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ABSTRACT

Human intestinal enzymes do not hydrolyze nondigestible carbohydrates (NDCs), and thus, they are not digested and absorbed in the small
intestine. Instead, NDCs are partially to completely fermented by the intestinal microbiota. Select NDCs are associated with health benefits
such as laxation and lowering of blood cholesterol and glucose. NDCs provide functional attributes to processed foods, including sugar or fat
replacers, thickening agents, and bulking agents. Additionally, NDCs are incorporated into processed foods to increase their fiber content. Although
consumption of NDCs can benefit health and contribute functional characteristics to foods, they can cause gastrointestinal symptoms, such as
flatulence and bloating. As gastrointestinal symptoms negatively affect consumer well-being and their acceptance of foods containing NDC
ingredients, it is crucial to consider tolerance when designing food products and testing their physiological health benefits in clinical trials. This
perspective provides recommendations for the approach to assess gastrointestinal tolerance to NDCs, with a focus on study design, population
criteria, intervention, comparator, and outcome. Special issues related to studies in children and implications for stakeholders are also discussed. It is
recommended that the evaluation of gastrointestinal tolerance to NDCs be conducted in randomized, blinded, controlled crossover studies using
standard gastrointestinal questionnaires, with attention to study participant background diets, health status, lifestyle, and medications. Adv Nutr
2022;13:2084–2097.

Statement of significance: This perspective provides recommendations for research approaches to assess gastrointestinal tolerance to
nondigestible carbohydrates by providing a roadmap for the study design, population criteria, intervention, comparator, and outcomes.
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Introduction
Human intestinal enzymes do not hydrolyze nondigestible
carbohydrates (NDCs), and thus, they are not absorbed in
the small intestine (1). These carbohydrates may be partially
to completely fermented by the intestinal microbiota (2).
Many NDCs are dietary fibers, defined by the FDA as
“nondigestible soluble and insoluble carbohydrate, and
lignin that are intrinsic and intact in plants, and isolated
or synthetic nondigestible carbohydrates determined by
the FDA to have physiological effects that are beneficial to
human health” (3). There are many health benefits associated
with NDC consumption, particularly those considered to
be dietary fibers, including lowering blood glucose and
cholesterol concentrations, increasing intestinal calcium

absorption, reducing energy intake, and improving laxation
(4). In addition to health benefits, NDCs provide functional
attributes to processed foods, such as sugar or fat replacers,
thickening agents, and bulking agents (5). NDC use in
processed foods is commonplace because of their health
benefits and functional properties.

Many health benefits of consuming NDCs relate to their
nondigestible properties and role as fermentable substrates
for the intestinal microbiota. Microbial fermentation of
NDCs produces short-chain fatty acids (SCFAs), which
in addition to their energy provision, increase sodium
and water absorption within the intestine (6), Figure 1A.
However, NDC fermentation also produces gases that can
induce gastrointestinal effects, such as bloating, flatulence,
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and abdominal discomfort (7, 8). Additionally, the osmotic
effects related to the presence of low molecular weight
NDCs within the intestine (Figure 1B) can affect stool form
and consistency, and, rarely, excessive intake may result in
diarrhea. Although responses to NDC intake may be mild
and transitory and not considered safety concerns or serious
adverse events in clinical trials, documentation and reporting
of gastrointestinal tolerance outcomes are needed for
interpreting the science and informing recommendations.
Indeed, following the completion of clinical trials that
establish the safety of novel ingredients, including NDCs,
attention to gastrointestinal effects is an area of key concern.
As gastrointestinal symptoms can negatively affect consumer
acceptance of foods containing NDC ingredients, it is vital to
consider tolerance when designing food products and testing
physiological health benefits related to their consumption.
In this perspective, we provide a roadmap for the approach
needed to assess gastrointestinal tolerance to NDCs as a
primary outcome in interventional trials, discuss special
considerations for studies in infants and children, and reflect
on implications for stakeholders from a US perspective. A
summary of key conclusions is shown in Box 1.

Box 1.
Main recommendations for assessing
tolerance to nondigestible carbohydrates

� Randomized, blinded, controlled crossover trials
are recommended.

� For acute tolerance studies with 1-time challenges,
monitor symptoms for a minimum of 0–48 h
followed by a ≥3-d washout before the next test.

� For acclimation studies, assess tolerance outcomes
over ≥14 d, followed by a washout period of
similar length.

� Capture baseline symptoms before an acute chal-
lenge or during a lead-in before an acclimation
study.

� Fully report the NDC characterization and how
the NDC is consumed (e.g., purity of NDC, food
form and dose,).

� Negative comparators should match the food
product but contain no NDC ingredient.

� If used, the dose of positive controls should be
similar to the treatment dose.

� Life stage, health, dietary, lifestyle, and medication
factors should be considered when establishing
inclusion/exclusion criteria.

� Assess subjective participant-reported symptoms
via standard gastrointestinal questionnaires as the
primary tolerance measures.

� Objective outcome parameters can complement
gastrointestinal questionnaires but should not
replace them.

Methods
A scientific symposium was organized on Considerations
for Designing a Protocol to Evaluate Tolerance of NDCs at
the December 2020 12th Annual Vahouny Fiber Conference.
Before the meeting, speakers developed presentations on
core issues related to designing studies to assess tolerance,
including considerations for the population, intervention,
comparator, and outcomes. During the scientific symposium,
the presentations were followed by a panel discussion on
issues presented by stakeholders. After the meeting, HDH,
BPC, WJD, DJL, and KV wrote sections of this perspective,
which HDH compiled into a draft report. All authors
critically reviewed, edited, and agreed upon this document.

Study design
Significant interindividual variation in gastrointestinal
symptoms is reported in healthy cohorts (9); thus, a
randomized, double-blind, controlled, crossover design
is recommended when tolerance to an NDC is the primary
outcome. When possible, a placebo control is recommended.
However, if the NDC is tested as a food ingredient compared
with a supplement, a control food (as opposed to a placebo)
may be necessary as it may not be feasible to achieve
double blinding given perceptible differences between the
intervention and the control items.

