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A B S T R A C T

Diet modulates gut microbiome composition and function. However, determining causal links between diet–gut microbiome interactions and
human health is complicated by inconsistencies in the evidence, arising partially from variability in research methods and reporting. Widespread
adoption of standardized best practices would advance the field but require those practices to be identified, consolidated, and discussed. This
umbrella review aimed to identify recommended best practices, define existing gaps, and collate considerations for conducting research on die-
t–gut microbiome interactions and their impact on human health outcomes. Reviews meeting inclusion criteria and published after 2013 were
identified using a systematic search. Recommendations, considerations, and gaps relating to the best practices associated with study design,
participant selection, dietary intervention/assessment, biological sample collection, and data analysis and reporting were extracted and consoli-
dated. Eight narrative reviews were included. Several general points of agreement were identified, and a recurring theme was that best practices
are dependent upon the research aims, outcomes, and feasibility. Multiple gaps were also identified. Some, such as suboptimal diet assessment
methods and lack of validated dietary intake biomarkers, are particularly relevant to nutrition science. Others, including defining a “healthy” gut
microbiome and the absence of standardized sample and data collection/analysis protocols, were relevant specifically to gut microbiome research.
Gaps specific to diet–gut microbiome research include the underrepresentation of microbiome-modulating dietary components in food databases,
lack of knowledge regarding interventions eliciting changes in the gut microbiome to confer health benefits, lack of in situ measurement methods,
and the need to further develop and refine statistical approaches for integrating diet and gut microbiome data. Future research and cross-
disciplinary exchange will address these gaps and evolve the best practices. In the interim, the best practices and considerations discussed
herein, and the publications from which that information was extracted provide a roadmap for conducting diet–gut microbiome research.
This trial was registered at PROSPERO as CRD42023437645.
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Statement of Significance

This umbrella review aims to help standardize methods and reporting in research on diet–gut microbiome interactions and their impact on

human health outcomes by identifying current recommended best practices, defining existing gaps where the best practices are lacking, and
collating considerations for conducting research in the field. In so doing, the review provides guidance for conducting diet–gut microbiome
research and identifies several specific priority areas for addressing gaps relevant to establishing the best practices.
Abbreviations: AMPM, USDA Automated Multiple-Pass Method; IAFNS, Institute for the Advancement of Food and Nutrition Sciences; PICO, population, inter-
tion, comparison, outcome; RCT, randomized controlled trial.
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Introduction

The human gut microbiome encompasses a dynamic com-
munity of organisms including prokaryotes, eukaryotes, archaea,
and fungi residing in the gastrointestinal tract. Bacteria are the
most abundant and most studied domain with Bacteroidota
(previously Bacteroidetes), Bacillota (previously Firmicutes), Acti-
nomycetota (previously Actinobacteria), Pseudomonadota (previ-
ously Proteobacteria), Verrucomicrobiota (previously
Verrucomicrobia), and Fusobacteriota (previously Fusobacteria)
phyla predominating [1]. Evidence suggests that gut microbes
contribute to various host physiological functions throughout the
body including maturation and modulation of the immune sys-
tem [2], maintenance of gut barrier health [3], and regulation of
brain function and behavior [4] among others. Accordingly, the
gut microbiome is increasingly recognized as a critical mediator
of human health and disease risk [5–10].

Diet is one important factor affecting gut microbiome
composition, function, and metabolic activity [1,11–16] and
may explain as much as 20% of interindividual variation in
human gut microbiome composition [17]. Dietary components
impact the gut microbiome in several ways. These include
providing substrate for microbial metabolism, directly or indi-
rectly altering the gastrointestinal environment, and influencing
microbial interactions within the community [18]. Gut mi-
crobes, in turn, modulate the digestion, bioavailability, and ab-
sorption of various dietary components [19–22]. This
bidirectional relationship results in the production of metabo-
lites and other compounds that play an important role in host
health and disease by altering the function of biological systems
throughout the body from the gut to the brain [23].

Despite evidence supporting a strong connection between
diet, the gut microbiome and human health, conflicting results
regarding specific diet–gut microbiome interactions and their
influence on host health are widespread [24]. Reasons for the
inconsistencies vary but may be caused in part by the diverse
approaches used for studying diet–microbiome interactions and
their impact on health outcomes. The use of diverse research
methods is attributable in part to a rapidly evolving field in
which new technologies and techniques are constantly being
developed. However, these advancements, while allowing for
new insights into diet–gut microbiome interactions, complicate
comparisons across studies and make drawing definitive con-
clusions difficult. The resulting uncertainty impedes the devel-
opment of evidence-based dietary recommendations aimed at
nourishing the gut microbiome to improve human health.

Widespread adoption of standardized best practices for
studying the role of diet–microbiome interactions in human
health would facilitate the comparison and integration of studies
ultimately needed to develop evidence-based recommendations.
However, doing so first requires the best practices and consid-
erations for study design and conduct to be identified, consoli-
dated, and discussed. Narrative reviews focused on the best
practices for the design of gut microbiome [25–41] and nutrition
studies exist [42–45]. Others have specifically considered the
best practices for study design in research focused on diet–gut
microbiome interactions and human health [46–53]. However,
among those reviews, foci and recommendations have differed.
This umbrella review therefore aimed to identify current rec-
ommended best practices in diet–gut microbiome research,
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define existing gaps where the best practices have not been
identified, and collate considerations for the design of studies
aiming to determine effects of diet–gut microbiome interactions
on human health-related outcomes. The overarching goal of this
work is to improve study design and reporting to facilitate syn-
thesis and comparison of results across studies to ultimately
advance understanding of the causal effects of diet–microbiome
interactions on human health and disease.

Methods

The protocol for this umbrella review was developed ac-
cording to the Joanna Briggs Institute Manual for Evidence
Synthesis for Umbrella Reviews and was registered on Open
Science Network (https://doi.org/10.17605/OSF.IO/FUPZS)
and PROSPERO (CRD42023437645). The central question of the
review was: what are the established and/or suggested best
practices and considerations for study design and research
methods in human studies exploring the effects of nutrition in-
terventions on gut microbiome-related health outcomes? The
specific objectives were to identify perspectives, reviews, sys-
tematic reviews, and meta-analyses exploring the best practices
and considerations in diet–microbiome research; consolidate,
summarize, and discuss the best practices and study design
considerations; and identify gaps where the best practices have
not been established.
Search strategy
Two separate literature searches were conducted using

PubMed on 24 February, 2023, and 3 March, 2023, respectively,
and then duplicated on 6 October, 2023. The search was
restricted to manuscripts published in the past 10 y. Manual
search of reference lists from identified articles and personal
knowledge of the authors was used to identify additional rele-
vant publications.

Search 1
(microbiome[Title] or microbiota[Title] or microflora[Title])

AND (gut[Title] OR intestinal[Title] OR gastrointestinal[Title]
OR enteric[Title] OR diet*[Title] OR nutrition*[Title] OR pre-
biotic*[Title] OR probiotic*[Title] OR fiber*[Title]) AND (“best
practices”[Title] OR challenge*[Title] OR “study design”[Title]
OR recommendation*[Title] OR guide*[Title] OR consid-
eration*[Title] OR guideline[Title])

Search 2
(microbiome[Title] or microbiota[Title] or microflora[Title])

AND (gut[Title] OR intestinal[Title] OR gastrointestinal[Title]
OR enteric[Title] OR diet[Title] OR nutrition[Title] OR “diet
therapy”[mesh]) AND (“best practices”[Title] OR challenge*
[Title] OR “study design”[Title] OR recommendation*[Title] OR
guide*[Title] OR consideration*[Title])
Eligibility criteria
Only narrative reviews, systematic reviews, meta-analyses,

consensus statements, perspectives, and commentaries pub-
lished in the last 10 y (2013–2023) were included. Articles were
required to include recommendations for methods related to
randomized controlled trials (RCTs) or nonrandomized study
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designs relevant to any nonpatient human population and
discuss methods or study design considerations relating to both
nutrition-related interventions and gut microbiome-related out-
comes. Gut microbiome-related outcomes included community
composition, microbiome-derived compounds, food-derived
compounds altered by the gut microbiome, gut microbiome
function, and gut microbiome-mediated health effects.

Exclusion criteria included the absence of discussion on the
best practices, standardization, considerations, or gaps relating
to the best practices andmethod standardization; focus on design
of animal, in vitro or in silico studies or design of studies for
strictly human infant or patient populations; focus on micro-
biome populations in locations other than the gastrointestinal
tract; and focus on interventions that are not nutrition related.
Publications discussing the development of a new method or
dietary therapy and publications not including methodological
considerations relating to both nutrition and the gut microbiome
were excluded.
Screening and data extraction
Abstracts were screened for relevancy using Abstrakr soft-

ware [54] by 2 independent reviewers (TD and JPK) blinded to
each other’s responses. The full text was retrieved for all ab-
stracts considered as maybe or definitely relevant by �1
reviewer. Full texts were then screened by the same 2 indepen-
dent reviewers who were blinded to each other’s responses and
according to the eligibility criteria described previously. Dis-
crepancies were resolved through discussion.

