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ABSTRACT

Studies on the relation between health and nutrition are often inconclusive. There are concerns about the validity of many research findings, and
methods that can deliver high-quality evidence—such as the randomized controlled trial (RCT) method—have been embraced by nutritional
researchers. Unfortunately, many nutritional RCTs also yield ambiguous results. It has been argued that RCTs are ill-suited for certain settings,
including nutritional research. In this perspective, we investigate whether there are fundamental limitations of the RCT method in nutritional
research. To this end, and to limit the scope, we use probiotic studies as an example. We use an epistemological approach and evaluate
the presuppositions that underlie the RCT method. Three general presuppositions are identified and discussed. We evaluate whether these
presuppositions can be considered true in probiotic RCTs, which appears not always to be the case. This perspective concludes by exploring several
alternative study methods that may be considered for future probiotic or nutritional intervention trials. Adv Nutr 2018;9:561–571.
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Introduction
For the last half-century, the relation between diet and
health status has attracted ever-increasing attention from
the scientific community. However, much of the research is
observational in nature and concerns have been raised about
the validity of the research findings based on these methods
(1, 2). To improve confidence in nutritional study outcomes,
investigators strive to improve the quality of evidence (3)
and the evidence-based approach is being embraced by nu-
tritional researchers (4). Each research methodology yields a
certain level of evidence quality, and the “gold standard” of
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clinical research—the randomized controlled trial (RCT)—
is considered to offer medical and scientific evidence of the
highest quality (5), because its design allows for elimination
of multiple bias sources at the baseline. Only systematic
reviews or meta-analyses of RCTs are considered to offer a
higher grade of evidence (6) (Figure 1). To further improve
confidence in the derived recommendations, severalmore re-
fined evidence grading methodologies have been developed,
such as GRADE (Grading of Recommendations Assessment,
Development and Evaluation) (7), its counterpart for nu-
trition studies, NutriGrade (8), or the weight-of-evidence
guideline by the European Safety Authority (9).

This grading of evidence plays a substantial role in how
research studies are applied and used to valorize scientific
results, and to provide evidence for health care products and,
as Blumberg et al. (4) state, it seems that “there is often an
almost exclusive reliance on the RCT as the only type of
evidence worthy of such consideration.”

Unfortunately, the results of nutritional RCTs related to
efficacy of disease-modulation often yield ambiguous results.
As an example, a meta-analysis of RCTs testing glycemic-
lowering effects of chromium supplementation in subjects
with type 2 diabetes showed considerable variation in the
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FIGURE 1 Levels of evidence as discussed in references 3, 5, and
6. RCT, randomized controlled trial.

obtained effect on fasting plasma glucose (10), even in studies
that used exactly the same dietary supplement (600 µg Cr
and 2 mg biotin) and very similar study populations [i.e.,
Singer and Geohas (11) compared with Albarracin et al.
(12)]. In other words, very similar RCTs can yield different
results. When even the gold standardmethod fails to provide
convincing and consistent evidence, it is often concluded that
either the RCT design or conduct is of insufficient quality,
or that the alleged effect does not exist. Since RCTs became
common clinical practice, however, scholars have expressed
concerns about their applicability in various settings. Within
the scope of nutritional research, several publications have
argued that the RCT method might be ill-suited for this
setting as well (13–15). Many of the arguments constitute
largely practical considerations, ranging from inadequacy
of the outcome measures and insufficient intervention
duration, to high dropout rate, low adherence, variability of
circumstances, or insufficient contrast between study groups.

In this Perspective article, we investigate whether there
may be fundamental limitations to the application of the RCT
method in nutritional research. To this end, and to limit the
scope, we use studies of the microbiome and probiotics—a
subarea of nutritional research—as an example. One reason
to use this example is that probiotics are an example of nu-
trients that “can be packaged in a pill” (14) and are therefore
seemingly suitable to study by means of RCTs. In addition,
probiotics have attracted increasingly more interest from
both researchers and clinicians. After the development of
culture-independent microbial identification methods in the
1990s, interest in the microbiome has grown exponentially.
The results are so promising that Science magazine selected
the microbiome as a runner-up for Breakthrough of the Year
in 2013 (16), and Fortune Magazine declared 2015 as “the
year of the microbiome” (17). With this rapidly increasing
interest in the microbiome and its modulation via probiotics,
and the broad use of the RCT method in probiotic research,
an analysis of the fundamental limitations of RCTs in this
particular subarea of nutritional research seems warranted.