The intervention and washout period durations will
depend on whether the research question relates to acute
outcomes following a 1-time challenge or adaptation to daily
consumption. Symptoms from an acute or first consumption
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FIGURE 1 Microbial fermentation of NDCs results in short-chain fatty acids (SCFA) and gas production, which contributes to sodium and
water absorption (A). The osmotic effects related to the presence of low molecular weight NDCs within the intestine draw water into the
lumen (B). Created with BioRender.com. NDC, nondigestible carbohydrate.

event generally occur within the first 12–24 h and begin to
subside within 48 h (10). Whole-gut transit time for healthy
adults generally ranges from 1 to 3 d (11). Thus, for acute
tolerance studies with 1-time challenges, symptoms should
be monitored from 0 to 48 h minimum, extending to 72 h
if the return to baseline is also of interest. Study participants
should undergo at least a 3-d washout before the next test.
However, a 6-d washout may be indicated to accommodate
individuals with slower transit times (11–13). For chronic
studies, colonic gas production following NDC consumption
returns to baseline 14 d after initiating consumption (14).
Thus, tolerance outcomes should be assessed over at least 14
d for acclimation studies, followed by a washout period of a
similar length. The first day or more of tolerance data during
an intervention period may reflect the baseline or lead-in diet
and associated microbiota activity. Thus, data from week 2
and beyond may better reflect the responses to chronic NDC
consumption. However, such short-term studies still may
not reflect long-term acclimation. Evidence is mounting that
shifts in the microbiota composition and, possibly, associated
tolerance to NDCs, may require longer-term intake (15).

Other special considerations include lead-in periods. The
NDC being evaluated should be eliminated from the diet
for ≥6 d before the study intervention period. To limit
confounding, foods and beverages containing the NDC
under investigation should be restricted. However, given the

ubiquitous nature of NDCs in foods, it is increasingly chal-
lenging to control the background diet during interventional
studies.

We also encourage assessment of gastrointestinal toler-
ance to NDCs as secondary outcomes in clinical trials. For
studies that aim to demonstrate a physiological benefit of
an NDC so that it may be considered a dietary fiber by the
FDA, the FDA provides guidance for considerations relevant
to study design, comparators, analysis, and interpretation
(16). Specific to assessing acute tolerance outcomes, we
recommend that symptoms be monitored from 0 to 48 h
minimum. For acclimation outcomes, tolerance symptoms
assessment should be assessed over at least 14 d. Collecting
the same tolerance outcome measures at baseline, i.e., before
the intervention, is optimal to determine whether a change
in gastrointestinal symptoms has occurred and delineate
between responders and nonresponders. This is particularly
critical in parallel-design studies, as symptom frequency and
intensity may differ between groups at baseline.

Intervention and control
Characterization of nondigestible carbohydrates.
NDCs comprise a wide range of naturally occurring and
synthetic or modified food ingredients. Their chemical struc-
tures predict functionality (e.g., viscosity and fermentability),
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affecting the physiological responses related to tolerance
(17). The foremost consideration when planning tolerance
assessment studies is fully characterizing the NDC of interest.
For transparent reporting, to provide sufficient information
for study replication and to compare results across tolerance
studies, details regarding the composition of the NDC,
including chemical structure (molecular weight, composite
sugars, and linkages), particle size, and its functionality,
such as viscosity and fermentability, should be appropriately
analyzed and reported. Additionally, it is imperative that
the quantity of the NDC administered and the fraction of
the full ingredient amount demonstrated to be nondigestible
be reported. Selecting NDC suppliers who will provide this
critical information as often as possible and considering
independent analysis to supplement this information further
will provide additional vigor to the study.

Amount of NDC for testing.
The current “fiber gap,” the difference between actual fiber
consumption and the recommended fiber consumption, av-
erages ∼15 g/d for Americans (18). This gap could be closed
by adding NDC ingredients (specifically those considered
dietary fibers) to various processed foods (19). However, for
tolerance testing, the appropriate level per serving first needs
to be considered. For food product labeling purposes in the
United States, the daily value (DV) for fiber set by the US
FDA is 28 g/d; 10% of the DV (minimum 2.8 g/serving)
may be labeled as a “good source” of fiber, and 20% of DV
(minimum 5.6 g/serving) as an “excellent source” (20). Thus,
tolerance studies on the new NDC ingredients considered
dietary fibers and used in food products on the market
should consider foods formulated at these levels, as well as
a higher daily amount, perhaps 10–15 g/d, to account for
multiple servings/d. A 2-g serving amount is unlikely to elicit
measurable tolerance issues in healthy adults, so a minimum
level of 3 g, to reflect a good source, is recommended. Testing
levels of 3 g and 6 g per serving would be appropriate to reflect
putative label claims. Regarding testing levels for markets
outside the United States, consider the regulatory agency
determinations in those markets.

In addition to testing levels of an NDC on a per-serving
basis, a harmonized daily intake level for tolerance testing is
recommended. This level would be appropriate to evaluate
tolerance as a secondary outcome of an efficacy study.
Viscous fibers have been frequently studied for their efficacy
in improving cardiometabolic outcomes such as serum
cholesterol concentrations and glycemic control. Meta-
analyses on psyllium and other viscous NDCs have provided
information on an appropriate daily intake level for testing.
For instance, consuming 7–15 g/d psyllium demonstrates
efficacy for cholesterol lowering as adjunctive therapy with
statins (21). A median dose of 13 g/d of viscous fiber reduces
HbA1c, fasting blood glucose concentrations, and insulin
resistance (22). These studies demonstrate that a daily intake
of 15 g/d of viscous NDCs may be appropriate for testing
the efficacy of cardiometabolic outcomes and tolerance. For
nonviscous NDCs, the health outcome tested in efficacy

studies is often laxation—a meaningful change in transit time
or stool frequency in a healthy population. Less fermentable
NDCs predictably increase fecal weight and decrease transit
time when transit is >2 d (23). In constipation studies, 5–
15 g/d of NDCs have induced symptom relief (24). In healthy
adults, modeling suggests 10 to 18 g/d of highly fermentable
short-chain (DP <10) β-fructans increase stool frequency
(25). Thus, a daily intake of ∼15 g/d of NDCs also may be
appropriate for tolerance testing when the primary outcome
is laxation in healthy adults.

