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ARTICLE INFO ABSTRACT
Keywords: Objective: Irritable bowel syndrome (IBS) is a chronic pain disorder characterized by disturbed interactions be-
IBS symptoms tween the gut and the brain with depression as a common comorbidity. In both IBS and depression, structural
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Brain morphometry
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Insula

brain alterations of the insular cortices, key structures for pain processing and interoception, have been
demonstrated but the specificity of these findings remains unclear. We compared the gray matter volume (GMV)
of insular cortex (IC) subregions in IBS women and healthy controls (HC) and examined relations to gastroin-
testinal (GI) symptoms and glutamate + glutamine (Glx) concentrations. We further analyzed GMV of IC sub-
regions in women with major depression (MDD) compared to HC and addressed possible differences between
depression, IBS, IBS with depression and HC.

Design: Women with IBS (n = 75), MDD (n = 41) and their respective HC (n = 39 and n = 43) underwent
structural brain MRI. IC subregion volumes were estimated using statistical parametric mapping software.
General linear model approaches were applied to IC volumetric data and FDR-corrected partial correlation an-
alyses assessed relations between GMV, GI symptoms and Glx concentrations.

Results: IBS patients had significantly smaller IC subregions than HC in both hemispheres but there was no
significant difference between MDD compared with IBS and HC for any insular subregion. In IBS, the dorsal
anterior insular volumes were negatively correlated with symptoms of nausea and pain, and the left ventral
subregion showed a positive correlation with straining to defecate, while the posterior subregion volumes
showed no relation to symptoms. In the anterior insula, concentration of Glx showed positive correlations with
GMV bilaterally in HC and with GMV of the right anterior insula in IBS.

Conclusion: As the interoceptive cortex, the insula shows substantial and disease-specific structural differences in
patients with chronic interoceptive visceral pain. Particularly changes in the anterior proportions might be
related to chronic exposure to or enhanced salience towards adverse interoceptive visceral signals and could be
linked to biochemical changes, calling for further multimodal and longitudinal work.

Abbreviations: AIC, Anterior insular cortex; BPI, Brief pain inventory; dAIC, Dorsal anterior insular cortex; CAT, Computational anatomy toolbox; GBA, Gut-brain
axis; GMV, Gray matter volume; HADS, Hospital anxiety and depression scale; HC, Healthy control; IBS, Irritable bowel syndrome; IBS-SSS, IBS severity scoring
system; IC, Insular cortex; MDD, Major depressive disorder; MIC, Middle insular cortex; PIC, Posterior insular cortex; qMRS, Quantitative magnetic resonance
spectroscopy; ROI, Region of interest; vAIC, Ventral anterior insular cortex; VSI, Visceral sensitivity index.
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1. Introduction

Irritable Bowel Syndrome (IBS) is a highly prevalent chronic visceral
pain condition affecting approximately 4 % of the population world-
wide. IBS has a female predominance (Sperber et al., 2021) and causes a
reduction in the quality of life (Simrén et al., 2001) as well as increased
health care costs. (Maxion-Bergemann et al., 2006) In addition to pain
and altered bowel habits IBS patients often suffer from comorbidities
such as depression and anxiety. (Drossman, 2016; Poulsen et al., 2017;
Patel et al., 2015; Norlin et al., 2019) In the absence of a biomarker, the
diagnosis of IBS relies on symptom criteria. (Longstreth et al., 2006;
Drossman and Hasler, 2016) The pathophysiology of IBS is based on a
disturbed bidirectional communication between the gut and the brain,
and therefore IBS is referred to as a disorder of gut-brain axis (GBA)
interactions. (Quigley, 2018) IBS patients commonly suffer from
depression and anxiety and there is considerable evidence demon-
strating that psychological and gastrointestinal symptoms are inter-
woven in the complex pathophysiological and clinical picture of IBS.
(Midenfjord et al., 2019; Bouchoucha et al., 2013; Addolorato et al.,
2008; Midenfjord et al., 2021) Depression is considered an independent
risk factor for IBS (Lee et al., 2015) but conversely, disturbances of the
GBA can also affect behavior and mood. (Quigley, 2018; Mayer et al.,
2015; Chang et al., 2018) In IBS, alterations in the central nervous
system have repeatedly been demonstrated. Particularly, both structural
and functional alterations of the insular cortex (IC) have consistently
been found in relation to chronic visceral pain. (Larsson et al., 2012;
Blankstein et al., 2010; Seminowicz et al., 2010; Labus et al., 2014;
Grinsvall et al., 2021; Tillisch et al., 2011) Using quantitative magnetic
resonance spectroscopy (QMRS), our group could further recently show
biochemical alterations in the anterior insular cortex (AIC) in terms of
decreased bilateral glutamate + glutamine (GIx) concentrations in IBS
patients compared to healthy controls. (Bednarska et al., 2019).

The IC is divided into several subregions delineated both by micro-
structure and function. (Uddin et al., 2017; Kurth et al., 2010) The AIC is
split into dorsal and ventral divisions. The dorsal anterior insular cortex
(dAIC) is strongly connected to frontal brain regions and involved in
cognitive control while the ventral anterior insular cortex (VAIC) is
connected to limbic regions and plays a role in affective processing.
(Nomi et al., 2016) The anterior insula has been demonstrated to eval-
uate the salience of and integrate external and internal stimuli, is a
primary hub of the salience network together with the anterior cingu-
late, (Uddin et al., 2017; Hong et al., 2016) and shows an increased
connection to the amygdala in depression. (Kandilarova et al., 2018)
The posterior insular cortex (PIC) is connected to sensorimotor brain
areas and involved in primary interoceptive processing, with partially
overlapping functions to the middle insular cortex (MIC). (Kurth et al.,
2010; Nomi et al., 2016) The PIC receives thalamic projections and is
activated by numerous nociceptive stimuli thus it is considered as the
primary nociceptive cortex. (Craig, 2002) Primary nociceptive infor-
mation is proposed to function along a posterior-anterior gradient in the
IC in which information is processed in the PIC and re-mapped to the AIC
to form integrated affective states. (Craig, 2010; Craig, 2009).

Some studies have demonstrated that changes in pain states may
induce changes in gray matter volume (GMV). For example, healthy men
who underwent daily repetitive painful stimulation for a week had
apparent increase in gray matter in the somatosensory cortex contra-
lateral to the site of pain stimulation. (Teutsch et al., 2008) In another
study in patients with chronic low back pain, an increase in anterior
insula cortical thickness was observed following surgical treatment for
reducing pain. (Seminowicz et al., 2011) Brain imaging studies in IBS
have consistently demonstrated gray matter alterations of the IC.
(Blankstein et al., 2010; Seminowicz et al., 2010; Labus et al., 2014;
Grinsvall et al., 2021).

The role of the insula and the salience network has been described in
both IBS and major depressive disorder (MDD), but a direct comparison
of insular structures in these disorders has never been performed.
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(Mayer et al., 2015; Manoliu et al., 2014) Interestingly, considerable
evidence indicates that the IC is also involved in a broad range of mental
disorders, (Evrard et al., 2015) including depression, which is one of the
most frequent comorbidities of IBS. In a recent voxel-based morphom-
etry meta-analysis, patients with MDD had smaller gray matter volume
compared to healthy subjects in the bilateral IC. (Serra-Blasco et al.,
2021) IC volume reductions have been linked to several clinical factors
such as high pathological guilt in early childhood, (Belden et al., 2015)
and increased depression severity and anhedonia. (Sprengelmeyer et al.,
2011).

To date, however, there has been only limited investigation
regarding the specificity of both volumetric alterations in specific IC
subregions and their relation to IBS symptoms as well changes in IBS and
MDD. In the present study we compared GMV of insular subregions in
independent samples of female IBS and MDD patients and respective
healthy controls. We also assessed associations between GMV and
gastrointestinal symptoms in IBS. Given available spectroscopy data
from a subsample of IBS patients, (Bednarska et al., 2019) we further
explored associations between AIC Glx levels and GMV in IBS and
healthy controls.