In the next section, a brief overview is provided of the
current status of knowledge of microbiome intervention
studies and specifically probiotic trials. Many studies on
probiotics are conducted with the use of a RCT design

and, as we will show, these too often yield equivocal and
heterogeneous results. Consequently, the obvious question
follows: are there fundamental limitations to the applica-
bility of the RCT approach in probiotics research? In this
manuscript, the apparent difficulty of demonstrating the
efficacy of probiotic treatments through RCTs is reviewed
by investigating the underlying presuppositions. After briefly
outlining and explaining the meaning of presuppositions, we
discuss those that are generally applicable for RCTs. Next,
we discuss and review whether these presuppositions can be
considered true if investigating probiotics, concluding that
the RCT method may not always be suitable to demon-
strate the effect of probiotic interventions. Consequently,
alternative approaches are needed to either ensure that the
RCT presuppositions can reasonably be considered to be
true, or to demonstrate efficacy through the use of another
method. We explore several alternative approaches that may
be considered for future probiotic intervention trials. This
perspective concludes with a general assessment of the
impact of these conclusions regarding probiotic RCTs on
nutritional research.

Current Status of Knowledge
Research focusing on the microbiome is well over a century
old and began with the studies of Élie Metchnikoff, who was
the first to suggest that supplementation of live bacteria could
promote health (18). As mentioned previously, microbiome
research has increased exponentially in the last few decades,
in large part due to the development of culture-independent
microbial identification methods which drastically improve
interpretation and analysis of the microbiome composi-
tion and function. Although this research has uncovered
many intriguing findings, studies on modulation of the
microbiome to confer health benefits have not been very
successful in providing solid evidence. It is known that diet
can cause rapid and substantial changes in the composition
of the microbiome (19). However, there are other means
to improve microbiome-related health outcomes, such as
probiotics (“live microorganisms that, when administered in
adequate amounts, confer a health benefit on the host”) (20).

Because the characteristics of probiotics enable the
use of high-quality placebo formulations, and due to the
aforementioned evidence-grading, much probiotic research
has been performed through RCTs. However, these RCTs
often yield inconsistent results. Even RCTs that are designed
to meticulously repeat each other can yield conflicting
results. As an example, a double-blind RCT by Kalliomäki
et al. (21), investigating the effect of perinatal administration
of Lactobacillus rhamnosus GG (ATCC 53103) on the
primary prevention of atopic eczema, described a 50%
reduction of the disease frequency compared with a placebo,
a conclusion that remained also after a 4-y follow-up (22).
Conversely, an independent study by Kopp et al. (23) that
used the same strain and a nearly identical study design
showed no preventive effect.

It can be concluded that the RCT approach is considered
the gold standard for probiotics intervention studies as
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well, but that in many cases the results are ambiguous.
Researchers are increasingly aware of the issues implied
by such heterogeneous findings and are exploring means
to overcome these difficulties, e.g., by the use of machine
learning techniques (24). However, in order to ensure that
different means of investigation do not encounter the same
issues, it is important to understand the fundamental causes
of the ambiguous results ofmany probiotics RCTs. To the best
of our knowledge, no studies have been conducted to identify
these fundamental causes. Here, we review these limitations
by investigating the underlying presuppositions.

Presuppositions behind RCTs
Several aspects in the design and conduct of an RCT
influence the internal validity of its conclusions. Internal
validity is defined as the “extent to which systematic error
(bias) isminimised in clinical trials” (25), and is influenced by
methodological issues, such as inappropriate generation or
concealment of patient randomization, additional treatment
or detection rates which are unequally distributed between
intervention arms, loss of follow-up, nonadherence, or
incorrect definition or violation of eligibility criteria. In order
to minimize the impact of these and other methodological
considerations, several quality criteria (QC) guidelines have
been formulated. Whereas methodological issues affect the
internal validity of RCT results, several practical concerns
limit the possibility to use the RCTmethod in dietary studies
(e.g., time for follow-up, cost, ethics, inhibition of innovative
research questions) (26, 27).

A detailed discussion of these methodological and prac-
tical considerations is beyond the scope of this text. Instead,
we ask the question: which fundamental principles lead to the
QC and ultimately determine the validity of the conclusions
drawn from RCT results in probiotic studies? To answer this
question, we use an epistemological approach and evaluate
the underlying presuppositions.

Presuppositions are a fundamental aspect of science and
are as important to the scientific method as evidence and
logic. They are starting points of a hypothesis which cannot
be proven andwhich are, often implicitly, assumed to be true,
and can more formally be defined as: “the presuppositions
of a question are things that must be true for the question
to have an answer” (28). Some presuppositions are generic
to the scientific procedure; e.g., as the American Association
for the Advancement of Science states in a position paper,
“science presumes that the things and events in the universe
occur in consistent patterns that are comprehensible through
careful, systematic study” (29). As shown in Figure 2,
presuppositions form the frame within which the evidence,
logic, and QC become meaningful.

