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Abstract

Background: Faecal microbiotatransplantation [FMT]is arecommended treatment for recurrent
Clostridioides difficile infection, and there is promise that FMT may be effective for conditions
such as inflammatory bowel disease [IBD]. Previous FMT clinical trials have considered the
possibility of a ‘donor effect’, that is, that FMT material from different donors has different
clinical efficacies.

Methods: Here we re-evaluate evidence for donor effects in published FMT clinical trials for IBD.
Results: In ten of 12 published studies, no statistically significant donor effect was detected when
rigorously re-evaluating the original analyses. One study showed statistically significant separation
of microbiota composition of pools of donor stool when stratified by patient outcome. One study
reported a significant effect but did not have underlying data available for re-evaluation. When
quantifying the uncertainty on the magnitude of the donor effect, confidence intervals were large,
including both zero donor effects and very substantial donor effects.

Conclusion: Although we found very little evidence for donor effects, the existing data cannot
rule out the possibility that donor effects are clinically important. Large clinical trials prospectively
designed to detect donor effects are probably needed to determine if donor effects are clinically
relevant for IBD.
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1. Introduction person.”!? It has therefore been hypothesized that different stool
The human microbiome is increasingly understood to play a key role dor'loFs, different FMT .material, or 4ifferent mat'ches of d?nors and
in health and disease.! Faecal microbiota transplantation [FMT], the recipients could have different abilities to treat disease. This concept
infusion of a healthy person’s stool into a patient, is one method
for manipulating the gut microbiome.? FMT is recommended for

treatment of recurrent Clostridioides difficile infection.>* Although

has been referred to with terms such as ‘donor effect’, ‘super-donor’
and ‘super-stool’.%!1-14

If FMT’s efficacy varies widely across stools or donors, then ra-
our understanding of the specific mechanisms by which FMT cures tional selection of ,FMT material t?a.sed on blc.)markers predictive
e S e S . of efficacy could improve the clinical practice of FMT.%1315-18
C. difficile infection is still developing,>® FMT is being investigated . . .
. . T Differences in FMT efficacy between stool donors and specific stools
as a therapy for dozens of other microbiome-related indications.>”

A key challenge in identifying FMT’s specific mechanism, or
mechanisms, is the complexity and diversity of human stool. Stool

is a mixture of bacteria, viruses, fungi, microbe-derived molecules

could be also an important starting point for scientific investigations
into the ‘active ingredient’ in FMT donations.” It is therefore im-
portant to quantify the extent of donor variability in indications

. . where FMT is a promising treatment.
and host-derived molecules that varies enormously from person to P J
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Although there is little evidence of a donor effect in the con-
text of C. difficile infection,'?! the condition for which the use of
FMT is best studied, multiple studies using FMT to treat inflam-
matory bowel disease [IBD] have tested for donor effects,>!-1217:22-29
and some have reported statistically significant results. However,
there are reasons to be sceptical of the clinical implications of these
intriguing findings.

First, previous reports'* found that, in simulations of clinical
trials, studies with numbers of patients similar to the number used
in extant studies would be unlikely to discover a donor effect unless
they were very large. Statistically significant results from underpow-
ered studies may represent discoveries of real effects, but they may
also represent false positives.

Second, in all previous studies, identifying a donor effect was a
post hoc analysis, and in no case was multiple hypothesis correction,
a critical methodology in post hoc analyses, employed. In addition,
we show herein that, in at least two previous reports, the specifics of
the clinical design require adjustments to the statistical tests used to
avoid inflating the apparent evidence for a donor effect.

Third, previous reports mostly analysed donor effects by testing
null hypotheses that are biologically unlikely: either that all donors
produce stool with exactly equal clinical efficacy, or that particular
features of stool, such as its bacterial community diversity, are com-
pletely unrelated to clinical efficacy. However, it is highly improb-
able that all stool has precisely the same therapeutic effect: if a
study is large enough, the difference between two donors’ treatment
efficacies would almost certainly become statistically significant. We
therefore propose that, rather than merely asking if donor effects
exist, we should ask about the magnitude of the donor effect and
whether it is clinically relevant. In other words, rather than merely
testing for the statistical significance of donor effects, we should also
assess effect sizes.’!

