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The effect of expectancy versus actual gluten intake on 
gastrointestinal and extra-intestinal symptoms in 
non-coeliac gluten sensitivity: a randomised, double-blind, 
placebo-controlled, international, multicentre study
Marlijne C G de Graaf, Clare L Lawton, Fiona Croden, Agnieszka Smolinska, Bjorn Winkens, Martine A M Hesselink, Gonny van Rooy, Peter L Weegels, 
Peter R Shewry, Peter D Mooney, Lesley A Houghton, Ben J M Witteman, Daniel Keszthelyi, Fred J P H Brouns, Louise Dye*, Daisy M A E Jonkers*

Summary
Background Many individuals without coeliac disease or wheat allergy reduce their gluten intake because they believe 
that gluten causes their gastrointestinal symptoms. Symptoms could be affected by negative expectancy. Therefore, 
we aimed to investigate the effects of expectancy versus actual gluten intake on symptoms in people with non-coeliac 
gluten sensitivity (NCGS).

Methods This randomised, double-blind, placebo-controlled, international, multicentre study was done at the 
University of Leeds (Leeds, UK), Maastricht University (Maastricht, the Netherlands), and Wageningen University 
and Research (Wageningen, the Netherlands). People aged 18–70 years with self-reported NCGS (ie, gastrointestinal 
symptoms within 8 h of gluten consumption) without coeliac disease and wheat allergy were recruited. Participants 
had to follow a gluten-free or gluten-restricted diet for at least 1 week before (and throughout) study participation 
and had to be asymptomatic or mildly symptomatic (overall gastrointestinal symptom score ≤30 mm on the Visual 
Analogue Scale [VAS]) while on the diet. Participants were randomly assigned (1:1:1:1; blocks of eight; stratified by 
site and gender) to one of four groups based on the expectation to consume gluten-containing (E+) or gluten-
free (E–) oat bread for breakfast and lunch (two slices each) and actual intake of gluten-containing (G+) or 
gluten-free (G–) oat bread. Participants, investigators, and those assessing outcomes were masked to the actual 
gluten assignment, and participants were also masked to the expectancy part of the study. The primary outcome 
was overall gastrointestinal symptom score on the VAS, which was measured at and corrected for baseline (before 
breakfast) and hourly for 8 h, with lunch served after 4 h, and analysed per-protocol. Safety analysis included all 
participants incorporated in the per-protocol analysis. The study is registered at ClinicalTrials.gov, NCT05779358, 
and has ended.

Findings Between Oct 19, 2018, and Feb 14, 2022, 165 people were screened and 84 were randomly assigned to 
E+G+ (n=21), E+G– (n=21), E–G+ (n=20), or E–G– (n=22). One person in the E+G+ group was excluded due to not following 
test day instructions, leaving 83 participants in the per-protocol analysis. Median age was 27·0 years (IQR 21·0–45·0), 
71 (86%) of 83 people were women, and 12 (14%) were men. Mean overall gastrointestinal symptom score was 
significantly higher for E+G+ (16∙6 mm [95% CI 13∙1 to 20∙0]) than for E–G+ (6∙9 mm [3∙5 to 10∙4]; difference 9∙6 mm 
[95% CI 3∙0 to 16∙2], p=0∙0010) and E–G– (7∙4 mm [4∙2 to 10∙7]; difference 9∙1 mm [2∙7 to 15∙6], p=0∙0016), but not 
for E+G– (11∙7  mm [8∙3 to 15∙1]; difference 4∙9  mm [–1∙7 to 11∙5], p=0∙28). There was no difference between 
E+G– and E–G+ (difference 4∙7 mm [–1∙8 to 11∙3], p=0∙33), E+G– and E–G– (difference 4∙2 mm [–2∙2 to 10∙7], p=0∙47), 
and E–G+ and E–G– (difference –0∙5 mm [–7∙0 to 5∙9], p=1·0). Adverse events were reported by two participants in the 
E+G– group (itching jaw [n=1]; feeling lightheaded and stomach rumbling [n=1]) and one participant in the E–G+ group 
(vomiting).

Interpretation The combination of expectancy and actual gluten intake had the largest effect on gastrointestinal 
symptoms, reflecting a nocebo effect, although an additional effect of gluten cannot be ruled out. Our results 
necessitate further research into the possible involvement of the gut–brain interaction in NCGS.
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Association, Lantmännen, Mondelez International, Nederlands Bakkerij Centrum, Nutrition & Santé, Puratos, 
Rademaker, Sonneveld Group, and Zeelandia HJ Doeleman.
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Introduction
Wheat is one of the most important staple foods 
consumed in the western world. Whole-grain wheat 
products are an important source of carbohydrates, 
dietary fibres, proteins, vitamins, minerals, and phyto
chemicals, and globally provide a major contribution to 
daily energy intake and a healthy diet.1 Based on epidemi
ological evidence, the consumption of whole-grain cereal 
foods has been associated with several beneficial health 
effects, including a reduced risk of obesity, type 2 diabetes, 
cardiovascular disease, cancer, and overall and cause-
specific mortality.2–5

However, wheat products can also elicit adverse 
(immune-mediated) effects, such as in coeliac disease 
and wheat allergy. In addition, a proportion of the general 
population now avoid or have reduced their consump
tion of wheat products due to self-reported symptoms 
following wheat intake, without having positive tests for 
coeliac disease or wheat allergy. Gluten proteins (gliadins 
and glutenins) are often attributed to be the wheat 
components responsible for inducing negative reactions 
in these people, who are then considered to have non-
coeliac gluten sensitivity (NCGS).

Individuals with NCGS mostly report gastrointestinal 
symptoms, such as abdominal pain or discomfort, 
bloating, and altered stool patterns, and, to a lesser 
extent, extra-intestinal symptoms like tiredness and 

headache.6 The estimated prevalence of NCGS in various 
global regions ranges from 0·6% to 13%.7 Due to 
unavailability of biomarkers, diagnosis is defined by the 
Salerno Experts’ Criteria,6 including a double-blind, 
placebo-controlled gluten challenge, which is not always 
feasible in clinical practice.

