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Background: Crohn’s disease (CD) is a clinically chronic inflammatory bowel disease, which has been
shown to be closely related to the brain-gut axis dysfunction. Although traditionally considered to be a limbic
region, the insula has also been commonly identified as an abnormal brain region in previous CD-related
studies.

Methods: Structural magnetic resonance imaging (MRI) and resting-state functional MRI images were
acquired from 45 CD patients in remission and 40 healthy controls (HCs). Three neuroimaging analysis
methods including voxel-based morphometry (VBM), structural covariance, and functional connectivity (FC)
were applied to investigate structural and functional alterations of the insulae between the CD patients and
HCs. Pearson correlation was then used to examine the relationships between neuroimaging findings and
clinical symptoms.

Results: Compared with the HCs, CD patients exhibited decreased gray matter volume (GMV) in the left
dorsal anterior insula (dAI) and bilateral posterior insula (PI). Taking these three areas including the left dAT,
right PI, and left PI as regions of interest (ROIs), differences were observed in the structural covariance and
FC of the ROI with several regions between the two groups. After controlling for psychological factors, the
differences of several regions involved in emotional processing in GMV in the left dAl, the FC of the dAI,
and the right PI were not significant. The FC of the parahippocampus/hippocampus with dAI and PI were
negatively correlated with the CD activity index (CDAI).

Conclusions: We suggest that the insula-centered structural and/or functional changes may be associated

with abnormal visceral sensory processing and related emotional responses in CD patients.
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Introduction

Crohn’s disease (CD) is a chronic inflammatory disease,
which may manifest anywhere in the gastrointestinal tract
from the mouth to the anus, and has shown a global increase
in incidence (1). Symptoms often include abdominal pain,
diarrhea, fever, and weight loss (1). These symptoms have a
significant impact on patients’ health-related quality of life,
and CD patients have a slightly reduced life expectancy (2). As
a lifelong disease, CD might result from a complex interplay
between genetic susceptibility, environmental factors, and
altered gut microbiota, leading to dysregulated innate and
adaptive immune responses (1). Under physiological and
pathological conditions, the brain and gut communicate via
the autonomic nervous system (ANS) and circumventricular
organs, which constitute the neuroanatomical basis of
brain-gut interaction (3-5). Previous neuroimaging studies
have indicated that the brain-gut axis plays a critical role in
regulating gut sensation and bowel movement control, with
dysfunction of the axis being associated with the changed
perception of the nervous system, which might influence
gastrointestinal symptoms (3,6,7).

As functional and structural brain magnetic resonance
imaging (MRI) technologies become increasingly popular,
brain abnormalities are being more frequently discovered in
CD-related neuroimaging studies. For example, compared
with healthy controls (HCs), CD patients were reported to
have changed gray matter volume (GMV) in various brain
regions, including the insula, thalamus, and amygdala (8).
The cortical thicknesses were also significantly reduced in
CD patients, including in the insula, cingulate cortex, and
other cortical regions (8). Bao et 4/. investigated abnormal
activation in brain regions in CD patients using low-
frequency fluctuation amplitude (ALFF) and found that CD
patients showed significantly higher ALFF values in the
anterior cingulate cortex, insula, and precuneus compared
with HCs (9). Furthermore, the different activation in
regions between two groups related to the amygdala,
hippocampus, insula, putamen, and cerebellar regions
was observed during a high-stress task, suggesting altered
habituation to stress in CD patients (10). A recent meta-
analysis reported reduced resting-state brain connectivity in
the paracentral lobule and cingulate gyrus, as well as reduced
GMYV in the medial frontal gyrus in CD patients (11).
While responding to an uncertain condition, CD patients
were observed to have increased regional activation in
the cingulate cortex, insula, amygdala, thalamus, and
hippocampus (12). The reduction of nodal betweenness
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centrality was also detected in the right insula and cuneus in
CD patients through the building of topological properties
of networks (13). Moreover, compared to female HCs,
female CD patients have been shown to have increased
functional connectivity (FC) between the left anterior insula
and all 4 frontoparietal network nodes, with a reciprocal
FC between the right posterior parietal cortex and the left
anterior insula (14). As for topology networks, CD patients
showed a reduction of nodal betweenness centrality in the
right insula and cuneus (15). Moreover, Rubio et 4l. found
that CD patients had significantly stronger activations in the
cingulate cortex, insula, amygdala, and thalamus than did
controls in the context of uncertainty concerning upcoming
experimentally induced rectal discomfort (11,12). As can be
seen from the above-mentioned studies, the insula figures
frequently in CD-related neuroimaging studies.