We hypothesized that the GMV of IC subregions in women with IBS
would be smaller in comparison to healthy women. Moreover, we hy-
pothesized that insular subregions would be differently affected in IBS
and MDD. For example, because of nociception, we expected the pri-
mary interoceptive cortex to be altered in IBS but not in MDD. Further
we hypothesized that higher gastrointestinal burden would be associ-
ated with smaller volumes of IC subregions.

2. Materials and methods
2.1. Subjects

At the University hospital of Linkoping, Sweden, female IBS patients
and women with MDD, and their respective healthy control groups were
recruited for two independent brain imaging studies. For the first study
at the department of Gastroenterology and Hepatology, 75 female pa-
tients who met Rome III IBS criteria and 39 healthy women (HC1)
without medical history of gastrointestinal symptoms or complaints
were recruited by local advertisement. The exclusion criteria were
organic gastrointestinal disease, metabolic, neurological, or severe
psychiatric disorders. At the adult psychiatric clinic, 41 women diag-
nosed with MDD with current unipolar depression not explained by
another condition were enrolled and 43 healthy women (HC2) were
recruited through advertisements to participate in the second study. The
Mini-International Neuropsychiatric Interview, (Sheehan et al., 1998)
an established clinical tool for DSM-5 ([41]) and ICD-10 (Organization,
2004) psychiatric disorders, was used by qualified interviewers to
determine study eligibility. Exclusion criteria were ongoing substance
use (except nicotine), psychotic disorder, new antidepressant medica-
tion during the month before study participation (two months for
fluoxetine), change of the dose of psychotropic medications over the last
month (antidepressant and antipsychotic medication) or the last two
months (mood stabilizers and anticonvulsants).

General exclusion criteria across both studies were ferromagnetic
implants, claustrophobia, and pregnancy. General inclusion criteria
were age 18-65; working knowledge of Swedish; willingness and ability
to provide informed consent, and ROME III criteria questionnaire for IBS
and visceral sensitivity index (VSI) were filled in by all participants. In
addition, in the study including IBS patients both a questionnaire battery
to assess relevant clinical and psychological measures, and diary data
were collected (see below). Both studies were approved by Regional
ethical review board (Dnrs. 2013/506-32; 2014/264-32; 2017/17-31).
Informed consent was obtained from all participants.
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2.2. Questionnaires and symptom diary

Visceral Sensitivity Index (VSI): A validated questionnaire composed
of 15 items that measures gastrointestinal symptom-specific anxiety in
terms of cognitive, emotional, and behavioral responses. Sum scores
range from O to 75 with higher scores indicating more severe GI-specific
anxiety. (Labus et al., 2004) Hospital Anxiety and Depression Scale
(HADS): The HADS is used to measure symptoms of depression and
anxiety. (Zigmond and Snaith, 1983) This scale consists of seven items
for both depression (HADS-D) and anxiety subscales (HADS-A), with
summed scores on each subscale ranging from O to 21; scores of >11
indicate clinically significant anxiety or depression. (Bjelland et al.,
2002) IBS Severity Scoring System (IBS-SSS): A five item questionnaire
that assesses overall IBS symptom severity by evaluating the frequency
and the intensity of abdominal pain and distension, the satisfaction with
bowel habits, and interference by IBS symptoms with daily life. (Francis
et al., 1997) Sum scores indicate mild (75-175), moderate (175-300), or
severe (>300) disease with a maximum of 500. In addition, we admin-
istered the IBS-SSS extra-intestinal questionnaire (max score 1000) with
ten items, four are specific for pain but none of them is specific to
abdominal pain. Brief Pain Inventory (BPD): A validated pain assessment
tool measuring both the intensity of pain (four items, sensory dimen-
sion) and interference of pain with the patient’s life (seven items,
reactive dimension). (Cleeland and Ryan, 1994) Gastrointestinal Symp-
tom Diary (GSD): The GSD is a validated diary card in which IBS patients
record their gastrointestinal symptoms on 14 consecutive days. (Rag-
narsson and Bodemar, 1999) Patients record pain, nausea, stool con-
sistency for every bowel movement (defined by the Bristol Stool Chart,
BSC), (Lewis and Heaton, 1997) the presence of urgency, and the need to
strain for each bowel movement were reported along a 24-hour time
axis. The mean frequency of symptoms per week was computed from the
diary data.

2.3. Magnetic resonance and regional gray matter volume analysis

MR-images were acquired at the Center for Medical Image Science
and Visualization (CMIV) at Linkoping University, Sweden. Data from
IBS patients and HC1 were acquired on a 3 T Philips Ingenia MRI scanner
(Philips Healthcare, Best, The Netherlands) and MDD patients and HC2
were scanned on a 3 T Siemens MRI scanner (Siemens Medical, Erlan-
gen, Germany). Prior to preprocessing, all images were first visually
scanned for abnormalities, and one participant in the IBS group with an
abnormality indicative of neurological disease was excluded from the
analyses. GMV measurement was conducted on the T1 weighted images
using the Computational anatomy toolbox CAT12 toolbox (CAT,
https://dbm.neuro.uni-jena.de/vbm/) in SPM (SPM12; Wellcome
Department of Cognitive Neurology, London, UK) implemented in
MATLAB (R2017a, MathWorks Natick, Massachusetts, USA). (Ash-
burner and Friston, 2000) Each T1 image was reoriented so that all the
images would have the anterior commissure as the point of origin.
Default settings were used in the CAT12 toolbox. Prior to segmentation,
a non-linear deformation field for each image was estimated. Segmen-
tation was done according to a tissue probability image that includes 6
tissue probability classes for: grey matter, white matter, cerebrospinal
fluid, bone, non-brain soft tissue, and the background. CAT uses this
only for the initial SPM segmentation. For normalization, local optimi-
zation is done by affine regularisation (penalising excessive stretching or
shrinking) of the aligned images into ‘Montreal neurological institute’
(MNI) space template. Bias reduction done with medium strength of
SPM inhomogeneity correction and rough affine preprocessing to reduce
problems with deviating anatomy. Spatial registration was done using
Diffeomorphic Anatomic Registration Through Exponentiated Lie
algebra algorithm (DARTEL) (Ashburner, 2007). The voxel size of the
normalized images was set to 1.5x1.5x1.5 mm (Maxion-Bergemann
et al., 2006) resolution. Modulation, local enhancement or suppression
of a signal, as a function of the deformation, was done by applying,
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voxel-wise, the Jacobian determinant of the deformation field initially
estimated. A quality check was done according to specifications in the
CAT12 manual. We examined for artifact and orientation issues one slice
for all functional acquisitions within each sample. A check for homo-
geneity for each group was also performed. The sample correlation
matrixes showed generally high correlation between individuals
modulated, normalized scans (correlation > 0.84). The regional GMV
was then extracted from the segmented gray matter images using insular
regions of interest (ROI) provided by A.D Craig (Fig. 1; Supplementary
Table 1). (Larsson et al., 2012) GMV for each ROI was extracted using
the Multi-image Analysis GUI (MANGO) image processing system
(Research Imaging Center, UTHSCSA; https://ric.uthscsa.edu/mango).

In our previous study, single voxel GABA edited qMRS (MEGA-
PRESS) was acquired of bilateral AIC, in a subsample of IBS patients and
HC1 included herein. In this work, we used the off-resonance-spectra for
analysis of Glx concentration in AIC (see Bednarska et al (Bednarska
et al., 2019) for methodological details). Of note, MRS data was not
obtained for MDD patients and HC2.

For validation purposes, in an additional analysis, we performed an
alternative GMV insular parcellation using a different insular mask. For
this we used the estimate mean values inside ROI in the CAT-12 toolbox
to extract the GMV (in mm®) for the anterior (left: 6136 mm (Maxion-
Bergemann et al., 2006); right: 6001 mm3) and posterior (left: 3203 mm
(Maxion-Bergemann et al., 2006); right: 3291 mm?®) insular parcella-
tions of the Neuromorphometrics atlas (Neuromorphometrics, Inc.).