Data were extracted from all manuscripts meeting the in-
clusion/exclusion criteria by 2 independent reviewers (TD and
JPK) using the same data extraction template. The template was
in the form of a spreadsheet organized by the predetermined
structural review categories and subcategories of interest. The
first category focused on study design and participant selection.
Subcategories included research questions and aims, trial
design, blinding, duration (run-in, intervention, washout), ef-
fect size, sample size calculations, statistical analysis plan,
addressing interindividual variability, inclusion/exclusion
criteria and important metadata to collect. The second category
focused on diet intervention and assessment. Subcategories
included intervention design and development (diets and foods,
supplements, dose, and placebo/control), assessing adherence/
compliance (biomarkers, ensuring compliance), describing
diet/intervention, diet standardization, methods (emerging
methods, commonly used methods), database selection (from
nutrition- to gut microbiome centered), and other consider-
ations (timing with microbiome analysis, timing and location of
meal/supplement consumption). The third category described
biological sample analysis. Subcategories within this category
were sample collection (types of sample(s) quantity, frequency,
timing, collection/transport/storage/processing), fecal sample
data to record, and microbiota analysis (measurement methods,
relative compared with absolute abundance, diversity mea-
sures, and reporting taxonomy). The last category pertained to
diet–microbiome data analysis, integration and reporting and
included the subcategories microbiome data transformation
and normalization, statistical modeling (general characteris-
tics, diet–microbiome data integration), correction for multiple
comparisons, interpreting and reporting of results, and data
sharing.
3

Text related to the categories/subcategories was extracted
and coded as a “best practice,” “consideration,” or “gap in
knowledge.” Extracted text was then compared between the 2
reviewers and consolidated if in agreement. Discrepancies were
resolved through discussion.

Review quality
Methodological quality for narrative reviews, perspectives,

and opinions was assessed by 2 blinded reviewers (TD and JPK)
using the Joanna Briggs Institute Critical Appraisal Checklist for
Text and Opinion Papers (Supplemental Table 1). Disagreements
were resolved through discussion.

Role of the expert group
Conceptualization and design of the umbrella review were

informed by all authors who comprised a panel of scientists with
expertise in diet–gut microbiome interactions formed by the
Institute for the Advancement of Food and Nutrition Sciences.
The group provided feedback on the review protocol before
registration on Open Science Network/PROSPERO and reviewed
extracted results relating to the best practices, considerations
and gaps in knowledge. In several cases, expert group opinion
differed from the extracted information. Those differences are
noted in the text and tables.

Summary and presentation of extracted information
Review results were organized and presented according to the

structural review categories defined previously. A summary of
the extracted best practices for each category is described in the
main text of the results. Summaries of extracted considerations
and knowledge gaps are provided in the Supplemental Results.
For each category, we also include a “summary of points of
agreement and knowledge gaps” table and a “synopsis of best
practice recommendations” figure to further summarize and
consolidate extracted information. “Points of agreement” for the
purpose of this manuscript were defined as the best practices for
which a majority of articles commenting on a particular category
were in agreement on the best practice without another review
stating something contradictory. Both explicit identification of
the best practice and inclusion of statements that allowed the
best practice to be inferred from the authors’ discussion were
used to determine agreement.

Results

The PubMed search identified 365 unique reports for
screening (Figure 1). Of those, 38 abstracts were selected for full-
text review, and 8 publications were included in this review
[46–53]. Countries represented in authorship lists included the
United States, Australia, the United Kingdom, New Zealand,
Ireland, Finland, Serbia, Switzerland, France, Belgium, and Italy.

Although all 8 publications generally focused on the best
practices, considerations, and gaps in knowledge for diet–gut
microbiome studies, each presented a unique aspect. Choi et al.
[46] discussed approaches to applying computational models for
diet–gut microbiome data integration. Hughes et al. [47] focused
on the development of precision nutrition in the context of die-
t–gut microbiome interactions. Klurfeld et al. [49] mainly
focused on the best practices and considerations for studies with



FIGURE 1. PRISMA diagram.
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fiber as the dietary intervention, whereas Mohr et al. [51] dis-
cussed the best practices for RCTs of probiotics in physically
active populations. Marques et al. [50] presented guidelines for
conducting gut microbiome studies in experimental and clinical
hypertension specifically. Swann et al. [53], aside from discus-
sing the best practice guidelines for human gut microbiome
intervention studies, also presented the European Union legis-
lative aspects in relation to foods and health claims. Finally,
Johnson et al. [48] and Shanahan et al. [52] provided a general
overview of current practices in diet–gut microbiome research,
while also suggesting several best practices.
Study design and participant selection
A summary of the results for the study design and participant

selection category is provided in Table 1 [47–53], Figure 2, and
Supplemental Table 2. A summary of considerations and
knowledge gaps is available in the Supplemental Results.
4

Research questions and aims
Three publications [51–53] discussed the best practices

related to developing research questions and aims, but no points
of agreement were identified. One publication [51] stated that
mechanisms, treatments, and outcomes of interest are all
important to consider when developing research questions and
aims. The other 2 publications separately emphasized that the
question and aims should be hypothesis driven [52] and clearly
stated at the outset [53].

Trial design and blinding
Seven publications [47–53] discussed the best practices for

trial design. A point of agreement was that RCT designs are
optimal for most diet–gut microbiome studies (4 studies [47,49,
51,53]). Two publications recommended crossover over parallel
group designs [48,50], whereas another described parallel group
designs as often being more suitable for certain interventions like
probiotics [51]. Four publications discussed the best practices for



TABLE 1
Summary of points of agreement and knowledge gaps in diet–gut microbiome literature: study design and participant selection.

Category References Points of agreement Gaps

Research question
and aims

[51–53] None None

Trial design [47–53] Randomized controlled trials Best practices for integrating animal studies with human
trials to establish causal relations and mechanisms.

Blinding [48,50,51,
53]

Blinding should be used. None

Duration
Run-in [48] None Need for a run-in period and, if required, the optimal

duration.
Intervention [50,51] None � Duration of intervention required to demonstrate

microbiome-mediated changes in host phenotype is
often unknown.

� Duration of intervention needed to elicit long-term or
permanent changes in gut microbiome is unknown.

Washout [48–51] �4 wk to prevent carryover effects. Duration of washout period required for any intervention
effects on the gut microbiome to return to baseline may
vary by intervention type and duration.

Effect size [47,50] Clinical and biological significance should both be
considered.

� Biologically meaningful effect sizes for changes in gut
microbiome features often unknown.

� Often not possible to select beforehand which bacteria
are expected to be modulated by a dietary intervention.

� No current consensus on definition of a normal or
abnormal microbiomemaking it difficult to determine if
an increase or decrease of specific microbiome groups is
any indication of any specific health effect.

Sample size
calculations

[47,50,52,
53]

Consider biochemical, chemical, and/or physiological
traits.

Gut microbiome features (if any) on which sample size
calculations should be based are often unknown.

Statistical analysis
plan

[52,53] Should be written before data collection. None

Interindividual
variability

[48,50,52] Repeated measurements help reduce impact of
interindividual variability.

None

Inclusion and exclusion criteria (factors to consider)
General
considerations

[48,50,51,
53]

Inclusion and exclusion criteria should consider a variety
of factors such as baseline microbiome composition,
habitual diet, demographics characteristics, health-
related factors, supplement and medication use, habitual
diet, lifestyle/behavioral and environmental factors.

Specific guidance on how baseline microbiome
composition and habitual diet should be addressed is
lacking.

Demographics/
anthropometrics

[50] None None

Consumption of
-biotics

[50,51,53] Consumption of pro/prebiotics in habitual diet should be
considered and a �4wk washout period implemented.

Whether a washout from intake of other -biotics (e.g.
postbiotics, synbiotics) is needed is not always clear.

Washout for
-biotics

[50,51]

Medication use [50,51] Antibiotic use should be considered. � Effects of many medications on the microbiome are
largely unknown.

� Requirements for washout or need to account for other
specific medications besides antibiotics are not defined.

Washout for
medication use

[50,51] None

Other [50,51,53] Comorbidities and pre-existing conditions should be
considered.

Metadata to collect [48–53] Critical metadata to collect are sex/gender, age, ethnicity,
health/disease state and history, medication use, habitual
diet, exercise habits.

Critical metadata to collect and include as covariates in
analyses (or account for in participant selection and/or
randomization) are undefined.