Here we re-evaluate the existing evidence for donor effects and
discuss the implications of that evidence for clinical trial design and
clinical practice. First, we establish an ontology of the various con-
cepts referred to as ‘donor effects’. Second, we lay out a rigorous
framework for identifying and quantifying donor effects. Third, we
re-evaluate the existing literature using the conceptual ontology and
the rigorous framework. Finally, we discuss the implications of this
re-evaluation for future FMT research in IBD.

2. Methods

2.1. Distinguishing types of stool superiority

Discussions of ‘super-donors’ and ‘super-stool’ have suggested that
stool might be superior in at least four distinct but conceptually re-
lated senses. To avoid confusion in our re-evaluation of the evidence
for donor effects, we distinguish between these definitions of stool
superiority:

1. Donor superiority, in which particular donors are associated with
better clinical outcomes for the recipient patients. For example,
Moayyedi et al.? tested whether a particular donor [‘donor B’]
was associated with better patient outcomes, compared to the
other donors.

2. Donor characteristic superiority, in which donors with particular
characteristics are associated with better outcomes. For example,
donor age, diet and host genetics have been suggested as potential
factors in donor superiority.!>2%32

3. Material characteristic superiority, in which stool donations, pools
of stool or other faecal microbiota preparations that have some

particular characteristic are associated with better outcomes. For
example, Vermeire et al.’* tested whether stools with higher bac-
terial diversity are associated with better outcomes.

4. Domnor—recipient match superiority, in which certain combin-
ations of donors and recipients are associated with better out-
comes, ! 1121718253436 analogous to how donors’ and recipients’
blood types are matched for blood transfusions. For example,
FMT studies have tested whether stool from ‘related’ donors,*”
typically defined as first-degree relatives but also sometimes
including spouses or partners, is associated with better or worse
patient outcomes.

These types of superiority are conceptually related and not mutu-
ally exclusive. For example, imagine that female donors were associ-
ated with better patient outcomes than male donors, consistent with
‘donor characteristic superiority’ [definition 2]. However, because
donors have a clinical effect on the patient only via their donation,
the sex of the donor cannot be the molecular mechanism by which
some donations are more efficacious than others. It would have to be
that sex determined, or at least correlated with, some component of
the stool that made those donations more effective. In other words,
there must be an underlying ‘material characteristic superiority’ [def-
inition 3] that correlates with donor sex. By a similar argument, even
if donor—recipient match superiority is the most accurate model, sim-
pler types of superiority may be more parsimonious.'*

2.2. ldentifying and quantifying donor effects
We used a two-step framework for characterizing donor effects. First,
we used statistical tests to characterize the strength of the evidence
for the reported type of donor effect. Statistics were computed using
the R programming language?® [version 3.6.0]. To test the hypothesis
that there is any difference in efficacy between donors [or pools of
donors], we used the Fisher-Freeman—Halton test [function fisher.
test] on 2 x N contingency tables, where N is the number of donors
[or pools]. For 2 x 2 contingency tables [e.g. to test if one donor has
a different treatment efficacy than all the others], we used Fisher’s
exact test [function exact2x2]* and the mid-p value to prevent the
tests from being overly conservative.* To test for material [i.e. dona-
tion or pool] characteristic superiority, we used the Mann—Whitney
U test [wilcox.test] or Kruskal-Wallis test [kruskal.test]. When 16S
rRNA gut microbiota composition data were available [see below],
we tested for separation in donor microbiota compositions using
PERMANOVA* [function adonis in the R vegan package].*?
Second, whether or not an effect was detected, we use a random
effect logistic regression [function glmer in the R Ime4 package]®
to quantify the effect size. The regression model assumes that the
log odds of the efficacy of different donors [or pools of stool] is
Gaussian distributed. The regression returns the standard deviation
of that distribution, which is a measure of the ‘spread’ in donors’
efficacies. For clarity, we convert the regression’s estimates into the
absolute difference in efficacy rates between a 90th percentile donor
[a very high-quality donor] and a 10th percentile donor [a poor
donor]. For example, an effect size of 30 percentage points means
that, if a low-quality donor is 10% efficacious, then a high-quality
donor would be 40% efficacious.