2.4. Statistical analyses

Demographic and clinical variables are reported as means and
standard deviations unless indicated otherwise. We performed an in-
dependent samples t-test for the IBS study questionnaires data with a
nonparametric bootstrap procedure with 2000 iterations, and a one-way
ANOVA to analyse differences between groups for VSI scores. For ana-
lyses within each study, GLM were built to compare IBS and HC1 or
MDD and HC2, respectively, for right and left IC and for the insular
subregions GMV with total intracranial volume (TIV) and age as cova-
riates of no interest. (Barnes et al., 2010) We further conducted sup-
plementary analysis for IBS vs HC1 with TIV, age, with the addition of
anxiety, and depression as covariates.

We performed an exploratory comparison of the GMV between IBS,
MDD and HC. For this analysis participants in HC2 who fulfilled the
Rome III IBS-criteria were excluded (n = 1). MDD patients who fulfilled
the Rome III criteria (n = 14) and IBS patients reporting symptoms
indicative of comorbid clinical depression based on HADS scores (HADS-
D > 11; n = 8) were merged into one group (IBS + MDD); resulting in a
sample of IBS ypp, MDD gg, i.e. without the respective comorbidity, a
pooled group of IBS and depression (IBS + MDD), and a pooled HC group
(Fig. 2). GMV of the insular subregions were subsequently compared
using a GLM with TIV, age, and scanner as covariates to account for
possible inter-scanner variability. (Shokouhi et al., 2011; Liu et al,
2020; Biberacher et al., 2016) For all insular subregions, pairwise
Bonferroni-corrected between-group analyses were performed. Finally,
in a supplementary analysis, we compared the right and left IC subregion
volumes of each patient group as a whole, i.e. not excluding patients
with possible comorbidities, with the merged group of HC.

To assess possible associations between GMV and gastrointestinal
symptoms in IBS patients, partial correlation analyses with a nonpara-
metric bootstrap procedure with 2000 iterations and 95 % confidence
interval level were performed. To focus only on gastrointestinal symp-
toms, anxiety, and depression scores from the HADS questionnaire were
added to age and TIV as covariates in the partial correlation analysis to
account for possible effects of comorbid psychological symptoms.
Further we substituted the covariate TIV with total insular GMV in the
partial correlation analyses showing significance in correlation between
symptom and insular subregion to test region specificity in symptom
association. Glx levels presented in our previous work were used to
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Fig. 1. Regions of interest defining the different insular subregions on MRI T1 brain images. A- Axial planes in inferior to superior direction. B- Coronal planes in
anterior to posterior direction. C- Sagittal planes of the right hemisphere in lateral to medial direction. Red — dorsal anterior insula; Blue — ventral anterior insula;
Yellow — middle insula; Purple — posterior insula. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

IBS HC1 HC2 MDD

1 _ n=74 n=39 n=43 n=41

(n=8) MDD (n=0) (n=1) IBS (n=14)

Missing data (n=1)

[BS.woo HC IBS+MDD MDD

n=65 n=81 n=22 n=27

2-

Fig. 2. Illustrative chart for inclusion of patients and healthy subjects. Step one
is made of two separate general linear models for: IBS vs HC1; MDD vs HC2. For
step 2, IBS patients with a score of > 11 in the depression sub-scale of HADS
and women with MDD that fulfilled the ROME III criteria for IBS were merged
into one group (IBS + MDD) and all healthy women (HC1 + HC2) except for
one fulfilling Rome III criteria, were merged into one HC group for the multi-
variate analysis. IBS: irritable bowel syndrome. HC: healthy control. MDD:
major depressive disorder. HADS-D: hospital anxiety and depression scale —
depression. For reasons of clarity, we appointed the abbreviation MDD also to
IBS patients with HADS-D > 11, i.e. symptom severity indicative of a comorbid
clinical depression.

assess possible association between Glx and GMV in the AIC of HC1 (n =
22) and IBS (n = 33) using a partial correlation analysis with age and
TIV as covariates. The significance criterion for all analyses was p <
0.05, two tailed, false-discovery rate corrected.

Graphs were created by plotting the residuals rendered from
applying multiple linear regression. All statistical analyses were

performed using IBM SPSS statistics, version 27 (IBM Corporation,
Armonk, NY, USA).

3. Results
3.1. IBS study

3.1.1. Demographic and clinical variables

The mean age of IBS patients was 32.1 years (+9.2), HC1 33.3 years
(£10.9) without significant difference between groups (p = 0.51). The
following scores are reported as means and standard deviations. Patients
presented with high symptom severity (IBS-SSS intestinal: 328 + 84,
IBS-SSS extra-intestinal: 431 + 185). The number of years from symp-
tom onset was 14.3 years (£11) (n = 39). The HADS-D score was 5.9
(+3.8) and the HADS-A score was 10.3 (£+4.2). The BPI-intensity score
16.6 (£9.4), and BPI-interference was 30.8 (+20.2). All group statistics
are provided in Supplementary Table 2. Independent sample t-tests
comparing IBS and HC1 showed significantly higher GI symptom
severity (IBS-SSS intestinal t(101) = 21.2, p < 0.001; IBS-SSS extra-in-
testinal t(;01) = 10.6, p < 0.001), substantially more symptoms of
depression and anxiety (HADS-D t(101) = 6.7, p < 0.001; HADS-A tj01) =
7.6, p < 0.001) and increased pain intensity and interferences in patients
(BPI intensity t101) = 10.0, p < 0.001; BPI-interference t(101) = 8.8, p <
0.001).

3.1.2. Insula gray matter volumes

Multivariate test for GMV for the total IC volumes showed signifi-
cantly smaller GMV in IBS F(2, 109) = 4.86; p = 0.009; for the left insula p
= 0.004; and for the right insula p = 0.002. Multivariate test for GMV
across all subregions showed significantly smaller volumes in IBS for the
left F4, 107) = 2.74; p = 0.032 and right insula F(4, 107) = 3.52; p = 0.010.
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Between-group tests for each of the insular subregions revealed: left
dAIC (p = 0.008), left vAIC (p = 0.002), left MIC (p = 0.003), and left PIC
(p = 0.004) (Fig. 3A); right dAIC (p = 0.002), right vAIC (p = 0.030),
right MIC (p = 0.003), and right PIC (p < 0.001) (Fig. 3B).

Supplementary analysis with anxiety and depression in addition to
TIV and age as covariates showed significantly smaller volumes across
all insular subregions (all p < 0.05), results are presented in Supple-
mentary Table 3.

Multivariate test of the anterior and posterior Neuromorphometrics
atlas insular parcellation showed significantly smaller GMV in IBS in the
left insula F(2, 109) = 5.50; p = 0.005 and right insula Fo, 199) = 6.61;p =
0.002. Between-group tests for each of the insular subregions revealed:
left AIC (p = 0.001), left PIC (p = 0.004), right AIC (p = 0.002), right PIC
(p < 0.001).

3.1.3. Neuro-behavioral correlations in IBS patients

Left insular cortex. dAIC GMV showed a negative correlation with
BPI pain intensity (r = -0.35; p = 0.034; CI = -0.55 — —0.08) (Fig. 4A),
and nausea (r = -0.39; p = 0.013; CI = -0.58 — —0.11). vAIC showed a
positive correlation to straining (r = 0.39; p = 0.017; CI = 0.17 — 0.59)
(Fig. 4B). MIC and PIC showed no significant correlation with clinical
symptoms.

Right insular cortex. dAIC showed a negative correlation with
nausea (r = -0.41; p = 0.012; CI = -0.63 — —0.12) (Fig. 4C). vAIC, MIC
and PIC showed no significant correlation with clinical symptoms.