Whereas QC can be checked, validated, and proven to
be met, presuppositions cannot. The presupposition that
events in the universe occur in consistent patterns cannot
be proven, nor disproven. To put this into a more relevant
context: researchers undertaking a clinical trial to investigate
a treatment for a specific disease presuppose that thismethod
of investigation can be used to find the most effective

FIGURE 2 Relation between presuppositions, quality criteria,
logic (and analyses), and evidence. Quality criteria are guidelines
that aim to increase the quality of the evidence and logic in order
to improve the validity of the conclusions. Presuppositions form
the necessary frame within which research questions, approach,
and assessment become meaningful and govern quality criteria,
evidence, and logic. For the conclusions to be valid the
presuppositions need to be true.

treatment. Again, it is not possible to prove nor to falsify
this presupposition; for the trial to be meaningful, this
presupposition has to be accepted by faith. This does not
mean that presuppositions are arbitrary; they are legitimized
within the context of a research topic through common sense.
In order for the conclusions to bemeaningful to the audience
to whom they are disseminated, this common sense needs to
be shared among the audience (28).

To better understand why the RCT method falls short
within probiotic research, it is essential to explore the
presuppositions underlying the RCT approach; a number of
them are outlined in what follows. These presuppositions are
made for any RCT, independent of the type of intervention,
but their validity may differ from one study to another. As
with any presupposition, the conclusions drawn from the
RCT outcome are only valid if the presuppositions are true.

Uniformity
No single person is identical to another. Not only does
individual constitution differ among people, there is also
variation in lifestyle, genetics, diet, and health, among other
factors. Any RCT has to cope with the reality of hetero-
geneity within the chosen population. It is presupposed that
through the use of proper inclusion/exclusion criteria and
randomization procedures, the participants in the different
trial arms are uniform, which has also been referred to as
“exchangeable at group level” (30). Conversely, presupposing
uniformity in practice often also implies the idea that the
eligibility criteria define the subpopulation to which the trial
results apply. This is referred to as external validity (also
termed applicability/generalizability), which is defined as the
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relevance of the results to “a definable group of patients in a
particular clinical setting” (31).

For many drugs, presupposing uniformity is seemingly
acceptable, because the signal-to-noise ratio (i.e., the effect
of the intervention compared with the effect of interpersonal
variations) is sufficiently large in many cases. Sometimes
there are known and recorded variations between the
included participants (e.g., age or gender) that result in
response differences within subgroups, which can be cor-
rected for through stratification. In that case, the uniformity
presupposition is deferred to the stratified subgroups.

There are circumstances in which the presupposition of
uniformity may not hold. For example, even if the trial
arms are truly exchangeable at baseline (i.e., at random-
ization), factors unrelated to the intervention may impair
the exchangeability during the trial, also called postbaseline
exchangeability (32). As an example, in a trial with a disease
that has cyclic characteristics, all participants may be in
the same disease phase at baseline, guaranteeing trial arm
exchangeability at baseline. However, a change in disease
phase may occur unevenly among trial arms during the trial,
causing the trial arms to be no longer exchangeable (Table 1).
In that case, the presupposition of uniformity (between trial
arms) cannot be considered to be true and consequently no
valid study-internal conclusions can be drawn.

In addition, effect-modifying factors can impair the
validity of the group-definition, or external validity (30,
34). Effect-modifying factors are variables for which the
effect of the intervention varies across different levels of the
variable (30). As an example, in a study with nonsmokers,
the treatment effect may differ between ex-smokers and
never-smokers (Table 1). Proper randomization will ensure
that the observed group-level results are internally valid
for the particular study population enrolled in the trial.
However, the conclusion may not be very usable because,
even if a very narrowly defined group is enrolled, this group
definition may not be sufficient to ensure a uniform group.
A repeat of the trial that uses exactly the same stringent
eligibility criteriamay yield different results, due to a different
level of effect-modifying factors in the new trial. Although
gender, age, or ethnic differences for example are well-known
effect modifiers and can often be corrected for through
stratification, there can be other less obvious reasons for
nonuniformity that may be unknown and which therefore
cannot be corrected for. In that case, the often implied
study-external conclusion, that the observed results apply to
populations that meet the eligibility criteria, is invalid.

Independence of effects
Although interpersonal variations do result in variations
of the obtained effects, in an RCT, the intervention is
considered to be the sole cause of the observed results. This
presupposes that there are nomajor interactions between the
active component and other factors, allowing the inference
of a causal relation. Causal inferences would not be valid
if the effect size would strongly depend on the presence
of additional, uncontrolled variables. Effect modification

can be one reason that this presupposition cannot be
considered true, as exemplified by the impact of uncontrolled
use of grapefruit juice on drug metabolism (Table 1). As
previously mentioned, the uniformity presupposition can
also be affected by effect modification. Though related,
these 2 presuppositions are intrinsically different, yet are
both fundamental to the RCT method: whereas uniformity
is about the validity of group-definition, independence of
effects focuses on the intervention and causal inference
thereof.

A second related, but different, cause of invalidity of the
independence of effects presupposition is the presence of
interactions. Contrary to effect modification, interactions are
characterized by a joint exposure of ≥2 factors that each
affect the outcome measure (and not just modifies the effect
of the intervention), and which can act either in synergy
or antagonistic (35). One example of such interaction is the
effect of magnesium and pharmaceutical treatment on pain,
either alone or combined (36). As a simplified example of
a situation where this affects the independence of effects
presupposition, uncontrolled magnesium use may adjust the
measured efficacy of an analgesic treatment, rendering the
conclusion about the effect size of the tested treatment invalid
(Table 1).

