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BACKGROUND AND AIMS: Fecal microbiota transplant (FMT)
via colonoscopy is highly effective treatment for Clostridioides
difficile infection (CDI). We aimed to determine baseline patient
characteristics that predict failure to respond to colonoscopy-
based FMT. METHODS: We evaluated adult patients who
received FMT for CDI not responding to standard therapies at a
single tertiary center between 2014 and 2018 in this retro-
spective cohort study. We defined clinical success as formed
stool or C difficile–negative diarrhea at 2 months after FMT. If
patients required a second FMT, follow-up was extended 2
months after repeat infusion. We performed multivariate lo-
gistic regression and a random forest model to identify vari-
ables predictive of response to FMT. RESULTS: Clinical success
was attained in 87.3% of 103 patients who underwent FMT for
CDI. In the multivariate model, the odds of FMT failure for
family donation compared with stool bank were odds ratio 4.13
(1.00–7.01 P ¼ .049). Diarrhea while taking anti-CDI antibiotics
was common (37.8% of patients) and did not predict failure
(odds ratio 0.64, 0.19–2.11 P ¼ .46) in the univariate model. A
machine learning model to predict response using clinical fac-
tors only achieved a sensitivity of 70%, specificity of 77%, and
negative predictive value of 96%. CONCLUSION: Colonoscopy-
based FMT was highly effective for CDI, even in a population
where immunosuppression and proton pump inhibitor use
were common. Family stool donation was associated with FMT
failure, compared with the use of a stool bank. The study sug-
gests that the use of a stool bank may not only improve access
to FMT but also its efficacy.
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Introduction

Clostridioides difficile infection (CDI) causes a
cytotoxin-mediated diarrhea and disproportionately

affects those with reduced immune systems or multiple
comorbidities. The burden of disease is great and is rooted
in its propensity to recur after antibiotic treatment.1,2 With
each recurrence of CDI, the risk of a future recurrence in-
creases, reaching 65% after a second recurrence.3,4 The
exact mechanism for susceptibility is unknown, but believed
to be related to an altered host microbiome that becomes
more deranged with each successive course of antibiotics.5

Multiple studies, beginning with the landmark study by
van Nood et al6 in 2013, have demonstrated the efficacy of
fecal microbiota transplant (FMT) to treat recurrent CDI.
The U.S. Food and Drug Administration gives regulatory
discretion for clinicians to perform FMT outside of clinical
trials for patients with CDI “not responding to standard
therapies”. In our institution, FMT was performed with stool
from friends or family members of the patient until
December 2015, at which point we began to use stool pre-
pared by a stool bank from universal donors. The develop-
ment of vetted volunteer stool banks has allowed the use of
FMT to grow considerably. Stool banks can perform more
thorough testing on potential pathogens and microbial di-
versity than can routinely be performed in clinical
laboratories.7

However, little is known whether this testing could
translate to improved patient outcomes. Clinically, there is
significant confusion regarding what diarrhea on anti-CDI
antibiotics signifies. In fact, many physicians empirically
switch antibiotics if symptoms persist after one week,
despite the low likelihood of vancomycin resistance and
high luminal drug concentration.8,9 Other clinicians inves-
tigate for alternative causes for diarrhea. A single study
showed that among patients with a first CDI recurrence,
initial response and resolution of diarrhea on vancomycin is
high (>90%), but there are few data on response to anti-
biotics among patients with subsequent (second, third)
recurrences.10

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.gastha.2021.11.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gastha.2021.11.007&domain=pdf


142 Watts et al Gastro Hep Advances Vol. 1, No. 2
FMT is currently recommended by expert opinion after
the third episode of CDI, but guidelines on treatment after a
first recurrence are a weak recommendation and based on
low-quality evidence.1 As more fecal microbiota–derived
therapeutics come to market in the coming years, it is
increasingly important to understand which patients
respond to FMT.11 In this study, we aimed to determine
predictors of FMT success among preprocedure clinical
characteristics of patients receiving FMT.
Methods
Study Design

We performed a retrospective cohort study of all pa-
tients receiving colonoscopy-based FMT at the University of
North Carolina Hospitals between 2014 and 2018. All pa-
tients were at least 18 years old and were treated for
recurrent CDI with or without severe disease. We included
both inpatients and outpatients and had no exclusion
criteria based on clinical characteristics. We collected in-
formation from the electronic medical record and excluded
from our analysis patients who did not return to the Uni-
versity of North Carolina for a post-FMT follow-up. The
University of North Carolina Institutional Review Board
approved the study. All authors had access to the study data
and reviewed and approved the final article.