As a limbic sensory area, the insula receives afferents
from the dorsal thalamus and is mutually connected with the
amygdala, along with several associated cortical areas (16).
Insula dysfunction is now considered a core feature of
anxiety, pain, and addiction (17). Multiple disturbances
have been reported following lesions of the insula, which
are implicated in autonomic function, somatosensory and
multimodal perception, body awareness, the emotion of
disgust, mood, and volitional behavior (17,18). In recent
years, tract-tracing studies have verified that the insula is
associated with visceral sensations and is now known to
receive interoceptive information from all over the body
(19-21). Growing evidence has demonstrated the important
role of the insula in inflammatory bowel disease (22).
Therefore, investigating the potential abnormalities of
insula circuits is essential for improving our understanding
of CD.

In this study, we used the voxel-based morphometry
(VBM) method to explore whether there were significant
GMV differences in the insula between CD patients
and HCs, and to investigate the whole-brain structural
covariance patterns and seed-based FC of the insulae
between the two groups. We then evaluated the
possible relationships between clinical information and
neuroimaging findings. We hypothesized that CD patients
might have (I) abnormal morphology in the insula, (II)
different structural covariance patterns, (III) altered FC of
the insula compared to HCs; and (IV) correlations between
clinical information and neuroimaging findings. We present
the following article in accordance with the Materials
Design Analysis Reporting (MDAR) checklist (available at
https://dx.doi.org/10.21037/qims-21-509).
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Methods
Ethics statement

With the approval of the Ethics Committee of the Second
Affiliated Hospital of Xi’an Jiaotong University (No.
2020081), CD patients were recruited from the Outpatient
Clinic of Gastroenterology at the Second Affiliated Hospital
of Xi’an Jiaotong University. Patients with a previous
CD diagnosis were contacted by registered telephone to
determine whether they were willing to participate in the
experiment for a certain amount of monetary compensation,
while HCs were recruited through advertisement. The
recruited participants completed the test in batches within
a month. A careful basic evaluation was performed for
each subject. All the examinations were performed by the
same professional gastroenterologist and an experienced
psychiatrist in the Second Affiliated Hospital of Xi’an
Jiaotong University. All experimental treatment steps
performed in this study were in accordance with the
Declaration of Helsinki (as revised in 2013) (23). The
participants were informed of all experimental procedures
and signed informed consent.

Participants

In the current study, 85 participants were recruited,
including 45 CD patients and 40 HCs. CD was assessed
using the CD activity index (CDAI), CD endoscopic index
of severity (CDEIS), and disease duration (24,25). A visual
analogue scale (VAS) was used to evaluate the pain index
of patients. According to the VAS pain score, pain was
divided into 11 grades from 0 to 10: 0 for no pain and 10
for excruciating pain. The final score was determined by
dividing the sum of the daily pain scores by the number of
days in pain. All participants underwent hospital anxiety and
depression scale (HADS) evaluation. The HADS included
two subscales, the HADS-A and HADS-D, which were
used to quantify the levels of anxiety and depression of all
participants. Both HADS-A and HADS-D consisted of 14
items, each with a score from 0 to 21 which indicated the
following: 0 to 7, normal; 8 to 10, marginal; and 11 to 21,
abnormal.

The inclusion criteria of CD patients were as follows:
(I) right handedness; (II) aged between 18 and 50; (III)
education period >6 years; (IV) disease in remission over
12 months; (V) CDAI <150; (VI) CDEIS scores <3; and
(VII) HADS-A and HADS-D scores <10. All participants

underwent conventional examination to exclude participants

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Zhang et al. Altered structure and function of insula in CD

with metal implants and claustrophobia. The exclusion
criteria for CD patients were as follows: (I) patients with
metal implants; (II) patients with claustrophobia; (III)
currently menstruating, pregnant, or lactating women; (IV)
patients who underwent CD-related abdominal surgery; (V)
those with a history of corticosteroids, antitumor necrosis
factor alpha (anti-TNF-a) agent, or psychotropic drug use
in the past 3 months; and (VI) patients with a current or
past history of psychiatric and neurological disorders, head
trauma, or loss of consciousness.

The basic inclusion criteria of HCs were as follows: (I)
right handedness; (II) aged between 18 and 50 years; (I1I)
education period >6 years; (IV) HADS-A and HADS-D scores
<10; and (V) no abdominal symptoms, intestinal transport
disorders, or abdominal surgery history over the past
12 months. The HCs underwent similar basic evaluations as
mentioned above. They had no history of familial psychiatric
or neurological disorders and had refrained from alcohol or
drug consumption in the week prior.