Furthermore, previous studies have reported the 
presence of NCGS in 6·8–46·1% of people with irritable 
bowel syndrome (IBS), indicating substantial overlap 
between these conditions.8 IBS is a disorder of gut–brain 
interaction characterised by recurrent abdominal pain 
and altered bowel habits and affects 5–10% of the 
population globally.9 Wheat is among the top five foods 
reported by people with IBS to trigger their symptoms.8

Gluten-free diets are becoming more popular, perhaps 
due to perceived symptom alleviation and negative media 
attention about gluten.10,11 However, gluten-free diets are 
associated with an increased risk of nutritional 
deficiencies.12,13

To date, little evidence is available on the role of gluten 
in symptom occurrence in NCGS or on the underlying 
mechanisms. Previous studies suggest involvement of 
the immune system, intestinal inflammation, gut 
dysbiosis, or altered intestinal barrier function, but the 
exact mechanism remains unclear.14 Furthermore, the 
role of psychological factors cannot be ruled out. Anxiety 
and depression are more prevalent in people with NCGS 

Research in context

Evidence before this study
We searched PubMed for randomised controlled trials, 
systematic reviews, and meta-analyses published in English 
from database inception to May 31, 2023, using the search 
terms (“non-celiac gluten sensitivity” OR “non-coeliac gluten 
sensitivity” OR “nonceliac gluten sensitivity” OR “noncoeliac 
gluten sensitivity” OR “NCGS”) AND (“nocebo” OR “expectancy” 
OR “expectation” OR “perception”) AND (“randomized 
controlled trials” OR “systematic review” OR “meta-analysis”). 
This search yielded one narrative review from 2019, which 
concluded that a large nocebo effect had been found in some 
studies. Central to this conclusion was the pooled analysis of all 
double-blind, placebo-controlled, gluten-challenge studies 
done in people with non-coeliac gluten sensitivity (NCGS) up to 
March 31, 2016, which showed a nocebo response in 94 (41%) 
of 231 participants. Additionally, we searched PubMed for 
systematic reviews and meta-analyses on NCGS in general. 
The most recent systematic review available in English, 
including all articles published between Jan 1, 1976 and 
June 1, 2020, concluded that the vast majority of studies 
reported a predominant nocebo effect, which the authors 
considered intrinsically related to the double-blind, placebo-
controlled design. Moreover, the authors asserted that the 
carryover and order effects found in previous studies were 
strictly connected to the psychological background of the study 
participants and that these characteristics should be considered 

in all double-blind, placebo-controlled studies. We found no 
studies specifically designed to investigate the role of the 
nocebo effect in NCGS. 

Added value of this study
To our knowledge, this study is the first to investigate the role 
of the nocebo effect in people with NCGS. Our randomised, 
double-blind, placebo-controlled, international, multicentre 
study showed that the combination of expectancy to receive 
gluten and actual gluten intake resulted in the highest scores 
for overall gastrointestinal symptoms, abdominal discomfort, 
and bloating. Repeated gluten exposure further accentuated 
differences between the intervention groups. We found no 
significant effect of actual gluten intake within each expectancy 
group. Although an additional effect of gluten could not be 
ruled out, our findings indicate that the nocebo effect has an 
important role in symptom occurrence in people with NCGS. 

Implications of all the available evidence
To our knowledge, this study is the first to explicitly manipulate 
gluten expectancy and confirm the nocebo effect in people with 
NCGS, consistent with previous research. Our results point 
towards possible involvement of the gut–brain interaction in 
symptom occurrence in NCGS, warranting further research. 
However, as we could not rule out an effect of gluten, these 
findings also highlight the need to elicit possible biological 
mechanisms underlying gluten-related symptoms.
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than in the general population.15 This higher prevalence 
is in line with observations in IBS.16

Additionally, the double-blind, placebo-controlled, 
crossover study by Biesiekierski and colleagues showed 
statistically significant worsening of overall gastro
intestinal symptoms and abdominal pain in people with 
NCGS irrespective of dietary intervention (placebo, a 
low-gluten diet, or a high-gluten diet).17 Symptomatic 
responses were highest with the first intervention 
participants received, irrespective of the actual content, 
suggesting a nocebo effect. The importance of the nocebo 
effect was further highlighted in a pooled analysis of 
ten double-blind, placebo-controlled, gluten-challenge 
trials, which found that 41% of participants with 
suspected NCGS showed similar or increased symptoms 
in response to placebo versus a gluten challenge.18 These 
findings indicate that expectation could mediate a nocebo 
effect, for example by influencing gastrointestinal 
sensory and motor functions.19 The relevance of the 
nocebo effect has previously been shown in patients with 
IBS, with a pooled nocebo response rate of 32% (95% CI 
26–38) in clinical drug trials.20 However, to our 
knowledge, the contribution of negative expectation 
about gluten consumption to NCGS symptom occurrence 
has never been investigated. Exploring the effect of 
expectation might further our understanding of the 
pathophysiology of NCGS and help to improve diagnostic 
procedures and dietary or psychological treatments.

Therefore, we aimed to investigate the effects of 
expectancy about gluten intake versus actual gluten 
intake on gastrointestinal and extra-intestinal symptoms 
in individuals with self-reported NCGS. In addition, we 
aimed to investigate the role of psychological factors in 
these symptoms and the effect of expectancy and gluten 
on mood. We hypothesised that expected gluten intake, 
but not actual gluten intake, would increase symptom 
severity. As an expectancy effect would reflect a 
psychological process, we hypothesised that measures of 
anxiety, depression, and somatisation would affect 
response to the intervention.

Methods
Study design and participants
This randomised, double-blind, placebo-controlled, 
international, multicentre study was done at the University 
of Leeds (Leeds, UK), Maastricht University (Maastricht, 
the Netherlands), and Wageningen University and 
Research (Wageningen, the Netherlands; appendix p 3). A 
crossover design was not deemed feasible due to the 
possibility of undermining or revealing the expectancy 
part of the study. Participants were recruited via 
advertisements on social media, on patient association 
websites, on noticeboards on the university campuses and 
in local public areas, and in local newspapers. After 
receiving written and verbal information, interested 
participants were pre-screened by telephone and then 
invited for a full screening visit to assess eligibility. People 

aged 18–70 years with self-reported gastrointestinal 
symptoms within 8 h of a single intake of gluten-
containing products were eligible. Participants had to be 
willing to follow a gluten-free or gluten-restricted diet (as 
defined by a Biagi and colleagues21 score of 2–4) for at least 
1 week before (and throughout) study participation and 
had to be asymptomatic or only mildly symptomatic 
(overall gastrointestinal symptom score ≤30  mm on the 
Visual Analogue Scale [VAS]) while on the diet [rated at 
one timepoint to represent the mean over the previous 
week]). All concurrent medication had to be stable for at 
least 6 weeks before and during the study. Participants 
were excluded if they had been diagnosed with coeliac 
disease, wheat allergy, other organic gastrointestinal 
diseases, other diseases that could interfere with NCGS 
symptoms, or any malignancies, or if they had previously 
had major abdominal surgery or radiotherapy that could 
interfere with gastrointestinal function (participants 
with uncomplicated appendicectomy, cholecystectomy, or 
hysterectomy—ie, performed without perioperative or 
postoperative complications—were considered eligible if 
the procedure was >6 months ago). If coeliac disease had 
not been excluded by previous serology or upper gastro
intestinal endoscopy, and participants still consumed 
some gluten or were willing to reintroduce gluten into 
their diet for at least 6 weeks, an additional visit was 
scheduled for serological testing (total IgA and anti-tissue 
transglutaminase IgA) to exclude coeliac disease. Further
more, the use of antibiotics, probiotics, or prebiotics, the 
use of investigational drugs or participation in other 
studies that might interfere with results in the 14 days 
before our study, excessive use of alcohol (>15 alcoholic 
units per week) or any use of illicit drugs, and intentional 
weight loss or a planned diet during the study period were 
not allowed. Female participants could not be pregnant or 
lactating. Current smokers were included but asked not to 
smoke during the test day. Participants had to have 
sufficient knowledge of Dutch or English to understand 
the nature of the study, give consent, and complete the 
measures.