For the regulatory labeling reasons described above, the
total daily dose of 15 g of NDCs should be divided into 3 to
5 servings/d “good source” or “excellent source.” However,
such a dose distribution may attenuate the gastrointestinal
symptom response to NDCs. Specifically, consuming 3 to
5 g of added NDCs per serving may elicit milder gastroin-
testinal symptoms than a single dose of 15 g. However, the
distribution of NDC-containing foods throughout the day is
likely more reflective of how these foods would be consumed.
Timing of intake also may impact tolerance outcomes. For
example, consuming the NDC in the evening hours may
result in less symptom reporting than intake earlier in the
day, given that symptoms often manifest within the first 12
h. Ultimately, if the total dose is divided throughout the day,
this information should be appropriately reported.

Tolerance differs with the type and amount of NDC
consumed and is affected by the highly individualized
response, as discussed in the Study Population section below.
This is partly due to the speed and extent of fermentation by
the intestinal microbiota, especially when assessing bloating
and flatulence. For example, inulin, a highly fermentable
fiber, is considered acceptable or well tolerated in the
generally healthy population at daily intakes of up to 15 g
(26). In contrast, the acceptable daily intake of polydextrose,
a slowly fermented substrate (27), may exceed 40 g (26).
Reported gastrointestinal symptoms and symptom intensity
typically increase with consumption amounts for a highly
fermentable NDC (28). In contrast, NDCs entirely resistant
to fermentation may not exhibit a different effect with
higher intakes (29). Harmonizing testing levels per serving
and daily intakes will allow comparisons among NDC
ingredients based on consumer tolerance. Dose–response
studies will inform how NDC intake levels correspond to the
gastrointestinal symptoms reported.

Food form.
Another consideration for tolerance testing is the food form
of choice, such as beverage or solid food. The study product
should be considered within the context of the complete diet,
and the formulation of study products needs to be selected
with consideration of the NDCs already present in the chosen
vehicle (e.g., fiber content inherent within a whole-grain
bar before adding NDCs). Food form may influence gastric
emptying (30), affecting the speed at which fiber arrives in
the colon, is fermented and potentially produces symptoms.
Solid food remains in the stomach longer than liquids, and
high-calorie liquids longer than low-calorie liquids or water.
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Thus, tolerance response to a beverage may differ from
that to solid food. Further, food processing, such as heating
and cooling cycles, may influence tolerance outcomes as the
structure, molecular weight, and bioavailability of total NDC
content may be impacted by processing (31). Ultimately,
the intervention and the control items should be as similar
as possible, and detailed information about the study food,
including key nutrient components (i.e., energy, fat, protein,
carbohydrate, and NDC), processing, and storage, should be
reported. See Weaver et al. for detailed guidelines regarding
study foods when conducting human nutrition randomized
controlled trials (32).

Comparator.
When considering efficacy studies for demonstrating that an
NDC is a fiber, the FDA states that an “appropriate” control
for the primary outcome is needed (16). Although tolerance
is not considered a beneficial physiological outcome per the
FDA, improved laxation is. Ultimately, the standard choice
for a comparator is a negative control—a food or beverage
that closely matches the test product but contains no NDC
ingredients. However, a positive control is also recommended
because the tolerance response is individualized, and the
outcome assessed is subjective. A positive control should be
an NDC with a documented efficacy endpoint of interest
when tolerance is a secondary outcome. Alternatively, an
NDC with documented tolerance data is an appropriate
positive control (26). Ultimately, the positive control should
be a well-described NDC added at a similar level to the
ingredient of interest. As research advances, the appropriate
choice of a positive control may well be based on the
speed and extent of fermentation, characteristics that may
contribute to gastrointestinal symptom response, and, thus,
tolerance. Characterizing the fermentability by in vitro
testing may guide the choice of the comparator (33).

Dietary control.
Recommendations for acute (single meal) tolerance stud-
ies include standard practices such as those outlined for
glycemic response studies, i.e., a 10-h overnight fast, set
time to consume study food, and served with a standardized
amount of water (34), as well as a consistent symptom
assessment period (i.e., 0 to 48-h minimum). For longer
studies, the time of day of consumption and whether or not
the study food is consumed with meals may affect tolerance
experiences and symptom reporting and should also be
standardized. Compliance to study food intake is a challenge
with longer trials and is difficult to document well, given
there is no objective biological marker for NDC intake.

Monitoring the background diet is essential. We propose
2 acceptable approaches—dietary control (i.e., complete
feeding) or having participants consume their usual diet.
Tight dietary control using a full-feeding protocol may
ensure high sensitivity for tolerance assessment but likely also
affect the intestinal microbiota and through fermentation,
gas production and gastrointestinal symptoms (35). A lead-
in period of 3 to 6 d on the controlled study diet is

recommended to account for the amount of time needed for
food residues to pass through the whole gut (12, 13); however,
longer lead-in periods of 2 to 6 wk may be necessary to ensure
adequate washouts of restricted foods or supplements [i.e.,
probiotics, prebiotics, and synbiotics (36, 37)]. Alternatively,
tolerance to an NDC may be assessed with study participants
consuming their usual diets, similar to how the food product
would be included in a consumer’s dietary pattern. For
acute studies, replication of the participants’ diets for the
24–72 h before test product consumption is encouraged
(38). Regardless of the approach utilized to control the
diet, detailed information on the study participants’ dietary
intake should be collected, including their background
fiber intake. Recording dietary intake is necessary to fa-
cilitate comparisons within and among NDC intervention
studies.