Iimage acquisition

The imaging data were acquired on a 3.0-T MR scanner
(Signa HDX'T, GE Healthcare) in the Department of
Radiology at the Second Affiliated Hospital of Xi’an
Jiaotong University. In order to diminish scanner noise and
minimize head motion, all participants were instructed to
lie in the supine position along a pair of foam pads. T'1-
weighted images were obtained for each participant using
a 3-dimensional spoiled gradient recall sequence with the
following parameters: repetition time (TR) =8.78 ms, echo
time (TE) =2.83 ms, field of view (FOV) =240 mm x 240 mm,
matrix size =256x256, in-plane resolution =0.94 mm x
0.94 mm, slice thickness =1.0 mm (no gaps), flip angle (FA)
=12°, and slices =150. A single-shot gradient-recalled echo
planar imaging sequence was then performed to acquire
functional images for each participant, for which participants
were instructed to relax, keep their eyes closed, stay awake,
remain still, and to not to think about anything. The specific
parameters were as follows: TR =2,000 ms, TE =30 ms,
FOV =240 mm x 240 mm, matrix size =64x64, in-plane
resolution =3.75 mm x 3.75 mm, slice thickness =3.5 mm (no
gaps), FA =90°, and slices =43.

Structural data preprocessing

Structural image preprocessing was performed in a
computational anatomy toolbox (CAT12) for SPM12
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Left insula

Right insula

Figure 1 The mean GMV differences between CD patients and HCs within the bilateral insula. (A) The bilateral insula masks; (B) CD
patients had significantly decreased GMV in the bilateral insula compared to HCs. **, P<0.01. CD, Crohn’s disease; HCs, healthy controls;

GMY, gray matter volume.

(http://www.fil.ion.ucl.ac.uk/spm) run by MATLAB
(MathWorks, Natick, MA, USA). The structural MRI
images in the original space were transformed into Montreal
Neurological Institute (MINI) 152 standard space by affine
transformation to correct the brain position and rotation
angle of different participants in the scanning process. Next,
the images were divided into 1.5 mm x 1.5 mm x 1.5 mm
GMV. To analyze and correct the volume difference of local
GM, the segmented images were modulated by nonlinear
transformation. Finally, to improve the signal-to-noise ratio
and the impact of image registration error, the resulting
GM images were smoothed with an isotropic Gaussian

kernel of 3 mm full-width at half maximum (FWHM).

Functional data preprocessing

Functional images were processed using the Data Processing
& Analysis for Brain Imaging (DPABI) toolkit (version v4.3,
http://rfmri.org/dpabi) under the MATLAB platform. Firstly,
the first 5 time points were removed to ensure the stability
of the initial signal. The remaining images underwent
slice-timing correction to solve the problem of time delay
between different slices. Head motion realignment was used
to eliminate subjects with head-motion parameters that
exceeded 2 mm translation and 2° rotation. The corrected
images were further spatially normalized to the MNI152
template using an echo-planar imaging (EPI) template
and resampled to 3 mm x 3 mm x 3 mm volumes. The
images were then smoothed with a Gaussian kernel with a
FWHM of 6 mm. Meanwhile, 24 head-motion parameters
(6 head motion parameters, 6 head motion parameters 1
time point before, and the 12 corresponding squared items),
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cerebrospinal fluid (CSF), and white matter signal were used
as nuisance covariates for regression. After detrending the
time series, the filter with a bandwidth of 0.01-0.1 Hz was
used to remove the interference of low-frequency drift and
high-frequency physiological noise.

Statistical analysis

The chi-square test and 2-sample t test were used to analyze
the demographic and clinical data, as well as the differences
of the mean GMYV of the insulae bilaterally between the
two groups. These analyses were performed with SPSS 22.0
(IBM, Armonk, NY, USA). We set the significance level at
P<0.05.

The bilateral insulae in the automated anatomical
labeling (AAL) template were selected as masks (Figure 14).
A group difference of voxel-based GMV between CD
patients and HCs within the bilateral insula masks was
examined using a 2-sample # test with the inclusion of
age, sex, and total intracranial volume (TIV) as covariates
[P<0.05; cluster-level false discovery rate (FDR)]. VBM was
subsequently reperformed with the inclusion of HADS-A
and HADS-D as additional covariates.