The study protocol was written in close collaboration 
between the University of Leeds and Maastricht 
University and was approved by the Faculty Research 
Ethics Committee of the University of Leeds and by the 
Medical Research Ethics Committee of Academic 
Hospital Maastricht and Maastricht University, and was 
also accepted by the Board of Directors of Wageningen 
University and Research. The study protocol is available 
online. The study was done in compliance with Good 
Clinical Practice, the Declaration of Helsinki (2013), the 
US Food and Drug Administration, and the Netherlands 
Medical Research Involving Human Subjects Act. To 
maintain secrecy about the study design, special approval 
was granted by the Dutch Central Committee on 
Research Involving Human Subjects (reference number 
CCMO18.0344/lvV/ek) for the expectancy part of the 
study and for delayed registration on ClinicalTrials.gov. 

See Online for appendix

For the study protocol see 
https://mdl.mumc.nl/sites/mdl/

files/2023-08/Onderzoeks
protocol%20WoW%20studie.pdf
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All participants gave their written informed consent 
before participation.

Randomisation and masking
By block randomisation (block size eight) and stratified by 
study site and gender, eligible participants were randomly 
assigned (1:1:1:1) to one of four groups based on expectancy 
and actual gluten intake (appendix p 4): E+G+ (expectancy 
to consume gluten-containing bread, combined with 
actual intake of gluten-containing bread); E+G– (expectancy 
to consume gluten-containing bread, combined with 
actual intake of gluten-free bread), E–G+ (expectancy to 
consume gluten-free bread, combined with actual intake 
of gluten-containing bread), and E–G– (expectancy to 
consume gluten-free bread, combined with actual 
intake of gluten-free bread). Randomisation was done 
by a colleague independent from the trial and the 
randomisation list was generated by use of a publicly 
available internet procedure. The independent colleague 
provided investigators with a participant’s unique random
isation number that indicated the expectancy condition 
and corresponded to the participant identifier on the study 
bread label. The study breads were identical in appearance, 
and the actual intervention (G+ or G–) could not be 
identified from this code. Participants, investigators, and 
those assessing outcomes were masked to the actual 
gluten intervention, and participants were also not aware 
of the expectancy part of the study. Data analysis was done 
before unblinding.

Procedures
At the screening visit, we assessed eligibility and baseline 
characteristics via questionnaires (eg, demographics 
[including self-reported gender, with the options of male 
or female], medical history, comorbidities, gluten-free 
diet compliance [the Biagi questionnaire21], usual symp
toms after gluten consumption, and overall gastro
intestinal symptom score on the VAS during the 
preceding week [ie, while on a gluten-free or gluten-
restricted diet]). Additionally, Rome IV criteria for IBS 
and functional dyspepsia were assessed. For participants 
for whom coeliac disease had not been excluded already, 
an additional visit was scheduled before the screening 
visit (ie, before starting the gluten-free or gluten-restricted 
diet) for serological testing (total IgA (0·7–4·0 g/L) and 
anti-tissue transglutaminase IgA (< 7·0 U/mL) to exclude 
coeliac disease. Participants completed Generalized 
Anxiety Disorder-7 (GAD-7) to assess anxiety, Patient 
Health Questionnaire-9 (PHQ-9) to assess depression, 
and Patient Health Questionnaire-15 (PHQ-15) to assess 
somatic symptoms at home between the screening visit 
and the test day. Participants were instructed to adhere to 
a gluten-free or gluten-restricted diet from 1 week before 
test day 1 to days 2 and 3 of follow-up.

A 100% gluten-free oat-based bread mix (SonFit Gluten 
Free Original, Sonneveld Group, Papendrecht, the 
Netherlands) was used as the base material for the 

production of both the gluten-free and gluten-containing 
breads. The gluten-free oat bread was baked under 
gluten-free conditions and confirmed to be gluten-free 
by the R5 RIDASCREEN Gliadin test (R-Biopharm, 
Darmstadt, Germany). Vital wheat gluten (Kröner-Stärke, 
Ibbenbüren, Germany) was added to the gluten-free oat-
based bread mix at 8·6% of the total dough weight 
to generate gluten-containing bread, amounting to 
around 3·35 g of gluten per slice. The amount of gluten 
to add was determined on the basis of mean daily gluten 
intake in the Netherlands, as described in previous 
studies.22–24 The recipes were the same except for the 
addition of gluten, and both breads were similar in 
texture, taste, and appearance, as also confirmed by a 
blind test in healthy volunteers. Both breads were baked 
for this study by the European Bakery Innovation Centre 
(Papendrecht, Netherlands). Further details about the 
study breads can be found in the appendix (pp 5–6).

On the test day (day 1; appendix p 4), participants were 
asked to come to the study site in a fasted state at 08:00 h. 
The test day started with baseline questionnaires (0 h) 
before breakfast. The questionnaires consisted of a 
symptom diary with 100 mm VAS to assess overall and 
individual gastrointestinal symptoms and extra-intestinal 
symptoms, the Bristol Stool Scale (only after bowel 
movement), and the Positive and Negative Affect 
Schedule (PANAS) to assess mood. After completion of 
the baseline questionnaire, participants were informed 
by the researcher about the group that they had been 
assigned to (E+ or E–) and then received breakfast with 
two slices of bread (G+ or G–) with a gluten-free topping 
of their choice (margarine with one standardised, gluten-
free portion of cheese, cooked ham, or jam), which was 
noted. Throughout the test day, participants completed 
the same questionnaire each hour, starting directly after 
breakfast, for 8 h (appendix p 4). After 4 h, participants 
received lunch with the same expectancy information 
repeated and the same bread type (two slices, with any 
topping) as they had consumed for breakfast. Participants 
were allowed to drink coffee, tea, or water (ad libitum, 
but quantity was noted) during the test day, but no other 
foods or drinks were allowed. Between measurements, 
participants were requested to remain in the research 
unit and were free to watch television, read, or work. In 
the exception where participants were not able or willing 
to stay at the unit for the full day, they were instructed 
to return to the unit for the hourly questionnaires. 
After 8 h, participants could go home. The test day 
questionnaires were repeated on the evening of day 1 (the 
test day) and on the two following days (days 2 and 3) 
before going to bed (available between 20:00 h and 02:00 h), 
including a food record to assess diet adherence and 
reporting of medication use. Participants were allowed to 
consume gluten-free bread on days 2 and 3 as this bread 
would not interfere with the intervention. For female 
participants, test and follow-up days were not scheduled 
during menstruation. Participants could leave the study 

For the internet procedure see 
http://randomizer.org
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at any time if they wished to do so, and the investigator 
could decide to remove a participant for urgent medical 
reasons.

All adverse events—ie, any undesirable experience 
occurring to a participant, whether or not considered 
related to the food intervention, as reported spontaneously 
by the participant or observed by the investigator during 
the study—were recorded.

