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Highlights:

® No robust average cortical morphometry differences were detected between irritable bowel
syndrome and controls.

® Equivalence testing provided statistical evidence of negligible effect sizes.

® Weak brain-phenotype associations and mostly not irritable bowel syndrome-specific.
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Abstract

Irritable bowel syndrome (IBS) is a common disorder of gut-brain interaction that has sparked
interest in neural markers. Yet, previous neuroimaging findings remain inconsistent and often
fail to replicate, likely due to small sample sizes that overestimate effects and overlook patient
heterogeneity. Using normative modeling to quantify cortical deviations from MRI in a UK
Biobank digestive health questionnaire (DHQ)-derived IBS phenotype and matched controls
(N =3 413 each) relative to a healthy reference sample (N = 8 661), we found no robust group
differences. Further, equivalence tests provided evidence that both group and group x sex
effects were statistically equivalent to negligible effect sizes across nearly all regions. Within
IBS, negative associations between cortical gray matter deviations and symptom or pain
severity were observed for some regions: However, no statistically meaningful IBS-specific
effects and no sex moderation were detected. Overall, our findings challenge previously
reported structural alterations in IBS, underscoring the need for replicability in adequately

powered designs.

Keywords: ncuroimaging replicability, cortical morphometry, normative modeling, UK

Biobank, equivalence test, irritable bowel syndrome

1 Introduction

Irritable bowel syndrome (IBS) is a highly prevalent functional gastrointestinal disease

characterized by recurrent abdominal pain, bowel dysfunction, and disturbed intestinal motility,
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affecting approximately 4-9% of the global population, with estimates varying depending on
the diagnostic criteria applied (Oka et al., 2020; Sulaimi et al., 2025). Beyond gastrointestinal
symptoms, IBS is frequently accompanied by psychiatric comorbidities, particularly anxiety
and depression, which have also been highlighted as psychological factors associated with IBS
in a recent systematic umbrella review (Fond et al., 2014; Seeling et al., 2023; Sulaimi et al.,
2025). Current brain-gut-microbiome (BGM) models conceptualize IBS as a multilevel
disorder involving bidirectional interactions among central neural circuits, the autonomic and
enteric nervous systems, immune and endocrine signaling, stress biology, and the gut
microbiome (Mayer et al., 2015; Zheng et al., 2020; Schneider et al., 2022, 2023; Ng et al.,
2023; Mayer et al., 2023). These interactions highlight the importance of investigating the

relationship between the brain and IBS symptoms.

A considerable body of neuroimaging literature has investigated structural magnetic resonance
imaging (MRI) data to identify neuroanatomical alterations potentially contributing to the
development and persistence of IBS within the BGM model (Barazanji et al., 2022; Chua et al.,
2017; Grinsvall et al., 2021; Jiang et al., 2013; Labus et al., 2015, 2014; Li et al., 2020, 2024;
Mayer et al., 2023, 2015; Piché et al., 2013; Seminowicz et al., 2010; Sun et al., 2023; Weaver
et al., 2016; Zhao et al., 2023). Two relatively consistent findings that have been reported in
female IBS patients are reduced cortical thickness (CT) in the anterior insula and increased CT
and gray matter (GM) volume in sensorimotor regions such as the precentral and postcentral
gyrus, two areas that are critically involved in somatosensory processing and visceral pain

modulation (Weaver et al., 2016). Beyond regional morphometric differences, structural
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variations in the insula, prefrontal, and cingulate cortices have been associated with symptom
severity, pain perception, and emotional dysregulation in IBS (Barazanji et al., 2022; Chua et
al., 2017; Grinsvall et al., 2021; Labus et al., 2015; Li et al., 2020, 2024). However, substantial
inconsistencies remain across previous reports, with some reporting increased measures or
positive associations with clinical phenotypes relative to healthy controls (HCs), whereas others
have observed reductions or negative associations (Barazanji et al., 2022; Chua et al., 2017,
Grinsvall et al., 2021; Jiang et al., 2013; Labus et al., 2015, 2014; Li et al., 2020, 2024; Piché
et al., 2013; Seminowicz et al., 2010; Weaver et al., 2016). These mixed findings render

previous reports less likely to be replicable.

Crucially, when it comes to replicability, most previous neuroimaging studies in IBS have relied
on small sample sizes—often fewer than 100 individuals (Weaver et al., 2016)—and were hence
severely limited in their statistical power and prone to high measurement variability (Button et
al., 2013; Mebhler, 2019). When subjected to publication bias, small samples also increase the
chance for inflated effect sizes and false-positive findings; a broader issue increasingly
recognized across the neurosciences including neuroimaging research (Algermissen and Mehler,
2018). More recent large-scale evaluations have shown that several hundreds to thousands of
samples are often required to yield replicable brain-behavior associations, as small cohorts
frequently produce non-replicable correlations between brain structure and psychological traits
(Goltermann et al., 2025; Kharabian Masouleh et al., 2019; Liu et al., 2023; Marek et al., 2022;
Marek and Laumann, 2025). Importantly, previous structural neuroimaging studies in IBS

relied solely on conventional null-hypothesis significance testing (NHST), which can provide
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evidence for the presence of effects, but not evidence for the absence of effects that are
considered large enough to be relevant (Algermissen and Mehler, 2018; Barazaniji et al., 2022;
Chua et al., 2017; Grinsvall et al., 2021; Jiang et al., 2013; Labus et al., 2015, 2014; Lakens,
2017; Lakens et al., 2018; Li et al., 2020, 2024; Mayer et al., 2023, 2015; Mehler et al., 2019;
Piché et al., 2013; Seminowicz et al., 2010; Sun et al., 2023; Weaver et al., 2016; Zhao et al.,
2023). Furthermore, most IBS studies have focused on females, likely due to a sampling bias
resulting from the fact that women are 1.5-3.0 times more likely to develop IBS and 2-2.5 times
more likely to seek medical care for IBS-related symptoms compared to men (Drossman et al.,
1993; Mayer et al., 2023), leaving male patients underrepresented and potentially biasing group
comparisons (Weaver et al., 2016). Together, these factors underscore the need for large,
population-based samples and adequately powered statistical approaches to improve robustness,

replicability, and evaluate the practical relevance of detected effect size.

The UK Biobank (UKB) provides large-scale neuroimaging, clinical, and demographic data
from over 500 000 participants (Sudlow et al., 2015), offering the statistical sensitivity needed
to overcome replicability challenges in neuroimaging studies. The availability of digestive
health information, such as the digestive health questionnaire (DHQ), together with MRI and
psychometric data, enables well-powered analyses of brain morphology and its associations
with clinical features such as pain, anxiety, and depression. Moreover, the large healthy cohort
provides an ideal sample for approaches such as normative modeling (NM) (Rutherford et al.,
2023, 2022a) that allow individual-level deviations to be quantified based on a pretrained

healthy reference model.
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NM builds such a reference cohort model to estimate neuroanatomical deviations in patients
while accounting for age, sex and scanner-related variability (Bayer et al., 2025; Bethlehem et
al., 2020; Elad et al., 2021; Marquand et al., 2016; Rutherford et al., 2023, 2022b, 2022a; Verdi
et al., 2024b; Zabihi et al., 2019). Successfully applied in psychiatric diseases (Bayer et al.,
2025; Bethlehem et al., 2020; Elad et al., 2021; Verdi et al., 2024a; Zabihi et al., 2019), NM
moves beyond group averages by capturing individual-specific morphometric variability and
enabling analyses of how deviations relate to clinical features (Marquand et al., 2016;
Rutherford et al., 2023, 2022b). Extending this approach to IBS offers a principled way to
examine cortical morphology with greater precision and interpretability, including potential
links to symptom severity and gut-brain interaction (Marquand et al., 2016; Rutherford et al.,

2023, 2022b).