Inclusion of diverse
population

[51] None Importance of inclusion of diverse population not being
discussed as the best practice.
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blinding [48,50,51,53]. A point of agreement was that blinding
should be used (3 studies [48,51,53]). Other recommendations
made in single publications were that study designs be hypoth-
esis driven [52], include both microbiome- and host-specific
assessments [53], and may need to include both humans and
animal models [49].

Duration of run-in, washout, and intervention
Best practices for the duration of run-in, washout, and inter-

vention periods in diet–gut microbiome research were discussed
5

by 1, 2, and 4 publications, respectively [48–51]. The 1 publi-
cation that mentioned run-in duration [48] stated that the run-in
period should be �3–5 d based on the evidence that gut micro-
biome can change as soon as 1 d after the dietary intervention
has reached the distal gut [55]. In the 2 publications that dis-
cussed intervention durations [50,51], 1 noted that intervention
durations should be 2–3 wk to allow the microbiome to stabilize
[50], whereas another stated that intervention duration will
depend on primary study outcomes and may require 4–16 wk for
probiotic studies [51]. A point of agreement was identified



FIGURE 2. Synopsis of the best practice recommendations for study design and participant selection reported in diet–gut microbiome literature.
Explosion boxes show points of agreement. Blue boxes show the best practice suggestions that were not points of agreement. Purple boxes show
questions related to specific elements/subelements and green boxes show the names of subelements. Arrows depict a subelement leading or
contributing to another subelement. Brackets show multiple best practice recommendations that apply to the same subelement. Created in Bio-
Render. Diacova, T. (2025) https://BioRender.com/v70a688; https://BioRender.com/o69h346.
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regarding washout duration for crossover studies. Three of 4
publications indicated 4 wk as an appropriate washout duration
(3 studies; [49–51]) though the minimum duration recom-
mended ranged from 2 [49,51] to 4 [50] wk.

Effect size and sample size calculations
Five publications [47,48,50,52,53] discussed the best practices

for effect size and sample size calculations. Points of agreement
were that sample size and effect size determination should
consider biochemical, chemical, and/or physiological traits (3 of 4
studies; [47,50,53]) as well as their biological and clinical sig-
nificance (2 of 2 studies; [47,50]), respectively. Additional rec-
ommendations specific to sample size included conducting
hypothesis-driven calculations ideally based on data from previ-
ous trials (1 publication; [53]) and accounting for intrinsic human
gut microbiome variation (1 publication; [50]). Though 1 publi-
cation suggested that as many as 400–500 participants are needed
for case-control and cross-sectional studies [48], no specific rec-
ommendations were given for experimental studies.

Statistical analysis plan
Two publications suggested the best practices for statistical

analysis plans [52,53]. A point of agreement was that statistical
analysis plans should include a general description of how the
primary outcomes will be analyzed and should be developed
before submission to review boards for approval [52,53]. One
publication stated that the statistical analysis plan can be revised
as a part of blind data review when indicated but that the plan
should not be changed after blinding is broken [53].

Interindividual variability
Three publications [48,50,52] discussed the best practices for

accounting for the marked interindividual variability observed
across human gut microbiomes. A point of agreement recom-
mends increasing sample size and collecting repeated samples
[48,52] to reduce the impact of interindividual variability. One
publication instead recommended using baseline microbiome
composition as a control in analyses [50].

Inclusion and exclusion criteria (factors to consider)
Four publications discussed the best practices for developing

study inclusion and exclusion criteria [48,50,51,53]. General
points of agreement among all 4 reports were that these criteria
should consider a variety of factors such as baseline microbiome
composition, habitual diet, demographic characteristics,
health-related factors, supplement and medication use, habitual
diet, lifestyle/behavioral and environmental factors. Specific
points of agreement were that baseline microbiome composition
and habitual diet should be considered (3 publications [48,51,
53]). Additional points of agreement were that pro-/prebiotic
consumption in the habitual diet, antibiotic use, pre-existing
health conditions, and comorbidities should all be considered
[50,51,53]. Three publications discussed -biotic use, specifically
mentioning probiotics (3 publications; [50,51,53]), prebiotics (2
publications; [51,53]), and fermented foods (1 publication;
[51]). A point of agreement identified 4 wk as an appropriate
washout period from those products (2 of 3 publications [50,
51]). In contrast, there was no agreement in terms of the
appropriate washout period from medication use, with recom-
mendations ranging from 3–4 wk (1 publication; [51]) to 3–6 mo
(1 publication; [50]). Defining age range of interest [53],
7

considering demographics and anthropometric characteristics
[50], maintaining temporal, geographical, and demographic
consistency in participant recruitment for case-control study
designs [50] and including a diverse participant population [51]
were also recommended as the best practices in separate indi-
vidual publications. Other factors mentioned by a single publi-
cation as important to consider for exclusion criteria were recent
weight loss, special diets, plans to change exercise habits, and
recent long-distance travel [53].

Metadata to collect
Six publications [48–53] discussed the best practices for

metadata to collect within the general categories of: de-
mographics and anthropometrics, overall and gastrointestinal
health-related factors, supplement and medication use, diet,
lifestyle, geography, and environment. Overall, points of agree-
ment were that the critical metadata to collect include sex/-
gender (4 publications; [48,50,51,53]), age (4 publications; [48,
50,51,53]), ethnicity (4 publications; [48,50–52]), health/-
disease history (4 publications; [48,51–53]), medication use (4
publications; [48,50,52,53]), habitual diet (4 publications; [48,
50,51,53]), and exercise habits (4 publications; [48,49,51,53]).
Additional recommendations extracted from 1 or more publica-
tions for metadata to collect can be found in Supplemental
Table 2.
Diet intervention and assessment
A summary of the results for the diet intervention and

assessment category is provided in Table 2 [46–53], Figure 3,
and Supplemental Table 3. A summary of extracted consider-
ations and knowledge gaps is available in the Supplemental
Results.

Intervention design and development
Six publications [47–51,53] provided the best practice rec-

ommendations for designing intervention diets and foods, sup-
plements and doses, and developing appropriate
placebos/controls. Three of those publications provided the best
practice recommendations for designing diets and foods. A point
of agreement among all 3 was that dietary components known to
impact the gut microbiota (e.g. fiber, resistant starch, fructans,
and other oligosaccharides) should be considered when
designing intervention and control diets [49,50,53]. A single
publication recommended that diets should be designed to
ensure weight stability when weight loss is not an outcome [50].

Three of the publications also discussed the development of
placebos and controls. A point of agreement was that the placebo
or control diet should be indistinguishable from the intervention
when possible and have minimal or no impact on the gut
microbiome [47,51,53]. For studies of isolated dietary fiber in-
terventions, microcrystalline cellulose was recommended as an
ideal placebo (1 publication; [53]).

Finally, 2 publications [51,53] specifically discussed the best
practice recommendations for -biotic studies. Both agreed that
the intervention should be based on in vitro, preclinical and/or
human studies and be thoroughly characterized. One publication
[51] stated that probiotic studies should focus on describing the
strains, species and strain designations. The other publication
[53] emphasized the importance of ensuring compliance with
specific characterization requirements of known microbial



TABLE 2
Summary of points of agreement and knowledge gaps in diet–gut microbiome literature: diet intervention and assessment.

Category References Points of agreement Gaps

Intervention design and development
Diets and foods [49,50,53] Control intake of foods known to impact microbiome

(e.g. fiber, resistant starch, fructans, and other
oligosaccharides).

� To what extent factors like food structure, preparation
method, delivery mode and matrix should be
considered need to be determined.

� Best strategies for designing intervention and
placebo/control to isolate diet–microbiome
interaction as causal factor driving changes in host
phenotype (vs. microbiome-independent effect of the
intervention) are needed.

� 3D structures of dietary fibers are not uniform, have
not been completely described and may impact
diet–gut microbiome interactions.

� Often unclear if dose should be based on absolute
dose, energy intake or other factors.

� Minimum dose required to elicit effects on gut
microbiome may not be known.

� Ideal placebos for all interventions are not defined.

Supplements [51,53] Intervention should be based on previous in vitro and/
or in vivo studies.

Dose [51] None
Placebo/control [47,48,50,

51,53]
Include placebo that, when possible, is
indistinguishable from intervention and has minimal/
no impact on the gut microbiome.

Describing diet/
intervention

[46,48,49,
52,53]

Overall diet should be considered. When describing
intervention attention needs to be given to
characteristics that would influence any interaction
with the gut microbiome. These characteristics will
vary based on the intervention.

Given the myriad dietary components that may impact
the gut microbiome, the level of detail required to ensure
reproducibility is unclear and minimal/optimal
reporting guidelines are not available.

Diet standardization [48,50,51,
53]

None � Whether standardizing or stabilizing diet offers the
best approach to reducing/controlling impact of
interindividual variability.

