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Abstract

Health care practitioners (HCPs) strive to provide the best medical care for each individual patient. The question
as to what constitutes ‘the best’ does, however, not have a single straightforward answer. Evidence-based Medicine
(EBM) and Personalized Medicine (PM) are two paradigms that have emerged as means to improve intervention
selection. Both paradigms have their own strengths and weaknesses that affect their use in clinical decision-
making. In this review we discuss the strengths and weaknesses from the patient’s and HCP perspective: how to
find the best intervention for a particular patient. We review methodological and practical aspects, and zoom out
from the scientific level to the epistemological level to integrate EBM and PM. Both EBM and PM are based on
a realist worldview and by adopting a pragmatist worldview the strengths of both paradigms can be combined.
We apply this pragmatic approach, called Evidence-based PersonalizedMedicine (EBPM), tomicrobiome-targeting
interventions. The example EBPM implementation uses four steps. First, it allows HCPs to provide information
(clinical diagnosis, complaints, patient needs, laboratory measures) about an individual patient. Second, it uses a
GRADE-based system to grade evidence of specific intervention components. Next, it combines the patient profile
data and preferences with the graded evidence, to come to a suggestion for a personalized intervention. Finally, this
method enables gathering of treatment effects providing feedback into the system and further improve suggestions
for future patients.
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1 Introduction

Health care practitioners (HCPs) strive to provide the
best medical care for each individual patient. The ques-
tion as to what constitutes ‘the best’ does, however, not
have a single straightforward answer. Careful appraisal
of all available evidence often plays an important role,
but various conceptual and epistemological perspec-
tives exist on what contributes to evidence.

A well-known perspective is evidence-based medi-
cine (EBM). In practice, the term EBM does not mean
the same for every person. In protocols, research, and
clinical practice, EBM often is used exclusively for med-
ical practices (often for interventions) for which high
quality scientific evidence is available. However, one of
the original definitions given by Sackett et al. in 1996
describes that EBM ‘means integrating individual clin-
ical expertise with the best available external clinical
evidence from systematic research’ (Sackett et al., 1996).
While the Users’ Guides about EBM published by JAMA
since 1992 do put emphasis on critical appraisal of pub-
lished research, these guides too note that ‘many aspects
of clinical practice cannot, or will not, ever be ade-
quately tested. Clinical experience and its lessons are
particularly important in these situations’ (Guyatt et al.,
2000). In addition to evidence from systematic research
and clinical expertise, later definitions added as a third
pillar the role of the patients’ preferences in selecting
the best intervention (Haynes et al., 2002). Together,
these three pillars form the framework uponwhich EBM
is based (Figure 1). The EBM perspective later expanded
to disciplines other than clinicians and was referred
to as evidence-based practice (EBP). EBP guidelines
have been developed for a variety of HCPs, including
nurses, physical therapists, and dieticians (Briggs Early
and Stanley, 2018; Hillegass et al., 2022; Mackey and
Bassendowski, 2017). In the remainder of this article,
we will use the more well-known term EBM but this is
to be taken to involve EBP too and can be defined as:
‘a problem-solving approach to clinical decisionmaking
that incorporates the use of best available evidence from
systematic research, clinical expertise and assessment,
and patient preferences and values’ (Figure 1).

In recent years, personalizedmedicine (PM) has been
embraced by many researchers and clinicians as an
alternative paradigm to select the best possible inter-
vention for a particular patient. Rather than merely
using average effects found in clinical trials for a cer-
tain patient population (e.g. patients with a certain dis-
ease), the PM approach attempts to employ knowledge
about specific patient signatures (e.g. their genome) as

Figure 1 The three pillars of evidence-based medicine: evidence
from systematic research, clinical expertise, and
patient preferences. These three pillars are intertwined
since each of the pillars can inform the other two.

means to more specifically select the best intervention
for a particular patient. Although no commonly agreed
definition exists, a useful definition is provided by the
EU Health Ministers in their Council conclusions on
personalized medicine for patients, which states that
PM ‘refers to a medical model using characterization of
individuals’ phenotypes and genotypes (e.g. molecular
profiling, medical imaging, lifestyle data) for tailoring
the right therapeutic strategy for the right person at
the right time, and/or to determine the predisposition
to disease and/or to deliver timely and targeted pre-
vention’ (Council conclusions on personalisedmedicine
for patients, 2015). This field has broadened to different
disciplines as well, including e.g. personalized nutrition
(PN) (Ordovas et al., 2018). For sake of clarity,wewill use
the term PM in the remainder of this text, but this may
be taken to encompass specific disciplines such as PN as
well.

In this article, we will assess the different approaches
to integrate evidence into the daily practice from the
perspective of the HCP and patient. We investigate how
the different paradigms contribute to the selection of
the best possible intervention for an individual patient,
and we will show that this is a strikingly different goal
than gaining knowledge about an intervention as such.
As we will discuss, the EBM and PM paradigms seem
to be at odds with each other, but by critically consid-
ering the epistemology of both paradigms, it is possible
to integrate them. We will first briefly discuss the three
pillars of EBM and the foundation of PM and put this
into perspective with other factors that play a role in
clinical decision-making. Next, we will zoom out from
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Pragmatic approach to integrate EBM and PM 3

the scientific perspective to an epistemological perspec-
tive to find a means to integrate EBM and PM in a way
that suits the clinical practice. We will show that the
gut microbiome is an interesting target for the preven-
tion, treatment, and management of many diseases and
that, due to the highly individualized character of the
microbiome, an approach that integrates EBM and PM
is preferable. Finally, we introduce a method for such
integration of EBMand PMthat has been developed and
is used formicrobiome-targeting treatments.

Although we will discuss the theoretic frameworks
behind EBM and PM in detail, our focus is on the
use of these concepts in the practice of patient care
as caried out by HCPs, which is always directed at an
individual patient. To make the conceptual reasoning
more tangible, we will illustrate the various aspects by
means of a hypothetical patient case (inspired by a
real-life example). The example patient case that we
will use is a woman, 60 years of age, who is obese
(BMI 36) and has a fasting glucose of 8.2 mmol/l and
HbA1c of 45 mmol/mol. She has hypertension, kidney
stones, frequent urinary tract infections, and is often
fatigued.Moreover, she suffers from anxiety and depres-
sion, and has many gastrointestinal (GI) complaints
such as abdominal pain, varying defecation frequency
and stool consistency, bloating, belching, fatty stools,
and food intolerances.

2 EBM’s 1st pillar: scientific clinical evidence

Randomised controlled trials
Scientific clinical evidence in the context of EBM is
often based on randomized controlled trials (RCTs)
because these are considered the ‘gold standard’ in
the so-called ‘evidence pyramid’ (with meta-analyses of
RCTs being considered the only type of study exceeding
the strength of this ‘gold standard’) (Burns et al., 2011).

The very reason that RCTs are considered to provide
evidence with the highest degree of certainty is that,
when properly designed and conducted, their design
eliminates most sources of bias (Pan et al., 2018). RCTs
have a so called high internal validity (Jüni et al., 2001).
Internal validity is defined as the ‘extent to which sys-
tematic error (bias) is minimized in clinical trials’ (Jüni
et al., 2001). In other words, conclusions that are drawn
within the context of such study are very likely to be
valid.Other study designs, such as case-control or obser-
vational studies are hampered by confounding factors
that cannot be excluded or corrected for completely,
and the degree of certainty that an observed effect is due

to the intervention is therefore lower (Pan et al., 2018).
This means that the RCT approach is the best avail-
able method to systematically investigate the efficacy of
an intervention in a specific homogeneous population.
Efficacy, however, is not the same as effectiveness. Effi-
cacy is defined as the extent to which an intervention
produces its intended effect under ideal circumstances,
such as in a RCT, while effectiveness is defined as how
well an intervention works under ‘real life’ conditions
(Ernst and Pittler, 2006; Marley, 2000). In other words,
if we want to know the average effect and effect size of
an intervention as such (i.e. its efficacy), excluding to
the best of our abilities the influence of intervention-
independent factors that may affect the intervention
outcomes, the RCTmethodology provides the technique
to study this. In real life situations a large range of fac-
tors may affect this outcome, leading to different effec-
tiveness.

One of the reasons that RCTs have a high inter-
nal validity is that the intervention and control (often
placebo) groups are made to be exchangeable (Hernán
and Robins, 2022). In other words, it should not mat-
ter which of these groups gets the placebo intervention
and which receives the verum intervention, as one may
expect both groups to respond the same to the same
intervention. Importantly, this can be quite challeng-
ing to achieve in practice. An important way in which
this exchangeability is approached as closely as possi-
ble, it by using clear-cut inclusion and exclusion criteria
and a sound randomization, stratification, and alloca-
tion procedure to realize a homogeneous study popula-
tion. This leads to a study population that can be rather
specific, and which is not necessarily representative for
the patient population seen by clinicians. As we will
show later, it is very unlikely that our example patient
would be part of such a study population due to her
rather complex, multimorbid profile.