Here, we applied NM to UKB neuroimaging data to quantify individual-level cortical gray
matter deviations in key morphological features, including CT, surface area (SA) and cortical
volume (CV), in IBS and propensity-score-matched (PSM) HCs (Kline and Luo, 2022) relative
to healthy reference models. Our first objective was to systematically investigate whether gray
matter cortical alterations previously reported in IBS are replicable in a large, well-powered
cohort, with a particular focus on brain regions implicated in pain perception and emotional
processing. Second, we examined whether cortical deviations show brain-phenotype
associations for IBS-related clinical features and assessed whether these associations were

different in IBS compared to HCs to a statistically meaningful extent. Further, we explored if
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potential morphometry variations or brain-phenotype associations were different between
males and females as sex has been discussed as a potentially relevant factor in the IBS
neuroimaging literature (Gupta et al., 2017; Jiang et al., 2013; Jin et al., 2019; Labus et al.,
2014). Moving beyond conventional NHST, we followed up all primary hypothesis tests with
equivalence tests, that allow us to reject a range of effect sizes that are considered too small to
be statistically relevant (Senn, 2021). Moreover, for cases where the initial null hypothesis
could not be rejected in the primary test, equivalence tests allow us to distinguish between “no
evidence for an effect” and more informative statements about “evidence for no statistically
relevant effects” (Campbell, 2024; Gerchen et al., 2021; Hanel and Mehler, 2019; Lakens et al.,
2018; Walker and Nowacki, 2011). Finally, we conducted sensitivity analyses to assess whether
the findings were influenced by IBS subtype heterogeneity or by the use of NM rather than
conventional raw-measure case-control analyses. Together, using a large-scale UKB data
sample, our study aims to provide robust insights into replicability of cortical morphometric

alterations in IBS and to offer statistical evidence for rejecting meaningless, small effects.

In light of recent critiques that have highlighted risks that accompany the use of large datasets
— including oversimplified phenotyping, selective analyses, and insufficient correction for
multiple comparisons (Rudan et al., 2025; Suchak et al., 2025) — we aimed to address these
concerns by using a transparent methodology, careful data selection, and robust statistical
correction procedures. Specifically, we adopted these principles through a systematically
designed normative modeling framework, following a guideline for reporting analyses of big

data repositories open to the public (GRABDROP) (Rudan et al., 2025), conducting multiple
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comparison corrections for all tests, and employing an established equivalence testing approach
to evaluate the replicability and magnitude of IBS-related morphometric differences beyond
conventional null hypothesis significance testing (Campbell, 2024; Gerchen et al., 2021; Hanel
and Mehler, 2019; Lakens, 2017; Lakens et al., 2018; Mehler et al., 2019; Walker and Nowacki,

2011).

2 Materials and Methods

2.1 Study samples

2.1.1 UK Biobank dataset

Data were retrieved from the UK Biobank (UKB), a large-scale biomedical study with over
500 000 individuals. Brain imaging data were acquired at four sites using 3T scanners (Siemens
Skyra) and processed using UKB’s standardized pipeline for CT, SA and CV estimation, based
on Destrieux parcellation (Destricux et al., 2010), and quality control operated on behalf of

UKB (Alfaro-Almagro et al., 2018).

Participants were eligible if they had complete brain MRI data from image Instance 2 (2014-
2022) and available demographic information. To define the healthy and IBS groups, we
excluded individuals with gastrointestinal disorders except IBS, major depressive disorder,
neurological or psychiatric disorders, cerebrovascular disease, intracranial injury, neoplasms,
or other major exclusionary medical conditions. Exclusion criteria were derived from ICD-10
diagnosis codes, OPCS-4 surgical procedure codes, self-reported non-cancer illness codes,

DHQ-responses, mental health questionnaire responses, and UKB imaging quality control
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information (See S1-S2 Tables for full criteria and corresponding data fields). After applying
exclusion and data-quality criteria, 15 487 individuals with available demographic data and

brain imaging measures remained for analysis.

This study was conducted under UKB application ID: 71300, approved by the UKB Access
Committee. The study was covered by the ethical approval for UKB studies from National
Health Service (NHS) National Research Ethics Service on 17 June 2011 and extended on 18
June 2021 with written informed consent obtained from all patticipants (Data-field: 200). To
ensure transparent reporting of secondary analyses of a large-scale public dataset, we followed
the Guidelines for Reporting Analyses of Big Data Repositories Open to the Public

(GRABDROP) (Rudan et al., 2025). The completed checklist is provided in the S1 File.

2.1.2 Definition of IBS and healthy groups

A total of 3 413 IBS cases were identified using a DHQ-derived approximation of Rome III
IBS criteria based on self-reported digestive symptoms from the UKB (S3 Table) (Douglas A.
Drossman, 2006; Eijsbouts et al., 2021). Matched HCs were selected using propensity score
matching (PSM) to improve covariate overlap before case-control inference (Kline and Luo,
2022). IBS cases were matched 1:1 to HCs using nearest-neighbor matching without
replacement, based on the logit of the propensity score estimated from age, sex, and MRI
scanner site indicators. Covariate balance was evaluated using standardized effect sizes before
and after matching. Although age, sex, and MRI scanner site were also included as covariates
in the normative model, PSM served a distinct design-stage purpose. It reduced distributional

imbalance between IBS cases and HCs in the analytic case-control sample, whereas the

11
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normative model estimated expected brain morphometry and individual-level deviation scores
conditional on these covariates. The remaining healthy participants served as the reference

cohort for training and evaluating the NM framework, using an 8:2 split.

IBS subtypes were defined using UKB DHQ data based on standard Rome III definitions of
constipation-predominant IBS (IBS-C), diarrhea-predominant IBS (IBS-D), mixed IBS (IBS-
M), and unclassified IBS (IBS-U), according to the frequency of hard or lumpy stools versus

loose, mushy or watery stools (S3 Table).

2.1.3 Clinical assessment

Clinical symptom data were collected through UKB self-reported questionnaires, including the
IBS Symptom Severity Score (IBS-SSS) assessing abdominal pain intensity and frequency,
abdominal distention, bowel habit satisfaction, and interference with activities of daily living
(Francis et al., 1997); the Patient Health Questionnaire-12 (PHQ-12) somatic symptom score
assessing non-digestive somatic symptoms (Spiller et al., 2010) (To avoid systematic sex-
related bias, menstrual symptoms was excluded (Eijsbouts et al., 2021; Polster et al., 2019));
the Generalized Anxiety Disorder-7 (GAD-7) score (Spitzer et al., 2006); and PHQ-9 score
(Kroenke et al., 2001) to assess the severity of anxiety and depressive symptoms. These
questionnaires were used as continuous symptom-severity measures rather than diagnostic
instruments. Non-zero scores in healthy controls reflect symptom burden rather than clinical

diagnosis. Questionnaires and corresponding UKB field codes are available in S4 Table.