Spheres with a radius of 3 mm centered on the peak
T-value, which showed the significant GMV differences
in the insular between CD patients and HCs, were taken
as regions of interest (ROIs) to conduct the following
structural covariance and FC analysis. Whole-brain
structural covariance analyses were performed on the
modulated GM images for each group using the general
linear model in SPM12. The mean GMV of each ROI was
included in the multiple regression models as a covariate

Quant Imaging Med Surg 2022;12(2):1020-1036 | https://dx.doi.org/10.21037/qims-21-509
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Table 1 Clinical and demographic information of CD patients and
healthy controls (HCs)

Mean + SD
ltems P value
CD patients Healthy controls

Age (years) 32.58+7.27 30.68+5.78 0.19°
Sex (male/female) 25/20 22/18 1.00°
Weight (kg) 57.28+8.11 59.8316.71 0.12%
CDAI 90.21+57.28 - -
CDEIS 1.21+0.85 - -
VAS 3.00+1.89 - -
Disease duration 77.69+53.19 - -
(months)

HADS-A 5.22+2.49 3.25+1.98 <0.0001°
HADS-D 4.33+3.33 2.95+1.82 0.018*

“, the P value was obtained by 2-sample t test; ® the P value
was obtained by chi-square test. CD, Crohn’s disease; SD,
standard deviation; CDAI, Crohn’s disease activity index;
VAS, visual analogue scale; HADS-A/-D, hospital anxiety and
depression scale (anxiety)/(depression).

of interest to obtain the group level whole-brain voxel-
wise structural covariance of the ROIs. One-sample ¢
tests were performed to map the voxels that expressed a
significant positive GM covariance with each ROI in each
group with the inclusion of age, sex, and TIV as covariates.
Since emotional factors, such as anxiety and depression,
might exert their role in CD, we conducted the structural
covariance patterns of the insulae with age, sex, TIV,
HADS-A, and HADS-D being included as additional
covariates. The cluster-level family-wise error (FWE) was
used for multiple testing corrections (P<0.05) (26).

According to previous studies (27-29), we performed
between-group analyses of structural covariance patterns
by calculating the slope differences. The analysis used a
multiple classic linear regression:

Y=4,+B.X + ,Group + B,(X x Group) + ,Age + BsSex + ¢
(1]

In equation 1, X represents a vector of averaged GMV
of the insular subregion ROIs and Y represents a vector
of the GMV of each region showing group differences.
Group is a vector with binary group labels (with 1 indicating
CD patients and -1 indicating HCs). Age and Sex were
considered nuisance variables. Since f; was seen to show
significant group-by-GMYV interaction [see Ge ef al. (27)
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for more details], we chose the ¢ value of f8; as the statistic
to conduct a permutation test (1,000 times; P<0.05) and
further used Bonferroni correction to test the results
(P<0.05/15=0.003).

We extracted the mean blood-oxygen-level-dependent
(BOLD) time series of each ROI from each participant.
The correlations between the mean time series and time
series of whole-brain voxels were computed, and these
were then converted to z scores using Fisher’s r-to-z
transformation to generate the individual level whole-brain
z score map of each participant. Group FC differences of
the insulae between CD patients and HCs were examined
using 2-sample #-tests with the inclusion of age and sex
as covariates. Similarly, we also added the HADS-A and
HADS-D scores as covariates (P<0.05; cluster-level FDR).

Pearson’s correlation analysis was then applied to detect
relationships between the clinical symptoms (e.g., disease
duration; and CDAI, CDEIS, and HADS scores), mean
GMYV within each ROI, and the FC value of the insulae
with abnormal regions in CD patients [P<0.05; Bonferroni
correction (30)].

Results
Demographics and clinical characteristics

As shown in Table 1, there were no significantly statistical
differences between the CD patients and HCs in age, sex, or
weight (P>0.05). However, CD patients showed markedly
higher HADS-A and HADS-D scores (P<0.05).

GMYV results

Compared with HCs, CD patients exhibited decreased
GMV of the bilateral insula (left insula: 0.475+0.037 mL
in CD patients vs. 0.507+0.057 mL in HCs; P=0.007; right
insula: 0.496+0.039 mL in CD patients vs. 0.528+0.057 mL
in HCs, P=0.009) (Figure 1B). Figure 2 and Table 2 display
the significant GMV differences of the insulae between the
two groups. CD patients showed significantly decreased
GMVs in the left dorsal anterior insula (dAl) and bilateral
posterior insula (PI) compared with HCs. The inclusion of
anxiety and depression made the GMV difference in the
left dAI nonsignificant. Taking the three regions as ROIs,
the correlation analysis demonstrated that there was no
significant correlation between the GMVs of ROIs and
disease duration, CDAI, CDEIS, or HADS scores in CD
patients.
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Right PI

Figure 2 Significant differences between the GMV of CD patients and HCs. The top row shows the differences with age, sex, and TIV

as covariates, and the bottom row shows the differences with age, sex, TIV, and HADS as covariates. CD, Crohn’s disease; HCs, healthy

controls; GMYV, gray matter volume; TTV, total intracranial volume; HADS, hospital anxiety and depression scale; dAl, dorsal anterior insula;

PI, posterior insula.

