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Abstract Given the emerging role of the intestinal mic-
robiota as a key regulator of host physiology in health and
disease, therapies that modulate enteric bacterial commu-
nities offer promise for a variety of clinical disorders. Fecal
microbiota transplantation (FMT) represents a fundamental
approach to manipulate the gut microbiota, accomplished
by administering stool from a healthy donor into the gas-
trointestinal tract of a diseased recipient. However, despite
the plausible feasibility of FMT, there is a paucity of
clinical trials evaluating its efficacy, particularly in the
pediatric population. To this end, this review seeks to
accomplish three primary objectives. First, the rationale
and data supporting the efficacy of FMT will be discussed.
Second, practical considerations for the use of FMT in a
clinical setting will be reviewed. Finally, future areas of
study regarding FMT will be identified. Importantly, key
studies addressing the role of FMT in pediatric patients will
be highlighted.
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Introduction

The human gastrointestinal (GI) tract contains a remark-
ably high density of microorganisms, including more than
1,000 bacterial species. These microorganisms are collec-
tively known as the gut microbiota. Emerging evidence
suggests that the gut microbiota plays a crucial rule in host
metabolism, nutrition, and immune function [1-3]. Fur-
thermore, changes in the gut microbial community, termed
dysbiosis, have been implicated in the pathogenesis of a
spectrum of human diseases. This includes disorders of the
GI tract such as Clostridium difficile infection (CDI) [4],
irritable bowel syndrome (IBS) [5-9], and inflammatory
bowel disease (IBD) [10, 11], as well as non-GI diseases
such as obesity [12], autoimmune disorders [13], and aut-
ism [14]. Therapies that restore microbial homeostasis may
be highly beneficial for these disorders, and also offer the
benefit of being potentially safer than the immunosup-
pressive regimens commonly used to treat many of these
ailments.

The concept of altering the gut microbiota as a treatment
for human disease has existed for centuries. Indeed,
numerous modalities have been developed to modulate gut
microbial composition, including prebiotics, probiotics,
and antibiotics. However, perhaps the most comprehensive
approach to alter the enteric microbiota is via fecal mic-
robiota transplantation (FMT). This technique involves the
administration of healthy donor feces to unhealthy indi-
viduals. FMT was first described in the fourth century by
Ge Hong, a Chinese medicine doctor, as a treatment for
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diarrhea [15]. However, it was not until 1958 that FMT
gained recognition in modern medicine. At that time, Ei-
seman et al. [16] successfully treated four patients with
pseudomembranous colitis using fecal enemas from heal-
thy donors. Since then, FMT has become an acceptable
standard of care for treating adults with refractory CDI.
Trials studying the efficacy of FMT for the treatment of
additional GI and non-GI conditions are now ongoing. This
review will summarize existing data supporting the use of
FMT for various clinical disorders, describe the practical
aspects involved in implementing FMT in the clinical
setting, and identify critical areas for future study that will
be necessary to utilize FMT in a safe and efficient manner
moving forward.

Mechanism

The central premise underlying FMT postulates that the
infusion of stool bacteria from a healthy donor to an
unhealthy individual restores bacterial homeostasis in the
recipient. However, the mechanisms by which this occurs
have not been definitively elucidated. A common theory
suggests that the donor microbiota is ultimately established
in the host, thereby constituting a “transplant.” This is
supported by studies that have demonstrated engraftment
of the gut microbiota following FMT [17+]. However,
work by Petrof et al. [18] has shown that over a period of
6 months, only 25-30 % of transplanted species remained
detected in the recipient. This suggests that FMT also
promotes a re-expansion of the healthy resident bacteria of
the recipient. A recent mouse study of CDI supports this
premise by demonstrating that C. difficile can be eradicated
using a cocktail of only six bacterial strains [19]. This is
akin to the “enslapment” theory suggested by Kellermayer,
which postulates that the healthy donor bacteria are able to
“shock” the recipient microbiota into its former healthier
state. Finally, there is also evidence that FMT creates a de
novo environment within the recipient gut that is unfa-
vorable for pathogen expansion. For example, a recent
study by Ng et al. [20] demonstrates that C. difficile
flourishes after antibiotic therapy because specific carbo-
hydrates that it requires for growth are released from the
dysbiotic microbiota. It is possible, then, that the healthy
bacteria provided by FMT may compete for these carbo-
hydrates, thereby depleting the substrate necessary for the
expansion of C. difficile. Ultimately, it is likely that ben-
eficial effects of FMT are due to multiple mechanisms,
each of which may have varying import dependent upon
the disease process being treated. Understanding these
mechanisms will be critical for optimizing FMT for dif-
ferent disorders, and to develop more efficient modalities to
deliver this emerging therapy.

@ Springer

Indications for FMT
Recurrent CDI

With the rising incidence of CDI over the past decades,
there has been a parallel increase in disease severity and
mortality. In 2010, the incidence of CDI in United States
adults was estimated to be 500,000 cases per year, with
associated health care costs of approximately $2 billion
annually [21-23]. The recurrence rate of CDI after the first
infection is 10-12 % and increases to 40-65 % after the
initial recurrence [24]. The incidence of CDI is also rising
in children [25-27], and it is currently the most common
cause of hospital-acquired diarrhea in this population [28,
29]. A recent study demonstrated an increase from 2.2 to
23.5 cases of CDI increase per 100,000 children from 1991
through 2009 [30]. The recurrence rate of CDI in pediatrics
is estimated to be 12-24 % [31, 32]. Fortunately, though
increased rates of colectomy and mortality from CDI are
well reported in adults [33-36], pediatric complications
from CDI are not as severe. In a cohort of 299 hospitalized
children with CDI, only 2 % were reported to develop a
complicated course, and none required colectomy for ful-
minant CDI [37].