When performing the partial correlation analysis with the total
insular GMV instead of TIV as a covariate, all partial correlations were

A Left Insula -
1800,00 o .\BS
° WHealthy
1500,00
@
]
x
2 1200,00 ok
E .301
Q 329
5 900,00 e
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L]
300,00
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B Right Insula
1500,00
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B Healthy
» 1200,00
]
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£ 900,00 -~ *
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(]
> 600,00 * i + i
300,00
dAIC VAIC MIC PIC

Fig. 3. Boxplots with outliers explicitly depicted showing the GMV compari-
sons of (A) left and (B) right insular subregions between IBS patients (red) and
HC1 (green). Error bars represent 95 % confidence intervals. dAIC: dorsal
anterior insular cortex. vAIC: ventral anterior insular cortex. MIC: middle
insular cortex. PIC: posterior insular cortex. * p < 0.05; ** p < 0.01; *** p <
0.001. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. Partial regression plots to illustrate the partial correlations between the
gray matter volume of insular subregion in IBS patients and gastrointestinal
symptoms. (A) Plotting the residuals of left dorsal anterior insula on residuals of
pain intensity. (B) Plotting the residuals of left ventral anterior insula on the
residuals of straining. (C) Plotting the residuals of right dorsal anterior insula on
the residuals of nausea. Age, total intracranial volume, anxiety, and depression
were included as covariates. dAIC: dorsal anterior insular cortex. vAIC: Ventral
anterior insular cortex. BPI: brief pain inventory.

statistically not significant (p > 0.05) for any insular subregion.
Years since onset of IBS symptoms did not correlate to the GMV of
any of the insula subregions.

3.1.4. Glx-GMYV analysis

In the subsample of IBS patients for which spectroscopic data was
available, the GMV of right AIC showed a significant positive correlation
with right Glx concentration (r = 0.45; p = 0.007), while the GMV of the
left AIC showed no significant correlation with the levels of left anterior
insular Glx concentration (r = -0.12; p = 0.51).

In the respective subsample of HC1, the GMV of the right AIC showed
a significant positive correlation with the right Glx concentration (r =
0.5; p = 0.013), and the GMV of the left AIC showed a significant pos-
itive correlation with the left Glx concentration (r = 0.49; p = 0.019).
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3.2. MDD study

The mean age for MDD patients 37.1 years (+13.7), HC2 35.3 years
(£12.8) without significant difference between groups (p = 0.51). The
multivariate test comparing MDD and HC2 with respect to GMV showed
no difference for the total IC F(o, gg) = 0.075; p = 0.93, nor for the insular
subregions in either left F(4 7g) = 0.68; p = 0.61, or right insula F4, 7g) =
1.2; p = 0.32 without any statistical significance in the test for between-
subjects effect for each of the insular subregions.

Multivariate test of the anterior and posterior Neuromorphometrics
atlas insular parcellation showed no difference in GMV between MMD
and HC2 neither for left Fo, gg) = 0.014; p = 0.99, nor right insula F(y, g0)
=0.35;p = 0.71.
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3.3. IBS vs MDD analysis

3.3.1. Visceral sensitivity index

ANOVA of mean VSI scores showed significantly higher visceral
sensitivity in IBS_ ypp patients 43.2 (+14.8) compared with MDD g5 14.3
(+11.1), IBS + MDD 33.8 (£19.6) and HC 3.9 (+6.5), F(3, 188) = 129.1; p
< 0.001. Bonferroni corrected post-hoc tests for the between-group
comparisons of the VSI score were p = 0.015 for IBSypp vs IBS +
MDD and p < 0.001 for all other between-group comparisons.

3.3.2. Insular gray matter volumes

GMV was significantly different among the four groups (IBS.mpp, HC,
IBS + MDD, MDD jgs) for the multivariate test of both left F(4, 1s8) =
3.21; p = 0.014 and right insula F(4, 1) = 4.26; p = 0.003, with the IBS.
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Fig. 5. Line chart depicting means with error bars displaying 95 % confidence interval of insular subregion GMV for the four groups (IBS, HC, IBS + MDD, MDD) on
x-axis and volume in voxels (1.5x1.5x1.5 mm®) on the y-axis. P-values indicate the significance among all four groups for the insular subregion. IBS: Irritable bowel
syndrome without depression. HC: Healthy controls. IBS + MDD: Patients with irritable bowel syndrome and depression. MDD: Major depression patients without
IBS. dAIC: dorsal anterior insular cortex. vAIC: ventral anterior insular cortex. MIC: middle insular cortex. PIC: posterior insular cortex.
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MDD group consistently having the smallest IC volumes (Fig. 5). Group
differences were attributable to significant differences between IBS_ypp
and HC in the IC subregions: left dAIC (p = 0.008), left vAIC (p = 0.011),
left MIC (p = 0.029); right dAIC (p = 0.002), and right PIC (p = 0.021).
While no significant differences between the pooled sample of HC and
MDD s or IBS + MDD emerged, a tendency towards smaller GMV in
participants with MDD compared to HC throughout all insular sub-
regions could be observed. Comparisons between MDD jgg and IBS.ypp
directly did not yield significance either (all p > 0.05; descriptive sta-
tistics presented in Supplementary Tables 4 and 5). The pooled IBS +
MDD disease group showed a tendency toward higher GMV for all
insular subregion in comparison to IBS-ypp without reaching statistical
significance for any subregion.

Supplementary analyses of the IC subregion volumes for the disease
groups as a whole, i.e. not excluding patients with possible comorbid-
ities vs the merged HC (IBS vs HC; MDD vs HC) showed similar results as
the analyses with their respective healthy controls, HC1 and HC2, shown
in sections 3.1.2 and 3.2 respectively. IBS vs HC, p < 0.05 for all IC
subregions, and MDD vs HC, p > 0.01 for all IC subregions, results are
presented in Supplementary Table 6.

Multivariate test using the Neuromorphometrics atlas insular par-
cellation, among all groups (IBS.ypp, HC, IBS + MDD, MDD jgg5), was
significant for both the left F(3 1g9) = 4.36; p = 0.005 and right insula F(3,
189) = 4.36; p = 0.005. The Bonferroni corrected pairwise comparison
showed significant differences between IBS \pp and HC in the left AIC
(p = 0.006), right AIC (p = 0.009), right PIC (p = 0.014). All other
between group comparisons were insignificant (p > 0.05).

4. Discussion

We performed a volumetric analysis of gray matter volumes of
insular subregions in women with IBS and healthy controls, and in
women with MDD. We found a robust reduction of the total insular
cortex volumes and all insular subregions in female IBS patients
compared with healthy women. The gray matter volume reduction in
IBS was shown using two separate insular parcellations. The study also
demonstrated that the volumetric changes in anterior parts of the insula
were associated with several of the gastrointestinal symptoms in IBS
patients whereas volumes of the middle and posterior parts of the insula
did not significantly correlate with any specific symptoms. In addition,
we observed a positive correlation between the Glx concentrations and
GMV in AIC bilaterally in healthy, and in the right hemisphere in IBS;
this is consistent with a gray matter reduction in IBS.

Alterations in GMV, neurochemistry, and functional connectivity
have repeatedly been described in chronic pain disorders with key brain
areas including the insular cortices, prefrontal cortices, cingulate
cortices, and related networks. (Apkarian et al., 2005) In IBS, a majority
of research conducted shows a reduction in cortical thickness or GMV in
the insula and/or its subregions. (Blankstein et al., 2010; Labus et al.,
2014; Grinsvall et al., 2021; Chua et al., 2017; Hong et al., 2014; Jiang
et al., 2013) There have also been reports of an increase in the insular
gray matter of IBS patients compared to healthy controls. (Zhao et al.,
2018) (Piché et al., 2013) Piché et al. reported larger PIC in women with
IBS and Zhao et al. reported higher insular GMV in elderly subjects with
IBS compared to healthy; however, both studies were conducted in small
IBS samples of<20 patients. In a recent and more extensive study by
Grinsvall et al., brain volumetric estimates from 216 women with IBS
were compared to those from 138 healthy women. This study found that
posterior insula was smaller in IBS but no volumetric differences for the
anterior insula were reported. (Grinsvall et al., 2021) In another study
Jiang et al. reported smaller GMV in posterior, middle, and anterior
insula of IBS without subdividing the anterior insula into vAIC and dAIC.
(Jiang et al., 2013) In summary, the findings of smaller insula volumes
in IBS patients shown in the present study are in line with earlier
research (Sheng et al.,, 2021) and add important new knowledge
regarding subdivisions of the anterior portion, the vAIC and dAIC both
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of which were found to be smaller in IBS, bilaterally. Moreover, we were
able to demonstrate that volumetric variability in anterior-mid parts of
the insula was associated with several gastrointestinal symptoms,
typical for IBS patients, whereas volumes of the mid and posterior parts
of the insula did not significantly correlate with any specific symptoms.
Importantly, these associations were present despite correction for the
effects of anxiety and depression, meaning that the gastrointestinal
symptoms but not the psychological comorbidity may be responsible for
the volume-symptom relationship.