To evaluate temporal alignment between phenotype assessment and neuroimaging, we

12
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calculated signed day differences between the MRI acquisition date and DHQ completion date.
We summarized the median and interquartile range (IQR) of these intervals and the proportion

of participants whose absolute DHQ-MRI interval was within 3 years.

2.1.4 Covariates and medication variables

Additional demographic, lifestyle, and medication variables were derived for sample
characterization and covariate-balance assessment rather than for PSM or primary statistical
models, because not all variables were completely available and would have reduced the
analytic sample size. BMI and smoking status were extracted from UKB imaging assessment
and questionnaire fields. Years of education were derived from education qualifications, with
the highest qualification retained for each participant and converted into approximate years of
education as follows: college/university degree = 16 years; A/AS levels = 12 years; O
levels/GCSE/CSE = 10 years; NVQ/HND/HNC = 13 years; other professional qualification =
14 years; none of the above = 6 years; prefer not to answer = missing (Lennon et al., 2023).
Daily alcohol intake was calculated based on alcohol consumption questionnaire fields from
UKB category 100051 (Schneider et al., 2024). Medication conditions were derived from data
field 6154 at the imaging visit. Participants endorsing aspirin, ibuprofen, or paracetamol were
coded as using pain medication. Previous IBS diagnosis was derived from first occurrences of
ICD-10 diagnosis code K58 in category 1712, requiring the diagnosis date to precede the

imaging visit date for each participant.

2.1.5 Regions of interest

To improve statistical power and inform our hypotheses, we focused on 30 regions of interest

13
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(ROISs) per hemisphere linked to IBS in prior studies (Grinsvall et al., 2021; Orand et al., 2015;
Weaver et al., 2016). These included motor, cingulate, and insular cortices, among other regions,
that are associated with pain processing, sensorimotor integration, emotional regulation, and

interoception. The full list of ROIs is provided in S5 Table.

2.2 Normative modeling

2.2.1 Reference model construction

NMs were constructed using the Python-based PCNtoolkit (version 0.26) (Marquand et al.,
2016; Rutherford et al., 2022b). Warped Bayesian lincar regression was applied to predict brain
measures from age, sex, and site, incorporating the SinhArcsinh warping function to account
for distributional skewness and kurtosis (Fraza et al., 2021). Reference models were trained
separately for each ROI and brain measure using 80% (N = 6 929) of the reference healthy

dataset and evaluated on the remaining 20% (N =1 733).

2.2.2 Model evaluation

Model performance was evaluated across the validation, matched HCs and IBS datasets using
explained variance (EV), mean standardized log loss (MSLL), skewness, kurtosis, and
correlation between true and predicted values (Fraza et al., 2021; Rutherford et al., 2022a,
2022b). These metrics were used to assess predictive accuracy, uncertainty calibration, and
distributional properties of the resulting deviation scores. False discovery rate (FDR) correction
was applied using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995). Model

performance was then statistically compared across datasets to assess the generalizability of

14
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the normative models.

2.2.3 Brain deviation scores

Deviation scores (z-scores) quantified individual deviations from the normative range for each
ROI and brain measure (Fraza et al., 2021):
Ynd — Yna

Znd =
o5 +(02)q

where y,, represents the true value and J,,4 stands for the predicted value for subject n’s
brain measure d. o7 and (02),; represent the estimated noise variance and the variance

attributable to modeling uncertainty.

2.3 Statistics and reproducibility

To assess case-control differences and their clinical relevance in IBS, we first applied general
linear models (GLMs) to regional deviation scores across CT, SA and CV. Equivalence tests
were then performed on the same contrasts to determine whether groups were statistically
equivalent within a negligible effect range. Moreover, brain-phenotype association analyses
were conducted to explore correlations between cortical deviation scores and clinical symptoms,
including IBS symptom severity, pain severity and mental health measures such as depression
and anxiety. Multiple testing was controlled for using FDR correction with the Benjamini-
Hochberg procedure (Benjamini and Hochberg, 1995), applied separately within each family

of comparisons.

15
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2.3.1 Group-level analysis

GLMs were applied to examine group differences in brain structure deviations across ROIs for
CT, SA and CV brain measures separately, including group (IBS vs. HCs), sex, and their
interaction (group x sex) as fixed effects. As normative models already accounted for age, sex
and scanner effects during training, these were not included as covariates in subsequent GLMs:
Zna = Po + B1(Group) + B, (Sex) + B3 (Group X Sex) + epq
where z,; is the deviation score from the NM for subject n for regional brain measure d.
FDR correction was conducted across ROIs separately for each morphometric measure (CT,
SA, and CV). GLMs were implemented using the ols function from statsmodels.formula.api

(version 0.14.0) (Seabold and Perktold, 2010).

2.3.2 Equivalence tests

Given that the relatively large sample size could detect even small effects, equivalence tests
(Lakens et al., 2018) were conducted to evaluate whether brain structure deviations between
groups (IBS - HCs) were statistically equivalent within prespecified ranges of effects
considered marginally meaningful (Mehler et al., 2019). The two one-sided tests (TOST)
procedure was applied using 90% confidence intervals (CIs). To distinguish statistical sensitivity
from substantive interpretation, we used two smallest effect size of interest (SESOI)
specifications. First, we used power-based SESOI bounds corresponding to the smallest
detectable effect size at 95% statistical power (8 = 0.05) (Campbell, 2024; Lakens, 2017): |d|
=0.088 for the main IBS-HC effect and |d| = 0.099 for the group X sex interaction effect. Second,
we used a neuroimaging-informed small-effect bound of |d| = 0.15 as a conservative threshold

below Cohen’s conventional small effect of |d| = 0.20, while acknowledging that effects smaller

10
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than conventional benchmarks may still be meaningful in large-scale behavioral and
neuroimaging research (Cohen, 2013; Funder and Ozer, 2019; Marek et al., 2022; Yan et al.,
2026). Equivalence was interpreted as evidence against effects at or above the corresponding
SESOI bound. FDR correction was applied within each of the three families of comparisons

(i.e., across all ROIs for each brain measure, separately).

2.3.3 Cortical brain-phenotype association analyses

To explore associations between cortical deviations and clinical symptoms, bivariate correlation
analyses were conducted between deviations of CT, SA, CV and questionnaire scores (IBS-SSS,
PHQ-12, GAD-7, PHQ-9; item details in S4 Table) across ROIs in individuals with complete
questionnaire data (Table 1). Correlations were estimated separately for IBS and HCs groups,
and the effect sizes of these correlations were evaluated using equivalence tests with SESOIs
0f']0.139] for IBS and |0.176| for HCs, corresponding to the smallest detectable effect sizes at

95% statistical power (f = 0.05) (Campbell, 2024; Lakens, 2017).

Group differences in correlation strength were assessed using Fisher’s Z-transformation (Razali

and Wah, 2011), with standardized effect size expressed as Cohen’s q:

1 1+n 1l 1+n
1-r, 2%91—7,

where r represents the correlation coefficient being compared. Equivalence tests for group-
difference effect sizes were conducted with a SESOI of |0.112|, corresponding to the smallest

detectable Cohen’s q at 95% statistical power (f = 0.05) (Campbell, 2024; Lakens, 2017).