� Level of diet standardization/control required to
definitively elucidate the effects of diet–microbiome
interactions on health outcomes.

Assessing adherence/compliance
Biomarkers [49–53] Measure biomarkers when feasible. Few, if any, established biomarkers for diet–microbiome

and microbiome–host interactions exist. Future research
needed to refine existing and identify new biomarkers
(52).

Ensuring compliance [48,50,51,
53]

Compliance should be measured with method used
varying based on study design.

Acceptable level of compliance to demonstrate efficacy
is undefined.

Diet assessment methods
Emerging methods [48] None � Commonly used existing methods may fail to account

for/collect enough detail on dietary factors that may
impact the gut microbiome or may be sufficiently
inaccurate to limit their applicability.

� Tools that facilitate less onerous, yet accurate
estimation of dietary intake is needed.

� There is a need for the further development of
methods that enable measuring nutrients in foods that
are relevant to microbes and methods that estimate
the availability of nutrients at the luminal
substrate–microbe interface.

� Connecting food servings to the quantity of food that
reaches the distal colon where it can ultimately impact
the gut microbiome will require new approaches to
dietary assessment and analysis.

Commonly used
methods

[46,48,
51–53]

Multiple options available and choice depends on
study design/aims. Should follow the best practice
recommendations reported elsewhere. Method should
allow for analysis of dietary patterns/quality in
addition to single nutrients if relevant for outcomes of
interest.

Database selection [48,53] None1 � No single existing database appears to capture all
information on dietary factors that may impact
diet–microbiome interactions.

� A shared food ontology that can harmonize dietary
data collected in different global regions and by
different tools is needed but does not yet exist [48].

Other considerations
Timing with microbiome
analysis

[48,52] Dietary data collection should be timed to coincide
with microbiome measurement.

Timing and location of
meal/supplement
consumption

[48,50,51] Record and report timing and location of
consumption.

Unclear how to account for variability in timing/
location of meal consumption in data analysis.

1 Expert group opinion: although there is no agreement on the best database to use, it is essential to report which database was used.
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FIGURE 3. Synopsis of the best practice recommendations for diet intervention and assessment reported in diet–gut microbiome literature.
Explosion boxes show points of agreement. Blue boxes show the best practice suggestions that were not points of agreement. Purple boxes show
questions related to specific elements/subelements and green boxes show names of subelements. Arrows depict subelement leading or contrib-
uting to another subelement. Brackets show multiple best practice recommendations that apply to the same subelement. Created in BioRender.
Diacova, T. (2025) https://BioRender.com/j99x044; https://BioRender.com/m62d845.
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modulators when using probiotics, prebiotic fibers, and poly-
phenols as intervention. Both papers also commented on the
importance of viability and stability of any probiotic interven-
tion, stating that the product should be maintained in a live state
throughout the study period (1 publication; [51]) and viability
and stability should be monitored and documented (1 publica-
tion; [53]).

Describing diets and interventions
Six publications [46,48,49,51–53] discussed the best practices

for describing diets and interventions. Four of those publications
discussed the best practices related to whole foods and diets. A
point of agreementwas that studies should provide information on
the overall diet and detailed information regarding specific indi-
vidual nutrients or foods being tested should be reported (3 pub-
lications; [46,49,52]). Two of the publications specifically
recommended that foods known or suspected to impact the
microbiota should be reported when possible [48,52]. Other rec-
ommendations included providing asmuchdetail as possiblewhen
describing any type of dietary intervention (1 publication; [49]).

Related to dietary compounds with the potential to interact
with gut microbes, 2 publications provided recommendations
regarding details to describe in interventions using isolated fi-
bers, resistant starches, and prebiotics [49,53]. Points of agree-
ment were that those details should include fiber source,
carbohydrate composition, purity, degree of polymerization,
particle size, average molecular weight and distribution range,
glycosidic bonds, solubility, and viscosity of the compound.
Confirming resistance to digestion was a point of agreement as
well (2 publications; [49,53]). Similarly, the single publication
providing recommendations for describing interventions using
isolated polyphenols identified polyphenol source, degree of
polymerization, chemical structure, and oligo-/polymer content
as important characteristics to describe [53].

Two publications provided recommendations regarding de-
tails to describe interventions using probiotic and synbiotic in-
terventions. Points of agreement were that phenotypic and
physiological characteristics of the organisms used should be
described and the safety, purity, potency, viability, and stability
of the interventions should be reported (2 publications; [51,53]).
Regarding other -biotic interventions, 1 publication recom-
mended reporting the method of inactivation and characteriza-
tion of metabolites and inanimate microbes for studies testing
postbiotic interventions [51].

Diet standardization
Four publications recommended the best practices for diet

standardization [48,50,51,53] but no points of agreement were
identified. Recommendations included providing diets when
possible (1 publication; [51]), attempting to stabilize partici-
pants’ diets (2 publications; [48,53]) and choosing the best
approach based on study aims and outcomes (1 publication;
[48]). One publication also recommended standardizing the
time and location of consumption of provided diets [48].

Assessing adherence/compliance
Six publications discussed the best practices for assessing

intervention adherence/compliance [48–53]. Points of agree-
ment were that compliance measures should be incorporated
into the study (6 publications; [48–53]) and that biomarkers
should be used to assess compliance metrics when feasible (5
10
publications; [48,50–53]). Recommended methods of assessing
compliance included collecting multiple food records and any
uneaten provided foods and intervention products (2 publica-
tions; [48,50]). Two publications recommended that acceptable
levels of compliance should be determined a priori, and non-
compliant participants excluded from analyses [48,53].

Diet assessment methods
Five publications discussed the best practices for diet assessment

methods [46,48,51–53]. Points of agreement were that multiple
options are currently available, that the selection of the optimal
method to use will depend on the study design and the selected
method should be based on the nature of study, participant popu-
lation, feasibility, and strengths/limitations of the method in rela-
tion to the research question (3 publications; [51–53]). An
additional point of agreement among the reports was that the
chosen method should allow for analysis of dietary patterns or
quality (3 publications; [46,48,52]). One publication recom-
mended using technology and biochemical markers for diet
assessment, if possible [48] whereas 2 publications recommended
combining multiple 24-h recalls [e.g. USDA Automated
Multiple-Pass Method via Automated Self-Administered Dietary
Assessment Tool 24] or 3–4-d food records and food frequency
questionnaires [48,51]. Additional recommendations included
providing study participants with clear instructions and training on
how to include the level of detail necessary before completion of
diet recording (2 publications; [48,52]) and performing compre-
hensive cross-checking of collected data (1 publication; [52]).

Database selection
Two publications discussed dietary database selection [48,

53]. No points of agreement were identified. One publication
recommended that the diet database utilized be reported [53].
Another publication discussed several characteristics of a data-
base that would be suitable for a diet–gut microbiome study,
such as extensive information about foods and food components
to enable the use of machine learning approaches to link dietary
information and gut microbiome variables [48].

Other considerations
Four publications discussed the best practices for other cate-

gories relevant to dietary data collection and analysis [48,
50–52]. Within the topics discussed, points of agreement
included timing dietary data collection to coincide with micro-
biome measurements (2 publications; [48,52]) and recording
and reporting the timing and location of dietary intervention
consumption (3 publications; [48,50,51]). Finally, 1 publication
recommended collecting 2–3 d of food records before each
microbiome measurement [48].
Biological sample analysis
A summary of the results for biological sample analysis

category is provided in Table 3 [47,48,50–53], Figure 4, and
Supplemental Table 4. A summary of considerations and
knowledge gaps is available in the Supplemental Results.

Biological sample collection
Six publications recommended the best practices regarding

various aspects of biological sample collection [48–53] (see
Table 3). Points of agreement included selecting sample types



TABLE 3
Summary of points of agreement and knowledge gaps in diet–gut microbiome literature: biological sample analysis.

Category References Points of agreement Gaps

Bio sample collection
Types of samples [50–53] Sample types that are appropriate for the research

question should be collected.
The most accessible and commonly used sampling
techniques (e.g. fecal samples) may not adequately capture
the diet–microbiome interactions most relevant to host
health outcomes.

Quantity [48,50] Will vary based on assay/measurement of interest. Necessity of collecting complete sample and/or multiple
samples per timepoint.

Frequency [48,50–53] Multiple timepoints throughout study Optimal number of samples per time point and number of
time points to include are undetermined.

Timing [48–50,52,
53]

Important to record and report time of collection. Best approaches for incorporating collection timing,
processing, and freezing in analyses are undetermined.

Collection [48,52,53] � Use standardized procedures
� Home sampling with immediate freezing is best.

Universal agreement on standardized procedures for
sample collection and transport when immediate freezing is
not possible is needed.Transport, storage,

and processing
[48,50,52,
53]

Maintain consistency in procedures throughout the
study. Immediately freeze and store fecal samples at
–80ºC for gut microbiome analysis.