Outcomes
The primary outcome was the effect of expectancy 
related to gluten intake and actual gluten intake on the 
overall gastrointestinal symptom score, measured on a 
100  mm VAS as part of the symptom diary, and was 
assessed centrally. Secondary outcomes were the effects 
of expectancy and actual gluten intake on individual 
gastrointestinal symptoms (ie, abdominal discomfort, 
abdominal pain, belching, bloating, constipation, 
diarrhoea, flatulence, fullness, nausea, and urge to empty 
bowel), extra-intestinal symptoms (ie, confusion or foggy 
mind, headache, and tiredness), and changes in mood 
(PANAS) throughout the test day, and stool frequency 
and consistency on the Bristol Stool Scale. A substantial 
proportion of the participants did not defecate at base
line or during the test day, and the remainder mostly had 
a single defecation at varying timepoints. Therefore, 
insufficient data were available for a reliable analysis of 
stool frequency and consistency, and these data were not 
analysed or reported. A tertiary endpoint was participant 
characteristics (eg, demographics and psychological 
variables) in relation to NCGS.

Statistical analysis
The sample size calculation was done with G*power 
(version 3.1) and based on the increase in overall 
gastrointestinal symptom scores reported by Biesiekierski 
and colleagues after gluten consumption in patients with 
IBS.17 We assumed a difference between E+G– and E–G– of 
15 mm (considered clinically relevant), a SD of 12·8 mm, 
a power of 80%, and a Bonferroni-corrected α of 0·0083, 
correcting for six pairwise comparisons. Per this 
calculation, 20 participants were required per group, 
resulting in 80 participants in total. We aimed to include 
84 participants on the basis of an estimated dropout 
rate of 5%. Although this sample size provided sufficient 
power to examine the primary research question, initially 
we aimed to obtain this sample size in each country (the 
UK and the Netherlands) so that any differences between 
countries could be compared. Because of recruitment 
delays due to the COVID-19 pandemic, an interim analysis 
was done in July 2021. This analysis was not prespecified 
in the study protocol as the COVID-19 pandemic was 
unforeseen. The interim analysis compared E+ (n=37; 
20 from the UK and 17 from the Netherlands) with 
E– (n=36; 19 from the UK and 17 from the Netherlands) 
without unblinding the gluten intervention. This analysis 
showed that overall and individual gastrointestinal 

symptom and extra-intestinal symptom profiles were 
similar between the countries (data not shown). On the 
basis of this interim analysis, we decided to recruit until a 
combined sample size of 84 was reached, as obtained 
from the power calculation. Thereafter, the data from the 
two countries were pooled for final analyses.

Statistical analyses were conducted by use of IBM SPSS 
Statistics version 26.0. Normality of data was evaluated 
by use of histograms and quantile–quantile plots. Base
line characteristics are presented as mean (SD) or 
median (IQR) for numerical variables, and as frequencies 
with percentages for categorical variables.

We planned for an intention-to-treat analysis 
comprising all participants who were randomly assigned. 
However, one participant, after completing the screening 
visit and being randomly allocated, did not follow the test 
day instructions, resulting in no data being available for 
this participant. Therefore, we excluded this participant 
and performed a per-protocol analysis for all outcomes.

The primary and secondary outcomes between the 
four groups were analysed by use of repeated-measures 
ANCOVA, with the intervention group as the between-
participant factor, baseline (0 h) as a covariate, and time 
(1–8 h) as the repeated-measures factor. The mean 
VAS score over 1–8 h was compared between groups, 
correcting for baseline value. For the primary outcome, we 
first checked the expectancy effect on overall gastro
intestinal symptoms by assessing the pairwise comparison 
of E+G– versus E–G–, and thereafter assessed the other 
pairwise comparisons independently. For the secondary 
outcomes, we first did an overall comparison of all four 
groups and only if that showed significant differences 
were post-hoc pairwise comparisons performed, with 
post-hoc Bonferroni correction applied as appropriate (per 
symptom the α was corrected for six pairwise comparisons). 
Only Bonferroni-corrected p values are reported.

Three post-hoc sensitivity analyses of the primary 
and secondary outcomes were done separately for the 
morning (1–4 h), afternoon (5–8 h), and follow-up (1–3 days) 
by use of repeated-measures ANCOVA with the 
intervention group as the between-participant factor, 
baseline (0 h) as a covariate, and time (1–4 h, 5–8 h, or 
1–3 days) as repeated measures. Additionally, post-hoc 
sensitivity analyses were performed for the test day, 
morning, afternoon, and follow-up analyses, in which the 
following variables were added sequentially to each model 
as single covariates to assess their impact: study site, 
gender, age (continuous), BMI (continuous), education 
level (university-educated or not), smoking behaviour 
(current smoker, former smoker, or never smoked), 
alcohol consumption (none, <1, 1–5, 6–7, 8–15, or 
16–30 units per week), IBS according to Rome IV criteria, 
functional dyspepsia according to Rome IV criteria, 
GAD-7 score, PHQ-9 score, and PHQ-15 score.

Missing values for the primary and secondary outcome 
measures were imputed by use of the median of the 
repeated measures from that participant for that 
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symptom. This imputation method is straightforward, as 
the median is robust to non-normal data distributions 
and the overall central tendency of the variable is 
preserved, and was considered reliable as only three 
participants had single missing values out of nine 
timepoints (ie, 0–8 h). The follow-up measurements 
included three timepoints (1–3 days) and had more 
missing data (13 [16%] of 83 participants with missing 
measurements for at least one timepoint; two for day 1, 
six for day 2, and eight for day 3). Therefore, insufficient 

information was available to impute missing values 
using the median. Instead, for the follow-up measure
ments, multiple imputation (generating 20 imputed 
datasets, each subjected to 20 iterations, utilising fully 
conditional specification and predictive mean matching) 
was used. A two-sided p value of less than 0·05 was 
considered statistically significant.

As we noted substantial variation in individual 
responses within the groups, we explored symptom 
patterns post hoc using an explorative unsupervised 

Figure 1: Trial profile
E+=expectancy of getting gluten-containing bread. E–=expectancy of getting gluten-free bread. G+=actual gluten-containing bread. G–=actual gluten-free bread.

43 not interested
93 ineligible
 28 coeliac disease not ruled out
 12 interfering comorbidity or medication
 34 symptoms not linked to gluten
    4 symptoms too high   
 15 other

56 ineligible
 15 coeliac disease not ruled out
 12 interfering comorbidity or medication
 8 symptoms not linked to gluten
 5 symptoms not within 8 h of gluten 
 16 symptoms too high 

21 assigned E+G+

 11 Leeds
 6 Maastricht
 4 Wageningen

21 assigned E+G–

 11 Leeds
 6 Maastricht
 4 Wageningen

20 assigned E–G+

 10 Leeds
 6 Maastricht
 4 Wageningen

22 assigned E–G–

 12 Leeds
 7 Maastricht
 3 Wageningen 

20 included in per-protocol analysis
 11 Leeds
 5 Maastricht
 4 Wageningen

21 included in per-protocol analysis
 11 Leeds
 6 Maastricht
 4 Wageningen

20 included in per-protocol analysis
 10 Leeds
 6 Maastricht
 4 Wageningen

22 included in per-protocol analysis
 12 Leeds
 7 Maastricht
 3 Wageningen

25 dropped out (lost interest)

1 excluded due to not following
 test day instructions

382 not interested 

683 individuals received full participant information

109 eligible for participation

84 randomised

165 fully screened for eligibility
       49 serology to exclude coeliac disease

301 pre-screened for eligibility
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random forest analysis. The unsupervised random forest 
analysis was performed with overall gastrointestinal 
symptoms and all individual gastrointestinal symptoms 
at timepoints 0–8 h. Results were visualised by use of a 
principal coordinate analysis plot to check for any 
ordination of data points, which axis explained the largest 
variation observed, and the influences of IBS status, age, 
gender, BMI, and country. In order to visualise the 
groupings in the data, various combinations of principal 
coordinates were used.