Given the high recurrence rates for CDI, alternatives to
standard antibiotic therapies for this pathogen are needed.
Numerous case reports and series have reported successful
treatment of recurrent CDI using FMT [38—45]. The first
randomized control trial comparing vancomycin alone to
vancomycin plus FMT for the treatment of CDI was pub-
lished in 2013 [46¢]. This trial was stopped early due to the
high-resolution rate (93 %) of the group that received
FMT, compared to 30.7 % in those treated with antibiotics
alone. A recent systematic review examined the published
studies evaluating the efficacy and safety of FMT for CDI
and found that 87 % (467/536) of patients had resolution of
diarrheal symptoms after FMT [39]. In this review, a single
infusion was often sufficient to treat CDI; however, suc-
cessful treatment of CDI using sequential FMT has been
reported when sustained response is not attained [47].
Based on the high success rate of FMT for CDI, the
American Gastroenterology Association recommends
considering FMT for a 3rd recurrence (after pulsed van-
comycin) [48]. In addition, the FMT Workgroup has sug-
gested consideration of FMT for moderate CDI not
responding to a week of standard therapy, and severe C.
difficile colitis not responding to 48 h of therapy [49e°].

Due to a paucity of pediatric data, there are currently no
guidelines for the use of FMT in children with recurrent
CDI. The initial report describing the treatment of recurrent
C. difficile by FMT in a pediatric patient was of a 2-year-
old girl who received FMT via nasogastric administration,
using stool donated from her healthy father [45].
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Resolution of clinical symptoms was observed by 36 h.
Subsequent C. difficile toxin was not detected up to
6 months after transplant. A second case reported by Kahn
et al. describes a 16-month-old boy who underwent FMT
after 6 episodes of CDI. Diarrheal symptoms improved
within the first day after transplant, and C. difficile toxin
PCR was negative at 1 week [41]. Two children aged 6 and
8 years were subjects in a case series of 87 patients (aged
6-94 years) who received FMT recurrent CDI [43]. Of
note, one of these patients was reported to have a clinical
relapse. Finally, a systematic review by Sha et al. also
included 2 abstracts describing pediatric patients treated
with FMT. The first was by Garg et al., reporting a
20-month old successfully treated for recurrent CDI with a
single FMT infusion delivered colonoscopically. The sec-
ond by Sing et al. described a 6-year old with UC and CDI
that underwent nasogastric stool infusion. C. difficile toxin
was cleared by 3 weeks. Both these patients received stools
from their mothers [50].

Inflammatory Bowel Diseases

Although the precise pathogenesis of IBD remains unclear,
evidence suggests that the intestinal microbiota is a key
driver of intestinal inflammation in patients with these
diseases [51, 52]. IBD is broadly classified into Crohn’s
disease (CD) and ulcerative colitis (UC), and alterations of
the gut microbiota have been described for both of these
entities [53, 54]. Hence there is a strong rationale to sup-
port the use of FMT to treat IBD. However, as described
below, there are limited studies examining the efficacy of
FMT for IBD, and further trials are needed to establish its
benefit for these patients.

One of the earlier case reports using FMT to treat IBD
was published in 1989 by Bennet and Brinkman [55]. In
this study, Bennet himself treated his own UC by self-
administering large-volume retention enemas using stool
from a healthy donor. He remained symptom-free
6 months post-transplant without medication. In 1989,
Borody et al. [56] described two IBD patients who
remained symptom-free for 3—4 months after FMT. Both
patients were adults (a 45-year old with UC, and a 31-year
old with CD). This was followed by a report from the same
group in 2003, describing six patients with UC (aged
25-53 years) who achieved remission with daily fecal
enemas for 5 days [57]. A systematic review examining the
role of FMT for the management of IBD has since been
published by Anderson et al. [38], reporting 26 patients
treated with FMT for management of IBD, ranging in age
from 11 to 78 years. 18 individuals had UC, 6 had CD, and
2 carried the diagnosis of indeterminate colitis. 76 %
reported improvement of symptoms, and 63 % remained in
remission 3-36 months after FMT [38]. Kao et al. [58]

recently reported a case of a 26-year-old man with CD who
received FMT after failing immunosuppressive therapy. He
received a single colonoscopic stool infusion from a uni-
versal donor. 48 h after FMT, the consistency of stools
improved, correlating with a decreasing trend in C-reactive
protein and fecal calprotectin. His post-transplant fecal
microbiome composition resembled that of the donor.

Despite the promising results described, not all studies
examining the role of FMT for the treatment of IBD have
been positive. In a study of five patients with moderate-to-
severe UC, none achieved clinical remission after FMT
during the 12 weeks of follow up, and only one had clinical
response. Fecal microbiota analyses demonstrated differ-
ences in the stability of transplanted phylotypes among the
recipients. Interestingly, two patients had a similar micro-
biota as their donors by 12 weeks, yet the disease outcome
differed [59]. This raises concerns that inducing changes in
the recipient microbiota by FMT may not be as successful
for IBD as it is for CDI [60].

Data supporting the use of FMT in children with IBD
are limited. In a pediatric pilot study, 10 children aged
7-21 years received FMT for UC. All patients had mild-to-
moderate UC and no changes in medical treatment for
2 months prior to FMT. Each patient was administered a
240 mL fecal enema daily for 5 days. 67 % of these chil-
dren maintained remission at 1 month post-transplant
[61ee]. A recent study by Vandenplas et al. [62] reported
the first case of early-onset colitis treated with FMT. In this
report, an 18-month-old girl was successfully treated with 7
stool infusions after failing corticosteroid therapy and
azathioprine. Administration was accomplished via both
the upper and lower GI tract. Follow up at 6 months post
FMT showed no histological evidence of active disease. In
addition to these studies, at the time of writing this review,
there are 2 FMT trials for pediatric IBD currently in pro-
gress (ClinicalTrials.Gov).