Summarizing, the RCT approach is the best avail-
able method to systematically investigate the efficacy
of an intervention, but this often investigated in a
very specific homogeneous study population that may
not translate easily to real-world patients. This is the
Achilles’ heel of the RCT method and the way it is often
employed: the external validity is often poor.

A limitation of the RCTmethod: poor external validity
Suppose that a study includes only Caucasian males
aged 20-30 who have a single health problem (which
is the focus of the study) andwho otherwise are healthy.
What does the result of that study mean for a 60-year-
old Asian woman with multiple comorbidities, like our
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example patient? In other words, due to strict inclu-
sion and exclusion criteria, the generalizability of the
evidence from RCTs may be questionable and the study
populationmay not be representative for the patient sit-
ting in front of the practitioner (Dekkers et al., 2010).
Social-psychologic factors that are not linked to the RCT
method as such, can further exacerbate this narrowing
of the study population by the way the RCT method
may be employed in reality. These social-psychologic
factors include e.g. publication pressure (negative trials
are much less often submitted and accepted for pub-
lication (Hopewell et al., 2009)), desire to publish in
high-impact journals (for small trials the most presti-
gious journals seem to have a bias towards favourable
effects (Siontis et al., 2011)), or financial interests associ-
ated with positive results (Lundh et al., 2017). Whatever
the reason, due to this attitude researchers want tomake
the chance of success as high as possible and tend to
include only those patients in which the largest effects
are expected, potentially making the study population
less representative for the real-world population.On the
one hand a narrowly defined study population helps to
identify real-world patients for whom the results of a
specific RCT may apply, on the other hand it makes it
less certain to what extent the effects found in such trial
will reproduce in patients that differ from the defined
study population.

Several reviews have assessed the representativeness
of actual RCTs. For example, ameta-review of 52 studies
that investigated the representativeness of RCT popu-
lations compared to real-world patients, conclude that
over 70% of the studies explicitly concluded that RCT
samples were not broadly representative of real-world
patients (Kennedy-Martin et al., 2015). The authors
found e.g. that reviews that assessed cardiology and
oncologyRCTs found that real-world patients were often
older than those included in the RCTs (Kennedy-Martin
et al., 2015). Another systematic study of over 43,000
RCTs found that over 90% excluded multimorbidity,
while the prevalence of multi-morbidity in real-world
patients is 41% (Tan et al., 2022).

Summarizing, the RCT method is the best means
to exclude most sources of bias, therewith providing
high internal validity, but may result in a poor exter-
nal validity. This is important to take into account when
assessing the value of evidence from the HCP’s and
patient’s perspective, as they are interested in the poten-
tial effects of an intervention for that particular patient.
Our example patient and her HCP want to find the
intervention that has the best chance of success for her
specifically.

The role of causal thinking in the interpretation of
evidence from RCTs
Another important aspect to take into account is that
RCTs attempt to assess the efficacy of an intervention,
with the effect size being the average difference in effect
between the placebo and verum intervention groups
(Hernán and Robins, 2022). In essence, this approach
assigns the effect to the intervention as if it were a
property of the intervention. An example of this is the
commonly used phrase ‘paracetamol cures headache’.
Contrary to what this phrase expresses, reality is that
paracetamol may improve headache symptoms in per-
son A, but not in person B (even with the same type
of headache). This in itself shows that ‘cures headache’
is not a property of paracetamol as such and depends
on the characteristics of a person. Nevertheless, it is
understandable that effects of interventions are often
considered to be property of that intervention, given the
dominant role in society (and science) of classic cause-
effect conceptual thinking that we know from every-
day physics (dropping a stone in water causes waves).
This rather mechanistic and reductionistic world view
has become so dominant because its huge success in
physics marked the start of modernity and modern sci-
ence (Toulmin, 1990). Causal thinking not only obfus-
cates interpretation of intervention studies, it has in
fact played a leading role in epidemiology as a prac-
tical discipline concerned with identifying causes of
disease, even though in many diseases a multitude of
interrelating factors are known to play a role and the
classic cause-effect concept is not valid (Galea et al.,
2010; Sturmberg and Marcum, 2023). In addition to
this fundamental problem of causal thinking, the prac-
tical application of causal inference in epidemiology is
often problematic, because various forms of bias and
confounding (e.g. reverse causation or e.g. the Simp-
son’s paradox) can blur causal relationships (Hernán
and Robins, 2022; Julious andMullee, 1994).

Back to the relevance for EBM, for most interven-
tions a study outcome is in fact a probability of an
effect in comparison to the placebo treatment (parac-
etamol completely resolves headache in A percent of
the study population, partially in B percent, doesn’t help
in C percent, and worsens it in D percent). Although
in many studies this kind of information is not avail-
able, the key issue remains the same: within the study
population the intervention effect varies between the
individuals. Except for rare cases, often it is simply not
known which individual does respond and who does
not, even in a narrowly-defined study population (Kelley
and Kaptchuk, 2010; Kravitz et al., 2004). The fact that
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many people that receive an intervention do not expe-
rience substantial benefit from it is also illustrated by
sometimes high numbers needed to treat. The number-
needed-to-treat expresses how many patients have to
be treated in order to benefit one, and this can be as
high as 446 for e.g. statins for prevention of major vas-
cular events in people over 75 without vascular disease
(Heneghan andMahtani, 2019).

Summarizing, it can be concluded that even within
an apparently homogeneous study population consider-
able variety in intervention-response continues to exist.
As such, no RCT can predict the response of an individ-
ual patient sitting in front of the HCP. This means that
even in the unlikely case that there would exist a RCT
of an intervention in a population with the exact profile
of our example patient, her HCP and she would still not
be able to tell if she will benefit from that intervention.
At best, the RCT provides a probability of an effect. If
we can resist the inclination of causal thinking and use
a probabilistic perspective instead, evidence from RCTs
can help to find the intervention with the best probabil-
ity of success.

3 EBM’s 2nd pillar: individual clinical expertise

Translation tomultimorbidity of studies involving one
health problem
The vastmajority of patients who require health care are
burdened with chronic diseases. Chronic diseases are
typically non-communicable, usually of long duration,
progresses slowly, and are often the result of a com-
bination of genetic, physiological, environmental and
behavioural factors (WorldHealthOrganization (WHO),
2022). Moreover, the vast majority of patients with
chronic diseases have a multimorbid profile. In fact,
multimorbidity is ‘themost common chronic condition’
(Tinetti et al., 2012). Multimorbidity is ‘the coexistence
of multiple chronic diseases or conditions’ (Tinetti et
al., 2012) and is typically characterized by systemic
low-grade inflammation, insulin resistance, disturbed
HPA-axis, and similar dysregulation of systemic control
mechanisms. Our hypothetical patient provides a typi-
cal example of multimorbidity, with various health con-
ditions (e.g. hypertension, kidney stones, urinary tract
infections, fatigue, anxiety, depression, and GI com-
plaints), as well as systemic dysregulation exemplified
by her fasting glucose that indicates insulin resistance.
The profile of health problems and complaints is typi-
cally unique for a patient, but, as explained later, often
the underlying disturbed pathways aremore general.

Although multimorbidity is common, it is rarely the
basis for studies investigating interventions, since most
clinical studies involve patients with one specific con-
dition and often explicitly have multimorbidity as an
exclusion criterion. In multimorbid patients, evidence
from studies with specific interventions for specific
health problems is only partially informative. That is,
these kinds of studies do neither provide an answer to
the question whether or not multimorbid patients will
benefit from a specific intervention, nor what interven-
tion to use for each of the various health problems of
the patient. For example, there may be high quality evi-
dence for intervention of type 2 diabetes (T2DM) and
other high-quality evidence for intervention of major
depression disorder (MDD). However, even though it is
known that 1 in 4 patients with T2DM suffers from clin-
ical depression (Hamer et al., 2019), no clinical studies
can be found of an intervention that treats both health
problems. This means that the HCP treating our exam-
ple patient (who has both signs of diabetes as well as
depression) cannot solely rely on evidence from RCTs to
find a proper treatment for her.

An aspect linked to multimorbidity is the concept
of the life course perspective. This concept entails the
notion that a patient’s health state at any point in time
is also influenced by the preceding life course and, con-
versely, that influencing one’s life course at an early
stage of disturbance can prevent or substantially delay
development of diseases and/or comorbidities (Blane
et al., 2015). For example, T2DM typically develops
over the course of a decade or more. In addition, the
life course perspective acknowledges that social and
personal circumstances play a significant role in one’s
health. For example, it is known that depression affects
one’s partner’s cognitive functioning (Blane et al., 2015),
and it may be necessary to take into account these per-
sonal circumstances in the treatment of patients. These
highly individual aspects cannot be encompassed in any
systematic approach or protocol, and this is where clin-
ical expertise plays an important role.