To explore sex moderation, DiD analyses compared the sex-related differences in correlation

17
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strength between IBS and HCs (Baker et al., 2025; Bodner, 2017; Gupta et al., 2017; Hedges et
al., 2023; Salminen et al., 2022):

Aq = q1ps — quc
where q;ps represent the sex differences between IBS females and IBS males (7y: correlation
coefficient of IBS females; r,: correlation coefficient of IBS males), and qy. represent such
differences between HC females and HC males. Equivalence tests of DiD effect sizes used a
SESOI of Cohen's q = [0.256|, the smallest detectable Cohen’s q at 95% statistical power (8 =

0.05) (Campbell, 2024; Lakens, 2017).

The Shapiro-Wilk test was used to evaluate normality of the variables (Ramseyer, 1979).
Pearson’s correlation was applied if both variables were normally distributed; otherwise,
Spearman’s correlation was applied.  FDR correction was applied within each family of
comparisons for correlations, correlation differences, DiD analyses, and equivalence tests
separately (i.e. across all ROI-based correlation analyses for each brain measure and each
questionnaire, separately). Analyses were conducted using scipy.stats (version 1.10.0) and

pandas (version 1.5.3) in Python (version 3.8.16) (McKinney, 2010; Virtanen et al., 2020).

2.3.4 Individual-level and multivariate exploratory analyses

To further assess whether normative modeling revealed individual-level or multiregional

deviation patterns not captured by the primary ROI-wise IBS—HC analyses, we conducted a set
of exploratory analyses using the full 180-dimensional deviation-score profiles across CT, SA,

and CV.
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First, for each ROI and modality, we calculated the proportion of HCs and IBS participants
showing extreme deviations, defined as |z| = 2, and visualized these rates on cortical surface
maps. ROI-wise IBS—HC comparisons of extreme-deviation rates were performed with false
discovery rate (FDR) correction within each modality. Second, we examined multiregional
deviation-profile structure using principal component analysis (PCA) on the full 180 deviation
scores after median imputation and feature standardization. Group overlap between HCs and
IBS was visualized using the first two principal components. Third, we examined whether
symptom severity was related to individual extreme-deviation burden. For each modality, we
derived burden metrics based on extreme deviations and estimated Pearson correlations
between these metrics and symptom scales (IBS-SSS, PHQ-12, PHQ-9, and GAD-7) separately
in HCs and IBS. Between-group differences in these associations were quantified using
Cohen’s q, defined as the difference between Fisher z-transformed correlations in IBS and HCs.

FDR correction was applied across these association-difference tests.

2.3.5 1IBS subtype sensitivity analyses

IBS subtype sensitivity analyses were conducted to evaluate whether heterogeneity across IBS
subtypes could mask an overall IBS-HC effect. IBS cases were classified as IBS-C, IBS-D,
IBS-M, or IBS-U according to Rome III criteria using DHQ-derived bowel-habit information
(described in Section 2.1.2). For each cortical measure, linear models were fitted to deviation
scores using the same model structure as in Section 2.3.1, with sex included as a covariate and

group coded as a five-level factor: HC, IBS-C, IBS-D, IBS-M, IBS-U. HC was used as the

19



Journal Pre-proof

reference group. We tested the omnibus five-level group effect to assess whether any IBS
subtype differed from HCs, and the five-level group x sex interaction to evaluate sex-specific
subtype effects. Subtype heterogeneity was further evaluated using nested model comparisons,
comparing a binary IBS-HC effect model against a five-level subtype model allowing separate
effects for IBS-C, IBS-D, IBS-M, and IBS-U. The same nested-comparison approach was
repeated for sex interaction terms to assess sex-specific subtype heterogeneity. FDR correction

was performed separately within each modality for each analysis (CT, SA, CV).

2.3.6  Deviation score vs. conventional case-control sensitivity

analyses

To improve interpretability to readers familiar with conventional case-control analyses, we
additionally performed raw-measure sensitivity analyses using the original cortical
morphometry measures in the same matched HCs and IBS cases. For each hemispheric ROI
and modality, raw CT, SA, and CV values were z-standardized within the pooled HCs and IBS
sample and modeled using GLMs with group, sex, and their interaction as predictors, and age
and scanner site as covariates:
z(raw measure)~group X sex + age + scanner site

where group and sex were coded as in the primary analyses, and scanner site was included as a
categorical covariate. FDR correction was applied separately within each modality and effect.
To directly evaluate concordance with the normative modeling-based results, we correlated the
raw-measure group and group X sex effect sizes with the corresponding effect sizes from the

primary NM-deviation analyses across ROIs using Pearson correlation.
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3 Results

A schematic overview of the study pipeline is presented in Fig 1. To test whether previously
reported cortical morphometric differences in IBS can be replicated in a large population-based
sample, we analyzed data from 3 413 IBS cases and age- and sex-matched HCs from the UKB.
Normative models were trained using healthy reference data to quantify individual-level brain
deviations in CT, SA, and CV. The resulting cortical deviation z-scores were used to assess both
mean group differences and cortical brain-phenotype association differences between IBS and
HCs, as well as interactions with sex. All primary statistical analyses were complemented by
equivalence tests to evaluate the relevance of effect size estimates and aid interpretation of
inconclusive primary test results in particular. Detailed methodological information on the

analysis pipeline is provided in the Methods section.

Fig 1. Schematic overview of the study design. Structural MRI and clinical data from the UK
Biobank were applied to investigate brain morphometric deviations in IBS within a large population
cohort. A healthy reference sample (N = 8 661) was used to train normative models with age, sex, and
scanner included as covariates (upper). Individual deviation scores were then computed for IBS cases
and matched HCs (N = 3 413 each) across regions of interest (ROIs) and brain measures. Subsequent
analyses assessed group-level differences in deviations and their associations with clinical phenotypes

across ROIs.
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3.1 Sample demographics and clinical characteristics

A total of 37 843 individuals were excluded due to exclusion criteria (e.g. other medical
conditions) or data quality criteria (see Methods and exclusion criteria in S1 and S2 Tables for
full details). The remaining 15 487 individuals with available demographic data and brain MRI
measures for CT, SA and CV were included in the study. Based on inclusion criteria for IBS
diagnosis (S3 Table), the final analytic sample comprised 3 413 individuals with IBS and 3 413
propensity score-matched HCs. Education and alcohol intake were incompletely available in
the matched sample: education was available for 3 380 IBS cases and 3 384 HCs, and alcohol
intake was available for 3 258 IBS cases and 3 310 HCs. Because not all participants completed
the clinical questionnaires, brain-phenotype analyses included 2 712 IBS and 1 699 HCs with
complete behavioral data. The remaining 8 661 healthy individuals served as the reference

dataset for training and evaluating the brain-structure NM framework.