In contrast to FMT for recurrent CDI, the available
pediatric and adult data on FMT for IBD indicate most
patients have received more than one infusion to treat their
disease. This has been highlighted by numerous investi-
gators who emphasize that FMT for IBD generally requires
multiple infusions [63]. However, in 2013, Zhang et al.
treated a 32-year-old male with one FMT for enterocolonic
fistulizing CD. After failing multiple medical therapies,
this patient received a single 150 mL stool infusion
administered endoscopically in the mid-gut. The patient
was followed for 9 months and maintained clinical remis-
sion during this time [64].

Non-inflammatory Gastrointestinal Disease

In regards to non-inflammatory GI diseases, FMT for IBS
has been the most studied [65]. Multiple factors such as
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visceral hyperalgesia, dysmotility, aberrant brain—gut
responses, and dysbiosis may play a role in the pathogen-
esis of IBS. Moreover, altered intestinal microbial com-
position has been observed in patients with IBS as
compared to healthy individuals [66]. Anecdotal reports
from Borody et al. [56, 67, 68] have shown a beneficial
effect of FMT for diarrhea and constipation predominant
IBS. FMT in two children aged less than 18 years with
chronic constipation achieved long-term restoration of
bowel movements [60]. Although these cases suggest a
utility of FMT in non-inflammatory GI diseases, random-
ized control trials remain lacking.

Non-gastrointestinal Diseases

In addition to GI disorders, FMT has also been utilized for
various diseases outside of the GI tract. Indeed, the enteric
microbiota is now being linked to numerous non-GI dis-
eases, including metabolic, autoimmune, and neurodevel-
opmental disorders [13, 68]. For example, Vrieze et al. [69]
demonstrated improvement of insulin sensitivity in patients
with metabolic syndrome after infusion with a healthy
intestinal microbiota. Interestingly, in many published
cases, FMT has been done for GI complaints but eventually
resulted in improvement of the primary extra-intestinal
disease. However, to date, no controlled studies have
addressed the efficacy of FMT for non-GI disorders.
Moreover, to our knowledge, there is no pediatric literature
describing the use of FMT for extra-intestinal conditions.

Practical Consideration for the Use of FMT
Donor Selection

FMT requires procurement of stool from a healthy donor
for transplantation. However, the definition of “healthy” is
not precisely delineated at this time. In general, it is
advocated that the donor should engage in “clean living.”
Per the 2011 FMT workgroup guidelines, this assessment
should be made by questioning the potential donor for risk
of transmissible disease (sexual behavior, use of illicit
drugs), body piercing, and recent travel (within 6 months)
to endemic areas with high risk of diarrhea. A useful
resource for this type of survey is the American Associa-
tion of Blood Banks Donor History Questionnaire: http://
www.fda.gov/downloads/BiologicsBloodVaccines/Blood
BloodProducts/ApprovedProducts/LicensedProductsBLAs/
BloodDonorScreening/UCM213552.pdf. Additional screen-
ing for transmissible pathogens in donor stool and blood
samples is recommended [68, 70, 71]. Specifically, this includes
testing donor stool samples for C. difficile, Giardia, Cryptos-
prodium, Helicobacter pylori (for upper GI instillation), ova,
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parasites, Cyclospora, Isopora, and bacterial pathogens. Blood
is typically tested for HIV (type 1 and 2), Hepatitis A, B, C, and
syphilis. There are no current recommendations on time frame
to re-screen, although an interval of 3 months has been sug-
gested [71]. Finally, additional donor exclusion criteria include
individuals with preexisting GI comorbidities or conditions that
may alter the intestinal microbiota, such as use of antibiotics in
the 3 months prior to transplant [49ee, 72].

To date, there have been no randomized controlled trials
that have addressed the question of whether FMT is safer
or more efficacious when utilizing a donor who is related to
the recipient. From review articles, reports on success rates
using different donor populations vary. In a systematic
review, Gough et al. [40] found a 93 % resolution rate of
CDI when stool was procured from related donors, as
compared to an 84 % resolution rate when obtained from
unrelated donors. However, this review was limited, as
there was no standardization of the studies involved (i.e.,
not all studies documented weight, volume, and donor
selection). Therefore, based on current evidence, the rec-
ommendation to use a related verses unrelated donor for
FMT cannot be made. It should be noted that in pediatric
FMT studies, the majority of donors reported has been
related to the recipients [41, 45, 61¢, 62].