Study populations
The selection of the study population is an important factor
in clinical studies on gastrointestinal tolerance of NDCs
intended for the general population. Studies conducted for
safety purposes (e.g., laxation threshold determination, gen-
erally recognized as safe documentation) frequently involve
very high levels of the test NDC and include participants who
are usually younger and very healthy. These studies provide
valuable information on the safety profile of a substance for
regulatory filings; however, they represent only a subgroup
of the general population and may not fully reflect what will
occur with the food in the market. This perspective aims to
guide the criteria for inclusion of participants who would
represent individuals who consume the NDC within foods
available on the market, i.e., the general population. Table 1
provides a summary of the study population suggestions.

The general population includes many people at risk for,
or with, ≥1 chronic diseases. The CDC indicated that 1 in
4 American adults has 1 chronic disease, and 1 in 6 has >1
chronic disease (39). Similar to studies on NDCs for identi-
fying a fiber benefit and acceptance as a dietary fiber by the
FDA, studies that aim for their outcomes to be translatable
to the general population should include generally healthy
people as well as individuals at risk of chronic disease (e.g.,
elevated LDL cholesterol concentrations, abnormal glucose
tolerance test) (16).

The prevalence of gastrointestinal symptoms in the
population also should be considered. Symptoms of disorders
of gut–brain interaction, formally known as functional
gastrointestinal disorders (40, 41), which include irritable
bowel syndrome, functional dyspepsia, and functional con-
stipation, are experienced by ≤40% of the population at
some point in their life (42). The most common disorder
of gut–brain interactions is irritable bowel syndrome, with
a global prevalence of 1 in 10 people. As many as 16%
of the US population have irritable bowel syndrome (43).
Those with a medical diagnosis of a disorder of gut–
brain interactions should be excluded. Some individuals
may identify themselves as having a disorder of gut–brain
interactions but have not been diagnosed by a physician.
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TABLE 1 General population selection for studies on gastrointestinal tolerance1

Criteria Comments

Male or female Exclude pregnant and lactating people, and those with irregular bowel habits associated with
their menstrual cycle, or plan test days to occur at similar times of their menstrual cycle for
acute studies.

Age <18 vs. 18 to 65 y (inclusive) The age range should reflect the age targeted for the NDC use and could be extended up to
75 y. For children or adolescents, a separate study should be conducted. Validated
pediatric-friendly measures should be used in children.

Ethnicity, race As inclusive as possible to include those who will consume the product and allow for
generalizability to the population.

BMI ≥18.5 to <40 There is no specific requirement unless the ingredient or product is targeted for individuals
with a particular body mass index range. Inclusion criteria may include those up to 40 kg/m2

but should consider criteria for metabolically healthy obesity (i.e., no components of the
metabolic syndrome, except high waist circumference), comorbidities, and medications.

Standard diet Participant typical diet should contain low-to-average fiber consistent with the population.
Participants should maintain habitual dietary patterns, avoid foods that cause
gastrointestinal distress and high-fiber foods during the run-in and study periods. Exclude
individuals on extreme diets (e.g., vegan, gluten-free, paleo, weight-loss, etc.).

Allergies and food sensitivities Exclude individuals with allergies to any of the test product components. Reported sensitivities
to NDCs should be noted for possible sensitivity analysis or subgroup assessments.

Generally healthy Exclude individuals with a history or presence of relevant endocrine, cardiovascular,
pulmonary, biliary, renal, hepatic, pancreatic, or neurologic disorders. May include
individuals at-risk or with certain stable chronic health conditions as long as the disease and
treatment would not interfere with the test substance’s evaluation. Exclude those with
trauma or surgical event within 2 mo or having a cancer diagnosis within 2 y, except for
nonmelanoma skin cancer.

Gastrointestinal health Exclude individuals with diagnosed gastrointestinal disease or conditions, including
inflammatory bowel disease, celiac disease, and disorders of the gut–brain interaction such
as clinically diagnosed irritable bowel syndrome, as well as individuals with presence or
history of gastrointestinal cancer. Exclude individuals with recent history (within 6 wk) of
constipation, diarrhea, or other gastrointestinal illness such as nausea or vomiting. For some
studies, depending on the participant number and product population target, it may be
reasonable to exclude individuals with known irregular bowel habits. Bowel habits and
gastrointestinal symptoms should be documented during an appropriate run-in or baseline
period.

Psychiatric conditions Exclude individuals with diagnosed psychiatric disorders that impede their ability to
differentiate and communicate symptoms.

Medications Either exclude individuals on prescribed medications or include those on stable medications,
except for medications that have gastrointestinal side effects or affect carbohydrate
digestion (e.g., α-glucosidase inhibitors, antidiarrheals, and laxatives). Although most past
studies have excluded individuals on cholesterol-lowering medications, proton-pump
inhibitors, and metformin, due to the increased use of these medications in the general
population, inclusion could be considered, as long as participants have been on the
medication for >6 mo, with regular use and not exhibiting gastrointestinal side effects.

Antibiotics Exclude individuals with recent (within 6 wk) antibiotic use. Exclude from the analysis those
who took antibiotics for a medical condition during the study.

Supplements Willing to avoid fiber, prebiotic, and probiotic supplements, as well as supplements that affect
carbohydrate metabolism or gastrointestinal function (e.g., antidiarrheals, laxatives, etc.).
Stop usage ≥2 wk before study initiation and during the entirety of the study.

Physical activity Willing to maintain habitual physical activity patterns. Exclude individuals with extreme
physical activity patterns (e.g., marathon training).

Smoking Exclude heavy smokers (>19 cigarettes/d) and document number of cigarettes per day in
smokers enrolled in the study.

Alcohol and unregistered drugs Exclude those that report alcohol or unregistered drug abuse. Alcohol abuse is defined as >14
drinks per wk (1 drink = 0.6 fluid oz or 14 g of pure alcohol).

1NDC, nondigestible carbohydrate; vs., versus.