One approach to deal withmultimorbidity is to inves-
tigate whether there is a common underlying patholog-
ical mechanism (Sturmberg et al., 2017). Typically, the
route to advance knowledge about mechanisms under-
lying comorbid health problems is to conduct mecha-
nistic studies to identify commons mechanisms (Mode
of Action studies), translate this into potential inter-
ventions targeting comorbidities simultaneously, val-
idate this in interventions studies (initially Proof of
Concept studies), and update protocols for HCPs. This
route could work, but as previously mentioned, is also
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strongly limited due to problems with generalizability
and occurs only to a limited extent due to the preference
of trials with a single health problem in a homogenous
population.

Using the aforementioned example of MDD and
T2DM, it is known that insulin resistance and systemic
low-grade inflammation (two core mechanisms under-
lying T2DM) are mechanisms that are also underlying
to MDD (Chan et al., 2019; Lyra e Silva et al., 2019). To
translate this into clinical practice, insulin resistance
can typically be identified using a HOMA-IR panel, ele-
vated HbA1C or fasting glucose. In our example patient,
the latter twomarkers were elevated.Moreover, the typ-
ical signs of metabolic syndrome (including hyperten-
sion and overweight that were present in our example
patient) can also indicate insulin resistance. Systemic
low-grade inflammation is characterized by elevated
pro-inflammatory cytokines (e.g. IFN-γ, IL-6, or TNF-α),
or elevated CRP. As discussed later, we will use the con-
cepts addressed in this manuscript in the context of
gut microbiome dysbiosis. Since our example patient
is inspired by an actual case and no blood levels were
available, we can use biochemical markers in faecal
analysis results as a proxy for systemic inflammation
as well. This can include elevated faecal calprotectin,
which was present in our example patient, which is
known to correlate with systemic markers of inflam-
mation (Bourgonje et al., 2018; Heinzel et al., 2024).
Moreover, symptoms like fatigue (also present in our
example patient) often accompany systemic low-grade
inflammation and insulin resistance. It is known that
these two mechanism can be targeted with metformin,
the first-line intervention for T2DM (Park et al., 2018),
but only a single study on the use of metformin in MDD
has been published (and has been retracted) (Abdal-
lah et al., 2020, 2022). This illustrates the limitations of
the typical path from common mechanism discovery to
intervention development and validation.

Summarizing, multimorbidity and life courses are
highly individual aspects and the HCP’s clinical exper-
tise plays an important role in addressing these and
taking them into account in selecting an intervention
for a particular patient. Clinical expertise is not only
formed through experience, but also via primary edu-
cation, refresher trainings, or e.g. pharmacotherapeutic
transmural consultations. In addition, training and use
of diagnostic tools, and working with external labs that
provide proper support are part of the skills of HCPs that
form the core of the second pillar of EBM.

Translation of studies with one intervention inmany
patients tomany intervention options for one patient
The first pillar of EBM is about gathering and interpret-
ing the best available scientific evidence from system-
atic clinical study. It addresses what can be concluded
about the efficacy of an intervention in a defined pop-
ulation. The second pillar of EBM is to connect this
with the reality of the clinical practice. More precisely,
this is about determining what is the best approach
for an individual patient. This second pillar revolves
around the ‘individual clinical expertise’, as the afore-
mentioned definition of EBM calls it (Sackett et al.,
1996). In this second pillar, the input from the first pil-
lar (scientific clinical evidence) is to be assessed and
applied to an individual patient and this requires the
experience, know-how, and skills of the HCP. As will be
discussed later, the concept of ‘real-world evidence’ and
phase IV studies can play a key role in connecting this
second pillar back to the first, providing a cycle in which
understanding and knowledge advances.

Although the perspective that considers effects as
properties of an intervention is useful and necessary
for companies and authorities, for HCPs the individual
patient perspective is pivotal. In a sense, this perspec-
tive is the other way around (Figure 2). That is, HCPs are
burdened with the task to determine what would ben-
efit an individual patient, or, in other words, what the
effect of an intervention can be in a particular patient.
This is strikingly different from determining the effi-
cacy of an intervention. While the latter is determined
by administering one intervention to a large number of
patients (i.e. in a RCT, Figure 2A), theHCPs task requires
to weigh the potential efficacy of a number of interven-
tions with respect to their one patient (Figure 2B). With
our hypothetical patient as example, the HCP is bur-
dened with the task to determine which intervention(s)
may help to combat the various health problems, and for
each potential intervention one ormore efficacy studies
may be available.

Given the fact that individuals can respond very dif-
ferent to the same intervention, even in a narrowly
defined population (Kelley and Kaptchuk, 2010; Kravitz
et al., 2004), such investigation to find the best inter-
vention for an individual is desired if it is attainable.
However, to assess and try every potential intervention
is of course practically, financially, medically, and eth-
ically impossible. In practice, a limited number of dif-
ferent interventions is sometimes employed on an indi-
vidual, but this merely approaches the aforementioned
theoretical concept of systematically testing all poten-
tial interventions. Thus, some othermeans to determine
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Figure 2 The different views of research and practice. (A) Researchers are facedwith the challenge to determine the effect of a single
intervention. To assess this, they administer that single intervention tomultiple people and consider the average effect to be the
efficacy. (B) In contrast, medical doctors are facedwith the challenge to find from multiple intervention options the one with
the best effect for a single patient. To assess this, they would ideally administer all intervention options to that single patient
and select the intervention with the best effect.

what works best for the individual patient is needed and
here individual clinical expertise comes in: the selection
of specifically targeted intervention(s) ismade using the
HCP’s clinical expertise.

Translation of mechanisms to the clinical practice
Alternatively, HCPs may attempt to identify common
mechanisms of health problems of individual chron-
ically ill patients themselves via literature review, in
order to select the best intervention. Unfortunately, as
shown by the aforementioned example, they are usu-
ally empty-handed with regard to evidence from clin-
ical studies. Most intervention studies are simply not
designed to answer this question, whereas the larger
number of mechanistic studies that do aim to uncover
mechanisms typically do not provide evidence about
interventions and often lack translation to and vali-
dation of interventions. Exceptions are studies with
nutraceuticals (e.g. vitamins) or, as discussed later,
microbiome-targeting interventions such as prebiotics
and probiotics. For these kinds of interventions often
many different studies have been conducted, some
assessing efficacy and other mechanisms of action.
Hence, these kinds of interventions may offer more
options for integratingmechanistic knowledge of health
problems (i.e. mechanistic pathways, aetiology, and
pathogenesis) and evidence about the mechanistic and
clinical effects of these interventions.

In addition, the sheer number of publications makes
it extremely challenging forHCPs to figure out by them-
selves which commonmechanisms they may be dealing
with for every individual case. Due to time constraints,

one must often rely on guidelines published by their
peers, or reviews and appraisal publications,which may
introduce the same kind of potential bias that was rea-
son to introduce EBM in the first place (Guyatt, 1992).
This includes for example influence of personal views
or not capturing the full width of the available research.
Advances in the understanding of mechanisms some-
times become a target for treatment-validation in clin-
ical trials. In addition, or alternatively, these insights
find their way into courses, refresher trainings, or phar-
macotherapeutic transmural consultations that HCPs
follow to remain up to date. Via the latter and per-
sonal experience, this kind of knowledge becomes part
of HCPs’ personal clinical expertise. Moreover, new
insights become incorporated in basic educational pro-
grams for HCPs, enabling younger generations of HCPs
to employ this knowledge.

Thus, to identify and understand common underly-
ing mechanisms for a particular patient, the HCP’s indi-
vidual clinical expertise is key and direct reliance on evi-
dence plays a minor role. This route of growing clinical
expertise occurs next to the experience that HCPs gain
by treating their patients with interventions based on
evidence from intervention studies and/or clinical pro-
tocols. Over time, HCPs learn in practice when an inter-
vention is likely to be successful andwhat the effects on
comorbidities can be.
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4 EBM’s 3rd pillar: patients’ preferences

The first two pillars of EBM are about gaining and trans-
lating knowledge about potential interventions for spe-
cific health problems and using that to find the interven-
tion that has the best chance to bring about the desired
therapeutic effect in a particular patient. The third pillar
is about the question how and by who that knowledge
must be valued. That is, all interventions (including no
intervention at all) have potential desired and undesired
effects and the decision about which intervention may
meet the needs of the patient the best, is about values
(Kelly et al., 2015). This includes valuing the chance to
obtain a certain effect, as well as valuing which effects
are most desirable and which side effects will have
the biggest impact on the quality of life. For example,
for a patient with an active sex life the risk of sexual
dysfunction as a side effect of a certain intervention
might outweigh the better chance of therapeutic effect
of that intervention compared to alternatives (Kelly et
al., 2015). Here, multimorbidity also plays a role, as the
treatment decision can involve which health problem to
treat first or pay the most attention to. In these value-
driven decisions, the preferences of the patient play an
important role that cannot be captured by either evi-
dence or clinical expertise. The same applies to social,
cultural, or religious factors, which are also important
factors that affect the patient preferences and thus the
treatment decision. The patient preferences as third pil-
lar of EBM are not a one-way-path, since information
from theHCPmay affect the patient preferences. Hence,
it is crucial that the HCP conveys as much information
as possible to the patient about the what, why, when,
how of treatment options. In other words, informed
consent should be considered part of the third EBM pil-
lar.