2.3. Studies re-analysed

In the re-analysis, we included interventional FMT clinical studies
that tested the hypothesis that one donor or donation charac-
teristic was associated with improved IBD patient outcomes.
A two-step process was used to identify studies. First, citations
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from an existing systematic review,? narrative review'? and expert
opinion® were evaluated for FMT IBD studies that searched for a
donor effect or published sufficient data to allow for re-analysis.
Second, a PubMed search was designed to include all the studies
identified in the first step and to gather similar studies. The
search was for MeSH terms ‘fecal/faecal microbiota transplant-
ation” or ‘biological therapy’, and MeSH terms ‘inflammatory
bowel disease’ or ‘ulcerative colitis’ or ‘Crohn disease’, and key-
word ‘donor’. The search identified 161 publications, of which 14
were included in this study [two of those publications!’** were
follow-on studies, so we report on 12 clinical studies]. Of the re-
maining publications, 80 were about therapies other than FMT,
45 were not human clinical studies, eight did not have sufficient
data to test for donor effects [because of small numbers of pa-
tients or donors, insufficient contrast in patient outcomes, or a
lack of microbiome samples], seven did not make the underlying
data available for re-analysis, five were C. difficile studies in
which IBD was not the primary outcome, and two were not avail-
able in English [Supplementary Table 1].

For each included study, we considered only a single dichotomous
outcome, whether a patient achieved the trial’s primary clinical end
point. When 16S rRNA gut microbiota composition data were avail-
able, we tested for associations between donor material a-diversity
and patient outcomes,'$?7:28333 because part of the motivation for
using pools of stool from multiple donors is the hypothesis that high
bacterial diversity in FMT material is beneficial.'*334 When pos-
sible, we also searched for separation in the microbiota compositions
of donors according to the outcomes of their associated patients,
following the example of Jacob et al.?*

2.4. Microbiome data preparation

We re-analysed raw 16S rRNA gene sequencing data from four
studies [Kump et al., study accession PRJEB11841; Jacob et al.,
accession PRJNA388210; Goyal et al., accession PRJNA380944;
Nusbaum et al., accession PRJNA438164] using the programs
QIIME 2% [version 2019.10] and Deblur.*” Paired reads were
joined [vsearch plugin, default parameters], quality filtered
[quality-filter plugin, default parameters] and denoised using
Deblur [trim length 253 nucleotides, 1 minimum reads, otherwise
default parameters]. For Goyal et al., the sequencing data were
single-ended [no joining required] and the trim length was 150
nucleotides. Alpha-diversity was computed by down-sampling all
samples to the minimum number of denoised read counts across
samples and then using the Shannon metric [diversity plugin].
When a donor had multiple associated samples, we associated
a single o-diversity with each donor by computing the mean
a-diversity over that donor’s samples. Beta-diversity, used for the
PERMANOVA tests, was computed with the Bray—Curtis metric.
When a donor had multiple samples, we used only the first sample
from each donor.

2.5. Code and data availability
Computer code and underlying data to reproduce the results are
available online [DOI: 10.5281/zenodo.3780184, https://www.
github.com/openbiome/donor-effects].

3. Results

The results of the re-evaluation of the evidence for a donor effect
in IBD from a selection of FMT clinical studies are summarized in
Table 1.

3.1. Rossen et al. 2015

In this study," 23 ulcerative colitis patients were treated with FMT.
Seventeen patients received stool from one of 15 donors; six patients
received stool from two different donors. The outcome was clin-
ical remission and endoscopic response at 12 weeks. In the original
publication, the investigators reported on the performance of three
donors [Table 2]. There was no evidence of a donor effect [mid-
p > 0.035, Fisher’s exact test] for any of the three donors. However,
the study is small enough that the data are not inconsistent with
large variability between donors. For example, the upper 95% con-
fidence interval on donor A’s odds ratio of a successful patient out-
come compared to all other donors is 29. In other words, the data
do not provide evidence of a donor effect, but they also cannot de-
finitively rule out a strong donor effect.