Preparation and Processing

Most protocols for FMT utilize fresh stool (preferably
passed with 2—6 h of administration), which is processed in
a designated lab area with universal precautions. A gentle
laxative such as milk of magnesia can be considered for the
donor the day before a sample is needed [49e, 71, 72].
Because there can be practical difficulties in regards to
collecting fresh stool samples, studies have evaluated the
use of frozen stool for FMT. For example, Hamilton et al.
[73] described similar success rates using FMT for CDI
using frozen or fresh stool samples (90 vs. 92 %, respec-
tively). This suggests that stool banks may eventually play
a role in providing samples for FMT. Although interven-
tions such as laxative therapy and freezing samples can
affect the composition of the gut microbiota [74], this may
be of minimal consequence with CDI. Indeed, high
throughput 16S rRNA gene sequencing has supported
restoration of gut microbiota with frozen stool in CDI
[17¢¢]. For more chronic diseases such as IBD, however,
maintaining bacterial diversity of the donor sample may
take on more importance, and the utility of processed and
stored donor stool samples will need to be evaluated fur-
ther. In regards to preparing recipients, the FMT work-
group recommends a bowel preparation [49+¢], and some
authors suggest the use of oral vancomycin until the day of
FMT [46¢°]. However, there are no studies comparing the
efficacy of FMT in patients who have or have not received
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a bowel preparation or antibiotics before transplantation.
For patients receiving nasogastric instillation of stool,
Bakken et al. [49+s] have suggested recipients be
administered a proton pump inhibitor starting the day
before FMT. After collection of the stool sample, a slurry
is prepared for infusion. Stool suspensions are most
commonly prepared by diluting with saline or water,
though other diluents such as milk and yogurt have been
utilized. Interesting, a single study reported a higher
resolution of CDI with water (98.5 %) as a diluent
compared to normal saline (86 %). However, the relapse
rate was two-fold higher when using water as compared
to normal saline (8 vs. 3 % for saline) [40]. Hence, most
protocols utilize normal saline as the preferred diluent.
The stool suspension can be prepared by stirring, shaking,
or using a household blender [49es, 72]. The liquefied
stool is then filtered, and the final sample is administered
immediately or frozen at —80 °C for future use. There
has been great variability in reports regarding the quan-
tity of stool and the final volume of stool slurry admin-
istered [17¢¢], and both of these factors have been shown
to influence outcome. For example, FMT using <50 g of
stool has been shown to result in higher recurrence rates
of CDI as compared to the administration of larger
amounts [40]. Similarly, a final volume of stool suspen-
sion >500 ml has resulted in better outcomes than vol-
umes <200 ml [40]. For administration via the upper GI
tract, a volume of 25-50 ml is usually recommended
[49+¢]. No guidelines have been published for stool
quantities recommended for pediatric FMT. However,
when mentioned in pediatric cases, the range of stool
utilized was 70-133 g, and the volume instilled varied
from 25 to 250 mL.

Route

FMT has been delivered by various routes including upper
endoscopy, nasogastric or nasojejunal tube, enema, and
colonoscopy. The method of administration is primarily
dependent upon physician preference, though the lower GI
tract is the most common route for CDI [39, 40, 42]. This
appears to have a better response rate than upper tract
administration [42]. For example, Cammarota et al.
reported CDI resolution rates of 93 % for those who
received FMT via the cecum/ascending colon, 86 % when
performed via the duodenum/jejunum, 84 % via the distal
colon, and 81 % through the stomach [39]. Interestingly,
however, a review of 182 patients treated with FMT for
CDI showed no significant difference in the efficacy based
on delivery route (P = 0.162) [75]. From the current data,
the most efficacious route of delivery cannot be definitively
ascertained.

Regulatory Issues

The Federal Drug Authority (FDA) defines a drug as an
“article intended for use in the diagnosis, cure, mitigation,
treatment, or prevention of disease” [76]. In May 2013, the
FDA ruled FMT as an investigational drug and announced
that an investigational new drug (IND) application would be
required for institutes planning to offer FMT [77]. However,
this stance was subsequently changed, and an IND is not
currently mandated (although it is encouraged) for treatment
of refractory CDI. For research studies, and the use of FMT
for conditions other that CDI, an IND is still required.
Detailed information for sponsoring a new IND can be found
at: http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/
CFRSearch.cfm?sia=1. Most recently, in March 2014, the
FDA issued a draft guidance for industry entitled
“Enforcement Policy Regarding Investigational New Drug
Requirements for Use of Fecal Microbiota for Transplan-
tation to Treat Clostridium difficile Infection Not Respon-
sive to Standard Therapies” (http://www.fda.gov/Biologics
BloodVaccines/GuidanceComplianceRegulatoryInformation/
Guidances/default.htm). This document states that the stool
donor should be known either to the health care provider or the
recipient. This raises concerns for established stool banks that
have screened samples readily available for use. However, the
FDA is open to comments on this proposal, and is providing an
opportunity for discussion. For all patients receiving FMT,
informed consent should be obtained, and includes the
potential risks of the procedure, as well as the statement that
FMT is an investigational therapy.

Future Directions

For recurrent CDI, substantial evidence supports the use of
FMT, particularly when standard medical therapy has not
been effective. This has led to clinical practice guidelines
suggesting that FMT should be considered for a third
recurrence of CDI if pulsed vancomycin has failed [48].
However, despite the compelling success rates of FMT for
recurrent CDI, important questions remain unanswered. In
particular, there are very few studies examining the effi-
cacy of FMT for recurrent CDI in the pediatric population.
Furthermore, safety concerns regarding this therapy man-
date larger studies powered to detect low incident adverse
outcomes. The concept that there may be long-term con-
sequences of FMT, such as obesity, autoimmune disease,
or even neuropsychiatric problems also has not been
explored. The potential development of these long-term
issues may ultimately impact the definition of the ideal
donor for FMT. Although testing donors for standard
pathogens is currently advocated, screening for conditions
such as obesity, diabetes, and psychiatric disorders is not
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routinely performed. Indeed, others have argued that when
such rigorous criteria are implemented, more than 90 % of
donors would not qualify [78].

An alternative approach to FMT that obviates the need for
human donors is the administration of defined microbial
communities that recapitulate the beneficial effects of com-
plete fecal transplantation. As few as six bacterial strains
have been shown to treat CDI in a mouse model of this
infection [19]. These findings are borne out in human studies
as well. For example, in 1989, investigators reported that
recurrent CDI could be treated using a mixture of only 10
bacterial strains. These organisms included strains of Clos-
tridia, Bacteroides, E. coli, Streptococcus, and Ruminococ-
cus [79]. More recently, a mixture of 33 stool-derived
bacterial strains was used to “RePoopulate” the gut of 2
patients with recurrent CDI [80]. Six months after transplant,
both patients were symptom-free, and the administered
bacterial species comprised ~25 % bacterial sequences in
recipient stool samples. In 2013, the FDA approved a Phase
II trial of a similar cocktail of microbial strains, developed by
the company Rebiotix [81]. Enrollment has been completed,
and plans for a Phase 3 study are in progress. Ultimately, an
ideal approach would be to formulate such microbial sus-
pensions into a pill or capsular form to improve ease of
administration. Indeed, studies have suggested that this
approach may preferred by the majority of patients [82].