These individuals could be excluded due to the instability of
their symptoms; however, given the prevalence of gastroin-
testinal symptoms in the general population, this may limit
the available study population. Therefore, excluding those
experiencing chronic symptoms is a reasonable approach.
However, due to the commonality of symptoms, care should

be taken to document each individual’s gastrointestinal
symptom history. Statistical analysis can a priori include
the option to conduct a sensitivity assessment that excludes
these individuals. Those with gastrointestinal diseases, such
as inflammatory bowel disease and celiac disease, should
be excluded, as well as those with a presence or history
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of gastrointestinal-related cancer or surgeries (e.g., bariatric
surgery).

Demographics and general factors, such as age and BMI
(in kg/m2), can be broad to represent the general adult
population. The intended population that will consume the
product that contains the NDC is the best determinant for
selecting the age range. Tolerance assessments in children
and adolescents should be conducted in separate studies
and can be done in parallel with an adult study (see the
Special Considerations for Children section below). For
adults, males and females ≥18 y old should be included.
Currently, the cutoff for defining a person in the category
of older adults is 65 y. In 2019, approximately 17% of the
US population was >65 y old, with an overall national
median age of 38.4 y (44). Older adults have changes in
many aspects of gastrointestinal function (45). Therefore,
many studies include adults aged ≥18 and ≤65 y. However,
due to increased life expectancy and people maintaining
health longer, as well as the anticipated increase in older
adults over the next few decades (expected to reach >23%
by 2060), the age range should include adults aged ≤75
y to better reflect the general healthy adult population.
Specific to exclusionary criteria based on BMI, a general
recommendation is to include individuals with BMI between
18.5 and 39.9, thereby excluding anyone with class 3 (severe)
obesity and above. Alternatively, an approach to include
those with metabolically healthy obesity (those without any
components of the metabolic syndrome, except for high waist
circumference) (46) can be undertaken. No requirements
for race or ethnicity are indicated. The study should be
conducted in a location that will recruit a broad population
for racial, ethnic, and age diversity. Stratification can be
considered to ensure groups are balanced on individual
factors.

Safety studies on new products and NDCs are often
conducted in males only. In females, disorders of gut–brain
interaction such as irritable bowel syndrome are more preva-
lent, and there is a correlation between ovarian hormone
cycles and irritable bowel syndrome symptomatology (47,
48). Some females without diagnoses of a disorder of gut–
brain interactions also may report irregular bowel habits
during their menstrual cycle, and there are differences in
gastrointestinal motility in females compared to males (49).
Females should be included in studies intended to represent
the general population; however, females noting irregular
bowel habits and gastrointestinal symptoms during portions
of their menstrual cycles can be excluded or, depending on
study design, menstrual cycle timing can be documented and
accounted for when planning study participation and testing
dates.

Diet and lifestyle factors also are important criteria
for selecting participants to represent the general pop-
ulation. Many diet and lifestyle factors affect gastroin-
testinal function and vary among the population (26).
Participants should have dietary habits that represent the
general population (e.g., not on a strict weight loss plan
or following specific strict practices), not participate in

extreme physical activity practices (e.g., marathon training),
and have average fiber intakes. The average intake for the
US population aged ≥20 y is ∼16.9 g of fiber (18.4 for
males and 15.5 for females) (50). Background diet and
physical activity should remain consistent throughout the
study.

Participants should be counseled to avoid introducing
new foods or making significant lifestyle changes, and
changes during holidays should be avoided when possible,
particularly those that involve the introduction of changes
in diet and lifestyle routines. Participants who disclose
alcohol or drug abuse should be excluded. Smoking affects
gastrointestinal integrity and is associated with inflammatory
bowel disease (51). Individuals who are heavy smokers,
generally defined as >19 cigarettes/d, have been reported
to have a relatively poorer diet, higher alcohol intake, and
lower physical activity levels (52). We recommend excluding
individuals who use tobacco products. However, if such
individuals are included, enrollment should be limited to
those with low- or moderate-level smoking behavior (<10
tobacco products/d).

Finally, prescribed and over-the-counter drug and sup-
plement use should be queried. Some medications elicit
gastrointestinal-related adverse events. For example, chronic
use of nonsteroidal anti-inflammatory drugs is associated
with many digestive and gastrointestinal side effects, and
statins, proton pump inhibitors, fibrates, metformin, β-
blockers, and iron supplements can cause constipation or
diarrhea (53). Therefore, it is preferable for individuals
on medications for which gastrointestinal side effects are
noted to be excluded from tolerance studies. However,
given the prevalence of the use of these medications,
such individuals may be included to reflect the general
population, as long as medication use is recorded and
the participants have been on stable doses for ≥6 mo
with no recent history of gastrointestinal-related adverse
events from the drug. Individuals actively taking prescribed
antibiotics should be excluded. A washout period of at
least 6-wk following completion of an antibiotic prescription
is recommended before enrollment to avoid instances of
late-onset antibiotic-associated diarrhea (54, 55). Individuals
using fiber, prebiotic, or synbiotic supplements should be
excluded unless willing to discontinue. If these individuals
discontinue consuming these products, a washout period
of ≥6 d should be conducted (11–13). Similarly, those
consuming certain probiotic or synbiotic supplements or
foods with added probiotics that affect gastrointestinal
tolerance or stool habits should be excluded. Alternatively,
participants may cease consumption of the probiotics before
study enrollment. In those instances, care should be taken to
ensure an adequate washout period, which is strain specific
(37). For example, consuming fermented milk with the pro-
biotic strain Bifidobacterium animalis DN-173 010 reduced
orofecal transit time in elderly individuals up to 6 wk after
consumption of the product was stopped (36). Consumption
of fermented foods is allowable as most fermented foods sold
commercially are not probiotic fermented foods (56). As with
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all dietary intake, consumption of fermented foods should be
documented within the dietary records.

Ultimately, even with similar inclusion/exclusion criteria,
studies may end up with differing participant profiles due to
the study’s location and the available population. Therefore,
it is vital that researchers fully report inclusion and exclusion
criteria and the demographics of the study population.