Covariates. We collected data via manual chart review.
We documented basic demographic information: age, sex,
smoking status, BMI (body mass index), and race, history of
irritable bowel syndrome and inflammatory bowel disease,
use of the proton pump inhibitor, immunosuppressive ther-
apy, antibiotic use, probiotic use, and number of prior courses
of anti-CDI antibiotics. Specifics regarding CDI history
included time from initial CDI diagnosis to FMT, presence of
diarrhea while on anti-CDI antibiotics, disease severity, and
diarrhea at time of FMT. We defined diarrhea on anti-CDI
antibiotics as self-reported frequent or loose bowel move-
ments. We defined severe disease as white blood cells >15k or
serum creatinine greater than or equal to 1.5� baseline renal
function, based on the infection just before FMT. We noted if
donor stool was procured from a patient’s relative or a stool
bank.

Fecal Donor Criteria. Each FMT used stool from a
single donor, whether from a family donor or the stool bank.
The family stool donor exclusion criteria at our center were as
follows: no history of high-risk sexual behavior or illicit drugs,
no tattoos in the last 6 months, no prior incarceration, no
known communicable diseases, no inflammatory bowel disease
or history of gastrointestinal malignancy, no metabolic syn-
drome, and no chemotherapy or antibiotics in the last 3
months. Family donor stool testing included C diff toxin, stool
ova and parasites, stool bacterial pathogen panel and serum
human immunodeficiency virus, rapid plasma reagin, viral
hepatitis, liver function tests, and cytomegalovirus/Epstein
Barr viral load.

Stool bank donor criteria were much more rigorous; among
the extensive exclusions were age >50 years, use of medica-
tions or supplements, BMI >30, recurrent gastrointestinal
symptoms, atopy, allergies, or asthma, and family history of
gastrointestinal cancer or illness. Stool, serologic, and nasal
testing was extensive.12

Main Outcome: Clinical Cure Determi-
nation. Our main outcome was clinical cure after FMT,
defined as resolution of diarrhea (formed stools or <3 loose
stools daily) or diarrhea that was tested and C. diff negative at
the first clinical follow-up after FMT. Alternatively, failure was
defined by persistent or recurrent diarrhea that was positive
for C. diff within 2 months or at the first follow-up, if longer
than 2 months. The principal investigator determined clinical
cure via chart review. For patients who experienced recurrent
diarrhea after FMT within 2 months and were treated with a
second FMT, the timeline for clinical cure was extended for 2
months.

Statistical Analysis. We performed a multivariable
logistic regression to assess factors associated with clinical
cure. A priori covariates included gender (categorical), age
(continuous), and BMI (continuous). We considered covariates
with model-estimated probabilities of 0.10 or below for inclu-
sion in our final model. We considered biological sex to be a
conceptual confounder and retained it in the final model
despite not meeting inclusion criteria (P ¼ .015). We then
performed a univariate analysis via chi-square and one-way
analysis of variance with post hoc Tukey analysis specifically
investigating diarrhea as the dependent variable.

Machine Learning Analysis. As an exploratory aim,
we performed a machine learning classification analysis with
FMT success as the binary outcome and with feature variables:
irritable bowel syndrome history, inflammatory bowel disease
history, sex, age, race, BMI, previous FMT, type of prior FMT,
antibiotic type, proton pump inhibitor, probiotic, immunosup-
pressive therapy, antibiotic course number, prior hospitaliza-
tion for CDI, CDI severity, diarrhea status at FMT, FMT donor
type, admit status, and smoking status. We split the data into
training and testing sets using 5-fold cross validation. Because
of the imbalanced FMT outcomes within the patient population,
we used SMOTE or synthetic minority oversampling technique
to oversample for FMT failure data points within the training
set.13

We used a random forest classification technique as a
predictive model with a tuning grid to determine the most
accurate tree number and number of variables randomly
sampled at each split. Based on the random forest algorithm
from the training set, we calculated the area under the curve
for the test set. We ran the model on the test set with
confusion matrices to calculate mean sensitivity, defined as
the proportion of FMT successes predicted as such by the
learning algorithm, specificity, defined as the proportion of
FMT failures as predicted by the algorithm, and positive
and negative predictive values. We derived a variable impor-
tance feature from the random forest model to determine the
most integral variables in the predictive model. Specifically,
global variable importance was derived by observing mean
decrease in overall out-of-bag accuracy per variable through
permutation.