For the treatment of diseases other than recurrent CDI,
further evidence regarding the safety and efficacy of FMT is
clearly required. In disorders such IBD, it is likely that
sustained changes to recipient gut microbial communities
will be required to impart a clinical benefit. Hence, it is
possible that a single FMT will not be effective for man-
aging patients with chronic intestinal disorders. Further-
more, additional measures such as preconditioning the
recipient with antibiotics and/or laxative therapy may play a
role in establishing long-term “engraftment” of a healthy
donor microbiota, and must be evaluated in this context.
Similarly, efforts to maintain bacterial diversity in the donor
stool may become critical, thus necessitating fresh donor
specimens, as opposed to frozen or highly processed mate-
rials. Lastly, if long-term alterations of the gut microbiota
are achieved in recipient populations, there may be a greater
risk of transmission of metabolic, autoimmune, and neuro-
developmental disorders from the donor, as described above.

A final consideration regarding FMT that has not been
evaluated extensively is cost. Despite being publicized as
“cost-effective,” no formal studies have been done to
estimate out-of-pocket expenses for patients and families.
Currently, the cost for donor screening often falls to the
patient. In 2013, the Current Procedural Terminology
(CPT) code 44705 was established for the preparation of a
FMT, including assessment of donor specimen. The CPT
code (44799) also exists for instillation by nasogastric tube
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or enema, though this is an unlisted code and thus often
requires pre-authorization and additional documentation.
These issues may become highly relevant for conditions
such as IBD that may require multiple fecal infusions.

Conclusions

Existing data support the use of FMT for recurrent CDI
when standard medical therapies have failed. Further
appropriately powered studies are needed to establish the
safety of this procedure, including long-term outcomes in
both adults and children. In contrast, there is insufficient
evidence to support the routine use of FMT in other GI and
non-GI disorders, though active trials are ongoing. Ulti-
mately, FMT may represent a safe and effect treatment
modality for a spectrum of clinical disorders that arise from
a dysregulated host microbiota.

Disclosure Sabina Mir, Richard Kellermayer, and Ajay S. Gulati
declare that they have no conflict of interest.

Human and Animal Rights and Informed Consent This article
does not contain any studies with human or animal subjects
performed by any of the authors

References

Papers of particular interest, published recently, have been
highlighted as:

* Of importance

*« Of major importance

1. Guinane CM, Cotter PD. Role of the gut microbiota in health and
chronic gastrointestinal disease: understanding a hidden meta-
bolic organ. Ther Adv Gastroenterol. 2013;6(4):295-308.

2. Cho I, Blaser MJ. The human microbiome: at the interface of
health and disease. Nat Rev Genet. 2012;13(4):260-70.

3. Diehl GE, Longman RS, Zhang JX, Breart B, Galan C, Cuesta A,
et al. Microbiota restricts trafficking of bacteria to mesenteric
lymph nodes by CX(3)CRI1(hi) cells. Nature. 2013;494(7435):
116-20.

4. Khoruts A, Dicksved J, Jansson JK, Sadowsky MJ. Changes in
the composition of the human fecal microbiome after bacterio-
therapy for recurrent Clostridium difficile-associated diarrhea.
J Clin Gastroenterol. 2010;44(5):354-60.

5. Kerckhoffs AP, Samsom M, van der Rest ME, de Vogel J, Knol J,
Ben-Amor K, et al. Lower Bifidobacteria counts in both duodenal
mucosa-associated and fecal microbiota in irritable bowel syndrome
patients. World J Gastroenterol: WJG. 2009;15(23):2887-92.

6. Tana C, Umesaki Y, Imaoka A, Handa T, Kanazawa M, Fukudo
S. Altered profiles of intestinal microbiota and organic acids may
be the origin of symptoms in irritable bowel syndrome. Neuro-
gastroenterol Motil. 2010;22(5):512-9 el14—el15.

7. Jeffery IB, O’Toole PW, Ohman L, Claesson MJ, Deane J,
Quigley EM, et al. An irritable bowel syndrome subtype defined



Curr Pediatr Rep (2014) 2:227-234

233

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

by species-specific alterations in faecal microbiota. Gut.

2012;61(7):997-1006.

. Rigsbee L, Agans R, Shankar V, Kenche H, Khamis HJ, Michail

S, et al. Quantitative profiling of gut microbiota of children with
diarrhea-predominant irritable bowel syndrome. Am J Gastroen-
terol. 2012;107(11):1740-51.

. Shankar V, Agans R, Holmes B, Raymer M, Paliy O. Do gut

microbial communities differ in pediatric IBS and health? Gut
Microbes. 2013;4(4):347-52.

. Packey CD, Sartor RB. Commensal bacteria, traditional and

opportunistic pathogens, dysbiosis and bacterial killing in
inflammatory bowel diseases. Curr Opin Infect Dis. 2009;22(3):
292-301.

Frank DN, St. Amand AL, Feldman RA, Boedeker EC, Harpaz N,
Pace NR. Molecular-phylogenetic characterization of microbial
community imbalances in human inflammatory bowel diseases.
Proc Natl Acad Sci USA. 2007;104(34):13780-5.

Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human
gut microbes associated with obesity. Nature. 2006;444(7122):1022-3.
Vrieze A, de Groot PF, Kootte RS, Knaapen M, van Nood E,
Nieuwdorp M. Fecal transplant: a safe and sustainable clinical
therapy for restoring intestinal microbial balance in human dis-
ease? Best Pract Res Clin Gastroenterol. 2013;27(1):127-37.
Hsiao EY, McBride SW, Hsien S, Sharon G, Hyde ER, McCue T,
et al. Microbiota modulate behavioral and physiological abnor-
malities associated with neurodevelopmental disorders. Cell.
2013;155(7):1451-63.

Zhang F, Luo W, Shi Y, Fan Z, Ji G. Should we standardize the
1,700-year-old fecal microbiota transplantation? Am J Gastro-
enterol. 2012;107(11):1755 author reply 1755-17566.

Eiseman B, Silen W, Bascom GS, Kauvar AJ. Fecal enema as an
adjunct in the treatment of pseudomembranous enterocolitis.
Surgery. 1958;44(5):854-9.

*¢ Hamilton MJ, Weingarden AR, Unno T, Khoruts A, Sadowsky
MIJ. High-throughput DNA sequence analysis reveals stable
engraftment of gut microbiota following transplantation of pre-
viously frozen fecal bacteria. Gut Microbes. 2013;4(2):125-35.
This study utilizes high-throughput metagenomic techniques to
study the microbiota of FMT recipients receiving previously
frozen fecal samples for infusion. This highlights the potential
utility of frozen stool samples for FMT.

Petrof EO, Gloor GB, Vanner SJ, Weese SJ, Carter D, Daigneault
MG, et al. Stool substitute transplant therapy for the eradication
of Clostridium difficile infection: ‘RePOOPulating’ the gut. Mi-
crobiome. 2013;1(1):3.

Lawley TD, Clare S, Walker AW, Stares MD, Connor TR, Raisen
C, et al. Targeted restoration of the intestinal microbiota with a
simple, defined bacteriotherapy resolves relapsing Clostridium
difficile disease in mice. PLoS Pathog. 2012;8(10):e1002995.
Ng KM, Ferreyra JA, Higginbottom SK, Lynch JB, Kashyap PC,
Gopinath S, et al. Microbiota-liberated host sugars facilitate post-anti-
biotic expansion of enteric pathogens. Nature. 2013;502(7469):96-9.
Dubberke ER, Butler AM, Yokoe DS, Mayer J, Hota B, Mangino JE,
et al. Multicenter study of Clostridium difficile infection rates from
2000 to 2006. Infect Control Hosp Epidemiol. 2010;31(10):1030-7.
Dubberke ER, Olsen MA. Burden of Clostridium difficile on the
healthcare system. Clinical Infect Dis. 2012;55(Suppl 2):S88-92.
Honda H, Dubberke ER. The changing epidemiology of Clos-
tridium difficile infection. Curr Opin Gastroenterol. 2014;30(1):
54-62.

McFarland LV, Elmer GW, Surawicz CM. Breaking the cycle:
treatment strategies for 163 cases of recurrent Clostridium diffi-
cile disease. Am J Gastroenterol. 2002;97(7):1769-75.

Baker SS, Faden H, Sayej W, Patel R, Baker RD. Increasing
incidence of community-associated atypical Clostridium difficile
disease in children. Clin Pediatr. 2010;49(7):644-7.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Sammons JS, Toltzis P. Recent trends in the epidemiology and
treatment of C. difficile infection in children. Curr Opin Pediatr.
2013;25(1):116-21.

Sammons JS, Toltzis P, Zaoutis TE. Clostridium difficile Infec-
tion in children. JAMA Pediatr. 2013;167(6):567-73.

Langley JM, LeBlanc JC, Hanakowski M, Goloubeva O. The role of
Clostridium difficile and viruses as causes of nosocomial diarrhea in
children. Infect Control Hosp Epidemiol. 2002;23(11):660—4.
Klein EJ, Boster DR, Stapp JR, Wells JG, Qin X, Clausen CR, et al.
Diarrhea etiology in a Children’s Hospital Emergency Department: a
prospective cohort study. Clin Infect Dis. 2006;43(7):807-13.
Khanna S, Baddour LM, Huskins WC, Kammer PP, Faubion
WA, Zinsmeister AR, et al. The epidemiology of Clostridium
difficile infection in children: a population-based study. Clin
Infect Dis. 2013;56(10):1401-6.

Schutze GE, Willoughby RE. Clostridium difficile infection in
infants and children. Pediatrics. 2013;131(1):196-200.
Tschudin-Sutter S, Tamma PD, Milstone AM, Perl TM. Predic-
tors of first recurrence of Clostridium difficile infections in chil-
dren. Pediatr Infect Dis J. 2013;33(4):414-6.

Markelov A, Livert D, Kohli H. Predictors of fatal outcome after
colectomy for fulminant Clostridium difficile Colitis: a 10-year
experience. dr.markelov@gmail.com. Am Surg. 2011;77(8):977-80.
Lamontagne F, Labbe AC, Haeck O, Lesur O, Lalancette M, Patino
C, et al. Impact of emergency colectomy on survival of patients with
fulminant Clostridium difficile colitis during an epidemic caused by a
hypervirulent strain. Ann Surg. 2007;245(2):267-72.

Wysowski DK. Increase in deaths related to enterocolitis due to
Clostridium difficile in the United States, 1999-2002. Public
health reports (Washington, DC, 1974). 2006;121(4):361-2.
Miller M, Gravel D, Mulvey M, Taylor G, Boyd D, Simor A,
et al. Health care-associated Clostridium difficile infection in
Canada: patient age and infecting strain type are highly predictive
of severe outcome and mortality. Clin Infect Dis. 2010;50(2):
194-201.