Sample size and analysis
The number of participants in published tolerance studies
has ranged from <10 to >100, with the most common num-
ber ∼20–50 participants (26). A power calculation should be
conducted a priori to determine the number of participants
needed to detect a statistically significant difference between
the control and the intervention (i.e., the product containing
the NDC). Analyses should include adjustments for multiple
comparisons where appropriate (16). Examples of power
calculations based on total gastrointestinal symptoms are
available in the published literature (57–59). However, data
often are not available for the specific NDC under study.
Thus, data from similar NDCs should be utilized to deter-
mine the clinically relevant minimum effect. In addition, it
has been shown that for some NDCs, some people react
while others do not, and the percentage of “responders”
provides clinically relevant information on the effect of
consuming the NDC. Examples for reporting responders are
also available in the published literature (58,59). Therefore,
the number of participants should be determined based
on the power analysis to detect a statistically significant
difference in total scores and reporting of the percentage of
responders and the anticipated attrition rate. Overall, broad
inclusion criteria may require more participants to ensure full
representation for generalizability to the general population,
with a minimum of 50–60 participants per arm or total for a
crossover recommended.

Outcomes
Digestive tolerance can be described as the interaction
between the digestive and fermentative processes within
the gastrointestinal tract and the subjective responses in-
dividuals have to these normal physiological processes.
Several outcomes can be used to assess digestive tolerance
to NDCs, and the type of outcome will depend on the study
design. Small-scale or mechanistic studies might include
sample collection for analysis of specific markers (i.e.,
objective outcomes), whereas participant-reported outcomes
such as questionnaires (i.e., subjective outcomes) might be
the primary outcome in large population-based studies or
observational studies.

Participant-reported outcomes.
As digestive tolerance is related to the individual percep-
tions of the digestive and fermentative process occurring
within the gastrointestinal tract, questionnaires are the most
appropriate tool to assess gastrointestinal tolerance. Symp-
toms assessed often include gas/bloating, nausea/vomiting,
flatulence, abdominal distension, abdominal pain/cramping,

reflux, burping, and borborygmus. We recommend assessing
symptoms daily over the first 48 to 72 h for acute studies
and during the baseline and final week of chronic trials.
See Supplemental Figure 1 for an example of a standard
daily gastrointestinal tolerance log, including stool consis-
tency ratings using the Bristol Stool Chart (Supplemental
Figure 2). Stool habits are relevant to the tolerance of
NDC consumption. The Bristol Stool Chart (70–72) has
become the gold standard for assessing stool consistency in
epidemiological and clinical studies (73). Using this chart,
participants can classify their stools into 7 categories based
on their appearance, going from hard lumps (type 1) to
entirely watery stools (type 7). Furthermore, the Bristol Stool
Chart score correlates reasonably well with measurements of
whole-gut transit times, at least in adults with widely varying
transit times, and can pick up pharmacologically induced
changes in transit (71).

When symptoms are evaluated over a longer period,
e.g., the previous week, it is recommended to score the
severity and the frequency of the symptoms. Scoring can be
performed using visual analog scores, although Likert-type
scales often are preferred because processing is easier. An
example of a 4-point Likert-type scale for severity is 1 = none,
2 = mild, 3 = moderate, and 4 = severe, and for frequency
1 = less than usual, 2 = as much as usual, 3 = somewhat
more than usual, 4 = much more than usual. An example
of a standard weekly questionnaire (Supplemental Figure 3)
that has been utilized in fiber tolerance studies in healthy
adults was published by Maki et al. (57) and subsequently
utilized by others in healthy adults to study the effects of NDC
consumption (60, 61). Alternatively, the Gastrointestinal
Symptom Rating Scale (GSRS) is an example of a validated
tool that queries symptoms over the past week; however, it
should be noted that this tool was developed as a disease-
specific instrument (62, 63). Normal values for the general
population are available (64). The GSRS has been used to
assess symptoms in healthy adults consuming NDC (65–67).

In addition to gastrointestinal symptoms, carbohydrate
malabsorption may lead to extra-gastrointestinal symptoms
such as headache, tiredness, or reduced concentration.
In a study of 2042 patients with disorders of gut–brain
interaction, up to 50% reported tiredness after a challenge
with fructose or lactose (68). Whether these symptoms also
occur in healthy participants after a challenge with NDCs has
not been investigated.

Questionnaires are generally processed into a composite
score that is the sum of the scores of the individual symptoms,
and the resulting value is subjected to statistical analysis.
However, especially in large populations, statistically signifi-
cant increases in symptom scores do not necessarily equate
with clinically relevant effects. Relevant effects could be
defined as ≥1 symptom scored as moderate or severe or
by specifying a threshold in the allowable increase in the
composite score.

Finally, it is recommended that gastrointestinal question-
naires be completed in the same setting throughout a study.
Bovenschen et al. reported a 37% difference in the score when
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questionnaires were completed by the participants at home
compared with during an interview with the investigator
(69).

Objective outcomes.
Objective outcomes, i.e., parameters that can be measured
and quantified, can complement gastrointestinal question-
naires and may be helpful for better understanding of
intolerance symptoms. However, such outcomes do not
facilitate measurement of tolerance and, therefore, do not
replace the gastrointestinal questionnaires.

Abdominal discomfort after NDC intake is thought to
be caused by excessive gas production in the colon. The
hydrogen breath test can estimate the amount of gas based
on the principle that human enzymes do not produce
hydrogen. Hydrogen in humans originates from microbial
fermentation of carbohydrates and is partially exhaled in
breath or eliminated via flatus (74). The hydrogen breath test
was developed as a qualitative test to detect malabsorption
of digestible carbohydrates such as lactose and fructose.
As NDCs are indigestible and reach the large intestine,
a rise in hydrogen in breath is expected depending on
its fermentability. However, the fraction of hydrogen that
appears in breath depends on the production rate and
is not proportional to the total amount produced in the
colon (75). Therefore, breath hydrogen only approximates
but does not accurately reflect total hydrogen production
in the gastrointestinal tract. Correlations between hydrogen
in breath and symptoms have been evaluated mainly in
the context of sugar malabsorption. In a retrospective
analysis of 1051 lactose malabsorption tests, discomfort
in patients diagnosed with lactase deficiency was asso-
ciated with significantly higher hydrogen in the breath
(76).