Unfortunately, health care systems, policymakers,
regulators, and insurance companies have become
major factors in the decision-making process of HCPs,
as they influence this via guidelines, protocols and reim-
bursement policies that do not necessarily take into
account the patients’ individual situation and prefer-
ences (Felder et al., 2021). Similarly,while patients value
health related quality of life and this has gained much
attention in scientific research in the past two decades,
this often does not translate into reimbursements of
treatments that aim to improve quality of life (Eichel-
berger et al., 2021). In fact, payers like insurance compa-
nies ‘usually care most about clinical efficacy and cost’
(Eichelberger et al., 2021). Patients’ preferences may
differ from the clinicians’ therapeutic goals or frompoli-

cymaker goals. For example, a study among IBD patients
showed that therapeutic goals proposed by physicians,
such as healing the mucosal lesions, are not a priority
formost patients (Casellas et al., 2017).

Oneway forward is to improveHCP education, guide-
lines, and protocols to better represent patients’ pref-
erences (Montori et al., 2013). This route is, however,
paved with difficulties and cannot incorporate prefer-
ences of individuals. Another option, therefore, is to
better integrate patients’ preferences (e.g. input about
which complaints have the biggest impact on their qual-
ity of life) in the clinical decision-making process. That
is, explicitly incorporate discussion about this in the
consultation and ensure that there is a shared decision
about treatment.

5 PersonalizedMedicine

The second paradigm for the use of scientific evidence
in clinical practice is PM. The PM paradigm originated
in the beginning of this century, in the era of theHuman
Genome Project (Emmert-Streib, 2013). It is based on
the idea that newly developed omics techniques pro-
vides better insights into the inter-individual variation
in patient responses (McCoy, 2020). More recently, arti-
ficial intelligence andwearable smart sensors have been
proposed as additional means to gain insights into indi-
vidual responses (Lin andWu, 2022). The premise of PM
is that better understanding of factors that cause differ-
ences in intervention response combined with utiliza-
tion of moremeasurements of patients can improve the
prediction of the chance of success of an intervention
for a particular patient and therewith aid the decision-
making process.

One of the techniques employed within the PM
paradigm is to use subgroup analysis to identify patient
characteristics that may distinguish responders from
non-responders (Kent et al., 2018). As discussed before,
EBM typically uses average outcomes from RCTs to
determine the efficacy of an intervention, but sev-
eral examples exist in which opposing effects occurred
in subgroups within the study population that can-
celled each other out, yielding an average null effect
(Blackstone, 2019; McCoy, 2020). Despite these aver-
age null findings, the patients in the subgroups with
a positive intervention response did in fact bene-
fit from the intervention and PM is about identi-
fying responder-discriminating factors. Since within
the PM paradigm more clinical trial data is used to
improve the generalizability of findings, this puts pres-
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sure on data processing and interpretation capabili-
ties. Artificial intelligence and machine learning are
thought to be capable of improving the identifica-
tion of responder-distinguishing factors (Lin and Wu,
2022; Subbiah, 2023). In microbiome studies, machine
learning and deep learning models have already been
successfully applied to gain deeper insights into spe-
cific features, such as phenotyping, spatial and tem-
poral distribution, and prediction of host responses
(Hernández Medina et al., 2022). As an example, a
supervised deep neural network that integrates gut
metagenomics, plasmametabolomics, immune cell pro-
filing, blood laboratory data and detailed clinical symp-
toms, was able to predict clinical severity and identify
disease- and symptom-specific biomarkers in myalgic
encephalomyelitis/chronic fatigue syndrome (Xiong et
al., 2025).

As mentioned in the introduction, PM has expanded
into various disciplines, including nutrition. Personal-
ized nutrition (PN), also referred to as ‘precision nutri-
tion’, may be considered a specialization of PM and,
since we focus in this article on microbiome-targeting
interventions and many of these are often considered
nutritional rather than medical interventions, the PN
paradigm deserves attention here as well. For PN no
clear definition exists either, although it is described the
American Nutrition Association as ‘a field that lever-
ages human individuality to drive nutrition strategies
that prevent, manage, and treat disease and optimize
health’ (Bush et al., 2020). Although many of the more
traditional studies investigating the link between diet
and health (e.g. studies investigating the impact of sat-
urated fat on health outcomes like coronary heart dis-
eases) have not taken into account the gut microbiome
at all, within the PN paradigm a prominent role of the
gutmicrobiome has been identified as one of the factors
that needs to be taken into account in the personaliza-
tion of dietary interventions (Bush et al., 2020; Ordovas
et al., 2018; Torres and Tovar, 2021).

Summarizing, within PM and PN, the evidence from
systematic studies is focused more on external validity
and translatability of findings to individual patients. In
other words, dissecting study populations into smaller
subgroups and potential introduction of bias are lever-
aged against gaining more information that can help to
identify which patients may be responders. From the
HCP and patient perspective, PM and PN mean that
a larger amount of patient data is used to select the
intervention with the best probability of success. As
exemplified by the aforementioned study on myalgic
encephalomyelitis/chronic fatigue syndrome (Xiong et

al., 2025), this larger amount of data includes the use of
biomarkers as a means to categorize a patient into spe-
cific groups for which specific interventions are deemed
more effective.

6 How to combine EBM and PM: assessing the
underlying epistemology

The PM paradigm is often considered to be epistemolog-
ically opposed to EBM, as EBM is based on population-
based or average effects, whereas PM is based on under-
standing of disease aspects unique to the individual
(McCoy, 2020; Tonelli and Shirts, 2017). From the EBM
perspective, the kinds of post hoc analyses conducted
within the PM approach are often considered prone to
bias or confounding (Senn, 2018). Subgroup analyses
can be obfuscated by e.g. using arbitrary outcomesmea-
sures, or arbitrary thresholds of a continuous variable
to define responders or non-responders. On the other
hand, the aforementioned examples of null findings due
to subgroups with responses that cancelled each other
out, provide compelling examples that show how PM’s
subgroup analyses can identify groups of patients that
can in fact benefit from the intervention.

To come to an approach that integrates the strengths
from EBM and PM, it is not sufficient to assess scientific
insights only. The fact that EBMand PMare seemingly at
odds with each other lies not at scientific evidence level,
but at epistemological level. That is, one may empha-
size the potential bias introduced by subgroup analyses
or the potential gain in responder identification, or one
may emphasize the problems with translatability or the
excellent internal validity of RCTs. Whatever emphasis
one uses, this has nothing to do with evidence as such,
but much more with ones presuppositions and world-
view through which the evidence is interpreted (Gauch,
2003). Importantly, presuppositions by definition can-
not be proven or disproven (Gauch, 2003; Zeilstra et
al., 2018), so disputes about interpretations of studies
ormethods that are caused by different presuppositions
cannot be settled with more evidence. Therefore, it is
required to zoom out and critically review the epis-
temological perspectives underlying the EBM and PM
paradigms.

Interestingly, the PM and EBM perspectives share the
premise that treatment decisions that are solely based
on clinical experience and expert judgment are prone to
all sorts of cognitive biases, and that using a more data-
driven approach generally improves decision-making
(Kent et al., 2018). This common presupposition pro-
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vides a first aspect that can be used to integrate the
EBM and PM paradigms. In addition, it points out
another epistemological overlap between PM and EBM,
namely the presupposition that evidence from scientific
research leads to generalizable conclusions that can aid
the decision-making process. For EBM this means the
presupposition that the average effect found in clinical
trials is generalizable to a population with characteris-
tics that are similar to the study population. For PM the
presupposition is that data from clinical studies can be
used to identify traits that predict a good response to a
certain intervention and that this response is generaliz-
able to a population with that trait.

In both cases this reveals a so called realist world-
view, the philosophical perspective that assumes there
is one reality that we can know via through systematic
research (Chakravartty, 2017). In EBM and PM, this is
reflected among others by the rather reductionistic view
that assumes that by understanding the separate factors,
we can understand the whole. For example, investiga-
tors tend to dissect things into ever more details, e.g.
via ‘omics’ methods (e.g. genomics, epigenomics, tran-
scriptomics, metabolomics, proteomics, etc.), assuming
that knowledge of these aspects can help to predict
individual responses (Bush et al., 2020). Such reduc-
tionistic approach is highly effective in physics, because
in many cases the superposition principle applies: the
net response caused by multiple factors is the sum of
the responses caused by each factor individually (Illing-
worth, 1991). However, superposition applies in linear
systems, and predicting a response is much more diffi-
cult or fundamentally impossible if a system is either
non-linear, or regulated, or interactive. In physiology all
three apply, which makes it questionable if individual
responses can be predicted via reductionistic studies.
Importantly, this is not to say that omics methods will
not be able to advance scientific understanding, which
we believe it will. The point here is that these methods
are inmany cases (implicitly) usedwithin a realist world
view,which as such has limitations.