The mechanisms underlying neuroplastic processes in chronic pain
conditions are not fully understood. In one longitudinal study patients
surgically treated for chronic back pain leading to pain reduction an
increase in anterior insula cortical thickness was observed. (Seminowicz
et al., 2011) Another study showed that patients with relapsing painful
diseases such as tension headache demonstrate an increase in insular
gray matter in pain-free episodes. (Chen et al., 2016).

Disordered neurogenesis has been discussed as one potential mech-
anism of gray matter reduction in IBS but it is considered less likely since
neurons make up a small proportion of the gray matter and are largely
outnumbered by glial cells, thus it is likely that neurogenesis accounts
for a small portion of gray matter changes measured by MRI. While
neurogenesis is still a controversial topic, the astrocytes and oligoden-
drocyte progenitor cells are known to be able to divide in the adult brain.
(Zatorre et al., 2012) Morphological changes in neurons such as changes
in number of synapses is another potential mechanism that could
explain the gray matter changes like those we report here. (Kleim et al.,
2002) Additionally, chronic pain conditions are accompanied by chronic
stress and neuroinflammation which could also affect the brain. For
example, in patients with chronic back pain, higher serum cortisol levels
were associated with smaller hippocampal volume. (Vachon-Presseau
et al., 2013) In a primary culture of hippocampal neurons from fetal rat
brain, the immunoregulatory cytokine interleukin 2 had a neurotrophic
effect on the hippocampal neurons in primary culture, promoting both
number and branching of the neurites. (Sarder et al., 1996) Measuring
stress levels or cortisol concentrations could therefore be relevant in
future studies associating brain measures to gastrointestinal symptoms,
and of specific interest in relation to urgency which recently was found
to be modifiable by chronic stress. (Icenhour et al., 2020) Another
proposed mechanism for volumetric alteration in chronic pain is
vascular changes. Periera et al., for example, showed that physical ac-
tivity in mice resulted in an increased blood volume in the dentate gyrus
which was associated with different postmortem measures of neuro-
genesis. (Pereira et al., 2007) In fibromyalgia, brain regions that are
smaller in patients than in healthy participants contained equivalent N-
acetylaspartate (a marker of neuronal viability) concentrations
measured by MR-spectroscopy but these regions contained less water
than in the healthy participants. (Pomares et al., 2017) In this case it was
hypothesized that lower water content in surround tissue may be the
result of reduced extravasation due to reduced blood flow. In addition,
neurotransmitter dysregulation appears to play a pivotal role in gray
matter trophic changes as reviewed by Kang et al. who suggest that
GABA and glutamate may have a role in microvascular factors that affect
local blood flow. (Kang et al., 2019) In IBS, our own group demonstrated
that glutamine + glutamate (GIx) concentrations within the IC were
lower in IBS than in healthy controls, (Bednarska et al., 2019) suggesting
that volume reduction in IBS patients may be associated with an
imbalance in neurotransmitter levels in the insula.

4.1. Antero-posterior gradient in IBS insular cortex

We demonstrated that volumetric changes in anterior parts of the
insula were associated with several key symptoms in IBS, whereas vol-
umes of the mid and posterior parts of the insula did not significantly
correlate with any specific symptoms. These findings converge with
those from earlier studies showing that the IC function is characterized
by an antero-posterior gradient, as well as by interhemispheric
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differences. (Craig, 2010; Craig, 2009; Craig, 2011).

The PIC has a well-documented network of pathways to primary and
secondary somatosensory cortices, to thalamic nuclei, and to mid-
cingulate cortex that demonstrate the involvement of the PIC in pain
processing. (Lu et al., 2016) The PIC participates in both evoked and
chronic pain processing. (Lu et al., 2016) Smaller PIC volume in IBS
patients compared to healthy controls has been reported earlier. (Labus
et al., 2014; Grinsvall et al., 2021; Chua et al., 2017; Jiang et al., 2013)
In our IBS sample, we did not identify any association between symp-
toms and the GMV of the MIC and PIC. In contrast, Piché et al. reported a
positive correlation between PIC thickness and the duration of IBS in
fourteen females with IBS-D, (Piché et al., 2013) while Jiang et al. re-
ported a negative correlation between right MIC thickness and IBS
duration as well as anxiety. (Jiang et al., 2013) Elsenbruch et al. reported
a negative correlation between posterior insular volume and rectal
sensitivity in a voxel based morphometry study in healthy men and
women. (Elsenbruch et al., 2014) We did not find a correlation between
the PIC volume and years since symptom onset for IBS and we did not
have a measure for sensitivity and thus we could not replicate the
findings of Elsenbruch et al. The difference in sample characteristics,
analysis method, and brain atlases used may explain the difference in the
results. We studied a relatively large number of IBS patients with
moderate-to-severe symptoms, and used a robust volumetric measure-
ment; nonetheless, we did not find an association between PIC and pain
or other IBS symptoms.

4.2. Pain, Nausea, straining and GMV

Left dAIC volume showed a significant negative correlation with pain
intensity measured by the BPI questionnaire. Given the AIC’s role in
integration of pain, visceral, and emotional signals, these findings
indicate that a higher symptom burden is associated with a smaller AIC
volume in IBS.

Bilateral dAIC volume was significantly inversely related to nausea
in IBS. The right anterior insula is involved in olfaction and visual
awareness, and is known to be activated during nausea episodes. (Craig,
2009; Small, 2010; Napadow et al., 2013) The association between
nausea and insula function has been described before, recently in a case-
control study showing that bilateral insular network connectivity was
reduced in nauseated gastroparesis patients compared to healthy con-
trols. (Snodgrass et al., 2020) To our knowledge no one has reported
prior to this investigation the association between nausea and insula to
be linked to the GMV of the dorsal part of the anterior insula.

IC involvement in pelvic floor muscles and pelvic organs control has
been described before, balloon distention of the rectum is usually
associated with bilateral insular activation, (Tillisch et al., 2011)
another functional-MRI study on healthy subjects showed IC activation
during voluntary anal sphincter contraction. (Kern et al., 2004) Left
vAIC GMV positively correlated with straining. The ventral part of AIC is
known to be involved in awareness and salience. (Seeley, 2019)
Straining may reflect the sensation of incomplete evacuation and
thereby an urge to evacuate which is an important salient signal.

The addition of total insular GMV as a covariate rendered the cor-
relation analyses statistically insignificant. This could be explained by
the fact that all insular subregions are affected in IBS patients, and even
though there is a significant association between a certain subregion and
symptom, the insular subregions are well interconnected and symptom
processing may occur at different levels.

4.3. Glx and GMV

In this study we show a lateralized positive correlation between GMV
and Glx in right AIC for IBS patients. We did earlier report significantly
lower AIC Glx concentrations in IBS compared to healthy bilaterally and
a negative correlation between abdominal pain and right insular Glx.
(Bednarska et al., 2019) In this study we report a negative correlation for
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volume of the left AIC and pain scores from the BPI questionnaire that is
not specific for abdominal pain. In our research group we demonstrated
an increase in activation of the right AIC in expectation of non-aversive
stimulus in hypersensitive IBS patients compared to normosensitive.
(Larsson et al., 2012) In IBS resting state functional connectivity is
increased between bilateral amygdala and the right insula, (Qi et al.,
2016) suggesting right insular lateralization in salience and affective
pain modulation. The right anterior insula is considered sympathetic,
associated with energy consuming negative emotions, and the left
anterior insula as a parasympathetic with energy enriching positive and
affiliative emotions. (Craig, 2010; Craig, 2009) This may indicate a
hemisphere specificity in aversive symptom processing that could
explain the lateralized Glx-GMV association.