Table 2 Subregions of the insula showing significant GMV
differences between the CD patients and healthy controls (HCs)

MNI
Regions Hem T value
X y z
dAl L -33 21 -6 -3.87
PI R 48 3 -3 -5.11
PI L -36 -18 18 -4.23

GMYV, gray matter volume; MNI, Montreal Neurological Institute;
BA, Brodmann area; Hem, hemisphere; L, left; R, right; dAl,
dorsal anterior insula; PI, posterior insula.

Structural covariance results

Figures 3,4 and Table 3 show the different patterns of
structural covariance in the two groups associated with the
3 insula subregions. There was an increased association
between the dAI and regions, including the caudate, dorsal
posterior cingulate cortex (dPCC), and parahippocampus/
hippocampus (paraHIPP/HIPP), as well as a decreased
association between the dAl and precuneus in the CD
patients compared to the HCs. The supplementary motor
area (SMA), anterior middle cingulate cortex (aMCC),
dorsolateral prefrontal cortex (dIPFC), amygdala, and
paraHIPP/HIPP showed decreased covariance with the
right PI in the CD patients compared to HCs. For the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

left PI ROI, decreased structural covariance was observed
between the right PI and regions including the precuneus,
dPCC, angular gyri, and putamen. The inclusion of anxiety
and depression as covariates (with age and sex) did not lead
to obvious changes in the structural covariance patterns of
CD patients (Figure 3).

After interaction linear model analysis, the structural
covariance differences of the insular subregions were still
found to be significantly related to the bilateral precuneus,

angular gyri, bilateral putamen, and SMA (Figure 4).

FC results

For the left dAI ROI, CD patients had markedly decreased
FCs with the posterior MCC (pMCC), SMA, caudate,
paraHIPP/HIPP, and anterior cingulate cortex (ACC)
compared with HCs. For the right PI ROI, CD patients
exhibited decreased FC with the aMCC, dIPFC, amygdala,
and paraHIPP/HIPP compared with HCs. As for the left
PI, CD patients showed decreased FC with the primary
somatosensory (S1), SMA, and aMCC (Figure 5 and Tuble 4).
When anxiety and depression were employed as covariates
(with age and sex), we found that several FC differences were
not significant, and were involved in connectivity between
the left dAI and right ACC. Also, FC differences between
the right PI and regions including bilateral aMCC, right
dIPFC, and left amygdala were not significant (Figure 5).
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Figure 3 The seed-based structural covariance patterns in CD patients and HCs. The structural covariance patterns related with the left dAI
(A), the right PI (B), and the left PI (C) seed in the two groups. CD, Crohn’s disease; HCs, healthy controls; ROI, region of interest; dAl,
dorsal anterior insula; PI, posterior insula; dPCC, dorsal posterior cingulate cortex; aMCC, anterior middle cingulate cortex; paraHIPP/

HIPP, parahippocampus/hippocampus; SMA, supplementary motor area; dIPFC, dorsolateral prefrontal cortex.
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Table 3 Brain regions showed significant differences in seed-based covariance patterns with ROIs between CD patients and healthy controls (HCs)

CD
Regions BA
Hem X y z T value Voxels Hem X y z T value Voxels

Left dAI

Precuneus 23 L -3 -48 54 5.86 96

Caudate 25 L -6 9 -9 5.97 147

dPCC 23 L 0 -36 33 712 261

paraHIPP/HIPP 35 R 21 -9 -18 5.89 169
Right PI

SMA 6 R 6 0 66 7.62 210

aMCC 24 R 3 18 39 6.54 141

dIPFC 10 R 6 48 3 6.72 75

Amygdala 34 R 21 3 -18 5.91 99

paraHIPP/HIPP 34 R 21 0 -21 5.35 88
Left PI

Precuneus 23 L -3 -60 24 6.27 204

R 3 -48 21 5.66 217

dPCC 23 L -3 -18 45 5.55 221

Angular 39 R 48 -69 39 5.91 99

Putamen 48 L 27 9 3 6.87 400

R -24 9 3 7.04 303

ROls, regions of interest; BA, Brodmann area; Hem, hemisphere; L, left; R, right; dAl, dorsal anterior insula; Pl posterior insula; dPCC,
dorsal posterior cingulate cortex; paraHIPP/HIPP, parahippocampus/hippocampus; SMA, supplementary motor area; aMCC, anterior

middle cingulate cortex; dIPFC, dorsolateral prefrontal cortex.