Table 1 summarizes the demographic, lifestyle, medication, and clinical characteristics of the
matched case-control and IBS cases. IBS cases were further classified as IBS-C (N=611), IBS-
D (N=877),1BS-M (N =1 832), or IBS-U (N =93). Matching substantially improved covariate
balance for the prespecified matching variables. Age imbalance was reduced from a
standardized mean difference (SMD) of 0.219 before matching to 0.073 after matching, and
exact balance was achieved for sex, with the SMD reduced from 0.536 to <0.001. Hence, after
matching, IBS and HCs groups showed only negligible differences in age, BMI, education,
alcohol intake, smoking status, and pain medication use, with all absolute effect sizes below

0.1. The IBS group was defined using Rome III criteria based on self-reported UKB DHQ
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symptoms; 21.9% of IBS cases also had a previous ICD-10 IBS diagnosis before imaging.

Table 1. Demographic and clinical characteristics of the analysis samples

HCs IBS IBS Subtypes
Effect

Characteristic N =3 (N = . IBS-C (N = IBS-D N = IBS-M (N= IBS-U (N =
413) 413) e 611) 877) 1832) 93)

Age, years 61.45 62.09 -0.086 62.64(7.93)  61.92(7.20) 61.94 (7.70)  63.09 (7.22)
(7.47) (7.61)

Male sex, n (%) 921 921 0.000 79 (12.9%) 326 (37.2%) 487 (26.6%) 29 (31.2%)
(27.0%) (27.0%)

BMI, kg/m? 25.59 25.96 -0.084 25.04(3.96)  26.13(4.48)  26.25(4.66)  24.62(3.77)
4.17) (4.50)

Education, years 14.04 14.10 -0.022  14.04 (2.66) 14.34 (2.28) 13.99 (2.65) 14.29 (2.35)
(2.65) (2.56)

Alcohol intake, 12.88 12.50 0.027 9.35(9.47) 15.06 (16.22)  12.35(14.25) 12.00 (12.92)

g/day (13.59) (14.16)

Smoking status, n 0.067

(o)

Never 2397 2173 394 (65.1%) 554 (64.0%) 1162 (63.9%) 63 (68.5%)
(70.7%) (64.3%)
Previous 909 1112 199 32.9%) 290 (33.5%)  595(32.7%)  28(30.4%)

(26.8%) (32.9%)

Current 83 (2.4%) 96 (2.8%) 12 (2.0%) 21 (2.4%) 62 (3.4%) 1 (1.1%)
Pain medication, n 235 323 0.047 48 (7.9%) 71 (8.1%) 194 (10.6%) 10 (10.8%)
(%) (6.9%) (9.5%)

Previous IBS 0 (0.0%) 746 0.350 120 (19.6%) 179 (20.4%) 433 (23.6%) 14 (15.1%)

diagnosis, n (%) (21.9%)

IBS-SSS 3.03 17.98 -1.961  18.03 (9.47) 17.30 (9.14) 18.58 (9.15) 12.19 (8.61)
(3.78) 9.26)

PHQ-12 3.51 6.49 -1.034  6.30(3.01) 5.96 (3.21) 6.87 (3.18) 523 (3.12)
(2.30) (3.19)

GAD-7 1.03 293 -0.605  2.80(3.84) 2.71 (3.66) 3.14 (3.85) 1.89 (3.28)
(1.87) 3.79)

PHQ-9 1.34 3.58 -0.689  3.46 (3.88) 3.23(3.81) 3.85(4.03) 2.43(3.28)
(1.90) (3.94)

Values are mean (SD) or n (%).

Effect sizes compare matched HCs and all IBS cases. For continuous variables, Cohen’s d was

calculated as mean(HC) — mean(IBS), so negative values indicate higher means in IBS. For

categorical variables, effect sizes are reported as ¢/Cramér’s phi and are unsigned; direction should
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be inferred from the percentages. Effect sizes marked in bold indicate corresponding p value < 0.05.
3. BMI, body mass index; HCs, healthy controls; IBS, irritable bowel syndrome; IBS-C, IBS
constipation-predominant; IBS-D, IBS diarrhea-predominant; IBS-M, IBS mixed/alternating
constipation and diarrhea; IBS-U, IBS unclassified; IBS-SSS, IBS symptom severity score; PHQ-

12, somatic symptom severity; GAD-7, anxiety symptoms; PHQ-9, depressive symptoms.

As expected, individuals with IBS exhibited significantly higher scores on clinical measures of
symptom severity (IBS-SSS), pain (PHQ-12), depression (PHQ-9), and anxiety (GAD-7)
compared to HCs with large effect sizes (all p < 0.05; all |Cohen’s d| > 0.6; item descriptions
for each scale are provided in S4 Table). Similar patterns were observed across IBS subtypes

descriptively, although IBS-U had the quite small sample size (N = 93).

DHQ-MRI timing was also examined to assess the temporal proximity between self-reported
symptoms and imaging (S2 Fig). In the matched sample, DHQ completion occurred a median
of 359 days before MRI in IBS participants (IQR: 699 days before to 138 days after) and 461
days before MRI in HCs (IQR: 739 days before to 2 days before). The absolute DHQ-MRI

interval was within 3 years for 95.5% of IBS participants and 96.3% of HCs.

3.2 Quality control and evaluation of normative models
Normative models were fitted separately for both hemispheres across 30 ROIs selected based
on prior MRI studies of IBS (see S5 Table for the ROI list). Model evaluation across the

validation, matched HCs, and IBS datasets indicated stable performance across evaluation
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metrics, including EV, MSLL, skewness, kurtosis, and correlations between observed and
predicted values (S1 Fig; S6 Table), consistent with previous NM studies (Fraza et al., 2021;
Rutherford et al., 2023, 2022a). Generalizability was further supported by the similarity of
model performance metrics between the validation and matched HC datasets, both of which
comprised healthy participants independent from the training set and were expected to represent

the same reference population.

3.3 Structural brain deviations showed no mean group

differences between IBS and HCs

GLMs including group, sex and their interaction as fixed effects found no FDR-corrected
significant main effect of group for any brain measure across all ROIs (all |effect sizes| < 0.065,
all prpr > 0.05; full model parameters are provided in S7 Table). Using the neuroimaging-
informed SESOI of |d| = 0.15, all group effects were statistically equivalent to zero after FDR
correction. Under the stricter power-based SESOI of |d| = 0.088, equivalence was observed for
most measures: 54/60 ROIs for CT, 56/60 for SA, and 52/60 for CV. As shown in Fig 2.a, the
90% Cls for most regions fell well within the equivalence bounds (max(piower, Pupper)ror < 0.05;
ClIs in black), indicating FDR-corrected equivalence, while a small subset of regions yielded
inconclusive results where Cls overlapped the power-based SESOI boundary (max(piower

Pupper)ror > 0.05; Cls in blue). Detailed equivalence test statistics are provided in S8 Table.

Fig 2. Equivalence tests for group and group X sex effects across ROIs and brain measures. Each

point represents the effect size with 90% confidence intervals (Cls) for a the main group effect and b
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the group X sex interaction effect across 60 ROIs (30 per hemisphere). Blue Cls indicate regions with
inconclusive results after false discovery rate (FDR) correction, whereas black Cls indicate regions
showing statistically significant equivalence after FDR correction. Dashed vertical lines represent the
boundaries of the smallest effect size of interest (SESOI) for the power-based SESOI (black) and
neuroimaging-informed SESOI (blue). Abbreviations: ROIs, regions of interest; CT, cortical thickness;

SA, surface area; CV, cortical volume.