Results
In total, 87.4% (90/103) of patients had clinical cure of

CDI after FMT. Sixteen patients required a second FMT after
initial failure—45.8% (n ¼ 11/24) of inpatients, including 6



Table 1. FMT Characteristics

FMT characteristics N (%) or mean (SD)a

Prior CDI hospitalization 51 (52%)

Inpatient FMT 24 (23.8%)

Severe CDI 11 (11%)

Mean number of CDI episodes 4.7 � 1.5

Requirement of the second FMT 16 (16%)

Prior antibiotics
Vancomycin 99 (99%)
Metronidazole 80 (81.6%)
Fidaxomicin 62 (60.2%)

Donor type
Family donation 13 (12.6%)
OpenBiome 89 (87.4%)

SD, standard deviation.
aTotal N ¼ 103.
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with severe disease, and 6.3% (n ¼ 5/79) of out-
patients—and of those, 14 of 16 patients were cured. All
patients with severe disease also had a history of recurrent
CDI, and no patients within our cohort received bezlotox-
umab or met criteria for fulminant disease as defined by
hypotension, shock, ileus, or megacolon.14 We initially
identified 113 patients for eligibility in the study, but
excluded 10 patients because of the lack of follow-up.

In the multivariable analysis, family stool donation pre-
dicted FMT failure, with an odds ratio (OR) of 4.13 (1.00,
17.01 P ¼ .049). A trend toward severe CDI predicting FMT
failure was observed with an OR of 3.86 (0.91, 16.25 P ¼
.065). FMT characteristics are reported in Table 1. Diarrhea
on anti-CDI antibiotics before FMT was common and did not
predict FMT failure (OR 0.45, 0.25, 2.79 95% confidence
interval, P ¼ .78) in the bivariate analysis. Among the 37.8%
of patients (n ¼ 39) who reported diarrhea, all reported
diarrhea on vancomycin, 35.9% (14/39) reported diarrhea
on both vancomycin and fidaxomicin, and 5% reported
diarrhea on fidaxomicin alone.

We report baseline patient characteristics in Table 2.
The average patient age was 58 years, and 66% of patients
were women. Of the patients analyzed, 19% had inflam-
matory bowel disease, and 44% were on acid suppression
medications. Patients averaged 4.7 (standard deviation 1.5)
episodes of CDI before FMT, and the average time from the
first CDI diagnosis to FMT was 275 days (interquartile range
213, median 214 days). FMT was administered to the ter-
minal ileum or cecum in 95% of patients and to the left
colon in 5% of patients.

The random forest model yielded an area under the
curve of 60% within the testing set, with an average
sensitivity of 70%, specificity of 77%, positive predictive
value of 46%, and negative predictive value of 96%. The
variable importance based on mean decreased accuracy
through permutation is presented in Figure, with the top 4
variables being admit status, stool type on antibiotics, FMT
donor status, and sex.
Discussion
Our study found that donor stool from family predicts

FMT failure, compared with stool from a stool bank. Most
FMT providers have switched to stool banks for reasons of
convenience—stool is available on demand—and safety—
the rigorous donor testing is far beyond what can be pro-
vided by most individual centers. Stool banks analyze
diversity of donor stool, weeding out dysbiotic donors,
which cannot be performed locally.15 Microbial diversity has
been suggested as a primary driver of FMT success, and the
phenomenon of the “super-donor” is increasingly recog-
nized.16 Given our findings, it is troubling that the dominant
stool bank in the United States has communicated its plan to
cease operations sometime this year and is currently only
supplying most of its partners with stool in emergency
conditions. We will see if commercial players with approved
products fill the void.

In our study of FMT patients, diarrhea on treatment was
surprisingly common but did not predict FMT failure. Over a
third of patients had diarrhea while on treatment. Clinical
trials studying patients with an initial or first recurrence
have reported only rare failure (<10%) while on vanco-
mycin and fidaxomicin.8,9 Our data suggest that diarrhea on
appropriate medical therapy should not be a barrier to FMT
and should not necessarily inspire a workup for alternative
diagnoses.