Correlation results

CD patients exhibited significant negative correlations
between the CDAI and FC of the bilateral paraHIPP/HIPP
and the left dAI and right PI (Figure 6).

Discussion

In this study, we investigated the altered structural
covariance and FC of the insula in CD patients, and the
main findings are described below. (I) Compared to HCs,
CD patients exhibited higher HADS scores and decreased
GMV in the bilateral insula. (II) CD patients showed
significantly decreased GMVs in the insular subregions
related to the left dAT and bilateral PI, which were selected
as ROIs, while the inclusion of anxiety and depression made

the difference of GMV in the left dAI nonsignificant. (III)

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

For the dAI ROI, CD patients showed increased structural
association with the caudate, dPCC, and paraHIPP/
HIPP, as well as decreased structural association with the
precuneus. For the PI ROIs, CD patients showed decreased
structural association with regions including the SMA,
aMCC, dIPFC, amygdala, paraHIPP/HIPP, precuneus,
dPCC, angular gyri, and putamen. (IV) The insula-related
FC differences were mainly located in the MCC, SMA,
dIPFC, caudate, ACC, S1, amygdala, and paraHIPP/
HIPP. (V) With anxiety and depression as covariates, the
significant FC differences between the left dAI and ACC,
as well as between the right PI and dIPFC, ACC, and
amygdala disappeared in CD patients. (VI) There were
negative correlations between the CDAI and FC of the
bilateral paraHIPP/HIPP with the left dAI and right PI.
The insula, which is located in the interface of the
cognitive, homeostatic, and affective systems of the human
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Caudate pMCC

paraHIPP/HIPP

Figure 5 Results of functional connectivity. The brain regions showing significantly decreased functional connectivity with the left dAI (A),
the right PI (B), and left PI (C) in CD patients compared to HCs. CD, Crohn’s disease; HCs, healthy controls; dAI, dorsal anterior insula;
PI posterior insula; pMCC/aMCC, posterior/anterior middle cingulate cortex; paraHIPP/HIPP, parahippocampus/hippocampus; ACC,

anterior cingulate cortex; dIPFC, dorsolateral prefrontal cortex; S1, primary somatosensory; SMA, supplementary motor area.

brain, provides a link between stimulus-driven processing
and brain areas involved in monitoring the internal
environment (31). Bao et 4/. demonstrated that there was a
marked decrease in the GMV of the bilateral insula of CD
patients (8). The changed GMV in the insula were included
in our current results. According to the divided insula
subregions in previous studies (32,33), we found significantly
decreased GMYV in the left dAI and bilateral PI.

Intercessory information about the overall physiological
condition of the body is received by the PI and projected to
the Al for subjective assessment of the internal condition (33).
Specifically, the Al is thought to help identify the emotional
state hidden under visceral sensation and to interact with
higher-order brain regions, thus subjectively evaluating the
social and emotional interaction between individuals and
the environment. Meanwhile, the PI is considered to receive
emotional inputs from the thalamus, limbic, and brainstem

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

structures, and to help with recognizing internal changes
within the body (31). A reduced local connectivity in this
region could be a marker of disturbed abdominal sensory
perception and of altered emotional evaluation of these
stimuli in CD padents (15). Therefore, the decreased GMV
in the subregions of the insula might be associated with
brain dysfunctions of sensory transmission and emotional
processing in CD patients.

MCC abnormalities were observed in our results. The
MCC has two subdivisions: the anterior MCC (aMCC)
and the posterior MCC (pMCC). The aMCC is critical for
feedback-mediated decision-making and has key outputs to
the supplementary motor area/pre-supplementary motor
area and spinal cord, while the pMCC is involved in the
multisensory orientation of the head and body in space
(34-36). Taylor et al. proposed that the system linking the
entire insula with the pMCC could be a general salience
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Table 4 Brain regions showing significantly decreased functional connectivity with ROIs between CD patients and healthy controls (HCs)

MNI
Regions BA Hem T value Voxels
X y z
Left dAI
pMCC 23 R 9 -30 48 -3.73 57
SMA 25 R 15 24 3 -4.35 60
Caudate 28 R 24 9 -21 -3.83 40
paraHIPP/HIPP 32 R 9 39 21 -3.23 93
ACC 23 R 9 -30 48 -3.73 55
Right Pl
aMCC 32 R 6 48 24 -3.94 83
L -6 48 12 -3.55 83
dIPFC 10 R -6 57 30 -4.75 90
Amygdala 34 L 27 -3 -12 -4.43 35
paraHIPP/HIPP 28 L 27 3 =27 -5.48 72
R 21 3 =27 -5.04 92
Left PI
S1 2,3 L -45 -24 57 -3.62 103
R 39 24 51 -4.50 111
SMA 6 L -3 -3 51 -4.12 117
aMCC 24 L -3 -6 51 -4.31 65