In the UK, all data collection and entry was 
monitored and checked by the principal investigator 

and coordinating investigator. Additionally, as part of 
local regulations in the Netherlands, the study (both in 
Maastricht and Wageningen) was monitored by a 
clinical study monitor, who checked, for example, 
informed consent forms, data collection and entry, 
compliance to protocols, and reporting of (serious) 
adverse events. The study is registered at ClinicalTrials.
gov, NCT05779358.

Role of the funding source
Representatives from the funders were permitted to ask 
questions and provide suggestions to the academic 
research consortium team (ARCT) during biannual 
progress meetings, but were not involved in final 
decisions regarding the study design, data collection, data 
analysis, data interpretation, and writing of the report.

Results
Between Oct 19, 2018, and Feb 14, 2022, 683 individuals 
received the full study information (figure 1). Of these, 
301 (44%) individuals were pre-screened by telephone, 
and thereafter 165 (24%) completed full screening, with 
49 (7%) participants also undergoing a blood test to 
exclude coeliac disease. The main reasons for ineligibility 
were that coeliac disease could not be ruled out (43 [6%]); 
that individuals linked their symptoms to bread, wheat, 
or other food products rather than to gluten (42 [6%]); 
comorbidities or medication use (24 [4%]); high 
gastrointestinal symptom scores despite following a 
gluten-free or gluten-restricted diet (20 [3%]); and 
symptoms reported to occur later than 8 h after gluten 
consumption (five [1%]). Furthermore, 25 (4%) eligible 
participants dropped out before randomisation, mainly 
due to delays to test day booking because of COVID-19 
restrictions. 84 participants were randomly assigned to 
either E+G+ (n=21), E+G– (n=21), E–G+ (n=20), or 
E–G– (n=22). One participant in the E+G+ group was 
excluded due to not following the test day instructions, 
leaving 83 participants in the per-protocol analysis.

Of these 83 participants, 71 (86%) were female and 
12 (14%) were male. The median age was 27·0 years 
(IQR 21·0–45·0) and the mean BMI was 23·8 kg/m² 
(SD 3·9). 50 (60%) participants had a university 
education, 66 (80%) had never smoked, and overall 
alcohol intake was modest (table; appendix p 7). 
29 (35%) participants met the Rome IV criteria for IBS, 
with diarrhoea-predominant IBS being the most 
common subtype, and 19 (23%) fulfilled the Rome IV 
criteria for functional dyspepsia. At the screening visit, 
participants reported bloating (72 [87%] of 83), 
abdominal discomfort (68 [82%] of 83), and abdominal 
pain (58 [70%] of 83) as predominant symptoms after 
gluten exposure (appendix p 8).

Mean overall gastrointestinal symptom score 
(figure 2A) was not significantly different between E+G–  
(VAS 11·7 mm [95% CI 8·3 to 15·1]) and E–G– (7·4 mm 
[4·2 to 10·7]; difference 4∙2 mm [95% CI –2∙2 to 10∙7], 

All (n=83) E+G+ (n=20) E+G– (n=21) E–G+ (n=20) E–G– (n=22)

Gender

Female 71 (86%) 16 (80%) 19 (90%) 17 (85%) 19 (86%)

Male 12 (14%) 4 (20%) 2 (10%) 3 (15%) 3 (14%)

Age, years 27·0 
(21·0–45·0)

23·5 
(20·3–44·8)

25·0 
(21·0–43·0)

28·5 
(22·3–50·8)

29·0 
(22·0–47·3)

BMI, kg/m² 23·8 (3·9) 24·2 (4·5) 23·0 (2·6) 23·7 (5·0) 24·2 (3·0)

University-educated 50 (60%) 12 (60%) 14 (67%) 9 (45%) 15 (68%)

Smoking*

Never smoked 66 (80%) 17 (85%) 18 (90%) of 20 14 (70%) 17 (77%)

Former smoker 11 (13%) 1 (5%) 2 (10%) of 20 5 (25%) 3 (14%)

Current smoker 5 (6%) 2 (10%) 0 1 (5%) 2 (9%)

Alcohol intake

None 14 (17%) 6 (30%) 3 (14%) 3 (15%) 2 (9%)

<1 unit per week 20 (24%) 5 (25%) 4 (19%) 6 (30%) 5 (23%)

1–5 units per week 34 (41%) 6 (30%) 11 (52%) 7 (35%) 10 (45%)

6–7 units per week 6 (7%) 2 (10%) 1 (5%) 2 (10%) 1 (5%)

8–15 units per week 8 (10%) 1 (5%) 2 (10%) 2 (10%) 3 (14%)

16–30 units per week 1 (1%) 0 0 0 1 (5%)

IBS (Rome IV)

Yes 29 (35%) 5 (25%) 7 (33%) 8 (40%) 9 (41%)

IBS-C 7 (8%) 2 (10%) 3 (14%) 0 2 (9%)

IBS-D 14 (17%) 1 (5%) 2 (10%) 6 (30%) 5 (23%)

IBS-M 5 (6%) 1 (5%) 0 2 (10%) 2 (9%)

IBS-U 3 (4%) 1 (5%) 2 (10%) 0 0 

Functional dyspepsia (Rome IV)

Yes 19 (23%) 7 (35%) 2 (10%) 4 (20%) 6 (27%)

Postprandial distress 
syndrome

8 (10%) 4 (20%) 1 (5%) 0 3 (14%)

Epigastric pain 
syndrome

5 (6%) 0 1 (5%) 2 (10%) 2 (9%)

Overlap syndrome 6 (7%) 3 (15%) 0 2 (10%) 1 (5%)

Anxiety (GAD-7)* 2·0 (0·0–4·3) 1·5 (0·0–3·0) 2·0 (0·0–4·0) 2·5 (0·0–4·8) 2·0 (0·5–6·0)

Yes, anxiety (≥10) 2 (2%) 0 1 (5%) 0 1 (5%) of 21

Depression (PHQ-9)* 2·0 (0·0–4·0) 2·0 (1·0–4·0) 1·0 (0·5–2·5) 3·0 (0·0–5·0) 2·0 (1·0–5·5)

Yes, depression (≥10) 3 (4%) 0 1 (5%) 0 2 (10%) of 21

Somatisation (PHQ-15)* 6·2 (3·6) 6·8 (3·4) 5·7 (3·6) 6·4 (3·0) 6·0 (4·5)