4.4. IBS vs MDD

There was no significant difference in GMV of IC subregions between
MDD g5 and HC or IBS_ ypp found, still there was trend towards smaller
volumes in all the IC subregions in MDD g5 when compared to HC and
larger volume when compared to IBS\pp. This continuous effect of
volume reduction IBS ypp < MDD g5 < HC may reflect the somatic load
and role of the IC in visceral stimuli processing. Even though excluding
the depressed patients from IBS population did not change the findings
of the analyses in which IBS patients with depression were compared to
HC, and in fact when adding anxiety and depression scores as covariates
to that analyses the same results were obtained, this tendency of smaller
GMYV in all subregions in MDD g supports a role for affective symptoms
in insular volume reduction. The IC subregions in the pooled patient
group with IBS and depression showed a tendency to be smaller than for
those with IBSypp. An explanation to this could be that this group
consisted of substantially more depressed patients, which met Rome III
criteria, and in which IBS symptom severity may have likely been much
lower than in those patients recruited for our IBS sample, presenting
with overall high severity of particularly intestinal symptoms. This dif-
ference is also demonstrated in the results of between group differences
for VSI where the IBS.ypp patients had significantly higher scores
compared to the IBS + MDD group.

Strengths of this study were that the IBS population was relatively
homogenous with patients who had long-term GI symptoms. Also, pa-
tients had a high symptom burden both in terms of gastrointestinal
symptoms but also extraintestinal symptoms which makes the sample
representative for many IBS patients. A possible limitation to our study
was the lack of male participants, which means that our findings could
be limited to females, although, we have taken into consideration that
brain morphological measures vary significantly between the sexes.
(Jiang et al., 2013; Cosgrove et al., 2007) Glx-measurements included
some partial volumes due to the relative size of the acquisition voxels.
Moreover, the lack of harmonization between disease groups, that were
scanned on adjacent MR-scanners, could also be a potential limitation.

5. Conclusion

The decreased gray matter volume of all insular subregions and the
difference in IBS symptom association demonstrates the complexity of
insular function. This study also suggests that the dorsal and ventral
anterior insula are differently involved in the processing of gastroin-
testinal symptoms. Although affective symptoms may modulate the
insular interoceptive signal processing, chronic visceral symptoms in-
dependent of depression and anxiety are associated with gray matter
volumes in the insula. Longitudinal and preclinical studies are needed to
better understand the mechanism behind the observed differences in
gray matter volumes.

Funding

AFA insurance (Dnr: 140407) to SW, ALF, County Council of



N. Barazanji et al.

Ostergotland to SW, Knut and Alice Wallenberg Foundation (‘Seeing
Organ Function’) to PL, Sweden.

CRediT authorship contribution statement

Nawroz Barazanji: Conceptualization, Methodology, Software,
Investigation, Writing — original draft, Writing — review & editing,
Visualization, Project administration. J. Paul Hamilton: Methodology,
Investigation, Resources, Writing — review & editing, Supervision.
Adriane Icenhour: Conceptualization, Writing — review & editing.
Rozalyn A. Simon: Investigation, Resources, Writing — review & edit-
ing. Olga Bednarska: Resources, Data curation, Writing — review &
editing. Sofie Tapper: Methodology, Data curation, Writing — review &
editing. Anders Tisell: Methodology, Data curation, Writing — review &
editing. Peter Lundberg: Methodology, Data curation, Writing — review
& editing. Maria Engstrom: Writing — review & editing. Susanna
Walter: Conceptualization, Methodology, Investigation, Resources,
Data curation, Writing — review & editing, Supervision, Project admin-
istration, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nicl.2022.103128.

References

[1] American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders, 2013.

Addolorato, G., Mirijello, A., D’Angelo, C., et al., 2008. State and trait anxiety and
depression in patients affected by gastrointestinal diseases: psychometric evaluation
of 1641 patients referred to an internal medicine outpatient setting. Int. J. Clin.
Pract. 62, 1063-1069.

Apkarian, A.V., Bushnell, M.C., Treede, R.D., et al., 2005. Human brain mechanisms of
pain perception and regulation in health and disease. Eur. J. Pain 9, 463-484.
Ashburner, J., 2007. A fast diffeomorphic image registration algorithm. NeuroImage 38,

95-113.

Ashburner, J., Friston, K.J., 2000. Voxel-based morphometry-the methods. Neuroimage
11, 805-821.

Barnes, J., Ridgway, G.R., Bartlett, J., et al., 2010. Head size, age and gender adjustment
in MRI studies: a necessary nuisance? Neurolmage 53, 1244-1255.

Bednarska, O., Icenhour, A., Tapper, S., et al., 2019. Reduced excitatory neurotransmitter
levels in anterior insulae are associated with abdominal pain in irritable bowel
syndrome. Pain 160, 2004-2012.

Belden, A.C., Barch, D.M., Oakberg, T.J., et al., 2015. Anterior Insula Volume and Guilt:
Neurobehavioral Markers of Recurrence After Early Childhood Major Depressive
Disorder. JAMA Psychiatry 72, 40-48.

Biberacher, V., Schmidt, P., Keshavan, A., et al., 2016. Intra- and interscanner variability
of magnetic resonance imaging based volumetry in multiple sclerosis. Neuroimage
142, 188-197.

Bjelland, I., Dahl, A.A., Haug, T.T., et al., 2002. The validity of the Hospital Anxiety and
Depression Scale. An updated literature review. J. Psychosom. Res. 52, 69-77.
Blankstein, U., Chen, J., Diamant, N.E., et al., 2010. Altered brain structure in irritable
bowel syndrome: potential contributions of pre-existing and disease-driven factors.

Gastroenterology 138, 1783-1789.

Bouchoucha, M., Hejnar, M., Devroede, G., et al., 2013. Anxiety and depression as
markers of multiplicity of sites of functional gastrointestinal disorders: a gender
issue? Clin. Res. Hepatol. Gastroenterol. 37, 422-430.

Chang, L., Di Lorenzo, C., Farrugia, G., et al., 2018. Functional Bowel Disorders: A
Roadmap to Guide the Next Generation of Research. Gastroenterology 154,
723-735.

Chen, B., He, Y., Xia, L., et al., 2016. Cortical plasticity between the pain and pain-free
phases in patients with episodic tension-type headache. J. Headache Pain 17, 105.

Chua, C.S., Bai, C.H., Shiao, C.Y., et al., 2017. Negative correlation of cortical thickness
with the severity and duration of abdominal pain in Asian women with irritable
bowel syndrome. PLoS ONE 12, e0183960.

Cleeland, C.S., Ryan, K.M., 1994. Pain assessment: global use of the Brief Pain Inventory.
Ann. Acad. Med. Singap. 23, 129-138.

Cosgrove, K.P., Mazure, C.M., Staley, J.K., 2007. Evolving knowledge of sex differences
in brain structure, function, and chemistry. Biol. Psychiatry 62, 847-855.

Neurolmage: Clinical 35 (2022) 103128

Craig, A.D., 2002. How do you feel? Interoception: the sense of the physiological
condition of the body. Nat. Rev. Neurosci. 3, 655-666.

Craig, A.D., 2009. How do you feel — now? The anterior insula and human awareness.
Nat. Rev. Neurosci. 10, 59-70.

Craig, A.D., 2010. The sentient self. Brain Struct. Funct. 214, 563-577.

Craig, A.D., 2011. Significance of the insula for the evolution of human awareness of
feelings from the body. Ann. N. Y. Acad. Sci. 1225, 72-82.