Fecal sample data to
record

[48–50,53] Transit time should be measured and recorded. � Impact of transit time on diet–gut microbiome
interactions not fully characterized.

� Whether indirect assessments of stool form (e.g. Bristol
stool scale) are sufficient proxies for transit time and
water content, and whether they can be used as a simple
means of comparing dietary effects on fecal
characteristics is unclear [49].

Microbiota analysis
Measurement
methods

[47,48,50,
52,53]

Should be based on research questions and align with
resolution needed to address study hypotheses,
resource availability, and features of microbiome being
studied.

No consensus on the best sequencing protocols.

Relative vs.
absolute abundance

[50–53] None � Availability of efficient and low-cost methods for
measuring absolute abundance within the entire com-
munity is needed.

� The extent to which the total number of bacteria in a
community is important is unclear [49].

Diversity measures [50,52,53] Diversity metrics should be assessed and reported in
combination with other measures of microbial
community characteristics.

The essential diversity metrics to include in
diet–microbiome studies have not been standardized.

Reporting
taxonomy

[50,52] Report database(s) and version used. � Use of taxonomic assignment databases not standardized
and can give different results.

� Taxonomy classification and reporting are inconsistent,
and the level of taxonomy required for understanding
effects of diet–microbiome interactions on health
outcomes is undefined.
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appropriate for the research question (2 of 3 publications; [52,
53]), collecting sample quantities appropriate for the assay or
measurement of interest (2 of 2 publications; [48, 50]), and
collecting samples at several time points during a study (e.g.
baseline, middle, endpoint, etc.) (3 publications; [51–53]). An
additional point of agreement was to use standardized and
consistent sample collection procedures throughout the study (3
of 5 publications; [48,50,52]). With respect to fecal sample
collection specifically, points of agreement included immedi-
ately freezing and storing samples at –80ºC after collection (3 of
4 publications; [48,50,53]) and recording and reporting time of
sample collection (4 of 4 publications; [48–50,53]).

Several other recommendations were made by multiple
studies but were not points of agreement among all studies
commenting on a particular aspect of sample collection meth-
odology. Two publications [48,50] recommended collecting
multiple fecal samples per data collection period recommending
collection periods of 2–3 d [50] and 3–7 d [48]. Two publica-
tions recommended that sample collections be aligned with di-
etary and biological assessments [48,52]. Two publications
11
recommended minimizing freeze-thaw cycles and maintaining
cold chain during sample collection and transport [50,53]
whereas 3 publications noted that appropriate preserva-
tives/additives can also be used in some situations [48,52,53]
and can allow samples to be stored at ambient temperature for up
to several weeks [48].

Fecal sample data to record
Four publications discussed the best practices for metadata to

record when collecting fecal samples [48–50,53]. Points of
agreement were that transit time and time of sample collection
should be measured and recorded (3 publications; [48,49,53]). If
transit time cannot be directly measured, recording bowel
movement frequency (2 publications; [48,50]) or Bristol stool
scores (1 publication; [50]) were recommended as alternatives.

Microbiota analysis

Measurement methods. Five publications discussed the best
practices for microbiota measurement methods [47,48, 50, 52,



FIGURE 4. Synopsis of the best practice recommendations for biological sample analysis reported in diet–gut microbiome literature. Explosion
boxes show points of agreement. Blue boxes show the best practice suggestions that were not points of agreement. Green boxes show the names of
subelements. Arrows depict subelement leading or contributing to another subelement. Brackets show multiple best practice recommendations
that apply to the same subelement. Created in BioRender. Diacova, T. (2025) https://BioRender.com/z80h470.
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53]. A point of agreement was that the method chosen should be
based on the research questions, resolution needed to address
study hypotheses, resource availability, features of the micro-
biome being studied, dietary intervention, and response vari-
ables (4 publications; [47,48, 52,53]). Two publications
recommended consistent methodology be used throughout an
individual study [52,53]. Other recommendations from the re-
ports were specific to high-throughput sequencing methods and
included using nontemplate controls during library preparation
to detect contaminant DNA (1 publication; [50]), controls to
address batch effects (1 publication; [52]), and mock commu-
nities to identify potential sources of bias (1 publication; [53]).

Relative compared with absolute abundance. Four publications
[50–53] addressed the best practices regarding measuring and
reporting of relative and absolute abundance. No points of
12
agreement were identified. Two publications recommended
measuring and reporting both relative and absolute measures,
especially if DNA yields vary between samples [50,52]. Another
publication recommended using qPCR in probiotic studies to aid
with understanding probiotic persistence in the gut [51].

Diversity measures. Three publications [50,52,53] suggested the
best practices for measuring diversity, focusing on metrics of
microbial diversity specifically. A point of agreement across all 3
publications was that diversity metrics should be assessed in
combination with other measures (e.g. structural stability over
time). One publication also emphasized the importance of
reporting the specific metric(s) used [52].

Reporting taxonomy. Best practices for reporting taxonomy were
discussed in 2 publications [50,52]. Both agreed that the

https://BioRender.com/z80h470
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databases and versions used in bioinformatics pipelines should
be reported.
Analyzing, integrating and reporting diet and gut
microbiome data

A summary of the results for the analyzing, integrating, and
reporting diet and gut microbiome data category is provided in
Table 4 [46,47,50,52,53], Figure 5, and Supplemental Table 5. A
summary of considerations and knowledge gaps is available in
the Supplementary Results.

Microbiome data transformation and normalization
Four publications [47,50,52,53] discussed the best practices

for microbiome data transformation and normalization. A point
of agreement among all 4 publications was that the data should
be transformed in some way, but there was no agreement on the
specific methodology to use. One publication stated that pro-
portional and non-normally distributed data should be trans-
formed [52]. Another suggested normalization and/or
rarefaction for sequence count data depending on library size
[47] and the remaining 2 publications mentioned the impor-
tance of rarefaction as well [50,53].

Statistical modeling

General characteristics. Five publications [46,47,50,52,53] dis-
cussed the best practices for statistical modeling in diet–gut
microbiome research. A point of agreement among all
TABLE 4
Summary of points of agreement and knowledge gaps in diet–gut micro
microbiome data.

Category References Points of agreement

Microbiome data
transformation and
normalization

[47,50,52,
53]

Data should be transformed.

Statistical modeling
General characteristics [46,47,50,

52,53]
Use models appropriate for the d
analyzed

Diet–microbiome data
integration

[46,52,53] Both dietary and gut microbiome
compositional and should be tre
such for analysis.

Correction for multiple
comparisons

[47,50,52] Correction for multiple compari
should be applied and method r

Interpreting and reporting
results

[50,52,53] None

Data sharing [50,52,53] � Code relating to statistical too
the analysis should be made p
available.

� Raw datasets should be made
to the public.

� Sequencing data should be ma
available in repositories.
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publications was that models should be appropriate for the data
being analyzed. Two publications further stated that models and
tools designed specifically for microbiome analyses should be
used [50,52]. One publication recommended using multivariate
and mixed statistical models to deal with confounding effects
[52], whereas another stressed the importance of nonparametric
approaches [46]. One publication recommended accounting for
error due to zero inflation (i.e. the presence of many zeros in a
dataset) [46], with another recommending Poisson and negative
binomial distributions to handle zero inflation [53].

Diet–microbiome data integration. Three publications [46,52,53]
specifically addressed statistical approaches to diet–gut micro-
biota data integration. A point of agreement was that dietary
data should be treated as compositional and as an additional
“ome” and 3-dimensional modeling or “nutritional geometry”
approaches are important to apply in analyses (2 publications;
[46,52]).
Correction for multiple comparisons
Three publications [47,50,52] included the best practices for

adjusting P values to reduce false-positives arising from statisti-
cal analyses on many related endpoints. A point of agreement
across all 3 publications was that correction for multiple com-
parisons should be applied, and the method used reported. One
publication also suggested utilizing stringent filtering methods
when analyzing gut microbiome datasets to reduce type I error
[52].
biome literature: analyzing, integrating, and reporting diet and gut

Gaps

� Standardized best practices for choosing the most appropriate
transformation and normalization methods are needed.

� When log transformation is used the optimal pseudo count for
zeros in the dataset is undetermined.

� Appropriate use of rarefaction and other normalization
strategies remains controversial.

ata being � Although the importance of utilizing gut microbiome specific
models is recognized, there is no current consensus on the best
statistical models for a given study design.

� No consensus on the most appropriate way to deal with zero
inflation or compositionality in datasets.

data are
ated as

� Tools for treating dietary data as compositional and merging it
with gut microbiome data for analysis are not well developed.

� Most appropriate ways to apply ecological metrics to dietary
data are unknown andmultiple unanswered questions relating
to implementing this approach and how to interpret results
exist.

sons
eported.