Schwartz KL, Darwish I, Richardson SE, Mulvey MR, Thampi N.
Severe clinical outcome is uncommon in Clostridium difficile
infection in children: a retrospective cohort study. BMC Pediatr.
2014;14:28.

Anderson JL, Edney RJ, Whelan K. Systematic review: faecal
microbiota transplantation in the management of inflammatory
bowel disease. Aliment Pharmacol Ther. 2012;36(6):503-16.
Cammarota G, Ianiro G, Gasbarrini A. Fecal microbiota trans-
plantation for the treatment of Clostridium difficile Infection: A
systematic review. J Clin Gastroenterol. 2014. doi:10.1097/MCG.
0000000000000046.

Gough E, Shaikh H, Manges AR. Systematic review of intestinal
microbiota transplantation (fecal bacteriotherapy) for recurrent
Clostridium difficile infection. Clin Infect Dis. 2011;53(10):
994-1002.

Kahn SA, Young S, Rubin DT. Colonoscopic fecal microbiota
transplant for recurrent Clostridium difficile infection in a child.
Am J Gastroenterol. 2012;107(12):1930-1.

Kassam Z, Lee CH, Yuan Y, Hunt RH. Fecal microbiota trans-
plantation for Clostridium difficile infection: systematic review
and meta-analysis. Am J Gastroenterol. 2013;108(4):500-8.
Rubin TA, Gessert CE, Aas J, Bakken JS. Fecal microbiome
transplantation for recurrent Clostridium difficile infection: report
on a case series. Anaerobe. 2013;19:22-6.

van Nood E, Dijkgraaf MG, Keller JJ. Duodenal infusion of feces for
recurrent Clostridium difficile. N Engl J Med. 2013;368(22):2145.
Russell G, Kaplan J, Ferraro M, Michelow IC. Fecal bacterio-
therapy for relapsing Clostridium difficile infection in a child: a
proposed treatment protocol. Pediatrics. 2010;126(1):e239—42.

¢ van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG,
de Vos WM, et al. Duodenal infusion of donor feces for recurrent

@ Springer


http://dx.doi.org/10.1097/MCG.0000000000000046
http://dx.doi.org/10.1097/MCG.0000000000000046

234

Curr Pediatr Rep (2014) 2:227-234

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Clostridium difficile. N Engl J Med. 2013;368(5):407-15. This is
the only open label randomized controlled trial comparing anti-
biotic therapy to FMT for the treatment of recurrent CDI.
Weingarden AR, Hamilton MJ, Sadowsky MJ, Khoruts A. Res-
olution of severe Clostridium difficile infection following
sequential fecal microbiota transplantation. J Clin Gastroenterol.
2013;47(8):735-17.

Surawicz CM, Brandt LJ, Binion DG, Ananthakrishnan AN,
Curry SR, Gilligan PH, et al. Guidelines for diagnosis, treatment,
and prevention of Clostridium difficile infections. Am J Gastro-
enterol. 2013;108(4):478-98 quiz 99.

*¢ Bakken JS, Borody T, Brandt LJ, Brill JV, Demarco DC, Franzos
MA, et al. Treating Clostridium difficile infection with fecal mic-
robiota transplantation. Clin Gastroenterol Hepatol. 2011;9(12):
1044-9. This article provides the current guidelines for FMT
developed by the FMT workgroup. It includes patient and donor
inclusion/exclusion criteria, donor screening protocols, and
highlights stool preparation and methods of administration.

Sha S, Liang J, Chen M, Xu B, Liang C, Wei N, et al. Systematic
review: faecal microbiota transplantation therapy for digestive
and nondigestive disorders in adults and children. Aliment
Pharmacol Ther. 2014;39(10):1003-32.

Nell S, Suerbaum S, Josenhans C. The impact of the microbiota
on the pathogenesis of IBD: lessons from mouse infection mod-
els. Nat Rev Microbiol. 2010;8(8):564-77.

Garrett WS, Lord GM, Punit S, Lugo-Villarino G, Mazmanian SK,
Ito S, et al. Communicable ulcerative colitis induced by T-bet
deficiency in the innate immune system. Cell. 2007;131(1):33-45.
Sartor RB. Key questions to guide a better understanding of host-
commensal microbiota interactions in intestinal inflammation.
Mucosal Immunol. 2011;4(2):127-32.

Frank DN, Robertson CE, Hamm CM, Kpadeh Z, Zhang T, Chen
H, et al. Disease phenotype and genotype are associated with
shifts in intestinal-associated microbiota in inflammatory bowel
diseases. Inflamm Bowel Dis. 2011;17(1):179-84.

Bennet JD, Brinkman M. Treatment of ulcerative colitis by
implantation of normal colonic flora. Lancet. 1989;1(8630):164.
Borody TJ, George L, Andrews P, Brandl S, Noonan S, Cole P,
et al. Bowel-flora alteration: a potential cure for inflammatory
bowel disease and irritable bowel syndrome? Med J Aust.
1989;150(10):604.

Borody TJ, Warren EF, Leis S, Surace R, Ashman O. Treatment
of ulcerative colitis using fecal bacteriotherapy. J Clin Gastro-
enterol. 2003;37(1):42-7.

Kao D, Hotte N, Gillevet P, Madsen K. Fecal microbiota trans-
plantation inducing remission in crohn’s colitis and the associated
changes in fecal microbial profile. J Clin Gastroenterol. 2014.
doi:10.1097/MCG.0000000000000131.

Angelberger S, Reinisch W, Makristathis A, Lichtenberger C,
Dejaco C, Papay P, et al. Temporal bacterial community dynamics
vary among ulcerative colitis patients after fecal microbiota
transplantation. Am J Gastroenterol. 2013;108(10):1620-30.
Rubin DT. Curbing our enthusiasm for fecal transplantation in
ulcerative colitis. Am J Gastroenterol. 2013;108(10):1631-3.