Secondly, it can be argued that studies of diseases
start with the definition of the disease, which is at
least in part a construct of the human mind rather
than objective reality. For example, some scholars argue
that attention-deficit hyperactivity disorder (ADHD) is
a ‘hypothetical construct’ rather than a ‘objective fact
of nature’ (Tait, 2005; Thurber et al., 2009). Scientific
findings such as differences in brain scans start with the
definition to divide participants into cases and controls,
rather than that ADHD objectively follows from the
brain scans (Te Meerman et al., 2020). Together, these

examples show that at least part of our understanding
of the world starts with our constructs rather than being
merely a discovery of reality as is. An opposing philo-
sophical worldview that acknowledges this is the con-
structivist view. This philosophical perspective states
that every interpretation of the reality is in essence a
construct of our mind, and influenced by the context,
our social interactions, our past experiences, our per-
spective, and our expectations (Niiniluoto, 1991). Exam-
ples of optical illusions, such as the Ames room (Ames
Room (Philip Zimbardo), 2010), as well as the afore-
mentioned example of defining diseases such as ADHD
show that at least to some extent our understanding and
interpretation of the world indeed is based on a mental
construct. However, although the constructivist world-
view acknowledges that all interpretations and conclu-
sions that we draw are at least in part influenced by our
presuppositions, this worldview poses the risk of scepti-
cally rejecting any form of evidence as useful.

With theHCPs’ and patients’ search for the best inter-
vention for a specific patient by being a highly practi-
cal enquiry, and clinical work being an applied profes-
sion, a better suited philosophical perspective might be
a third worldview: pragmatism. The pragmatist world-
view accepts that there is a single world, but also that
our understanding of it is always coloured by our pre-
suppositions (Legg and Hookway, 2021). In essence, the
pragmatist worldview accepts things to be true if they
work.

The pragmatist worldview allows to use the best of
both worlds of EBM and PM. For example, from a prag-
matic point of view it can be accepted that some results
from clinical trials are simply so compelling and stud-
ied in such a broad population, that it is reasonable to
consider the average effect found in studies to be the
best predictor for the effect in an individual patient. On
the other hand, it can also be pragmatically accepted
that some subgroup analyses provide such a compelling
case that it is reasonable to consider that the subgroup-
defining trait is a good predictor for the effect in an
individual patient. Moreover, this view also allows con-
sideration of mechanistic insights at different levels of
detail. For example, in some cases a factor that can be
predictive for an intervention effect may be found at
molecular level, e.g. a genetic polymorphism causing
an altered expression of some receptor. In other cases,
such subgroup-defining trait may be identified at less
detailed level, for example the aforementioned role of
insulin resistance in T2DM and MDD (which can be
due to a wide range of molecular mechanisms). In fact,
in some cases there can be a trait that distinguishes
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responders from non-responders for which the mech-
anism of action is simply unknown, yet if the evidence
is compelling, a pragmatist worldview could consider it
reasonable to use the trait in the decision-making pro-
cess. The pragmatist worldview is also reflected in the
notion that clinical practice informs evidence and this is
why some authors have argued that Practice-Based Evi-
dence (PBE) should be embraced rather than tolerated
next to EBM (Green, 2008; Greenhalgh, 2020; Ogilvie et
al., 2020). Moreover, PBE enables a more flexible input
of patients and citizens in research, and thus opens the
door for Citizen Science (Guerrini et al., 2022; Hsueh et
al., 2017).

Here, we will introduce a pragmatic approach that
integrates EBMand PM, using gutmicrobiome-targeting
interventions as an example. First, we will introduce
the (gut) microbiome and explain why gutmicrobiome-
targeted interventions are good examples for such an
approach.

7 Microbiome andmicrobiome-targeted
interventions

The human gut microbiome is defined as: all microor-
ganisms (e.g. bacteria, fungi, viruses, protists, etc.,
together called microbiota) plus the ‘theatre of activ-
ity’ (e.g. signalling molecules, microbial structural ele-
ments, etc.) (Berg et al., 2020). Research in the last
decades has associated the gut microbiome [or to be
more precise: the stool microbiome, as most studies
use feacal analyses] with a large range of health issues,
including gut-related health problems such as irritable
bowel syndrome (IBS) and inflammatory bowel disease
(IBD), as well as systemic health problems such as obe-
sity, liver diseases, T2DM, cardiovascular diseases, aller-
gies, cancer, MDD, autism, neurodegenerative diseases,
and auto-immune diseases such as type 1 diabetes,
multiple sclerosis, or rheumatoid arthritis (Christovich
and Luo, 2022; Gomaa, 2020; Miyauchi et al., 2023).
Microbiome-targeted interventions can consist of diet,
antibiotics, prebiotics, probiotics, postbiotics, or faecal
microbiota transplantation (FMT). Several aspectsmake
microbiome-targeted interventions a good example to
pragmatically integrate EBM and PM.

First, microbiome-targeted interventions typically
interact with the commensal microbiota. It is known
that the gut microbiota is as unique to individuals as a
fingerprint (Franzosa et al., 2015; Tierney et al., 2019),
and has compositional changes over time, even daily,
while also having a certain long term individual stability

or resilience (Fassarella et al., 2020; Revel-Muroz et al.,
2023; Vandeputte et al., 2021). This makes it reasonable
to expect that the same intervention will not induce
the same effect in everyone and that a more personal-
ized approach can be beneficial. Furthermore, some of
the microbes administered as part of the intervention
may multiply within an individually unique intestinal
microbial ecosystem and the functionality of these ‘off-
spring’ will be affected by the conditions in this specific
ecosystem (van Baarlen et al., 2009; Zhang and Knight,
2023). Thus, a more personalized approach to gather
and understand evidence about interventions seem to
make sense.

Second, the number of microbiome-related factors
that might distinguish between responders and non-
responders is very high. As an example, while the
human genome consists of some 63 thousand genes
(Nurk et al., 2022), the estimated number of microbial
genes in our gut microbiome is over 22 million (Tier-
ney et al., 2019). Although it is unlikely that many of
these genes will act as a single discriminating factor for
responders, this large number of genes illustrates that
identifying specific discriminators at gene or molecu-
lar level is challenging, let alone testing each potential
discriminating molecular factor in a clinical trial. Here,
a more pragmatic approach can be of help, for example
by using higher levelmechanistic insights about the role
of the microbiome (i.e. not at molecular level), such as
the aforementioned insulin resistance or systemic low-
grade inflammation.

Third, previously we have demonstrated that RCTs
with probiotics may not always provide valid results
(Zeilstra et al., 2018). We identified three presupposi-
tions behind RCTs the must be true for the conclu-
sions to be valid. The first presupposition is, as men-
tioned before, that the verum and placebo groups are
exchangeable at group level. Secondly, it is presupposed
that there are no uncontrolled factors that influence the
outcome of interest, and, thirdly, it is presupposed that
the intervention is well-defined. When these presuppo-
sitions are not true, no conclusions can be drawn. Due
to the many interactions between microbiome-targeted
interventions and the microbiome, and the unique-
ness of the microbiome, these presuppositions may not
always be true.Moreover, as the previous point shows, it
may be unrealistic to stratify for microbiome composi-
tion and, as argued in our previous article (Zeilstra et al.,
2018), a more personalized approach can help to over-
come this problem.

Fourth, as it is known that multiple microbial genes
or e.g. bacterial species can exert the same function,
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assessing functional properties of the microbiome can
be expected to be more useful in practice than attempt-
ing to link taxonomic or genomic composition to health
problems (Heintz-Buschart andWilmes, 2018).One rea-
son is that genes must be expressed for the functional
attributes to be expressed. In other words, genomically
identical bacteria can have different phenotypes and
thus functions.Moreover, as argued in the second point,
a more pragmatic approach could be to address func-
tions at higher level rather than attempting to under-
stand functionality by e.g. mapping the functions of
every single metabolite. High-level functional proper-
ties that have been identified include the butyrate-
producing capacity, synthesis of essential vitamins, the
removal of toxic compounds, the out-competition of
pathogens, the strengthening of the intestinal barrier,
and the stimulation and regulation of the immune sys-
tem (Heintz-Buschart andWilmes, 2018). These include
well-known and classical mechanisms of action of pro-
biotics (Cunningham et al., 2021; Plaza-Diaz et al., 2019;
Sanders et al., 2019).