None

None

ls used in
ublicly

available

de

None



FIGURE 5. Synopsis of the best practice recommendations for analyzing, integrating, and reporting diet and gut microbiome data reported in
diet–gut microbiome literature. Explosion boxes show points of agreement. Blue boxes show the best practice suggestions that were not points of
agreement. Green boxes show the names of subelements. Arrows depict subelement leading or contributing to another subelement. Brackets show
multiple best practice recommendations that apply to the same subelement. Created in BioRender. Diacova, T. (2025) https://BioRender.
com/o91e099.
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Reporting and interpreting results
Three publications [50,52,53] discussed the best practices for

reporting and interpreting results in diet–gut microbiome studies.
No points of agreement were identified, as each of the 3 publi-
cations addressed a different aspect of reporting. One publication
highlighted the importance of discriminating biological and sta-
tistical significance while cautioning against overinterpreting re-
sults [50]. Another publication suggested focusing on networks of
coabundant organisms that respond to the same dietary substrate
and considering substrate availability and intestinal region
sampled when interpreting results [52]. Finally, the third publi-
cation focused on the importance of reporting both positive and
null outcomes for transparency and confidence [53].

Data sharing
Three publications [50,52,53] suggested the best practices for

data sharing in diet–gut microbiome research. Points of agree-
ment were that data (2 publications; [50,52]) and code relating
to statistical tools used in the analysis (2 publications; [50,53])
be made publicly available.
14
Discussion

Decisions required for conducting any human nutrition study
include developing research questions and aims, identifying the
target population, intervention, comparator and outcomes (PICO
criteria), selecting the appropriate study design within that
context, and constructing plans for administering interventions
and measuring and analyzing study outcomes. Once the study is
completed, methods and findings must be communicated clearly,
transparently and in a way that facilitates reproducibility. Pre-
vious reports have discussed considerations that should inform
that process [42,56,57]. In general, diet–gut microbiome studies
should be designed, conducted, and reported based on the same
principles but must also consider design categories that are
unique to the study of diet–gut microbiome interactions. In this
umbrella review, we consolidated current recommended best
practices, considerations, and gaps in knowledge pertaining to
the design, conduct, and reporting of research aiming to deter-
mine effects of diet–gut microbiome interactions on human
health-related outcomes. Eight publications met all review
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criteria and were summarized. Notably, across all the categories
and subcategories of study design and research methodology for
which information was extracted, no category or subcategory
was discussed by all 8 publications. Nonetheless, several points
of agreement regarding the best practices were identified. Next,
we discuss those best practices within the context of consider-
ations and gaps extracted from the included publications and
based on our own experience related to the design and conduct
of studies aiming to identify the role of diet–gut microbiome
interactions in human health.
Study design and participant selection
Developing research questions and aims is integral to any

human nutrition study. A challenge in diet–gut microbiome
research highlighted by several of the included reviews is the
difficulty in demonstrating that a specific interaction between a
dietary component and the gut microbiome impacts health. For
example, health effects of certain dietary fibers may be attrib-
utable to direct effects of that fiber in the gastrointestinal tract
rather than, or in addition to, interactions with the gut micro-
biome. A diet–gut microbiome interaction could also impact
human health through different pathways such as a microbiome-
mediated biotransformation of a dietary component or through
an impact of a dietary component on gut microbiome composi-
tion. Research questions and aims must therefore keep in mind
both the nature of the diet–microbiome interaction and mecha-
nism of action underlying health outcomes. As stated by Klurfeld
et al. [49], if an aim is to convincingly demonstrate causal effects
of a diet–gut microbiome interaction on human health, the in-
clusion of supporting mechanistic in vitro or animal studies
needs to also be considered.

Across the publications reviewed, there was general recog-
nition that RCTs, that use blinding when possible, are the best
practice for determining effects of diet–gut microbiome in-
teractions on health-related outcomes. However, there was no
agreement on the most appropriate type of study design within
the RCT framework. Crossover designs are appealing for diet–gut
microbiome research because they can help control for the large
interpersonal variability in the effects of diet on the gut micro-
biome that may depend, in part, on baseline gut microbiome
composition [58]. Often, rapid baseline microbiome assessment,
which could achieve the same goal in parallel arm studies by
allowing participant stratification, is not feasible. On the other
hand, crossover designs increase participant burden and may not
be appropriate for outcomes that take a long time to develop.
Furthermore, crossover designs require a washout period. Pub-
lications included in this review noted that 4 wk may be a suf-
ficient washout duration to prevent carryover effects in
diet–microbiome studies. However, we caution that the duration
may vary based on the research question and intervention and
may be unknown for many gut microbiome-targeted nutrition
interventions. Additionally, if components of a dietary inter-
vention are present in a participant’s usual diet, it may not al-
ways be possible to completely eliminate those components
during the washout. Therefore, we suggest that the suitability of
a particular RCT design in diet–gut microbiome research must
ultimately consider the impact of interindividual variability
along with the research question, study population, available
resources, treatment duration, knowledge about the persistence
of treatment effects, and outcome variables.
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An additional factor that both influences and is influenced by
the study design is sample size. Utilizing the “largest sample size
possible”was suggested as the best practice in 1 publication [52]
but, in our opinion, doing so may not be a time or
resource-efficient approach to answer the research question.
Several reviews agreed that physiological and biological end-
points and their biological/clinical significance should be
considered when conducting effect size and sample size calcu-
lations. However, an identified challenge for sample size calcu-
lations in diet–gut microbiome studies is that the best way to
measure microbiome responses to dietary interventions (e.g.
taxa, metabolites or health markers) is not always clear and the
gut microbiome features (if any) on which sample size calcula-
tions should be based are generally unknown.

Several publications noted that changes in gut microbial
community composition and functionality can be used as in-
dicators of response in some cases [46,53]. However, these cases
may be limited given that the “healthy” gut microbiome remains
undefined and widespread agreement on the compositional
and/or functional changes having beneficial or detrimental ef-
fects on host health is lacking [59,60]. In support, several pub-
lications noted that high microbiome α-diversity (i.e.
within-sample diversity) and gene richness are generally
considered desirable in adults but do not equate to greater
abundances of microbes performing beneficial functions and are
not an absolute requirement for stability and resilience of the
microbial ecosystem [50,52,53]. Indeed, some dietary in-
terventions that produce beneficial health effects can reduce gut
microbiome α-diversity [61]. For example, richness, a diversity
metric that captures the total number of different taxa in a
community, should not be expected to increase in response to a
dietary intervention in which no exogenous microbes are added
to the diet. Rather, certain health-promoting dietary components
such as polyphenols may exert antibacterial effects that reduce
community richness [62]. Health-promoting dietary in-
terventions may also reduce α-diversity metrics of community
evenness, reflecting both the number of taxa and their distribu-
tion in a community. One example is a dietary intervention that
includes substrates utilized by many taxa, such as certain dietary
fibers, which can reduce community evenness by skewing the
distribution of the community toward highly abundant taxa that
may out compete less abundant taxa for the new substrates [61].
In our opinion, further work on identifying gut microbiome
biomarkers and related thresholds associated with health and
disease risk is needed to better inform study designs in diet–gut
microbiome research [59].

Defining gut microbiome biomarkers of health and disease
would also help determine the optimal intervention durations for
studies testing effects of microbiome-targeted nutrition in-
terventions on host health. Papers included in this review noted
that intervention durations required to demonstrate
microbiome-mediated changes in host phenotype and to elicit
long-term or permanent changes in the gut microbiome are
generally unknown. Although 3–5 d may be sufficient duration
for extreme dietary interventions to elicit changes in the gut
microbiome [55], that duration is likely insufficient to mean-
ingfully impact physiological outcomes, achieve gut microbiome
stabilization or cause long-lasting impacts on the community.
Identifying intervention durations required to sustain
diet-mediated changes in the gut microbiome would help inform
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the designs of future diet–gut microbiome studies [63]. To do so,
existing and future RCTs should consider incorporating
follow-up assessments that allow for tracking the persistence of
diet-mediated changes in the gut microbiome. However, in doing
so, researchers should also consider that permanent change may
not be possible without sustained intake of the dietary compo-
nent that caused the microbiome to change. For example,
frequent consumption of a selectively utilized dietary fiber may
be necessary to support the survival of the bacterial species
within a community capable of using that substrate.