ROls, regions of interest; BA, Brodmann area; MNI, Montreal Neurological Institute; Hem, hemisphere; L, left; R, right; dAl, dorsal anterior
insula; Pl posterior insula; pMCC/aMCC, posterior/anterior middle cingulate cortex; SMA, supplementary motor area; paraHIPP/HIPP,
parahippocampus/hippocampus; ACC, anterior cingulate cortex; dIPFC, dorsolateral prefrontal cortex; S1, primary somatosensory.

Left dAl-paraHIPP Right Pl-paraHIPP

r=-0.4129 r=-0.5825
P=0.002 P<0.0001

o
(4]
o
(4]

zFC value

©
=
<
>
O
i
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o
o
o
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Figure 6 Correlation results. Negative correlation between the CDAI and altered functional connectivity of the left dAI with paraHIPP/
HIPP (A), and the right PI with paraHIPP/HIPP (B). CDAI, Crohn’s disease activity index; dAI, dorsal anterior insula; PI posterior insula;
paraHIPP/HIPP, parahippocampus/hippocampus.
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and action system (33). A study of mice revealed that the
MCC was responsible for inducing and maintaining pain
hypersensitivity, even in the absence of pain stimuli, and
worked with the posterior insula to modulate chronic pain
(11,37). Accordingly, we postulate that MCC abnormalities
may indicate impaired sensory stimulus localization and
abnormal chronic pain regulation in CD patients.

We found abnormal structural covariance and FC of
3 ROIs with several regions in the default mode network
(DMN). The DMN refers to a set of brain regions that
show greater metabolic activity during the resting state
compared to other brain regions (38). The dominant
functional characterization of the PCC arises out of its
central role within the DMN (39). The dPCC shows
strong connectivity with the rest of the DMN, but is
also functionally highly connected to the frontoparietal
networks of attention and executive control, suggesting a
more prominent role of dPCC in cognitive control (39,40).
A recent study reported increased activity of the dPCC
(specifically area d23) during evaluative feedback concerning
the correctness of a decision, demonstrating the dorsal PCC
to be involved in the behavioral adaptation to information
from the environment (41).

As a key node of the DMN, the dIPFC is implicated
in cognitive, affective, and sensory processing (42). Meta-
analyses of functional brain imaging studies about responses
to aversive rectal distension reported the activation of the
bilateral Al and the left dIPFC in HCs (43). Additionally, a
recent study indicated that the correlation of activity in Al
with both perceived intensity and unpleasantness could be
reduced by the right dIPFC and proposed that this dIPFC
can actively control pain perception by regulating cortical-
subcortical and cortical-cortical pathways (44).

As a part of the DMN, the angular gyri are linked to
memory retrieval and are regarded as brain scene buffers (45).
Laird et al. proposed that the bilateral angular gyri that act
as dynamic self-referential regions during rest are associated
with the significant behavioral features of interoception
and somesthesis (46). Alternatively, the angular gyrus was
reported to be associated with self-related processing and
cognitive behavior regulation, and essential in fighting
anxiety and negative emotions (47,48).

Among the regions of the DMN, the precuneus stands
out by virtue of its distinctive role. One study showed that
the precuneus was involved in self-processing tasks and was
associated with activated self-awareness in patients with
chronic pain, which might be related to how these patients
perceive their relationship with the outside world (49).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Moreover, during pain expectation, the precuneus has
been shown to exhibit decreased activation associated with
expected pain intensity, suggesting its involvement in the
perception of impending pain (50). Based on the above
research findings, the abnormal structural covariance
pattern and FC of insula with nodes in the DMN may
indicate reduced self-relevant sensation assessment ability in
response to visceral stimulation and behavioral adaptation
to information from the environment in CD patients.