Lastly, most pharmaceutical interventions are often
specifically developed and studied for a single health
problem, although it is not uncommon that pharma-
ceutical products are sometimes investigated for other
health problems than their original scope as well.
However, because the microbiome is associated with
so many different health-issues, microbiome-targeted
interventions, such as specific probiotic products, have
often been studied for multiple, at first glance unre-
lated health problems. As examples, the strain Lacti-
plantibacillus plantarum DR7 have been shown in RCTs
to reduce both symptoms of stress and anxiety, as well
as upper respiratory tract infections (Altadill et al., 2021;
Chong et al., 2019a), and the probiotic yeast Saccha-
romyces boulardii has shown in meta-analyses of RCTs
to reducing the risk of antibiotic-associated diarrhoea as
well as improve eradication rates of Helicobacter pylori
infection when added to standard therapy (Szajewska
et al., 2015; Szajewska and Kołodziej, 2015). Specific
strains may be involved in mechanisms of action that
are sometime still unknown but possibly play a role
in various diverse health problems. From a pragmatic
point of view, this means that when an multimorbid
patient suffers from two or more health problems for
which studies of a specific microbiome-targeting inter-
vention (e.g. a probiotic strain) have found evidence of
an effect, it is reasonable to expect that this particular
intervention can be beneficial in that individual patient.

In summary, these aspects show that microbiome-
targeting interventions are excellent candidates for a

pragmatic approach that integrates both EBM and PM
and in the next section we describe the development
and use in clinical practice of such an approach as a
practical example.

8 A patient-centred approach

The aforementioned factors explain that translating evi-
dence from studies to real-life situations in order to
assess whether or not a particular patient will bene-
fit from a certain intervention is, in many cases, very
difficult. All three pillars of EBM are essential for clini-
cal decision making: evidence from scientific research,
individual clinical expertise, and taking into account
patients’ preferences. An important obstacle thatmakes
integration of these pillars difficult is multimorbidity.
While in the daily practice the first pillar of EBM (sci-
entific clinical evidence) is input for the second pil-
lar (employing clinical expertise), the concept of ‘real-
world evidence’ enables the reverse route as well. Real-
world evidence can come from different sources, for
example pragmatic clinical trials, or real-world exten-
sion studies (Burcu et al., 2022; Baumfeld Andre et al.,
2020), but in any case includes so called ‘real-world
data’. We understand real-world data here as defined by
Klonoff (2019): ‘information gathered through observa-
tions of routine clinical practice from multiple sources
that can be linked together to provide meaningful pat-
terns’ and when this is systematically analysed it can
yield real-world evidence. In our view, this includes
patients as one of the multiple sources that generate
these data. This adds to evidence from scientific clinical
studies, therewith providing expansion of the evidence-
base in the first pillar of EBM. In addition to real-world
data, phase IV studies, that continue investigation of
interventions after market introduction (Glasser et al.,
2007), may also be used to connect the second pillar of
EBM back to the first, although the applicability of this
route is limited because the vast majority of these stud-
ies focus on safety aspects rather than efficacy (Zhang et
al., 2016).

One way to improve the classic route (pillar 1 provid-
ing input to pillar 2) and to enhance the reverse (pillar 2
providing input to pillar 1), is to place the patient’s indi-
vidual situation and preferences as well as a life-course
perspective in the centre of the clinical decisionmaking
and to integrate this with PM. As previously described,
from effectiveness perspective, the ideal studywould be
to study one patient and administer a broad number of
interventions to this individual (Figure 2B), instead of
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the usual other way around (one intervention adminis-
tered to a large number of patients, Figure 2A). While
practical, financial, medical, and ethical obstacles limit
the possibility to conduct this in everyday practice, it
is possible to take into account all comorbidities simul-
taneously, including known mechanisms as well as the
patient’smedical background and complaints, to decide
upon an integrated intervention, rather than treating
health problems individually as is common practice.
That is, if a patient has T2DM, MDD, has received a
number of courses of antibiotics in the past years, and
experiences fatigue and GI complaints, like our exam-
ple patient, typical medical practice will likely focus
on treating T2DM separately (e.g. with metformin) and
possibly MDD (e.g. with a selective serotonin reuptake
inhibitor), without much attention to the medical his-
tory and complaints. It is to be expected that taking
all these relevant aspects into account improves the
chances of success of the interventions, as the interven-
tions will be selected using more information, yielding
a more targeted option that is a better match to the
individual patient (in other words: personalized treat-
ment). The development of systematic critical appraisal
methods such asGRADE (Schünemann et al., 2013), and
computerized information processing techniques have
enabled an approach in which the patient profile can be
aligned to available evidence of a range of interventions
in order to select the best match. We call this Evidence-
based PersonalizedMedicine (EBPM).

9 Example: EBPM for microbiome-targeting
treatments

An example application of EBPM has been devel-
oped for microbiome-targeting treatments within the
MyOwnResearch project in The Netherlands, by a col-
laboration of experts from the field of immunology,
pharmacology, computational sciences and citizen sci-
ence, and clinicians (Health Holland, 2018). This exam-
ple approach, called the Personalized Microbiome-
targeting Intervention Approach (PMIA), uses an online
platform (developed as theoretical framework in the
MyOwnResearch project, with one actual implemen-
tation accessible via microbiome-center.nl) via which
HCPs integrate the complaints of the particular patient
with the (medical) diagnosis that have been estab-
lished in combination with insights from faecal analysis
results, to come up with a personalized intervention
proposal (Figure 3). Interventions are based on a com-
bination of live micro-organisms (probiotics or live bio-

therapeutic products) and other microbiome-targeting
compounds (e.g. prebiotics). The personalized interven-
tion can consist of either the bestmatching off-the-shelf
food supplements, or of a personalized preparation con-
sisting of specific ingredients that is prepared for the
individual patient. Importantly, aspects such as dose or
duration are based on what is used in clinical studies,
as also is recommended for probiotics (Jackson et al.,
2019). In remainder of the text both options are collec-
tively referred to as intervention components. The key
question within the PMIA approach is how to select
the most appropriate microbiome-targeting interven-
tion component(s) and this is where the integration of
EBM and PM comes in.

First, all available scientific evidence for all avail-
able intervention components is assessed and graded
according to an approach based on the GRADE method
(Schünemann et al., 2013). In the grading approach, a
number of steps are followed for each intervention com-
ponent:

1. First, all available evidence for an intervention com-
ponent is gathered using PubMed and Google Scholar.
In most cases, the search is conducted using the spe-
cific probiotic strain name or formulation name without
restrictions in study type.

2. Next, a list of medical indications is extracted
from this available scientific evidence. Indications can
include health problems but also known (microbiome-
related) mechanisms such as pathogen inhibition or
anti-inflammatory effects. The mechanisms that are
identified are in line with the aforementioned known
high-level functional properties of the gut microbiome
(butyrate-producing capacity, the out-competition of
pathogens, the strengthening of the intestinal barrier,
etc.).

3. Third, for each intervention component all avail-
able evidence is separately assessed per indication. This
results in a score for the grade of evidence per indi-
cation per intervention component. The evidence can
range from in vitro research to meta-analyses of RCTs,
with a corresponding range of baseline scores (1 for in
vitro studies till 4 for meta-analyses of RCTs, Table 1).
Per study a baseline score is assigned. Score modifica-
tion is applied if there are reasons to do so in accordance
with a pre-defined list of score modifications (Table 2
and Table 3). When multiple studies provide evidence
for the same indication, the overall score is based on
the scores of the individual studies, taking into account
whether or not their results are consistent.

4. These final scores are stored in a database (Figure
3A) which is queried by an online advice tool that HCPs
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Figure 3 Overview of a pragmatic approach to integrate EBM and PM in the treatment of patients and gathering and understanding
evidence. (A) For all intervention components (e.g. probiotic strains) all available epidemiological and mechanistic evidence is
assessed and graded. The epidemiological evidence typically consists of clinical trials with efficacy of the intervention
component on a particular health problem as outcome measure and are used by both EBM and PM. Mechanistic evidence can
come from various study types and typically assesses effects on one or more mechanisms of action or pathways (e.g.
immunological responses) and is typically used primarily in the PM approach. (B) For each individual intervention component,
all evidence grades are entered into the algorithm (E). (C) All health aspects of each individual patient are taken into account
and include themedical history and background (i.e. typically amultimorbid situation), the complaints, faecal analysis results,
and the patient’s preferences. For repeat treatments, the results (H) of previous treatment(s) may also be taken into account.
(D) The patient profile is professionally assessed and entered into the system by the doctor using their clinical expertise. (E) An
algorithm combines all evidence of all available intervention components with the patient profile to generate a suggested
microbiome-targeting treatment. (F) The doctor assesses the suggested treatment using their clinical expertise and taken into
account the patient’s preferences and may adjust where they deem required. (G) The final selected personalized
microbiome-targeting intervention is prescribed, prepared and administered. (H) The patient can provide feedback about the
experienced effects. Optionally, a follow-up faecal analysis may be conducted. (I) Anonymized data from many patients,
including their complaints, multimorbid situation, faecal analysis results, and effects are used in data analyses to continuously
gain further understanding of potential subgroups and effects of intervention components. (J) The evidence from data analyses
expands the evidence from scientific studies, is gradedwith the same strict methods, and is integrated into the approach via
step A and B.

can use (see step 6). Thus, the database contains scores
per intervention component per indication.