A follow-up publication'” reported an association between one
bacterial taxon [Ruminococcus gnavus] in donors and patient out-
comes, but this result was not statistically significant, even before
multiple hypothesis correction [p = 0.08].

3.2. Moayyedi et al. 2015

In this study,?? 38 ulcerative colitis patients were treated with FMT.
Each patient was treated with stool from one of six donors. The
outcome was remission at 7 weeks. Donors were used according to
an adaptive process, described in the original publication. Briefly, at
the start of the trial, patients were treated with stool from one of
two donors [A or B]. Material from donor B then became unavail-
able, and patients were instead treated with stool from donor A or
one of four other donors. At this point, donor B became available
again, and ‘[t]he remaining participants allocated to active therapy
all received FMT from donor B exclusively, as [the investigators]
had not experienced any success with donor A’. In the original study,
donor B’s performance [seven of 18 treated patients achieved the
primary end point] was compared against all other donors (two of
20 patients; odds ratio 5.5 [95% CI 1.0-44], mid-p = 0.048, Fisher’s
exact test).

In general, adaptive trial designs require special statistical meth-
odologies.* To investigate whether typical statistical tests such as
Fisher’s exact test accurately measure the statistical significance of
the data collected by Moayyedi et al., we simulated a simplified
adaptive donor selection process. First, among the first 24 simu-
lated patients, use all six donors four times each. Then select the
best-performing donor to treat all the remaining 14 patients. Finally,
compare the overall performance of this donor against all the others.
In these simulations, if all the donors are actually the same [i.e. with
equal probability 9/38 =24% of a positive patient outcome], the
probability of finding mid-p < 0.05 is 8.8% [8843 of 10 000 simu-
lations; 95% CI 8.7- 9.0%], nearly double the value that would be
expected if the test were accurate for that type of data [i.e. the false
positive rate, 5%]. The intuitive explanation is that, if all donors are
the same, the selection process is merely setting aside donors who
had ‘bad luck’ on their first patients, and they are not allowed to
recover their performance with a run of ‘good luck’ later on. This is
not a flaw of Fisher’s exact test. Instead, it is problem of applying a
statistical test to data that do not meet the assumptions of the test.

Although the adaptive procedure that led to extensive use
of donor B may have improved the probability of the trial’s suc-
cess,!'* the procedure was not pre-specified, making it impossible to
rigorously determine the degree to which the observed results are
consistent with all donors being identical, that is, whether donor
B simply had a ‘lucky’ initial run. Thus, the value mid-p = 0.05 re-
ported above is inaccurately optimistic, and a p-value of 0.09 is a
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Table 1. Summary of re-analyses

Data source No. of No. of Evidence Evidence Association between Separation in donor microbiota
patients  donors for donor for pool donor a-diversity composition by patient outcome?*

superiority?* superiority?* and outcomes?®

Rossen et al. 23 15 No — — —

Uygun et al. 30 10 No [0 p.p., — — —
95% CI 0-69]

Vaughn et al. 15¢ 4 No [0 p.p., — — —
95% CI 0-80]

Moayyedi 38 6 No — — —

etal.

Paramsothy 78 14 No No [0 p.p., — —

etal. 95% CI 0-46]

Costello et al. 38 19 No No [0 p.p., — —

95% CI 0-74]
Jacob et al. 20 4 Yes [p = 0.02] No [88 p.p., No No
95% CI 0-100]

Pool meta- 137 36 No No [41 p.p., — —

analysis 95% CI 0-88]

Goyal et al. 21 21 — — No No

Nusbaum 7 7 — — No No

etal.

Kump et al. 17 14 — — No No

Vermeire et al. 14 14 — — Reported! —

Nishida et al. 41 41 — — No —

p.p.: Percentage points. CI: confidence interval.

