of considering
contextual factors and study design when interpreting such results.

The highest incidence of cases reported across various medical and surgical wards from
SCCEH was found in infectious disease (n = 22, 19.8%), general surgery (n = 26, 23.4%),
and internal medicine (n = 30, 27.0%). A noteworthy trend emerged when examining
outcomes. In seven wards, favorable outcomes represented 100% of total cases, highlighting
a notable success in patient management. On the other hand, out of all the wards, only two
(cardiology and orthopedics) had a 0% rate of favorable outcomes, indicating difficulties in
achieving positive patient results in those particular contexts. However, it is essential to
consider that the patients in those wards were of advanced age and had severe underlying
medical conditions and a high comorbidity index. According to a recent study, the ICU and
internal medicine wards have a higher prevalence of CDI cases. The analysis revealed that
the median number of CDI cases per admission was consistently higher in these wards and
had the highest incidence rate and density [25]. Another recent study showed a notable
number of CDI cases in general medicine wards. The study further suggests that patients
admitted to general medicine wards tend to be older and may have pre-existing medical
conditions that make them more susceptible to acquiring the infection [50].

The Charlson comorbidity index (CCI) is reliable for assessing critical outcomes such
as mortality, hospital stay, functional disability, and healthcare utilization [51]. Patients
with a high CCI score, mainly those exceeding 7, are more likely to experience recurrent con-
dition occurrences [52,53]. In our study, we analyzed the application of the CCI for patients
from SCCEH diagnosed with CDI. The average CCI of the patients was calculated at 7.6.
This indicates a significant burden of comorbidities that the studied patient population had.
While analyzing the data by gender, we observed no significant differences between men
and women regarding the CCI scores. However, a pattern could be observed when explor-
ing the correlation between CCI, age categories, and the evolution of CDI outcomes. Some
significant differences were identified, particularly when comparing different age groups
within the favorable and unfavorable evolution categories. These differences underscore
the importance of considering demographic and comorbidity factors in managing CDI.

Specific diagnoses have a high incidence of unfavorable outcomes, as shown in our
analysis. In some instances, the gravity of concurrent diagnoses leads to 100% unfavorable
outcomes. This includes specific conditions such as cardiac arrest (n = 1), fever (n = 1),
long bone fracture (n = 1), urosepsis (n = 1), heart failure (n = 2), and pancreatitis (n = 2),
underlining the critical nature of these medical situations. In total, 75% of cases with
chronic kidney disease (n = 4) had unfavorable outcomes. This substantial proportion
emphasizes the challenging clinical trajectory associated with chronic kidney disease. The
impact of SARS-CoV-2 is particularly noteworthy, with 61.5% of cases (n = 13) leading
to unfavorable outcomes. This underscores the complex and often unpredictable nature
of outcomes associated with COVID-19. Additionally, diagnoses such as arrhythmia
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(n = 2), respiratory failure (n = 2), and urinary infection (n = 3) exhibit a 50% frequency of
unfavorable outcomes.

Regarding the exposure of patients to antibiotics, it was observed that in SCCEH, the
mean of antibiotics used by all patients is 1.50. According to the United States Centers
for Disease and Control Prevention, exposure to antibiotics increases the risk of CDI by 7
to 10 times by killing the good germs from saprophytic flora capable of fighting against
opportunistic bacteria like CD [54,55]. A recent study examined the effect of prior antibiotic
use on the risk of developing CDI. The study found that the amount of antibiotics used
before hospitalization is the most significant factor contributing to the risk of developing
CDI [56]. Additionally, the study suggests that while all types of antibiotics carry some risks,
the level of risk varies depending on the specific drug and method of administration [56].
The results are consistent with previous studies, indicating that the risk of developing CDI is
higher in individuals exposed to antibiotics. The risk of developing CDI is cumulative and
increases with each day of antibiotic exposure [57]. The most significant risk occurs within
the first 60 days after taking antibiotics. In the dataset analyzed, the odds of developing
CDI increased by 12.8% per day of individual antibiotic exposure [58,59].

Moreover, the elderly people (>85 years) were exposed only to 1.17 antibiotics com-
pared to all groups (1.50). Statistical analysis shows that the coefficient of skewness has
positive values for the entire group (0.66) and subgroups 2 (0.73) and 3 (2.06). For subgroup
1, a symmetrical distribution of values (skewness = 0.07) could be observed, and a constant
trend in the use of antibiotics could be implicitly observed. Additionally, a leptokurtic
distribution (kurtosis > 0) could be noticed in all group, subgroups 2, and 3, showing a
small range, variance, and standard deviation with most data points near the mean. The
opposite of subgroup 1 could be observed as a platykurtic distribution (kurtosis < 0), which
shows an extensive range, variance, and standard deviation [60,61]. Moreover, patients
who had favorable outcomes were exposed to a slightly higher number of antibiotics (1.53)
compared to those who had unfavorable outcomes (1.44). Skewness has positive values for
both subgroups (0.65 and 0.73). These values indicate asymmetry [60,61] and could suggest
a mildly increasing tendency to use antibiotics. Additionally, a leptokurtic distribution
(kurtosis > 0) could be noticed in patients from the subgroup with favorable outcomes
(kurtosis = 0.439452) that shows a small range, variance, and standard deviation with the
majority of data points near the mean. In subgroups with unfavorable outcomes, a normal
distribution (kurtosis = −0.07617) [60,61] is observed.

Of the seven studied antibiotics, patients from SCCEH were most frequently exposed
to CFT and MER. In the EV database, most CDI-related ADRs were reported for CFT,
PIP/TAZ, MER, and CPX. Moreover, our results indicated that there are some similarities
between cases associated with COL and MER between the two databases regarding the
patient exposure to each analyzed drug as a single suspected antibiotic, while there were
large differences between cases associated with CFT and CPX. Furthermore, for all analyzed
antibiotics except CFT, exposure to other antibiotics was increased in SCCEH reports
compared to EV. Some antibiotics were frequently reported as suspected drugs only in the
EV database: (i) AMO/CLA, CTX, and CLR in CDI cases associated with GEN; (ii) CLI,
COL, IMI, and RFX in CDI cases associated with LIN; (iii) AMO/CLA, ERT, and LEV
CDI cases associated with PIP/TAZ. Only in the reports from SCCEH, it was observed
that (i) CFD was frequently reported as a suspected drug in CDI cases associated with
CFT, CPX, GEN, LIN, and MER; (ii) CFR in CDI cases associated with CFT, GEN, and
PIP/TAZ; and (iii) FOS, OXA, PEN, RFM in CDI cases associated with GEN. A recent
study compared the risk of CDI associated with 27 antibiotics. The results showed that
clindamycin has a high risk of causing CDI. The fluoroquinolones, such as ciprofloxacin
and moxifloxacin, as well as later-generation cephalosporin like cefaclor, have odds ratios
ranging from 4.16 to 6.83. Meanwhile, linezolid, cefprozil, cephalexin, cefadroxil, ampicillin,
levofloxacin, and sulfamethoxazole/trimethoprim have odds ratios between 2.15 and
3.58 [62]. A hospital-acquired CDI meta-analysis found that certain antibiotics are more
strongly associated with CDI than others. The order of association from strongest to weakest
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is third-generation cephalosporins, clindamycin, second-generation cephalosporins, fourth-
generation cephalosporins, carbapenems, trimethoprim-sulfonamides, fluoroquinolones,
and penicillin combinations [63].

To ensure the safety of patients in hospitals, it is important to implement strict infection
control measures and sanitation protocols to address bacterial contamination. The issue
of CD contamination in hospitals can be effectively tackled through a comprehensive
approach that includes multiple strategies. These strategies may include promoting the
responsible use of antibiotics, implementing effective infection control practices, enhancing
environmental cleaning, providing education and training on infection prevention, using
probiotics, adopting early detection methods, and isolating affected patients [64].

Limitations

As this is a retrospective observational study, it has some limitations. The level of
evidence is low, and this study’s representativeness is limited due to inconsistent data
reporting, uneven use of terminology, etc. This study’s small representation in the general
population is due to data being reported in a year and collected only from a single center.
The lack of clinical and laboratory information can cause a possible alteration in the
identification of the first symptoms to establish the onset of the disease and the identification
of all cases of CDI, which could lead to an under-reporting of these cases. Not all risk
factors have been identified, so causality cannot be established. The outcomes could be
potentially influenced by differences between the specialists’ vigilance in detecting non-
severe cases of CDI. It should be noted that this study did not include all of the cumulative
risk factors for CDI. Some factors that were not considered include using proton pump
inhibitors or anti-inflammatory medications, prolonged hospitalization exceeding 20 days,
surgical interventions on the digestive tract, the presence of a nasogastric tube, or parenteral
nutrition. The patients’ follow-up could be considered another study limitation due to the
lack of information regarding their evolution after discharge, especially in patients with
improved or aggravated status.

Although our study has significant advantages based on the EV database data ex-
traction technology, there are also limitations that we need to consider. First of all, the EV
database is a spontaneous reporting system. This means the reporting may be selective,
incomplete, inaccurate, and unverified. Thus, it is not easy to take into account certain
factors such as dose, duration of use, comorbidities, drug combinations, and other factors
that may influence the occurrence of CDI. Secondly, the EV database only contains cases
with adverse events, and the incidence rate cannot be calculated due to the lack of the
total number of patients receiving antibiotic treatment. In other words, we do not have
the denominator of drug exposure. Finally, disproportionality analysis based on EV did
not quantify risk or causality but only assessed signal strength. Therefore, it is essential to
remember that the analysis only indicates a signal that needs further investigation but does
not provide conclusive evidence.

One issue with spontaneous reporting is the occurrence of duplicate reports, where
multiple sources submit the same report (a patient and a medical professional). Addition-
ally, there may be various reports where the reporter modifies an existing case follow-up
report with additional information. To address this, EV periodically identifies and merges
these duplicate reports during quality review. Furthermore, in this study, we used a dedu-
plication procedure to identify and eliminate these reports based on the unique EU local
number code, making the reporting process more efficient and accurate. The two databases
can only be compared in a few aspects due to the differing levels and information types.
The case reports in the two databases differ, making it difficult to compare the results.

4. Materials and Methods
4.1. Study Design

A retrospective pharmacovigilance study referring to CDI was performed. The real-
world data reported in 2022 from SCCEH were analyzed. All cases investigated (n = 111)
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from the hospital’s database were classified as nosocomial infections associated with medi-
cal procedures, with none attributed to community transmission. The infections observed
in SCCEH are classified by the hospital’s infection surveillance department as nosocomial
infections. Nosocomial CDI was defined as the development of new-onset diarrhea either
at admission in patients with recent hospitalization within twelve weeks or ≥48 h from
admission in patients without recent prior hospitalization, plus a confirmed CDI [65].
Institutional review board approval was obtained before the initiation of this study.

Subsequently, another study, including a descriptive analysis, was performed based
on the spontaneous reports registered in the EV database (n = 249) between 1 January and
31 December 2022 at https://www.adrreports.eu (accessed on 11 October 2023) [66]. The
ICSRs refer to the EEA or non-EEA and could be reported by healthcare professionals or
non-healthcare professionals (e.g., patients, lawyers, etc.) [67]. For this study, no ethics
committee approval is required because ICSRs do not include any patients’ personal
information [68].

4.2. Materials

Seven antibiotics that are frequently used in hospital settings were chosen: CFT,
COL, CPX, GEN, LIN, MER, and PIP/TAZ. The analyzed data were reported in EV be-
tween 1 January and 31 December 2022. Preferred terms related to CDI were as follows:
“Clostridial infection”, “Clostridial sepsis”, “Clostridium bacteremia”, “Clostridium colitis”,
“Clostridium difficile colitis”, “Clostridium difficile infection”, and “Gastroenteritis clostridial”.

4.3. Data Analysis
4.3.1. Descriptive Analysis of Reports from Sibiu County Clinical Emergency Hospital

A descriptive analysis of data registered in 2022 in SCCEH was realized. Many criteria
were considered to evaluate the baseline patients’ characteristics:

• Demographic data: age, gender, patient’s category (surgical or non-surgical patient).
The data collected from SCCEH referred to adult patients, and the age categories were
chosen according to European Medicines Agency regulations regarding pharmacovig-
ilance activity. This is to enable better comparison between the two datasets.

• Evolution: resolved/recovered, aggravated conditions, not resolved/not recovered
(transfers), or death. The resolved/recovered cases represented the favorable evolu-
tion, and unfavorable evolution included aggravated conditions, not resolved/not
recovered (transfers included), or death.

• Type of detection: active or passive. The active or passive detection mode indicates
how the infection was reported to the infection surveillance department from SCCEH.
Active detection means that the patient’s attending physician reported the infection,
while passive detection means that the infection surveillance department detected
the infection.

The descriptive analysis presents (i) the influence of age on the outcome (favorable
or unfavorable), (ii) the distribution of cases by wards (cases, percentage of total cases,
proportion of favorable outcomes), (iii) the distribution of cases by medical diagnoses (cases,
percentage of total cases, proportion of favorable outcomes), (iv) CCI (for the group, by sex,
by age category, by outcome), (v) hospital length of stay (HLS-AD—hospital length of stay
after the detection, HLS-ICU—hospital length of stay in ICU, HLS-UD—hospital length
of stay until the detection, and T-HLS—total hospital length of stay), and (vi) exposure to
antibiotics (analysis regarding the antibiotics’ exposure, distribution of cases by the number
of antibiotics used and outcome, the proportion of cases by outcome in relation with the
total number of cases). All administered antibiotics in the last month were considered
suspected except those specific for treating CDI (vancomycin, metronidazole, tigecycline,
and rifaximin). The value of CCI was used to predict the 10-year survival in patients with
multiple comorbidities. This indicator was calculated with MDcalc [69], and the values
took into account comorbidities such as diabetes, cancers, cardiovascular diseases, renal
failure, AIDS, etc. [70].
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4.3.2. Analysis of Spontaneous Reports from EudraVigilance

A descriptive analysis of CDI reported as a spontaneous adverse reaction related
to using CFT, COL, CPX, GEN, LIN, MER, and PIP/TAZ was performed. Many criteria
were used to carry out this analysis: age category, gender, reporter group, and outcomes.
The resolved/recovered cases and resolving/recovering were considered with a favorable
evolution, and an unfavorable evolution was considered for not resolved/not recovered or
death conditions.

4.3.3. Comparison between the Reports from Sibiu County Clinical Emergency Hospital
(SCCEH) and the Spontaneous Reports from EudraVigilance (EV)

To carry out a comparison between both databases, the proportion of reports associated
with each drug as the only suspected antibiotic in all reports associated with the analyzed
drug in SCCEH versus EudraVigilance was determined.

Moreover, the frequency of exposure to other antibiotics in cases where the analyzed
drug was not the only suspected antibiotic in EV database reports (AEv) and in hospital
database reports (AH), respectively, was examined. AEv was calculated as the ratio of
the total number of other antibiotics suspected of CDI reported in association with each
analyzed drug (COL, CFT, CPX, GEN, LIN, MER, or PIP/TAZ) to the total number of
reports registered for each analyzed drug. A similar ratio was calculated for hospital
settings (AH). Consecutively, both ratios (AEv and AH) were compared.

AEv =
NSEV

NEV
(1)

AEv = frequency of exposure to other antibiotics in cases where the analyzed drug was
not the only suspected antibiotic in EV database reports;

NSEV = total number of other antibiotics suspected of CDI reported in association with
each analyzed drug in EV database reports;

NEV = total number of reports registered for each analyzed drug in the EV database.

AH =
NSH

NH
(2)

AH = frequency of exposure to other antibiotics in cases where the analyzed drug was
not the only suspected antibiotic in hospital database reports;

NSH = total number of other antibiotics suspected of CDI reported in association with
each analyzed drug in hospital database reports;

NH = total number of reports registered for each analyzed drug in the hospital
database.

Subsequently, we identified the other suspected antibiotics associated with the ana-
lyzed drug. The frequency of exposure to each suspected antibiotic, in the total number
of exposures for each of the seven studied antibiotics, was compared between the two
databases.

A frequency indicator (R) was obtained for both databases (hospital and EudraVigi-
lance) as the ratio of the number of reports for each other suspected antibiotic identified
(NA) and the total number of other suspected antibiotics associated with each studied drug
(NTA). The first three frequency values for both databases (hospital and EV) were extracted
and used for comparison.

R =
NA

NTA
(3)

where:
R—frequency indicator;
NA—number of reports for each other suspected antibiotic identified;
NTA—total number of other suspected antibiotics associated with each studied drug.
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4.4. Statistical Analysis

The data were analyzed using Microsoft Excel 2010 software—Data Analysis Tools.
The variables that describe the characteristics of the population were presented in absolute
numbers, frequencies, and percentages, or mean and standard deviation. To evaluate the
antibiotics exposure, skewness (a measure of symmetry) and Kurtosis (a measure that
quantifies the shape of the probability distribution) were considered. The comparison
between subgroups was considered significant if p-value < 0.05.

5. Conclusions

This study stands out by using a unique approach, comparing the results from two
different datasets collected from a clinical setting and the European spontaneous reporting
system. This methodology helps us to better understand the clinical characteristics and the
effects of antibiotic use on CDI, providing a more accurate representation of real-world out-
comes. The present study offers valuable insights to the scientific community, emphasizing
the crucial need for responsible antibiotic use and effective infection prevention and control
measures. Future studies are encouraged to investigate further into the complexities of
antibiotic-associated colitis, to enhance our knowledge and improve signal detection in
pharmacovigilance practices.
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Abstract: Antibacterial drug exposure (ADE) is a well-known potential risk factor for Clostridium
difficile infection (CDI), but it remains controversial which certain antibacterial drugs are associated
with the highest risk of CDI occurrence. To summarize CDI risk associated with ADE, we reviewed
the CDI reports related to ADE in the FDA Adverse Event Reporting System database and conducted
disproportionality analysis to detect adverse reaction (ADR) signals of CDI for antibacterial drugs.
A total of 8063 CDI reports associated with ADE were identified, which involved 73 antibacterial
drugs. Metronidazole was the drug with the greatest number of reports, followed by vancomycin,
ciprofloxacin, clindamycin and amoxicillin. In disproportionality analysis, metronidazole had the
highest positive ADR signal strength, followed by vancomycin, cefpodoxime, ertapenem and clin-
damycin. Among the 73 antibacterial drugs, 58 showed at least one positive ADR signal, and
ceftriaxone was the drug with the highest total number of positive signals. Our study provided a
real-world overview of CDI risk for AED from a pharmacovigilance perspective and showed risk
characteristics for different antibacterial drugs by integrating its positive–negative signal distribu-
tion. Meanwhile, our study showed that the CDI risk of metronidazole and vancomycin may be
underestimated, and it deserves further attention and investigation.

Keywords: Clostridium difficile infection; antibacterial drug; FDA Adverse Event Reporting System;
pharmacovigilance; disproportionality analysis; adverse reaction

1. Introduction

Clostridium difficile is an anaerobic, spore-forming Gram-positive bacillus that usually
colonizes in the human gut [1]. It is an opportunistic pathogen that is able to abnormally
proliferate, produce toxins and result in diarrhea, especially in patients with changes in
the indigenous colonic microbiota following antibiotic use [2], and it is reported that the
attributable mortality of C. difficile infection (CDI) should be at least 5.99% [3]. In recent
decades, the increasing incidence, severity and mortality of CDI have made it a challenging
clinical problem for medical personnel [4]. In response to this challenge, diagnosis and
treatment guidelines have been developed in recent years to optimize the management of
CDI [5–9]. In primary prevention for CDI, the careful selection of antibacterial drugs and,
whenever possible, the avoidance of high-risk antibacterial drug exposure (ADE) is the
mainstay because most cases of CDI are both iatrogenic and nosocomial [4]. Meanwhile,
some studies have shown that strict antimicrobial stewardship is beneficial in reducing CDI
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rates [10–12], which also demonstrated the need to understand the CDI risk of different
antibacterial agents to formulate management strategies. However, although it is well
known that antibacterial therapy plays a central role in the pathogenesis of CDI [2,13], it
remains controversial whether certain antibacterial drugs or classes of antibacterial drugs
are potentially associated with an increased risk of CDI [14,15]. Therefore, there is a need
to assess the potential risk of CDI caused by different antibacterial drugs with a uniform
metric.

Currently, pharmacovigilance databases are widely used for real-world post-marketing
studies and as a tool to summarize the real-time safety profile of medical products to provide
information for clinical practice [16]. In pharmacovigilance practice, according to finding
disproportionality between drug usage and adverse events (AEs) occurrence in the pharma-
covigilance databases, these real-world AEs data can provide a reference for identifying the
potential culprit drugs of specific AE, optimizing the drug selection for individual patients
and exploring the interaction between drugs [17]. In terms of exploring the safety profile of
antibiotics by using the pharmacovigilance database, Seo, H. and Kim, E. elaborated on the
risk characteristics of electrolyte disorders associated with piperacillin/tazobactam and
detected the significant signal of hypokalemia for piperacillin/tazobactam compared with
other penicillins [18]; Patek, T.M. et al. investigated acute kidney injury reports related
to antibiotics in the FDA Adverse Event Reporting System (FAERS) database and found
14 classes of antibiotics that were significantly associated with acute kidney injury [19].
CDI is a representative AE associated with ADE, so real-world AE information in phar-
macovigilance databases can provide an unprecedented opportunity to understand the
potential risk of CDI caused by different antibacterial drugs.

In this study, we summarized the report characteristics of antibacterial drug-associated
CDI cases in the FAERS database and evaluated the statistical connection between ADE
and CDI occurrence by using a well-established adverse reaction (ADR) signal detecting
method, trying to distinguish the risk of CDI induced by different antibacterial drugs
from the pharmacovigilance perspective, so as to provide a reference for better primary
prevention for CDI and antimicrobial stewardship.

2. Results
2.1. Report Basic Information and Patient Characteristics

A total of 16,010,899 reports were recorded in the FAERS database from 1 January
2004 to 31 December 2022. Using the Preferred Terms (PTs) in Table 1 to retrieve target
reports, a total of 30,937 reports considered CDI-related were returned and downloaded.
As the culprit drug of CDI may be indecisive and can be attributed to multiple drugs,
there were a total of 222,971 drugs contained in those CDI-related reports. After excluding
drugs missing generic names, duplicated drugs and drugs that were not under J01 of the
Anatomical Therapeutic Chemical (ATC) classification system, a total of 99 drug names
were classified into “antibacterials for systemic use (J01)”. The 99 drug names were used
to match reports that CDI occurrence was related to antibacterial drug use, and finally, a
total of 8063 (26.1%) reports were identified for further analysis. As some of the 99 drug
names were synonymous (e.g., ampicillin and ampicillin sodium), we integrated drugs
with the same ingredient manually, and finally, there were 73 drugs included in the final
antibacterial drug list to detect ADR signals. The detailed processing flow is shown in
Figure 1.

Information in the 8063 antibacterial drug use-related CDI reports was extracted and
collected. The annual number of reports from 2004 to 2022 was presented in Figure 2A,
among which 2019 was the year that FAERS received the greatest number of CDI reports
associated with ADE. With regard to report sources, health professionals (73.8%) were the
main submitters (Figure 2B), and the USA was the leading reporting country (Figure 2C).
The demographic characteristics of patients were summarized, and the result showed
that there were fewer male patients than female patients (Figure 2D) and the age of those
patients was mainly located in the 71–80 age group (Figure 2E). In terms of patient outcome,
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CDI usually resulted in hospitalization (67.3%), and even the death of 1282 (15.9%) patients
were associated with CDI (Figure 2F).

Table 1. The narrow PT included in Standardized MedDRA Queries of pseudomembranous colitis.

PT MedDRA Code

Antibiotic associated colitis 10052815
Clostridium bacteraemia 10058852
Clostridium colitis 10058305
Clostridium difficile colitis 10009657
Clostridium difficile infection 10054236
Clostridial infection 10061043
Clostridial sepsis 10078496
Clostridium test positive 10070027
Gastroenteritis clostridial 10017898
Pseudomembranous colitis 10037128

Abbreviations: PT, Preferred Term; MedDRA, Medical Dictionary for Drug Regulatory Activities.
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2.2. ADR Signal Detection Results

After integrating synonymous drugs, 73 antibacterial drugs were used to detect ADR
signals at Standardized MedDRA Queries (SMQ) level and PT level. The signal detection results
at the SMQ level are shown in Table 2, and it showed that metronidazole (a = 2004) was the
most reported antibacterial drug followed by vancomycin (a = 1793), ciprofloxacin (a = 1176),
clindamycin (a = 823) and amoxicillin (a = 566), while metronidazole (ROR = 22.10, 95% CI
21.10–23.14) had the highest positive signal strength followed by vancomycin (ROR = 21.30,
95% CI 20.29–22.36), cefpodoxime (ROR = 19.26, 95% CI 13.02–28.49), ertapenem (ROR = 16.69,
95% CI 14.30–19.49) and clindamycin (ROR = 16.29, 95% CI 15.18–17.47). In addition, the
signal detection results for 10 different PT levels are shown in Tables S1–S10.

Table 2. Pharmacovigilance signal detection results at the SMQ level.

Medication

Drug of Interest
with AE of

Interest
(a)

Other Drugs with
AE of Interest

(b)

Drug of Interest
with Other AEs

(c)

Other Drugs with
Other AEs

(d)
ROR (95% CI)

Tetracyclines (J01AA)
Doxycycline 227 30,710 46,700 15,933,262 2.52 (2.21–2.87)
Tigecycline 78 30,859 4193 15,975,769 9.63 (7.70–12.05)
Minocycline 32 30,905 12,056 15,967,906 1.37 (0.97–1.94)
Combinations of

tetracyclines
17 30,920 816 15,979,146 10.77 (6.66–17.41)

Tetracycline 2 30,935 371 15,979,591 2.78 (0.69–11.18)
Sarecycline 1 30,936 105 15,979,857 4.92 (0.69–35.25)

Amphenicols (J01BA)
Chloramphenicol 1 30,936 26 15,979,936 19.87 (2.70–146.41)

Penicillins with extended spectrum (J01CA)
Amoxicillin 566 30,371 57,359 15,922,603 5.17 (4.76–5.62)
Ampicillin 88 30,849 6189 15,973,773 7.36 (5.96–9.09)
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Table 2. Cont.

Medication

Drug of Interest
with AE of

Interest
(a)

Other Drugs with
AE of Interest

(b)

Drug of Interest
with Other AEs

(c)

Other Drugs with
Other AEs

(d)
ROR (95% CI)

Beta-lactamase sensitive penicillins (J01CE)
Phenoxymethylpenicillin 10 30,927 1592 15,978,370 3.25 (1.74–6.04)
Benzylpenicillin 8 30,929 1613 15,978,349 2.56 (1.28–5.13)
Benzathine

benzylpenicillin 1 30,936 559 15,979,403 0.92 (0.13–6.57)
Beta-lactamase resistant penicillins (J01CF)

Oxacillin 10 30,927 893 15,979,069 5.79 (3.10–10.79)
Nafcillin 10 30,927 802 15,979,160 6.44 (3.45–12.02)
Dicloxacillin 1 30,936 116 15,979,846 4.45 (0.62–31.88)

Combinations of penicillins, incl. beta-lactamase inhibitors (J01CR)
Piperacillin and

beta-lactamase inhibitor 483 30,454 19,305 15,960,657 13.11 (11.97–14.36)
Amoxicillin and

beta-lactamase inhibitor 326 30,611 21,834 15,958,128 7.78 (6.97–8.69)
Ampicillin and

beta-lactamase inhibitor 51 30,886 2129 15,977,833 12.39 (9.39–16.36)
First-generation cephalosporins (J01DB)

Cefazolin 162 30,775 8401 15,971,561 10.01 (8.56–11.7)
Cefalexin 150 30,787 15,184 15,964,778 5.12 (4.36–6.02)
Cefadroxil 12 30,925 1293 15,978,669 4.80 (2.72–8.47)

Second-generation cephalosporins (J01DC)
Cefuroxime 311 30,626 11,920 15,968,042 13.60 (12.15–15.23)
Cefaclor 34 30,903 1157 15,978,805 15.19 (10.80–21.37)
Cefprozil 11 30,926 609 15,979,353 9.33 (5.14–16.94)
Cefoxitin 10 30,927 954 15,979,008 5.42 (2.90–10.10)
Cefotetan 2 30,935 101 15,979,861 10.23 (2.52–41.47)

Third-generation cephalosporins (J01DD)
Ceftriaxone 548 30,389 25,953 15,954,009 11.09 (10.18–12.07)
Ceftazidime 126 30,811 5422 15,974,540 12.05 (10.09–14.38)
Cefdinir 89 30,848 5739 15,974,223 8.03 (6.51–9.90)
Cefotaxime 64 30,873 3257 15,976,705 10.17 (7.94–13.03)
Cefixime 50 30,887 1972 15,977,990 13.12 (9.90–17.37)
Cefpodoxime 26 30,911 698 15,979,264 19.26 (13.02–28.49)
Ceftazidime and

beta-lactamase inhibitor 1 30,936 126 15,979,836 4.10 (0.57–29.33)
Fourth-generation cephalosporins (J01DE)

Cefepime 288 30,649 10,696 15,969,266 14.03 (12.47–15.78)
Monobactams (J01DF)

Aztreonam 42 30,895 6063 15,973,899 3.58 (2.64–4.85)
Carbapenems (J01DH)

Meropenem 507 30,430 20,575 15,959,387 12.92 (11.83–14.12)
Ertapenem 166 30,771 5163 15,974,799 16.69 (14.30–19.49)
Imipenem and cilastatin 88 30,849 3343 15,976,619 13.63 (11.03–16.85)

Other cephalosporins and penems (J01DI)
Ceftolozane and

beta-lactamase inhibitor 7 30,930 749 15,979,213 4.83 (2.29–10.16)
Ceftaroline fosamil 5 30,932 501 15,979,461 5.16 (2.14–12.44)
Cefiderocol 1 30,936 112 15,979,850 4.61 (0.64–33.03)

Trimethoprim and derivatives (J01EA)
Trimethoprim 165 30,772 8967 15,970,995 9.55 (8.18–11.14)

Intermediate-acting sulfonamides (J01EC)
Sulfadiazine 4 30,933 1252 15,978,710 1.65 (0.62–4.40)

Combinations of sulfonamides and trimethoprim, incl. derivatives (J01EE)
Sulfamethoxazole and

trimethoprim 470 30,467 64,143 15,915,819 3.83 (3.49–4.19)
Macrolides (J01FA)

Clarithromycin 300 30,637 26,676 15,953,286 5.86 (5.22–6.57)
Azithromycin 178 30,759 38,046 15,941,916 2.42 (2.09–2.81)
Erythromycin 118 30,819 14,595 15,965,367 4.19 (3.49–5.02)

Lincosamides (J01FF)
Clindamycin 823 30,114 26,769 15,953,193 16.29 (15.18–17.47)
Lincomycin 7 30,930 230 15,979,732 15.72 (7.41–33.36)

Streptogramins (J01FG)

Quinupristin/dalfopristin 2 30,935 102 15,979,860 10.13 (2.50–41.05)
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Table 2. Cont.