5. The fifth step of the approach is to periodically
search for new evidence and update the scores accord-
ingly.

The above listed steps provide a systematicmeans for
assessment and grading of the first pillar of EBM, sci-
entific evidence. Next, this is linked to the second and

third pillar of EBM, clinical expertise and patient’s pref-
erences, towards a personalized intervention as follows:

6. An online tool has been developed in which doc-
tors can enter characteristics of an individual patient for
three categories: complaints, medical background and
history, and mechanistic aspects that can be linked to
faecal analysis results. The questions that are asked in
the tool for each category are based on the current evi-
dence for all available intervention components. That is,
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Table 1 Baseline scores based on study types

Score Evidence types Rationale
1 • In vitro studies

• Animalmodel studies
These two types of evidence provide the lowest level of certainty.
Although animal studies do provide an in vivo test, their predictability for
and translatability to humans is very poor (Kramer and Greek, 2018), and
as such there are no convincing reasons to consider them to be of a higher
reliability level than in vitro evidence.

1.5 • Case-reports

• Collected observational
data

Case reports provide evidence of in vivo use in humans but can be
substantially influenced by individual circumstances.
Collected observational data can be influenced by reversed causation, or
by other interventions given simultaneously. Therefore, the baseline score
is limited to the same level as case-reports.

2 • Case-series
• Open label studies without

control
• Observational studies

Case series (if homogeneous) report similar outcomes inmultiple case.
Still, in case-series, studies without control, or observational studies there
can be many confounding factors, and the setup is prone to bias,which
cannot be controlled for.

2.5 • Case-control studies
• Cohort studies

These study types include groups that were not exposed to the factor of
interest, hence provide some form of control. However, they are of
observational nature and do not control for confounding and bias.

3 • Non-blinded clinical trials Intervention studies increase the reliability of the evidence due to the fact
that the factor of interest is provided as an intervention. This eliminates
some confounding. However, non-blinded trials do have a higher risk of
bias than RCTs.

3.5 • Randomized controlled tri-
als

These studies have the lowest risk of confounding and bias and therewith
they offer themost reliable evidence that the intervention is causally
related to the observed effect.

4 • Systematic reviews of RCTs
• Meta-analyses of RCTs

If multiple RCTs with the same intervention show an unambiguous and
repeatable effect, the reliability that this a true effect attributable to the
intervention is very high.

if there is at least one intervention component for which
there is evidence of an effect on constipation, but there
is no evidence for any intervention component for sad
mood, the complaints category will contain a question
about constipation, but not a question about sad mood.
If new intervention components are added, or new evi-
dence becomes available, new questions can be added.

7. For each question, theHCP can provide a score that
expresses the relevance and severity of each item (com-
plaint, medical background, faecal analysis result (if
available)) for the individual patient, therewith compil-
ing a patient profile (Figure 3D). Importantly, the list of
question and thus the patient profile takes into account
many highly prevalent health problems and thus typi-
cally addresses a multimorbid situation. Moreover, the
HCP together with the patient can adjust scores to
express the patient’s preferences about which health

problems aremore important for the patient to focus on.
With regard to the third category, faecal analysis results,
the questions are all based on known high-level func-
tional aspects of the microbiome, such as for example
butyrate-producing capacity, inhibition of pathogens,
or intestinal barrier function. The faecal analysis types
that HCPs can use through the platform are designed
to enable easy interpretation of these high-level func-
tional aspects by HCPs, and are not, as often seen with
commercially available faecal analyses, merely a list of
relative abundance of bacterial genera or species. The
focus on high-level functional aspects ensures that the
results of the faecal analyses are informative and use-
ful for the clinical decision-making process, as disturbed
functions can be used as targets for treatment.

8. Based on the patient profile and the graded evi-
dence per intervention component, an algorithm com-
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Table 2 List of factors that lower the baseline score

Factor Effect Rationale
A) Poor study design or
conduct

−1 for levels 2 and higher Poor study design has a larger impact on large
scale observational and intervention studies.
Case reports are hardly affected by a design.

B) Inconsistent results −2 for levels 2.5 and higher If results among different studies are
inconsistent, this is a relatively strong
indication that observed effects may not be
casually related to the intervention.

−1 for levels 1 and higher
C) Indirect evidence −1 or −2 for levels 1.5 and

higher, depending on the level
of representativeness

Indirect evidence does not show that the effect
is attributable to the intervention.

D) Imprecise outcomes −1 for levels 1.5 and higher If the outcomes are imprecise, it is less clear
what the exact effect is and as such lowers the
reliability that the effect is attributable to the
intervention.

E) Publication bias See: Inconsistent results If there is publication bias, thismay indicate
that the actual outcomes are inconsistent.

F) Studied intervention differs
from evaluated intervention

−1 or −2 for levels 1.5 and
higher, depending on the level
of representativeness

This is a specific form of indirect evidence.

For level 1: for large
differences: −1.

G) Low external validity −1 for levels 1.5 and higher If very narrowly defined eligibility criteria are
used, the generalizability of the effect can be
poor,which lowers the reliability that the effect
(in general) is attributable to the intervention.

H) Very small sample See: Low external validity Small studies (e.g. n ≤ 30) aremore prone to
low generalizability.

I) Weak recommendation −1 As per GRADE a weak recommendationmeans
that the ratio between the likelihood of positive
effects and the risk of adverse effects is low.

R) Small magnitude of clinical
effect

−1 or −2 for levels 1.5 and
higher, depending on the
magnitude of clinical effect.

A small clinical effect magnitude is a reason for
a weaker recommendation. Some rules of
thumb (Livingston et al., 2009):

• For independent means of out-
comes with continuous dis-
tribution SMD (Higgins and
Green, 2011) can be used, with
d ≤ 0.20 is considered small, d =
0.5 ismedium and d ≥ 0.8 large.

• For proportions Cohen’s h can
be used, with h ≤ 0.20 is con-
sidered small, h = 0.5 medium
and h ≥ 0.8 large.
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Table 3 List of factors that increase the baseline score

Factor Effect Rationale
J) Largemagnitude of clinical
effect

+1 A large clinical effect magnitude is a stronger indication of
causality, as well as a reason for a stronger recommendation. See
factor R for rules of thumb on effect sizes.

K) Dose-response gradient
observed

+1 A dose-response effect is a stronger indication of causality.

L) Intervention is shown to
directly and substantially
affect known causal
mechanism

+1 In some cases, diseasemechanisms may have been shown to be
causal. If evidence shows that an intervention has an effect on
such causalmechanism, this increases the likelihood that the
intervention will have a clinical effect. An example is the causal
role of butyrate vs. the associative role of Bifidobacteria.

M) Different studies show
consistent effect

+1 for levels 1.5
and higher

If different studies,with different measurement methods and
different human participants consistently show the same effect,
this is a stronger indication of causality.

N) Strong recommendation +1 As per GRADE a strong recommendation means that the ratio
between the likelihood of positive effects and the risk of adverse
effects is high.

piles an advice for (a composition of) a personalized
intervention for which the combined evidence shows
that the intervention component(s) can address the
multiple health problems of the patient (Figure 3E). The
personalized intervention can consist of a personalized
mixture of intervention components, or of a single inter-
vention component. The algorithmwill put intervention
components higher on the list if there is evidence for a
beneficial effect onmultiple items from the patient pro-
file (e.g. IBS, sad mood, and overgrowth of parasites),
and if the patient scores are higher (based on sever-
ity and/or patient preferences). Thus, the proposal does
not consist of one intervention component per indi-
cation (complaint, medical background, faecal analysis
result), but typically consist of intervention components
for which there is evidence for multiple indications.
This way, intervention components are more likely to
target common underlying mechanisms. This is even
the case when the common underlying mechanisms for
comorbid health problems (e.g. IBS and sad mood) are
unknown, as intervention components may be selected
based only on the fact that there is clinical evidence for
distinct health problems, without knowledge about the
mechanisms.

9. For each proposed intervention component, the
HCP can see the matches between the grade-score and
the patient profile and the bibliography of the publica-
tions for each indication.

With this approach the HCP gets an advice that is
based on a critical appraisal of all available literature,

on the multimorbid profile of the patient, as well as on
the patient preferences. This approach partially auto-
mates combining the two elements of EBM: evidence
from scientific studies and individual clinical expertise.
The HCP assesses, based on their clinical expertise, the
severity of all complaints, medical background items,
and faecal analysis results of an individual patient, and
the system presents the intervention components with
evidence that bestmatches this patient profile and pref-
erences. The system presents a concise description of
the scientific evidence and a bibliography with all refer-
ences,which drastically reduces the time that the physi-
cian needs to identify and assess relevant literature.