Stool parameters can be measured directly in addition
to participant-reported outcomes, such as the Bristol Stool
Scale. Stool output can also be measured, and stool con-
sistency can be quantified as the percentage of dry weight
obtained after drying the fecal samples. Yet these measure-
ments require the collection of stools and manipulation
by laboratory staff, which is cumbersome and unpleasant.
Transit can be estimated from the position of radio-
opaque markers upon X-ray. Participants must swallow
radiologically distinguishable markers on separate days, after
which an abdominal X-ray shows the marker positions
and allows for transit time calculations (77). Alternatively,
mean gastrointestinal transit time can be calculated following
radio-opaque marker intake by tracking defecation times and
marker counts from X-rays of complete stool collections (12)
or by a single stool method (78). Transit time can also be
noninvasively assessed using marker dyes (11, 79).

Exploratory outcomes.
Some exploratory outcomes might be useful to better
understand differences in tolerance to different NDCs.

Microbiota composition. Fecal microbiota analysis may
explain the differences in gas production after consuming
different NDCs. The total amount of hydrogen in the
intestines is the net result of hydrogen production and hydro-
gen utilization. The conversion of sugars into pyruvate con-
stitutes the major source of hydrogen, next to the conversion
of lactate into acetate. Reactions in the intestines that utilize
hydrogen are reducing sulfate to sulfide, converting hydrogen
into methane, and converting hydrogen into acetate (80, 81).
Some microbial species, mainly belonging to the Bacillota
(formally Firmicutes) phylum, have been identified as high
hydrogen producers, whereas others, such as Akkermansia
muciniphila and Faecalibacterium prausnitzii, produce low
amounts of hydrogen (81). Acetogens typically belong to
the genera Ruminococcus, Clostridium, or Streptococcus,
whereas only 2 methanogenic species have been isolated
from the human colon, i.e., Methanobrevibacter smithii and
Methanosphaera stadtmanae (81, 82). In contrast, sulfur-
reducing bacteria are a diverse group of bacteria ubiquitously
present in the human intestine (81). Overall, both individual
baseline fecal microbiota composition and the capacity of the
NDC to selectively stimulate specific species may influence
gas production.

MRI for symptom evaluation. NDC fermentation results
in SCFAs that are osmotically active and attract water to the
gut lumen (6, 7). Colonic distention due to accumulation of
gas or water may induce abdominal discomfort. MRI allows
for small-bowel water quantification, as well as the amount of
luminal gas and the colonic volume. So far, the technique has
mainly been applied to better understand symptom patterns
in patients with irritable bowel syndrome (7, 8).

Special considerations for children
When assessing gastrointestinal tolerance to NDCs in chil-
dren, several special considerations not necessarily needed in
adults are necessary.

Dietary fiber nutritional requirements.
Fiber is essential in all children’s diets (83). The adequate
intake recommendation for dietary fiber for children is
based on adult data—an intake of 14 g of dietary fiber
per 1000 kcal consumed is recommended (84). Overall,
the adequate intakes vary from 19 g/d for children aged 1
to 3 y to 26 and 38 g/d for 14- to 18-year-old girls and
boys, respectively (84). The American Academy of Pediatrics
and the American Health Foundation also provide fiber
intake recommendations for children, making it difficult
for clinicians and caregivers to know which guidelines to
follow (85). As in adults, children in Western populations
have a significant gap between recommended and actual
dietary fiber intake (18). The most pronounced gap is in male
children (18).

Childhood cognitive development.
Given the need to report symptoms when assessing gastroin-
testinal tolerance, the ability of a child to do so relies on
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cognitive maturity. Several factors affect childhood cognitive
development (86). Though it is no longer universally em-
braced, Piaget’s age-based theory is a recognized theoretical
framework for describing childhood cognitive development
(87). As recognized by Piaget, children pass through 4
cognitive stages. The first (ages 0–2 y) is the sensorimotor
stage characterized by the development and usage of the 5
senses and memory development. The second (ages 2–7 y)
is the preoperational stage characterized by pretend play and
understanding symbols (e.g., letters or numbers) as having
meanings. The third stage (ages 7–11 y) is the concrete
operational stage in which children begin thinking logically
about objects, numbers, categories, and events. Finally, for
children ≥12 y, there is the formal operational stage in which
the child can think hypothetically (87). Given the cognition
and memory required when reporting symptoms, it is not
until the latter 2 cognitive stages (i.e., >7 y of age) that
children generally can reliably complete inquiries related to
gastrointestinal intolerance without a parental or caregiver
proxy.

Ultimately, developmentally appropriate and validated
measures for children related to gastrointestinal tolerance
testing should be used. Examples of such potential measures
include the PROMIS Pediatric Pain Interference Scale (88).
This scale allows a child 8–17 y of age to self-report symptoms
(88). In 2012, a childhood gastrointestinal symptom module
known as the PedsQL-Gastrointestinal Symptom and Worry
Scale was developed with 76 items and 11 domains (89).
Several domains of potential interest for assessing NDC
consumption tolerance can be assessed either together
or individually, including stomach pain, stomach upset,
constipation, diarrhea, and flatulence/bloating (89). The
PedsQL Gastrointestinal Symptom and Worry Scale has age-
appropriate modules for children as young as 5 y and for
parents assessing symptoms of children as young as 2 y; it
has been used successfully to differentiate children with a
disorder of gut–brain interaction and organic gastrointestinal
disorders from healthy children (89, 90). General health-
related quality of life can be concomitantly assessed in
children using the validated PedsQL Generic Core Scale (91).