Additional aspects of study design considered in this review
were participant selection and important participant metadata in
diet–gut microbiome research. Across the papers reviewed, there
was general agreement on several factors that should be
considered when establishing participant inclusion and exclu-
sion criteria. Among those factors was the use of medications and
-biotics likely to influence the gut microbiome, including anti-
biotics, prebiotics, and probiotics. Four weeks was identified as
an appropriate washout period from different -biotics and
establishing similar optimal washout durations for other relevant
compounds such as medications would help in the standardiza-
tion of diet–gut microbiome study designs. Multiple papers
included in this review also suggested considering habitual diet
and baseline gut microbiome [48,51,53] in study inclusion/ex-
clusion criteria but specific guidance on how to best address
these factors was lacking. Aside from biotic and medication use,
habitual diet, and baseline gut microbiome, many other potential
factors that could introduce variability into effects of a diet
intervention on the gut microbiome were discussed. In our
opinion, accounting for all possible factors in any study design or
data analysis plan is generally not feasible (i.e. too many cova-
riates result in overfit models). Therefore, we suggest that at
minimum, diet–gut microbiome studies should report the critical
metadata identified in this umbrella review and consider
measuring, controlling, and/or reporting on other factors iden-
tified as potentially relevant covariates (Supplemental Table 2).
Diet intervention and assessment
A notable finding of this review was that many gaps related to

the development and measurement of nutritional interventions
in diet–gut microbiome research exist. A common theme among
the included publications was that multiple different factors
within the diet (e.g. nutritive and non-nutritive compounds, food
matrix and structure, preparation method, etc.) impact how a
food, diet, or dietary component interacts with the gut micro-
biome. Reviewed publications agreed that developing nutrition-
based interventions and appropriate controls should therefore
consider those factors and attempt to reduce any potential
impact on study results by matching interventions or diets and
how they are consumed to the extent possible. That said,
measuring and reporting on all potential factors that may impact
how an intervention interacts with the gut microbiome is likely
unachievable and not practical for most studies involving whole
diets. Furthermore, the level of detail needed to ensure repro-
ducibility for some outcomes is unclear. We suggest that devel-
oping a minimal reporting standard for various categories of
nutrition-based interventions and background diets in die-
t–microbiome research would strengthen study designs and
facilitate reproducibility. In the interim, we concur with Klurfeld
et al. [49] who suggest that intervention descriptions should be
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as detailed as possible with respect to any provided items and the
background diet.

Minimizing the effect of interindividual variability in habitual
dietary intake was also identified as important to consider in
diet–gut microbiome studies. However, there is currently no
agreement within the field as to the best practices to achieve this.
Two options discussed in the included reviews were diet stan-
dardization and diet stabilization. Standardizing intake by
providing whole diets to study participants may help reduce the
variability of the dietary effects on themicrobiome that are being
contributed by the basal diet. However, complete feeding studies
are expensive, not feasible over very long time periods and can
have limited external validity. The included publications varied
in their descriptions of diet stabilization. Descriptions ranged
from an approach to minimally disrupt participants’ habitual
intake by instructing study participants to “maintain their stan-
dard diet” to a more laborious approach, such as designing a
personalized menu so that each individual consumes the same
foods/beverages over a prescribed amount of time before each
sample collection period. We feel that it is important for the field
to discuss and develop the best practice approaches to handling
variability in dietary intake so that research methods can be
harmonized. If diet stabilization is to be widely adopted in diet-
gut microbiome research, we suggest that a standard definition
of stabilization that is feasible to implement and verify is
necessary.

Whether a diet is stabilized or standardized, an accurate
measurement of the potential microbiome-modulating com-
pounds in the diet is necessary. Unfortunately, accurate assess-
ment of dietary intake is difficult [64]. The issue is not unique to
diet–gut microbiome research and many efforts are underway to
improve diet intake assessment [65–69]. Included publications
agreed that assessment methods should allow for analysis of
dietary patterns in addition to single nutrients if relevant to study
aims. Included publications also noted that optimal methods for
diet assessment in diet–gut microbiome studies may need to
consider capturing details such as food temperature, which can
be relevant to resistant starch content for example, and behaviors
such as chewing, which can impact digestibility, and include
recipe and cooking information. Included publications stated
that timing and location of intake should also be recorded.

Once dietary intake is measured, databases are required to
determine nutritional content. However, a major gap within
diet–gut microbiome research is that no single database captures
all information on dietary factors that may impact die-
t–microbiome interactions. This issue complicates comparisons
across studies and can impact reproducibility. As stated by
Johnson et al. [48], a shared food ontology that can harmonize
dietary data collected in different global regions and by different
tools may be one approach to addressing this gap. Adopting the
emerging ecologic-based statistical approaches discussed by
Choi et al. [46] may also help. Furthermore, more expansive
nutrient databases that include specific nutritional components
likely to affect the gut microbiome, such as different types of
fibers (e.g. arabinoxylans, glucans) and phytochemicals, as well
as live microbes, are necessary to help move the field forward.
Though important and impactful efforts are underway in all
these areas [70–75], much additional work remains before
complete and accessible databases with shared ontologies can be
widely used.



T. Diacova et al. Advances in Nutrition 16 (2025) 100419
Finally, the included publications agreed that measuring
adherence to an intervention and any provided diet is a best
practice. One identified method for measuring adherence while
overcoming inaccuracies in diet measurement is measuring di-
etary intake biomarkers. Although there are few established
biomarkers that can serve as objective biomarkers of dietary
intake at present, work utilizing -omics technologies is showing
promise for determining biomarkers of food intake and dietary
patterns [76–84]. In our opinion, additional research to refine
and expand dietary biomarkers, particularly those derived from
diet–gut microbiome interactions, through novel methodologies
is necessary to advance understanding of diet–microbiome
relationships.
Biological sample analysis
Included publications generally lacked agreement on con-

crete best practice recommendations for biological sample
collection and analysis in diet–gut microbiome studies,
providing nonspecific and in some cases inconsistent recom-
mendations. Most diet–gut microbiome studies rely primarily on
fecal sample collection for practical purposes. This can aid
comparability across studies but, as noted by several of the
included publications, may not fully capture diet–microbiome
interactions most relevant to host health given that measure-
ments in fecal samples differ from those taken in various sites
along the gastrointestinal tract [85]. The continued development
of noninvasive techniques for measuring diet–microbiome in-
teractions throughout the gastrointestinal tract (e.g. [85–88])
will help to advance understanding of those interactions in
human health. Such devices may also help overcome some of the
more practical limitations of fecal sample collection, which can
include volunteer burden and hesitancy, and the inability to
standardize collection timing.

Although included publications described sample type and
quantity as dependent on the research question and outcomes of
interest, there was general agreement that more frequent sample
collections are better [48,50–53]. Frequency, however, must be
balanced with feasibility, which will depend, in part, on sample
type (e.g. collection frequency will be limited in studies using
biopsies). Ultimately, included publications did not agree on the
optimal number of samples per time point and number of time
points to include in diet–gut microbiome studies. In addition,
although included publications agreed that transit time and time
of sample collection are important metadata to collect, it was
also noted that the impact of these factors on the gut microbiome
and diet–gut microbiome interactions is not yet fully
characterized.

Included publications also agreed that using consistent and
standardized procedures for biological sample transport and
storage within a study is a best practice. Unfortunately, stan-
dardizing procedures within a study does not necessarily facili-
tate between-study comparisons when different procedures are
used in different studies. It is well recognized that results of
studies relying on fecal samples can be influenced by how sam-
ples are collected, transported, and stored [21]. Likewise, dif-
ferences in sample processing (e.g. DNA extraction method),
sequencing protocols, and bioinformatics pipelines can intro-
duce variability that may impact study results, their interpreta-
tion and comparison of results across studies [89–97]. These
issues, combined with different collection and storage protocols,
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undoubtedly contribute to inconsistencies within the evidence
base.

In general, there is a strong need for agreement regarding the
best practices for sample collection, processing, and analysis and
readers are referred to several reviews on the topic [26–30,38,
98]. A critical and emerging area to address is how to best
incorporate measures of absolute abundance into sequencing
protocols that generate compositional data. A related question is
whether full fecal samples or all samples produced over a given
timeframe should be collected and the dry mass determined to
better estimate total microbial abundances. In our opinion,
establishing accessible best practices for measuring absolute
abundances within the full community will facilitate measure-
ment and reporting of changes in microbial cell counts which are
likely to differ from changes in relative abundance [99]. Ulti-
mately, the sample collection, processing, and analysis proced-
ures used in any diet–gut microbiome research study will to
some extent be based on research questions and providing the
resolution needed to address study hypotheses within available
resources and logistical constraints. However, we share the
opinion of others [100] that improving the standardization of
sample collection, processing, and analysis procedures will
facilitate advancement and reproducibility in the field.

Finally, included reviews noted that the level of taxonomy
required for understanding the effects of diet–gut microbiome
interactions on health outcomes is undefined. Additionally, in
our experience, the taxonomic levels and diversity metrics re-
ported can differ across studies. These issues underlie the
importance of reporting databases and versions used in bioin-
formatics pipelines and making raw data publicly available [47,
48,52]. Doing so enables high-quality meta-analyses and im-
proves reproducibility. However, developing standards for the
taxonomic levels to report and diversity metrics to use would
facilitate comparisons between studies. Given that most journals
publish online supplementary tables and figures, we advocate for
the approach suggested by Swann et al. [53] wherein results
include multiple diversity metrics and all taxa included in dif-
ferential abundance analyses so that both null and positive
findings are transparently reported.