In general, researchers are forced to rely on and account
for known effect modifiers (such as grapefruit juice) or
interactions (such as magnesium) when designing an RCT.
Hypothetical reasoning can be of use beforehand based
on other studies, but even in well-designed and well-
conducted RCTs, it is not possible to know every potential
effect-modifying factor or interaction, especially when they
include >2 variables. Consequently, there may remain effect
modifications or interactions that are uncontrolled for,
disallowing any valid study-internal conclusions because
the presupposition that the response to a treatment is
independent from other factors is not true.

The intervention and placebo are well-defined
Asmentioned previously, causal inference is considered valid
for most drug trials because the drug is considered the sole
cause of the observed effect when comparedwith the placebo.
This presupposes that the tested substance is well-defined,
enabling the conclusion that administration of A yields
effect B. However, as illustrated in Table 1, if the treatment is
ill-defined, which aspect of it resulted in the observed overall
effect?

Although the use of a well-defined intervention product
or procedure may seem obvious, and is one of the reasons
for stringent quality control in pharmaceutical products, this
is not always possible with the use of nutritional products.
As an example, pharmacokinetics studies on curcumin (a
compound of Curcuma longa) suggest that addition of just
1% by weight of piperine (a compound of Piper nigrum) can
result in a 2000% increase in the bioavailability (37). If this is
the case, even tiny changes in product composition that may
be well within manufacturing quality standards may yield
very different effects and it may be difficult to properly define
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TABLE 1 Presuppositions behind RCTs and simplified examples in which the RCT-presuppositions are not valid1

Presupposition
Simplified example within
RCT framework Invalid conclusion

Reason for invalidity
of the conclusion

General
implication, no
valid conclusion
can be drawn
when: Comments

Uniformity
(effect
modification)

Suppose that a very narrowly
defined group of participants
is enrolled in a trial testing a
treatment against headache
(e.g., Caucasian, male, age
55–60 y, nonsmoker, BMI
20–25 kg/m2, not using
drugs, >20 d headache/mo).
Suppose that 60% are
ex-smokers and they have a
different response (+4 d
headache/mo) than
never-smokers (–6 d
headache/mo). Ideal
randomization is obtained.

The net result is no
change in the
number of days
per month with
headache, thus
the treatment is
ineffective for
Caucasian males,
aged 55–60 y,
who are
nonsmokers, etc.,
etc. (as per inclu-
sion/exclusion
criteria).

Even though a very
narrow set of
inclusion/exclusion
criteria was used in
this example, the
observed result was
due to a nonuniform
group. When the trial
is repeated with a
different ratio of
ex-smokers to
nonsmokers, a
different result will be
obtained.

The definition of the
included group is
insufficient to
obtain a uniform
response and it is
not possible to
correct for
effect-modifying
factors.

Although smoking status
(such as ex-smoker and
never-smoker) is a
known potential
effect-modifying factor
which can relatively
easily be corrected for
through stratification,
other effect modifiers
causing nonuniformity
might be unknown
(and not recorded), but
could be a cause of
unrepeatability of trial
results.

Uniformity
(postbaseline
exchangeabil-
ity)

Suppose that a trial is
conducted to test the
efficacy of a treatment for a
disease with cyclic
characteristics. Periods of
physical decline are
alternated with periods of
stability or even slight
improvement. Patients that
are included have a similar
disease-state and are all in a
stable period when
randomization is performed.
One day into the 4-wk trial,
the disease phase has
changed to progressive in
40% of the placebo group
and in 10% of the active
group.

After the trial the
treated group had
less disease-
progression, thus
the treatment
effectively slows
disease
progression.

Although the treatment
and placebo arms
were exchangeable
at baseline (during
randomization), they
were no longer
uniform at trial start.

There are relevant
and substantial
(postbaseline)
differences
between the
different
(treatment or
placebo) groups
within a trial.

Individuals are different by
definition, thus groups
of individuals are
different as well.
Whether or not these
intergroup differences
are relevant for a
specific trial cannot
always be known,
because not all aspects
that are relevant may
be known. Even when
differences are known
and controlled for in
the randomization
procedure, these might
change during the trial
owing to aspects
unrelated to the
treatment. This risk is
increased in diseases
with rapid progression
or with cyclic
characteristics, or in
trials with long
follow-up periods.

Independence
of effects
(effect
modification)

Suppose that a comparison
study is conducted between
drugs A and B and that the
metabolism of drug A (but
not drug B) to its active
metabolite is slowed by
grapefruit juice. The intake of
grapefruit juice is
uncontrolled for during the
trial, only the intake of fruit
juice in general is recorded.
The group taking drug B has
less disease progression than
the group taking drug A.