Pictorial representations on assessments are believed to
offer children more information on how to grade answers on
self-reported measures (92). The use of visual representations
in pediatric self-report measures can reduce child memory
requirements, help maintain attention, and avoid relying
solely on verbal and/or reading skills (93). In addition,
children’s cognitive development can be taken into account
by decreasing the number of choices and using develop-
mentally appropriate language (94). Pictorial representations
have been used in assessing stool form for several decades,
primarily with the Bristol Stool Form Scale, which uses
pictorial representations of 7 categories of stool form (71).
A modified Bristol Stool Form Scale for children has been
developed that decreases the number of categories to 5, and
it has been validated in children as young as 8 y and as young
as 6 y if the stool form descriptors are read (95, 96). Similarly,
though targeted toward adults, an infant stool scale has been

developed with pictorial representations of stools in diapers
(97).

Noninvasive gastrointestinal physiologic assessments.
Several techniques are available for the noninvasive as-
sessment of intestinal transit in children. Carmine red, a
nonabsorbed material that is easily swallowed, measures
whole intestinal transit via determining the time of ingestion
to the presentation of red dye in the stool (98). As in
adults, breath testing with nonabsorbable substrates such as
lactulose can estimate oro-cecal transit time (98). Radio-
opaque markers also have been used in children to measure
intestinal transit time. To minimize radiation exposure, one
approach was to obtain radiographs of the bowel movements
themselves rather than the children (99). Finally, a wireless
motility capsule has been used successfully to assess transit
times in children (100).

Prevalence of disorders of gut–brain interaction in chil-
dren.
Like adults, pediatric disorders of gut–brain interaction,
including irritable bowel syndrome, are highly prevalent,
with up to 25% of children affected worldwide (101, 102).
Specific pediatric Rome criteria define these heterogeneous
disorders, and some children have abnormal fecal microbiota
composition and visceral hypersensitivity (101, 103, 104).
Foods with some NDCs, such as fructans, have been shown
to exacerbate gastrointestinal symptoms in children with
disorders of gut–brain interaction (105, 106).

Information is available regarding gastrointestinal symp-
toms in the general pediatric population. Though found
to be more severe in children who meet the criteria for
disorders of gut–brain interaction, abdominal pain is also
reported by healthy children when using the abdominal
pain index (107). Therefore, similar to assessment in adults,
baseline characteristics should be assessed in children before
challenging with consumption of an NDC to accurately
determine changes in gastrointestinal symptoms.

Physiologic differences in children compared with adults.
Gastrointestinal physiology. Children’s gastrointestinal

physiology differs from that of adults, which may play
a role in NDC tolerance. For example, younger and
smaller children (as determined by body surface area)
have slower gastric emptying of a standardized solid meal
(108). Slower gastric emptying of carbohydrates is associated
with improved overall tolerance (109). Also, on average,
children aged <3 y have more frequent bowel movements
than adults (110). Studies involving children aged >3 y
should be designed to account for their higher baseline stool
frequency.

Intestinal microbiota. The microbiome is an important
factor related to the physiologic processing of NDCs once
they reach the colon. There are differences between children,
adolescents, and adults with respect to both fecal microbiota
composition and metabolite production (111). The baseline
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diet is believed to play a role in determining a child’s intestinal
microbiota composition (112). Though not demonstrated in
otherwise healthy children, fecal microbiota composition is
associated with fructan intolerance in children with irrita-
ble bowel syndrome (105). Of note, human microbiome-
related differences distinguish children with irritable bowel
syndrome from healthy children (104).

Implications
We recognize the importance of developing a scientifically
valid approach for assessing tolerance to NDCs. In this
Perspective we have provided recommendations for evalu-
ating tolerance of NDCs to a diverse range of stakeholders,
including researchers, industry, and regulators. However,
other parties, including healthcare providers and consumers,
will benefit from better research on NDC tolerance. Indeed,
there is a significant fiber gap whereby 90% of women
and 97% of men in the United States fail to consume the
recommended daily amount of dietary fiber (50). However,
this gap could be narrowed by enriching (or fortifying)
foods and beverages with dietary fibers (19). As adequate
fiber consumption is linked to reduced risk of disease,
including cardiovascular disease, type 2 diabetes, and cancer,
healthcare providers also have a vested interest in adequate
fiber consumption by their patients. The health benefits of
adequate consumption of NDCs, including fiber, as well as
their functional properties, have contributed to increased
NDC use within processed foods and research to develop
new NDCs. The guidance provided for conducting trials
to assess tolerance to NDCs may also help improve the
study replication, thereby improving our understanding of
tolerance to NDCs. Ultimately, investigators are responsible
for designing and conducting high-quality research trials and
adequately reporting the results so that this research area can
continue to move forward.

Conclusions
This report provides recommendations for the research
needed to investigate gastrointestinal tolerance to NDCs.
The randomized, double-blind, controlled crossover trial
approach is recommended for trials on tolerance. Specific
recommendations for inclusion and exclusion criteria of
study populations, including dietary, health, lifestyle, and
medications, also are included. When considering the in-
tervention, fully characterizing the structure, purity, and
functionality of the NDC is imperative. NDC delivery via
food or beverage should also be considered as responses
to NDC within liquid compared with solid formulations
can vary. Negative comparators or the control should be
formulated to be as similar as possible in appearance, taste,
texture, and nutrient content to the test food product but
contain no NDC ingredient. When using positive controls,
the amount should be similar to the test NDC amount, and
the physicochemical properties of the comparator should
be considered. As gastrointestinal tolerance refers to the
capacity of the body to endure a substance, subjective

participant-reported symptoms, assessed via standard gas-
trointestinal questionnaires, are the primary measures that
should be included in tolerance studies. Objective outcome
parameters can complement gastrointestinal questionnaires
and may be helpful to increase understanding of symptoms.
However, these parameters do not measure tolerance, which
is symptom based, and therefore, do not replace gastroin-
testinal questionnaires. Special considerations that should be
taken into account when assessing children’s gastrointestinal
tolerance include their nutritional requirements and cog-
nitive development. The goal is that the recommendations
contained within this Perspective will be utilized and that
they will aid advances in tolerance research, which ultimately
will benefit consumers through the inclusion of acceptable
NDCs in food products that narrow the fiber gap.
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