“Tests of donor superiority and pool superiority were made using Fisher-Freeman-Halton or Fisher’s exact test. Quantifications of pool effect are differences

in clinical efficacy between a very high-quality pool [90th percentile] and a poor pool [10th percentile].

"Using Mann—Whitney U test or Kruskal-Wallis test.
‘Using PERMANOVA on Bray—Curtis f3-diversity.

dMore patients were treated in the trial but patient-donor linkages were reported for only 15 patients.

‘Includes Paramsothy et al., Costello et al. and Jacob et al..
fUnderlying data were not available for re-analysis.

Table 2. Tests of donor superiority, by donor, for Rossen et al. Donor labels are arbitrary. ‘Success’ means the patient reached the primary

end point; ‘failure’ means they did not

Patients treated using this donor

Patients treated not using this donor

Fisher’s exact test

Donor Success Failure Success Failure Odds ratio [95% CI] Mid-p value
A 4 4 3 12 3.710.55-29] 0.18
B 1 2 6 14 1.2 [0.03-18] 0.89
C 0 2 7 14 0.0 [0.0-8] 0.47

better representation of the likelihood of a donor having the kind of
success observed in this trial.

3.3. Uygun et al. 2017

In this study,” 30 ulcerative colitis patients were treated with FMT.
Ten donors provided stool: one donor provided stool for 12 pa-
tients, one donor for seven patients, one donor for four patients, and
seven donors for one patient each. The outcome was clinical remis-
sion at 12 weeks. There was no evidence of a donor effect [p = 0.97,
Fisher—Freeman—Halton test on a 2 x 10 table of patient outcomes
by donor].

To develop an estimate of the strength of the donor effect, we
used a logistic regression, modelling the donor as a random effect.
This model estimated that the difference in efficacy between a very
high-quality donor [90th percentile in terms of efficacy] and a poor
donor [10th percentile] is exactly 0 percentage points [95% CI 0-69
percentage points]. In other words, the regression’s best estimate of
the variation in efficacy among pools is zero, even without applying

any penalizations for model complexity. Thus, similar to Rossen
et al., the data do not provide evidence for a donor effect, but they
are also not inconsistent with a strong effect, as the upper confidence
limit on the strength of the donor effect is a 69 percentage point dif-
ference in efficacy rate between high-quality and poor donors.

3.4. Vaughn et al. 2016

In this study,” 15 Crohn’s disease patients, treated with FMT from
four donors, had sufficient reported data to analyse a donor effect.
The outcome was clinical response at week 4. There was no evidence
of a donor effect [p = 0.64, Fisher-Freeman—Halton test], and the esti-
mated difference in efficacy between a very high-quality donor and a
poor donor was 0 percentage points [95% CI 0-80 percentage points].

3.5. Paramsothy et al. 2017

In this study,® 41 ulcerative colitis patients were randomized to re-
ceive blinded FMT. Another 37 were randomized to placebo and
later received open-label FMT. Each of the 78 patients received FMT
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from one of 21 pools of donors. Each pool included material from
three to seven donors, out of 14 total donors. The outcome in this
analysis was clinical remission with endoscopic remission or re-
sponse at 8 weeks after either the blinded or the open-label FMT.

The original publication compared the best performing indi-
vidual donor against all the others (14 of 38 patients achieved the
primary outcome, vs seven of 40 assigned to other donors; odds
ratio 2.7 [95% CI 0.96-8.2], mid-p = 0.06, Fisher’s exact test). This
result, although near mid-p = 0.05, is not convincing when sub-
jected to multiple hypothesis correction, as there are 14 relevant hy-
potheses to be tested, one per donor (Bonferroni-corrected p = 1.0,
Benjamini-Hochberg false discovery rate [FDR] = 0.78). In terms of
pools of donors, there was also no evidence that any particular pool
was associated with better outcomes [p =0.76, Fisher-Freeman—
Halton test on a 2 x 21 table of patient outcomes by pool].