No FDR-corrected significant group x sex interaction effect was observed across ROIs (all
leffect sizes| < 0.062, all prpr > 0.05; full model parameters in S9 Table). Using the
neuroimaging-informed |d| = 0.15 SESOI, all tested interaction effects were statistically
equivalent to zero after FDR correction. With the stricter power-based SESOI of 0.099,
equivalence was observed for nearly all interaction effects: 60/60 ROIs for CT, 57/60 for SA,
57/60 for CV (Fig 2.b). Only a small number of SA and CV measures in regions around the
central sulcus yielded inconclusive effects. Detailed equivalence test results for interaction

effects are summarized in S10 Table.

Overall, these findings suggest that neither the main group effect nor its interaction with sex
revealed any replicable morphometric differences in IBS. Equivalence tests further indicated
that nearly all effects were statistically equivalent and thus negligible, allowing small, likely

meaningless differences overall to be conclusively rejected.
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34 Limited evidence of IBS-specific morphometry-
phenotype associations

Cortical gray matter deviations showed only limited associations with relevant clinical scales
of IBS symptom severity (IBS-SSS), IBS-related pain (PHQ-12), depression (PHQ-9) and
anxiety (GAD-7). Within the IBS group, deviation scores were negatively correlated with IBS-
SSS sum scores across frontal, cingulate, and sensorimotor areas for CV and SA measures (-
0.087 <r<-0.042; -0.175 < Cohen’s d <-0.085; all prpr <0.05). Likewise, significant negative
correlations between PHQ-12 sum scores and CV/SA were also observed in IBS, particularly
in postcentral, cingulate, and temporal cortices (-0.095 <t <-0.049, -0.191 < Cohen’s d < -
0.099, all prpr < 0.05). While these correlations were statistically significant and equivalence
tests were non-significant (i.e., effect sizes were not equivalent to the SESOI; equivalence tests’
pror > 0.05), their Cls overlapped with the equivalence bounds, indicating that these effects
remain inconclusive rather than clearly meaningful (S11 Table). Hence, the correlation results
only provided limited evidence for cortical brain-phenotype associations. Corresponding brain
maps with inconclusive effects are shown in S3 Fig. Further, in line with our expectations, no

significant cortical brain-phenotype association was observed in HCs.

To assess group differences in correlation strengths between IBS and HCs, Fisher’s Z tests were
used. In primary NHST, several regions showed significantly stronger negative correlations in
IBS than in HCs for IBS-SSS (Fig 3.a), including the right postcentral sulcus (CV, Cohen’s q =
0.116; SA, Cohen’s q =0.122), left postcentral sulcus (SA, Cohen’s q=0.101), right postcentral

gyrus (SA, Cohen’s g =0.107) and right supramarginal gyrus (SA, Cohen’s q = 0.100). Further,
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equivalence tests showed that these effect sizes were not statistically equivalent to the SESOI
(pror > 0.05; red Cls in Fig 3.b). However, their Cls still overlapped with the SESOI bounds,
indicating that these group differences remain inconclusive rather than clearly meaningful (Fig
3.b). No significant group difference was observed for PHQ-12 (all Cohen’s q < 0.1, prpr >
0.05) or for other clinical scales (S3 Fig). Complete results for within-group associations and

association differences between groups are provided in S11 Table.

Fig 3. Cortical brain-phenotype association differences between IBS and HCs. a Primary test:
Scatter plots illustrating cortical brain-phenotype relationships in regions where IBS and HCs differ
significantly (prpr < 0.05). b Equivalence test: Forest plots showing effect sizes of between-group
association differences and their 90% Cls relative to a SESOI of |0.112|. Regions in red indicate
inconclusive effect sizes where the Cls overlap with the equivalence bounds (prpr > 0.05), whereas
regions in black indicate effect sizes statistically equivalent to the SESOI. Abbreviation: CT, cortical

thickness; SA, surface area; CV: cortical volume; ES, effect size; CI, confidence interval.

Finally, to evaluate whether detected associations were moderated by sex, we quantified group
x sex differences using a difference-in-differences (DiD) framework and tested the equivalence
of DiD effect sizes (Baker et al., 2025; Bodner, 2017; Hedges et al., 2023). Across regions, most
effects were statistically equivalent to the SESOI, with mean DiD effect sizes clustering around
zero; only a few regions were inconclusive (S4 Fig; complete results in S12 Table). Hence,
overall, these results provide mostly conclusive evidence for the absence of a sex-moderation
effect for IBS-specific cortical brain-phenotype associations.
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3.5 Individual-level and multivariate exploratory analyses

Exploratory analyses did not reveal robust individual-level or multiregional deviation patterns
beyond the primary ROI-wise null findings. ROI-level extreme-deviation maps showed broadly
similar spatial distributions in HCs and IBS participants across CT, SA, and CV, and no ROI-
wise IBS—HC differences in |z| = 2 extreme-deviation rates survived FDR correction. PCA of
the full 180-dimensional deviation profiles showed strong overlap between HCs and IBS
participants in the first two principal components, indicating no clear multiregional separation
of groups. Analyses of symptom—extreme-deviation associations likewise did not reveal robust
IBS-specific effects. No between-group association-difference test survived FDR correction,
and the largest absolute effect size was negligible (|q| = 0.077; minimum FDR-corrected p =
0.739). Overall, these exploratory NM-specific analyses did not reveal evidence of increased
abnormality burden, multiregional deviation-profile structure, or symptom-related deviation
patterns that would alter the primary conclusion of negligible IBS-HC cortical macrostructural

differences.

3.6 IBS subtype sensitivity analyses

IBS subtype sensitivity analyses were conducted to examine whether IBS subtype heterogeneity
could have masked an overall IBS-HC effect. Across CT, SA, and CV, no five-level group
omnibus effect, five-level group x sex interaction, nested subtype heterogeneity effect, or
nested subtype x sex heterogeneity effect survived FDR correction within modality (S13 Table).

These findings suggest that no robust subtype-specific cortical deviation patterns were detected
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within the available DHQ-derived subtype labels.

3.7 Consistency between NM-based and conventional case-

control analyses

Raw-measure sensitivity analyses converged with the primary NM-based findings. After
adjustment for age and scanner site, conventional raw-measure GLMs identified no FDR-
corrected significant IBS-HC main effects and no FDR-corrected significant group X sex
interaction effects for CT, SA, or CV. Effect sizes estimated from raw-measure models were
highly concordant with those from the NM-based deviation models, with high modality-specific
correlations for both the main group effect (CT: r = 0.969; SA: r = 0.970; CV: r = 0.974) and
the group x sex interaction effect (CT: r =0.980; SA: r = 0.990; CV: r = 0.989; all p < 0.001).
These results indicate that the case-control findings were not specific to the NM pipeline, while
supporting NM as the primary framework for individualized age-, sex-, and site-adjusted
deviation estimation. Full raw-measure model outputs and the raw-vs-NM effect size

comparison are provided in the supplementary materials (S14 Table and S7 Fig).