The group taking
drug B had a
favorable
outcome
compared with
the group taking
drug A, thus drug
B has a better
efficacy than drug
A.

In this example, the
interaction of drug A
with the grapefruit
juice effectively
decreased the blood
concentrations of
drug A’s active
metabolite, which
resulted in an
unfavorable observed
efficacy of drug A.
Had the intake of
grapefruit (juice) not
been permitted, the
outcome would have
been different.

There is ≥1
effect-modifying
factors that are
uncontrolled for.

The impact of grapefruit
juice on the
metabolism of certain
drugs, such as statins
and benzodiazepines, is
well-known (33).
However, even in
well-designed and
well-conducted RCTs it
is not possible to know
every potential
effect-modifying factor.

(Continued)
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TABLE 1 (Continued)

Presupposition
Simplified example within
RCT framework Invalid conclusion

Reason for invalidity
of the conclusion

General
implication, no
valid conclusion
can be drawn
when: Comments

Independence
of effects
(interaction)

Suppose that a treatment
against pain is tested via an
RCT. Unknown to the
researchers, 40% of the
participants take an
over-the-counter
magnesium supplement that
acts synergistically to the
treatment. Suppose that the
pain-score improvement
with magnesium alone is 3,
with treatment alone 4, and
combined 10. Randomization
is ideal. The pain score
improvement is 1.2 in the
placebo group and 6.4 in the
treated group.

The pain-score
improvement was
5.2 points better
for treatment
than for placebo,
thus the
treatment efficacy
is a 5.2-point
improvement in
the pain score.

The observed response
in the treatment arm
was partly due to the
(uncontrolled)
synergistic effect of
magnesium.

There are
interactions that
have a substantial
influence on the
outcome, but
which are not or
cannot be
corrected for.

Intervention and
placebo are
well-defined

Suppose that a multicenter trial
is conducted with a
treatment consisting of 3
different substances and
each center has to prepare
the cocktail on-site, but the
protocol does not properly
define the ratios between
the substances. In 2 out of 5
centers the outcome in the
treatment group
outperforms the placebo, in
1 center there is no
difference, and in the other 2
centers the outcome in the
placebo group was better
than in the active group.

On average the
treatment did not
perform better
than the placebo,
thus the
treatment
consisting of
substances A, B,
and C is
ineffective.

The result depends on
the composition of
the treatment
cocktail. In this
example, the
composition varied
between the centers
because it was
not well-defined.
Effectively the 5
centers used 5
different treatments,
which does not allow
1 overall conclusion.

The treatment varies
in composition
from participant
to participant or
over time; in
other words, the
treatment is not
well-defined.

This is widely
acknowledged in
medicine and is,
together with safety
concerns, an important
reason for rigorous
production process
control, quality
assurance, and
preclinical testing. This
is also the reason that
neither RCT QC nor
ethical standards would
allow a trial with such a
poorly defined product.
Moreover, the fact that
production of
medicines complies
with stringent QC in
turn means that is
considered common
sense to accept this
presupposition to be
true for
pharmaceuticals.

1Assuming a well-powered, well-controlled, and properly blinded trial. QC, quality criteria; RCT, randomized controlled trial.

the tested intervention. In addition, studies investigating
natural materials should not only acknowledge but also
account for compositional differences depending on variety,
cultivation method, place of origin, or time of harvest. For
example, one batch of blackcurrant (Ribes nigrum) may be
very different from the next (38), further complicating proper
definition of the tested intervention.

Thus, although a well-defined intervention is key to be
able to draw valid conclusions from RCT results, whether or
not this is always achieved remains a presupposition.

These 3 presuppositions are made for every RCT and
if any of them is untrue, the trial will not deliver valid
conclusions. However, this strict validity is not binary

and the impact on the study conclusions ultimately depends
on the magnitude of nonconformance. Assessment of the
validity of these presuppositions for specific RCT designs can
help researchers to understand why some interventions find
unreliable, mixed, negative, or positive outcomes.

Implications of Presuppositions on
Probiotics RCTs
Many RCT trials with nutritional interventions do not yield
convincing results for numerous reasons, including method-
ological and outcome-related factors. However, one may also
question whether or not the underlying presuppositions can
be considered true in such trials.
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Contrary to pharmaceutical products, dietary supple-
ments, or food products, probiotics exhibit one fundamental
difference: they consist of living organisms. This results in
several characteristics that affect the validity of the RCT-
presuppositions. In the following sections, we will focus in
on the gastrointestinal tract, but the arguments apply to other
microbiome niches as well.