To develop an estimate of the strength of the donor effect, we
used the same mixed logistic regression as for Uygun et al. but used
pools rather than donors. As with Uygun et al., the estimated differ-
ence in efficacy between a very high-quality pool and a poor pool is
exactly 0 percentage points [95% CI 0-46 percentage points].

A follow-up study* to that of Paramsothy et al. identified spe-
cific bacterial taxa associated with groups of pools that were linked
to donors with positive or negative outcomes, but these results were
not subject to multiple hypothesis correction.

3.6. Costello et al. 2019

In this study,® 38 ulcerative colitis patients received FMT from one of
11 pools. Each pool included stool from three or four donors, out of
19 total donors. The outcome was steroid-free remission at 8 weeks.
Similar to Paramsothy et al., there was no evidence of heterogen-
eity in patient outcomes by donor pool [p = 0.50, Fisher—Freeman—
Halton test on 2 x 11 table] nor evidence of better outcomes for any
particular donor [mid-p > 0.05 for all donors, Fisher’s exact test].
Furthermore, a logistic regression estimated the difference between
a very high-quality pool and a poor pool as 0 percentage points but
with a wide confidence interval [95% CI 0-74 percentage points].

3.7. Jacob et al. 2017

In this study, 20 ulcerative colitis patients received FMT from one
of six pools. Each pool included stool from two donors, out of four

A B

6.0

o

5.5
[=}
! p
< 5.0 1 -
= © i
F 4.5 S
£ ©
5 o

4.0

3.5

No response  Response

total donors. In this analysis, the outcome was clinical response at
4 weeks. Curiously, although a test for differences in patient out-
comes by pool was statistically significant [Fisher—Freeman—Halton
test on 2 x 6 table, p = 0.02], a test for differences in outcomes by
donor was not [mid-p > 0.05 for all four donors, Fisher’s exact test].
A logistic regression estimated the difference in efficacy between
very high-quality pools and low-quality pools as very large [88 per-
centage points] but not statistically significant [95% CI 0-100 per-
centage points].

There was no evidence for an association between patient out-
comes and the bacterial community a-diversity of the pool they re-
ceived [Figure 1a; p = 0.39, Mann—Whitney U test]. In fact, more
diverse pools were associated with worse patient outcomes. In our
analysis, donor microbiota compositions also did not separate ac-
cording to their associated patient outcomes [Figure 1b; p = 0.077,
PERMANOVA], while they did in the original analysis [figure 4C in
that publication, p = 0.044], probably due to the differences in the
16S rRNA gene sequencing data processing pipeline. Our analysis
used de-noising and the Bray—Curtis -diversity metric, while Jacob
et al. used 97% operational taxonomic units and the UniFrac metric.

3.8. Meta-analysis of pool studies

Paramsothy et al., Costello et al. and Jacob et al. have sufficiently
similar designs and the available data to allow a meta-analysis. A lo-
gistic regression on the combined data from all three studies, with
study as a fixed effect, estimated the difference in efficacy between
very high-quality pools and low-quality pools as 41 percentage
points but not statistically significant [95% CI 0-88 percentage
points].

3.9. Goyal et al. 2018

In this study,”® 21 patients with Crohn’s disease, ulcerative colitis or
indeterminate colitis received FMT and were available for follow-up.
We used remission at 30 days as the outcome. Each patient received
stool from a different donor, precluding any test of donor superiority.
However, 16S rRNA gene sequencing was performed, allowing for
an analysis of donation characteristic superiority, similar to Jacob
et al. above. Similar to that study, there was no evidence for an asso-
ciation between patient outcomes and the a-diversity of donor stool

Outcome O No response O Response
0.5 1 o
o ®
o o
oo o o
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o
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Figure 1. Microbiome analyses for Jacob et al. [a] Bacterial a-diversity of FMT pools does not differ significantly by patient outcomes [p = 0.39, Mann-Whitney U
test]. Each point represents a single patient. [b] Donor microbiota compositions [points; x- and y-coordinates show multidimensional scaling using Bray-Curtis
dissimilarity] do not statistically significantly separate by associated patient outcome [colour; p=0.076, PERMANOVA]. Each point represents the composition

of the pool used to treat an individual patient.