Our cohort demonstrated an impressive real-world
success rate of FMT at 87% among patients with signifi-
cant baseline medical comorbidities—over a fifth of patients
were immunosuppressed, had inflammatory bowel disease,
or both. Severe CDI trended in the direction of a predictor of
FMT failure, findings consistent with prior cohorts who
identified severe CDI,14,17 prior CDI-related hospitalization,
and inpatient status to be predictive factors for FMT fail-
ure.18 The success of FMT is particularly relevant as the
COVID-19 pandemic corresponded with the shutdown of
many FMT programs related to concerns of fecal viral
transmission.19

Of our cohort, about half of hospitalized patients and
about 1 in 20 outpatients required a second FMT. Second
FMT success was high at 87%, in line with the results of a
systematic review from Clinical Infectious Diseases which
noted 14 of 16 patients experienced disease resolution with
repeat FMT.20 The Food and Drug Administration recom-
mends that clinicians counsel patients that FMT is an
experimental therapy and that transmission of disease and
other risks is possible. Our study suggests that practitioners
should also consider counseling patients on the potential
need for repeat FMT to achieve success. Our single-center
cohort study with an 87% FMT success rate is similar to
other FMT studies, including a systematic review of 536
patients that demonstrated an 87% cure rate.17,21–24

In our study, the mean time from diagnosis to FMT was
over 9 months. Given the high efficacy of FMT and the
emotional, economic, and physical burden on patients with
recurrent CDI, this raises the question whether FMT should



Figure. Variable feature
importance on random
forest: an estimate of de-
gree of accuracy lost by
excluding each variable.
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be considered sooner in the disease course. There is no
established time frame from the first CDI diagnosis to FMT
referral; the expert opinion from the panel was for consid-
eration of FMT after a third infection. This would place
referral for FMT at least 3 months after the first diagnosis,
assuming recurrences 2 weeks after antibiotic cessation and
Table 2. Baseline Patient Characteristics

Variable N (%) or mean (SD)a

Age 58.4 (SD 19.1)

Male 34 (33%)

Female 69 (67%)

White 86 (84.3%)

Black 8 (7.8%)

Native American 1 (1%)

Other race/ unknown 5 (4.9%)

BMI 26.7 (SD 6.5)

Active smoker 16 (16.3%)

Inflammatory bowel disease history 20 (19.4%)

Irritable bowel disease history 11 (10.68%)

Medications before FMT
Acid suppression 42 (40.8%)
Immunosuppressive medications 24 (23.3%)
Probiotics 39 (37.9%)

SD, standard deviation.
aN ¼ 103.
the use of a 6-week vancomycin taper. Despite its high cost,
FMT via colonoscopy for recurrent CDI was cost-effective in
a recent analysis.25 A 2018 pilot study by Juul et al12

showed promising data for the primary treatment of first
CDI with FMT, and a phase III trial evaluating this concept is
currently underway. As the clinical and economic efficacy of
FMT becomes increasingly apparent, use for primary
infection or after the first recurrence may expand. However,
recent Infectious Diseases Society of America guidelines
advocate fidaxomicin as first-line therapy over vancomycin,
and data are needed to see if this practice change will
decrease the prevalence of recurrent CDI.14

Our study found that severe CDI trended in the direction
of predicting FMT failure. There is no trial of FMT vs stan-
dard of care in this population, and there may never be due
to ethical reasons, but historical data strongly suggest that
colonoscopy-based FMT saves lives if performed serially
and in conjunction with continued antibiotics.26 Previous
retrospective cohorts found that patients with severe CDI
only had a 30% FMT cure rate after single FMT, whereas
90% of these were cured with a second infusion,27 similar to
the 90% cure rate in severe-fulminant inpatients treated
with serial FMT in addition to standard-of-care antibiotics.28

Machine learning techniques have been explored to
predict FMT success using stool taxonomic data. Kazemian
et al29 recently published a study using random forest
classification to predict FMT success based on patient and
donor metagenomic sequencing data on a cohort of 17
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patients. The authors demonstrated an area under the curve
of 98% but were unable to validate this method in an in-
dependent data set. Similarly, machine learning has been
used to effectively predict which bacterial strains will
engraft after FMT.30 Our study is the first to our knowledge
to use machine learning techniques to predict FMT success
based on granular real-world clinical variables. The
strengths of the random forest method include its high ac-
curacy, resistance to overfitting, and ability to capture
nonlinear interactions between large amounts of predictors.
Based on the most potent variables in our random forest
model, we propose that future prediction models include
admit status, FMT donor type, sex, and stool type on anti-
biotics. The random forest model is predictive and does not
adjust for confounders as necessary in an etiologic model,
explaining the discrepancy in CDI severity variable impor-
tance between the logistic regression and random forest
model. We hypothesize that merging discrete clinical in-
formation with metagenomic microbiome data will lead to
highly accurate predictive models of FMT success in recur-
rent CDI. In addition, given the overall low failure rate of
FMT for CDI, machine learning techniques will be valuable
resources for identifying factors associated with such
infrequent outcomes and speeding progress toward miti-
gating them even further.