After administration, the living organisms arrive in the
gut, an environment containing a vast number of other
microbes as well as chyme of variable composition. Each
bacterial strain in this complex ecosystem, whether probiotic
or commensal, competes or cooperates with its neighbors
and the hosts’ systems. These interactions occur through
the production and metabolism of a range of bioactive
compounds. In fact, these compounds play a critical role in
the physiologic or therapeutic effect observedwith probiotics
(39, 40). In addition, in situ abundance is in part determined
by the gastric survival rate (which is affected by the presence
of other foodstuff), by competition success, and by the
interaction between the probiotic organisms and the host,
and vice versa. With the effect of probiotics being so
highly dependent on the multitude of interactions and effect
modifiers, the validity of the presupposition of independence
may be questionable.

A second issue arises because of the dependence on
the aforementioned interactions: there is often substantial
interpersonal variation of the endogenous microbiome as
well as the host characteristics (41–43), which strongly
influence each other (44, 45). Neither the commensal
community nor the host tissue activity themselves are stable,
because they both adjust to the ever-changing conditions in
the intestinal tract. This implies that it is not possible to define
a stable baseline. Consequently, one can legitimately question
whether this can be regarded as “uniform”. In addition, the
fact that the intestinal tract conditions are ever-changing
implies that differences between trial arms can occur post-
baseline, affecting the uniformity, or exchangeability, of trial
arms and thus the validity of the study-internal conclusions.
Moreover, the effect size of nutritional interventions is
usually within the normal biological variability (4). This also
applies to probiotics, as exemplified by the study by Van
Baarlen et al. (42) and is captured by the “bandwidth of
health” concept (43). That is, the ratio between the effective
probiotic-induced “signal” and the “noise” of themultitude of
signals induced (e.g., by the commensal microbiome, chyme
constituents, and the host tissue itself) is relatively small.
Thus, the relative influence of baseline differences between
individuals on the treatment effect is more pronounced, and
only certain baseline statusesmay yield a physiologically rele-
vant response. Contrary to many pharmaceutical treatments,
the interindividual background variation is relatively large
compared with the intraindividual effect of the intervention.
Consequently, even small interpersonal differences may
have a distinct impact, making trial population uniformity,
and thus group definition, more questionable. In addition,
probiotic intervention trials often involve a relatively long
intervention duration to establish treatment effects, which

increases the risk of protocol deviations due to intercurrent
illness, lifestyle changes, or noncompliance, which also affect
the uniformity, because it impairs postbaseline exchange-
ability. Even if a trial is properly powered, these issues with
uniformity can result in a situation where the effects cancel
each other out, leading to a conclusion that the average effect
is only marginally positive, absent, or even negative. Such a
conclusionmay be invalid if it is unreasonable to consider the
trial population to be uniform.

Because probiotics are living microorganisms producing
bioactive compounds which contribute to their therapeutic
effects, the term “well-defined” can be confusing. Most
probiotic formulations used in clinical trials or by healthcare
providers are very well characterized in terms of the used
strains, because stringent quality assurance requirements are
followed for their production (46, 47). Thus, the probiotics
that are administered to the patient can be considered to be
well-defined in terms of ingredients. However, with regard to
the bioactive compounds or downstream effects generated,
the story is very different. Because these processes are highly
dependent on, and variable due to, the aforementioned
interactions, the physiologic exposure to these compounds
may be regarded as similar to administration of composite
drugs of which the composition varies from day to day and
participant to participant. In other words, the same product
does not imply the same treatment, and as such, the validity
of the presupposition that the treatment is well-defined may
be questionable.

Given the unique characteristics of probiotics, it seems
reasonable to conclude that there will be many cases where
the presuppositions that underlie the RCT method are not
valid, implying that no valid conclusions can be drawn from
the results. In these cases it is impossible to conclude that the
intervention is either effective or ineffective, or to define a
population for which it may be effective. A wide distribution
of the response among the participants of an RCT, or a
large heterogeneity of outcomes between high-quality RCTs,
may be indications for a situation where the aforementioned
mechanisms have a substantial influence and, consequently,
where the presuppositions cannot be considered to be true.

How to Increase Validity?
If we accept that the presuppositions behind the RCTmethod
are not fully met, it should be questioned whether this
approach yields valid conclusions. It follows that we should
either seek ways to meet the presupposed conditions, or
explore different methods of investigation.

To identify potential methods to obtain a greater level
of confidence in the internal validity of the conclusions,
an important question is which goals to pursue when
undertaking studies to investigate the efficacy of probiotic
treatments. The decisive role that RCTs play in the economics
of treatment development is in sharp contrast with the
external validity of many RCTs. External validity is of vital
importance to practitioners and regulatory agencies, because
they seek the best and safest treatment for a particular patient.
In the end, the fundamental goal of investigating the efficacy
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of an intervention should be to aid the patient and support
the patient care decision-making process. In other words,
the conclusions of the total body of research should be
applicable to individuals (strong external validity) and the
results should help to advance the scientific understanding
of said intervention (strong internal validity).