020z Jaquiaydag gz uo Bio-awoiquado@uasalos Ag //9£685/0/ L eell/02[-0008/£601 01 /10p/a]01B-80UBAPE/92[-0008/W 02 dno-olWwapede//:sdjy wol papeojumoq



S. W. Olesen andY. Gerardin

[Figure 2a; p = 0.97, Mann-Whitney U test] nor for separation in
donor microbiota compositions [Figure 2b; p = 0.7, PERMANOVA].

3.10. Nusbaum et al. 2018

In this study,® seven ulcerative colitis patients were treated with
FMT, each using a different donor. There was no evidence for an
association between patient outcomes and a-diversity of donor stool
[p = 0.86, Mann—Whitney U test] nor for separation in donor micro-
biota compositions [p = 0.36, PERMANOVA].

3.11. Kump et al. 2017

In this study,?” 17 ulcerative colitis patients received five FMTs from
one of 14 donors. Twelve donors were used in one patient each, one
donor was used in two patients and one donor was used in three pa-
tients. As in Goyal et al., this distribution of patients across donors
does not permit an assessment of donor superiority. However, like
Jacob et al. and Goyal et al., this study tested whether increased
a-diversity was associated with improved patient outcomes.

We detected no difference in diversity by patient outcome
[Figure 3a; p =0.39, Kruskal-Wallis test; p >0.05 for all three
comparisons, Mann—Whitney U test], nor did we detect separ-
ation in donor microbiota according to associated patient outcomes
[Figure 3b; p = 0.15, PERMANOVA].

The original publication reported statistically significant dif-
ferences between the a-diversity of the 16 available donor stool
samples associated with the four patients who achieved remission
compared to the diversity of 12 available samples associated with
the four patients who did not respond to FMT. Our analysis has a
different conclusion, finding no support for a donor effect, princi-
pally because we analysed the data as only eight independent data
points, that is, one data point for each patient [four remission, four
no response]. By contrast, Kump et al. analysed the data as if there
were 28 independent data points, that is, one data point for each
donation [12 associated with remission, 16 associated with no re-
sponse]. Using donations rather than patients to determine N is a
statistical error known as ‘pseudoreplication’.’® Repeated measure-
ments of the material delivered to a patient do not constitute inde-
pendent measures of the patient’s outcome. In other words, when
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testing for an association between patient outcomes and a donation
characteristic such as a-diversity, the weight of the evidence is de-
termined by the number of patient outcomes, not by the number of
microbiome measurements.’!

3.12. Vermeire et al. 2016

In this study,® 14 patients with Crohn’s disease or ulcerative col-
itis received FMT, each from a different donor. The original study
reported that the bacterial a-diversity of donations varied by pa-
tient outcomes, namely that patients with successful outcomes re-
ceived more bacterially diverse donations [Mann—Whitney U test,
p = 0.012]. However, the underlying bacterial sequencing data were
not available for re-analysis.

3.13. Nishida et al. 2017

In this study,?® 41 patients with ulcerative colitis received FMT, each
from a different donor. The outcome was clinical response at 8 weeks.
The original study found no difference in the a-diversity of the stool
from seven donors whose patients met the primary end point, com-
pared to 19 donors whose patients did not [p = 0.69]. The study also
tested whether the abundance of ten taxa were differentially abundant
among those two groups of donors, finding p-values less than 0.05
for two of nine taxa, neither of which is statistically significant after
Benjamini—-Hochberg multiple hypothesis correction. The underlying
bacterial sequencing data were not available for re-analysis.

4. Discussion

In this study, we re-evaluated 12 studies that used FMT for IBD. In
ten of 12 cases, there was no statistically significant evidence of a
donor effect when using our statistical approach and bioinformatic
pipeline. In one of the remaining studies, Jacob et al., there was a
statistically significant difference in efficacy by pool of donor stool,
but not by donor, nor by the a-diversity of the stool or by donor
microbiota composition. We were unable to re-analyse the last study,
Vermeire et al., which reported a statistically significant effect.