Analyzing, integrating, and reporting diet and gut
microbiome data

Many current diet–gut microbiome studies rely on 16S rRNA
gene amplicon sequencing or, increasingly, shotgun sequencing.
Both methods generate sparse (i.e. many zeros) and composi-
tional (i.e. proportions) datasets that violate the assumptions of
parametric statistical models. Thus, utilization of more advanced
analytic approaches, including statistical models and tools that
incorporate state-of-the-art approaches (e.g. [32,70,71,
101–105]), may be best suited for analyzing diet–microbiome
datasets and determining if and how the microbiome underpins
physiological responses.

As with sample collection and analysis, the choice of statis-
tical approach, from how the data are normalized and trans-
formed to the statistical model used, can impact study results
[101,103,106–110]. Despite promising and ongoing de-
velopments in statistical modeling for diet–gut microbiome
research, significant gaps in knowledge exist. For example, the
common use of rarefaction as a normalization method, which
was endorsed by several of the included reviews, is a debated
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topic [111] and whereas half of the reviewed publications [47,
50,52,53] indicated that compositional microbiome data should
be transformed in some way, there was not agreement on the
ideal transformation method(s). Furthermore, several included
reviews mentioned the importance of using gut microbiome
specific and multivariate models for statistical analysis of
compositional data but there was not agreement on the best
statistical models for a given study design or most appropriate
ways to deal with zero inflation and compositionality. Stan-
dardizing analytical approaches for different types of micro-
biome data and study designs would facilitate between-study
comparisons but is complicated by the frequent introduction of
new, often improved modeling options. In our opinion, this will
likely continue to complicate standardization in the field and
underscores the imperative that researchers conducting diet–gut
microbiome studies ensure their research teams remain current
on data analysis methods. We suggest that, presently, one po-
tential option for increasing confidence in study results is to
compare results generated from multiple microbiome-specific
statistical models and applying appropriate P value adjust-
ments to reduce false-positive rates and control false discovery
rates. Additionally, included reviews agreed that making data
publicly available is a best practice [50,52-53]. Doing so facili-
tates reanalysis of existing data as improved methods continue to
become available and can, in some cases, facilitate meta-analyses
by allowing data from separate studies that were generated using
the same microbiota measurement method (i.e. 16S rRNA
amplicon sequencing, metagenomic sequencing) to be analyzed
using the same bioinformatics and statistical analysis workflows.
Of note, any meta-analyses of microbiome data should also
consider biases introduced by different protocols, such as those
resulting from different primer sets in 16S rRNA amplicon
sequencing [112].

Like microbiome data, diet data can be considered composi-
tional and treating it as such has potential to improve integration
of these 2 data types. An emerging technique in the field is
applying ecological approaches to dietary analysis to facilitate
integration with compositional microbiome data [70,71,113].
Further development of these methods and others, including
development of statistical techniques for mediation analysis that
incorporate multiple highly multivariate model inputs, will
likely facilitate new insights into diet–gut microbiome in-
teractions and their impact on host health.
Strengths and limitations
This umbrella review has several strengths and limitations

that should be considered. Strengths include the use of standard
methods to develop the review protocol [114] and preregistra-
tion. Furthermore, the narrow focus on publications related to
design of studies assessing both diet and the gut microbiome
allowed the review to capture recent discussions on the best
practices unique to diet–gut microbiome research. However, a
limitation to that narrow focus is we did not extract information
from publications focused solely on the design of microbiome or
nutrition studies, respectively. Thus, the extracted information
may not fully capture all relevant best practices and consider-
ations for conducting microbiome or nutrition studies per se. An
additional limitation is that only one database was searched and
relevant publications could have been missed. The search results,
however, were supplemented with the manual screening of
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reference lists from included publications and other related re-
views as well as coauthor input. This review only included
publications that focused on adult and free-living populations
and therefore may not capture unique aspects of study design
and research methodology for other populations, such as infants
or those with chronic diseases. Finally, this review only included
papers published in the past 10 y (i.e. 2013–2023). That criterion
may have excluded relevant literature but likely also minimized
the inclusion of obsolete recommendations and considerations as
nutritional microbiology is a rapidly evolving field.

In conclusion, a recurring theme of the included publications
was that the best practices will depend on the research question,
specific aims, outcomes, and feasibility of the study. Although
true, we suggest that addressing several identified gaps will help
facilitate establishing broadly applicable best practices for RCTs
focused on diet–gut microbiome interactions in human health that
are ultimately needed to improve reproducibility and advance the
field. Several of those gaps are not unique to diet–microbiome
research. These include issues that challenge nutrition science in
general such as difficulty in accurately assessing dietary intake, an
absence of validated intake biomarkers for many nutrients and
diet components, and incomplete food and nutrient databases.
Other gaps relevant across the field of gut microbiology are largely
related to standardizing the best practices for sample collection,
processing, transport and storage, sequencing protocols, bioin-
formatics workflows, and optimal statistical approaches for
dealing with sparse and compositional data. Also, not unique to
diet–gut microbiome research is the importance of developing
devices for in situ measurement within the gastrointestinal tract,
accounting for interindividual variability across human gut
microbiomes and a need to define a healthy microbiome, if
possible. The latter would assist in identifying meaningful bio-
markers, effects, and effect sizes. Gaps more unique to the study of
diet–gut microbiome interactions in human health include
improving and harmonizing existing food and nutrient databases
to account for currently underrepresented microbiome-
modulating dietary components; determining the dietary com-
ponents that are absolutely critical to match between nutrition
interventions and controls; improving understanding of inter-
vention durations required to elicit durable changes in the gut
microbiome; and further developing and refining statistical
models for integrating diet and gut microbiome data.

Addressing these gaps will require continued efforts from
multidisciplinary research groups and many gaps will take years
to resolve. However, resolution can be facilitated by cross-
disciplinary exchange on specific priority areas where enough
progress might be made to reach agreement within the nutri-
tional microbiology community in the near term.We suggest that
potential priority areas could include:

1) Developing reporting standards for diets and dietary in-
terventions in diet–gut microbiome studies. These would
build on previous recommendations [49] and be published
with a checklist. The reporting standards could also be
expanded to include metrics for microbiome-related out-
comes (e.g. diversity metrics, summary statistics, etc.) and
be designed to complement existing reporting recom-
mendations for microbiome studies [100].

2) Identifying key gut–microbiome modulating dietary com-
ponents to incorporate into commonly used nutrition
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databases including fiber types, polyphenolic compounds,
non-nutritive compounds (e.g. artificial sweeteners,
emulsifiers, etc.), and foodborne microbes. The dietary
components identified would also inform guidelines for
designing study interventions and diets.

3) Identifying gut microbiome features or gut microbiome-
derived compounds and associated thresholds that can or
are candidates to serve as health biomarkers. Relatedly,
continuing discussion of gut microbiome features that may
be characteristic of a “healthy” gut microbiome.

4) Developing guidelines for biological sample collection,
processing, and analysis for key endpoints in diet–gut
microbiome studies to include standardized methods for
assessing microbiome composition and function and bio-
markers of diet–gut microbiome interactions (e.g. short-
chain fatty acids). Guidelines should consider how to
minimize the impact of factors that may influence study
results such as transit time, time of sample collection,
amount of sample collected (e.g. small portion, whole
sample or multiple consecutive whole samples for fecal
samples), and variations in bioinformatics workflows.

Though future research and expert discussions are needed to
address these gaps and establish and evolve the best practices in
the field, significant efforts are already underway. As those ef-
forts continue, the best practices and considerations identified in
this review, the publications from which information was
extracted and other relevant publications cited throughout can
provide a guide for designing and conducting diet–gut micro-
biome studies. Research teams leading those efforts should strive
to be multidisciplinary to ensure existing and new best practices
can be adopted and implemented. Study designs should be based
on research questions and aims and be adequately powered with
physiologically meaningful endpoints. Gut microbiome-
modulating dietary factors should be carefully considered in
developing interventions and controls, whereas sample collec-
tion and analysis protocols should be consistent with study aims
and use standards when available. Data should be analyzed with
appropriate statistical models. Studies should also be reported
transparently following guidelines for reporting clinical trials
[115] and microbiome studies [100]. Finally, to the extent
possible, study data, especially sequencing and dietary intake
data, should be made publicly available to facilitate reanalysis
and high-quality meta-analysis as more evidence for various in-
terventions and endpoints becomes available and as databases
and methods continue to improve.
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