4 Discussion

In this population-based study, we investigated structural brain deviations in IBS using NM and
equivalence testing applied to UKB data. Despite previous reports of morphological brain
differences in IBS (Barazaniji et al., 2022; Chua et al., 2017; Grinsvall et al., 2021; Jiang et al.,
2013; Labus et al., 2015, 2014; Li et al., 2020; Piché et al., 2013; Seminowicz et al., 2010;

Weaver et al., 2016), we found no group-level differences in cortical measures between IBS
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and matched HCs. In contrast, equivalence tests showed that effect sizes were within a range
that can be considered statistically negligible or smaller than the neuroimaging-informed
relevance threshold for nearly all ROIs (Fig 2, S8 Table), providing evidence for the absence of
meaningful group differences, rather than merely a lack of significant findings (Alderson, 2004;
Altman and Bland, 1995; Sedgwick, 2014). This approach allowed small, likely negligible
differences to be statistically rejected, providing evidence for the absence of robust cortical
macrostructural alterations in this UKB IBS phenotype. Our findings align with recent failed
large-scale replication efforts in psychiatric and behavioral neuroscience, which have shown
that many previously claimed brain-behavior associations fail to generalize when examined in
adequately powered samples (Kharabian Masouleh et al., 2019; Flint et al., 2021; Marek et al.,
2022; Winter et al., 2022; Liu et al., 2023; Belov et al., 2024; Goltermann et al., 2025; Marek

and Laumann, 2025; Goya-Maldonado et al., 2026).

Prior structural MRI studies of IBS have frequently described alterations in regions involved in
pain perception and emotional regulation, particularly the anterior insula, cingulate cortex, and
somatosensory cortices (Chua et al., 2017; Grinsvall et al., 2021; Jiang et al., 2013; Labus et
al., 2015; Li et al., 2020). However, reported effects across these studies have been partially
inconsistent with regard to both the direction and magnitude of their effect sizes. Further, these
studies have included mostly small sample sizes and single-site datasets. Notably, the sample
size used here was more than ten times larger than those in prior studies and yet failed to detect
significant group-level differences in cortical morphometry. In contrast, effect size estimates
reported here were consistently small to negligible and most could be conclusively rejected
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with inferential equivalence tests. Equivalence test results therefore allowed us to infer that
most detected effects can be considered practically equivalent to effects below a prespecified
relevance threshold (Fig 2, S8 Table). Null findings are informative only when supported by
sufficient statistical power and appropriate analytical frameworks (Stein et al., 2024).
Accordingly, by combining equivalence test with the high statistical sensitivity that was
provided by the UKB, we were able to yield inferential evidence beyond traditional null-
hypothesis testing (Campbell, 2024; Gerchen et al., 2021; Lakens, 2017; Lakens et al., 2018),
showing that any average structural difference reported here between IBS and HCs is negligible
relative to inter-individual variability. Importantly, subtype sensitivity analyses directly
addressed the possibility that aggregating IBS-C, IBS-D, IBS-M, and IBS-U could mask
subtype-specific cortical effects. These analyses found no significant group omnibus effects,
group x sex interactions, nested subtype heterogeneity effects, or subtype X sex heterogeneity
effects. Thus, within the available DHQ-derived subtype classification, subtype heterogeneity
did not explain the absence of robust average IBS-HC cortical morphometry differences.
Further, for the few instances where equivalence tests remained inconclusive (mainly for
regions within somatosensory and cingulate cortices), effect size point estimates were still
minimal (< 0.07). These descriptive findings thus further support our interpretation that small
effects in the current study likely reflect residual noise rather than relevant, interpretable group
differences. These estimates therefore contrast sharply to previously reported effect sizes,
showing that very large sample sizes would be required to detect these reliably (Liu et al., 2023;

Marek et al., 2022).

32



Journal Pre-proof

While several cortical regions across brain metrics showed small associations between cortical
gray matter deviations and IBS symptom severity or pain severity within the IBS group (S3
Fig), these did not appear to be IBS-specific when compared to HCs (Fig 3, S4 Fig). For
instance, IBS cases showed slightly stronger negative correlations between CV and SA
deviations and both symptom severity and somatic pain severity (-0.123 < Cohen’s q <-0.11),
primarily within postcentral and parietal cortices (Fig 3.a). These group effects were statistically
significant and not equivalent to the defined SESOI. However, their confidence intervals
overlapped with the equivalence bounds and they can thus be considered statistically negligible
(Goertzen and Cribbie, 2010; Walker and Nowacki, 2011). Hence, these findings only partially
replicate the direction of earlier reports that have linked larger symptom burden to cortical gray
matter morphological deviations in somatosensory and motor regions (Labus et al., 2015) and
suggest that any symptom-related effects are subtle and not interpretable as IBS-specific.
Moreover, exploratory DiD analyses found no statistically relevant sex differences for cortical
brain-phenotype associations and most effect sizes ranged between 0 and 0.1. Follow-up
equivalence tests provided conclusive evidence that most effects were statistically negligible
(S12 Table, S4 Fig). These findings contrast earlier IBS studies that reported female-specific or
sex-dependent neural findings based on small or female-dominant samples (Jiang et al., 2013;
Jin et al., 2019). Taken together, these findings demonstrate that sex-specific cortical brain-
phenotype associations in IBS are minimal once the sample size is sufficiently large to provide

precise, reliable effect size estimates.

The consistency between conventional raw-measure analyses and NM-based deviation analyses
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further supports the robustness of these findings. Raw-measure GLMs adjusted for age and
scanner site showed no FDR-corrected IBS-HC group effects or group x sex interactions, and
effect sizes were highly concordant with those from the NM-based analyses. This high
concordance should not be interpreted as indicating that NM is unnecessary. Rather, it suggests
that the present case-control conclusion was not specific to the NM pipeline. NM remains
advantageous because it provides individualized deviation scores relative to age-, sex-, and site-
conditioned healthy reference trajectories, thereby supporting analyses of inter-individual
heterogeneity even when average group differences are minimal. In this sense, the raw-measure
comparison bridges conventional case-control inference and future NM-based individualized

analyses.

Overall, our results provide conclusive evidence for the absence of statistically relevant group
effects and interaction effects in brain morphology for most hypotheses and show only limited
evidence for group-specific brain phenotype associations. Moreover, this large-scale
investigation provides precise effect size estimates, which are consistently small to negligible
(< 0.1) across contrasts. These findings are at substantial odds with many earlier reports in IBS
neuroimaging (Barazanji et al., 2022; Chua et al., 2017; Grinsvall et al., 2021; Jiang et al., 2013;
Labus et al., 2015, 2014; Li et al., 2020; Piché et al., 2013; Seminowicz et al., 2010; Weaver et
al., 2016). A plausible explanation for these discrepancies is that previous reports have been
dominated by overestimations. These likely stem from a combination of several factors,
including limited sample sizes, analytical variability, and publication bias, all of which
characterize much of early neuroimaging research (Algermissen and Mehler, 2018; Button et
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al.,2013; Liu etal., 2023; Marek et al., 2022). Indeed, previous reviews of neuroimaging studies
in IBS indicate that most early investigations included fewer than 30 individuals, rendering
their estimates vulnerable to sampling noise and overfitting (Mayer et al., 2023, 2015; Nistico
et al., 2022; Weaver et al., 2016; Zhao et al., 2023). Small studies have been shown to be at
high risk of yielding inflated estimates of brain-behavior associations and false positives due to
low power and selective reporting (Algermissen and Mehler, 2018; Button et al., 2013; Liu et
al., 2023; Marek et al., 2022), as well as type S (Sign) and type M (Magnitude) errors (Gelman
and Carlin, 2014). These statistical considerations can further explain inconsistencies among
previous IBS neuroimaging reports. In consequence, large-scale replication attempts of these
initially promising findings in samples with sufficient statistical sensitivity can test whether
many previously reported abnormalities were driven more by sampling noise than by replicable
IBS-related alterations. This also constitutes the main contribution of the present study, which
to our knowledge is the first such attempt in the context of structural gut-brain neuroimaging

research.