Minimal (<5) 27 (33%) 4 (20%) 8 (38%) 5 (25%) 10 (48%) of 21

Low (5–9) 40 (49%) 12 (60%) 10 (48%) 11 (55%) 7 (33%) of 21

Medium (10–14) 13 (16%) 4 (20%) 3 (14%) 4 (20%) 2 (10%) of 21

High (≥15) 2 (2%) 0 0 0 2 (10%) of 21

(Table continues on next page)
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p=0·47; appendix pp 9–10). The mean overall 
gastrointestinal symptom score in the E+G+ group 
(16·6  mm [13·1 to 20·0]) was significantly higher than 
that in the E–G+ (6·9 mm [3·5 to 10·4]; difference 9∙6 mm 
[3∙0 to 16∙2], p=0·0010) and E–G– (difference 9∙1  mm 
[2∙7 to 15∙6], p=0·0016) groups, but not the E+G– group 
(difference 4∙9 mm [–1∙7 to 11∙5], p=0·28). Additionally, 
no significant differences in mean overall gastrointestinal 
symptom score were found between E–G+ and E–G– 
(difference –0·5  mm [–7·0 to 5·9], p=1·0) or E+G– and 
E–G+ (difference 4·7 mm [–1·8 to 11·3], p=0·33).

When analysed separately in a post-hoc sensitivity 
analysis, differences in overall gastrointestinal symptoms 
between groups were more pronounced in the afternoon 
(E+G+ vs E–G+: difference 11·9 mm [95% CI 3·7 to 20·1], 
p=0·0011; E+G+ vs E–G–: difference 11·7 mm [3·7 to 19·8], 
p=0·0010) than in the morning (E+G+ vs E–G+: difference 
7·4  mm [0·4 to 14·3], p=0·031; E+G+ vs E–G–: difference 
6·5 mm [–0·3 to 13·3], p=0·068). There was no significant 
effect of gluten on overall gastrointestinal symptoms 
within each expectancy group in the morning or the 
afternoon (E+G+ vs E+G– and E–G+ vs E–G–; appendix pp 11–14). 
The other pairwise comparisons for overall symptoms 
during the test day showed no significant differences 
between groups (appendix pp  11–14). These observed 
differences in overall gastrointestinal symptom score for 
the test day, morning, and afternoon were still significant 
after correction for covariates (appendix pp  20–22). 
Observed differences between groups for overall 
gastrointestinal symptoms persisted throughout the 
follow-up measurements (appendix pp 16–19), except for 
E+G+ versus E–G– after correction for covariates (appendix 
pp 20–22).

Evaluation of individual gastrointestinal symptoms 
showed that mean abdominal discomfort (figure 2B) was 
significantly higher throughout the test day in the 
E+G+ group (19·1 mm [95% CI 14·5–23·7]) than in the 
E–G+ group (6·7  mm [2·1–11·4]; difference 12∙4  mm 
[3∙4–21∙3], p=0·0020) and the E–G– group (8·6 mm 
[4·2–13·0]; difference 10∙5  mm [1∙8–19∙2], p=0·010; 
appendix pp  9–10), again with differences more 
pronounced in the afternoon (appendix pp  13–14) than 
in the morning (appendix pp  11–12). Mean bloating 
(figure 2C) was significantly higher throughout the test 
day for E+G+ (14·4  mm [10·3–18·5]) compared with 
E–G+ (4·7 mm [0·6–8·8]; difference 9∙7 mm [1∙8–17∙6], 
p=0·0083; appendix pp  9–10), but when morning and 
afternoon were analysed separately, this difference was 
only significant in the afternoon (appendix pp  11–14). 
Within each expectancy group, gluten had no significant 
effect on abdominal discomfort and bloating. Moreover, 
no differences were found between E+G– and E–G– 
(appendix pp  9–14). Observed test day differences for 
these symptoms were still significant during follow-up, 
except for abdominal discomfort in E+G+ vs E–G– 
(appendix pp  16–19) and after inclusion of covariates 
(appendix pp 20–22). Mean fullness (figure 2D) was 

significantly higher for E+G+ than for E–G+ and E–G– in 
the afternoon only (appendix pp 9–14). However, the 
differences between E+G+ and E–G+ or E–G– were no 
longer significant after adding certain covariates 
(appendix pp 20–22), nor during follow-up (appendix 
pp 16–17, 19).

The other gastrointestinal symptoms—abdominal 
pain, belching, constipation, diarrhoea, flatulence, 
nausea, and urge to empty the bowel—did not differ 
significantly between the groups, apart for abdominal 
pain and constipation between E+G+ and E–G+ during 
follow-up (appendix pp  9–19). Sequentially adding 
covariates post hoc changed the significance of some 
differences (appendix pp 20–22).

For the extra-intestinal symptoms, mean confusion 
or foggy mind (figure 2E; appendix pp  9–19) was 
significantly higher in the E+G+ group than in the 
E–G+ group throughout the test day (difference 7∙3 mm 
[0∙3–14∙2], p=0∙037), and remained so after the 
inclusion of covariates except smoking and alcohol 
intake (appendix pp 20–22). Mean headache (figure 2F; 
appendix pp  9–19) was significantly higher for E+G+ 
than for E–G+ (difference 6∙0 mm [0∙6–11∙4], p=0∙020). 
After correction for sex, BMI, or GAD-7 score, headache 
was also significantly higher in the E+G+ group 
compared with the E+G– group (appendix pp  20–22). 

All (n=83) E+G+ (n=20) E+G– (n=21) E–G+ (n=20) E–G– (n=22)

(Continued from previous page)

Primary and secondary outcomes, mm 

Overall 
gastrointestinal 
symptoms

4·5 (9·7) 4·3 (11·3) 7·0 (12·9) 3·5 (6·4) 3·3 (6·9)

Abdominal 
discomfort

4·4 (7·7) 5·1 (8·6) 6·6 (9·2) 2·5 (4·9) 3·4 (7·0)

Abdominal pain 3·0 (6·4) 4·0 (7·7) 4·5 (8·3) 1·6 (4·7) 1·8 (3·6)

Belching 1·1 (3·2) 0·7 (2·2) 0·7 (2·4) 1·0 (2·9) 1·8 (4·7)

Bloating 4·6 (12·9) 4·9 (17·8) 8·4 (16·8) 3·7 (7·7) 1·6 (3·5)

Constipation 2·4 (9·5) 1·0 (2·6) 5·7 (17·6) 0·6 (1·4) 2·3 (5·9)

Diarrhoea 0·7 (2·5) 0·3 (1·0) 0·6 (1·8) 0·5 (1·2) 1·3 (4·2)

Flatulence 3·6 (8·4) 1·6 (3·4) 4·8 (7·5) 7·0 (14·0) 1·3 (3·7)

Fullness 5·7 (12·3) 5·5 (11·5) 8·2 (16·8) 3·8 (8·7) 5·2 (10·9)

Nausea 1·6 (4·3) 1·7 (3·3) 0·7 (2·6) 1·1 (4·2) 2·7 (6·0)

Urge to empty bowel 4·5 (10·0) 1·7 (4·3) 7·7 (14·3) 3·3 (5·6) 5·2 (11·4)