Drossman, D.A., 2016. Functional Gastrointestinal Disorders: History, Pathophysiology,
Clinical Features and Rome IV. Gastroenterology.

Drossman, D.A., Hasler, W.L., 2016. Rome IV-Functional GI Disorders: Disorders of Gut-
Brain Interaction. Gastroenterology 150, 1257-1261.

Elsenbruch, S., Schmid, J., Kullmann, J.S., et al., 2014. Visceral sensitivity correlates
with decreased regional gray matter volume in healthy volunteers: a voxel-based
morphometry study. PAIN® 155, 244-249.

Evrard, H.C., Craig, A.D., 2015. Insular Cortex. In: Toga, A.W. (Ed.), Brain Mapping.
Academic Press, Waltham, pp. 387-393.

Francis, C.Y., Morris, J., Whorwell, P.J., 1997. The irritable bowel severity scoring
system: a simple method of monitoring irritable bowel syndrome and its progress.
Aliment. Pharmacol. Ther. 11, 395-402.

Grinsvall, C., Ryu, H.J., Van Oudenhove, L., et al., 2021. Association between pain
sensitivity and gray matter properties in the sensorimotor network in women with
irritable bowel syndrome. Neurogastroenterol. Motil. 33, e14027.

Hong, J.Y., Labus, J.S., Jiang, Z., et al., 2014. Regional neuroplastic brain changes in
patients with chronic inflammatory and non-inflammatory visceral pain. PLoS ONE
9, e84564.

Hong, J.-Y., Naliboff, B., Labus, J.S., et al., 2016. Altered brain responses in subjects with
irritable bowel syndrome during cued and uncued pain expectation.
Neurogastroenterol. Motil. 28, 127-138.

Icenhour, A., Labrenz, F., Roderigo, T., et al., 2020. The Role of Chronic Stress in Normal
Visceroception: Insights From an Experimental Visceral Pain Study in Healthy
Volunteers. Front. Psychiatry 11, 107.

Jiang, Z., Dinov, L.D., Labus, J., et al., 2013. Sex-related differences of cortical thickness
in patients with chronic abdominal pain. PLoS ONE 8, €73932.

Kandilarova, S., Stoyanov, D., Kostianev, S., et al., 2018. Altered Resting State Effective
Connectivity of Anterior Insula in Depression. Front. Psychiatry 9, 83.

Kang, D., McAuley, J.H., Kassem, M.S., et al., 2019. What does the grey matter decrease
in the medial prefrontal cortex reflect in people with chronic pain? Eur. J. Pain 23,
203-219.

Kern, M.K., Arndorfer, R.C., Hyde, J.S., et al. Cerebral cortical representation of external
anal sphincter contraction: effect of effort. American Journal of Physiology-
Gastrointestinal and Liver Physiology 2004;286:G304-G311.

Kleim, J.A., Barbay, S., Cooper, N.R., et al., 2002. Motor learning-dependent
synaptogenesis is localized to functionally reorganized motor cortex. Neurobiol.
Learn. Mem. 77, 63-77.

Kurth, F., Zilles, K., Fox, P.T., et al., 2010. A link between the systems: functional
differentiation and integration within the human insula revealed by meta-analysis.
Brain Struct. Funct. 214, 519-534.

Labus, J.S., Bolus, R., Chang, L., et al., 2004. The Visceral Sensitivity Index: development
and validation of a gastrointestinal symptom-specific anxiety scale. Aliment.
Pharmacol. Ther. 20, 89-97.

Labus, J.S., Dinov, L.D., Jiang, Z., et al., 2014. Irritable bowel syndrome in female
patients is associated with alterations in structural brain networks. Pain 155,
137-149.

Larsson, M.B., Tillisch, K., Craig, A.D., et al., 2012. Brain responses to visceral stimuli
reflect visceral sensitivity thresholds in patients with irritable bowel syndrome.
Gastroenterology 142, 463-472.e3.

Lee, S.P., Sung, LK., Kim, J.H., et al., 2015. The effect of emotional stress and depression
on the prevalence of digestive diseases. J. Neurogastroenterol. Motil. 21, 273-282.

Lewis, S.J., Heaton, K.W., 1997. Stool form scale as a useful guide to intestinal transit
time. Scand. J. Gastroenterol. 32, 920-924.

Liu, S., Hou, B., Zhang, Y., et al., 2020. Inter-scanner reproducibility of brain volumetry:
influence of automated brain segmentation software. BMC Neurosci. 21, 35.

Longstreth, G.F., Thompson, W.G., Chey, W.D., et al., 2006. Functional bowel disorders.
Gastroenterology 130, 1480-1491.

Lu, C., Yang, T., Zhao, H., et al., 2016. Insular cortex is critical for the perception,
modulation, and chronification of pain. Neurosci. Bull. 32, 191-201.

Manoliu, A., Meng, C., Brandl, F., et al., 2014. Insular dysfunction within the salience
network is associated with severity of symptoms and aberrant inter-network
connectivity in major depressive disorder. Front. Hum. Neurosci. 7.

Maxion-Bergemann, S., Thielecke, F., Abel, F., et al., 2006. Costs of irritable bowel
syndrome in the UK and US. PharmacoEconomics 24, 21-37.

Mayer, E.A., Labus, J.S., Tillisch, K., et al., 2015. Towards a systems view of IBS. Nat.
Rev. Gastroenterol. Hepatol. 12, 592-605.

Midenfjord, L., Polster, A., Sjovall, H., et al., 2019. Anxiety and depression in irritable
bowel syndrome: Exploring the interaction with other symptoms and
pathophysiology using multivariate analyses. Neurogastroenterol. Motil. 31, e13619.

Midenfjord, 1., Borg, A., Tornblom, H., et al., 2021. Cumulative Effect of Psychological
Alterations on Gastrointestinal Symptom Severity in Irritable Bowel Syndrome. Am.
J. Gastroenterol. 116, 769-779.

Napadow, V., Sheehan, J.D., Kim, J., et al., 2013. The brain circuitry underlying the
temporal evolution of nausea in humans. Cereb. Cortex 23, 806-813.

Nomi, J.S., Farrant, K., Damaraju, E., et al., 2016. Dynamic functional network
connectivity reveals unique and overlapping profiles of insula subdivisions. Hum.
Brain Mapp. 37, 1770-1787.

Norlin, A.K., Fares;jo, /°\., Falk, M., et al., 2019. Primary healthcare utilisation and self-
rated health among patients with Irritable Bowel Syndrome: What are the impacts of


https://doi.org/10.1016/j.nicl.2022.103128
https://doi.org/10.1016/j.nicl.2022.103128
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0010
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0010
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0010
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0010
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0015
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0015
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0020
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0020
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0025
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0025
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0030
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0030
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0035
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0035
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0035
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0040
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0040
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0040
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0045
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0045
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0045
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0050
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0050
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0055
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0055
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0055
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0060
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0060
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0060
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0065
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0065
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0065
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0070
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0070
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0075
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0075
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0075
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0080
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0080
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0085
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0085
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0090
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0090
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0095
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0095
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0100
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0105
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0105
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0110
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0110
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0115
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0115
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0120
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0120
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0120
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0125
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0125
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0130
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0130
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0130
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0135
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0135
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0135
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0140
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0140
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0140
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0145
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0145
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0145
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0150
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0150
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0150
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0155
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0155
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0160
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0160
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0165
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0165
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0165
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0175
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0175
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0175
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0180
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0180
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0180
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0185
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0185
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0185
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0190
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0190
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0190
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0195
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0195
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0195
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0200
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0200
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0205
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0205
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0210
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0210
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0215
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0215
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0220
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0220
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0225
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0225
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0225
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0230
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0230
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0235
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0235
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0240
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0240
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0240
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0245
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0245
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0245
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0250
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0250
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0255
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0255
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0255
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0260
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0260

N. Barazanji et al.

comorbidities, gastrointestinal symptom burden, sense of coherence and stress?
J. Psychosom. Res. 119, 1-7.