While there is broad consensus in clinical neuroimaging research fields for the need of large
samples to gain sufficient statistical sensitivity (Algermissen and Mehler, 2018; Button et al.,
2013; Nord et al., 2017; Szucs and loannidis, 2017), recent critiques directed at research using
large-scale datasets such as UKB have pointed out risks. These include concerns about
oversimplified, confounded phenotyping, selective reporting, and insufficient correction for
multiple testing, which increase the chances for inflated, false positive findings (Rudan et al.,
2025; Spick et al., 2025; Suchak et al., 2025). The current study addressed and prevented these
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risks in several ways: To provide sufficient transparency and follow current best practice
recommendations, we adopted the GRABDROP checklist for analyses of big data repositories
(S1 File). Further, statistical concerns were addressed by applying robust normative modeling
to account for confounders through deviations from healthy cohorts, adopting a transparent
methodology with inclusion and exclusion criteria (S1-S3 Tables), and implementing strict false
discovery correction across all analyses. Crucially, by employing equivalence testing, we
moved beyond conventional null-hypothesis inference and used the statistical power of the
available UKB dataset to provide evidence for the absence (i.¢. null hypothesis) of the most
inconclusive primary test results. We see this as one advantage of replication attempts in large
databases and hence encourage others to combine NHST and equivalence testing and thereby
fully capitalize on the high statistical sensitivity that large data sets entail, enabling researchers
to provide both evidence for the presence and absence of (meaningful) effects (Stein et al.,

2024).

Although this work addresses several limitations of previous studies, further aspects should be
considered in the interpretation of our findings and conceptualization of future work. While
UKB provided high statistical sensitivity to investigate morphological variations in IBS, IBS
status was based on self-reported DHQ items mapped to Rome III symptom logic, without
gastroenterologist confirmation, Rome IV reassessment, disease-duration information, detailed
treatment status, or full characterization of comorbid disorders. Residual phenotypic
heterogeneity therefore cannot be fully excluded and may still attenuate subtle morphometric
effects. Subtype sensitivity analyses were also limited by the available DHQ-derived subtype
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labels and unequal subtype sample sizes, particularly the small IBS-U group. Splitting the IBS
sample into subtypes reduced statistical power for subtype-specific effects compared with the
main IBS-HC analyses. Although these analyses did not detect subtype-specific cortical
patterns, they do not establish equivalence across IBS subtypes. More deeply phenotyped and
clinically confirmed cohorts may be needed to test whether subtype-specific neural alterations
emerge under more precise diagnostic, symptom-state, or treatment-defined classifications.
Further, questionnaire and MRI assessments were not always contemporaneous. Although the
DHQ-MRI interval was within 3 years for most participants, questionnaire-derived phenotype
and symptom measures may not perfectly reflect clinical status at imaging, which could
attenuate brain-phenotype associations. This concern may be less pronounced for morphometric
brain measures, because these macrostructural measures are relatively stable, but temporal
mismatch remains an important limitation. In addition, the UKB cohort is not representative of
the entire general population, consisting primarily of middle-aged and older adults from
Western, Educated, Industrialized, Rich, and Democratic (WEIRD) societies (Henrich et al.,
2010; Rutherford et al., 2022a). This potential sampling bias may limit the generalizability of
our findings as IBS prevalence, symptom presentation, and brain-gut interactions may differ
across populations (Francisconi et al., 2016; Gerson and Gerson, 2010). Finally, our
investigation was limited to gray matter structural deviations in cortical thickness, volume, and
surface area. Therefore, the present findings should not be interpreted as evidence against
central nervous system involvement in IBS or against the broader BGM framework. Structural
MRI captures relatively stable macrostructural features, whereas IBS-related neural alterations
may be functional, network-level, task- or symptom-state-dependent, stress-related, immune-
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or microbiome-mediated, or longitudinal. Even within brain morphology, whether our findings
also extend to other features such as vertex-wise cortical measures, subcortical regions, and
white matter microstructure remains to be investigated. Previous IBS studies (Chen et al., 2021;
Mayer et al., 2023, 2015) have also highlighted aberrations in functional brain networks in IBS.
Functional imaging data, brain network metrics, and multimodal neuroimaging approaches
could provide more sensitive measures to capture deviations related to concurrent
symptomatology, compensatory mechanisms, or markers for clinical trajectories (Marquand et
al., 2024). Future large-scale, multimodal studies combining structural and functional imaging
with longitudinal symptom assessment, microbiome measures, inflammatory markers, and
more detailed clinical phenotyping may be better positioned to identify reliable and replicable

neural markers of IBS and its subtypes.

5 Conclusions

In conclusion, we found no replicable group-level differences in cortical gray matter
morphometry between IBS and HCs, nor any meaningful interactions with sex, after correction
for multiple comparisons. Importantly, equivalence testing confirmed that nearly all regional
effects were statistically negligible. Only a few cortical regions, including regions in
somatosensory and cingulate areas, exhibited inconclusive effects close to the equivalence
bounds. Subtype analyses also did not identify robust IBS subtype-specific cortical patterns.
Although negative brain-phenotype associations were detected between cortical deviations and

IBS symptom severity and pain severity across regions within the IBS group, no meaningful
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IBS-specific differences relative to HCs were observed, with only a few regions showing
inconclusive effects. In addition, no meaningful sex moderation was observed. By integrating
normative modeling with equivalence testing in a large population-based cohort, this study fails
to replicate prior reports of IBS-related cortical morphometric alterations, indicating that
previously reported structural neuroimaging findings in IBS (Barazanji et al., 2022; Grinsvall
et al., 2021; Jiang et al., 2013; Labus et al., 2014; Piché et al., 2013; Seminowicz et al., 2010)
likely reflect inflated or sample-specific effects (Button et al., 2013; Marek et al., 2022; Mehler,
2019). Overall, our study provides rigorous statistical evidence that morphometric differences
in IBS are likely very small under the present UKB phenotype and modeling framework. We
therefore encourage future replication studies using adequately powered, clinically well-
characterized datasets and multimodal frameworks to build a more consistent evidence base for

clinically meaningful neural markers of IBS.
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Fig. 3

a Primary NHST
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Data Availability

This study has been conducted using UK Biobank Resource under Application 71300. All raw data
are available from the UKB (www.ukbiobank.ac.uk). The raw and processed UKB MRI data are

protected and are not openly available due to data privacy laws. Access can be obtained by

applying for access (www.ukbiobank.ac.uk/enable-your-research/apply-for-access).

Code Availability

All software used is publicly available at the URL or references cited. Code supporting the
findings of this study is available at https://github.com/hanbing-gao/NM_IBS.
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