Given the reason that the presuppositions underlying
RCTs are potentially invalid for probiotics, one way forward
may be to identify participantswho exhibit a similar gastroin-
testinal environment. With a greater level of similarity one
may expect that the results of the interactions between the
probiotic product and the host and commensal microbiome
will be more uniform among the participants. One strategy
might be to stratify patients before enrolment, or to use
pretrial screening tests to differentiate between responders
and nonresponders. In the latter approach, the probiotic
could be briefly supplemented whilemonitoring certain tem-
porary biomarkers (predefined in the study protocol). Only
responders would be subsequently enrolled into a placebo-
controlled trial. One potential issue would be a lasting pilot
response effect, because this may confound the outcomes of
the subsequent trial. As argued byHanekamp et al. (48) in the
case of bioactive components in foods, screening for small
alterations of biomarkers within the normal homeostatic
response width may be needed, because large responses to
these types of compounds are rare. Therefore, combining
the small response of a number of relevant biomarkers may
enhance the validity of the screening results.

An important practical limitation of stratification is
that to date, few reliable biomarkers are available (49).
Additionally, it may be difficult to apply this approach in
an everyday clinical setting, because many academically
proposed biomarkers are not easily assessable within regular
clinical practice. A pragmatic way to overcome this and to
increase external validity might be to differentiate between
responders andnonresponders based on a clinical assessment
of absence or presence of a favorable effect. If this same
selection process is clinically employed, the translation
from trial results to the individual patient becomes more
straightforward. An alternative approach, which is based
on similar considerations, is an adaptive intervention; this
is where the intervention is tailored to the individual by
means of continuouslymonitoring the response and adapting
the treatment (e.g., the dose) (15). When subjects are not
enrolled at the same time, another implementation of an
adaptive intervention is to adjust the probability of assigning
subjects to a treatment arm based on the response obtained
with previously enrolled subjects, reducing the probability of
assigning subjects to an inferior intervention (50).

The best-case scenario for external validity would consist
of a trial performed on participants that are identical to
the patient in every sense. Although nonexistent at the
group level, there are techniques that employ the patient
as their own control, called n-of-1 trials (51). N-of-1 trials
are randomized crossover studies with a single subject, and
preferably use a double-blinded design. Because guidelines
for conducting n-of-1 trials are readily available (52), any

clinician can perform this kind of research in their own
practice (53).However, an aforementioned potential problem
with the crossover design is the lasting effect, such that
even a long washout period cannot prevent carryover effects.
Consequently, testing a placebo after an active treatmentmay
result in the absence of differences between interventions.
On the other hand, such lasting effect is desirable for any
treatment and when aware of this, the practitioner can
take it into account when evaluating the results, possibly
discontinuing the n-of-1 trial earlier.

When equivalent n-of-1 trials are conducted among a
large number of individuals, meta-analyses may be used
to derive more generally applicable conclusions (54). In
light of today’s ever-increasing computational power and
data storage abilities, big data techniques have attracted the
interest of the scientific community as a powerful method to
enhance the level of differentiation (55, 56). Big datamethods
employ the exponentially growing and extremely versatile
amount of data, can work with unstructured data (57),
and can predict responsiveness to an intervention through
identification of stratifying determinants. Various machine-
learning techniques are being developed to extract medical
concepts from unstructured data, such as natural language
processing of free-text documents. Even the unstructured
consultation notes of a practitioner could be used as a data
source to guide informed treatment decisions based on the
practitioner’s own patient population. Thus, it is no longer
necessary to conduct and report trials in an identical manner
in order to extract generally applicable data. An example
of employing big data–based machine-learning techniques
is a study by Zeevi et al. (24), who used semicontinuous
measurement of blood glucose concentrations, microbiome
data from stool samples, and food intake to track and
optimize the glycemic response of 800 study participants.

The various options outlined here are not fully defined
methods, but merely starting points for approaches that may
lead to a greater level of confidence in both the internal
and external validity of conclusions. It is recommendable
to employ these and other alternative approaches, in order
to find ways to advance probiotic research beyond the
limitations imposed by the RCT method.

Discussion
In the previous sections we have shown that there are
legitimate reasons to question whether the aforementioned
presuppositions can be considered true for probiotics RCTs
in many cases, and that this may be the cause of heteroge-
neous findings. However, although inconsistent RCT results
are found for some probiotic interventions, others succeed
to repeatedly and consistently lead to the same overall
conclusions. One example is the treatment of antibiotic-
associated diarrhea with Saccharomyces boulardii probiotics.
For this intervention, a recent Cochrane review of RCTs
reported an average risk reduction of 53% and, more
importantly, no significant heterogeneity among the included
RCTs (58). This indicates that in certain applications the
presuppositions may reasonably be regarded to be true.