To make this more tangible, we use our hypothetical
patient as an example. In step (7), theHCP together with
this 60 year old female patient can score in the com-
plaints section a relatively high score for fatigue, as well
as for anxiety and for depression. Moreover, together
they can decide how high to score for abdominal pain
and bloating, andwhether the varying stool consistency
warrants scores for diarrhoea and/or constipation. In
the second section, covering the medical background,
the HCP can score urinary tract infections, metabolic
dysfunction, and overweight. In addition, with the GI
complaints in mind, the HCP could score either IBS
and/or SIBO. This is an example where clinical exper-
tise is crucial andwell-experienced or well-trainedHCPs
can recognize that fatty stools (steatorrhea), and bloat-
ing and belching (especially after a meal), together with
the other GI complaints, can be signs of SIBO (Quigley
et al., 2020). At the time of writing, no evidence was
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available for any of the ingredients that HCPs can use
for kidney stones or hypertension, so these indications
cannot be filled out. Over time, new ingredients or new
evidence may becomes available that do have evidence
for these indications, and questions can be added to
the list. For our example patient a faecal analysis was
available at functional level, and in the third set of ques-
tions this can be filled in. For this example, a slightly low
level of butyrate producing capacity is filled in, as well as
some overgrowth of pathogenic bacteria, a slightly low-
ered level of mucus production-stimulating bacteria, a
substantially elevated level of inflammation, some ele-
vated markers of increased intestinal permeability, and
substantial gluten intolerance.

With these scores, in step (8) a personalized inter-
vention is drafted. Based on the scores and available
evidence, this consists of partially hydrolysed guar gum
(a prebiotic), Lactiplantibacillus plantarum DR7, Bifi-
dobacterium animalis subsp lactis HN019, Latilactobacil-
lus sakei probio65, a mixture of Enterococcus faecium
Rosell-26 and Bacillus subtilis Rosell-179, and pasteur-
ized Akkermansia muciniphila MucT. To take the Lacti-
plantibacillus plantarum DR7 as an example, this strain
is proposed for our example patient based on her scores
and the evidence it has for anxiety (e.g. Chong et al.,
2019a), inflammation (e.g. Chong et al., 2019a,b), and
metabolic dysfunction (primarily mechanistic evidence
via AMPK modulation, see e.g. Desjardins and Stein-
berg, 2018; Lew et al., 2018; Yap et al., 2020). As men-
tioned before, the concept is not based on one ingredi-
ent for one indication, but rather uses a cross networked
approach, in which several ingredients are proposed
with overlapping effects (based on the available evi-
dence). In this example, partially hydrolysed guar gum
is proposed based on, among others, evidence for effect
on metabolic dysfunction (i.e. improving insulin sensi-
tivity, see e.g. Chuang et al., 1992; Dall’Alba et al., 2013;
Peterson et al., 1987), but also some evidence on anxiety
and depressed mood (Parisi et al., 2005), and evidence
for its potential to improve abdominal pain (Romano
et al., 2013). For all proposed ingredients a similar par-
tially overlapping set of indications applies, based on
evidence ranging from stronger to weaker. The complete
set of evidence on which the proposed personalized
mixture is based, is visible for the HCP for each ingre-
dient, as per step (9).

Since the systematic approach includes periodic
updates of the assessment of published scientific evi-
dence for each intervention component, another prac-
tical aspect is taken into account as well. That is, the
rate in which new scientific evidence is gathered and

published is ever increasing and by and large exceeds
the rate at which new insights are implemented in clin-
ical practice. Especially in the area targeting the gut
microbiome this is not merely a luxury, but a necessity
as in 2020 over 24,000 mechanistic and intervention
studies were published. The approach described above
enables continuous additions of new intervention com-
ponents as well as new scientific evidence, aiding more
rapid implementation in clinical practice of new find-
ings, but with the safeguard of the systematic critical
appraisal process.Moreover, it allows for the adoption of
new microbiome analyses techniques, such as shotgun
metagenomics,when these become cost-effective. Com-
pared to amplicon sequencing, metagenome sequenc-
ing may reveal more information about low abundance
taxa and can provide insights into metabolic activity
of microbes (Durazzi et al., 2021; Malla et al., 2019).
These aspects can help to get an enriched picture of
the functional activity of themicrobiome, hence further
improve the targeting of treatments.

Real-world evidence from EBPM for
microbiome-targeting treatments
In addition to aiding HCPs in treating their patients
with a personalized microbiome-targeting intervention,
the computerized information processing techniques
and digital infrastructure of the aforementioned EBPM
example allows for the reverse route as well: using real-
world evidence to expand the evidence-base. System-
atic consultation of the effects experienced by patients
is conducted via phone calls. In addition, during and
for some time after using a personalized microbiome-
targeting intervention, patients are asked every few
weeks to score on the same platform that HCPs can
use the patient-reported complaints that are relevant
to the particular individual (Figure 3H). Moreover, with
patient consent anonymized data on the health prob-
lems (patient profile) and faecal analysis results can be
used for data analyses in order to identify responders.
Other means of gathering, analysing, and integrating
this real-world data can be employed too, for example
by analysing voluntarily filled out diaries (Van der Geest
et al., 2021). Together, these real-world data can be used
to identify patterns and expand the evidence available
for the intervention components (Figure 3I and 3J). This
kind of real-world evidence not only enables the reverse
route, from step 2 of EBM back to step 1, but, if it is
used in the aforementioned procedure, it also creates
a cycle. This cycle is much more rapid than the tradi-
tional route of clinical research, although it comes with
caveats. For example, this route does not include blind-
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ing or placebos and may be prone to e.g. reversed cau-
sation. Therefore, and because this kind of real-world
evidence is not meaningless, the baseline score of this
type of real-world data is equal to that of case reports
(Table 1).

10 Discussion

A major challenge in the daily practice of clinicians
is to determine which intervention is best for an indi-
vidual patient. In the past decades, various paradigms
have arisen that attempt to improve this using sci-
entific research. The most prominent paradigms are
EBM and PM. While EBM consists of three pillars (evi-
dence from systematic research, clinical expertise, and
patients’ preferences), often most attention is drawn to
evidence from systematic research, in particular RCTs.
However, evidence from clinical studies is not always
that informative for the clinical decision-making pro-
cess for a particular patient. Although RCTs are valuable
methods to investigate the impact of certain interven-
tions and provide the least biased means to assess their
efficacy, this type of research has some drawbacks as
the study population often is not representative for the
patient population seen in the practice due to narrow
inclusion criteria used for studies and, in the vastmajor-
ity of studies, not taking into account (or even exclu-
sion of) the most prevalent chronic condition, multi-
morbidity.Moreover, the average effect found in clinical
trials does often not predict the outcome of an inter-
vention for an individual patient, just as the average
shoe size will not fit for most people. The PM paradigm
strives to overcome the latter by identifying responder-
discriminating traits in clinical trials and use these to
better predict the expected outcome for an individual
patient.

Both paradigms are based on a realist worldview
and presuppose that insights from structured research
can be generalized to the real-world patient population,
although both paradigms approach this in a very dif-
ferent way. The original EBM definition did embrace
clinical expertise and, notably, mentions individual clin-
ical expertise first (Sackett et al., 1996). Moreover, the
PM paradigm acknowledges that, with all new tech-
niques to assess patient characteristics thatmight deter-
mine intervention effects, integration of various exper-
tise has become even more important (Mason-Suares
et al., 2016). Therefore, we plea for a more pragmatic
approach that acknowledges that interpretation of sci-
entific evidence is by definition coloured by presup-

positions and that no study can provide 100% cer-
tainty about the effect of an intervention in an indi-
vidual patient. The approach that we propose attempts
to overcome the epistemological arguments that seem-
ingly divide the EBM and PM paradigms, and to use the
strengths of both approaches, including patients’ pref-
erences, and acknowledges the limitations of both as
well, in order to find a pragmatic way to improve clin-
ical decision-making. That is, the proposed approach
uses both insights of average effects from clinical tri-
als, as well as insights about traits that may discrim-
inate responders from mechanistic studies and inte-
grates that into a model focused on multimorbidity. We
call this pragmatic approach Evidence-based Personal-
izedMedicine (EBPM).

With the gut microbiome being associated with
almost all chronic diseases, the microbiome being
highly individual, and many interventions being stud-
ied for a diverse range of different health problems,
we have used microbiome-targeted interventions as a
model for EBPM. The example EBPM for microbiome-
targeting treatments integrates scientific evidence from
different study types and grades it accordingly as weaker
or stronger, offers a means to tailor an intervention to
a multimorbid patient including their preferences, and
uses known high-level functional properties of the gut
microbiome as one means to further personalize the
intervention.Moreover, it offers a way forHCPs to incor-
porate patients’ preferences by emphasizing health
problems that are more important for the patient. In
addition, the proposed approach offers ameans to feed-
back patients’ experiences (real-world evidence) into
the algorithm, tomore rapidly learnwhat works for who,
therewith closing the learning cycle. The PMIA exam-
ple presented here is one implementation of EBPM,
but other implementations, such as a flowchart-based
approach, could be used too. We believe that EBPM
can benefit patients with other intervention types as
well, including nutritional interventions, and provides a
means of fully utilizing all pillars of EBM as well as the
strengths of PM.
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