This study is limited in its single-center retrospective
design and small number of failures within the patient
population. No stool samples were collected, and thus, no
stool microbiota data could be investigated to further
explore mechanisms of FMT failure. Recent guidelines
recommend FMT for severe and fulminant disease not
responding to antibiotics,31 but the study results do not
apply to fulminant CDI as the cohort did not have any pa-
tients with fulminant disease. In addition, although the ef-
fect appears clinically important with an OR over 4, our
main finding that family stool donation is associated with
FMT failure compared with stool banks is limited by a
borderline P-value of .049. However, this arbitrary cutoff
and categorization has been increasingly scrutinized in the
field of biostatistics.32

In conclusion, the use of stool from a friend or family
member may be less effective than stools banks in the
treatment of CDI not responding to antibiotics. In addition,
diarrhea on anti-CDI antibiotics is common among patients
before FMT and does not predict FMT failure. As clinical
indications for FMT expand, a deeper understanding of how
to optimize treatment material will be important to opti-
mizing FMT success.
References

1. McDonald LC, Gerding DN, Johnson S, et al. Clinical

practice guidelines for Clostridium difficile infection in
adults and children: 2017 update by the Infectious Dis-
eases Society of America (IDSA) and Society for
Healthcare Epidemiology of America (SHEA). Clin Infect
Dis 2018;66:e1–e48.
2. McDonald LC, Owings M, Jernigan DB. Clostridium
difficile infection in patients discharged from US short-
stay hospitals, 1996-2003. Emerg Infect Dis 2006;
12:409–415.

3. Stepan C, Surawicz CM. Treatment strategies for
recurrent and refractory Clostridium difficile-associated
diarrhea. Expert Rev Gastroenterol Hepatol 2007;
1:295–305.

4. McFarland LV, Elmer GW, Surawicz CM. Breaking the
cycle: treatment strategies for 163 cases of recurrent
Clostridium difficile disease. Am J Gastroenterol 2002;
97:1769–1775.

5. Hopkins RJ, Wilson RB. Treatment of recurrent Clos-
tridium difficile colitis: a narrative review. Gastroenterol
Rep 2018;6:21–28.

6. van Nood E, Vrieze A, Nieuwdorp M, et al. Duodenal
infusion of donor feces for recurrent Clostridium difficile.
N Engl J Med 2013;368:407–415.

7. Kassam Z, Dubois N, Ramakrishna B, et al. Donor
screening for fecal microbiota transplantation. N Engl J
Med 2019;381:2070–2072.

8. Starr J. Clostridium difficile associated diarrhoea: diag-
nosis and treatment. BMJ 2005;331:498–501.

9. Peng Z, Jin D, Kim HB, et al. Update on antimicrobial
resistance in Clostridium difficile: resistance mecha-
nisms and antimicrobial susceptibility testing. J Clin
Microbiol 2017;55:1998–2008.

10. Louie TJ, Miller MA, Mullane KM, et al. Fidaxomicin
versus vancomycin for Clostridium difficile infection.
N Engl J Med 2011;364:422–431.

11. Carlucci C, Petrof EO, Allen-Vercoe E. Fecal microbiota-
based therapeutics for recurrent Clostridium difficile
infection, ulcerative colitis and obesity. EBioMedicine
2016;13:37–45.

12. Juul FE, Garborg K, Bretthauer M, et al. Fecal microbiota
transplantation for primary Clostridium difficile infection.
N Engl J Med 2018;378:2535–2536.

13. Chawla N, Bowyer K, Hall L, et al. SMOTE: synthetic
minority over-sampling technique. J Artif Intell Res 2002;
16:321–357.