Confusion or foggy 
mind

4·3 (11·4) 2·4 (3·9) 3·0 (6·2) 4·5 (13·0) 7·1 (17·0)

Headache 2·8 (7·1) 3·8 (9·7) 4·3 (8·7) 1·3 (2·6) 1·8 (4·8)

Tiredness 17·7 (18·4) 16·9 (18·4) 16·5 (18·6) 18·2 (17·7) 19·1 (19·8)

Positive affect 25·7 (8·4) 23·7 (7·4) 25·7 (9·6) 29·7 (8·6) 23·9 (6·8)

Negative affect 11·9 (2·4) 11·7 (1·4) 11·7 (1·7) 11·4 (1·6) 12·8 (3·8)

Data are mean (SD), median (IQR), or n (%). E+=expectancy of getting gluten-containing bread. E–=expectancy of 
getting gluten-free bread. G+=actual gluten-containing bread. G–=actual gluten-free bread. IBS=irritable bowel 
syndrome. IBS-C=constipation-predominant IBS. IBS-D=diarrhoea-predominant IBS. IBS-M=mixed stool pattern IBS. 
IBS-U=unspecified-subtype IBS. GAD-7=Generalized Anxiety Disorder-7. PHQ-9=Patient Health Questionnaire-9. 
PHQ-15=Patient Health Questionnaire-15. *Missing data from one participant. 

Table: Baseline characteristics
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Figure 2: Test day scores
Mean score for 

gastrointestinal (A–D) and 
extra-intestinal (E–F) 

symptoms on the test day, 
assessed by the Visual 

Analogue Scale (0–100 mm), 
with significant differences 
between groups indicated 

(overall and for morning 
[1–4 h] and afternoon 

[5–8 h]). Positive (G) and 
negative (H) affect scores on 

PANAS (10–50). Error bars 
represent standard error. 
E+=expectancy of getting 
gluten-containing bread. 
E–=expectancy of getting 

gluten-free bread. G+=actual 
gluten-containing bread. 

G–=actual gluten-free bread. 
PANAS=Positive and Negative 
Affect Schedule. Comparisons 

with p≥0·05 are not indicated.
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When analysed by time of day, these differences 
between groups for both confusion or foggy mind and 
headache were only significant in the morning 
(appendix pp 11–14). The differences also did not persist 
at follow-up (appendix pp 16–19). Mean tiredness was 
not significantly different between groups (appendix 
pp 9–19).

Overall, participants scored low on the screening 
questionnaires for anxiety, depression, and soma
tisation, with few participants meeting the cutoff of 
10 points or greater (table).25–27 When added as covariates 
to the repeated-measures ANCOVA model, these 
psychological factors affected differences between 
intervention groups for headache and tiredness during 
the test day, for fullness and tiredness in the afternoon, 
and for overall gastrointestinal symptoms, abdominal 
discomfort, and abdominal pain during follow-up 
(appendix pp 20–22). Furthermore, throughout the test 
day (and morning and afternoon separately) and follow-
up, positive and negative affect did not differ 
significantly between the four groups (figures 2G–H; 
appendix pp 9–14, 16–19).

To further explore heterogeneity in symptom response, 
an unsupervised random forest post-hoc analysis was 
done. Principal coordinates 5 and 7 were selected because 
they exhibited better separation or clustering of data 
points in the score plot than other components. This can 
be attributed to their ability to highlight distinct groups or 
patterns in the data, and makes them best suited for 
visualising the underlying structure of the data. This 
analysis identified partial data separation by intervention 
group (figure 3A). As can be seen within the specific 

intervention groups, a group of individuals (appendix p 23) 
showed clear separation with respect to the measured 
symptoms, especially in groups E+G+ and E+G– in 
comparison with groups E–G– and E–G+. All symptoms 
had a role in this separation, with diarrhoea and 
constipation having the lowest importance (figure 3B). 
For individuals with the highest responsiveness with 
respect to symptoms (ie, those in groups E+G+ and E+G–; 
figure 3A), overall gastrointestinal symptoms, abdominal 
pain, abdominal discomfort, urge to empty the bowel, 
and fullness could be defined as the most important 
symptoms driving the separation. The observed data 
separation could not be explained by other demographic 
and clinical variables, such as IBS (appendix pp 23–25).

Three (4%) of 83 participants reported adverse events 
on the test day. In the E+G– group, one (5%) of 
21 participants reported an itching sensation in their jaw 
between 0 h and 1 h and one (5%) participant reported a 
lightheaded feeling and rumbling stomach between 
7 h and 8 h. In the E–G+ group, one (5%) of 20 participants 
vomited twice between 6 h and 8 h. No adverse events 
were reported during follow-up.

Discussion
This randomised, double-blind, placebo-controlled, inter
national, multicentre study was, to our knowledge, the 
first study designed to investigate the role of the nocebo 
effect in NCGS. Our findings showed that the 
combination of expectancy and actual gluten intake had 
the largest effect on overall gastrointestinal symptoms. 
Repeated exposure compounded this effect, evidenced 
by the more pronounced differences between groups in 

Figure 3: Unsupervised random forest analysis
(A) PCoA score plot based on post-hoc unsupervised random forest analysis with principal coordinate (PCo) 5 and 7 explaining the largest proportions of the 
variation observed—ie, 12·5% and 8·5%, respectively. (B) Relative contributions in the unsupervised random forest model of overall gastrointestinal symptoms 
and all individual gastrointestinal symptoms at 0–8 h. E+=expectancy of getting gluten-containing bread. E–=expectancy of getting gluten-free bread. G+=actual 
gluten-containing bread. G–=actual gluten-free bread. PCoA=principal coordinates analysis.
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the afternoon (after lunch) compared with the morning 
(after breakfast). Similar patterns were found for several 
individual gastrointestinal symptoms. Furthermore, 
expectancy within the two groups that received gluten 
significantly increased the extra-intestinal symptoms of 
confusion or foggy mind and headache. Some differences 
between intervention groups persisted throughout follow-
up. These findings add weight to our hypothesis that a 
nocebo effect is involved in symptom occurrence in 
NCGS. We found no significant differences in overall or 
individual symptoms based on actual gluten intake 
within each expectancy group, but our data also indicate 
that a concurrent biological effect of gluten cannot be 
excluded. Additionally, contrary to our hypothesis, we 
found that emotional wellbeing—ie, anxiety, depression, 
or somatisation—did not affect differences between 
groups for overall and individual gastrointestinal symptom 
scores during the test day.