Our results showed abnormal structural covariance
and FC of 3 ROIs with specific regions related to the
sensorimotor network. The sensorimotor network receives
sensory input from the surroundings and plays an important
role in the body’s sensory perception and the generation
of appropriate motor responses (51). It has been reported
that the primary motor cortex (M1) receives somatosensory
input predominantly via S1, which explains why motor-
related deficits can arise from damage to S1 (52,53). It
has also been reported that S1 is specifically sensitive to
changes in incoming non-nociceptive input (54). The
caudate, when combined with the putamen, is referred to
as the striatum and is often considered jointly in function,
which is the major input source of the basal ganglia (55,56).
The basal ganglia are implicated in sensation. Signals from
olfactory, auditory and somatosensory inputs indicate that
this structure can integrate multiple sensory modes and
coordinate behavioral responses (57). It was found that the
anterior insula downregulates the pain network through
the caudate nucleus with extensive functional connections
between the caudate and anterior insula during pain
stimulation (18,58). The SMA is considered to support
a flexible engagement of sensorimotor processes. In the
motor network, the SMA is responsible for movement
coordination and thus belongs to the frontomesial cortex,
which is anterior to the M1 (59,60). Based on the above
evidence, it can be speculated that the abnormal structural
covariance and FC of insulae with the sensorimotor regions,
including the S1, caudate, putamen, and SMA may impact
the integration of poorly localized internal sensations with
other sensory input to some extent, and may be important
in planning a movement response.

As a major hub of the salience network, the Al serves
to identify salient stimuli information and forward this
information to the higher cognitive regions, thereby
subjectively assessing the social and emotional interaction
between individuals and the environment (31,61).
Interestingly, our results showed that the significant GMV
difference in the AI disappeared with the inclusion of
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anxiety and depression as covariates. These findings suggest
that the Al is preferentially involved in the transmission
and processing of negative emotions. The amygdala is well
known to play a critical role in emotional processing (18).
For example, increased amygdala reactivity during
processing of certain types of emotional stimuli has been
noted in several anxiety disorders (62,63). Moreover, recent
studies (64,65) have discovered that higher scores on several
measures assessing anxiety proneness were associated with
greater activation of the left amygdala and bilateral anterior
insula, which is also consistent with our findings showing
that CD patients had more severe anxiety and depression
in this study. The ACC receives information from its
topologically nearby orbitofrontal cortex and the amygdala,
and projects the information to several regions, including
the autonomic areas in the brainstem, insula, MCC, and
striatum (66). Affective responses also extend to the adjacent
aMCC (67). Neuroimaging evidence is described that the
anterior limbic system including the orbitofrontal cortex
and amygdala are involved in emotion and reward valuation,
with the value representations being transmitted to the
ACC and aMCC for action-outcome learning (34,68). The
caudal part of the pACC, which is close to the aMCC, is
involved in the production of emotional expressions (67).
As mentioned in the discussion above, the dIPFC is
implicated in cognitive, affective, and sensory processing.
In the context of emotion, an integrative review regarding
the PFC suggested that IPFC might be a key component
of the neural circuitry involved in the type of appraisals
that initiate forms of controlled emotional regulation (69).
In HCs, the dIPFC was found to be activated during
anxiety induction, and the intensity of this activation was
negatively correlated with anxiety, suggesting that poor
dIPFC activation was associated with less downregulation
of anxiety (70). In addition, with the inclusion of anxiety
and depression as covariates, the dAl-related FC with the
ACC, and the PI-related FC with the amygdala, aMCC
and dIPFC were not significantly different between two
groups. The disappearance of the FC patterns mentioned
above illustrated the roles of these regions in the processing
of negative emotions. Therefore, this study suggests that
the decreased Al-related FC with the ACC, the PI-related
FC with the amygdala, the ACC, and the dIPFC may affect
negative emotional processing capability, reflecting the high
sensitivity to negative emotions and decreased inhibitory
control over the visceral aversive sensory processing in CD
patients.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Limitations

There are still several limitations that need to be considered
when interpreting the present findings. Although we
speculated that changes in pain-related brain regions
were associated with clinical symptoms of CD, there was
a lack of conclusive evidence, such as further analysis
of VAS scores as covariates. It is necessary to further
systematically study the relationship between pain and
neuroimaging. Functional networks can provide coactivated
or coinactivated connectivity patterns between different
brain regions. Therefore, the study of functional networks
or joint analysis of functional and structural networks could
provide more imaging evidence for CD.

Conclusions

In this study, we detected the decreased GMV in the
subregions of the insula, identified the aberrant patterns
of structural covariance and FC based on the ROIs, and
discovered a negative correlation between the CDAI
and FC of ROIs and specific regions. These structural
covariance/FC abnormalities of the insula may be associated
with prominent external stimuli and visceral afferent
pathway injuries, and may be implicated in high sensitivity
in negative emotion, decreased inhibitory control over the
processing of visceral pain, and dysfunction of assessing
self-relevant sensations in CD patients. Our findings may
provide new neuroimaging evidence in the study of CD.
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