The major strengths of this study were the rigorous statistical ap-
proach used, which avoided pseudoreplication and misinterpretation
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Figure 2. Microbiome analyses for Goyal et al. [a] Bacterial a-diversity of FMT pools does not differ significantly by patient outcomes [p = 0.97, Mann-Whitney U
test]. Each point represents a single patient. [b] Donor microbiota compositions [points; x- and y-coordinates show multidimensional scaling using Bray-Curtis
dissimilarity] do not statistically significantly separate by associated patient outcome [colour; p=0.70, PERMANOVA]. Each point represents the composition of

the first sample from the donor used to treat an individual patient.
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Figure 3. Microbiome analyses for Kump et al. [a] Bacterial a-diversity does not differ by patient outcome [p =0.39, Kruskal-Wallis test; p> 0.05 for all three
comparisons, Mann-Whitney U test]. Each point represents a single patient. The diversity shown for each patient [vertical axis] is the average of the diversity
of the sampled FMTs used in that patient. [b] Donor microbiota does not statistically significantly separate by associated patient outcome [colour; p=0.15,
PERMANOVA]. Each point represents the composition of the first donor sample administered to each patient.

of results from an adaptive trial design, and the uniformity of the
re-analysis of the 16S rRNA microbiota composition data.

However, this study is also subject to four key limitations. First,
our analysis considered only donor effects and made no reference to
patient factors such as disease history. Given the small sample sizes,
adding patient factors as predictors would only decrease our ability
to detect donor effects, which was contrary to our main aim. We do
not mean to imply that all IBD patients are the same nor should that
they receive the same kind of treatment. In fact, a principal conclu-
sion from this study is that patient factors, not donor factors, are the
main determinants of an FMT patient’s clinical outcome.

Second, our analysis considered only a subset of possible donor
effects. We performed re-analyses only for donor/pool superiority
[e.g. donor A vs donor B] and material characteristic superiority,
two of the four types of donor effect we enumerated. We did not
re-analyse the third type of donor effect, donor characteristic super-
iority, because most studies report only little information about the
donors.” Only one re-analysed study had tested for donor charac-
teristic superiority: Goyal et al. found no association between donor
age and patient outcome. A re-analysis of the final type of donor
effect, patient—-donor matching, was beyond the scope of this study,
and no study reported a rigorous analysis of such a matching. It
remains possible that this type of donor effect will be uncovered
at some point in the future, but we caution that donor—patient
matching presents important challenges, as the number of possible
donor and patient factors that could be matched, and the number of
ways the levels of those factors corresponds to a favourable or un-
favourable match, are very large.

Third, we considered only a single type of donation character-
istic superiority, focusing on 16S rRNA microbiota composition
a-diversity and microbiota composition B-diversity. More types of
analysis could be performed using 16S rRNA data, but previous
work suggests that identifying individual taxa associated with ef-
fective donors would require large trials.' Thus, patient biomarkers,
such as mucosal immune markers, may be more likely to be able to
detect donor effects.’® We caution, however, that attempts to find
associations between every conceivable donor factor, patient factor
and patient outcome risk ‘p-hacking’.’?

As a final limitation, we note that, although we aimed to in-
clude all IBD studies, most studies focused on ulcerative colitis.

Only one study considered Crohn’s patients alone, and two studies
included both ulcerative colitis and Crohn’s disease patients. Only
one study of ulcerative colitis and Crohn’s disease may be subject
to donor effects, or they may be subject to different kinds of ef-
fects, and there was insufficient available data to disentangle these
possibilities.

Overall, we found only very weak evidence for donor effects.
On the other hand, the size of these studies is small relative to the
number of patients required to reliably detect a plausible donor ef-
fect.!>% The available data therefore cannot definitively rule out a
large donor effect, and it remains undetermined if differences be-
tween donors are clinically relevant to FMT for IBD. We propose
that larger studies, with careful biomarker selection and transparent
reporting of results,*® are the best direction forward to character-
izing the donor effect for FMT in IBD.
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