This study showed that the nocebo effect has an 
important role in symptom occurrence in NCGS. Hereby, 
we add to the findings from the study by Biesiekierski 
and colleagues,17 which also indicated that the expectancy 
to receive gluten had a greater role than the actual 
consumption of gluten in people with NCGS, showing 
an order effect by which symptoms were highest with the 
first intervention. A study by Ponzo and colleagues28 also 
found an order effect when comparing gluten with 
placebo in individuals with self-reported NCGS. Previous 
studies have considered the occurrence of the nocebo 
effect as a limitation of the double-blind, placebo-
controlled study design rather than an important causal 
factor.14,29,30 Expectancy, typically induced via verbal 
suggestions, and learning are the two best characterised 
mechanisms that mediate the nocebo effect. These 
processes are mediated centrally, involving multiple 
brain regions and influencing gastrointestinal sensory 
and motor functions along the bidirectional gut–brain 
axis between the gastrointestinal tract and the CNS.19 The 
gut–brain axis involves multiple pathways, such as the 
autonomic and enteric nervous systems, the endocrine 
system, the hypothalamic–pituitary–adrenal axis, the 
immune system, and the gut microbiota and its 
metabolites.31 The nocebo effect is also an important 
feature in patients with IBS, in whom the gut–brain 
interaction has a clear role.20 We consider the role of the 
nocebo effect in NCGS symptom occurrence as a new 
lead for the possible involvement of the gut–brain 
interaction that warrants further study.

This consideration is further supported by the 
substantial overlap between NCGS and IBS, which is 
currently characterised as a disorder of gut–brain 
interaction.9 35% of our study population met the 
Rome IV criteria for IBS. This proportion is higher than 
that in the general population9 and similar to the 
prevalence reported by previous studies, which ranged 
from 20% to 44%.30 Diarrhoea-predominant IBS was the 
most prevalent IBS subtype in our study, but numbers 

were too small for further analyses by subtype. 
Furthermore, the number of people with IBS in our 
study was similar between intervention groups, and 
symptom response was not different between those with 
and without IBS.

We found no significant effect of actual gluten intake 
within each of the expectancy groups. Nevertheless, the 
combination of expectancy and gluten had the largest 
effect on symptoms, pointing to an additive or synergistic 
effect of gluten exposure. Previous studies have shown 
conflicting evidence for the role of gluten in NCGS.30 
Although several studies have found that a gluten 
challenge induced higher symptom scores than 
placebo,32–34 others have reported no effects,35–37 no 
improvement of symptom scores on a gluten-free diet 
versus a gluten-containing diet in people with IBS,38 or 
even a higher symptom response after placebo versus 
gluten.39 Furthermore, several studies indicate that other 
wheat components, including fermentable oligosaccha
rides, disaccharides, monosaccharides, and polyols 
(FODMAPs), such as fructans, and amylase trypsin 
inhibitors, might be more important triggers than 
gluten.17,30,40–42 It is important to establish whether a strict 
gluten-free diet is needed to manage symptoms. Following 
a strict gluten-free diet without adequate guidance and 
food replacement could lead to unbalanced dietary intake 
and nutrient deficiency12,13 and might not be necessary in 
the absence of coeliac disease.14 Regardless, in clinical 
practice, it remains important that people with NCGS 
receive adequate dietary guidance to identify and replace 
potential trigger foods while maintaining a balanced diet.

The demand for an individualised dietary approach for 
people with NCGS was further supported by our 
exploratory, post-hoc unsupervised random forest 
analysis. We were able to identify separation in response 
within each intervention group, but could not fully 
explain the variation in symptom response by 
predominant symptoms or IBS status. Thus, these 
results suggest that symptom occurrence in NCGS is 
heterogeneous and cannot be explained by one clear 
mechanism. Therefore, further research should also 
focus on determining the biological mechanisms by 
which gluten and other wheat components can lead to 
gastrointestinal symptoms in NCGS, the cause for inter-
individual differences in symptom responses, and the 
need for a strict gluten-free diet in these individuals.

In line with some previous studies,28,32,33,43 we found that 
expectancy had a significant effect on the extra-intestinal 
symptoms of confusion or foggy mind and headache 
during the test day. However, anxiety, depression, and 
somatic symptoms did not affect observed differences 
between groups for overall and individual gastrointestinal 
symptom scores during the test day. Furthermore, they 
had only a few effects on differences in extra-intestinal 
symptoms between groups during the test day and in 
gastrointestinal and extra-intestinal symptoms during 
follow-up. Mood was also not significantly affected by the 
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intervention. Although previous studies have found a 
higher prevalence of psychological comorbidities in 
people with NCGS versus the general population15 and 
that psychological wellbeing is affected by gluten 
intake,15,35,41 our study did not confirm these findings. This 
result might be due to selection bias, as it is plausible that 
more anxious or symptomatic people were less willing to 
participate in our study. The effect of psychological factors 
should be considered in future studies.

The main strength of our study is that it was, to our 
knowledge, the first well designed study to investigate 
the role of the nocebo effect in people with NCGS by use 
of a physiologically relevant dose of gluten administered 
in a clinically controlled environment. The breads used 
in this study differed only in gluten content and had 
equal concentrations of fibres, including FODMAPs. 
Strict inclusion criteria were used and we did not include 
people with coeliac disease or wheat allergy, although 
wheat allergy was determined on the basis of medical 
history only. Another strength of our study was the 
hourly measurements during the 8 h test day, with a 
repeated exposure to expectancy and actual gluten intake. 
Subsequently, we noted that the differences between 
groups were generally higher in the afternoon than in the 
morning. Although the time course of gluten-evoked 
symptoms could be a plausible explanation in some 
individuals, we found that scores for several symptoms 
peaked first after 1–2 h, decreased before lunch, and 
again peaked after lunch. Therefore, we hypothesise that 
this result was mainly due to repeated exposure to the 
same condition.

Our study also has limitations. It should be noted that 
overall gastrointestinal symptom scores were rather 
low. We cannot exclude selection bias, as those with 
high symptoms or more anxious individuals might be 
less willing to participate. Additionally, we did not 
measure stress, despite it being known to affect 
gastrointestinal symptoms. Furthermore, because of 
delays in recruitment due to the COVID-19 pandemic, 
the study was terminated early, resulting in the pooling 
of data from the UK and the Netherlands. However, as 
the symptom profiles were similar in each country, we 
do not consider this pooling an issue. Although our 
analyses would have had more power with twice as 
many participants, lending more confidence to the 
generalisability of our results between the countries, 
we believe that the effects are clear and consistent. As 
our effect sizes are similar to those of previous 
studies,17,34,37,40 we consider generalisability among 
European countries and Australia to be adequate. 
Although most of our study population was female, this 
result is in line with other studies17,28,32–43 and indicates 
that being a woman can be considered a population 
characteristic or risk factor for NCGS.

On the basis of these findings, future research efforts 
should aim to identify biomarkers that distinguish 
heterogeneous symptom patterns of NCGS. Furthermore, 

the role of the gut–brain axis and psychological factors 
should be investigated, alongside the potential patho
physiological effects of gluten and other wheat 
components. For clinical management, both adequate 
dietary guidance, including proper identification of 
trigger foods and adequate replacement of these products 
guided by a dietitian, and potential psychological or 
behavioural factors should be considered.

To conclude, we found that the combination of 
expectancy and actual gluten intake had the largest 
effect on overall and several individual gastrointestinal 
symptoms, reflecting a considerable nocebo effect, 
although an additional effect of gluten could not be 
ruled out. Repeated exposure accentuated the effects of 
the intervention. The results of this study support the 
importance of further research into the possible 
involvement of the gut–brain interaction in NCGS.
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