Organization. WH. International statistical classification of diseases and related health
problems. 2004;2.

Patel, P., Bercik, P., Morgan, D.G., et al., 2015. Irritable bowel syndrome is significantly
associated with somatisation in 840 patients, which may drive bloating. Aliment.
Pharmacol. Ther. 41, 449-458.

Pereira, A.C., Huddleston, D.E., Brickman, A.M., et al., 2007. An in vivo correlate of
exercise-induced neurogenesis in the adult dentate gyrus. Proc. Natl. Acad. Sci. USA
104, 5638-5643.

Piché, M., Chen, J.I., Roy, M., et al., 2013. Thicker posterior insula is associated with
disease duration in women with irritable bowel syndrome (IBS) whereas thicker
orbitofrontal cortex predicts reduced pain inhibition in both IBS patients and
controls. J. Pain 14, 1217-1226.

Pomares, F.B., Funck, T., Feier, N.A,, et al., 2017. Histological Underpinnings of Grey
Matter Changes in Fibromyalgia Investigated Using Multimodal Brain Imaging.

J. Neurosci. 37, 1090.

Poulsen, C.H., Eplov, L.F., Hjorthgj, C., et al., 2017. Irritable bowel symptoms and the
development of common mental disorders and functional somatic syndromes
identified in secondary care - a long-term, population-based study. Clin. Epidemiol.
9, 393-402.

Qi, R., Liu, C., Ke, J., et al., 2016. Abnormal amygdala resting-state functional
connectivity in irritable bowel syndrome. AJNR Am. J. Neuroradiol. 37, 1139-1145.

Quigley, E.M.M., 2018. The gut-brain axis and the microbiome: clues to pathophysiology
and opportunities for novel management strategies in irritable bowel syndrome
(IBS). Journal of clinical medicine 7, 6.

Ragnarsson, G., Bodemar, G., 1999. Division of the irritable bowel syndrome into
subgroups on the basis of daily recorded symptoms in two outpatients samples.
Scand. J. Gastroenterol. 34, 993-1000.

Sarder, M., Abe, K., Saito, H., et al., 1996. Comparative effect of IL-2 and IL-6 on
morphology of cultured hippocampal neurons from fetal rat brain. Brain Res. 715,
9-16.

Seeley, W.W., 2019. The salience network: a neural system for perceiving and responding
to homeostatic demands. J. Neurosci. 39, 9878-9882.

Seminowicz, D.A., Labus, J.S., Bueller, J.A,, et al., 2010. Regional gray matter density
changes in brains of patients with irritable bowel syndrome. Gastroenterology 139,
48-57.e2.

Seminowicz, D.A., Wideman, T.H., Naso, L., et al., 2011. Effective treatment of chronic
low back pain in humans reverses abnormal brain anatomy and function.

J. Neurosci. 31, 7540-7550.

10

Neurolmage: Clinical 35 (2022) 103128

Serra-Blasco, M., Radua, J., Soriano-Mas, C., et al., 2021. Structural brain correlates in
major depression, anxiety disorders and post-traumatic stress disorder: A voxel-
based morphometry meta-analysis. Neurosci. Biobehav. Rev. 129, 269-281.

Sheehan, D.V., Lecrubier, Y., Sheehan, K.H., et al. The Mini-International
Neuropsychiatric Interview (M.L.N.L): the development and validation of a
structured diagnostic psychiatric interview for DSM-IV and ICD-10. J Clin Psychiatry
1998;59 Suppl 20:22-33;quiz 34-57.

Sheng, L., Ma, H., Shi, Y., et al., 2021. Cortical Thickness in Migraine: A Coordinate-
Based Meta-Analysis. Front. Neurosci. 14.

Shokouhi, M., Barnes, A., Suckling, J., et al., 2011. Assessment of the impact of the
scanner-related factors on brain morphometry analysis with Brainvisa. BMC Med.
Imaging 11, 23.

Simrén, M., Abrahamsson, H., Svedlund, J., et al., 2001. Quality of life in patients with
irritable bowel syndrome seen in referral centers versus primary care: the impact of
gender and predominant bowel pattern. Scand. J. Gastroenterol. 36, 545-552.

Small, D.M., 2010. Taste representation in the human insula. Brain Struct. Funct. 214,
551-561.

Snodgrass, P., Sandoval, H., Calhoun, V.D., et al., 2020. Central nervous system
mechanisms of nausea in gastroparesis: an fMRI-based case-control study. Dig. Dis.
Sci. 65, 551-556.

Sperber, A.D., Bangdiwala, S.I., Drossman, D.A., et al., 2021. Worldwide prevalence and
burden of functional gastrointestinal disorders, results of rome foundation global
study. Gastroenterology 160, 99-114.e3.

Sprengelmeyer, R., Steele, J.D., Mwangi, B., et al., 2011. The insular cortex and the
neuroanatomy of major depression. J. Affect. Disord. 133, 120-127.

Teutsch, S., Herken, W., Bingel, U., et al., 2008. Changes in brain gray matter due to
repetitive painful stimulation. Neuroimage 42, 845-849.

Tillisch, K., Mayer, E.A., Labus, J.S., 2011. Quantitative meta-analysis identifies brain
regions activated during rectal distension in irritable bowel syndrome.
Gastroenterology 140, 91-100.

Uddin, L.Q., Nomi, J.S., Hébert-Seropian, B., et al., 2017. Structure and Function of the
Human Insula. J. Clin. Neurophysiol. 34, 300-306.

Vachon-Presseau, E., Roy, M., Martel, M.O., et al., 2013. The stress model of chronic
pain: evidence from basal cortisol and hippocampal structure and function in
humans. Brain 136, 815-827.

Zatorre, R.J., Fields, R.D., Johansen-Berg, H., 2012. Plasticity in gray and white:
neuroimaging changes in brain structure during learning. Nat. Neurosci. 15,
528-536.

Zhao, L., Wang, Y., Zhang, Y., 2018. Microstructural changes in the brain in elderly
patients with irritable bowel syndrome. Aging Med. (Milton) 1, 141-148.

Zigmond, A.S., Snaith, R.P., 1983. The hospital anxiety and depression scale. Acta
Psychiatr. Scand. 67, 361-370.


http://refhub.elsevier.com/S2213-1582(22)00193-0/h0260
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0260
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0270
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0270
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0270
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0275
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0275
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0275
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0280
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0280
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0280
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0280
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0285
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0285
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0285
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0290
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0290
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0290
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0290
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0295
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0295
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0300
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0300
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0300
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0305
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0305
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0305
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0310
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0310
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0310
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0315
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0315
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0320
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0320
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0320
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0325
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0325
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0325
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0330
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0330
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0330
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0340
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0340
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0345
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0345
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0345
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0350
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0350
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0350
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0355
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0355
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0360
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0360
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0360
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0365
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0365
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0365
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0370
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0370
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0375
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0375
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0380
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0380
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0380
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0385
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0385
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0390
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0390
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0390
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0395
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0395
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0395
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0400
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0400
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0405
http://refhub.elsevier.com/S2213-1582(22)00193-0/h0405

	Irritable bowel syndrome in women: Association between decreased insular subregion volumes and gastrointestinal symptoms
	1 Introduction
	2 Materials and methods
	2.1 Subjects
	2.2 Questionnaires and symptom diary
	2.3 Magnetic resonance and regional gray matter volume analysis
	2.4 Statistical analyses

	3 Results
	3.1 IBS study
	3.1.1 Demographic and clinical variables
	3.1.2 Insula gray matter volumes
	3.1.3 Neuro-behavioral correlations in IBS patients
	3.1.4 Glx-GMV analysis

	3.2 MDD study
	3.3 IBS vs MDD analysis
	3.3.1 Visceral sensitivity index
	3.3.2 Insular gray matter volumes


	4 Discussion
	4.1 Antero-posterior gradient in IBS insular cortex
	4.2 Pain, Nausea, straining and GMV
	4.3 Glx and GMV
	4.4 IBS vs MDD

	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix A Supplementary data
	References