568 Zeilstra et al.



Although it is not exactly known under which circumstances
this may be the case, we propose that this may be due to
a combination of 3 related aspects. First, a higher level of
homogeneity may be found when the treatment depends on
a local effect (e.g., within the gastrointestinal tract) rather
than a systemic effect. Second, the mechanism of action of
certain probiotic strains may be relatively independent of the
microbiome composition and host’s molecular expression,
eliciting more or less the same effect in all individuals.
Third, the signal (effect of probiotics)-to-noise (individual
variation) ratio may be relatively high. Whatever the exact
reason(s), it is reasonable to accept that if high-quality
RCTs consistently deliver the same results, the underlying
presuppositions are likely to be valid. The fact that the
particularities of probiotics could affect the validity of the
presuppositions underlying RCTs, is no reason to dismiss all
probiotic RCTs. It is reason, however, to critically evaluate
the validity of these implicit premises if the RCTs do
yield inconsistent results, which is unfortunately not seldom
the case.

In addition to the 3 presuppositions explored here,
medical and nutritional research often is based on another
presupposition as well: the idea that diseases and inter-
ventions can be studied through the use of a reductionist
approach. This presupposition fuels the idea that a disease
can be treated with the intervention by targeting a single
pathway or set of pathways. This does not necessarily
mean that the pathophysiology of the disease has to be
fully understood or that the targets are known in detail,
but only that the implicit premise is made that there is a
pathway or set of pathways that are involved in the disease,
which can be targeted with the intervention, and which
is effective in treating the disease. However, this premise
becomes problematic if the impact of the targeted pathways
varies during the course of the disease, between patients,
or from cell to cell, or if the effectiveness of modulation of
the targeted pathways varies between cell types, tissues, or
patients, and this is the root of the responder/nonresponder
phenomenon. Cancer is a well-known example of a disease
where many different pathways are involved in very similar
types of cancer and consequently personalized treatment
is a major research theme (59). Consequently, if trials are
conducted within the frame of the specific target pathway
premise, they are bound to either be underpowered, finding
no treatment effect, or result in high numbers needed
to treat (NNTs). The NNT expresses how many patients
have to be treated in order to benefit one, and this
can be as high as 100 for adjuvant therapies of resected
tumors (60).

In the case of probiotics, the idea of targeting a specific
set of pathways may be problematic. Even if an exact target
pathway is known (influenced by the bacterium itself or a
metabolite), it may depend on the baseline physiochemical
and microbiome makeup of the individual whether or
not this pathway can actually be relevantly modulated by
the probiotic. This potentially leads to high NNTs, many
nonresponders, or trials that appear to be underpowered.

Conclusions
Although the RCT method is considered the gold standard
of clinical research, this status is not based on logic alone;
presuppositions form the frame within which this approach
makes sense. However, to paraphrase the previously given
definition, the presuppositions of a scientific inquiry must be
true for the inquiry to have an answer. Here, we have shown
that within probiotic research it is in many cases reasonable
to doubt the validity of the 3 RCT-presuppositions, which
means that the RCTmethodmay not be able to provide valid
conclusions in this particular research area.

This conclusion may apply to investigations of the health
outcomes of diet and nutrients in general. In order to
determine whether or not this is the case for a particular
research topic, the analysis of the plausibility of the presup-
positions needs to be repeated. Some general outlines can be
drawn, however. For example, a change in diet is likely to
affect the entire local and systemic ecosystem. In addition,
it is known that there are interactions between different
nutrients, as exemplified by the competition for intestinal
uptake that can occur between amino acids (61). With such
a variety of interactions, it seems reasonable to conclude
that in many cases the presupposition of independence
is not valid. Moreover, in light of the highly diverse and
personalized character of the complex intestinal ecosystem,
the validity of the uniformity presupposition is likely also
affected. Finally, the validity of the presupposition of a well-
defined intervention and placebo may be questionable for
several reasons (Box 1). These issues, together with the
polyvalent character of nutrients (13), question the validity of
the presupposition that an intervention can target a specific
pathway.

Box 1. Reasons why a particular dietary intervention
may not be well-defined

• The composition of foodstuffs can vary substantially.
• The food matrix or its preparation can affect the
physiologic response (62), potentiallymaking the usual
characterization of dietary interventions (i.e., diet
composition and nutritional value) insufficiently well-
defined.

• The exact composition of the diet and the foodstuff
quantity may be difficult to control and quantify.

• Complex interactions influence the uptake of nutrients
and thus the physiologic exposure.

It can be concluded that there are several reasons
to question the validity of the RCT-presuppositions for
probiotic and nutritional research in general. Because no
valid conclusions can be drawn if these presuppositions
are not valid, different means of investigation should be
explored. However, even when exploring other research
methods, the critical question remains: which presuppo-
sitions are involved and can they be considered valid?
Although the alternative research approaches discussed
here may potentially provide means to consider the RCT-
presuppositions to be true, they may also introduce new
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presuppositions. The most important step to verify whether
or not any presupposition can be considered true, is to
make it explicit. This is especially important when a new
method is introduced or when an existingmethod is adopted
from one field to another, which was the case for the
adoption of the RCT method from pharmaceutical research
into microbiome studies and the greater arena of nutritional
research.
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