14. Johnson S, Lavergne V, Skinner AM, et al. Clinical
practice guideline by the Infectious Diseases Society of
America (IDSA) and Society for Healthcare Epidemiology
of America (SHEA): 2021 focused update guidelines on
management of Clostridioides difficile infection in adults.
Clin Infect Dis 2021;73:e1029–e1044.

15. The Openbiome Quality and Safety Program. Open-
biome.org. The OpenBiome Quality & Safety Program.
Available at: http://squarespace.com. Accessed October
21, 2021.

16. Wilson BC, Vatanen T, Cutfield WS, et al. The super-
donor phenomenon in fecal microbiota transplantation.
Front Cell Infect Microbiol 2019;9:2.

17. Kelly CR, Yen EF, Grinspan AM, et al. Fecal microbiota
transplantation is highly effective in real-world practice:
initial results from the FMT National Registry. Gastroen-
terology 2021;160:183–192.e3.

18. Fischer M, Kao D, Mehta SR, et al. Predictors of early
failure after fecal microbiota transplantation for the
therapy of Clostridium difficile infection: a multicenter
study. Am J Gastroenterol 2016;111:1024–1031.

http://refhub.elsevier.com/S2772-5723(21)00033-9/sref1
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref1
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref1
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref1
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref1
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref1
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref1
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref2
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref2
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref2
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref2
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref2
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref3
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref3
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref3
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref3
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref3
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref4
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref4
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref4
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref4
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref4
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref5
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref5
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref5
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref5
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref6
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref6
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref6
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref6
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref7
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref7
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref7
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref7
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref8
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref8
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref8
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref9
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref9
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref9
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref9
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref9
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref10
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref10
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref10
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref10
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref11
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref11
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref11
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref11
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref11
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref12
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref12
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref12
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref12
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref13
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref13
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref13
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref13
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref14
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref14
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref14
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref14
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref14
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref14
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref14
http://squarespace.com
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref16
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref16
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref16
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref17
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref17
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref17
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref17
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref17
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref18
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref18
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref18
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref18
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref18


146 Watts et al Gastro Hep Advances Vol. 1, No. 2
19. Khanna S, Pardi D. Fecal microbiota transplantation for
recurrent Clostridioides difficile infection: the COVID-19
era. Am J Gastroenterol 2020;115:971–974.

20. Gough E, Shaikh H, Manges AR. Systematic review of
intestinal microbiota transplantation (fecal bacter-
iotherapy) for recurrent Clostridium difficile infection. Clin
Infect Dis 2011;53:994–1002.

21. Cammarota G, Ianiro G, Gasbarrini A. Fecal microbiota
transplantation for the treatment of Clostridium difficile
infection: a systematic review. J Clin Gastroenterol 2014;
48:693–702.

22. Kelly CR, Khoruts A, Staley C, et al. Effect of fecal
microbiota transplantation on recurrence in multiply
recurrent Clostridium difficile infection: a randomized
trial. Ann Intern Med 2016;165:609–616.

23. Kao D, Roach B, Silva M, et al. Effect of oral capsule- vs
colonoscopy-delivered fecal microbiota transplantation
on recurrent Clostridium difficile infection: a randomized
clinical trial. JAMA 2017;318:1985–1993.

24. Cammarota G, Masucci L, Ianiro G, et al. Randomised
clinical trial: faecal microbiota transplantation by colo-
noscopy vs. vancomycin for the treatment of recurrent
Clostridium difficile infection. Aliment Pharmacol Ther
2015;41:835–843.

25. Le P, Nghiem VT, Mullen PD, et al. Cost-effectiveness of
competing treatment strategies for Clostridium difficile
infection: a systematic review. Infect Control Hosp Epi-
demiol 2018;39:412–424.

26. McGill SK. Fecal microbiota transplant for severe Clos-
tridioides difficile infection: let’s halt the raging fire. Clin
Infect Dis 2021;73:720–721.

27. Ianiro G, Valerio L, Masucci L, et al. Predictors of failure
after single faecal microbiota transplantation in patients
with recurrent Clostridium difficile infection: results from
a 3-year, single-centre cohort study. Clin Microbiol Infect
2017;23:337.e1–337.e3.

28. Fischer M, Sipe BW, Rogers NA, et al. Faecal microbiota
transplantation plus selected use of vancomycin for
severe-complicated Clostridium difficile infection:
description of a protocol with high success rate. Aliment
Pharmacol Ther 2015;42:470–476.