*¢ Kunde S, Pham A, Bonczyk S, Crumb T, Duba M, Conrad H,
Jr., et al. Safety, tolerability, and clinical response after fecal
transplantation in children and young adults with ulcerative
colitis. J Pediatr Gastroenterol Nutr. 2013;56(6):597-601. This is
the only pediatric open-label pilot study that demonstrated the
safety and efficacy of FMT in treating children with UC. How-
ever, the small cohort limits this study, and larger multicenter
RCTs are needed to determine the efficacy.

Vandenplas Y, Veereman G, van der Werff Ten Bosch J, Goos-
sens A, Pierard D, Samsom JN, et al. Fecal microbial trans-
plantation in a one-year-old girl with early onset colitis—caution

@ Springer

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

advised. J Pediatr Gastroenterol Nutr. 2014. doi:10.1097/MPG.
0000000000000281.

Borody TJ, Campbell J. Fecal microbiota transplantation: current
status and future directions. Expert Rev Gastroenterol Hepatol.
2011;5(6):653-5.

Zhang FM, Wang HG, Wang M, Cui BT, Fan ZN, Ji GZ. Fecal
microbiota transplantation for severe enterocolonic fistulizing Cro-
hn’s disease. World J Gastroenterol: WJG. 2013;19(41):7213-6.
Shanahan F, Quigley EM. Manipulation of the microbiota for
treatment of IBS and IBD-challenges and controversies. Gastro-
enterology. 2014;146(6):1554-63.

Simren M, Barbara G, Flint HJ, Spiegel BM, Spiller RC, Vanner
S, et al. Intestinal microbiota in functional bowel disorders: a
Rome foundation report. Gut. 2013;62(1):159-76.

Borody TJ, Warren EF, Leis SM, Surace R, Ashman O, Siarakas
S. Bacteriotherapy using fecal flora: toying with human motions.
J Clin Gastroenterol. 2004;38(6):475-83.

Smits LP, Bouter KE, de Vos WM, Borody TJ, Nieuwdorp M.
Therapeutic potential of fecal microbiota transplantation. Gas-
troenterology. 2013;145(5):946-53.

Vrieze A, Van Nood E, Holleman F, Salojarvi J, Kootte RS,
Bartelsman JF, et al. Transfer of intestinal microbiota from lean
donors increases insulin sensitivity in individuals with metabolic
syndrome. Gastroenterology. 2012;143(4):913-6.

Brandt LJ. American Journal of Gastroenterology Lecture:
intestinal microbiota and the role of fecal microbiota transplant
(FMT) in treatment of C. difficile infection. Am J Gastroenterol.
2013;108(2):177-85.

Owens C, Broussard E, Surawicz C. Fecal microbiota transplantation
and donor standardization. Trends Microbiol. 2013;21(9):443-5.
Brandt LJ, Aroniadis OC. An overview of fecal microbiota
transplantation: techniques, indications, and outcomes. Gastro-
intest Endosc. 2013;78(2):240-9.

Hamilton MJ, Weingarden AR, Sadowsky MIJ, Khoruts A.
Standardized frozen preparation for transplantation of fecal
microbiota for recurrent Clostridium difficile infection. Am J
Gastroenterol. 2012;107(5):761-7.

Harrell L, Wang Y, Antonopoulos D, Young V, Lichtenstein L,
Huang Y, et al. Standard colonic lavage alters the natural state of
mucosal-associated microbiota in the human colon. PLoS One.
2012;7(2):e32545.

Postigo R, Kim JH. Colonoscopic versus nasogastric fecal
transplantation for the treatment of Clostridium difficile infection:
a review and pooled analysis. Infection. 2012;40(6):643-8.
Smith MB, Kelly C, Alm EJ. Policy: how to regulate faecal
transplants. Nature. 2014;506(7488):290-1.

Moore T, Rodriguez A, Bakken JS. Fecal microbiota transplan-
tation: a practical update for the infectious disease specialist. Clin
Infect Dis. 2014;58(4):541-5.

Petrof EO, Khoruts A. From stool transplants to next-generation
microbiota therapeutics. Gastroenterology. 2014;146(6):1573-82.
Tvede M, Rask-Madsen J. Bacteriotherapy for chronic relapsing
Clostridium difficile diarrhoea in six patients. Lancet. 1989;1(8648):
1156-60.

Petrof E, Gloor G, Vanner S, Weese S, Carter D, Daigneault M,
et al. Stool substitute transplant therapy for the eradication of
Clostridium difficile infection: ‘RePOOPulating’ the gut. Mi-
crobiome. 2013;1(1):3.

de Vrieze J. Medical research. Regulators grapple with an unor-
thodox therapy. Science (New York, NY). 2013;341(6149):956.
Zipursky JS, Sidorsky TI, Freedman CA, Sidorsky MN, Kirkland
KB. Patient attitudes toward the use of fecal microbiota trans-
plantation in the treatment of recurrent Clostridium difficile
infection. Clin Infect Dis. 2012;55(12):1652-8.


http://dx.doi.org/10.1097/MCG.0000000000000131
http://dx.doi.org/10.1097/MPG.0000000000000281
http://dx.doi.org/10.1097/MPG.0000000000000281

	Pediatric Fecal Microbiota Transplantation
	Abstract
	Introduction
	Mechanism
	Indications for FMT
	Recurrent CDI
	Inflammatory Bowel Diseases
	Non-inflammatory Gastrointestinal Disease
	Non-gastrointestinal Diseases

	Practical Consideration for the Use of FMT
	Donor Selection
	Preparation and Processing
	Route
	Regulatory Issues

	Future Directions
	Conclusions
	References