Medication

Drug of Interest
with AE of

Interest
(a)

Other Drugs with
AE of Interest

(b)

Drug of Interest
with Other AEs

(c)

Other Drugs with
Other AEs

(d)
ROR (95% CI)

Streptomycins (J01GA)
Streptomycin 4 30,933 1002 15,978,960 2.06 (0.77–5.51)

Other aminoglycosides (J01GB)
Gentamicin 210 30,727 12,309 15,967,653 8.87 (7.73–10.17)
Amikacin 142 30,795 11,578 15,968,384 6.36 (5.39–7.51)
Tobramycin 68 30,869 19,561 15,960,401 1.80 (1.42–2.28)

Fluoroquinolones (J01MA)
Ciprofloxacin 1176 29,761 77,260 15,902,702 8.13 (7.67–8.63)
Levofloxacin 536 30,401 44,317 15,935,645 6.34 (5.82–6.91)
Moxifloxacin 75 30,862 11,887 15,968,075 3.26 (2.60–4.10)
Ofloxacin 39 30,898 5249 15,974,713 3.84 (2.80–5.26)
Gatifloxacin 33 30,904 1570 15,978,392 10.87 (7.70–15.34)
Delafloxacin 1 30,936 218 15,979,744 2.37 (0.33–16.9)

Glycopeptide antibacterials (J01XA)
Vancomycin 1793 29,144 46,032 15,933,930 21.30 (20.29–22.36)
Dalbavancin 2 30,935 556 15,979,406 1.86 (0.46–7.45)
Telavancin 1 30,936 116 15,979,846 4.45 (0.62–31.88)
Oritavancin 1 30,936 791 15,979,171 0.65 (0.09–4.64)

Polymyxins (J01XB)
Polymyxin B 14 30,923 975 15,978,987 7.42 (4.38–12.58)
Colistin 9 30,928 958 15,979,004 4.85 (2.52–9.36)

Imidazole derivatives (J01XD)
Metronidazole 2004 28,933 49,926 15,930,036 22.10 (21.10–23.14)
Tinidazole 6 30,931 355 15,979,607 8.73 (3.90–19.57)

Nitrofuran derivatives (J01XE)
Nitrofurantoin 15 30,922 2636 15,977,326 2.94 (1.77–4.88)

Other antibacterials (J01XX)
Linezolid 168 30,769 20,272 15,959,690 4.30 (3.69–5.01)
Daptomycin 70 30,867 11,035 15,968,927 3.28 (2.59–4.15)
Fosfomycin 9 30,928 634 15,979,328 7.33 (3.80–14.16)
Tedizolid 3 30,934 499 15,979,463 3.11 (1.00–9.66)

Note: The classification of antibacterial agents is based on the Anatomical Therapeutic Chemical classification
system, and the bold represents the drug category and its code. Abbreviations: AE, adverse event; CI, confidence
interval; ROR, reporting odd ratio.

As metronidazole and vancomycin were usually used as therapeutic agents for CDI,
we further reviewed the indications for metronidazole and vancomycin recorded in the
“patient.drug.drugindication” field. In order to eliminate the influence of this factor on
ADR signal detection results as much as possible, if the indication of metronidazole and
vancomycin was related to the treatment of CDI, the report was excluded. The adjusted
signal detection results for metronidazole and vancomycin at the SMQ level and PT level
are shown in Tables 3 and 4, respectively.

2.3. Distribution of ADR Signals

There were 11 ADR signal detection results for each of the 73 antibacterial drugs,
including one for the SMQ level and 10 for the PT level. In addition, signal detection
results can be divided into three states, namely positive signals, negative signals and not
reported for target drug-AE combinations. The distribution of signal detection results for
73 antibacterial drugs is presented in Figure 3. It showed that 58 antibacterial drugs had at
least one positive ADR signal detection, while another 15 antibacterial drugs did not show
any positive signals at the SMQ level or PT level, although there were CDI cases reported.
Of these antibacterial drugs with positive signals, only ceftriaxone had 11 positive signals.
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Table 3. Adjusted signal detection results for metronidazole at SMQ level and PT level.

Target PT

Drug of Interest
with AE of
Interest
(a)

Other Drugs with
AE of Interest
(b)

Drug of
Interest with Other
AEs
(c)

Other Drugs with
Other AEs
(d)

ROR (95% CI)

Antibiotic associated colitis 3 20 51,927 15,958,949 46.10 (13.70–155.14)
Clostridium bacteraemia 10 131 51,920 15,958,838 23.46 (12.33–44.64)
Clostridium colitis 49 750 51,881 15,958,219 20.10 (15.05–26.83)
Clostridium difficile colitis 535 7710 51,395 15,951,259 21.54 (19.72–23.52)
Clostridium difficile infection 725 15,071 51,205 15,943,898 14.98 (13.90–16.15)
Clostridial infection 140 2877 51,790 15,956,092 14.99 (12.65–17.77)
Clostridial sepsis 1 141 51,929 15,958,828 2.18 (0.30–15.58)
Clostridium test positive 104 1296 51,826 15,957,673 24.71 (20.23–30.18)
Gastroenteritis clostridial 4 277 51,926 15,958,692 4.44 (1.65–11.91)
Pseudomembranous colitis 140 1778 51,790 15,957,191 24.26 (20.42–28.82)
SMQ level 1863 29,074 50,067 15,929,895 20.39 (19.44–21.38)

Abbreviations: AE, adverse event; CI, confidence interval; PT, Preferred Term; ROR, reporting odd ratio.

Table 4. Adjusted signal detection results for vancomycin at SMQ level and PT level.

Target PT

Drug of
Interest with AE of
Interest
(a)

Other Drugs with
AE of Interest
(b)

Drug of
Interest with Other
AEs
(c)

Other Drugs with
Other AEs
(d)

ROR (95% CI)

Clostridium bacteraemia 10 131 47,815 15,962,943 25.48 (13.40–48.48)
Clostridium colitis 47 752 47,778 15,962,322 20.88 (15.55–28.04)
Clostridium difficile colitis 434 7811 47,391 15,955,263 18.71 (16.98–20.61)
Clostridium difficile infection 759 15,037 47,066 15,948,037 17.10 (15.89–18.41)
Clostridial infection 98 2919 47,727 15,960,155 11.23 (9.18–13.73)
Clostridial sepsis 8 134 47,817 15,962,940 19.93 (9.77–40.68)
Clostridium test positive 100 1300 47,725 15,961,774 25.73 (20.99–31.54)
Gastroenteritis clostridial 9 272 47,816 15,962,802 11.05 (5.69–21.46)
Pseudomembranous colitis 136 1782 47,689 15,961,292 25.54 (21.45–30.42)
SMQ level 1503 29,434 46,322 15,933,640 17.56 (16.66–18.51)

Note: There was no report of target drug-AE combination (a = 0) in antibiotic associated colitis (PT). Abbreviations:
AE, adverse event; CI, confidence interval; PT, Preferred Term; ROR, reporting odd ratio.Antibiotics 2023, 12, x FOR PEER REVIEW 9 of 15 
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3. Discussion

Antibacterial drugs, one of the greatest achievements of human beings in the field
of medicine, have played an extremely important role in improving human health level
and ensuring life safety. However, with the extensive use of antibacterial drugs in clinical
practices, various ADRs associated with antibacterial drugs have emerged, among which
CDI is one of the most noteworthy potentially life-threatening ADRs [20]. Therefore, it is
necessary to determine the risk of CDI induced by different antibacterial drugs. In this
study, we reviewed CDI reports associated with ADE in the FAERS database between 2004
to 2022 and found that 73 antibacterial drugs were recorded as potential culprit drugs.
At the same time, based on the aforementioned antibacterial drug list, we conducted a
disproportionality analysis to evaluate the risk correlation between the occurrence of CDI
and ADE. As far as we know, this is the first study using a pharmacovigilance database to
evaluate the risk of CDI occurrence for ADE.

Although it is widely recognized that any antimicrobial therapy increases the risk of
CDI and there is a difference among different antibiotics, it remains controversial which
certain antibiotics or classes of antibiotics are related to the highest risk of CDI. A previous
study showed that fluoroquinolones were the antibacterial agent most strongly associated
with CDI, while all the third-generation of cephalosporins, macrolides, clindamycin and
intravenous beta-lactam/beta-lactamase inhibitors were intermediate-risk antibacterial
agent [13]. Another study showed that the risk of hospital-acquired CDI was greatest
for cephalosporins and clindamycin, while the importance of fluoroquinolones should
not be overemphasized [21]. A recent study suggested that the highest-risk antibacterial
agents related to CDI occurrence included second-generation and later cephalosporins,
carbapenems, fluoroquinolones and clindamycin, while doxycycline and daptomycin were
related to a lower CDI risk [22]. However, due to the difference in the region, patient
inclusion and exclusion criteria, study design, drugs involved in the evaluation and the
definition of risk classification, it is difficult to unify the CDI risk of antibacterial agents. In
this regard, by using a unified standard to detect the ADR signals for each antibacterial
agent at the PT and SMQ level, our study added new evidence for understanding the risk of
CDI induced by ADE from a pharmacovigilance perspective. In comparison to the studies
mentioned above, the advantage of this study is that it makes full use of real-world data to
get a complete antibiotics list leading to CDI occurrence, involving 73 antibiotics commonly
used in clinical settings. Therefore, our study can provide a more comprehensive overview
of the risk of antibacterial drugs, facilitating a comparison of risks between them and
providing a reference for antimicrobial stewardship.

Consistent with previous studies [13,21,22], our ADR signal detection results showed
a high risk of CDI in most fluoroquinolones, cephalosporins, carbapenems, macrolides,
clindamycin and beta-lactam/beta-lactamase inhibitors, which proved the credibility of
our results to some extent. However, it is noteworthy that, in ADR signal detection,
metronidazole and vancomycin have a surprising number of reports and high signal
strengths at the SMQ level and PT level, although they have been reported as possible
causes of CDI in previous studies [23,24]. There are several possible explanations for
this noteworthy result. First, metronidazole and vancomycin were used as therapeutic
drugs for CDI [5–9], which may lead us to ignore their risk of inducing CDI, while our
research detected this neglected risk relationship. Second, 26.2% of reporters in this study
were non-health professionals, so they may confuse therapeutic and etiological drugs and
misjudge culprit drugs, which may result in biased results. Third, due to FAERS being a
database with a voluntary reporting nature, underreporting of other antibacterial agents
may exist [25], which may highlight the CDI risks of metronidazole and vancomycin.
In order to reduce the influence of misreporting due to the overlap of indications and
AEs for metronidazole and vancomycin, we excluded the reports that the indication of
metronidazole and vancomycin was related to the treatment of CDI, but the adjusted
signal detection results for metronidazole and vancomycin still showed conspicuous high
potential risk (Tables 3 and 4). In this regard, our results showed a warning that we should
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pay more attention to the CDI risk of metronidazole and vancomycin, which may have
been previously neglected. Although the true relationship between CDI occurrence and
vancomycin and metronidazole still needs a well-designed study to verify, we think there
are two main potential values for these data. First, it provides evidence of the potential
high risk of CDI induced by vancomycin and metronidazole, so it may help us identify
previously neglected CDI cases induced by vancomycin and metronidazole. In this way,
we can timely take measures, such as stopping taking medicine, changing medicine and
etiological treatment, to protect patients from unnecessary sustained injury. Second, due to
the potential high CDI risk signals of vancomycin and metronidazole, our results provided
an opportunity to investigate further the CDI risks of vancomycin and metronidazole,
which may affect future clinical practice in primary prevention of CDI and antimicrobial
stewardship.

In addition to detecting ADR signals of 73 antibacterial drugs at the SMQ level and
PT level and adjusting signal detection results for metronidazole and vancomycin, we also
integrated the positive-negative distribution of their ADR signals, and the total number
of positive signals was between 0 to 11 for each antimicrobial drug. If an antimicrobial
drug has a relatively large total number of positive signals, it may mean that its risk of
CDI is relatively high [26]. For example, in this study, ceftriaxone, one of the antimicrobial
drugs belonging to the third generation of cephalosporins and one of the well-known
high-CDI-risk antimicrobial agents, was the only drug showing 11 positive signals. In this
regard, this indicator concisely summarized the CDI risk characteristics of antimicrobial
drugs, facilitating to get a quick understanding of the risk of different antibacterial agents.

Although this study comprehensively summarized the CDI risk of antibacterial drugs
by using a pharmacovigilance database, there were also some inevitable limitations in this
study. First, due to the intrinsic limitations of the pharmacovigilance database, the fact that
un-peer-reviewed data, underreporting, Weber effect and notoriety bias may lead to biased
results [25,27,28]. Second, due to the total number of patients exposed to each antibacterial
drug is unclear, the incidence of CDI for an antibacterial drug cannot be determined. Third,
patient gender, age, concomitant therapeutic drugs, dose and duration of antibiotic use,
and comorbidities may influence the occurrence of CDI, but it is almost impossible to shield
the potential interference of those factors to our results due to the intrinsic limitations of the
pharmacovigilance database. Fourth, the ADR signal result only represents the strength of
the statistical association between the drug of interest and AE of interest, so a well-designed
study is still needed to verify whether there is a true causality.

4. Materials and Methods
4.1. Data Source

The data in this study were obtained from the FAERS database, a large international
pharmacovigilance database with voluntary reporting nature, which recorded ADRs infor-
mation related to post-market, FDA-approved medications as well as natural substances,
vaccines and medical devices [29]. It currently publicly opens more than 16 million drug
post-marketing AEs records reported by manufacturers, consumers and healthcare profes-
sionals and updates quarterly. The recorded information in the database includes but is not
limited to patient demographic information, report sources, medication information, AEs
involved and patient outcomes [30]. Those data are highly structured and can be retrieved,
collected and downloaded from the openFDA platform by constructing an appropriate
retrieval statement through an application programming interface (API) [31]. In this study,
we summarized and analyzed CDI reports related to ADE between 1 January 2004 and
31 December 2022 in FAERS.

4.2. Identification of CDI Reports Associated with Antibacterial Drug Use in FAERS

The FAERS reporting system uses the PTs in Medical Dictionary for Regulatory Ac-
tivities (MedDRA) to standardize AEs occurring in patients [30]. SMQs are a series of PT
sets that potentially indicate the same medical condition, which was developed to optimize
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data retrieval and signal detection in pharmacovigilance activity [32]. Within an SMQ,
PTs can be further divided into narrow-scope PTs and broad-scope PTs according to the
degree of association with the condition or area of interest [33]. Among them, the PTs with
a narrow scope are closely related to the condition or area of interest, while such association
is relatively weak for PTs with a broad scope.

Pseudomembranous colitis is an inflammatory condition of the colon characterized by
the presence of yellow-white exudative plaques that coalesce to form pseudomembranes
on the mucosa, and it is usually a marker of severe CDI [34]. Meanwhile, it is also one
of the SMQs in MedDRA that includes many PTs potentially indicating CDI, so it can be
used to identify CDI-related reports in FAERS. In order to improve the accuracy of case
identification and signal detection, in this study, only narrow-scope PTs of pseudomem-
branous colitis (SMQ) in MedDRA 23.0 were selected to retrieve CDI-related reports in
FAERS (Table 1). According to the ATC classification system, if one of the generic drug
names recorded in the “patient.drug.openfda.generic_name” field can be classified into
“antibacterials for systemic use (J01)” in a report, this report is considered CDI reports
associated with ADE and included in the final analysis.

4.3. ADR Signal Detection Method

Disproportionality analysis is a kind of technology used to detect ADR signals at
present. Based on the classical two-by-two contingency table (Table 5), researchers can
compare the differences between the occurrence frequency and background frequency for
target drugs and target AEs. The reporting odd ratio (ROR) is one of the well-established
disproportionality analysis methods, which calculates the ratio of the odds of a selected
drug versus all other drugs for a certain AEs compared to the odds of the same drugs for
all other AEs recorded in FAERS to detect potential ADR signals [35]. In this study, we
used the ROR and its corresponding 95% confidence intervals (CIs) to identify ADR signals,
and the ROR and its 95% CI can be calculated by the following formula:

ROR =
a/c
b/d

=
ad
bc

, (1)

95% CI = eln(ROR)±1.96
√
( 1

a +
1
b +

1
c +

1
d ). (2)

Table 5. Two-by-two contingency tables for disproportionality analysis.

Drug of Interest Other Drugs Total

AE of interest a b a + b
Other AEs c d c + d
Total a + c b + d a + b + c + d

Abbreviations: AE, adverse event.

When the lower-bound 95% CI of ROR was above 1.0 with at least three cases (a ≥ 3
in Table 5), it was considered a positive signal, suggesting a potential risk of the target AE
caused by the target drug; instead, if the lower-bound 95% CI of ROR and the number of
cases cannot meet the above-mentioned threshold, it was regarded as a negative signal,
suggesting the statistical connection between target AE occurrence and target drug use is
weak [26,36]. To some extent, the ROR value represents a statistical correlation between the
drug of interest and AE of interest, and the ROR value is larger, the stronger the statistical
correlation. Using this indicator, we can highlight the AE that may be induced by a certain
drug and conduct a further investigation so as to inform the possible risk; on the other
hand, we can also use it to compare the risk of different drugs causing the same AE, so as
to guide the selection of therapeutic drugs or discontinuation of a culprit drug [17].
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4.4. Data Collection and Analysis

With reference to the API build guideline issued by the openFDA (https://open.fda.
gov/apis/drug/event/how-to-use-the-endpoint/, accessed on 1 January 2023), we can
retrieve and download the target reports for further analysis. The specific data collection
and analysis steps of this study are as follows.

Firstly, by using the R package “httr” to call API, PTs in Table 1 were used to retrieve
target reports in FAERS, and the returned dataset was downloaded in “json” format.
Secondly, the R package “jsonlite” was used to read the downloaded dataset and extract the
reports information, including Safety Report ID number, patient demographics, report time,
report sources, medication use and outcomes. Thirdly, generic drug names recorded in the
“patient.drug.openfda.generic_name” field were used to further identify reports associated
with antibacterial drug use, and report characteristics were summarized. Fourthly, the
ADR signals at the SMQ level and PT level were detected by calculating the ROR value
and its 95% CI by using disproportionality analysis, and 11 signals were generated for each
antibacterial drug. Finally, the positive-negative distribution of signals was summarized.

In this study, R version 4.1.0 (R Foundation for Statistical Computing, Vienna, Austria)
was used for data processing and analysis.

5. Conclusions

The vastness, authenticity and accessibility of FAERS data have made it an important
resource for evaluating drug safety cost-effectively. In this study, CDI reports associated
with ADE in FAERS were summarized, and the CDI risk of different antibacterial agents was
explored. As the first study to evaluate CDI risk related to antibacterial drug exposure using
a pharmacovigilance database, our study provided a preliminary picture of CDI induced
by antibacterial drugs in the real world that can help to better primary prevention for CDI
and antimicrobial stewardship. Meanwhile, the potentially high CDI risk of metronidazole
and vancomycin that may have been previously overlooked was detected, and it deserved
further attention from regulators, health professionals and others involved in antimicrobial
stewardship. Of particular note, however, our study as a pharmacovigilance study using
the FAERS database only provided a statistical association between CDI occurrence and
antibacterial drugs, so further well-designed study is still necessary to validate the causality.
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Abstract: The majority of recently published studies indicate a greater incidence rate and mortality
due to Clostridioides difficile infection (CDI) in patients with chronic kidney disease (CKD). The
aim of this study was to assess the clinical determinants predicting CDI among hospitalized patients
with CKD and refine methods of prevention. We evaluated the medical records of 279 patients
treated at a nephrological department with symptoms suggesting CDI, of whom 93 tested positive
for CDI. The survey showed that age, poor kidney function, high Padua prediction score (PPS) and
patients’ classification of care at admission, treatment with antibiotics, and time of its duration were
significantly higher or more frequent among patients who suffered CDI. Whereas BMI, Norton scale
(ANSS) and serum albumin concentration were significantly lowered among CDI patients. In a
multivariate analysis we proved the stage of CKD and length of antibiotics use increased the risk of
CDI, whereas higher serum albumin concentration and ANSS have a protective impact.

Keywords: Clostridioides difficile; chronic kidney disease; malnutrition; pseudomembranous enterocolitis

1. Introduction

Clostridioides difficile infection (CDI) is caused by a Gram-positive, anaerobic, spore-
forming bacillus, the most prevalent cause of a nosocomial diarrhea worldwide [1]. It
is transferred by a fecal–oral route and can have either a mild course or progress to a
life-threatening colitis, with diarrhea, abdominal pain, dehydration, fever, and subsequent
circulatory shock [2].

Antibiotic treatment, older age, and hospitalization belong to the most significant
risk factors for CDI [3,4]. The other well-defined clinical conditions, predisposing to CDI,
include an inflammatory bowel disease, malignant tumors, transplantations, and chronic
kidney disease (CKD) [3,5].

The influence of proton pomp inhibitors (PPI) on the incidence of CDI remains contro-
versial. Several studies have found a significant association between PPI treatment and
CDI [6,7]; however, there are also a number of papers where such correlation was not
proven [8,9].

Although the estimated burden of Clostridioides difficile (CD) health care-associated
infections decreased in the United States by an adjusted 24% from 2011 to 2017 [10], it has
been still recognized as a leading cause of infection among hospitalized patients and a
considerable threat to public health globally [11].
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Some of the most vulnerable patients are those suffering from CKD and in particular
with end-stage renal disease (ESRD), despite the implementation of CDI prevention strate-
gies [12]. The majority of recently published studies indicate a greater incidence rate and
mortality due to CDI in CKD, especially among those with ESRD, in comparison to the
general population [13–15]. It also results in a significant increase in the treatment costs
and prolonged hospitalization time [16].

The main aim of this paper was to assess clinical determinants for predicting CDI
among hospitalized patients with CKD and refine methods of prevention to combat the
epidemic of nosocomial infections with CD etiology.

2. Materials and Methods

This was a single center, retrospective study, including data of 15,389 patients hos-
pitalized in a department of nephrology, between 1 January 2016 and 31 December 2020,
who developed symptoms indicating CDI. A flowchart presenting initial qualification, the
screening of patients, and assignment to CDI positive and CDI negative groups is presented
in Figure 1.
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Figure 1. Patients’ screening and recruitment.

Qualifying symptoms were diarrhea (>3 stools per day) and abdominal pain and/or
fever [2]. Although we based on definition of CDI provided by the Infectious Diseases
Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA), we
included only patients who developed the symptoms within at least 72 h after admission.

In all patients a rapid enzyme cassette immunoassay was performed, detecting the
antigens of toxins A and B of CD in stool (TOX A/B QUIK CHEK®; Techlab, Blackburg,
VA, USA).

The exclusion criteria were missing clinical data, length of stay (LOS) shorter than 3
days, or admission from another hospital.

The following data were assessed: patients’ age; gender; body mass index (BMI);
presence of concomitant diseases; length of stay (LOS); stay in an emergency department
(ER) directly before admission; presence of acute kidney injury (AKI), defined according
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to the KDIGO [17]; and pharmacotherapy with the emphasis on antibiotics, proton pump
inhibitors (PPI), statins, probiotics, and immunosuppression.

At admission each patient was assessed using the Norton scale (ANSS) and the
classification of patient care, evaluated by the ward nurse, and the Padua prediction score
(PPS), assessed by the physician.

ANSS assesses the risk of pressure sores during hospitalization. It consists of five
variables: physical and mental condition, activity, mobility, and incontinence. Each domain
is graded from 1 to 4 points and final admission ANSS ranges between 5 and 20 points and
an ANSS ≤ 14 is considered as being low [16].

The classification of patient care is a clinical tool used for managing and planning the
allocation of nursing staff in accordance with the nursing care needs. It is subdivided into
four classifications, namely: 1—self-care patient, 2—partial care patient, 3—complete care
patient, 4—critical care patient.

The PPS identifies admitted patients at a high risk for venous thromboembolism (VTE)
and who would benefit from thromboprophylaxis. In the PPS, the risk profile for VTE
is calculated using 11 common risk factors [18]. Each risk factor is weighted according
to a point scale. A high risk of VTE is defined as a cumulative score ≥ 4 and a low risk
as < 4 [18].

Laboratory tests were performed in the hospital laboratory using standard methods,
including the concentration of serum creatinine (sCr), serum urea, and albumin (ALB). The
shortened Modification of Diet in Renal Disease (MDRD) equation was used to calculate
the estimated glomerular filtration rate (eGFR) [18].

Statistical analysis was performed utilizing the STATISTICA ver. 12 software (StatSoft
Inc., Tulsa, OK, USA). Numerical data were expressed as mean and standard deviations
(SD). Normal distribution was verified with the Kolmogorov–Smirnov test, which enabled
the assessment of the differences between the two groups with Student’s t test, the homo-
geneity of variations being checked with Fisher’s test. In case of non-linear distribution,
statistical importance of the differences was evaluated with the use of the U Mann–Whitney
test. For quantitative data, χ2 analysis was performed. The influence of the parameters of
CDI occurrence was tested with the implementation of logistic regression. The statistical
significance cut-off level was set at p = 0.05.

3. Results
3.1. Patients’ Baseline Characteristic

A total number of 279 patients, aged 68 years, 124 (44%) women and 155 (66%) men,
were enrolled in the study, of whom 93 (33%) had proven CDI and 186 were without
CDI. All patients presented symptoms suggesting CDI, e.g., diarrhea and abdominal pain,
whereas 45 in group of CDI positive patients and 76 of CDI negative patients had fever
additionally.

3.2. Differences between CDI and Control Group

Patients who suffered from CDI were significantly older and displayed poor kidney
function. They were more frequently treated with PPIs and antibiotics, for a significantly
prolonged time. Moreover, they presented with higher PPS and patients’ care classifications
at admission and were more frequently hospitalized in the ER before admission. Patients
with CDI had higher mortality and required longer LOS. CDI-patients presented lower
albumin concentration and ANSS.

It was not revealed whether treatment with statins, immunosuppression, probiotics,
or the presence of diabetes, neoplasm significantly affects the risk of CDI. Comparison of
differences in clinical data are presented in Table 1.
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Table 1. Comparison of clinical parameters between CDI-patients and non-CDI.

Parameter CDI (N = 93) Non-CDI
(N = 186)

p
* Chi2-Test

Age [years] 72.1 ± 13.8 65.6 ± 16.1 0.001
BMI 23.6 ± 5.6 26.7 ± 4.6 <0.0001

LOS [days] 30.7 ± 18.5 8.9 ± 6.3 <0.0001
sCr at admission [mg/dL] 3.8 ± 3.9 2.3 ± 1.7 0.0002

Urea concentration at admission [mg/dL] 144.6 ± 102.6 84.2 ± 56.1 <0.0001
CKD stage 4.3 ± 1.1 3.6 ± 1.4 <0.0001

HD treatment 36 (39%) 46 (25%) 0.016 *
ALB at admission [g/dL] 2.8 ± 0.6 3.7 ± 0.5 <0.0001

Use of antibiotics 89 (96%) 54 (29%) <0.0001 *
Number of antibiotics used 2 ± 1 0.4 ± 0.7 <0.0001

Length of antibiotics treatment [days] 15.7 ± 8.7 2.6 ± 4.4 <0.0001
PPS 4.6 ± 1.9 1.6 ± 1.5 <0.0001

ANSS 12.5 ± 3.3 17.5 ± 2.2 <0.0001
Patients’ care class 1/2/3/4 2.7 ± 0.5 1.8 ± 0.6 <0.0001

Presence of neoplasm 11 (12%) 18 (10%) 0.6 *
DM 29 (31%) 52 (28%) 0.58 *

PPI treatment 65 (70%) 92 (49%) 0.002 *
Use of probiotics 42 (45%) 14 (8%) <0.0001 *

Use of statins 24 (25%) 63 (34%) 0.17 *
Immunosuppression use 17 (18%) 47 (25%) 0.19 *

Death 18 (19%) 9 (5%) 0.0001 *
ER stay 89 (96%) 71 (38%) <0.0001 *

AKI at admission 35 (38%) 19 (10%) <0.0001 *
Abbreviations: LOS—length of stay; CKD—chronic kidney disease; sCr—serum creatinine concentration;
ALB—serum albumin concentration; CDI—Clostridioides difficile infection; HD—hemodialysis; PPI—proton
pump inhibitor; DM—diabetes mellitus; ER—emergency department; AKI—acute kidney injury; ANSS—the
Norton scale; PPS—the Padua prediction score; *—for non parametric variables Chi2 was applied.

3.3. Univariate Logistic Regression Predicting CDI

Using univariate logistic regression models (as shown inTable 2), we have found that
age, CKD stage, both serum creatinine and urea concentrations, number of antibiotics used
in therapy, time of treatment, assessment in PPS, and higher patients’ care class significantly
increased the risk of CDI. Whereas serum albumin concentration at admission, ANSS, and
BMI lowered the risk of CDI.

Table 2. Univariate logistic regression in predicting CDI.

Variable Estimate Odds
Ratio

95% Confidence
Interval p-Value

Age 0.03 1.03 1.01 1.05 0.001
CKD Stage 0.45 1.57 1.26 1.96 0.001

sCr at admission [mg/dL] 0.24 1.27 1.09 1.47 0.002
Urea at admission [mg/dL] 0.01 1.01 1.006 1.02 0.001

ALB at admission [g/dL] −2.27 0.1 0.06 0.18 0.001
Number of antibiotics 1.91 6.8 4.4 10.4 0.001

Length of antibiotics use [days] 0.33 1.38 1.28 1.49 0.001
PPS 0.82 2.26 1.89 2.71 0.001

ANSS −0.57 0.56 0.5 0.64 0.001
Patients’ care class 2.4 11.04 6.25 19.5 0.001

BMI −0.14 0.87 0.82 0.94 0.001
Abbreviations: CKD—chronic kidney disease; sCr—serum creatinine concentration; ALB—serum albumin
concentration; ANSS—the Norton scale; PPS—the Padua prediction score; BMI—body mass index.

In a multivariate model, CKD stage and the length of antibiotics treatment had a
significant impact on CDI, whereas albumin concentration and Norton score lowered the
risk, as presented in Table 3.
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Table 3. Multivariate logistic regression in predicting CDI.

Variable Estimate Odds
Ratio

95% Confidence
Interval p-Value

CKD Stage 0.53 1.7 1.01 2.7 0.02
ALB at admission [g/dL] −1.4 0.25 0.1 0.58 0.001

Length of antibiotics use [days] 0.26 1.3 1.19 1.42 0.001
ANSS −0.39 0.68 0.57 0.82 0.001

Abbreviations: CKD—chronic kidney disease; ALB—serum albumin concentration; ANSS—the Norton scale.

4. Discussion

Our study showed that age, declined kidney function (expressed by both serum
creatinine and urea concentration and subsequently by CKD stage), higher PPS, patients’
care classification at admission, treatment with antibiotics and length of its duration were
significantly higher or more frequent among patients who suffered from CDI. Whereas BMI,
ANSS, and serum albumin concentration were significantly lower among CDI patients.

In a multivariate analysis both the stage of CKD and length of antibiotics use increased
the risk of CDI, whereas higher serum albumin concentration and ANSS lowered the CDI
risk. These factors are the best clinical determinants for predicting the presence of CDI
among patients with CKD. No effect was found for other factors, including treatment with
statins, immunosuppression, probiotics, or presence of diabetes and neoplasm.

Age is the most frequently reported risk factor for CDI [12,13]. It is associated with an
increased number of comorbidities, malnutrition, and reduced psychomotor skills. These
may result in a lower ANSS (≤14 is considered as being low) and higher PPS (high risk of
VTE is defined as a cumulative score ≥ 4) or care classification (III—complete care patient
and IV critical care patient), which were proven to be significant factors for CDI, to our
knowledge probably first time in the literature.

These findings might be applied to screen the most vulnerable patients and to shorten
their hospitalization, ER stay, or time of laboratory tests and to increase vigilance of medical
personnel for aseptic behavior. The ANSS, PPS, and care classification is easy to learn, easy
to use, and, most importantly, it is already being used successfully throughout the world to
assess the risk of pressure ulcers, venous thromboembolism, or patient nursing care needs.

It is worth underlining that ER stays before admission were an independent risk factor
for CDI patients with CKD in our survey. Moreover, in one of recent study it has been
suggested that ER may be one of the main reservoirs of CDI [19].

Lower BMI and albumin concentration were definitive clinical determinants for pre-
dicting CDI. This fact has been confirmed in other papers and is associated with malnutri-
tion and secondary immunodeficiency due to deproteinization [15,20]. Bearing in mind
that lower albumin concentration was one of the best determinants for predicting CDI in
our study, improvements in diagnosing and treating hospital malnutrition are needed, the
effects of which could benefit both patients and healthcare providers.

It has been reported that the use of antibiotics and, in particular, the length of antibiotic
treatment significantly increased the risk of CDI. Antibiotics policy seems to be the most
important factors, influencing a significant reduction in CDI frequency. The importance of
the problem is crucial because it is estimated that approximately 50% of antibiotics used in
hospitals are considered unnecessary [21].

Most studies have confirmed that PPIs increase the risk of CDI. The risk is estimated
to be 1.7–2.3 times higher [6,7]. Given the widespread abuse of the above-mentioned drugs,
caution in their use seems to be indispensable.

Patients with advanced stage of CKD (especially those in the ESRD phase) and with
the presence of AKI at admission were also at risk of CDI, according to our results. Several
studies have found a significant association between advanced CKD, AKI, and CDI [22–24],
but, on the other hand, there are papers where such correlation was not proven [25,26]. In
our previous study, it was not documented that reduced eGFR augmented the risk of the
CDI [15]. This may be attributable to the fact that the control group in this study consisted of
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CD-negative patients with diarrhea and the investigated group of patients was dominated
by those with class 5 CKD: 137 of 207 (65.7%) with 77 (37.2%) of them chronically dialyzed.
On the other hand, in our study, the control group consisted of 186 patients with signs of
infection but without CDI, who were admitted to the same department and hospitalized at
the same time as patients with CDI. The investigated group was not dominated by patients
with CKD class 5: 128 of 279 (45.8%) with 82 (29.4%) of them undergoing dialysis.

It was also found that patients with CDI had higher mortality and required longer LOS
and most of recent publications have confirmed that correlation. Pant et al. showed that if
the average duration of hospitalization is longer than 9 days, then its costs rise additionally
on 68 thousand dollars, and mortality is twice as high [16,22].

Clinicians should be aware of these clinical determinants predicting CDI in CKD pa-
tients, because some of them are modifiable and amenable to effective interventions. Special
attention should be devoted to the rapid diagnosis of CDI and rational antibiotics policy,
aimed at reducing the use of unwarranted antibiotic therapy, avoiding drugs increasing the
risk of CDI, and shorten the time of treatment duration. Furthermore, aseptic behavior, the
proper nutrition of malnourished patients; systematic education and control of medical
personnel; and cautious use PPIs, limiting them to situations where they are necessary,
especially in patients with low albumin concentration, ANSS, and advanced CKD, could
significantly reduce CDI-associated morbidity and mortality among adults, particularly
those with CKD.

Our study has some limitations. Firstly, all patients who were enrolled in the study
were of Caucasian origin. Secondly, analysis was based on patients’ data over a 5-year
period. The survey relies only on the single center experience. To provide a robust clinical
tool, allowing the identification of individuals at high risk of CDI among CKD patients, a
long-term multicenter study, including larger cohort, is required.

5. Conclusions

The best clinical determinants predicting the presence or absence of CDI among
patients with CKD are stage of CKD and the length of antibiotics use, increasing the
risk of CDI, whereas higher serum albumin concentration and ANSS have a principal
protective impact.

Author Contributions: Conceptualization, Ł.L. and A.K.; methodology, formal analysis, Ł.L., A.K.,
M.S. and T.G.; investigation, Ł.L., A.C. and M.S.; resources, Ł.L., A.C. and M.S.; data curation, Ł.L.,
A.C., M.S. and A.K.; writing—original draft preparation, Ł.L., A.K., K.K. and T.G.; writing—review
and editing, Ł.L., A.K., M.S., K.K., T.G. and Z.H.; supervision, A.K., T.G. and Z.H.; funding acquisition,
A.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of Regional Specialistic
Specialist Hospital in Wroclaw (KB 32/2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
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G. Clostridium difficile infection: Review. Eur. J. Clin. Microbiol. 2019, 38, 1211–1221. [CrossRef] [PubMed]
2. McDonald, L.C.; Gerding, D.N.; Johnson, S.; Bakken, J.S.; Carroll, K.C.; Coffin, S.E.; Dubberke, E.R.; Garey, K.W.; Gould, C.V.;

Kelly, C.; et al. Clinical Practice Guidelines for Clostridium difficile Infection in Adults and Children: 2017 Update by the Infectious
Diseases Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA). Clin. Infect. Dis. 2018, 66,
e1–e48. [CrossRef] [PubMed]

3. Leffler, D.A.; Lamont, J.T. Clostridium difficile Infection. N. Engl. J. Med. 2015, 373, 287–288. [CrossRef] [PubMed]

55



Antibiotics 2022, 11, 785

4. Czepiel, J.; Krutova, M.; Mizrahi, A.; Khanafer, N.; Enoch, D.A.; Patyi, M.; Deptuła, A.; Agodi, A.; Nuvials, X.; Pituch, H.; et al.
Mortality Following Clostridioides difficile Infection in Europe: A Retrospective Multicenter Case-Control Study. Antibiotics 2021,
10, 299. [CrossRef]

5. Dudzicz, S.; Wiecek, A.; Adamczak, M. Clostridioides difficile Infection in Chronic Kidney Disease—An Overview for Clinicians.
J. Clin. Med. 2021, 10, 196. [CrossRef]

6. Arriola, V.; Tischendorf, J.; Musuuza, J.; Barker, A.; Rozelle, J.W.; Safdar, N. Assessing the Risk of Hospital-Acquired Clostridium
difficile Infection With Proton Pump Inhibitor Use: A Meta-Analysis. Infect. Control Hosp. Epidemiol. 2016, 37, 1408–1417. [CrossRef]

7. Trifan, A.; Stanciu, C.; Girleanu, I.; Stoica, O.C.; Singeap, A.M.; Maxim, R.; Chiriac, S.A.; Ciobica, A.; Boiculese, L. Proton pump
inhibitors therapy and risk of Clostridium difficile infection: Systematic review and meta-analysis. World J. Gastroenterol. 2017, 23,
6500–6515. [CrossRef]

8. Chitnis, A.S.; Holzbauer, S.M.; Belflower, R.M.; Winston, L.G.; Bamberg, W.M.; Lyons, C.; Farley, M.M.; Dumyati, G.K.; Wilson,
L.E.; Beldavs, Z.G.; et al. Epidemiology of community-associated Clostridium difficile infection, 2009 through 2011. JAMA Intern.
Med. 2013, 173, 1359–1367. [CrossRef]

9. Campbell, K.A.; Phillips, M.S.; Stachel, A.; Bosco, J.A., III; Mehta, S.A. Incidence and risk factors for hospital-acquired Clostridium
difficile infection among inpatients in an orthopaedic tertiary care hospital. J. Hosp. Infect. 2013, 83, 146–149. [CrossRef]

10. Guh, A.Y.; Mu, Y.; Winston, L.G.; Johnston, H.; Olson, D.; Farley, M.M.; Wilson, L.E.; Holzbauer, S.M.; Phipps, E.C.; Dumyati, G.K.;
et al. Trends in U.S. Burden of Clostridioides difficile Infection and Outcomes. N. Engl. J. Med. 2020, 382, 1320–1330. [CrossRef]

11. Smits, W.K.; Lyras, D.; Lacy, D.B.; Wilcox, M.H.; Kuijper, E.J. Clostridium difficile infection. Nat. Rev. Dis. Primers 2016, 2, 16020.
[CrossRef] [PubMed]
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Abstract: Clostridioides difficile infection (CDI) has significant implications for healthcare economics.
Although clinical trials have compared fidaxomicin (FDX) and vancomycin, comparisons of FDX and
oral metronidazole (MNZ) are limited. Therefore, we compared the therapeutic effects of FDX and
oral MNZ. Patients diagnosed with CDI between January 2015 and March 2023 were enrolled. Those
treated with oral MNZ or FDX were selected and retrospectively analyzed. The primary outcome was
the global cure rate. Secondary outcomes included factors contributing to the CDI global cure rate;
the rate of medication change owing to initial treatment failure; and incidence rates of clinical cure,
recurrence, and all-cause mortality within 30 days. Of the 264 enrolled patients, 75 and 30 received
initial oral MNZ and FDX treatments, respectively. The corresponding CDI global cure rates were
53.3% and 70% (p = 0.12). In multivariate analysis, FDX was not associated with the global cure
rate. In the MNZ group, 18.7% of the patients had to change medications owing to initial treatment
failure. The FDX group had a higher clinical cure rate and lower recurrence rate than the MNZ group,
although not significant. However, caution is necessary owing to necessary treatment changes due to
MNZ failure.

Keywords: Clostridioides difficile infection; efficacy; fidaxomicin; oral metronidazole; treatment failure

1. Introduction

Clostridioides difficile infection (CDI) stands as a major healthcare-associated ailment, in-
flicting substantial morbidity, mortality, and economic burden on a global scale [1]. In 2011,
the US reported 453,000 initial cases of CDI, with 29,300 associated deaths [2]. Between 2011
and 2017, the incidence of CDI declined primarily because of reduced healthcare-associated
infections [3]. Nevertheless, in 2019, the Centers for Disease Control and Prevention in the
US designated C. difficile as one of the most serious public health-threatening pathogens,
necessitating urgent and aggressive action. Additionally, the economic impact of CDI is
noteworthy, with a recent study in the US estimating the costs of CDI and CDI recurrence
during a 6-month follow-up period to be USD 24,205 (95% confidence interval (CI): USD
23,436–USD 25,013) and USD 10,580 (95% CI: USD 8849–USD 12,446), respectively [4].

According to the CDI guidelines published by the Infectious Diseases Society of
America (IDSA) and the Society for Healthcare Epidemiology of America (SHEA) in 2021,
fidaxomicin (FDX) is recommended as the first-line therapy for initial CDI [5]. These
updated recommendations highlight the superior beneficial effects and safety of FDX
compared with those of vancomycin (VCM) based on clinical studies [6,7]. The IDSA/SHEA
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guidelines do not offer guidance on the use of metronidazole (MNZ), which was previously
advocated as first-line therapy for CDI. Nonetheless, MNZ has long been employed in
CDI treatment due to its cost-effectiveness compared to VCM and its reduced likelihood of
promoting VCM-resistant organisms. Japanese and Australian CDI guidelines recommend
MNZ as the first-line therapy for non-severe CDI [8,9].

A retrospective nationwide cohort study demonstrated no improvement in treatment
failure or probable recurrence between the pre- and post-guideline cohorts in the US,
wherein MNZ usage was reduced [10]. Unfortunately, real-world comparative studies
assessing the clinical efficacy of MNZ and FDX, along with their associated recurrence rates,
remain limited. Thus, further research is necessary to determine the optimal treatment
strategy for CDI.

This study aimed to comprehensively evaluate the clinical efficacy of FDX and oral
MNZ in the treatment of CDI and the associated recurrence rates. By directly comparing
these two treatment modalities, we aimed to elucidate the potential advantages and dis-
advantages of each regimen, which might aid clinicians in making informed decisions
regarding CDI management.

2. Results

During the study period, 264 patients were assessed for eligibility (Figure 1). Of these,
166 were excluded based on the exclusion criteria. Thus, 105 patients were included in
this study. Of these, 75 and 30 were assigned to the oral MNZ and FDX groups, respec-
tively. The demographic and baseline characteristics of the study population are shown in
Table 1. In both groups, the median age was 76 years, and most patients were male. The
two groups were well matched in terms of baseline characteristics such as age, sex, and
comorbidities. Patient conditions at the time of CDI diagnosis, such as body temperature,
bowel movements, and bloody stool, were similar in both groups. Intergroup differences
in hospitalization within the past 1 year, use of enteral feeding, a history of abdominal
surgery, and the types of antimicrobials used were not significant. The FDX group had
a significantly higher proportion of patients using potassium-competitive acid blockers
(FDX, 36.7% vs. MNZ, 8.0%, p < 0.01), whereas the MNZ group had a significantly higher
proportion of patients using probiotics before CDI diagnosis (MNZ, 18.7% vs. FDX, 3.3%,
p = 0.04). The proportions of non-severe cases based on the IDSA/SHEA criteria were
70.7% and 60.0% in the MNZ and FDX groups, respectively (p = 0.29). The rates of intensive
care unit admission at the time of CDI diagnosis were similar between the two groups.
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Figure 1. Study flow chart. 
Figure 1. Study flow chart.
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Table 1. Baseline characteristics of patients having CDI with and without recurrence.

Variables Total (n = 105) Metronidazole
Group (n = 75)

Fidaxomicin Group
(n = 30) p-Value

Age (years), median (IQR) 76 (68–83) 76 (70–85) 76 (57–81) 0.17
Female sex, no. (%) 49 (46.7) 36 (48.0) 13 (43.3) 0.83
Body mass index, median (IQR) 18.4 (16.4–21.3) 18.3 (16.4–20.5) 18.5 (16.8–22.0) 0.26
Temperature at the time of CDI diagnosis, median
(IQR) 37.6 (37.1–38.2) 37.7 (37.1–38.2) 37.6 (37.1–38.2) 0.82

Bowel movements at the time of CDI diagnosis,
median (IQR) 4 (3–7) 4 (3–7) 4 (3–6) 0.93

Bloody stool at the time of CDI diagnosis, median
(IQR) 12 (11.4) 10 (13.3) 2 (6.7) 0.33

Comorbidities, no. (%)
Diabetes mellitus 36 (34.3) 24 (32.0) 12 (40.0) 0.50

Chronic kidney disease 28 (25.7) 16 (21.3) 12 (40.0) 0.09
Heart failure/ischemic heart disease 25 (23.8) 17 (22.7) 8 (26.7) 0.80

Chronic liver disease 2 (1.9) 1 (1.3) 1 (3.3) 0.50
Chronic obstructive pulmonary disease 7 (6.7) 5 (6.7) 2 (6.7) 1.00

Cerebrovascular disease 25 (23.8) 21 (28.0) 4 (13.3) 0.13
Inflammatory bowel disease 4 (3.8) 3 (4.0) 1 (3.3) 1.00

Solid malignancy 26 (24.8) 17 (22.7) 9 (30.0) 0.46
Hematologic malignancy 6 (5.7) 5 (6.7) 1 (3.3) 0.67

Enteral feeding, no. (%) 24 (22.9) 20 (26.7) 4 (13.3) 0.20
Past hospitalization within 1 year, no. (%) 61 (58.1) 40 (53.3) 21 (70.0) 0.13
History of abdominal surgery, no. (%) 23 (21.9) 13 (17.3) 10 (33.3) 0.12
ICU admission at the time of CDI diagnosis, no. (%) 10 (9.5) 8 (19.7) 2 (6.7) 0.72
Non-severe CDI, no. (%)

IDSA/SHEA criteria 71 (67.6) 53 (70.7) 18 (60.0) 0.35
Laboratory data, median (IQR)

White blood cell count (/µL) 9100 (5500–12,700) 8000 (5000–11,600) 10,550 (5800–14,500) 0.05
Albumin (mg/dL) 2.4 (2.1–2.9) 2.4 (2.2–2.8) 2.5 (1.6–3.1) 0.98

Creatinine (mg/dL) 0.74 (0.5–1.46) 0.7 (0.48–1) 0.8 (0.54–1.61) 0.30
C-reactive protein (mg/dL) 4.1 (1.3–7.0) 4.01 (1.18–7.05) 4.44 (1.27–6.78) 0.44

Antibiotics, no. (%)
Penicillin 3 (2.9) 2 (2.7) 1 (3.3) 1.00

Cephalosporin 52 (49.5) 33 (44.0) 19 (63.0) 0.09
Carbapenem 24 (22.9) 17 (22.7) 7 (23.3) 1.00

Fluoroquinolone 13 (12.4) 8 (10.7) 5 (16.7) 0.51
Clindamycin 1 (0.9) 1 (1.3) 0 (0.0) 1.00

β-Lactam/β-Lactamase inhibitor 60 (57.1) 44 (58.7) 16 (53.3) 0.67
Antiviral agents 6 (5.7) 6 (8.0) 0 (0.0) 0.18

Antifungal agents 5 (4.8) 5 (6.7) 0 (0.0) 0.32
Concomitant medication use, no. (%)

PPIs 49 (46.7) 35 (46.7) 14 (46.7) 1.00
H2RAs 5 (4.8) 5 (6.7) 0 (0.0) 0.32

P-CABs 17 (16.2) 6 (8.0) 11 (36.7) 0.001
Immunosuppression therapy 20 (19.0) 13 (17.3) 7 (23.3) 0.58

Anticancer chemotherapy 7 (6.7) 5 (6.7) 2 (6.7) 1.00
Probiotics used before CDI diagnosis, no. (%) 40 (38.1) 27 (36.0) 13 (43.3) 0.51

CDI: Clostridioides difficile infection; IQR: interquartile range; ICU: intensive care unit; PPI: proton pump inhibitor;
H2RA: histamine 2 blocker; P-CAB: potassium-competitive acid blocker.

In the univariate analysis, there was no difference in the primary outcome, i.e., the
global cure rate between the MNZ and FDX groups (53.3% vs. 70.0%, p = 0.12). Furthermore,
the groups did not differ in terms of clinical cure (78.7% (MNZ) vs. 86.7% (FDX), p = 0.35),
recurrence rate (25.3% (MNZ) vs. 16.7% (FDX), p = 0.34), and cause of death within 30 days
(1.4% (MNZ) vs. 3.4% (FDX), p = 0.50) (Table 2). However, there were significantly more
first-line drug changes during CDI treatment in the MNZ group than in the FDX group
(18.7% vs. 0.0%, p = 0.01). In the MNZ group, 12 patients were switched to VCM or FDX
after the initial treatment failed, and 2 were switched to intravenous MNZ. Two patients
in the MNZ group were switched to vancomycin due to adverse events. These events
included nausea and a decrease in blood count. No adverse events were observed in the
FDX group.
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Table 2. Outcomes of metronidazole and fidaxomicin treatments for CDI.

Variables Metronidazole Group (n = 75) Fidaxomicin Group (n = 30) p-Value

Global cure, no. (%) 40 (53.3) 21 (70.0) 0.13
Clinical cure, no. (%) 59 (78.7) 26 (86.7) 0.42
Recurrence, no. (%) 19 (25.3) 5 (16.7) 0.44
Change in the initial CDI treatment, no. (%) 14 (18.7) 0 (0.0) 0.01
Adverse effect, no. (%) 2 (2.7) 0 (0.0) 1.00
All-cause mortality within 30 days, no. (%) 1 (1.4) 1 (3.4) 0.49

CDI: Clostridioides difficile infection.

The global and non-global cure rates for all patients are compared in Table 3. Although
the non-global cure group had a significantly higher proportion of patients with hematolog-
ical malignancies (p = 0.003), there were no significant differences in other factors between
the groups. In multivariate analysis of the global cure rate in the total population, FDX
treatment, severe CDI, proton pump inhibitor (PPI) use, and age were not associated with
a global cure (Table 4).

Table 3. Comparison of global cure and non-global cure in patients with CDI.

Variables Global Cure Group
(n = 61)

Non-Global Cure Group
(n = 44) p-Value

Age (years), median (IQR) 77 (70–84) 76 (66–86) 0.93
Male sex, no. (%) 36 (59.0) 20 (45.5) 0.23
Body mass index, median (IQR) 18.3 (16.2–20.4) 18.6 (16.1–21.2) 0.76
Temperature at the time of CDI diagnosis, median (IQR) 37.4 (36.3–38.5) 37.9 (37.2–38.6) 0.09
Bowel movements at the time of CDI diagnosis, median (IQR) 4 (2.5–5.5) 5 (2.5–7.5) 0.08
Bloody stool at the time of CDI diagnosis, no. (%) 8 (13.1) 4 (9.1) 0.76
Comorbidities, no. (%)

Diabetes mellitus 19 (31.1) 17 (38.6) 0.53
Chronic kidney disease 16 (26.2) 12 (27.3) 1.00

Heart failure/ischemic heart disease 15 (24.6) 10 (22.7) 1.00
Chronic liver disease 2 (3.3) 0 (0.0) 0.50

Chronic obstructive pulmonary disease 3 (4.9) 4 (9.1) 0.45
Cerebrovascular disease 14 (23.0) 11 (25.0) 0.82

Inflammatory bowel disease 3 (4.9) 1 (2.3) 0.64
Solid malignancy 14 (23.0) 12 (27.3) 0.65

Hematologic malignancy 0 (0.0) 6 (13.6) 0.004
Enteral feeding, no. (%) 10 (16.4) 51 (83.6) 0.10
Past hospitalization within 1 year, no. (%) 35 (57.4) 26 (59.1) 1.00
History of abdominal surgery, no. (%) 14 (23.0) 9 (20.5) 0.82
ICU admission at the time of CDI diagnosis, no. (%) 5 (50.0) 56 (91.8) 0.74
Severe CDI, no. (%) 18 (29.5) 16 (36.4) 0.53
Antibiotics, no. (%)

Penicillin 1 (1.7) 2 (4.5) 0.57
Cephalosporin 31 (59.6) 30 (56.6) 0.84

Carbapenem 10 (41.7) 51 (63.0) 0.10
Fluoroquinolone 7 (11.5) 6 (13.6) 0.77

Clindamycin 0 (0.0) 1 (2.3) 0.42
β-Lactam/β-Lactamase inhibitor 36 (59.0) 24 (54.5) 0.69

Antiviral agents 4 (6.6) 2 (4.5) 1.00
Antifungal agents 2 (3.3) 3 (6.8) 0.65

Concomitant medication use, no. (%)
PPIs 30 (49.2) 19 (43.2) 0.56

H2RAs 3 (4.9) 2 (4.5) 1.00
P-CAB 12 (19.7) 5 (11.4) 0.29

Immunosuppression therapy 10 (16.4) 10 (22.7) 0.46
Anticancer chemotherapy 3 (4.9) 4 (9.1) 0.45

Probiotics, no. (%) 21 (34.4) 19 (43.2) 0.42
FDX treatment, no. (%) 21 (34.4) 9 (20.5) 0.13

CDI: Clostridioides difficile infection; IQR: interquartile range; ICU: intensive care unit; PPI: proton pump inhibitor;
H2RA: histamine 2 blocker; P-CAB: potassium-competitive acid blocker.
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Table 4. Multivariable analysis of factors associated with the global cure of Clostridioides difficile
infection.

Variable Odds Ratio 95% CI p-Value

Fidaxomicin treatment 1.49 0.94–2.37 0.09
Age 1.01 0.98–1.04 0.66

Severe Clostridioides difficile infection 0.68 0.29–1.58 0.37
Use of proton pump inhibitor 1.24 0.56–2.77 0.6

3. Discussion

This retrospective study showed no significant difference between the FDX and oral
MNZ treatments in terms of global cure rates in the univariate analysis, although the global
cure rate tended to be higher in the FDX treatment group than in the MNZ treatment
group. The multivariate analysis did not reveal a significant increase in the global cure rate
associated with FDX treatment. Notably, approximately 19% of patients in the MNZ group
were switched to other agents during the treatment period because of treatment failure.
These findings provide a basis for understanding the comparative efficacy of FDX and oral
MNZ in CDI treatment.

The clinical cure and recurrence rates were better in the FDX group than in the MNZ
group; however, these differences were not significant. The multivariate analysis revealed
that FDX treatment compared to oral MNZ treatment did not significantly affect the
global cure rate. Since WBC, which is included in the IDSA/SHEA severity criteria, was
significantly higher in the FDX group than in the MNZ group, it is important to consider
the possibility that many patients may have been severely ill despite not meeting the
severity criteria. Potassium-competitive acid blocker (P-CAB) users were also statistically
more prevalent in the FDX group than the MNZ group; P-CABs have been reported to
cause more changes in intestinal flora than PPIs [11], which might have influenced the
treatment response. Literature searches conducted using PubMed, Google Scholar, and
Web of Science did not reveal any direct studies comparing FDX and oral MNZ. However,
some studies have compared FDX and VCM, as well as MNZ and VCM, for the treatment
of CDI. Several studies have evaluated the clinical efficacy of FDX versus MNZ for CDI
treatment through indirect comparisons and meta-network analyses [12–14]. A meta-
network analysis showed a significant difference in favor of FDX compared with MNZ for
sustained cure (clinical cure without recurrence) (odds ratio (OR): 2.39; 95% CI: 1.65–3.47),
clinical cure (OR: 1.77; 95% CI: 1.11–2.83), and recurrence (OR: 0.44; 95% CI: 0.27–0.72) [12].
However, another meta-analysis and indirect treatment comparison revealed that FDX
led to improved sustained cure rates (clinical cure without recurrence during follow-
up; OR: 2.55; 95% CI: 1.44–4.51) and recurrence rates (OR: 0.42; 95% CI: 0.18–0.96) in
patients with CDI compared to MNZ. Nevertheless, the intergroup difference in clinical
cure was not significant [14]. Additionally, a meta-analysis of real-world data demonstrated
no significant differences in recurrence rates between the two groups (OR: 0.71; 95%
CI: 0.05–9.47) [13]. While considering differences in study methods and heterogeneity
among the articles, it is noteworthy that FDX did not show markedly different results, and
there was variability in the findings. Although MNZ treatment has been associated with
poorer outcomes compared to VCM treatment, a large cohort study [15] reported that the
clinical outcomes achieved with MNZ were comparable to those with VCM if the patients
had non-severe CDI and were younger than 65 years, suggesting that oral MNZ may be as
effective as other CDI treatment drugs depending on the patient’s background. Therefore,
the initial treatment drug for CDI may not necessarily be FDX; however, it may be selected
later based on indications, patient background, and economic considerations.

Our findings suggest the need for caution in the therapeutic management of CDI
by using oral MNZ. Although there was no significant difference in the global cure rate
between the oral MNZ and FDX groups in this study, it should be considered that the initial
treatment failed in approximately 18% of the patients in the MNZ group, resulting in a
change in the treatment drug. Previous retrospective cohort studies showed that the rate
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of switching from MNZ to VCM was 15.9–32% [16,17]. There are several possible reasons
for the failure of the initial treatment with oral MNZ. First, the systemic bioavailability of
oral MNZ is very high (>90%) [18], with most of it readily absorbed in the gastrointestinal
tract, and the drug does not reach particularly high concentrations in the intestinal lumen
itself. In contrast, FDX is poorly absorbed from the intestinal tract, and one study reported
mean fecal concentrations more than 5000 times the minimum inhibitory concentration of
0.25 µg/mL against C. difficile [19]. Notably, the effect of FDX persists on C. difficile spores,
preventing subsequent growth and toxin production in vitro [20], whereas MNZ does
not. Second, the percentage of C. difficile strains with reduced susceptibility to MNZ has
gradually increased globally [21]. According to a pan-European longitudinal surveillance
study, between 2011 and 2012, 18% of C. difficile clinical isolates were resistant to MNZ
(based on the European Committee on Antimicrobial Susceptibility Testing breakpoint) [22].
However, it is worth noting that C. difficile strains resistant to MNZ have never been
isolated in Japan [23–25], and there have been limited reports of C. difficile strains resistant
to FDX [26]. Therefore, the effect of MNZ-resistant bacteria on treatment failure in our
study was likely small. In cases where the response to initial treatment with oral MNZ is
poor, immediate consideration should be given to making necessary changes.

This study has some limitations. First, because this was a single-center retrospective
study, the number of patients analyzed was small. Second, it has inherent limitations
such as potential selection bias and confounding factors that could not be accounted for.
Third, we were unable to assess the differences in the therapeutic efficacy against strains
because ribotyping analysis was not performed in this study, although there have been a
few reports on ribotype 027 strain isolates in Japan [27]. Despite these limitations, there
have been no reports comparing the therapeutic outcomes of FDX and oral MNZ treatments
for CDI. Therefore, this study will help clinicians make informed decisions regarding the
management of CDI.

In conclusion, both FDX and oral MNZ demonstrated comparable therapeutic efficacy
as initial therapy for CDI. MNZ could potentially serve as a suitable treatment option for
initial CDI. However, it necessitates more careful observation since some patients may
experience treatment failure and require a change in medication. Further investigations
with larger patient cohorts are warranted to thoroughly compare the efficacy of both
treatment approaches.

4. Materials and Methods
4.1. Study Design

This study used a retrospective cohort design and involved the use of the medical
records of patients diagnosed with CDI between January 2015 and March 2023 at Aichi
Medical University Hospital, a 900-bed tertiary-care hospital located in Aichi, Japan. Eth-
ical approval was granted by the institutional review board of Aichi Medical University
(2023-042). Patients ≥2 years old with symptomatic primary CDI who were treated with
either FDX or oral MNZ were included. Patients were excluded if they died during CDI
treatment or did not show improvement in CDI symptoms and were treated in <10 days or
received bezlotoxumab.

The following data were collected from the patient’s electronic medical records: age;
sex; body mass index; body temperature and bowel movements at the time of CDI di-
agnosis; bloody stool; nutrition mode (whether enteral tube feeding was used or not);
underlying disease; past hospitalization within 1 year; history of abdominal surgery; in-
tensive care unit admission at the time of CDI diagnosis; laboratory data (white blood
cell (WBC) counts and levels of albumin, creatinine (Cr), and C-reactive protein); type of
antibiotics administered within 2 months of CDI diagnosis; use of acid suppressants (his-
tamine 2 blockers, PPIs, and potassium-competitive acid blockers), immunosuppressants,
anticancer drugs, and prescribed probiotics; severity of CDI; change in anti-CDI medication
from the initial treatment; clinical cure; recurrence; and all-cause mortality within 30 days
after CDI diagnosis.
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4.2. Outcomes

The primary outcome was the difference in the global cure rates of CDI between FDX
and MNZ. The secondary outcome was the identification of factors associated with the
global cure of patients with CDI as determined using multivariate logistic regression. A
systematic review [28] and network meta-analysis [12] showed that advanced age, the use
of PPIs, severe CDI, and anti-CDI treatment were associated with poor CDI prognosis.
Therefore, these factors were included as explanatory variables. In addition, the rate of
medication change due to initial treatment failure and incidence rates of clinical cure,
recurrence, adverse effects, and all-cause mortality within 30 days were recorded.

4.3. Variable Definition

CDI was defined as follows: (1) the presence of ≥3 diarrheal bowel movements (type
5–7 stool on the Bristol Stool Scale) in the 24 h preceding stool collection, or diarrhea plus
patient-reported abdominal pain or cramping, and (2) a positive result for C. difficile toxins in
a rapid immunoenzyme test for glutamate dehydrogenase (GDH) and a toxin assay (C. DIFF
QUIK CHEK COMPLETE; TechLab, Blacksburg, VA, USA or GE Test Immunochromato-CD
GDH/TOX; Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) or polymerase chain reaction
of the toxin B gene using the Cepheid GeneXpert C. difficile Assay (Beckman Coulter Inc.,
Tokyo, Japan). The C. DIFF QUIK CHEK COMPLETE kit (TechLab) was used between
January 2015 and March 2022, whereas the GE test immunochromatography-CD GDH/TOX
was used from March 2023. Severe CDI was defined as a WBC count of >15,000 cells/mL or
serum Cr level of ≥1.5 mg/dL based on the guidelines released by the IDSA and SHEA [5].
Global cure was defined as clinical cure, no recurrence, and no change in medication owing
to a poor response to the initial treatment during the treatment period. We defined the
global cure rate as the percentage of patients who completed treatment with MNZ and FDX
and met the criteria for global cure. Clinical cure was defined as an improvement in stool
characteristics within 2 days of the end of CDI treatment. Recurrent CDI was defined as
the re-administration of the initial treatment for diarrhea and a confirmatory positive test
up to 8 weeks after the treatment of the initial CDI episode.

4.4. Statistical Analysis

Discrete variables such as age are expressed as medians and interquartile ranges (IQRs).
Mann–Whitney U and Fisher’s exact tests were used for continuous and two categorical
variables, respectively. The significance level was set at 0.05, and a p-value < 0.05 was
considered statistically significant. Stata version 14.2 (STATA Inc., College Station, TX,
USA) was used for statistical analyses.
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Abstract: Background: Clostridioides Difficile is a well-known pathogen causing diarrhea of various
degrees of severity through associated infectious colitis. However, there have been reports of
infectious enteritis mainly in patients with ileostomy, causing dehydration through high-output
volume; Case presentation: We report the case of a 46-year-old male patient, malnourished, who
presented with high-output ileostomy following a recent hospitalization where he had suffered an
ileo-colic resection with ileal and transverse colon double ostomy, for stricturing Crohn’s disease.
Clostridioides Difficile toxin A was identified in the ileal output confirming the diagnosis of acute
enteritis. Treatment with oral Vancomycin was initiated with rapid reduction of the ileostomy output
volume; Conclusion: We report a case of Clostridioides Difficile enteral infection as a cause for high-
output ileostomy, successfully treated with oral Vancomycin. We also review the existing literature
data regarding this specific localized infection.

Keywords: Clostridioides difficile; enteritis; ileostomy; dehydration

1. Introduction

Clostridioides Difficile (CD) is a challenging global healthcare issue—CD is the lead-
ing cause of healthcare-associated infection, with a variable clinical course that ranges
from mild disease to severe colitis and toxic megacolon with a 5.9% mortality rate [1].
Conventionally, CD is limited to the large bowel which has been attributed to molecular
and physiologic differences between the small and large bowel [2]. However, there is
increasing evidence indicating CD may also affect the small bowel, termed CD enteritis
(CDE), which is associated with a protracted clinical course and mortality rates approaching
30% [3]. We present a case of CDE and conduct a literature review and pooled analysis
of all documented CDE cases to provide contemporary information pertaining to patient
characteristics, management consideration, and mortality rates.

2. Case Presentation

A 46-year-old male patient was admitted to the Gastroenterology Department of
the “Elias” Emergency University Hospital in Bucharest for high-output ileostomy (ap-
proximately 1500 mL/24 h), oliguria, and diffuse colicky abdominal pain. His symptoms
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gradually worsened over the preceding two weeks and were accompanied by a 6 kg
weight loss. He had long-standing history of neglected stricturing ileal Crohn’s disease
and he had undergone laparotomy for intestinal obstruction secondary to ileal strictures
several weeks prior to current hospital admission. The patient was immunocompetent,
with negative molecular tests for human immunodeficiency virus. Additionally, he had
HLA-B27-associated ankylosing spondylitis treated sporadically with non-steroidal anti-
inflammatory drugs. His family history was negative for inflammatory bowel disease
(IBD) and colorectal cancer. He denied the use of illicit substances, alcohol consumption or
smoking prior to the hospital admission. Upon hospitalization, he was underweight, with
a body mass index of 17 kg/m2.

Clinical examination upon admission revealed normal hemodynamic and respira-
tory parameters, normal temperature, with diffuse pain upon palpation without acute
peritoneal signs.

Laboratory data showed mild leukocytosis (14.000/mmc) with neutrophilia, elevated
C-reactive protein at 15-fold increase above the upper limit of normal (75 mg/dL, normal
value < 5 mg/dL), hyperkalemia (6.3 mmol/L), hyponatremia (132 mmol/L), elevated
serum urea (97 mg/dL) and creatinine levels (1.7 mg/dL). Ileal output obtained from the
ostomy bag was used for further bacterial and parasitic testing. Ova and parasite analysis
was performed via microscopy, as this is routine in our practice, and test was negative.
Bacterial cultures were negative but enzyme immunoassays for toxins A and glutamate
dehydrogenase (GDH) for the detection of CD infection (CDI) came back positive. The
patient was started, immediately after diagnosis, on day 1 of hospitalization, on oral 125 mg
of vancomycin dosed every 6 h and intravenous crystalloid rehydration therapy with
1000 mL Sodium Chloride 0.9% solution, supplemented with intravenous analgesics—
Metamizole 1000 mg/2 mL twice daily.

Response to treatment was evaluated based on the dynamics of ileal output volume
and clinical parameters such as urinary output volume and pain. Ileostomy volume was
measured using a graded plastic recipient every 12 h, and daily total volumes were noted.

Ileal endoscopic evaluation was performed by introducing the gastroscope through the
ileostomy orifice and advanced approximately 30 cm upwards, revealing diffuse erythema
with several superficial, linear ulcerations and fibrin deposits (Figure 1a,b).
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linear ulcerations (thick arrows) and fibrin deposits (small arrows).

Given the previous diagnosis of Crohn’s disease, multiple biopsies were obtained
for further evaluation and differential diagnosis, to exclude an underlying active Crohn’s
disease as a cause for high ostomy volumes.
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The histological examination concluded over an acute, non-specific, moderate sever-
ity erosive enteritis based on the absence of architectural disruptions, frequent mucosal
erosions, mucus depletion, fibrin deposits and intraepithelial neutrofilic infiltrate (Figure 2).
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Figure 2. H&E stain, 10×. (a) Intestinal mucosa showing erosions, focal edema and moderate acute
inflammatory infiltrate in lamina propria; (b), H&E stain, 20×. Intestinal mucosa showing superficial
erosions, and focal edema and moderate acute inflammatory infiltrate within lamina propria; (c) H&E
stain, 20×. Intestinal mucosa showing intraepithelial polymorphonuclear infiltrate, mucin depletion
of the intestinal epithelium, edema and moderate acute inflammatory infiltrate within.

Consequently, we continued to investigate the patient with computed tomography
(CT) in order to exclude intraabdominal abscess or upstream bowel lesions of active Crohn’s
disease, as causes for high output stoma, which showed a symmetric, diffuse thickening of
the small-bowel wall, without obvious stenosis, without dilated enteric segments and no
intraabdominal collections. The small-bowel vascularization on CT scan was negative for
arterial or venous thromboses and the presence of the Comb sign was supportive of a local
inflammatory process.

By the fourth day of treatment, the patient was rapidly recovering—the ileostomy
volumes were decreasing and abdominal pain was absent. Rehydration therapy and
analgesics were stopped on day 6 of treatment. In hospital evolution of altered laboratory
parameters and ileal output volume are presented in Figure 3. The patient was happy to
be discharged after 14 days of treatment with low-volume output (<500 mL/24 h) and
normalized serum ion concentrations and renal function tests.
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3. Discussion

We presented a case of CDE in a patient with previously diagnosed stricturing Crohn’s
disease. The particular feature of our case resides on the coexistence of IBD with CDE,
especially in the postoperative setting, when high-output volume of stomas is difficult to
interpret, thus making differential diagnosis of utmost importance. Moreover, there is a
conventional paradigm correlating CD with colitis, this contributing to delays in diagnosis
and adapted management, that can negatively impact the outcome.

In our case report, the difficulty of differential diagnosis relies on the lack of previous
data regarding the small-bowel extension of Crohn’s disease, upstream active disease being
able to reproduce the same clinical scenario as CDE.

To further explore patient characteristics, management considerations, and outcome
trajectories in patients with CDE, we conducted a literature review using the PubMed
database. Key terms included “Clostridium difficile”, “Clostridioides difficile”, “small
bowel”, “enteritis”, “enteral”, and “pouchitis” were identified either as medical subject
heading (MeSH) terms or within the title and/or abstract. All cases published in the last
20 years were included in our review for pooled analysis. Veterinary studies were excluded,
as were basic science studies and articles focusing on pediatric patients (age <18 years). Per
our selection strategy, 77 reported cases were identified in 49 publications and our results
are presented in Table 1 [3–50].
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Table 1. Pooled analysis of reviewed cases, detailing differing patient characteristics in survivors and
non-survivors of CDE.

Survived CDE
(n = 54)

Did Not Survive CDE
(n = 23) p-Value

Sex

Male 26 (48.1%) 14 (60.9%) 0.331
Female 28 (51.9%) 9 (39.1%)

Age (Years)

Mean (SD) 49.0 (18.6) 70.2 (10.5) <0.001
Median [Min, Max] 49.0 [18.0, 83.0] 69.0 [53.0, 91.0]

Inflammatory bowel disease

Crohn’s Disease 8 (14.8%) 1 (4.3%) 0.049
Ulcerative colitis 23 (42.6%) 5 (21.7%)

None 23 (42.6%) 17 (73.9%)

Gastrointestinal cancer (previously or concurrent)

No 50 (92.6%) 14 (60.9%) 0.00157
Yes 4 (7.4%) 9 (39.1%)

Recent hospitalization

Surgical admission 42 (77.8%) 19 (82.6%) 0.903
Non-surgical admission 7 (13.0%) 3 (13.0%)

No recent hospitalization 5 (9.3%) 1 (4.3%)

History of surgery

IPAA 25 (46.3%) 2 (8.7%) 0.0171
Total colectomy 7 (13.0%) 4 (17.4%)
Hemicolectomy 6 (11.1%) 5 (21.7%)

Non-GI 1 (1.9%) 2 (8.7%)
Other 11 (20.4%) 7 (30.4%)
None 4 (7.4%) 3 (13.0%)

Concurrent CD colitis

Yes 9 (16.7%) 4 (17.4%) 1
No 45 (83.3%) 19 (82.6%)

Was CDE caused by surgery for which the patient was admitted?

Yes 29 (53.7%) 14 (60.9%) 0.835
No, other surgery 16 (29.6%) 6 (26.1%)
No, non-surgical 9 (16.7%) 3 (13.0%)

Predisposing antibiotic use

Yes 39 (72.2%) 16 (69.6%) 0.913
No 3 (5.6%) 2 (8.7%)

Unknown 12 (22.2%) 5 (21.7%)

Immunosuppressed

Yes 15 (27.8%) 8 (34.8%) 0.894
No 29 (53.7%) 11 (47.8%)

Unknown 10 (18.5%) 4 (17.4%)

Treatment administered

Metronidazole with vancomycin 24 (44.4%) 13 (56.5%) 0.626
Metronidazole 13 (24.1%) 4 (17.4%)

Vancomycin 11 (20.4%) 2 (8.7%)
Other 3 (5.6%) 2 (8.7%)

Unknown 3 (5.6%) 2 (8.7%)
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Table 1. Cont.

Survived CDE
(n = 54)

Did Not Survive CDE
(n = 23) p-Value

Surgical treatment of CDE

Yes 14 (25.9%) 9 (39.1%) 0.283
No 40 (74.1%) 14 (60.9%)

ICU transfer

Yes 17 (31.5%) 22 (95.7%) <0.001
No 37 (68.5%) 1 (4.3%)

Time to outcome (Resolution of infection or death)

<2 weeks 27 (50.0%) 9 (39.1%) 0.766
>2 weeks 24 (44.4%) 13 (56.5%)
Unknown 3 (5.6%) 1 (4.3%)

Readmission

Yes 4 (7.4%) 0 (0%) -
No 50 (92.6%) 0 (0%)

Not applicable 0 (0%) 23 (100%)
CD: Clostridioides Difficile; CDE: Clostridioides Difficile enteritis; SD: standard deviation; IPAA: ileal pouch–anal
anastomosis; GI: gastrointestinal; ICU: intensive care unit.

Within the identified cases, the following parameters were examined: age, sex, in-
flammatory bowel disease (IBD) status, gastrointestinal (GI) cancer history, recent hospi-
talization, previous surgery, predisposing antibiotic use, immunosuppression, treatment
administered (conservative and/or surgical), intensive care unit (ICU) transfer, time to
outcome (defined as either infection resolution of patient death), and readmission. In all pa-
tients, the diagnosis of CDE was confirmed via positive CD toxin assays and supplemented
with either: (i) CT scans revealing inflammatory changes (e.g., bowel wall thickening,
intramural air, etc.) localized to the small bowel or (ii) direct visualization of small bowel
pseudomembranes. In some cases, the diagnosis was made postmortem on autopsy results,
where there was histologic evidence of CDI localized to the small bowel. In a subset of
patients who underwent restorative proctocolectomy with ileal pouch-anal anastomosis for
IBD, CDE was treated as a diagnosis of exclusion as most patient did not have a colon. Out
of 77 cases evaluated, 54 survived and 23 patients had a lethal outcome—the mortality rate
of CDE in this pooled analysis is 29.8%.

For the survivors’ cohort, the mean age of the patients was 49.0 years (standard
deviation 18.6), and of the 54 patients, 26 were male and 28 were female. For the non-
survivor cohort, the mean age of the patients was 70.2 years (standard deviation 10.5), and
of the 23 patients, 14 were male and nine were female. There was a slight predilection within
the survivors’ cohort to have a diagnosis of IBD (57.4%)—23 (42.6%) and eight (14.8%)
patients had a history of ulcerative colitis and Crohn’s disease, respectively. Virtually all
patients (92.2%) suffered from hospital acquired CDE, where infection arose in a backdrop
of hospitalization. Statistically significant differences between the two patient groups
included age, IBD diagnosis, history of prior surgery, and ICU transfer.

Given the accentuated coexistence of IBD in CDE patients, positive CDE toxin assays
should aid in contrasting CDE against a flare of IBD, especially in patients with previous
GI-altering surgery. Although the endoscopy results in our patients helped cement the
diagnosis, indeterminate features (e.g., superficial ulcerations, fibrin deposits) could raise
suspicion for prestomial Crohn’s disease, with upstream disease also potentially explaining
high-ouput from the ileostomy site. As such, predisposing history of recent hospitalization
and antibiotics use, coupled with positive diagnostic tests for CD, may be advantageous
for prompt diagnosis.

Surgery frequently initiated CDE (79.2%), where infection arose either immediately
after proctocolectomy with ileostomy or after ileostomy takedown. In a minority of cases,
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patients had already undergone GI surgery and CDE arose independently of that initial
hospitalization. GI procedures, which were implicated, include hernia repair, GU cancer-
motivated resection, ileostomy closer, laparotomy for adhesiolysis, selective vagotomy,
cholecystectomy, and anastomosis. Non-GI procedures, which precipitated CDE, include
hemodialysis, nephrectomy, prostatectomy, aortic embolectomy, and pelvic evisceration.
Non-surgical indications for admission, which instigated CDE, included pneumonia, uri-
nary tract infections, closed non-displaced fractures, and soft tissue infections.

Antimicrobial agent use is a canonical catalyst for CDI through dysbiosis of colonic
microbiota, which enables either seeding or spore germination in newly exposed or carrier
patients, respectively. A detailed analysis of the antibiotics implicated in predisposing to
CDE is summarized in Table 2.

Table 2. Classes of antibiotics predisposing to CDE.

Antibiotic Case Load

Cephalosporins 21 (27.3%)
Fluoroquinolones 10 (13.0%)

Penicillins 9 (11.7%)
Carbapenems 2 (2.6%)
Metronidazole 2 (2.6%)

Trimethoprim / Sulfamethoxazole 2 (2.6%)
Doxycycline 1 (1.3%)
Vancomycin 1 (1.3%)

Rifampin 1 (1.3%)
Clindamycin 1 (1.3%)

Unknown 22 (28.6%)
None 5 (6.5%)

In our review, only five patients (6.5%) developed CDE spontaneously without
prior documented antibiotic exposure or recent hospitalization. The three most com-
mon cephalosporins included cefuroxime (n = 6), cefazolin (n = 6), and cefoxitin (n = 6)
–in this review, second generation drugs of this class carried the highest risk of triggering
CDE. The most common fluoroquinolones included ciprofloxacin (n = 6) and levofloxacin
(n = 4). The most common ampicillins implicated included amoxicillin (n = 4), ampicillin
(n = 2), and penicillin (n = 2). Multiple meta-analyses quantified antibiotic exposure and
risk of CD infection—clindamycin is firmly cemented as the most frequently implicated
antibiotic, followed by fluoroquinolones, cephalosporins, and penicillins [51,52]. For CDE,
this pattern is somewhat upended, with cephalosporins being most commonly inculpated
while clindamycin is significantly underrepresented. Cephalosporins are commonly given
as part of preoperative prophylaxis; it is likely the high surgical admission rates of patients
we reviewed reflect predisposing antibiotic use

In the majority of patients in this review, CDE arose in context of surgically altered GI
anatomy—48 patients underwent colectomy with ileostomy. CD may colonize the large
bowel—intestinal resection, which disrupts the ileocecal valve, may therefore facilitate
bacterial translocation to the small bowel, leading to CDE [8]. However, CDE can affect
patients with an anatomically normal GI tract and an intact ileocecal valve, as was reported
in the case series by Lavallee and colleagues. [26]. Why certain patients suffer from a
particularly deleterious progression of CD with severe features, such as ischemic colitis or
enteritis is unclear [53]. Lack of immortalized appropriate cell lines (human small bowel
intestinal epithelium) complicates elucidation of pathophysiologic mechanisms underlying
CDE. Concomitant involvement of the small and large bowel in CDE has also been reported
in 13 cases. Kurtz et al. documented a patient who underwent proctocolectomy, in addition
to progressive small bowel resections due to recalcitrant Crohn’s disease—despite less than
four feet of small bowel remaining, the patient still developed CDE [33].

It is challenging to accurately depict the exact treatment regimen—for most cases, the
cornerstone of therapy was parenteral metronidazole with enteral vancomycin. However,
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it was administered with considerable variation. In some cases, antibiotic therapy was
sequential, beginning with metronidazole and after several days transitioning to exclu-
sively vancomycin. If the patients could not tolerate combinatorial therapy, they were
administered intravenous fluids with metronidazole until they were able to tolerate oral
metronidazole with vancomycin. For patients with stomas, vancomycin could also be ad-
ministered as enemas per the distal limb of the conduit. In instances where CDE resulted in
diffuse mucosal bleeding, vancomycin-soaked tamponade use was also reported. Adjunc-
tive treatments included total parenteral nutrition, loperamide, fiber, oral fluid restriction,
and in severe cases, other antibiotics were added—most commonly carbapenems.

As patients improved, there was a general trend to switch them to enteral vancomycin
and continue therapy for up to four weeks in an outpatient setting. In approximately
one third of patients, infection trajectory necessitated therapeutic subtotal resection of the
colon and terminal ileum, in addition to antibiotics. “Unknown” treatments, as denoted
in Table 1, most often referred to broad-spectrum antibiotics, which were not specified
by the authors. “Other” treatments included streptomycin (n = 1), supportive treatment
(n = 2) or combinatorial therapy (e.g., tobramycin, teicoplanin, or gentamicin combined
with metronidazole), which were chosen to either circumvent patient antibiotic allergies or
cover for a co-infection, such as pneumonia or a lower urinary tract infection. In a pediatric
cohort of 18 patients (average age 4.8 years), majority of cases (72.2%) did not require
dedicated treatment and were managed via antibiotic discontinuation and observation—a
stark contrast to adult patients in our study, where only two patients were managed with
antibiotics [50].

Grouping patients by strictly by presence or absence of prior abdominal surgery was
found to be misleading, as it disrupted the temporal relationship of events that led up to
the CDE infection. Majority of CDE cases arose in patients who underwent prior GI surgery,
usually for IBD. However, in a minority of cases, there was history of GI surgery and
therefore, altered bowel anatomy—however, hospitalization that incited CDE was unrelated
to the original GI procedure. For example, a patient underwent complication-free IPAA for
recalcitrant UC and six months later underwent elective hernia repair, which ultimately
precipitated CDE. In order to highlight this important distinction, we additionally created
the “Was CDE caused by surgery for which the patient was admitted” column. Indications
for ICU transfer included hemodynamic decompensation, bowel perforation, sepsis, and
multiorgan dysfunction. Virtually all patients who survived CDE were discharged in good
health. One patient survived CDE, but had a complicated course and could not be weaned
of ventilatory support—she was discharged to a chronic care facility. Cause of death was
generally attributed to either protracted hospitalization, such as respiratory failure due
to ventilator-associated pneumonia, or directly to sepsis and multiorgan failure induced
by CDE.

Mortality rates for CDE demonstrate considerable variability. For case report-based
pooled reviews, mortality attributed to CDE has been stabilizing at approximately 30%
(Table 3).

Table 3. Review of historically conducted literature reviews of Clostridioides Difficile enteritis and the
evolution of the associated mortality rate, as case number increased.

Author and Year Cases Reviewed Case Year Range CDE Mortality Rate

Freiler et al., 2001 [12] 10 1980–2001 60%
Lundeen et al., 2007 [18] 20 1980–2007 45%
Holmer et al., 2011 [36] 56 1980–2011 32.1%

Beal et al., 2015 [3] 63 1980–2015 30.1%
Present study 77 2001–2021 29.8%

In our review, mortality rates can be further decreased to 23.1%, if cases older than
20 years old are excluded. Ulrich et al. identified 44 cases in 855 postcolectomy patients—
regarding outcome measures, only one patient expired due to CDE, leading to a mortality
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rate of 2% [48]. Furthermore, Park et al. retrospectively identified 18 pediatric cases of
CDE—in their cohort, there were no reported deaths [50]. It can be conjectured that the
mortality rate of CDE is likely lower than reported, in part due to case report bias and
underreported incidence of CDE.

4. Conclusions

CDE becomes more frequently diagnosed possibly due to an increase in colectomy
rates for different indications. There is a need for an elevated degree of suspicion to
differentiate from other cause of intraabdominal sepsis like acute mesenteric ischemia,
intestinal obstruction, or postsurgical complications. Its high fatality rate, even though
lower than previously described, makes rapid diagnosis of utmost importance to initiate
adequate treatment for better outcome.
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Abstract: Clostridioides difficile infection (CDI) is the primary cause of health-care-associated infectious
diarrhea. Treatment requires mostly specific antibiotics such as metronidazole (MTZ), vancomycin
or fidaxomicin. However, approximately 20% of treated patients experience recurrences. Treatment
with MTZ is complicated by reduced susceptibility to this molecule, which could result in high failure
and recurrence rates. However, the mechanism remains unclear. In this study, we investigated the
impact of subinhibitory concentrations of MTZ on morphology, motility, biofilm formation, bacterial
adherence to the intestinal Caco-2/TC7 differentiated monolayers, and colonization in monoxenic and
conventional mouse models of two C. difficile strains (VPI 10463 and CD17-146), showing different
susceptibility profiles to MTZ. Our results revealed that in addition to the inhibition of motility
and the downregulation of flagellar genes for both strains, sub-inhibitory concentrations of MTZ
induced various in vitro phenotypes for the strain CD17-146 exhibiting a reduced susceptibility to
this antibiotic: elongated morphology, enhanced biofilm production and increased adherence to
Caco-2/TC7 cells. Weak doses of MTZ induced higher level of colonization in the conventional mouse
model and a trend to thicker 3-D structures entrapping bacteria in monoxenic mouse model. Thus,
sub-inhibitory concentrations of MTZ can have a wide range of physiological effects on bacteria,
which may contribute to their persistence after treatment.

Keywords: Clostridioides difficile; metronidazole; biofilm; motility; morphology; adherence; colonization

1. Introduction

Clostridioides difficile (CD) is a Gram-positive, spore forming and obligate anaerobic
bacilli, responsible for various intestinal symptoms from mild diarrhea to severe pseu-
domembranous colitis and is the primary cause of antibiotic-associated diarrhea in devel-
oped countries [1].

For decades, vancomycin and MTZ were widely used as first-line therapy. However,
the emergence and spread of C. difficile clinical isolates resistant to MTZ led to a recent
update guideline to recommend MTZ only as an alternative to vancomycin or fidaxomicin
for an initial non-severe Clostridioides difficile infection (CDI) treatment due to its high
failure and high recurrence rates (20–25%) [2,3]. One possible factor that may explain MTZ
treatment failure is pharmacokinetics of the antibiotic. Indeed, when MTZ is administered
orally, at least 80 percent of the drug is absorbed in one hour. Fecal elimination and
colonic (C. difficile infection site) concentrations are low [4]. In symptomatic patients, stool
concentrations of MTZ were detected with a mean concentration of 9.3 µg/g in watery
stool and 1.2 µg/g in formed stool. In asymptomatic patients, MTZ were undetectable [5].
The poor fecal concentrations of MTZ might result in insufficient antibiotic concentrations
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to inhibit vegetative bacteria, promoting the development of adaptation and resistance
mechanisms of C. difficile.

Indeed, some studies indicate that MTZ resistance in C. difficile is heterogeneous,
which means that growth in the presence of MTZ may select slow growing subclones
with higher MTZ minimum inhibitory concentrations (MIC) from a population with low
MIC [6]. The slowly growing or non-growing state of bacterial persisters is due to a general
arrest in metabolic activity which is thought to give them the ability to survive exposure
to antibiotics [7]. Moura et al. also found that following the exposure to subinhibitory
concentrations of this antibiotic, C. difficile strains PCR ribotype 001 and 010 showed
increased MIC [8]. MTZ heteroresistant C. difficile can obviously be a matter of concern,
resulting in therapeutic failures.

In addition, the production of C. difficile biofilm is proved to be induced by the
exposure to MTZ at subinhibitory concentrations [9]. In vitro, biofilm formation has been
reported to be an important factor contributing to antimicrobial resistance of C. difficile
by forming a multilayered structure encased in a matrix containing proteins, DNA, and
polysaccharides [10]. In particular, cells of toxigenic C. difficile strains NAP1/027 R20291
grown in biofilm showed a 100-fold increase in the resistance to antibiotic compared to
planktonic cells [10]. Higher biofilm formation could participate to better colonization and
persistence in vivo and so far, persistent recurring C. difficile infections have been a major
challenge in the treatment of CDI [11]. Indeed, recurrent bacterial infections occur with the
ability to produce resilient biofilms by various pathogens [12].

Exposure to sub-MIC levels of antibiotics has been found to cause substantial increase
in bacterial adherence to eukaryotic host cells and induced biofilm formation for several
pathogenic species. Subinhibitory concentrations of ciprofloxacin were shown to increase
bacterial adherence to host tissue by upregulating the expression of fibronectin-binding
proteins in S. aureus. This increased expression involves two pathways: upregulation of the
stress-response sigma factor SigB and induction of the SOS response (RecA and LexA) [13].
Moreover, in P. aeruginosa, aminoglycoside antibiotics have been shown to induce biofilm
formation. This response requires a functional arr gene, which encodes an inner membrane
phosphodiesterase, whose substrate is cyclic di-guanosine monophosphate (c-di-GMP), a
second messenger that inhibits bacterial motility and promotes cell surface adherence and
biofilm formation [14].

Thus, we thought of great interest to examine impacts of low doses of MTZ on the
ability of C. difficile strains to form a biofilm and to colonize mice.

In this study, we compare characteristics (morphology, motility, in vitro bacterial
adherence, and biofilm production) of two strains of C. difficile, the CD17-146 with reduced
susceptibility to MTZ and the VPI 10463 sensitive to MTZ, in absence and presence of MTZ
at subinhibitory concentrations. Besides, we also determine in vivo the effect of low doses
of MTZ on the colonization process of these strains in a conventional mouse model. Finally,
distributions of each strain over the cecal tissue in a mono-associated mouse model were
visualized by confocal laser scanning microscopy.

2. Results
2.1. Impact of MTZ on the Morphology of C. difficile

The VPI 10463 C. difficile strain, isolated from an abdominal wound, is Tcd A and Tcd
B positive, and belongs to PCR-ribotype 087. The CD17-146 isolate is a non-toxigenic strain
from PCR ribotype 596, displaying reduced susceptibility to MTZ. The MIC values for MTZ
determined as described in Material and Method section, were 1 µg/mL for CD17-146 and
0.5 µg/mL for VPI 10463. Morphological analyses were performed on the untreated cultures
(without MTZ) as well as cultures exposed to MTZ at concentration of MIC/4 and MIC/2.
Morphological analyses were performed on the untreated cultures (without MTZ) as well
as cultures exposed to MTZ at concentration of MIC/4 and MIC/2. Optical microscopic
observation on Gram staining showed that CD17-146 strain was grown into filaments with
subinhibitory concentrations of MTZ. On the contrary, this morphology change was not
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observed in VPI 10463 cultures treated with MTZ whatever the subinhibitory concentration
used (Figure 1).
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Figure 1. Morphology of bacterial cells at subinhibitory concentrations of MTZ. VPI 10463 and CD17-
146 were grown in BHI-SG broth without MTZ or with MTZ at MIC/4 and MIC/2 until OD600 nm
of cultures reached 0.4. Gram-stain images of CD17-146 at 100× magnification demonstrated an
elongation of bacterial cells.

2.2. C. difficile Biofilm Production in Absence and Presence of MTZ

Biofilm formation has been reported to be induced by subinhibitory concentrations of
MTZ in three C. difficile isolates belonging to PCR-ribotype 010 [9]. To study whether
MTZ stimulates biofilm formation of VPI 10463 and CD17-146 strains in vitro, bacte-
ria were grown in BHISG with a range of concentrations of MTZ (0 to 2 µg/mL) and
biofilm formation was measured after 48 h by crystal violet staining and viable cell and
spore enumeration.

In the absence of MTZ, a significant higher biofilm production was observed in VPI
10463 strain compared to CD17-146 strain. We found a declining trend of biomass and
vegetative forms in VPI 10463 strain at MTZ subinhibitory concentrations (Figure 2A,C).
However, differences observed were not statically significant. Interestingly, there were
no spores in biofilm of VPI 10463 at MIC/4 and MIC/2. (A570 values were 4.44 ± 1.69
and 1.35 ± 0.22 in VPI 10463 and CD17-146, respectively). Differently, when MTZ was
added, a significant 4-fold increase of biomass (A570 value 4.08 ± 0.87) was observed in the
CD17-146 strain at MIC/2 (0.5 µg/mL) (Figure 2A), indicating a strong induction of biofilm
formation in this strain by MTZ. In accordance with results of the quantitative biofilm assay
by crystal violet, the viable cells and spores of this strain went up dramatically at MIC/2
with an increase of two log (Figure 2B).
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Figure 2. Biofilm quantification of VPI 10463 and CD17-146 at subinhibitory concentrations of MTZ.
Bacteria were cultivated in BHI-SG broth without or with MTZ at MIC/4 and MIC/2 at 37 ◦C
under anaerobic conditions to form biofilms. After 48 h, the biofilm mass was quantified by crystal
violet staining. A 4-fold increase of biomass was observed in the CD17-146 strain at MIC/2 (A).
Panels (B) and (C) depicts enumeration of vegetative forms and spores included in biofilms formed
the two strains CD17-146 and VPI 10463, respectively. Data are means of at least three independent
experiments, each performed in triplicate. The error bars represent standard deviation. Significantly
different (p < 0.05) ratios are indicated by asterisks (Man-Whitney test).

These results highlight different behaviors of two strains in presence of MTZ.

2.3. Impact of MTZ on the Motility of C. difficile and Transcriptions of Flagellar Genes

As the motility and bacterial flagella are known to modulate attachment and biofilm
production, we used a semi-soft agar assay to monitor the effect of MTZ on motility of
C. difficile. We observed a significant decrease in the mobility of both C. difficile strains
through soft agar and the effect is concentration dependent. The motility of C. difficile
decreased with increasing concentrations of MTZ. This suggested that MTZ might impede
transcription of flagellar genes (Figure 3). For this study, the flagellated 630 flagellated and
the unflagellated 630∆fliC (deletion mutant for fliC gene resulting in lack of the flagellar
filament production) strains were used as positive and negative controls for motility
assay, respectively.
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Figure 3. Motility of VPI 10463 (VPI) and CD17-146 (146) at subinhibitory concentrations of MTZ.
Bacterial strains were inoculated in BHI medium containing 0.3% agar without or with MTZ at the
concentrations 0.125, 0.25 or 0.5 µg/mL and grown anaerobically at 37 ◦C for 48 h. MTZ reduced the
motility of both C. difficile strains through soft agar and this effect is concentration dependent.

To test this, C. difficile strains were cultured in the presence or absence of MTZ, and the
levels of flagellar gene transcripts were measured by qRT-PCR. In both strains, subinhibitory
concentrations of MTZ reduced the levels of fliC, flgB and fliA mRNAs, compared to the
cultures without MTZ (Figure 4). The levels of transcription at MIC/4 were quite similar
to the levels at MIC/2 for the two strains. For CD17-146 strain, the expression of fliC and
fliA decreased around 2-fold, while flgB went down 3-fold at MIC/4 and 4-fold at MIC/2.
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For VPI 10463 the expression of these genes decreased more drastically: 10-fold, 3-fold and
5-fold for fliA, flgB and fliC, respectively. Furthermore, gluD (reference gene) transcript
levels were equivalent in both strains grown with or without MTZ. Therefore, subinhibitory
concentrations of MTZ had a global negative effect on transcription of flagellar genes.
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Figure 4. Expression of flagellar genes of VPI 10463 (VPI, green) and CD17-146 (146, blue) at
subinhibitory concentrations of MTZ. Bacteria were grown in BHI-SG broth without or with MTZ at
MIC/4 and MIC/2 at 37 ◦C under anaerobic conditions until OD600 nm reached 0.7. Using qRT-PCR,
transcripts levels of fliA, flgB and fliC were measured. MTZ repressed the expression of flagellar
genes in the two strains. Data are representative of three independent experiments, each performed
in triplicate. The error bars represent standard errors of mean (SEM). Significantly different (p < 0.05)
ratios are indicated by asterisks (Man-Whitney test).

2.4. Effect of Subinhibitory Concentrations of MTZ on C. difficile Adherence

Since the first step of infection is the colonization process which may include adherence
to epithelial cells, we studied the impact of exposure to MTZ on C. difficile adherence to an
intestinal cell Caco-2/TC7, a simple and human in vitro model.

Counts of cell adherent bacteria showed that exposure to MTZ at MIC/2 increased
significantly the adherence of CD17-146 to Caco-2/TC7 cells. On the contrary, there were
no significant changes in the number of adherent bacteria observed in VPI 1043 whatever
the sub-inhibitory concentrations of MTZ. Despite having the similar level of adherence
without MTZ, the two strains responded differently to MTZ pressure (Figure 5).
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Figure 5. Impact of MTZ on adherence of VPI 10463 and CD17-146 strains to Caco-2TC7 cells.
Overnight cultures of each C. difficile strain in BHISG broth, with or without subinhibitory concen-
trations of antibiotics, were pelleted and washed once with PBS, then incubated with Caco-2/TC7
cells in DMEM for 1 h 30 at 37 ◦C under anaerobic conditions. The adhesion ability was expressed as
the number of adherent bacteria per 100 Caco-2/TC7 cells. The adherence to Caco-2/TC7 cells of
CD17-146 exposure to MTZ at MIC/2 increased significantly. Data are representative of at least three
independent experiments, each performed in triplicate. The error bars represent standard error of the
mean (SEM). Significantly differences (p < 0.05) are indicated by asterisks (Man-Whitney test).
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2.5. Subinhibitory Concentrations of MTZ Stimulate Cecum Colonization by CD17-146 in the
Conventional Mouse Model

After having observed different impacts of MTZ on in vitro biofilm formation and on
the adherence to a human intestinal cell model for the two C. difficile strains, we decided to
study their colonization fitness in conventional mice receiving different regimen of MTZ.
The experiment design is described in Figure 6.
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Figure 6. Experimental design of the conventional mouse model to study the impact of different
doses of MTZ on the cecum colonization by VPI 10463 and CD17-146. The antibiotic cocktail
contained kanamycin (40 mg/kg), gentamycin (3.5 mg/kg), colistin (8.5mg/kg), MTZ (21.5 mg/kg)
and vancomycin (4.5 mg/kg). The clindamycin was administrated intraperitoneally (10 mg/kg). The
mice were divided into 8 groups, 6 mice per group: four groups (A–D) infected with VPI-10463 and
four groups (E–H) infected with CD17-146.

The bacterial burden was quantified by seeding fecal (on days 1 and 7 post-infection)
and cecal (on day 7 post-infection) samples on selective plates.

After infection, both strains proliferated and reached a bacterial burden of approxi-
mately 3 × 107 bacteria per gram of feces after 24 h. As expected, mice infected by VPI
10463 showed signs of clinical illness with weight loss and severe diarrhea, especially from
48 h to 72 h post-challenge. Approximately 80% of mice died in group A non treated with
MTZ and only two mice survived after 7 days. In group C treated with a half and D treated
with a quarter of usual dose, mortality rates were about 30–40%. In contrast, there were
no deaths in the group B treated with usual dose. On the other hand, mice infected with
CD17-146 did not have any signs of illness, consistent with the non-toxigenic status of
this strain.

The levels of intestinal colonization reached by each strain at day 7 are shown in
Figure 7. Overall, without MTZ, VPI 10463 strain significantly colonized better than CD17-
146 (p = 0.025) but their rates of colonization were similar in presence of MTZ. Indeed,
the treatment of MTZ did not impact the colonization of VPI 10463 strain: number of
spores and vegetative cells in cecum and feces were similar between the non-treated group
and groups treated with MTZ, even with the group treated with the highest dose of MTZ
(50 mg/kg).
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Figure 7. Impact of MTZ on cecum colonization of C. difficile in conventional mice, 7 days post-
infection. Conventional mice were infected by either VPI 10463 (green) or CD17-146 (blue) with
equivalent number of vegetative cells. Colonization process and bacterial burden were monitored by
seeding fecal, cecal contents (luminal bacteria) and homogenized mucosal tissues (adherent bacteria)
on selective plates at day 7 post-infection. Low doses (usual dose/4 and usual dose/2) of MTZ
stimulated the colonization of CD17-146. Data generated from two independent experiments. The
error bars represent standard error of the mean (SEM). Significant differences (p < 0.05) compared to
group without treatment are indicated by asterisks (Man-Whitney test).

For the groups infected by CD17-146, we observed a 10-fold significant increase of
bacterial burden in cecum (for both luminal and adherent bacteria) and in feces after
treatment of MTZ with doses of 12.5 (group H) and 25 (group G) mg/kg. In contrast, there
were no significant differences between the bacterial burden in mice treated with usual dose
and non-treated. Our results suggest that subinhibitory concentrations of MTZ stimulated
the mouse intestinal colonization by CD17-146 C. difficile strain.

2.6. Visualisation of Bacterial Distribution in the Cecum by CLSM

Our results in conventional mouse model showed that doses lower than the usual
one of MTZ had the same impacts on the colonization of CD17-146 for usual dose/4 and
usual dose/2. To study the spatial organization of the two strains in the cecum, we then
chose the usual dose/4 (12.5 mg/kg) for visualization of bacterial distribution by confocal
laser microscopy in a monoxenic mice model. One mouse in the group A infected by VPI
10463 and treated with water died 3 days post-infection. In the other groups, all three mice
survived after 7 days.

The distribution of C. difficile in the cecum was heterogeneous. Irrespective of strain,
we observed areas without and with bacteria associated with tissues. The cecal mucosa-
associated bacteria were entrapped in a 3-D structure and displayed mainly isolated bacteria.
(Figure S1).

We estimated the thickness of the bacterial layer present in tissues at different regions
of the cecum. For VPI 10463 strain, without MTZ the thickness varies from 32.5 µm to
81.6 µm (average: 51.63 µm) and from 8.58 µm to 112.2 µm at a quart of usual dose of
MTZ (average: 23.01 µm). The bacterial layer seemed to be thinner in presence of 12.5
mg/kg of MTZ but the difference was not significant due to a large variation (Figure 8). In
contrast, the mean of thickness of CD17-146 strain had tendency to increase in the group
treated with MTZ, from 25.71 µm without MTZ to 43.86 µm with MTZ. However, with
this strain, we also found randomly distributed areas either with a high or a low thickness
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of the C. difficile community, from 7.73 µm to 59.73 µm in the group placebo and from
15.05 µm to 113.4 µm in the group treated with 12.5 mg/kg of MTZ. Therefore, there were
no statistically significant difference in mean thickness between two groups (Figure 8).
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Figure 8. Thickness of bacterial 3-D structure of VPI 10463 (VPI) and CD17-146 (146) in cecum of
mono-associated mouse model treated with placebo or with a quarter of usual dose of MTZ. The
thickness of the bacterial 3-D structure is defined by the height on which bacteria are distributed. The
thickness was determined directly from confocal Z-stack images. At least three mice were used for
CLSM analyses for each strain, and at least 8 fields per sample were observed. Data are presented as
boxplots with median and minimum-maximum whiskers. No significant difference was observed
between strains (Mann-Whitney test).

The levels of intestinal colonization by each strain at day 7 are showed in supplemented
data (Figure S2). In this model, no difference in intestinal colonization was observed neither
between the two strains for the ability of colonize, nor between the strains in groups treated
or not by MTZ.

3. Discussion

The increased antibiotic resistance reported for C. difficile clinical isolates and the
recurrences of CDI are challenges facing physicians in the treatment of C. difficile infection.
It has been estimated that approximately 27.3% of CDI treatment failures, as well as 23% of
recurrences, are associated to treatment with MTZ [3].

As previously mentioned, the mechanisms of reduced susceptibility to MTZ are com-
plex. Data obtained in recent studies on PCR-ribotype 027 and RT010 strains suggest that the
reduced susceptibility is a multifactorial process involving alterations in different metabolic
pathways, such as nitroreductase activity, iron uptake, and DNA repair [8,15]. Interestingly,
a recent study showed the correlation between resistance to MTZ (MIC = 8 µg·mL−1) and
the presence of a plasmid, pCD-METRO, in toxigenic and non-toxigenic strains. One of
the plasmidic open reading frames (ORFs) showed homology at the protein level to the
nimB gene of 5-nitroimidazole reductase described in Bacteroides fragilis [16]. Nitroimi-
dazole reductase activity encoded by nim genes is supposed to reduce the nitro group
of 5-nitroimidazole to an amino group leading to an inactivation of the compound [17].
Another study on chromosomal resistance to MTZ in C. difficile demonstrated truncation
of the ferrous iron transporter FeoB1 could result in a low-level resistance. Higher-level
resistance could be achieved by sequential acquisition of mutations in catalytic domains of
pyruvate-ferredoxin/flavodoxin oxidoreductase, a synonymous codon changes to putative
xanthine dehydrogenase, and frameshift and point mutations that inactivated the iron-
sulfur cluster regulator (IscR). However, resistance involving these genes was observed
only in the feoB1 deletion mutant and not in the isogenic wild-type parent [18]. To go on
further the comprehension of the mechanism involved in the bacterial response to MTZ, it
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could be interesting to study more precisely the nitroreductase or iron transport activities
of these two strains, CD17-146 and VPI 10463.

Occasional filamentous forms, accompanied by generalized defects in MTZ transport,
have been described in MTZ-resistant mutant of B. fragilis [19]. Likewise, Escherichia coli that sur-
vived high concentration MTZ challenge exhibited an elongated filamentous morphology [20].
Sublethal MTZ concentration also induced elongation of Fusobacterium nucleatum and Porphy-
romonas gingivalis [20,21]. In accordance with previous study, we observed a cell elongation
in this study with CD17-146 strain with reduced susceptibility to MTZ. Overall, an elon-
gated morphology was associated with MTZ reduced susceptibility in different bacteria.
Changes in morphology suggests modifications in cell wall structure which may result in
decreased MTZ uptake, one parameter involved in resistance to this drug [22].

Moreover, antibiotic pressure has been shown to enhance biofilm formation in different
bacterial species, including C. difficile [10,12,23,24]. In accordance with previous studies,
we have shown a significant increase of in vitro biofilm formation in strain CD17-146
with reduced susceptibility in presence of MTZ at MIC/2. On the contrary, the ability
of the susceptible strain VPI 10463 to produce biofilm in the same conditions did not
change when MTZ was added to culture medium. Without MTZ, VPI 10463 was a strong
biofilm-producer compared to CD17-146. A previous study has also demonstrated, in the
presence of MTZ, a significant increase in biofilm formation in moderate-biofilm forming
bacteria, not observable in strongly biofilm-forming strain [9]. Furthermore, Rahmoun et al.
compared different susceptible isolates, and a statistically higher percentage of isolates
with reduced susceptibility to metronidazole or vancomycin were shown to be biofilm
producers [25].

Bacterial flagella are known to influence the adherence step in biofilm formation
in motile bacteria. According to our results on biofilm formation, MTZ demonstrated a
concentration-dependant inhibition effect on the expression of some flagellar genes (fliC,
flgB, fliA) and the motility in both strains. A downregulation of flagellar genes leading to
an impaired motility may be a factor for the increased MTZ-induced biofilm production
in CD17-146. Differently, a decrease in the expression of flagellar genes and motility by
antibiotic pressure did not further increase biofilm production in strain VPI 10463. Previous
researches indicate that the precise role of flagella varies between strains. Indeed, strain
630 C. difficile fliC and fliD mutants were reported to have better adherence on Caco-2 cells,
suggesting that flagella and motility may interfere with C. difficile adherence to epithelial
cell surfaces [26]. In contrast, all flagella mutants (fliC, fliD and flgE) of the epidemic strain
R20291 were less effective in adherence to Caco-2 cells than the wild-typein [27].

Our results on Caco-2/TC7 cells- showed that bacterial adherence increased by MTZ
at MIC/2 for the CD17-146 strain. As the concentrations of MTZ in watery stools following
oral therapy range between 0.8 and 24.2 µg/g [5], it is possible that low concentrations of
this antibiotic are present in the gut in some phases of CDI treatment (particularly at the
beginning and the end) and that they could stimulate the adherence of C. difficile to gut
epithelial cell, the first step of colonization. Indeed, our findings demonstrated that weak
doses (under doses used usually in the mouse model) of MTZ increased the colonization of
CD17-146 strain in cecum of conventional mice, especially the amount of bacteria associated
with the cecal mucosa. The same result was not found for strain VPI 10463, which was
shown to colonize better than CD17-146 in the cecum of mice, in absence of MTZ. We
hypothesized that this could be due to the production of toxins by VPI 10463 while CD17-
146 is non-toxigenic. Indeed, a previous study showed that sub-lethal concentrations of
C. difficile TcdA was able to cause redistribution of plasma membrane components between
distinct surface domains and facilitation of bacterial access to BL receptors, leading to a
successful colonization of the colonic mucosa [28]. It is also worth noting that there were
no significant differences in the level of colonization between the groups treated with usual
dose of MTZ and the groups treated with water although MTZ significantly increased the
survival rates. This result is in accordance with a previous study on C. difficile infection
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treatments in mice which indicated that MTZ did not reduced the number of spores in feces
compared to the infected control group [29].

For several pathogenic bacteria, primary colonization and persistence in the host has
been correlated with biofilm formation [30–32]. In addition, we observed in vitro that sub-
inhibitory concentration of MTZ induced biofilm formation of CD17-146. We wondered if
there was a link between the increased colonization of this strains and its biofilm production.
Therefore, we visualized bacterial distribution in the cecum of monoxenic mice by CLSM. In
monoxenic mice infected with CD17-146 strain, the cecal mucosa-associated bacteria formed
a 3-D structure, as observed by CLSM analysis. Furthermore, we observed that the median
thickness of these structures is increased when mice were treated at a quarter of usual dose
of MTZ, although not in a significant manner, suggesting that low doses of MTZ may play
a role in the enhancement of persistent structures by strain CD17-146 in this model, but
further experiments should be done to confirm this hypothesis. This phenomenon was not
observed for the VPI 10463 strain. The persistence of bacterial cells in the human intestine
as a protective barrier provided by biofilm could have an important clinical relevance in the
treatment failure and/or recurrence of infections associated with C. difficile strains. Indeed,
C. difficile cells in biofilms show specific features that may facilitate the infection, such as
spore formation and toxins A and/or B production [33,34] and resistance to antibiotics [10].

Overall, the two strains responded differently to the stress induced by MTZ subin-
hibitory concentrations except for the decreased motility which occurred in both strains.
For CD17-146, strain with reduced susceptibility to MTZ and a moderate biofilm-forming
ability without MTZ, we observed under low MTZ concentrations an elongation morphol-
ogy, increased biofilm production and higher level of colonization in conventional mice
and a trend to thicker 3-D bacterial structures at the surface of the cecal mucosa. On the
other hand, for VPI 10463, a MTZ sensitive and strong biofilm-forming strain, we did not
observe these changes under MTZ pressure. More investigations are now necessary to
unravel the different aspects of this complex mechanism.

Our previous proteomic analyzes suggested that the increase of biofilm production
could be related to the decrease in production of the protease Cwp84, a cell wall protein,
and a higher production of an aminotransferase of the MocR family [35]. Indeed, we
previously observed in presence of MTZ at MIC/2 a 3-fold decrease in the amount of
Cwp84 in CD17-146. Cwp84 protease cleaves the S-layer protein SlpA on bacterial surface
into two subunits. The cwp84 mutant strain was shown to grow slower and elaborated
more robust biofilms compared with the parental C. difficile 630∆erm strain. Furthermore,
bacterial load of mutant strain in vivo competition assays was maintained over time in
the cecum, suggesting there may be stable reservoirs of bacteria and these reservoirs may
ultimately transition into the biofilm state [36]. Proteomic analyzes also revealed a 3-fold
increased amount of a putative aminotransferase for CD17-146 strain at MIC/2. This
protein belonging to MocR family 2 shares 27% identity with PdxR of Streptococcus mutans.
Interestingly, PdxR is known to have a role in biofilm formation of S. mutans since the
pdxR mutant forms significantly fewer biofilm compared to its parental strain [37]. Further
research is required to elucidate the mechanism of biofilm induction in CD17-146 strain
by MTZ.

Finally, we have mentioned several hypotheses that could explain the greater bacterial
persistence with certain strains of C. difficile. However, additional experiments should be
considered in order to elucidate the exact mechanism involved in this phenomenon. We
are aware that these findings on the impact of MTZ on colonization by C. difficile were
obtained from a limited number of strains and therefore need to be extended to a larger
panel of a variety of strains to confirm the relevance of our results to other clinical situations.
However, to our knowledge, this report is the first description of the effect of low dose of
MTZ on the colonization and cecal distribution of C. difficile in vivo.
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4. Materials and Methods
4.1. Bacterial Strains and Antibiotic Susceptibility

Two C. difficile strains VPI 10463 and CD17-146 were used in this study. The CD17-
146 isolate provided by the C. difficile French National Center in Saint Antoine hospital
(Paris, France) was stored immediately after isolation at −80 ◦C. This strain has been
shown to be a non-toxigenic strain and belonging to the PCR ribotype 596 with reduced
susceptibility to MTZ (minimum inhibitory concentration determined by ETEST® on solid
agar was 2 µg/mL). The MIC values for MTZ evaluated by broth dilution method in
our laboratory were 1 µg/mL for CD17-146 and 0.5 µg/mL for VPI 10463. According to
epidemiological cut-off values of the European Committee on Antimicrobial Susceptibility
Testing (ECOFF EUCAST2015), resistance to MTZ was defined as MIC > 2µg/mL. Most
C. difficile susceptible strains have MIC ≤ 0.5 µg/mL (https://mic.eucast.org/Eucast2
/regShow.jsp?Id=21294, accessed date: 15 January 2021). Thus, we considered CD17-146 as
a strain with reduced susceptibility.

Bacteria were grown at 37 ◦C under anaerobic conditions (90% N2, 5% CO2 and
5% H2).

4.2. Morphology Observation

Bacteria were grown in BHISG (Brain Heart infusion broth, Difco, Detroit, MI, USA,
supplemented with 1.8% Glucose, 0.1% L-Cysteine and 0.5% yeast extract) under subin-
hibitory concentrations (MIC/4 and MIC/2 for each strain) of MTZ, at 37 ◦C under anaero-
bic conditions. When OD600 nm of cultures reaches 0.4, bacteria were observed by optical
microscopy after Gram staining.

4.3. In Vitro Biofilm

Biofilm assays were performed in 24-well polystyrene plates (Costar, Washington, DC,
USA). Overnight cultures of each C. difficile strain in BHISG broth were diluted in fresh
BHISG to obtain OD600 nm = 0.05 and 1 mL of diluted pre-culture was added to each well.
Plates were incubated at 37 ◦C under anaerobic conditions for 1 h and the medium was
removed to eliminate non-adherent cells. Then, 900 µL of BHISG and 100 µL of a solution
of MTZ were added to each well to obtain final concentrations of 0.125, 0.25, 0.5, 1 and
2 µg/mL. For control wells, 100 µL of sterile water was added instead of MTZ. After 48 h
of incubation, the supernatant was removed carefully, and wells were gently washed twice
with sterile phosphate-buffered saline (PBS). The biofilm was thereafter quantified by crystal
violet staining (ACROS OrganicsTM. Somerville, NJ, USA) as previously described [10,38],
and by enumeration of viable cells and spores. For viable cell enumeration, 1 mL of
sterile pre-reduced PBS was added after washing step to each well, the biofilm formed
in the bottom was scraped, the suspension was then diluted and plated on BHI agar
supplemented with 3% defibrinated horse blood. For spores, the suspension of biofilm was
treated with ethanol 96% in the proportion 1:1 one hour before the enumeration on BHI
agar supplemented with 3% defibrinated horse blood and 0.1% taurocholate. The assay
was performed in triplicate. Two-tailed, Mann Whitney test with SPSS 20 software was
used to evaluate whether the differences observed in the presence or absence of antibiotic
were significant for each strain. Differences were considered statistically significant for
p values < 0.05.

4.4. Motility Assays

Motility assays were performed using motility agar tubes containing BHI (Brain Heart
infusion broth, Difco, USA) medium and 0.3% agar with MTZ at final concentrations of
0.125, 0.25, 0.5 µg/mL. These were stab inoculated and grown anaerobically at 37 ◦C for
48 h [39]. Control cultures contained no antibiotics. The motile strains C. difficile 630 and
non-motile mutant strains C. difficile 630 ∆fliC were used as control [27].
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4.5. RNA Extraction and Quantitative RT-PCR Analysis on Flagellar Genes

C. difficile cultures were grown to an OD600 nm of 0.7 in BHISG, without or with
MTZ at MIC/4 or MIC/2, RNAs were extracted using Trizol Reagent (Thermo Fisher
Scientific, Waltham, MA, USA). cDNA was synthesized from 1µg RNA using random
primers and SuperScript™ III Reverse Transcriptase (Invitrogen, Waltham, MA, USA) as
described by the manufacturer. Real-time PCRs were done with 1 ng of cDNA template
using SSo Advanced™ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). The primers
used for the three genes detected fliC, flgB and fliA are listed in Supplementary Table S1,
fliC coding flagellin in the F1 region of flagellar operon; flgB, which is located at the
beginning of F3 region; and fliA, located near the end of the F3 region which encodes
a sigma factor predicted to activate flagellar gene expression in F1 [40]. Reactions were
run on a CFX96 Real-time system (Bio-Rad) with the following cycling conditions: 30 s
polymerase activation at 95 ◦C and 40 cycles at 95 ◦C for 5 s and 60 ◦C for 10 s. In order to
verify the specificity of the real-time PCR reaction for each primer pair, an additional step
from a start at 65 ◦C to 95 ◦C (0.5 ◦C/0.5 s) was performed to establish a melting curve. The
gluD gene was used as reference gene, as described previously [41]. Normalized relative
quantities were calculated using the ∆∆CT method. Data were analyzed with Student t test
with SPSS 20. Results are expressed as mean ± standard error of mean (SEM).

4.6. Adherence Assays

The enterocyte-like Caco-2/TC7 cell line was used between passages 25 and 35. Cells
were grown in DMEM medium (Dulbecco’s modified Eagle’s minimum, Gibco, Waltham,
MA, USA) supplemented with 15% fetal calf serum (Gibco, United States) and 1% non-
essential amino acids NEAA (Gibco, USA). The Caco-2/TC7 monolayers were inoculated in
24-well polystyrene culture plates (TPP, Dominique Dutscher SAS, Brumath, France) with
25,000 cells per well and used 14 days after seeding, when cells were differentiated [42].

Prior to adherence assays, cells were washed twice with PBS and 0.5 mL DMEM
was added to each well. Overnight cultures of each C. difficile strain in BHISG broth,
supplemented with subinhibitory concentrations of MTZ, were pelleted (2500 rpm, 5 min)
and washed once with PBS. Then, 5 × 107 CFU in 0.5 mL DMEM were added to each well.
Bacteria and cells were incubated together for 1 h 30 at 37 ◦C under anaerobic conditions
and wells were washed twice with PBS to discard non-adherent bacteria. After, cells were
lysed with 1 mL of 1% saponin per well during 15 min at 4 ◦C and appropriate dilutions
were spread on BHI agar plates supplemented with 3% horse blood (bioMérieux) for
enumeration of cell-adherent vegetative bacteria. Bacterial colonies were counted after 48 h
of incubation and results were expressed as CFU of cell-adherent bacteria per 100 cells.
Assays were carried out in triplicate in three separate experiments. Data were analyzed
with Mann-Whitney U test with SPSS 20. Results are expressed as mean ± standard error
of mean (SEM).

4.7. Model of Conventional Mice to Study the Impact of MTZ on the Intestinal Colonization of
C. difficile

The model used was based on the model developed in previous studies [29,43].
Figure 6 previously presented illustrates the experimental scheme. All animal experiments
were performed according to European Union guidelines for the handling of laboratory
animals and all procedures were approved by the Ethics Committee CAPSUD (Protocol
APAFIS#4617-2016032118119771 vI).

Six to eight weeks-old C57BL/6JOlaHsd female mice, with an initial bodyweight
of 16–19 g, were obtained from Charles River. Mice were grouped by 3 animals per
cage in ventilated isolators and fed with autoclaved standard chow and water ad libitum
throughout the experiment.

In order to disrupt the normal enteric microbiota and established C. difficile infec-
tion, mice were pretreated with an antibiotic mixture containing kanamycin (40 mg/kg),
gentamycin (3.5 mg/kg), colistin (85,000 mg/kg), MTZ (21.5 mg/kg) and vancomycin
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(4.5 mg/kg). This cocktail was administered from day 6 to day 3 before infection in the
drinking water. The concentrations of antibiotics were calculated based on the average
weight of the mice and their expected water consumption. Then, mice were switched
back to regular drinking water. One day prior to infection, mice received a single dose
of clindamycin (10 mg/kg) by intraperitoneal route. On day 0, mice were challenged by
oral gavage with approximately 3 × 105 vegetative cells in 0.3 mL volume. This inoculum
was prepared as follows: an overnight culture in BHISG was diluted in BHISG to a final
concentration of approximately 1 × 105 vegetative cells per mL, estimated by microscopic
cell counting. The bacterial concentration was checked thereafter by enumerating vegeta-
tive viable cells. The treatments with MTZ began from 1-day post-infection (Figure 6) by
oral gavage with different dose regimes. The mice were divided into 8 groups, 6 mice per
group: four groups (A–D) infected with VPI 10463 and four groups (E–H) infected with
CD17-146. Two groups (A and E) were treated with placebo (sterile water), six groups were
treated with either usual dose of MTZ (B and F, 50 mg/kg), a half (C and G, 25 mg/kg) or a
quarter (D and H, 12.5 mg/kg) of usual dose of MTZ twice a day, for 7 days. The usual
dose defined in this study was the one used before to treat CDI in a mouse model [29].

Fecal samples were collected from each mouse on day 1 for enumeration of vegetative
cells and were processed as previously described [44]. At the end of the 7-day observation
period, mice were sacrificed, and the cecum and fecal samples were collected for enumer-
ation of bacteria to assess the colonization rate in the cecum. The cecum contents were
collected and used for luminal bacterial count. After three PBS rinses, the mucosal tissues
were homogenized for 1 min with Ultra-Turrax T25 (IKA®, Labortechnik, Germany), and
tissue-adherent bacteria were enumerated. Both vegetative cells and spores were enumer-
ated in all samples. Vegetative cells were counted by plating serial 10-fold dilutions onto
selective cycloserine-cefoxitin blood agar plates (CLO agar; bioMérieux, Marcy l’Etoile,
France). Then, samples were mixed with equal volume of 96% alcohol for 1 h and spores
were counted as described above. Colonies were counted after incubation anaerobically at
37 ◦C for 48 h.

Data were collected from two independent experiments and differences between two
groups were analyzed with Mann-Whitney U test with SPSS 20. Results are expressed as
mean ± standard error of mean (SEM).

4.8. Monoxenic Mouse Model to Visualize C. difficile Intestinal Distribution in the Cecum When
Exposed to MTZ
4.8.1. Animal Model

To visualize bacterial distribution over epithelial tissues in the cecum, we used the
germ-free mouse model described by Soavelomandrosso et al. [38]. Six to eight weeks
old germ-free C3H/HeN female mice were obtained from INRAE (Jouy-en-Josas, France).
All animal experiments were performed according to European Union guidelines for the
handling of laboratory animals and all procedures were approved by the Ethics Committee
CAPSUD (Protocol APAFIS#23414-2019121910116284 v4).

Mice were housed in sterile isolators with ad libitum access to food and water. Before
experiments, we checked the germ-free status of each animal as previously described [38].
Mice were challenged by oral gavage with 5 × 105 CFU of C. difficile, either VPI 10463 (group
A and B) or CD17-146 (group C and D) strain, with inoculum prepared as described for the
conventional model. From 1-day post-infection, mice were treated with sterile water (group
A and C) or with a quart of usual dose of MTZ: 12.5 mg/kg (group B and D) for 7 days by
oral gavage twice a day. We used 3 mice per group. Seven days post-infection, feces were
sampled for enumeration of bacteria and mice were euthanized. Data were analyzed with
Mann-Whitney U test with SPSS 20. Results are expressed as mean ± standard error of
mean (SEM). The caeca were collected for confocal microscopy analyses.
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4.8.2. Confocal Laser Scanning Microscopy (CLSM)

The spatial distribution of tissue-associated bacteria was determined by CLSM analysis
of mouse mucosa from three mice for each strain. After removal of cecal content, the
tissues were washed 3 times in 10 mL of PBS, spread on a glass slide and stained with the
LIVE/DEAD® BacLightTM 193 Bacterial Viability Kit (Thermo Fisher Scientific, United
States): 20 µL of the diluted mixture (1:1000) was added on the tissues. Samples were
visualized with a LSM 510 microscope (Carl Zeiss Inc., Oberkochen Germany). Horizontal
plan images were acquired at several different locations for each sample. During the Z
overlay, an average of the thickness of the bacterial layer in several places on the tissue
sample was calculated. Finally, three-dimensional projections were reconstructed from x-z
stacks using Imaris software (Bitplane, Belfast, UK).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11050624/s1, Figure S1: Heterogeneous distribution
of C. difficile over the cecal tissue in a mono-associated mouse model. Confocal laser-scanning
microscopy 3-D projection of tissue-associated bacteria obtained from cecum for the CD17-146
without or with treatment of MTZ at 0.125 mg/kg, and the VPI 10463 without or with treatment
of MTZ 0.125 mg/kg. Live cells (bacterial [rod] or epithelial) are labeled in green, dead cells are
labeled in red. Scale bars (white): 30 µm. Figure S2: Impact of MTZ on cecum colonization of
C. difficile in monoxenic mice, 7 days post-infection. Germ-free mice were infected by either VPI 10463
(group A and B) or CD17-146 (group C and D) strain with 5 × 105 CFU of C. difficile. From 1-day
post-infection, mice were treated with sterile water (group A and C) or with a quart of usual dose
of MTZ: 12.5 mg/kg (group B and D) for 7 days by oral gavage twice a day. C. difficile shedding
was monitored in feces at day 7 post-infection. There were no significant differences in colonization
between the group treated with MTZ at usual dose/4 and the group non-treated for both strains.
The error bars represent standard error of the mean (SEM). Table S1: Sequences of oligonucleotide
primers used in this study.
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Abstract: Rapid, accurate detection of Clostridioides difficile toxin may potentially be predicted by toxin
B PCR cycle threshold (tcdB Ct). We investigated the validity of this approach in an inpatient adult
population. Patients who tested positive by C. difficile PCR (Cepheid GeneXpert) from December 2016
to October 2020 (n = 368) at a tertiary medical center were included. All stool samples were further
tested by rapid glutamate dehydrogenase (GDH)/toxin B EIA and cell cytotoxin neutralization assay
(CCNA). Receiver operating characteristic curves were analyzed. The area under the curve for tcdB
Ct predicting toxin result by EIA was 0.795 (95% confidence interval (CI) 0.747–0.843) and by CCNA
was 0.771 (95% CI 0.720–0.822). The Youden Ct cutoff for CCNA was ≤27.8 cycles (sensitivity 65.0%,
specificity 77.2%). For specimens with Ct ≤ 25.0 cycles (n = 115), CCNA toxin was positive in >90%.
The negative predictive value of tcdB Ct for CCNA was no greater than 80% regardless of cutoff
chosen. In summary, very low Ct values (≤25.0) could have limited value as a rapid indicator of
positive toxin status by CCNA in our patient population. A broad distribution of Ct values for
toxin-negative and toxin-positive specimens precluded more robust prediction. Additional data
are needed before broader application of Ct values from qualitatively designed assays to clinical
laboratory reporting.

Keywords: neutralization assay; toxin immunoassay; receiver operating characteristic curve

1. Introduction

Clostridioides difficile is an anaerobic, spore-forming Gram-positive bacillus and one
of the most commonly reported pathogens in health care-associated infections [1]. In the
context of a perturbed fecal microbiota, C. difficile causes disease via toxin production,
leading to intestinal mucosal damage. Major risk factors for disease include prior antibiotic
usage, older age, and healthcare exposure. The spectrum of disease ranges from diarrhea
to pseudomembranous colitis and toxic megacolon. Both toxins A and B are produced
by most pathogenic strains, but toxin B is detected in nearly all cases of C. difficile disease.
Diagnosis is based upon the clinical suspicion and detection of toxigenic C. difficile or its
toxins in stool [2].

The rapid, accurate diagnosis of C. difficile infection (CDI) is not yet fully optimized,
but toxin detection may be considered the strongest correlate with clinical outcomes [3].
Methods to detect toxin B in stool include enzyme immunoassay (EIA), which has variable
levels of performance [2,4], and cell culture cytotoxicity neutralization assay (CCNA). The
detection of toxins correlates with disease severity [5], and CCNA results have been shown
to correlate most closely with CDI compared to EIA-based toxin assays and toxigenic
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culture [3]. However, as CCNA is a time-consuming, with a manual method that requires
up to 72 h for final results, surrogate methods have been put forth to hasten the time to an
accurate toxicology result.

It has been demonstrated that the bacterial load of toxigenic C. difficile in stool correlates
with the detection of toxins, with higher bacterial loads observed in specimens that test
toxin-positive than those that test toxin-negative [6,7]. Several studies have therefore
evaluated the cycle threshold (Ct) from real-time PCR amplification of C. difficile tcdB
from stool as a potentially rapid predictor of toxin status [6–9]. In our clinical experience,
toxin EIA has performed poorly compared to CCNA [10], and we have not observed an
obvious correlation between tcdB Ct and toxin status. It was therefore suspected that the
predictive ability of tcdB Ct values may not be broadly applicable to different toxin assays
or patient populations. The objective of this study was to investigate the potential use of
tcdB Ct values in a hospitalized adult population for predicting toxin status by either toxin
EIA or CCNA.

2. Results
2.1. Patient Demographics

Of 370 PCR-positive samples from hospitalized inpatients, 2 were excluded because
CCNA was not performed due to lab error. The remaining 368 samples were from
191 (51.9%) male and 177 (48.1%) female patients (Table S1). Mean and median ages
were 58.7 and 62.0 years, respectively. Reasons for admission were largely related to pa-
tient history of solid organ transplant (n = 64 (17.4%)), hematopoietic stem cell transplant
(n = 23 (6.3%)), malignancy (n = 105 (28.5%)), and surgical procedures (n = 97 (20.4%)).
Underlying conditions of all patients are summarized in Table 1.

Table 1. Underlying medical conditions of hospitalized adult patients with positive C. difficile PCR
included in this study.

Medical Condition n (%)

Malignancy 105 (28.5)
Hematologic 15 (4.1)

Non-hematologic 90 (24.5)
Solid organ transplant 64 (17.4)

Hematopoietic stem cell transplant 23 (6.3)
Surgical procedure 97 (20.4)

Neurosurgery 22 (6.0)
Abdominal 29 (7.9)

Cardiovascular 26 (7.1)
Orthopedic 8 (1.6)

Urologic 4 (1.1)
Other 8 (2.2)

Cardiovascular disease 20 (5.4)
Hepatic failure 17 (4.6)

Inflammatory bowel disease 15 (4.1)
Gastrointestinal disease (non-surgical) 9 (2.4)

Non-cancerous neoplasm 5 (1.4)
Other conditions 13 (3.5)

Total 368 (100)

2.2. Summary Statistics

Out of the 368 toxigenic C. difficile PCR-positive specimens, 326 (88.6%) tested positive
by GDH EIA, 127 (34.5%) by toxin EIA, and 254 (69.0%) by CCNA. Compared to CCNA
as the reference standard, toxin EIA had a sensitivity of 48.4% (123/254; 95% confidence
interval (CI) 42.1–54.8%) and specificity of 96.5% (110/114; 95% CI 91.3–99.0%). The tcdB
Ct values of the toxin EIA-positive, CCNA-negative specimens ranged from 26.1 to 35.0.
Distribution of results demonstrated CCNA toxin-positive specimens to have a more
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gradual decline in numbers as Ct values increased, compared to toxin EIA-positive samples
which demonstrated a denser clustering at lower Ct values (Figure 1).
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2.3. Cycle Threshold Value and GDH, Toxin EIA, and CCNA Results

The tcdB Ct values were significantly higher for GDH-negative than GDH-positive
samples, toxin EIA-negative than toxin EIA-positive samples, CCNA-negative than CCNA-
positive samples, and EIA-positive than CCNA-positive samples. There was no statistically
significant difference between NAP1-negative and NAP1-presumptive positive samples
(Table 2, Figure 2). However, NAP1-presumptive positive specimens were significantly
more frequently EIA-positive (31/53; 58.5%) than NAP1-presumptive negative specimens
(95/315; 30.2%) (p = 0.0001); and more frequently CCNA-positive (44/53; 83.0%) than
NAP-1 presumptive negative specimens (210/315; 66.7%) (p = 0.016).

Table 2. Summary statistics of Ct values for tcdB by GDH EIA, toxin EIA, CCNA, and PCR NAP1 results.

n Median (Mean)
Ct

p-Value a

GDH-positive 326 27.5 (27.3)
<0.001GDH-negative 42 32.9 (32.7)

Toxin EIA-positive 127 25.0 (24.5) b
<0.001Toxin EIA-negative 241 29.5 (29.7)

CCNA-positive 254 25.8 (26.6) b
<0.001CCNA-negative 114 31.5 (30.9)

NAP1-presumptive positive 53 25.3 (26.9)
0.056NAP1-negative 315 27.7 (28.1)

All samples 368 27.5 (27.9) NA
a Mann–Whitney U test. b p = 0.002 for comparison by Mann–Whitney U test. Abbreviations: Ct, threshold cycle;
GDH, glutamate dehydrogenase; EIA, enzyme immunoassay; CCNA, cell culture cytotoxicity neutralization
assay; NAP1, North American PFGE type 1; NA, not applicable.
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Figure 2. Venn diagram illustrates the number of specimens with each different test result com-
bination, given as n (median tcdB Ct value). Abbreviations: Ct, threshold cycle; GDH, glutamate
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NAP1, North American PFGE type 1.

2.4. Use of tcdB Ct Value as an Indicator of Toxin Results

An ROC curve analysis of tcdB Ct values to predict toxin EIA results yielded an
AUC of 0.795 (95% CI 0.747–0.843) (Figure 3). The Youden Ct cutoff of ≤26.2 cycles had
a sensitivity of 75.6% (95% CI 67.4–82.2%) and specificity of 75.1% (95% CI 69.2–80.1%).
The ROC curve for tcdB Ct values to predict CCNA toxin result yielded an AUC of 0.771
(95% CI 0.720–0.822) (Figure 3). The Youden Ct cutoff of ≤27.8 cycles had a sensitivity of
65.0% (95% CI 58.9–70.6%) and specificity of 77.2% (95% CI 68.7–83.9%). To account for the
rapid turnaround time and accuracy of toxin EIA-positive results, we performed a subset
analysis on toxin EIA-negative specimens, for which CCNA toxin results were potentially
more applicable. In toxin EIA-negative specimens, the AUC was 0.677 (95% CI 0.610–0.745).
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When examining the positive predictive value of tcdB Ct for CCNA toxin results by
Ct value, we found that tcdB Ct ≤ 21.3 cycles was the highest cutoff at which positive
toxin detection by CCNA could be predicted with 100% accuracy (n = 22). A cutoff of
Ct ≤ 25.0 cycles was the highest at which >90.0% (104/115) of such specimens tested
positive for toxin by CCNA. No meaningful ≥ Ct cutoff could predict negative CCNA toxin
results beyond 80% accuracy. Even at a cutoff of ≥35.4 cycles, 4 of 19 (21.1%) specimens
still tested CCNA-positive.

3. Discussion

Our analysis of data from a recent four-year period sought to characterize the predic-
tive value of the tcdB Ct value for C. difficile toxin status in PCR-positive fecal specimens in
an adult inpatient population. Our findings could be relevant to institutions considering
the use of algorithmic or combination testing for C. difficile by toxin assays and PCR, partic-
ularly as we correlated PCR Ct values with CCNA, a reference standard toxin assay [11,12].
The rapid toxin EIA test used here can provide results within minutes, negating much
of the benefit of using for Ct value from PCR to predict its results. Conversely, the low
sensitivity for C. difficile toxin B by EIA compared to CCNA (48.4% in this study) limits
its utility as a rapid toxin assay. Furthermore, use of the tcdB Ct value to predict toxin
results obtained by CCNA could be considered more impactful given that CCNA toxin
results have been shown to correspond with C. difficile disease severity [2,5], and that tcdB
Ct values are obtained at the time of real-time PCR but CCNA requires 1 to 3 days.

In this study, tcdB Ct values yielded similar AUCs for toxin results by EIA and CCNA,
and it was shown that using tcdB Ct value as predictor of toxin results yielded suboptimal
sensitivity and specificity (~75%) at the optimal cutoffs. Selecting a separate cutoff tcdB
Ct value for positive and negative toxin results by CCNA offered some advantages, albeit
limited. Although a cutoff of Ct ≤ 25.0 cycles could predict positive CCNA results for a
specimen with >90% accuracy, more than half of CCNA-positive specimens actually had
Ct numbers >25.0. In our analysis, there no practical tcdB Ct cutoff value was found that
reliably corresponded to CCNA-negative results given the wide and even distribution of
CCNA-positive specimens across Ct values.

Of note, other studies evaluating the ability of tcdB Ct results to predict toxin status
showed better performance than found here. An AUC as high as 0.921 for predicting
combined results of toxin testing by EIA and CCNA using the Xpert assay, quantitatively
calibrated to tcdB target concentrations, has been demonstrated (7). A sensitivity of 99.0%
for rapid EIA toxin detection was attained with a tcdB Ct cutoff of <27.55 (Xpert), although
the corresponding specificity was 58.8% [8]. It is noteworthy that in these two aforemen-
tioned studies, toxigenic bacterial load clustered tightly according to toxin test result, in
contrast to our tcdB Ct results, which were much more broadly distributed. Similar to our
study, another study evaluating Xpert PCR results from a 6-year period described signifi-
cant overlap of Ct values between EIA toxin-positive and -negative specimens [13]. We can
only speculate that differences in Ct value distribution seen between studies could have
resulted from studies of longer study periods capturing more variation in test operators
and assay lot-to-lot differences. Discrepancies in performance characteristics for the same
C. difficile toxin and PCR assays have furthermore been observed to occur between different
geographic sites and strain types [2,14,15], potentially contributing to our observed results.
The low sensitivity of the rapid GDH/toxin combination at our institution is described in
other studies, though it contrasts with the performance found by others [10,16–19], a trend
which remained consistent throughout this four-year study period. Our results were similar
to those described in a cancer center patient population, in which an AUC of 0.83 was
obtained with a Youden cutoff of ≤28.0 cycles (vs. our Youden cutoff of ≤27.8 cycles) for the
prediction of CCNA toxin results. Overlapping distributions of Ct values of 25.0–28.0 were
also noted between CCNA-negative and CCNA-positive cases in another comparison [20].
Although others have not found adverse outcomes associated with the implementation of
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reporting tcdB Ct values [21], it is important to note that test performance characteristics
may differ by institution.

These studies demonstrate the potential applications of Ct values from the typically
qualitative C. difficile PCR. The Xpert assay is generally considered to have excellent sen-
sitivity in organism detection and specificity in ruling out CDI, similar to that of other
commercial C. difficle PCR assays [22,23]. It is stressed that such application of Ct values is
not FDA-cleared for C. difficile PCR testing, including the commonly used Xpert assay. Test
cartridges are inoculated with a swab dipped into the fecal specimen; hence, the starting
material is a non-standard, non-quantified amount. Quantitative results could further be
subject to variations in operator technique, stool consistency, and DNA recovery, among
other factors. To the contrary, one study found that variations in stool input volume had
little bearing on the Ct value, and moreover, the coefficient of variation for the tcdB Ct
was only 2.8% across four lots of the Xpert assay [8]. In additional support of the potential
quantitative use of C. difficile PCR results, Ct values were found to significantly correlate
with quantitative culture results for C. difficile in stool [6]. In our retrospective analysis
of clinical test results, we did not calibrate Ct against a standard curve to mitigate any
lot-to-lot variation over the study period. In order for Ct values for qualitative tests to offer
maximal performance as a toxin prediction tool for clinical purposes, we believe the test
should be managed in the laboratory as a quantitative, laboratory-developed test. Our
study results otherwise advise against use of the Ct result at face value for clinical purposes.

In addition to predicting toxin status, the bacterial load of toxigenic C. difficile in stool
has been proposed as a predictor of CDI severity and clinical outcome [9,23,24]. However,
the actual value of its prognostic contribution, as compared to the information derived
from toxin testing and assessment of clinical risk factors, has been questioned [24]. With
different case definitions and specimen inclusion criteria between different studies, optimal
cutoffs for tcdB Ct values from the Xpert platform have ranged from <23.5 to <27.55 for
predicting poor outcomes for CDI [9,19,24–27]. Incorporating expert clinical consensus, a
more recent study found a threshold of <24.0 cycles on the Xpert assay corresponded with
a high probability of CDI [28].

Gene targets of the Xpert C. difficile PCR assay include binary toxin and tcdC deletion
for presumptive detection of the NAP1 strain. Outside the epidemic setting, the clinical
significance of the NAP1 strain is variable, with some studies noting increased associated
CDI severity and mortality but others finding host factors to be more contributory to
outcome than strain type [29–31]. In either case, NAP1 strains are known to produce higher
levels of toxin A and B in vitro and in vivo [31,32]. Similar to others [7,24], this study
observed a trend (p = 0.056) towards lower Ct values for presumptive NAP1 strains and
higher frequency of toxin positivity by either EIA or CCNA compared to NAP1-negative
specimens. These results were from a single center among adult inpatients, and the results
may not be generalizable to other patient populations. CCNA testing was performed by
a reference laboratory within specimen stability limits, rather than immediately set up
for in-house testing, which may have had a minor impact on CCNA results. Another
consideration is that only Bristol scale 6 or 7 stools were included for clinical testing to
improve appropriate test utilization, although this restriction may have excluded some
cases of CDI [33,34]. Because our purpose was to analyze the practical implications of using
Ct as a simple indicator of toxin status, wherein the clinical laboratory would operate within
its current test algorithm, we did not further stratify patients using clinical severity scores or
other clinical variables to improve the predictive power of the tcdB Ct value for CCNA toxin
status. This remains an important consideration to be further explored in the future.

In summary, we found that the use of tcdB Ct values from a commonly used C. difficile
PCR platform was limited in its ability to predict CCNA toxin status. The difficulty was
related to the broad distribution of tcdB Ct values observed in the study period, even
among CCNA-positive specimens. Our data were compiled from several years of clinical
testing and found that results were not as robust and reliable compared to focused studies
occurring over a short period of time or those using calibrated assays.
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4. Materials and Methods
4.1. Specimen Inclusion Criteria

In this retrospective analysis, we included the clinical results of all stool samples
from hospitalized adult patients that had undergone C. difficile testing by EIA and CCNA
(detailed below) after testing positive for C. difficile toxin gene tcdB by real-time PCR
(GeneXpert C. difficile/Epi PCR, Cepheid, Sunnyvale, CA, USA), which, at the time of study,
was from December 2016 to October 2020. The patients were from a tertiary care center
specializing in surgical, transplant, and oncology care (Keck Medical Center, Los Angeles,
CA, USA). Per institutional policy, specimens were rejected if not meeting Bristol stool scale
type 6 or 7 or if a prior specimen had been tested from the same patient within the past
7-day period.

4.2. Data Collection and C. difficile Test Methods

C. difficile PCR testing was performed upon physician’s request based on clinical
suspicion. C. difficile testing is performed promptly upon receipt by the laboratory. For
hospitalized patients, standard-of-care testing for specimens positive by C. difficile PCR
included immediate testing by a rapid EIA assay for glutamate dehydrogenase (GDH) and
toxin B (Cdiff Quick Check, Alere Inc., Waltham, MA, USA), and immediately freezing
an aliquot and sending it for CCNA testing at a reference laboratory (ARUP Laboratories,
Salt Lake City, UT, USA). C. difficile test results by PCR, EIA, and CCNA, as well as tcdB
Ct values and NAP1 results from the Xpert PCR assay, were retrospectively collected for this
study. Electronic medical records were reviewed for patient demographics and underlying
health conditions.

4.3. Statistical Analysis

Mean ranks of tcdB Ct values between groups were compared using the Mann–
Whitney U test. Frequency of categorical variables between groups were compared using
two-tailed Fisher’s exact test. Receiver operating characteristic (ROC) curve analysis was
performed using Ct values as a marker of toxin positivity by either EIA or CCNA. The
area under the curve (AUC) for each toxin test was calculated and compared using the
Wilcoxon trapezoidal method. The optimal Ct cutoff value was determined using the
Youden maximum index value. Statistical calculations were conducted using GraphPad
Prism 9.0.0 (San Diego, CA, USA).

5. Conclusions

The application of tcdB Ct values from C. difficile PCR in a tertiary care, adult inpatient
population was suboptimal as a predictive tool to determine C. difficile toxin status by the
reference cytotoxin neutralization assay or by enzyme immunoassay. Substantial overlap
of tcdB Ct values between toxin-negative and toxin-positive specimens precluded more
accurate prediction.
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Abstract: In recently updated international guidelines, fidaxomicin is preferentially recommended
as first-line treatment over vancomycin both for the first episode of CDI and for rCDI, based on the
results of different randomized controlled trials (RCTs). Although noninferiority was the rule in
phase-3 RCTs with regard to the primary endpoint of clinical cure, for shaping these recommendations,
particular attention was devoted to the improved global cure and reduced risk of recurrent CDI
(rCDI) observed with fidaxomicin compared to vancomycin in RCTs. Overall, while the major driver
of choice should remain the global benefit for the patient, consideration of available resources should
be necessarily weighed in the balance, since fidaxomicin still remains more costly than vancomycin.
Against this background, precisely stratifying risk groups for rCDI will represent a crucial research
trajectory of future real-life studies on the treatment of first CDI episodes. In the current narrative
review, we discuss the updated evidence from RCTs on the efficacy of fidaxomicin for the treatment
of either the first CDI episode or rCDI, which eventually supports its positioning within current
treatment algorithms and guidelines.

Keywords: fidaxomicin; CDI; rCDI; Clostridioides difficile; randomized clinical trials; RCT

1. Introduction

Clostridioides difficile is the most common causative agent of infectious diarrhea in
hospitalized patients; although, community-acquired C. difficile infection (CDI) has also
become epidemiologically and clinically relevant during the last decade [1–6].

In the treatment approach to CDI, clinicians aim both to cure the index episode and
to reduce the risk of recurrences. Indeed, recurrent CDI (rCDI) develops in 10–30% of
cases after the first CDI episode, with the risk further increasing with each successive
episode [7–10]. In the recently released updates of guidelines/guidance documents from
the Infectious Diseases Society of America/Society for Healthcare Epidemiology of America
(IDSA/SHEA) and from the European Society of Clinical Microbiology and Infectious
Diseases (ESCMID), there have been changes in the recommendations pertaining to the
use of fidaxomicin, a macrocyclic antibiotic approved both in the US and in Europe for the
treatment of CDI [11,12].

In the present narrative review, we discuss the updated evidence from randomized
controlled trials (RCTs) on the efficacy of fidaxomicin for the treatment of either the first
CDI episode or rCDI, which eventually supports its positioning within current treatment
algorithms and guidelines.

2. Methods

In August 2022, we performed a PubMed search using the keyword “fidaxomicin”.
After title and abstract screening of the retrieved 657 records, 227 of them were selected
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for initial full-text assessment. In line with the narrative nature of the present review,
relevant articles pertaining to the topic were further selected by the authors and organized
in the following structure: (i) an introductory section on the characteristics, mechanism
of action, and antimicrobial activity of fidaxomicin; (ii) a main section on the results from
phase-3/4 RCTs; (iii) a conclusions section.

3. Characteristics, Mechanism of Action, and Antimicrobial Activity of Fidaxomicin

Fidaxomicin, administered orally, is the first member of the macrocycles class of antibi-
otics, and it shows bactericidal activity against C. difficile [13,14]. In addition, fidaxomicin
has negligible activity against other bacteria constituting the gut microbiota [15,16]. This
selective activity relies on the fact that the C. difficile RNA polymerase (inhibited by fi-
daxomicin [17]) has a specific residue (lysine 84) that is bound by fidaxomicin and acts
as a crucial sensitizer allowing fidaxomicin killing activity [18]. This specific residue is
absent in gut bacteria belonging to the phyla Bacteroides and Proteobacteria [18,19]. In
line with the largely reported more favorable effect than other CDI treatments in terms of
microbiota disruption [16,20–23], combined with its modest activity (although inhibitory
at the achieved stool concentrations) against vancomycin-resistant enterococci (VRE) [24],
fidaxomicin treatment resulted in a reduced frequency of novel stool culture positivity for
vancomycin-resistant enterococci (VRE) and Candida spp. compared to vancomycin among
patients with negative pre-treatment stool cultures enrolled in a phase-3 RCT (7% vs. 31%
for VRE acquisition among 247 patients, p < 0.001; 19% vs. 29% for Candida spp. acquisition
among 252 patients, p = 0.03) [25]. In patients with pre-treatment VRE colonization, a larger
decrease in the mean stool concentration of VRE was observed with fidaxomicin therapy
than with vancomycin therapy; although, selection of some subpopulations of VRE with
high fidaxomicin minimum inhibitory concentration (MIC) was observed during fidax-
omicin treatment [25]. Of note, in patients receiving vancomycin, the risk of colonization
and subsequent bloodstream infections by Candida spp. or enterococci may be possibly
higher among those receiving high vancomycin dosages (>500 mg/day) [26].

Another peculiar characteristic of fidaxomicin, not shared by other anti-C. difficile
agents such as vancomycin and metronidazole, is its long post-antibiotic effect, which
might be relevant considering the hastened intestinal transit and drug elimination in pa-
tients with diarrhea [14,27]. Following oral administration, fidaxomicin is poorly absorbed,
reaching high intracolonic concentrations [28,29]. Together with the lack of cytochrome
P450 metabolism, the very low bioavailability of fidaxomicin may explain its low potential
for systemic adverse events and drug interactions [14,30,31]. The main metabolite of fidax-
omicin, OP-1118, is produced in vivo by the action of an esterase, and retains antimicrobial
activity against C. difficile [13,32,33].

The activity of fidaxomicin against C. difficile has been assessed in several in vitro
studies. Among 403 non duplicate C. difficile isolates from Taiwan, fidaxomicin showed
potent in vitro activity, with MIC90 of 0.5 mg/L (range ≤ 0.015 to 0.5 mg/L) [34]. An even
lower MIC90 of 0.125 mg/L was measured among 188 C. difficile isolates from Hungary, with
only four isolates displaying a MIC value of 0.5 mg/L [35]. In another surveillance study
on 925 C. difficile isolates from the US, MIC90 for fidaxomicin was 0.5 mg/L, with a range
from 0.004 to 4 mg/L [36]. The same MIC90 of 0.5 mg/L, with a range from 0.004 to 1 mg/L,
was observed in a subsequent update on a larger sample of 1889 C. difficile isolates [37]. In a
surveillance study from Japan, MIC90 for fidaxomicin was 0.25 mg/L among 100 C. difficile
isolates (range 0.03 to 0.5 mg/L) [38]. A MIC90 of 0.25 mg/L for fidaxomicin was also
observed in a surveillance study on 105 C. difficile isolates from Thailand (range 0.004 to
0.25 mg/L) [39]. Among 101 C. difficile isolates from China, MIC90 for fidaxomicin was
0.5 mg/L (range 0.032 to 1 mg/L), whereas it was 0.03 mg/L among 100 C. difficile isolates
from the US in another study (range ≤ 0.008 to 8 mg/L) [40,41]. In a small study on 64 C.
difficile isolates from the Czech Republic, MIC90 for fidaxomicin was 0.125 mg/L (range
0.06 to 0.25 mg/L) [42]. Fidaxomicin showed the greatest in vitro potency compared to
the other seven antimicrobial agents tested against 1310 C. difficile isolates from Canada
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(with 027 being the most frequent ribotype, 24.5%), showing a MIC90 of 0.25 mg/L (range
0.055 to 2 mg/L) [43]. In a large pan-European surveillance study of 953 C. difficile isolates,
MIC90 for fidaxomicin was 0.125 mg/L (range ≤ 0.002 to 0.25 mg/L), and all strains
were considered susceptible according to an epidemiological cut-off of 1 mg/L [44]. In
subsequent updates of the same surveillance study including up to 3499 C. difficile isolates,
a fidaxomicin MIC ≥ 4 mg/L was observed only in a single case [45,46]. Low MIC90 values
for fidaxomicin were also displayed by C. difficile isolates from phase-2 (38 isolates, MIC90
of 0.125 mg/L, range ≤ 0.008 to 0.25 mg/L) and phase-3 (719 isolates, MIC90 of 0.25 mg/L,
range 0.03 to 1 mg/L) studies of fidaxomicin, with only one strain isolated from a patient
from a phase-3 study who developed rCDI showing a fidaxomicin MIC of 16 mg/L at the
time of rCDI [47,48].

According to the in vitro studies reported above, reduced susceptibility to fidaxomicin
is very rare; although, it has seldom been described [49]. In vitro, reduced susceptibility to
fidaxomicin was selected through serial passages in a medium over a range of drug concen-
trations [50]. C. difficile isolates with reduced fidaxomicin susceptibility selected through
serial passages harbored mutations in rpoB, encoding the β-subunit of RNA polymerase, or
in CD22120, encoding a homolog of the family of transcriptional regulators MarR [50,51].
In a subsequent study, three C. difficile mutants with reduced susceptibility to fidaxomicin
(MIC of 2, 8, and >32 mg/L, respectively) after the introduction of non-synonymous single-
nucleotide polymorphisms in rpoB by allelic exchange also showed attenuated growth
and reduced sporulation capacity, toxin A/B production, and cytotoxicity compared with
the parental strain [52]. In a hamster model, the three mutants had impaired virulence
in comparison to the parental strain; although, caecum colonization capacity was similar
to the parental strain [52]. In a more recent study, a V1143D mutation was characterized
in the rpoB gene of a clinical C. difficile isolate with fidaxomicin MIC > 64 mg/L and was
associated with a less marked fitness defect than previously reported [53].

Regarding other particular characteristics, fidaxomicin and its metabolite OP-1118,
differently from vancomycin, are able to inhibit sporulation (spore formation) of C. difficile,
a fact which is thought to contribute to the observed increased rates of sustained response
and reduced risk of recurrence in comparisons with other treatments (see the following
section), since spores may persist after completion of a successful treatment course and
subsequently germinate and proliferate, leading to a novel CDI episode [54–56]. After
spores are formed, fidaxomicin, like vancomycin, is unable to inhibit germination, but both
agents are able to counteract the outgrowth of vegetative cells from germinating spores [57].
However, fidaxomicin, but not vancomycin, has been demonstrated to persist on C. difficile
spores after washing in saline and fecal filtrate, with consequent higher inhibitory effect
on the outgrowth of vegetative cells and toxin production [58,59]. A substantial direct
inhibitory effect of fidaxomicin and OP-1118 on toxin production may also explain the less
frequent detection of post-treatment toxin production in fidaxomicin-treated patients than
in vancomycin-treated patients [56,60,61]. A reduction in toxin A- and toxin B-mediated
inflammatory responses and colonic tissue damage has also been described following
exposure to fidaxomicin [62,63]. Another effect of fidaxomicin reported in in vitro studies,
not observed with vancomycin, is the inhibition of biofilm formation, which could have
implications for reducing the risk of both C. difficile colonization and CDI [64–67]. Finally,
reduced shedding and environmental contamination by C. difficile have been described
with fidaxomicin treatment more than with metronidazole or, although to a lesser extent,
vancomycin [68–71].

4. Results of Phase-3/4 Randomized Controlled Trials

A summary of the main results of phase-3/4 RCTs assessing the efficacy of fidaxomicin
for the treatment of CDI in adult patients is available in Table 1.

The first two large phase-3 randomized controlled trials (RCTs) assessing the efficacy of
fidaxomicin for the treatment of CDI were the OPT-80-003 and OPT-80-004 studies [72,73]. Of
note, patients with life-threatening or fulminant CDI were excluded from these studies [72,73].
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In the non-inferiority, double-blind OPT-80-003 RCT, fidaxomicin (200 mg orally twice daily
for 10 days) was compared to vancomycin (125 mg orally four times daily for 10 days) for
the treatment of CDI [73]. The primary endpoint was clinical cure (defined as resolution
of the symptoms and no need for further CDI treatment), assessed on the second day after
the end of treatment. The secondary endpoints were rCDI (defined as diarrhea plus toxin
test positivity on stool within 4 weeks after treatment of the previous episodes) and global
cure (defined as clinical cure plus lack of rCDI). The primary study populations were the
modified intention to treat (mITT) population (patients with documented CDI who received
at least one dose of the study drug) and the per-protocol population (patients of the mITT
population who received at least 3 days of treatment in the case of failure and at least 8 days
of treatment in the case of clinical cure). Regarding the primary endpoint, fidaxomicin was
found to be noninferior to vancomycin in terms of clinical cure both in the mITT population
(88.2% (253/287) vs. 85.8% (265/309) in the fidaxomicin and vancomycin arms, respectively;
lower margin of the 97.5% confidence interval [CI] for difference equal to −3.1%) and in
the per-protocol population (92.1% (244/265) vs. 89.8% (254/283) in the fidaxomicin and
vancomycin arms, respectively; lower margin of the 97.5% CI for difference equal to −2.6%).
Regarding secondary endpoints, a lower frequency of rCDI was observed in fidaxomicin-
treated than vancomycin-treated patients, both in the mITT population (15.4% (39/253) vs.
25.3% (67/265) in the fidaxomicin and vancomycin arms, respectively, with 95% CI for the
difference from −16.6% to −2.9%) and in the per-protocol population (13.3% (28/211) vs.
24.0% (53/221) in the fidaxomicin and vancomycin arms, respectively, with 95% CI for the
difference from −17.9% to −3.3%). A reduced frequency of rCDI in fidaxomicin-treated
than in vancomycin-treated patients was retained in most subgroups; although, not in the
subgroup of patients with CDI due to the 027 ribotype (27.1% (16/59) vs. 20.9% (14/67)
in the fidaxomicin and vancomycin arms, respectively, in the mITT population). Finally, a
higher frequency of global cure was registered in fidaxomicin-treated than in vancomycin-
treated patients, both in the mITT population (74.6% (214/287) vs. 64.1% (198/309) in the
fidaxomicin and vancomycin arms, respectively, with 95% CI from 3.1% to 17.7%) and in
the per-protocol population (77.7% (206/265) vs. 67.1% (190/283) in the fidaxomicin and
vancomycin arms, respectively, with 95% CI for the difference from 3.1% to 17.9%) [73].
Dosing schedules, endpoints, and primary study populations of the OPT-80-004 study were
defined as in the OPT-80-003 study [72,73]. With regard to clinical cure (primary endpoint),
fidaxomicin achieved noninferiority to vancomycin also in the OPT-80-004 study, both in the
mITT population (87.7% (221/252) vs. 86.8% (223/257) in the fidaxomicin and vancomycin
arms, respectively; lower margin of the 97.5% CI for difference equal to −4.9%) and in the per-
protocol population (91.7% (198/216) vs. 90.6% (213/235) in the fidaxomicin and vancomycin
arms, respectively; lower margin of the 97.5% CI for difference equal to −4.3%). A lower
frequency of rCDI was observed in fidaxomicin-treated than in vancomycin-treated patients
also in the OPT-80-004 study, both in the mITT population (12.7% (28/221) vs. 26.9% (60/223)
in the fidaxomicin and vancomycin arms, respectively, with 95% CI for the difference from
−21.4% to −6.8%) and in the per-protocol population (12.8% (23/180) vs. 25.3% (46/182)
in the fidaxomicin and vancomycin arms, respectively, with 95% CI for the difference from
−20.3% to −4.4%). Differently from the OTP-80-003 study, in the OTP-80-004 study, a lower
frequency of rCDI in the fidaxomicin arm was also registered in the subgroup of patients
with CDI due to the 027 ribotype (22.2% (12/54) vs. 38.0% (19/50) in the fidaxomicin and
vancomycin arms, respectively, in the mITT population). As in the OTP-80-003 study, a higher
frequency of global cure (also defined as a sustained response) was registered in fidaxomicin-
treated than in vancomycin-treated patients, both in the mITT population (76.6% (193/252) vs.
63.4% (163/257) in the fidaxomicin and vancomycin arms, respectively, with 95% CI from
5.2% to 20.9%) and in the per-protocol population (79.6% (172/216) vs. 65.5% (154/235) in the
fidaxomicin and vancomycin arms, respectively, with 95% CI for the difference from 5.9% to
22.1%) [72].

Different meta-analyses were conducted by pooling data from OTP-80-003 and
OTP-80-004 after the two RCTs were released. In one of them, an exploratory, post hoc
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time-to-event analysis was conducted by means of fixed-effect meta-analysis and Cox
regression [74]. Overall, the analysis included 1164 patients (ITT population) from the
two RCTs and showed a reduction of persistent diarrhea, rCDI, or death (composite end-
point) of 40% (95% CI from 26% to 51%) through day 40 in fidaxomicin-treated patients
vs. vancomycin-treated patients [74]. In another meta-analysis pooling data from the two
RCTs, the odds ratio (OR) for clinical cure was 1.17 for fidaxomicin vs. vancomycin as
reference (95% CI from 0.82 to 1.66) [75]. In subgroup analyses, the OR for clinical cure
was 1.45 (95% CI from 0.63 to 3.36) and 0.86 (95% CI from 0.50 to 1.47) in patients with
non-severe CDI and severe CDI, respectively. The OR for rCDI was 0.47 for fidaxomicin
vs. vancomycin as a reference (95% CI from 0.34 to 0.65). In subgroup analyses, the OR
for rCDI was 0.49 (95% CI from 0.32 to 0.74) and 0.46 (95% CI from 0.26 to 0.79) in patients
with non-severe CDI and severe CDI, respectively. The OR for global cure was 1.75 for
fidaxomicin vs. vancomycin as a reference (95% CI from 1.35 to 2.27). In subgroup analyses,
the pooled OR for global cure was 1.92 (95% CI from 1.37 to 2.69) and 1.49 (95% CI from
0.99 to 2.26) in patients with non-severe CDI and severe CDI, respectively [75]. In another
meta-analysis with pooled data from OTP-80-003 and OTP-80-004, the OR for symptomatic
cure (defined as initial resolution of diarrhea and no evidence of recurrence up to 4 weeks)
was 1.17 for fidaxomicin vs. vancomycin as reference (95% CI from 1.07 to 1.27) [76].

Combining data from the OTP-80-003 and OTP-80-004 studies, the efficacy of fidaxomicin
vs. vancomycin for the treatment of CDI was evaluated in the following subgroups of patients
with CDI: (i) patients who were concomitantly receiving other antibiotics for concomitant infec-
tions; and (ii) patients who were not receiving other concomitant antibiotics [77]. In presence
of other concomitant antibiotic treatments, the clinical cure was higher in fidaxomicin-treated
than in vancomycin-treated patients (90.0% (81/90) vs. 79.4% (81/102) in the fidaxomicin and
vancomycin arms, respectively, with 95% CI for the difference from 0.2% to 20.4%), whereas
clinical cure was similar between the two arms in the absence of other concomitant antibiotic
treatments (92.3% (361/391) vs. 92.8% (386/416) in the fidaxomicin and vancomycin arms,
respectively, with 95% CI for the difference from −4.1% to 3.2%). With regard to secondary
endpoints, rates of rCDI and global cure were lower and higher, respectively, in fidaxomicin-
treated than in vancomycin-treated patients both in patients receiving concomitant antibiotics
and in patients not receiving concomitant antibiotics, in line with the main results of OTP-
80-003 and OTP-80-004 [77]. Another exploratory post hoc analysis of combined data from
OTP-80-003 and OTP-80-004 was conducted in the subgroups of CDI patients with and with-
out cancer [78]. In patients with cancer, the clinical cure was 85.1% (74/87) and 74.0% (71/96)
in patients treated with fidaxomicin and in patients treated with vancomycin, respectively
(OR 2.00, with 95% CI from 0.95 to 4.22). In patients without cancer, the clinical cure was
88.5% (400/452) and 88.7% (417/470) in patients treated with fidaxomicin and in patients
treated with vancomycin, respectively (odds ratio (OR) 0.98, with 95% CI from 0.65 to 1.47).
The rates of rCDI and global cure were lower and higher, respectively, in fidaxomicin-treated
than in vancomycin-treated patients both in patients with cancer and in patients without
cancer, again in line with the main results of OTP-80-003 and OTP-80-004. Of note, the median
time to resolution of diarrhea was longer in patients with cancer than in those without cancer
in the vancomycin arm (123 h vs. 58 h, log-rank p < 0.001), but not in the fidaxomicin arm
(74 h vs. 54 h, log-rank p = 0.145) [78]. Another study combining data from OTP-80-003 and
OTP-80-004 employed restriction endonuclease analysis (REA) typing on paired isolates from
the index episode and recurrence (available from 90/146 patients with rCDI), to differentiate
between relapse (identical REA type strain) and reinfection (different REA type strain) [79].
There was no comparison between fidaxomicin and vancomycin in terms of the study end-
points of the original RCTs, whereas a comparison between the two agents was made in terms
of mean time to relapse and reinfection. The mean time to relapse in fidaxomicin-treated and
in vancomycin-treated patients was 11.2 days (standard deviation (SD) ±6.1) and 14.3 days
(SD ±6.2), respectively (t test, p = 0.044). The mean time to reinfection in fidaxomicin-treated
and in vancomycin-treated patients was 13.9 days (SD ±7.5) and 16.8 days (SD ±4.6), re-
spectively (t test, p = 0.497) [79]. In a further study combining data from OTP-80-003 and
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OTP-80-004 and employing whole-genome sequencing for distinguishing relapse (paired
samples from CDI and rCDI ≤ 2 single-nucleotide variants apart) from reinfection (paired
samples from CDI and rCDI > 2 single-nucleotide variants apart), the reduction in the risks of
relapse and reinfection in fidaxomicin-treated vs. vancomycin-treated patients was explored
using competing risk models (subdistribution hazard ratio (sHR) 0.40 for relapse, with 95% CI
from 0.25 to 0.66; sHR 0.33 for reinfection, with 95% CI from 0.11 to 1.01) [80]. Regarding
patients with rCDI, their possible differential risk of developing further recurrences based
on fidaxomicin vs. vancomycin treatment was explored in a subset analysis of combined
data from the OTP-80-003 and OTP-80-004 studies, including 128 patients who had a recent
CDI episode before the index episode leading to enrollment [81]. In this analysis, the fre-
quency of clinical cure was similar in fidaxomicin-treated and vancomycin-treated patients
(93.7% (74/79) vs. 91.6% (76/83) in the fidaxomicin and vancomycin arms, respectively),
whereas the frequency of rCDI (in this subgroup representing a second occurrence of rCDI)
was lower in fidaxomicin-treated than in vancomycin-treated patients (19.7% (13/66) vs.
35.5% (22/62) in the fidaxomicin and vancomycin arms, respectively, with 95% CI for the
difference from −30.4% to −0.3%) [81]. Finally, treatment with fidaxomicin was associated
with a 60% reduced risk of recurrence in comparison with vancomycin in a logistic regression
model adjusted for C. difficile strain, age, and concomitant antibiotics in 567 patients from
OTP-80-003 and OTP-80-004 studies [82].

Subsequently, a phase-3 study was also conducted in Japan to assess the efficacy
of fidaxomicin vs. vancomycin for the treatment of CDI. The drugs were administered
at the same dosages of OTP-80-003 and OTP-80-004 [83]. The primary endpoint was
global cure, which was assessed in the full analysis set (FAS) population and achieved
in 67.3% (70/104) and 65.7% (71/108) of fidaxomicin-treated and vancomycin-treated
patients, respectively (95% CI for the difference from −11.3 to 13.7, thereby not allowing
demonstration of noninferiority). In a post hoc analysis of FAS patients who received at least
3 days of treatment, the global cure was 72.2% (70/97) and 67.0% (71/106) in fidaxomicin-
treated and vancomycin-treated patients, respectively (95% CI for the difference from
−7.9% to 17.1%). The frequency of rCDI in the FAS for recurrence (FAS-R) population,
composed of FAS patients who achieved clinical cure during the index episode, was
19.5% (17/87) and 25.3% (24/95) in fidaxomicin-treated and vancomycin-treated patients,
respectively (95% CI for the difference from −16.7% to 7.0%) [83]. In a network meta-
analysis including pooled data from the RCT conducted in Japan, the OTP-80-003 RCT,
and the OTP-80-004 RCT, the clinical cure was found to be similar between fidaxomicin
and vancomycin (OR 1.17 with vancomycin as a reference, with 95% credible intervals
from 0.78 to 1.48), whereas fidaxomicin showed a favorable association both with rCDI
(OR 0.50 with vancomycin as a reference, with 95% credible intervals from 0.37 to 0.68)
and global cure (OR 1.61 with vancomycin as a reference, with 95% credible intervals from
1.27 to 2.05) [84].

Three other small RCTs assessing the efficacy of fidaxomicin at standard dosage
(200 mg twice daily for 10 days) for the treatment of CDI were recently published [61,85,86].
In one of them, the standard dosage of fidaxomicin was compared with vancomycin
(125 mg four times daily for 10 days) for the treatment of first CDI episodes [85]. The
primary endpoint was the percentage of subjects achieving a reduction of at least 2 log10
colony-forming units (CFU)/g of spores in stools from screening to the end of therapy, and
was achieved more frequently in fidaxomicin-treated than vancomycin-treated patients
(67% (8/12) vs. 14% (1/7)) [85]. In another small, pilot RCT of 12 patients, the standard
dosage of fidaxomicin was compared with vancomycin (125 mg four times daily for 10 days)
with respect to the reduction in toxin concentrations in stools from baseline, with results
suggesting a favorable association between fidaxomicin and a sustained reduction in toxins
A and B up to day 30 after therapy [61]. Finally, 64 patients with rCDI were randomized
into three arms (standard dosage fidaxomicin, standard dosage vancomycin, and fecal
microbiota transplant (FMT)) in a third small RCT [86]. The primary endpoint was a
combination of clinical resolution and a negative toxin polymerase chain reaction at 8 weeks
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after allocation, and was achieved in 33% (8/24), 19% (3/16), and 71% (17/24) of patients
receiving fidaxomicin, vancomycin, and FMT, respectively [86]. A recent meta-analysis
pooling data also from these three small RCTs in addition to OTP-80-003, OTP-80-004, and
the RCT conducted in Japan, showed a comparable clinical cure between fidaxomicin and
vancomycin (risk ratio (RR) 1.02, with 95% CI from 0.98 to 1.06), and favorable associations
between fidaxomicin and reduced risk of rCDI (RR 0.59, with 95% CI from 0.47 to 0.75) and
improved global cure (RR 1.18, with 95% CI from 1.09 to 1.26) [87].

Table 1. Main efficacy data from phase-3/4 randomized controlled trials of fidaxomicin for the
treatment of CDI in adult patients.

Author, Year Fidaxomicin Comparator/s Study Population Frequency

% Difference a (95% CI)
Study Name [Ref]

Regimen
(Dosage) Endpoint (Pri-

mary/Secondary) (Events/Treated)
(Dosage)

Louie et al., 2011
OTP-80-003 [73]

Standard regimen
(200 mg orally twice
daily for 10 days)

Vancomycin
(125 mg orally
four times daily
for 10 days)

mITT population b

Clinical cure
(primary)

Fidaxomicin 88.2% (253/287) 2.4 (−3.1 d)
Vancomycin 85.8% (265/309) Reference

rCDI (secondary)
Fidaxomicin 15.4% (39/253) −9.9 (−16.6 to −2.9)
Vancomycin 25.3% (67/265) Reference
Global cure
(secondary)

Fidaxomicin 74.6% (214/287) 10.5 (3.1 to 17.7)
Vancomycin 64.1% (198/309) Reference
Per-protocol
population c

Clinical cure
(primary)

Fidaxomicin 92.1% (244/265) 2.3 (−2.6 d)
Vancomycin 89.8% (254/283) Reference

rCDI (secondary)
Fidaxomicin 13.3% (28/211) −10.7 (−17.9 to −3.3)
Vancomycin 24.0% (53/221) Reference
Global cure
(secondary)

Fidaxomicin 77.7% (206/265) 10.6 (3.1 to 17.9)
Vancomycin 67.1% (190/283) Reference

Cornely et al., 2012
OTP-80-004 [72]

Standard regimen
(200 mg orally twice
daily for 10 days)

Vancomycin
(125 mg orally
four times daily
for 10 days)

mITT population b

Clinical cure
(primary)

Fidaxomicin 87.7% (221/252) 0.9 (−4.9 d)
Vancomycin 86.8% (223/257) Reference

rCDI (secondary)
Fidaxomicin 12.7% (28/221) −14.2 (−21.4 to −6.8)
Vancomycin 26.9% (60/223) Reference

Sustained response
(secondary)

Fidaxomicin 76.6% (193/252) 13.2 (5.3 to 21.0)
Vancomycin 63.4% (163/257) Reference
Per-protocol
population c

Clinical cure
(primary)

Fidaxomicin 91.7% (198/216) 1.1 (−4.3 d)
Vancomycin 90.6% (213/235) Reference

rCDI (secondary)
Fidaxomicin 12.8% (23/180) −12.5 (−20.5 to −4.5)
Vancomycin 25.3% (46/182) Reference
Global cure
(secondary)

Fidaxomicin 79.6% (172/216) 14.1 (6.0 to 22.2)
Vancomycin 65.5% (154/235) Reference

Mikamo et al., 2018
[83]

Standard regimen
(200 mg orally twice
daily for 10 days)

Vancomycin
(125 mg orally
four times daily
for 10 days)

FAS population
Global cure (primary)

Fidaxomicin 67.3% (70/104) 1.2 (−11.3 to 13.7)
Vancomycin 65.7% (71/108) Reference

FAS-R population e

rCDI (secondary)
Fidaxomicin 19.5% (17/87) −4.9 (−16.7 to 7.0)
Vancomycin 25.3% (24/95) Reference
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Table 1. Cont.

Author, Year Fidaxomicin Comparator/s Study Population Frequency

% Difference a (95% CI)
Study Name [Ref]

Regimen
(Dosage) Endpoint (Pri-

mary/Secondary) (Events/Treated)
(Dosage)

Housman et al., 2016
[85]

Standard regimen
(200 mg orally twice
daily for 10 days)

Vancomycin
(125 mg orally
four times daily
for 10 days)

Patients with CDI
Reduction of spores

(primary) f

Fidaxomicin 66.7% (8/12) 52.4 (NA)
Vancomycin 14.3% (1/7) Reference

Hvas et al., 2019
[86]

Standard regimen
(200 mg orally twice
daily for 10 days)

Vancomycin
(125 mg orally
four times daily
for 10 days)
or FMT

Patients with rCDI
Clinical resolution

(primary) g

Fidaxomicin 33.3% (8/24) 14.5% (NA)
FMT 70.8% (17/24) 52.0% NA)

Vancomycin 18.8% (3/16) Reference

Guery et al., 2018
EXTEND
[88]

Extended-pulsed
regimen (200 mg
twice daily on days
1–5, and then only
once daily on
alternate days from
day 7 to day 25)

Vancomycin
(125 mg orally
four times daily
for 10 days)

Modified FAS
population h

Sustained clinical cure
(primary)

Fidaxomicin 70.1% (124/177) OR 1.62 (1.04 to 2.54)
Vancomycin 59.2% (106/179) Reference
Per-protocol
population

rCDI at day 40
(secondary)

Fidaxomicin 2.4% (3/124) OR 0.12 (0.04 to 0.41)
Vancomycin 17.6% (22/125) Reference

rCDI at day 55
(secondary)

Fidaxomicin 5.6% (7/124) OR 0.31 (0.13 to 0.73)
Vancomycin 18.4% (23/125) Reference

rCDI at day 90
(secondary)

Fidaxomicin 8.8% (11/124) OR 0.49 (0.23 to 1.04)
Vancomycin 18.4% (23/125) Reference

CDI, Clostridioides difficile infection; CI, confidence interval; FAS, full analysis set; FMT, fecal microbiota transplant;
mITT, modified intention-to-treat; NA, not available; OR, odds ratio; rCDI, recurrent CDI. a Unless otherwise
indicated. b Including patients with documented CDI who received at least one dose of study drug. c Including
patients of the mITT population who received at least 3 days of treatment in the case of failure and at least 8 days
of treatment in the case of clinical cure. d One-sided 97.5% CI. e FAS patients who achieved clinical cure during the
index episode. f Defined as percentage of subjects achieving a reduction of at least 2 log10 colony-forming units
(CFU)/g of spores in stools from screening to the end of therapy. g Defined as combination of clinical resolution
and a negative toxin polymerase chain reaction at 8 weeks after allocation. h Including all randomized patients
who received at least one dose of study drug.

The results of the EXTEND RCT were published in 2018 [88]. EXTEND was an open-label
phase-3b/4 RCT comparing extended-pulsed fidaxomicin (administered orally at 200 mg
twice daily on days 1–5, and then only once daily on alternate days from day 7 to day 25) vs.
vancomycin (at the standard dosage of 125 mg four times daily for 10 days) in inpatients aged
60 years or older. The primary endpoint was sustained clinical cure at 30 days after the end of
treatment in the modified FAS population (all randomized patients who received at least one
dose of the study drug), and was achieved in 70% (124/177) and 59% (106/179) of patients in
extended-pulsed fidaxomicin and vancomycin arms, respectively (95% CI for the difference
from 1.0% to 20.7%), thereby demonstrating superiority (a fact which is in line with the
enhanced suppression of C. difficile by a pulsed fidaxomicin regimen in preclinical studies [89];
although, the limitations of the lack of comparison vs. the standard fidaxomicin dosage and
an extended-pulsed vancomycin regimen were acknowledged in the EXTEND study). With
regard to rCDI (one of the study’s secondary endpoints), lower rates of recurrences were
registered in the extended-pulsed fidaxomicin arm than in the vancomycin arm at day 40
(3/124 (2.4%) vs. 22/125 (17.6%)), day55 (7/124 (5.6%) vs. 23/125 (18.4%)), and day 90
(11/124 (8.8%) vs. 23/125 (18.4%)) [88]. Of note, pharmacokinetic/pharmacodynamic data
from patients enrolled in EXTEND revealed that fidaxomicin concentrations in stools were
above the MIC90 of C. difficile isolates (inferred from in vitro studies) until day 26 ± 1 [90]. The
subgroup analyses of the EXTEND study showed higher clinical cure rates in the extended-
pulsed fidaxomicin arm independent of age, prior CDI, infection with PCR-ribotype 027, CDI
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severity, or presence of cancer [91]. A post hoc analysis of the EXTEND study conducted after
testing stools of enrolled patients at screening, also with the BioFire FilmArray Gastrointestinal
Panel (BioMérieux, Basingstoke, UK), suggested that co-infection with other pathogens could
possibly explain clinical failures [92]. In a meta-analysis pooling data from five of the RCTs
discussed above plus the EXTEND study, fidaxomicin was associated with improved sustained
symptomatic cure compared to vancomycin (OR 0.67, with 95% CI from 0.55 to 0.82) [93].

In hematopoietic stem cell transplantation (HSCT) recipients, the development of CDI
is more frequent than in the general population of hospitalized patients, and it has been
associated with an increased risk of bloodstream infections, new-onset graft versus host
disease, and non-relapse mortality [94–97]. In the double-blind DEFLECT-1 RCT, fidax-
omicin was compared to a placebo for the prophylaxis of CDI in HSCT recipients (either
allo-HSCT or auto-HSCT) undergoing fluoroquinolone prophylaxis [98]. The primary com-
posite endpoint, assessed in the mITT population (subjects receiving at least one dose of
study drug/placebo) was prophylaxis failure, defined as confirmed CDI, receipt of anti-C.
difficile drugs for any indication, or missed assessment of CDI for any reason. Fidaxomicin
was administered at the dosage of 200 mg daily, starting from 2 days after condition-
ing or initiation of prophylaxis with fluoroquinolones, and continuing until 7 days after
neutrophil engraftment or completion of prophylaxis with fluoroquinolones/treatment
with other antimicrobials, for up to 40 days. Prophylaxis failure was similar in patients
receiving fidaxomicin and in patients receiving placebo (28.6% (86/301) vs. 30.8% (92/299),
respectively, with 95% CI for the difference from −5.1% to 9.5%); although, it is of note that
most failures occurred because of non-CDI events and confirmed CDI was less frequent
in the fidaxomicin arm than in the placebo arm in a sensitivity analysis (4.3% (13/301) vs.
10.7% (32/299), with 95% CI for the difference from 2.2% to 10.6%) [98].

Among currently ongoing RCT comparing fidaxomicin vs. other treatments for CDI
is OpTION, a double-blind study that is being conducted in patients with rCDI and is
comparing the efficacy of three different treatment regimens: (i) 200 mg of fidaxomicin
twice daily, for 10 days; (ii) 125 mg of vancomycin four times daily, for 10 days; and
(iii) 125 mg of vancomycin four times daily, for 10 days, followed by a taper/pulse regimen
of vancomycin for 3 weeks [99]. Other ongoing phase-3/4 RCTs are comparing fidaxomicin
vs. FMT in patients with rCDI (NCT05266807, NCT05201079). The results of an open-
label RCT comparing standard dosage fidaxomicin vs. standard dosage vancomycin in
patients with CDI receiving concurrent antibiotics for other infections have been recently
released, with the primary endpoint of clinical cure having been registered in 73% (54/74)
and 62.9% (44/70) of patients in the fidaxomicin and vancomycin arms, respectively [100].
Among secondary endpoints, rCDI developed in 3.3% (2/60) and 4.0% (2/50) of patients in
the fidaxomicin and vancomycin arms, respectively [100].

In RCTs, fidaxomicin was overall well tolerated. In the OPT-80-003 and OPT-80-004
studies, its safety profile was similar to oral vancomycin, and there were no differences
between the two drugs in the frequency of death or serious adverse events [101]. The
only numerical imbalances in these studies were related to gastrointestinal hemorrhage
(4.1% vs. 3.1% in fidaxomicin-treated and vancomycin-treated patients, respectively)
and leukopenia (4.1% vs. 1.7% in fidaxomicin-treated and vancomycin-treated patients,
respectively); although, there was no evidence of a causal relationship between fidaxomicin
administration and the occurrence of these events [101]. Similar tolerability profiles of
fidaxomicin and vancomycin were observed in the phase-3 study conducted in Japan [83].
The incidence of treatment-emergent adverse events was similar in the extended-pulsed
fidaxomicin arm and in the vancomycin arm in the EXTEND study [88]. One death in the
vancomycin arm was deemed as being related to the study drug by the investigators [88].
The registered drug-related adverse events were 15% and 20% in the fidaxomicin and
placebo arms in the DEFLECT-1 RCT [98].
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5. Conclusions

In both the recently updated IDSA/SHEA guidelines and the updated ESCMID
guidance document, fidaxomicin is preferentially recommended as first-line treatment
over vancomycin both for the first episode of CDI and for rCDI (see Table 2 for more
details) [11,12]. Although vancomycin remains a suitable alternative to fidaxomicin (non-
inferiority was indeed the rule in phase-3 RCTs with regard to the primary endpoint of
clinical response), for shaping these recommendations particular attention was devoted to
the improved global cure and reduced risk of rCDI observed with fidaxomicin compared
to vancomycin in RCTs. The overall scenario is thus shifting from “administer vancomycin
first, because of reduced cost and similar efficacy” to “consider fidaxomicin first, in view of
the global benefits for the patient, if feasible”. With regard to feasibility, fidaxomicin still
remains more costly than vancomycin, and, while the major driver of choice should solidly
remain the global benefit for the patient, consideration of available resources should also
be necessarily weighed in the balance. Against this background, a clear mistake would
be that of continuing to administer vancomycin for any first CDI episode only because
of reduced costs, thereby ignoring the evidence arising from RCTs about the improved
global benefits following fidaxomicin treatment. Rather, risk models for rCDI should be
used for selecting patients to preferentially receive fidaxomicin (i.e., to clearly identify
those patients for whom fidaxomicin-driven global benefits are relevant). In our opinion,
precisely stratifying risk groups for rCDI will represent a crucial research trajectory of
future real-life studies on the treatment of initial CDI episodes. In addition, after reviewing
the results of existing RCTs summarized in the previous sections, we also consider some
other remaining grey areas as relevant fields for current and future research: (i) the exact
positioning of the extended-pulsed fidaxomicin regimen, and its comparative efficacy with
an extended-pulsed vancomycin regimen; (ii) the comparative efficacy of fidaxomicin
vs. vancomycin in severe and severe-complicated CDI; (iii) the efficacy of fidaxomicin
plus bezlotoxumab in preventing rCDI in comparison to other bezlotoxumab-including
regimens; and (iv) when to precisely consider FMT instead of treatment with oral drugs,
including fidaxomicin. Elucidating all of these remaining areas could further optimize the
current positioning of fidaxomicin within CDI and rCDI treatment algorithms and, in turn,
patients’ health.

Table 2. Current IDSA/SHEA and ESCMID recommendations regarding fidaxomicin for the treat-
ment of CDI and rCDI.

Guidelines/Guidance Document Recommended Treatment for First CDI Episode * Recommended Treatment for rCDI *

ESCMID guidance document [12]
• The use of a standard regimen of fidaxomicin

is suggested over vancomycin (Strong
recommendation, with moderate level of evidence)

• Risk stratification should be considered when
access to fidaxomicin is limited (e.g., older age
>65 years plus one or more of the following:
healthcare-associated CDI; hospitalization; in
the previous 3 months, administration of
concomitant antibiotics, initiation of PPIs
during or after diagnosis of CDI; previous
CDI episode) (Good practice statement)

• When fidaxomicin is unavailable or unfeasible,
vancomycin is a suitable alternative (Strong
recommendation, with high level of evidence)

• An extended-pulsed regiment of fidaxomicin
could be considered in case of risk of rCDI,
especially in old inpatients (Weak
recommendation, with low level of evidence)

• For severe or severe-complicated CDI, a
standard regimen of fidaxomicin or
vancomycin is suggested (good
practice statement)

• If the initial CDI episode was treated
with metronidazole or vancomycin, the
use of a standard regimen of fidaxomicin
is preferentially recommended (Strong
recommendation, with low level of evidence)

• If the initial CDI episode was treated
with fidaxomicin, considered
bezlotoxumab in addition to fidaxomicin
(Weak recommendation, with moderate level
of evidence; “addition to fidaxomicin” as a
good practice statement)

• When fidaxomicin and bezlotoxumab are
unavailable or unfeasible, consider a
tapered/pulsed regimen of vancomycin
(Weak recommendation, with very low level
of evidence)

• For multiple recurrences, FMT or
bezlotoxumab in addition to standard of
care is suggested (Weak recommendation,
with moderate level of evidence for FMT and
low level of evidence for bezlotoxumab)
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Table 2. Cont.

Guidelines/Guidance Document Recommended Treatment for First CDI Episode * Recommended Treatment for rCDI *

IDSA/SHEA guidelines [11]
• The use of a standard regimen of fidaxomicin

is suggested over a standard course of
vancomycin. A high value is placed on the
beneficial effects and the safety of fidaxomicin,
with implementations depending on available
resources and with vancomycin remaining an
acceptable alternative (Conditional
recommendation with moderate certainty
of evidence)

• The use of a standard or
extended-pulsed regimen of fidaxomicin
is suggested over a standard regimen of
vancomycin. For a first rCDI episode,
vancomycin in a standard or
tapered/pulsed regimen is an acceptable
alternative. For multiple recurrences,
possible options are fidaxomicin
(standard or extended-pulsed regimen),
vancomycin in a tapered/pulsed
regimen, vancomycin followed by
rifaximin, and FMT (Conditional
recommendation with low certainty
of evidence)

CDI, Clostridioides difficile infection; ESCMID, European Society of Clinical Microbiology and Infectious Diseases;
FMT, fecal microbiota transplant; IDSA, Infectious Diseases Society of America; PPIs, proton pump inhibitors;
rCDI, recurrent CDI; SHEA, Society for Healthcare Epidemiology of America. * For other recommendations about
the use of other agents (e.g., bezlotoxumab) or FMT and not directly involving a decision about fidaxomicin please
refer to the original guidelines/guidance documents [11,12]. For a fulminant CDI episode (hypotension or shock,
ileus, or megacolon), IDSA/SHEA guidelines recommend oral/nasogastric tube vancomycin 500 mg four times
daily plus intravenous metronidazole 500 mg thrice daily plus rectal instillation of vancomycin if ileus.
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Abstract: Background: Nowadays, one of the main issues in the management of Clostridioides
difficile infection (CDI) is the high rate of recurrences (rCDI), causing increased mortality and higher
health care costs. Objectives: To assess the available evidence on the use of bezlotoxumab for the
prevention of rCDI during a first CDI episode. Methods: Published articles on bezlotoxumab during a
primary CDI episode were identified through computerized literature searches with the search terms
[(bezlotoxumab) AND (CDI) OR (Clostridioides difficile infection)] using PubMed and by reviewing
the references of retrieved articles. PubMed was searched until 31 August 2022. Results: Eighty-
eight studies were identified as published from December 2014 to June 2022. Five studies were
included in this study, one was a phase III clinical trial and four were sub-analyses or extensions
of the previous phase III clinical trial. In the phase III clinical trial, the subgroup analysis on the
included primary CDI patients showed that 13.5% of patients receiving bezlotoxumab had an rCDI,
whilst 20.9% of patients in the placebo group had an rCDI at the twelve weeks follow-up (absolute
difference: −7.4). Conclusions: Bezlotoxumab administration during the standard of care antibiotic
therapy is effective and safe in reducing the rate of rCDI. Despite its high cost, evidence suggests
considering bezlotoxumab in patients with a primary CDI episode. Further studies are needed to
assess the benefit in specific subgroups of primary CDI patients and to define the risk factors to guide
bezlotoxumab use.

Keywords: primary CDI; Clostridioides difficile; TcdB; toxin; bezlotoxumab; recurrence of CDI; CDI
recurrence prevention; cost-effectiveness; prevention; health care cost

1. Introduction

The Gram-positive anaerobic bacterium Clostridioides difficile is among the main
pathogens responsible for nosocomial diarrhea, causing significant morbidity, mortal-
ity, prolonged hospital stay and high healthcare costs worldwide [1–7]. A relevant issue
during CDI is its high rate of recurrences (rCDI). Clinical studies show wide-ranging rCDI
rates after the primary CDI, between 10% and 30% [8–11]. rCDI is associated with a higher
risk of death and higher hospitalization costs [1–7]. Currently, the main approaches to treat
a primary CDI are the oral anti-Clostridioides difficile antibiotics vancomycin or fidaxomicin,
while oral metronidazole should be used only when vancomycin and fidaxomicin are not
available or feasible. For rCDI, additional non-antimicrobial approaches may be considered,
i.e., fecal microbiota transplant or bezlotoxumab. Bezlotoxumab is a monoclonal antibody
directed against Clostridioides difficile toxin B, effective in reducing the rate of further rCDI.
One of the main drawbacks of bezlotoxumab is its high cost.

In the recently released updates of guidelines/guidance documents from the In-
fectious Diseases Society of America/Society for Healthcare Epidemiology of America
(IDSA/SHEA) and from the European Society of Clinical Microbiology and Infectious
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Diseases (ESCMID), there have been changes in the recommendations pertaining to the use
of bezlotoxumab [12,13]. The IDSA/SHEA guidelines recommend that in settings where
logistics is not an issue, patients with a primary CDI episode and other risk factors for rCDI
and severe CDI on presentation may particularly benefit from receiving bezlotoxumab. The
ESCMID guidelines recommend considering bezlotoxumab in addition to standard-of-care
antibiotics for the treatment of a second or further rCDI.

We performed a literature review with the main aim of summarizing available evi-
dence on the use of bezlotoxumab during a first CDI episode to prevent rCDI.

2. Materials and Methods
Search strategy and Article Identification

Published articles (from June 2017 to November 2020) assessing the efficacy and safety
of bezlotoxumab for the prevention of rCDI after a first CDI episode were identified through
computerized literature searches using PubMed until 31 August 2022. A combination of the
following search terms was used: [(Bezlotoxumab) AND (Clostridioides difficile) OR (CDI)].
English language restriction was applied.

Randomized clinical trials and original research articles reporting original data on the
use of bezlotoxumab during a first CDI episode were included in this study. Studies pub-
lished only in abstract form, correction articles, reviews, case reports, editorials, guidance
articles or guidelines and clinical trial protocols were not included.

Quantitative and qualitative information from the included studies was summarized
by means of textual descriptions.

3. Results
Studies Description

Figure 1 shows the selection process of the included studies. Through a PubMed
search with the search terms “bezlotoxumab” and “Clostridioides difficile” or “CDI”, we
identified 88 studies published from December 2014 to June 2022. Of the 22 full-text articles
assessed for eligibility, fifteen studies were excluded because they did not report data on
bezlotoxumab for a first CDI episode, one study was excluded because it was a “review
article” and one study was excluded because it was a “correction article”. The remaining
five studies were included in this study (Figure 1) [14–18]. Of the five studies, one was a
phase III clinical trial study on the efficacy and safety of bezlotoxumab for the prevention
of rCDI, and four studies were sub-analysis or extensions of the previous phase III clinical
trial. A summary description of the five included studies is reported in Table 1.
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Table 1. Summary description of the 5 studies providing data on the use of bezlotoxumab for the
prevention of rCDI after a first CDI episode.

Author Country Study Design Study Aim Methods Study Results

Wilcox M et al.,
2017
[14]

30 different
Countries

Placebo-
controlled,

double-blind,
single-infusion,

phase III
clinical trial

To evaluate the
efficacy and safety of
bezlotoxumab (alone
and in combination
with actoxumab) for

the prevention
of rCDI

2655 adult patients with
primary or rCDI were
randomized 1:1:1 to

receive 60 min
intravenous infusion of

bezlotoxumab
(10 mg/kg), actoxumab

plus bezlotoxumab
(10 mg/kg each) or
placebo during the

standard of care
antibiotic therapy

Primary endpoint was
the proportion of

participants with rCDI
during 12 weeks of

follow-up in
the modified

intention-to-treat
population

Rate of rCDI was lower
with bezlotoxumab than
with placebo (MODIFY

II: 16% vs. 26%,
p < 0.001)

The subgroup analysis
providing the rCDI rate

among primary CDI
patients showed that

75/556 (13.5%) patients
receiving bezlotoxumab

plus standard-of-care
treatment had an rCDI,
whilst 114/545 (20.9%)
patients in the placebo
group had rCDI at the

twelve weeks
follow-up (absolute

difference: −7.4)

Goldstein EJC
et al., 2020

[15]

30 different
Countries

Extension of
MODIFY II
clinical trial

To assess the
long-term rates of

rCDI and
Clostridioides difficile

colonization
following

bezlotoxumab
infusion

The study included 293
participants of MODIFY

II who provided stool
samples at 6, 9 and 12
months. Clostridioides
difficile colonization at

months 6, 9 and 12 was
assessed based on

whether a toxigenic
Clostridioides difficile
strain was isolated

in samples

At 12 months, the
incidence of rCDI in the

bezlotoxumab and
placebo groups was

18.8% and
51.5% respectively.

Clostridioides difficile
colonization rates were

16–24% in the
bezlotoxumab group

and 19–32% in the
placebo groups

Gerding DN
et al., 2018

[16]

30 different
Countries

Sub-analysis of
the MODIFY I-II

clinical trials

To evaluate the
efficacy of

bezlotoxumab in
reducing rCDI

among patients with
characteristics

associated with
increased risk factors

for rCDI

Patients treated with
bezlotoxumab vs.

placebo were stratified
by risk factors The

efficacy was evaluated
as: a) achieving initial

clinical cure rate, b)
reducing the rate of

rCDI and c) reducing the
rate of FMT

Bezlotoxumab did not
affect initial clinical cure

rate; bezlotoxumab
reduced the rate of rCDI

compared to the
low-risk group

Among primary CDI
patients, 69/424 (16.3%)

patients treated with
bezlotoxumab versus

106/400 (26.5%) controls
had rCDI at

12 weeks (absolute
difference: −10.1%)
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Table 1. Cont.

Author Country Study Design Study Aim Methods Study Results

Mikamo H
et al., 2018

[17]
Japan

Sub-analysis of
the MODIFY I-II

clinical trial

To evaluate the
efficacy of

bezlotoxumab and
actoxumab in

reducing rCDI rate
at week 12

95 Japanese patients
were randomized to

bezlotoxumab,
actoxumab plus
bezlotoxumab or

placebo in a
1:1:1 ratio

Vancomycin,
metronidazole and
fidaxomicin were
administered as
standard-of-care

antibiotic treatment

The rCDI rate was lower
in the bezlotoxumab

group (21%) compared
to placebo (46%),

p: 0.0197

Prabhu VS
et al., 2018

[18]

30 different
Countries

Sub-analysis of
MODIFY I-II
clinical trial

To assess the
cost-effectiveness of

bezlotoxumab in
subgroups of

patients at risk
of rCDI

The computer
simulation followed the
cohort over a lifetime,

and healthcare services
costs were compared to
estimate the incremental
cost-effectiveness ratios

In the subgroup of
patients with no

previous CDI episodes
in the past six months,
the cost-effectiveness
model showed that,

compared with placebo,
bezlotoxumab could

reduce rCDI by 10.1%
(26.6% versus 16.5%),

and the 180-day
mortality by 1.1%

Bezlotoxumab was
associated with a gain in

quality-adjusted
life-years and was

cost-effective

rCDI: recurrence of CDI; FMT: fecal microbiota transplant.

The large randomized, placebo-controlled, phase III trials on bezlotoxumab MODIFY I
and MODIFY II showed a substantially lower rate of rCDI than placebo with a comparable
safety profile [14]. The primary endpoint of the MODIFY II trial was the proportion of
participants with rCDI through 12 weeks of follow-up. The subgroup analysis provided
the rCDI rate of the primary CDI patients included in this trial (namely, no CDI episodes in
the past six months). Furthermore, 75 out of 556 (13.5%) primary CDI patients receiving
bezlotoxumab plus standard of care treatment had an rCDI, whilst 114/545 (20.9%) primary
CDI patients in the placebo group had rCDI at the twelve weeks follow-up (absolute
difference: −7.4) [14].

A study extending the MODIFY II trial follow-up to twelve months was performed to
assess the long-term rates of rCDI and Clostridioides difficile colonization following bezlotox-
umab infusion. At the end of the twelve-month follow-up of this study, no participants
who achieved sustained clinical cure following bezlotoxumab infusion experienced rCDI,
whilst only one patient in the placebo group experienced rCDI [15].

A post-hoc analysis of the MODIFY I and II trials was performed to assess bezlo-
toxumab efficacy in participants with characteristics associated with increased risk for
rCDI [16]. In this study, patients enrolled in the MODIFY trials were grouped according to
their risk factors for rCDI, including age ≥ 65 years, history of CDI, compromised immunity,
severe CDI, and ribotype 027/078/244. Data showed that 424 primary CDI patients were
treated with bezlotoxumab and 400 primary CDI patients received placebo. Moreover,
69/424 (16.3%) versus 106/400 (26.5%) had rCDI in 12 weeks, with an absolute difference
of −10.1%, significantly favoring bezlotoxumab [16].
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A subgroup analysis was performed on the data from the Japanese patients included
in the MODIFY trials. In comparison to the general population included in the MODIFY
trials, Japanese patients were older (Japanese older than 65 years: 91% versus overall
MODIFY patients: 53%) and the proportion of Japanese patients with severe CDI was
higher (Japanese: 24%, overall MODIFY patients: 16%). In addition, the proportion of
subjects with a prior history of CDI was lower (Japanese: 19/93, 20%, overall MODIFY
patients: 28%). Among the 95 Japanese patients, the observed rCDI rate was 46% in the
placebo arm versus 21% in the bezlotoxumab arm (p: 0.0197) [17].

A study was performed to assess the cost-effectiveness of bezlotoxumab, compared
with standard of care alone, in subgroups of CDI patients included in the MODIFY trials [18].
This study adopted a computer-based Markov health state transition model to track the
natural history of patients infected with CDI. The simulation followed the cohort over a
lifetime horizon, and costs and utilities for the various health states were used to estimate
incremental cost-effectiveness ratios. Regarding the subgroup of CDI patients with no
previous CDI episodes in the past six months, the cost-effectiveness model showed that,
compared with placebo, bezlotoxumab could reduce rCDI by 10.1% (26.6% versus 16.5%),
and the 180-day mortality by 1.1%. In this model, bezlotoxumab was also cost-effective in
preventing rCDI recurrences [18].

4. Discussion

Nowadays, CDI and rCDI remain associated with a reduction in patient quality of life
and with increased healthcare costs. Bezlotoxumab is a promising option to reduce the
burden of rCDI. The randomized, placebo-controlled phase III trial MODIFY II showed a
substantially lower rate of rCDI in patients treated with bezlotoxumab [14]. Nonetheless,
experiences outside randomized controlled trials remain scant. The MODIFY trial has
the limitation that the target population was a selected sample of participants with a low
prevalence of multiple risk factors for recurrence.

Currently, the most recent international guidelines differ in the recommendations
regarding the use of bezlotoxumab for the first episode of CDI and rate the certainty of
the evidence as only moderate [12,13]. The IDSA/SHEA guidelines recommend that in
settings where logistics are not an issue, patients with a primary CDI episode and other
risk factors for rCDI or severe CDI may receive bezlotoxumab despite its high cost [12].
Differently, the ESCMID guidelines recommend considering bezlotoxumab in addition to
standard-of-care antibiotics only for the treatment of a second or further rCDI.

Importantly, it has to be kept in mind that in patients with a history of congestive
heart failure, bezlotoxumab should be reserved for use when the benefits outweigh the
risk [12,13].

Nevertheless, it is promising that in the MODIFY II trial, the estimated number needed
to treat to prevent one episode of rCDI after a primary CDI episode with bezlotoxumab
was 10 [14]. Interestingly, available data suggest that the efficacy of bezlotoxumab is due
to rCDI prevention rather than a delay in rCDI onset after antibody concentrations were
diminished [15]. Moreover, in post-hoc analyses of the MODIFY trials, bezlotoxumab
reduced the rate of rCDI even in the group of patients with a primary CDI and no risk
factors for rCDI [16,17].

Despite the growing data evidence supporting the use of bezlotoxumab to prevent
rCDI, its use in many European countries is still limited and restricted to participants who
experienced previous CDI episodes. This might be mainly explained by the direct drug
cost of bezlotoxumab. However, studies adopting cost-effectiveness models show that for
preventing rCDI recurrences, bezlotoxumab may be cost-effective [18].

It is likely that the overall future scenario may change from “administer bezlotoxumab
only in high-risk patients, because of the high cost of this compound” to “if feasible,
consider bezlotoxumab even for a primary CDI episode, in view of the global benefits for
the patient and the cost-effectiveness provided by the reduction of the rate of the expensive
rCDI episodes”. In our opinion, future studies are needed to clarify some remaining

122



Antibiotics 2022, 11, 1495

unanswered questions: First, the efficacy of fidaxomicin plus bezlotoxumab in preventing
rCDI in comparison to vancomycin plus bezlotoxumab. Second, the use of bezlotoxumab
in specific, high-risk subgroups of patients experiencing a primary CDI, i.e., hematologic
patients, hematopoietic cell transplantation patients, patients receiving immunosuppression
after solid organ transplantation, patients with impairment of humoral immunity. Third,
bezlotoxumab use in patients with severe CDI.

5. Conclusions

Data coming from the first available research studies show that bezlotoxumab admin-
istration during the standard of care antibiotic therapy is effective and safe in reducing the
rate of further rCDI. Despite its high cost, this evidence suggests considering bezlotoxumab
not only among patients with multiple CDI episodes, but also in patients with a primary
CDI episode.

Further studies are needed to assess the exact benefit associated with bezlotoxumab
in specific subgroups of primary CDI patients and to define the risk factors to guide
bezlotoxumab use.
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Abstract: Faecal microbiota transplantation (FMT) is regarded as an efficacious treatment for recurrent
C. difficile infection. Unfortunately, widespread patient access is hindered by regulatory hurdles,
which are the primary barriers to incorporating FMT into clinical practice. At the European and
International level, there is no uniform perspective on FMT classification, and a coordinated effort is
desirable to solve this regulatory puzzle. In this communication, we report the regulatory principles
and the implementation approach for FMT application in Italy. Our experience suggests that the EU
Tissue and Cell Directives are suited to ensure safe and efficient FMT for C. difficile management,
especially through extensive high-quality donor selection and full traceability maintenance.

Keywords: Clostridioides difficile (C. difficile); faecal microbiota transplantation; FMT; FMT regulation;
regulatory framework; EU Tissue and Cell Directive

1. Regulatory Approaches for Faecal Microbiota Transplantation in Clostridioides
difficile Infection (CDI) Management

Disease recurrence is a relevant issue in CDI management, as up to 25% of patients
experience at least one recurrence within 8 weeks of successful antibiotic therapy for the ini-
tial episode, and a first recurrence, in turn, increases the risk of subsequent recurrences [1,2].
This scenario can negatively impact the rate of hospitalization and patient survival as well
as the clinical and healthcare burden [1,3,4]. In addition to risk factors such as advanced
age, immune status, comorbidities, and continued antibiotics use, poor bacterial diver-
sity of gut microbiota has been implicated in the development of recurrent CDI infection
(rCDI) [2,5]. Unfortunately, antibiotics treatment for CDI, such as vancomycin and fidax-
omicin, can affect the function and reduce the overall species diversity of gut microbiota,
predisposing patients to rCDI and leading to a vicious cycle of recurrent disease [2]. A
large body of evidence supports the role of faecal microbiota transplantation (FMT) in
restoring colonization resistance to C. difficile [6–8], and such a therapeutic approach is
recommended for patients with multiple CDI recurrences after failing antibiotics therapy
by the European Society for Microbiology and Infectious Diseases as well as the American
College of Gastroenterology [9,10]. As the term implies, faecal microbiota transplantation
consists of transferring a faecal sample from a healthy donor into the gastrointestinal
tract of a patient. A recent survey reported that approximately 2000 hospital-based FMT
procedures were performed across European countries in 2019, with most referred to CDI
clinical indication [11]. Despite the growing demand for FMT for patients with multiple
recurrences of CDI, its incorporation into clinical practice remains a challenging task [11,12].
Indeed, no uniform perspective on FMT classification exists, and the regulatory authorities
have developed different approaches to oversee the clinical FMT framework. The U.S. Food
and Drug Administration (FDA) considers faecal microbiota a new biological drug, even
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though the introduction of enforcement discretion allows FMT use without an Investiga-
tional New Drug Application (IND) to treat C. difficile infection not responding to standard
therapies [13]. In the U.K., FMT was initially regulated under the Human Tissue Authority,
but it has been falling under the definition of a medicinal product and into the remit of the
Medicines and Health care products Regulatory Agency since 2015 [14]. The U.K. change
of perspective reflects the ongoing uncertainty surrounding the regulatory framework for
faecal microbiota, considering that little is known about the active component and intrinsic
mechanism of the action of FMT. The classification as a drug implies a strict monitoring of
microbiota processing since the stool would be industrially manufactured in a batch-wise
process to be placed on the market [15]. However, a stool is not a standardized mixture of
bacteria, and the composition of a stool by itself is highly heterogeneous, donor-specific,
and associated with significant day-to-day variability, even from a single individual [14,16].
Moreover, it is likely that a positive effect on FMT success rate in rCDI is given by the
transfer of a complete faecal microbiome rather than specific bacterial strains [17]. Overall,
high- microbial diversity and the balanced constitution of Bacteroidetes and Firmicutes
of the donor stool correlate with improved FMT efficacy [18]. It is known that C. difficile
colonization is associated with a marked decrease in Bacteroidetes and Firmicutes and a
high increase in Proteobacteria [19]. Interestingly, FMT shifts the patient faecal microbiota
profile to that of the healthy donor with relative reductions in Proteobacteria and relative
increases in Bacteroidetes and Firmicutes [20]. Therefore, FMT reverses the dysbiotic state,
restoring the normal composition of gut microbiota, and so it also has a significant impact
on the host immune system and the metabolism of secondary bile acids, which can inhibit
C. difficile germination and vegetative growth [19]. However, the underlying mechanism for
FMT remains not fully understood, and further investigation is needed for the development
of standardized microbiota replacement therapies.

In this context, the European Commission has left decision making in the hands of the
individual Member States and left them free to decide on the most suitable framework at the
national level, even though several European countries released no official determination
on FMT regulation. Currently, some European Member States such as the Netherlands,
Belgium, and Italy, have included faecal microbiota under the tissues and cells regulation,
while in other countries, including France and Germany, stool has been classified as a
drug [14]. However, it is worth mentioning the clear position of the United European
Gastroenterology-funded working group on this issue, as it considers the stool a transplant
product and demands that competent authorities supply a comprehensive regulatory
framework to ensure FMT broad access and safety [21]. Accordingly, the Italian National
Transplant Centre (CNT) has been leading the Italian National FMT Program for three
years, addressed to all Italian FMT centres, with the aim of coordinating and standardizing
the clinical framework for the application of FMT in rCDI.

2. Principles and Implementation of the Italian Regulatory Approach for FMT

The major challenges for the application of FMT as a treatment for rCDI are achieving
well-defined safety and quality standards as well as ensuring FMT availability for patients.
Many of the potential safety risks are linked to the donor selection and screening pro-
cess, as an important safety alert about the transmission of multi-drug-resistant organisms
through FMT has recently been released [22]. Therefore, stool samples need to be tested for
antibiotic-resistant bacteria including methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant Enterococci (VRE), extended-spectrum β-lactamase-producing Enter-
obacteriaceae, and carbapenem-resistant Enterobacteriaceae/carbapenemase-producing
Enterobacteriaceae. In Italy, all steps from donation to patient follow-up, including donor’s
selection and stool processing, must follow the stringent safety and quality requirements
in compliance with Directives 2006/17/EC and 2006/86/EC implementing the European
Union Tissues and Cells Directive (EUTCD) on the quality and safety of tissues and cells.
In particular, Directive 2004/23/EC (EUTCD) lays down standards of quality and safety
covering the donation, procurement, testing, processing, preservation, storage, and dis-
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tribution of human tissues and cells [23]. In addition, specific Italian National guidance
providing technical information on how to apply FMT in rCDI setting was issued, and
the key characteristics have already been described [24]. As shown in Figure 1, the FMT
process consists of sequential steps, from the patient selection to the follow-up evaluation,
and it is based on a systematic and multidisciplinary approach requiring the involvement
of an expert panel of microbiologists, gastroenterologists, and infectious disease specialists.
In order to establish an FMT service, appropriate operational procedures must be in place.
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Table 1 describes the measures required for FMT, as provided for the Italian National
FMT Program and in accordance with EUTCD and the recommendations published by the
European Directorate for the Quality of Medicines and HealthCare (EDQM) of the Council
of Europe [25].

Table 1. Minimum requirements for FMT centres according to the Italian National FMT Program,
EUTCD, and EDQM recommendations (4th edition).

EU Legislation EDQM Guidance
Principles Italian National FMT Program Implementation Approaches

EC/23/2004 Art.
11;13;16;17;18

EC/86/2006 Art.
3;5;6EC/17/2006 Art. 2

Integrate FMT into a
quality

management system

- Use detailed written SOPs for each FMT activity (quality system
in place).

- Appoint a qualified responsible person and organizational chart
which clearly defines roles and responsibilities in the FMT process.

- Ensure continuous training and competency assessment of
personnel involved.

- Register the performance of all processing steps including the
follow-up data.

- Record any deviation, adverse events, and reactions. Notify the CNT
of any serious adverse events and/or reactions.

- Develop and use informed consents for both donors and patients
according to National and International standards.
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Table 1. Cont.

EU Legislation EDQM Guidance
Principles Italian National FMT Program Implementation Approaches

EC/23/2004 Art.
12;13;14;15

EC/17/2006 Art. 3;4;5

Supply high-quality donor
selection and testing

- Provide a standardized, three-step donor selection process, including
a written questionnaire to assess medical history and lifestyle habits
to exclude risk factors for infectious diseases, blood and stool testing
for any potentially transmittable disease, and a further questionnaire
and stool testing the day of donation.

- Obtain and maintain the European (or equivalent) accreditation for
microbiological testing.

- Verify the blood and stool screening testing acceptability.
- Develop formal procedures for minimizing the risk of cross-

contamination for donating, including establishing a dedicated donor
bathroom and utilizing sterile containers and utensils.

EC/23/2004 Art.
19;20;21;22;23;28

EC/86/2006 Art. 3;4

Guarantee the quality and
safety of stool processing

- Identify a processing workspace within a Level 2 biosafety laboratory.
- Adopt operating procedures for stool handling complying with

European and National guidelines, in accordance with scientific and
technical progress.

- Validate and maintain the equipment and materials as well as any
critical manipulation step influencing the quality and safety of
the product.

- Use single-use sterile consumables and reagents, when possible.
- Specify expiry timescales for the stool storage, counting the microbial

load of the fresh preparation compared to defrosted aliquots.

EC/23/2004 Art. 8;
Art. 10;25

EC/86/2006 Art. 9;10
Ensure full traceability

- Develop an electronic central system of recording and labelling,
ensuring full traceability from donor to recipient and vice versa.

- Provide the following processing records: unique donor
identification number, donor testing results, date and time of
donation, identification of recipient, donation macroscopic features,
consumable and reagent lot numbers and volumes used, operator
name, date and time of stool manipulation, storage instructions, and
expiry date.

- For every critical activity, the materials, equipment, and personnel
involved must be identified and documented.

- Provide a formal written statement confirming the final FMT product
compliance with quality and safety requirements prior to
administration.

In particular, a quality system ensuring minimal risk for product, personnel, donor,
and patient and maximal quality of the process shall be developed by the FMT centre, in-
cluding an organizational chart with a clearly stated hierarchy of duties and responsibilities
of the personnel involved. Personnel education and training need to be ensured and traced
by specific procedures and records. Standard Operating Procedures (SOPs) for each step of
the process shall be in place and periodically updated. According to Directive 2004/23/EC,
a system shall be implemented with the aim to register and transmit to the Italian Na-
tional Competent Authority (i.e., CNT) the information about serious adverse events and
reactions influencing the quality and safety of FMT and attributable to the procurement,
testing, processing, storage, distribution, and clinical application. The procurement of fae-
cal microbiota shall be authorized only after informed consent of the donor once adequate
information has been given. Likewise, consent approved by the local ethics committee
shall be provided to the patient undergoing FMT. Donor recruitment and screening shall
be carried out in compliance with the Italian National FMT program recommendations
and in accordance with the European consensus guidelines [26]. Of note, the procurement
procedures must preserve those properties of the stool material that are required for their
ultimate clinical use and, at the same time, should be addressed to minimize the risk of
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microbiological contamination during stool collection and processing. Preferably, a dedi-
cated bathroom should be used, or detailed instructions shall be provided to the donor in
case of collection at home. In addition, the processing facility should provide sterile faecal
containers in order to prevent contamination, and the stool preservation condition should
be strictly monitored. The donor screening tests must be carried out by authorized and
qualified laboratories, using EC-marked testing kits where appropriate, and be validated
for the purpose in accordance with current scientific knowledge. Regardless of the findings,
all results of the donor evaluation and testing procedures shall be documented. In order
to guarantee the quality of stool handling, the laboratory is required to define critical
parameters affecting the stool processing and the viability and composition of the microbial
content. Moreover, a biosafety Level 2 processing facility is needed, and all personnel
involved in processing activities must be trained and provided with protective clothing
appropriate for the type of processing, wearing a sterile gown, sterile gloves, glasses, and
a face shield or protective mask. Critical reagents and materials must meet documented
requirements and specifications and, when applicable, should be single-use and disposable.
The frozen faecal material should be stored in dedicated freezers under controlled storage
conditions, subjected to appropriate monitoring, and provided with alerts for temperature.
Maximum storage time shall be defined and validated by counting the microbial load of
defrosted aliquots compared to the fresh preparation [27]. For each critical activity, the
materials, equipment, and personnel involved must be identified and documented. The
materials traceability shall be assured by recording data on materials and reagents (e.g.,
name of product and producer, lot, expiry date, and results of internal quality controls)
used for the processing, and quality tests shall be successfully passed for the release of
the final product. Overall, it is the responsibility of the processing laboratory to confirm
final product compliance with the quality and safety requirements prior to distribution
and administration. Finally, the implementation of the above-mentioned principles is a
preliminary condition so that an FMT centre can be subjected to auditing by the CNT
for the authorization purpose. Before applying for authorization, the FMT centre should
review each step of the process to identify and improve all critical issues and procedures
failing to comply with requirements of EU Directives/national law as well as the EDQM
recommendations. Of note, the missing knowledge of the EU Directives requirements
and the poor understanding on how to set out the SOPs often hamper and postpone the
finalization of the accreditation process. More worryingly, a few centres are not fully aware
that they have to report to the National Competent Authority for clinical FMT application.
With the aim of supporting healthcare professionals at a practical level and promoting
efficacious and safe clinical application, the CNT provides rules and organizational support
to centres committed to developing a local clinical FMT framework in adherence to the
European Tissue Act. Moreover, in order to foster continuous harmonization and to pre-
vent fragmentation following different local approaches, the CNT promotes collaborative
knowledge exchange through periodic virtual and face-to-face meetings as well as dissemi-
nation and training activities. However, it is worth noting that some differences remain
regarding the organization of donor recruitment, the laboratory facilities and processing
procedures. To monitor the overall functioning of the FMT centres network, the data of the
centres’ activities are collected in a dedicated database including quality and performance
indicators such as the number of procedures performed according to Italian National FMT
standards, transplant outcomes, any serious adverse events and/or reactions, as well as
long-term follow-up evaluation. Currently, 57 patients (Female = 27, Male = 30; median
age 70 years) have undergone FMT with faeces from 11 donors (Female = 8, Male = 3;
median age 41 years). Overall, 68 transplants have been collected, as all patients were
treated with at least one infusion, and 14 patients received multiple infusions. According
to Ianiro G. et al. [28], our data show that sequential FMT is highly effective (success rate
of 83% with single infusion versus 100% with sequential FMT). Notably, no serious adverse
events and/or reactions were notified.
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In order to gain insight into challenging issues, such as the FMT application in paedi-
atric patients and in non-CDI clinical settings, a multidisciplinary network of experts in
new potential indications for FMT is being established. Experts’ participation in decision
making will be strongly endorsed so that high-level evidence may be integrated more easily
into clinical practice and translated into direct benefits for patients in terms of enhanced
quality of care and safety. Meanwhile, to identify any patient safeguarding concerns, FMT
in non-CDI indications must be conducted under a clinical trial to be submitted to the CNT
for approval [24].

3. Conclusions

The FMT has been evaluated as a cost-effective strategy for the management of rCDI,
with considerable cost savings mainly achieved by a significant reduction in the total
days of hospital admission due to a faster recovery time [29]. Furthermore, emerging data
support the intermediate to long-term safety profile of FMT for rCDI [30,31]. Interestingly, it
has also been reported that FMT treatment could prevent as many as 32,000 CDI recurrences
every year in the United States [32]. Therefore, the scale of FMT use may be increased
to meet the significant need for patients with rCDI. Unfortunately, widespread access to
this therapeutic option is hindered by regulatory frameworks’ lack of uniformity, which
is the primary barrier to embedding FMT into routine patient care. On one hand, faecal
microbiota does not fall within the statutory scope of Directive 2004/23/EC on Tissue
and Cells legislation because, although faeces are unquestionably substances of human
origin, the human cells do not represent the active component [33]. On the other hand, the
variability in gut microbial community composition and across stool samples does not meet
the requirements of a batch-wise manufacturing process underlying the classification as a
drug [15,34]. However, Member States’ competent authorities agreed that FMT should be
regulated by provisions equivalent to those existing for blood, tissue, and cells, because the
FMT entails similar risks, including disease transmission [33]. For this reason, the Italian
approach has been addressed to incorporate EUTCD and EDQM recommendations within
hospital settings, supporting the development of FMT centres complying with high safety
and quality standards. In order to provide ready-to-use screened faeces preparations and to
facilitate patient access to the FMT treatment, specific transplant programs, including stool
banks, will be set up. To this aim, detailed stool banking guidance is being developed at a
national level, in accordance with European and International consensus reports [35,36].
Our model provides a FMT transplant framework including a stool bank responsible
for the processing, storage, and distribution of faeces preparations to clinical centres, as
well as additional infrastructures needed for donor recruitment, selection, testing, patient
treatment, and follow-up. In terms of feasibility, all the facilities may be part of the
same organization or placed in different hospitals, under the responsibility of a qualified
director who coordinates the activities according to shared, approved, and validated
protocols. Overall, the development of strictly regulated FMT transplant frameworks is
pivotal for increasing the cost effectiveness and coordinating an FMT transplant service
by standardized pathways. Improving the standardization of the procedures is crucial, as
different regulatory frameworks of FMT across Europe have a negative impact on equitable,
safe, and timely treatment. We agree with Keller J.J. et al. that FMT should be regarded
as a transplant and covered by the EUTCD because donated faeces are not subjected to
substantial modifications prior to administration [21]. Furthermore, as reported above, the
EUTCD implementation ensures an extensive high-quality donor selection and testing as
well as monitoring of the traceability and potential risk profile changes.

In conclusion, it has clearly emerged that there is a need for increased harmonization
in FMT regulation among Member States. The achievement of a coordinated European
approach, including establishing a custom regulatory solution, will contribute to the large-
scale accredited use of FMT for patients with rCDI.
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