29. Kazemian N, Ramezankhani M, Sehgal A, et al. The
trans-kingdom battle between donor and recipient gut
microbiome influences fecal microbiota transplantation
outcome. Sci Rep 2020;10:18349.
30. Smillie CS, Sauk J, Gevers D, et al. Strain tracking re-
veals the determinants of bacterial engraftment in the
human gut following fecal microbiota transplantation.
Cell Host Microbe 2018;23:229–240.e5.

31. Kelly CR, Fischer M, Allegretti JR, et al. ACG clinical
guidelines: prevention, diagnosis, and treatment of
Clostridioides difficile infections. Am J Gastroenterol
2021;116:1124–1147.

32. Richter A, Zink A. [Should statistical significance be
retired?]. Z Rheumatol 2020;79:692–695.

Received July 6, 2021. Accepted November 15, 2021.

Correspondence:
Address correspondence to: Sarah K. McGill, MD, MS, Associate Professor of
Medicine, Division of Gastroenterology and Hepatology, University of North
Carolina School of Medicine, CB#7080 Suite 4109, Chapel Hill, North Carolina
27599-7080. e-mail: smcgill@med.unc.edu or mcgills@email.unc.edu.

Authors’ Contributions:
Jared A. Sninsky contributed to analysis and interpretation of data, drafting of
the manuscript, critical revision of the manuscript for important intellectual
content, and approval of the final version of the manuscript. Ariel E. Watts
contributed to study concept and design, acquisition of data, analysis and
interpretation of data, critical revision of the manuscript for important intel-
lectual content, and approval of the final version of the manuscript. Morgan M.
Richey contributed to analysis and interpretation of data, critical revision of the
manuscript for important intellectual content, and approval of the final version
of the manuscript. Kevin Donovan contributed to analysis and interpretation of
data, critical revision of the manuscript for important intellectual content, and
approval of the final version of the manuscript content. Michael K. Dougherty
contributed to critical revision of the manuscript for important intellectual
content. Sarah K. McGill contributed to study concept and design, acquisition
of data, analysis and interpretation of data, drafting of the manuscript, critical
revision of the manuscript for important intellectual content, and approval of
the final version of the manuscript.

Conflicts of Interest:
S.K.M. declares research funding from Finch Pharmaceuticals and Olympus
Corporation. A.E.W., J.A.S., K.D., M.R., and M.K.D. declare no competing
interests.

Funding:
This research was supported, in part, by a grant from the NIH (T32 DK007634)
and NIH 1U01TR002398-01.

Ethical Statement:
The corresponding author, on behalf of all authors, jointly and severally, cer-
tifies that their institution has approved the protocol for any investigation
involving humans or animals and that all experimentation was conducted in
conformity with ethical and humane principles of research.

Data Transparency Statement:
Data, analytics, and study materials will be made available to other researchers
through contact of the corresponding author.

http://refhub.elsevier.com/S2772-5723(21)00033-9/sref19
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref19
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref19
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref19
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref20
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref20
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref20
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref20
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref20
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref21
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref21
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref21
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref21
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref21
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref22
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref22
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref22
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref22
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref22
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref23
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref23
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref23
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref23
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref23
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref24
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref24
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref24
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref24
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref24
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref24
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref25
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref25
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref25
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref25
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref25
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref26
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref26
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref26
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref26
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref27
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref27
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref27
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref27
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref27
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref27
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref28
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref28
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref28
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref28
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref28
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref28
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref29
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref29
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref29
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref29
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref30
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref30
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref30
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref30
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref30
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref31
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref31
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref31
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref31
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref31
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref32
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref32
http://refhub.elsevier.com/S2772-5723(21)00033-9/sref32
mailto:smcgill@med.unc.edu
mailto:mcgills@email.unc.edu

	Family Stool Donation Predicts Failure of Fecal Microbiota Transplant for Clostridioides difficile Infection
	Introduction
	Methods
	Study Design
	Covariates
	Fecal Donor Criteria
	Main Outcome: Clinical Cure Determination
	Statistical Analysis
	Machine Learning Analysis


	Results
	Discussion
	References
	Authors' Contributions:


