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Inflammatory bowel disease (IBD) is a chronic disease that is associated with aspects of
brain anatomy and activity. In this preliminary MRI study, we investigated differences in
brain structure and in functional connectivity (FC) of brain regions in 35 participants with
Crohn’s disease (CD) and 21 healthy controls (HC). Voxel-based morphometry (VBM)
analysis was performed to contrast CD and HC structural images. Region of interest
(RQOI) analyses were run to assess FC for resting-state network nodes. Independent
component analysis (ICA) identified whole brain differences in FC associated with
resting-state networks. Though no structural differences were found, ROl analyses
showed increased FC between the frontoparietal (FP) network and salience network
(SN), and decreased FC between nodes of the default mode network (DMN). ICA
results revealed changes involving cerebellar (CER), visual (VIS), and SN components.
Differences in FC associated with sex were observed for both ROl analysis and ICA.
Taken together, these changes are consistent with an influence of CD on the brain and
serve to direct future research hypotheses.

Keywords: Crohn’s disease (CD), resting-state networks (RSNs), functional connectivity (FC), functional magnetic
resonance imaging (fMRI), inflammatory bowel disease (IBD)

INTRODUCTION

Inflammatory bowel disease (IBD) consists of two main conditions, Crohn’s disease (CD) and
ulcerative colitis (UC) (1), which are rising in prevalence around the world (2). The main
working etiologic hypothesis is that in persons genetically predisposed to develop CD, the gut
microbiome triggers a maladaptive immune response causing chronic gut inflammation (1, 3).
Patient symptoms may vary in severity and activity, but normally include abdominal pain, diarrhea,
and weight loss, which can greatly affect quality of life and mental health (4). Chronic disorders,
such as CD not only affect physical health, but also mental health, thereby increasing the chances of
acquiring comorbid mood disorders including depression or anxiety (5-7). In fact, it has also been
shown that persons with CD are more likely to have depression or anxiety antedating CD diagnosis
by years, suggesting possible shared risk factors for both chronic mental health disorders and CD
(8,9). Physiologically, as a threat to homeostasis, there are a number of mechanisms by which stress
may impact the gastrointestinal tract (10). Mood and CD demonstrate a reciprocal effect on stress
and flare-ups through the brain-gut axis (11). Stress (12-14), pain (15-18), and mood disorders
(15, 19-21) are all factors that influence structure and function of the brain.
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Investigations into altered brain structure and function in
CD have increased; however, the existing body of literature
is limited and there is a lack of consistency among the
techniques used and the results reported that prohibits any key
brain alterations to be identified. Studies of brain structure in
CD may be in agreement on one result, altered gray matter
(GM) of the superior frontal gyrus, although laterality and
direction of alteration are inconsistent (22-24). Studies of brain
function in CD have reported numerous FC alterations with
very little overlap (25-32) aside from some agreement on
changes in brain networks or regions involved in executive
function and/or default mode (26, 30, 32). Our study aimed
to identify brain structural and functional changes in CD as
compared to HC. In an attempt to isolate the relationship of
CD and the brain in the absence of psychiatric comorbidity,
the study exclusion criteria include depression and anxiety.
Differences between groups were expected for both GM volume
and functional connectivity (FC). Sex differences in FC were
also expected. Voxel-based morphometry was used to assess
structural difference in GM volume, and both region of interest
(ROI) analysis and independent component analysis (ICA) were
used to detect differences in the FC of resting-state networks
(RSNs). By employing three methods of assessing change in
brain structure or function in the same study participants, this
preliminary approach will identify changes in the brain that are
associated with CD and provide hypothesis-formation guidance
for future work.

METHODS

Participants

This study was approved by the University of Manitoba Research
Ethics Board and UCLA Institutional Review Board and all
participants signed an informed consent form. For this study,
35 individuals with CD [18 males and 17 females, mean age
32.6 £ 11.4 years, body mass index (BMI) 255 £+ 4.4; 17
at UCLA and 18 at UM] were recruited. Patients had been
previously diagnosed with CD and were recruited through their
previous involvement in a local longitudinal IBD cohort study,
a provincial-based research registry, regional gastroenterology
clinics, and via website (ibdmanitoba.org). We reviewed medical
records to confirm IBD diagnoses and contacted physicians
for additional information as needed. Twenty-one healthy
controls (HC) (14 males, 7 females, mean age 26.9 + 10.0
years, BMI = 255 £ 4.9; 16 at UCLA and 5 at UM)
with no history of gastrointestinal diagnosis or symptoms
were enlisted.

The inclusion criteria for CD patients included right-
handed, ambulatory English-speaking adults aged between
18 and 55 years. Exclusion criteria included non-CD-
related structural abnormalities of the gastrointestinal tract,
additional gastrointestinal disease or non-CD-related surgery, or
involvement in an ongoing clinical trial. Inclusion criteria for HC
were age between 18 and 55 years, and no gastrointestinal history
or a diagnosis or symptoms of irritable bowel syndrome (IBS)
meeting the ROME III diagnostic criteria. Exclusion criteria
for all subjects included left-handedness, illicit drug use, any

neurological or psychiatric conditions (including depression and
anxiety), morbid obesity (BMI > 35), post-menopausal status, or
MRI incompatibility.

Study Design

Before imaging, all patients and controls provided written
informed consent. Age, sex, and BMI were recorded for
all participants. Patients completed the Harvey-Bradshaw
questionnaire to determine symptomatic disease activity (33).
Patients were considered to have active disease with a score
of 5 or higher. Bowel habit was classified as abnormal for
constipation, diarrhea, alternating, mixed, or unspecified, and
normal otherwise. Patients were phenotyped using the Montreal
classification system (34) to determine location [L1 (ileum),
L2 (colonic), L3 (ileocolonic), and L4 (only upper disease)]
and disease behavior [Bl (only inflammatory disease), B2
(fibrostenosing disease), B3 (fistula), P (perianal disease)]. Patient
use of biologic therapy (use of adalimumab or infliximab) and of
non-biologic therapy was documented. Disease duration in years
was recorded. All study participants were screened for MRI safety
before entering the scanner.

MRI Acquisition

Using a Siemens Magnetom Verio 3T at UM and a Siemens
Magnetom Trio 3T at UCLA and 12-channel head coil [Erlangen,
Germany], we acquired T1-weighted three-dimensional
magnetization-prepared rapid gradient echo (MPRAGE) scans.
The imaging protocol file was identical at each site and quality
assurance checks were conducted during separate pilot testing
prior to study commencement. Data were acquired with the
following parameters: TR = 2,300 ms, TE = 3.02 ms, field of view
= 256 x 240 mm, matrix = 256 x 256, voxel size was 1.0 x 1.0
x 1.0 mm?, flip angle 9°, and slices = 240. Functional data were
acquired using T2*-weighted whole brain echo planar imaging
(EPI) sequence with TR = 2,000 ms, TE = 28 ms, field of view =
220 x 220 mm, matrix = 64 x 64, flip angle = 77°, and slices
= 37 with 4mm slice thickness and 12% distance factor, with
participants’ eyes closed.

Voxel-Based Morphometry Analysis

To assess GM volume, structural MRI data were preprocessed
and analyzed using SPM12 software (http://www.filion.ucl.ac.
uk/spm) and CAT12 toolbox, which was run on MATLAB
(version 2018a; Mathworks Inc., Natick, MA USA). T1-weighted
images were segmented into GM and white matter (WM).
Default settings for the CAT12 segmentation pipeline were used,
including affine regularization with the ICBM space template-
European brains and spatial registration used Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra
(DARTEL) (35) IXI555_MNI152 template (http://www.brain-
development.org) with an isotropic voxel size of 1.5mm.
Modulated normalized GM and WM images were saved, with
scaling by the Jacobian determinants. GM segments were checked
for homogeneity and images were smoothed in SPM12 with an
8-mm full width at the half maximum (FWHM) Gaussian kernel.
Total intracranial volume (TIV) was estimated and saved.
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Using SPM12 to examine GM volume differences between CD
patients and HCs, a two-sample ¢-test with an absolute masking
threshold of 0.2 controlled for TIV, age, sex, BMI, and acquisition
site was run. The statistical threshold was set at p < 0.05, FDR-
corrected at the cluster level, with a minimum cluster size of 5
voxels. In the case that significant differences between groups
were detected, additional analyses were planned for further
investigation of significant structural differences within the CD
group by covarying disease duration with volumetric measures,
and performing two-sample ¢-tests of Montreal classification L1
vs. L2 and L3 combined, and Montreal classification B1 vs. B2
and B3 combined.

Functional Pre-processing

Resting-state FC was assessed using the CONN toolbox Version
17.f (36) to preprocess and analyze the functional imaging
data. The functional data were functionally realigned and
unwarped; translated by centering to (0,0,0) coordinates; slice
time corrected; scrubbed with ART-based identification for
outlier scans; segmented into GM, WM, and CSF and normalized
to the Montreal Neurological Institute (MNI) template; and
smoothed using an 8-mm Gaussian kernel. Structural data were
translated by centering to (0,0,0) coordinates, segmented into
GM, WM, and CSE and normalized to the MNI template.
Artifact detection was run using the ART toolbox. During the de-
noising processes, WM, CSF, and outliers detected by the ART
toolbox were entered into the linear regression as confounding
effects. Subject motion correction was performed via realignment
parameters entered in the linear regression of confounding effects
(first-order derivatives, no polynomial expansion). No significant
differences between groups were found for realignment average
raw scores (1-tailed p = 0.176) or average framewise (scan-to-
scan) differences (1-tailed p = 0.170). Linear de-trending was
performed, and the default band-pass filter of [0.008 0.09] Hz
was applied.

ROI Analysis

Functional analysis was performed using the ROI-to-ROI
function in the CONN toolbox using the General Linear Model
(GLM, correlation analysis settings, and no weighting applied).
The ROI-to-ROI analysis was run using CONN RSN nodes
(36), which include 32 seeds/targets [Default Mode Network
(DMN): medial pre-frontal cortex (MPFC), precuneus cortex
(PCC), bilateral lateral parietal (LP); Sensorimotor Network
(SMN): Superior, bilateral Lateral; Visual Network (VIS): Medial,
Occipital, bilateral Lateral; Salience Network (SN): anterior
cingulate cortex (ACC), bilateral anterior insula (AI), rostral
pre-frontal cortex (RPFC), and supramarginal gyrus (SMG);
Dorsal Attention Network (DA): bilateral frontal eye field (FEF)
and intraparietal sulcus (IPS); Fronto-parietal Network (FP):
bilateral lateral pre-frontal cortex (LPFC) and posterior parietal
cortex (PPC); Language Network (LAN): bilateral inferior frontal
gyrus (IFG) and posterior superior temporal gyrus (pSTG); and
Cerebellar Network (CER): Anterior, Posterior].

Independent Component Analysis

Using default settings for CONN 17.f, the ICA was run with
a FastICA for estimation of independent spatial components
and GICAL1 back-projection for individual subject level spatial
map estimation. Dimensionality reduction was set to 64 and
number of components was set to 31. The number of components
was estimated using GIFT 4.0b software, using minimum
description length (MDL) criteria, to estimate components for
each individual separately, and then compute the estimated
number of components for the entire data set using the mean,
median, and maximum standard deviation of individual results.
The correlational spatial match-to-template approach was used
in CONN to identify within each component the brain RSNs
for the cerebellar (CER), default mode (DMN), sensorimotor
(SMN), frontoparietal (FP), dorsal attention (DA), salience (SN),
language (LAN), and visual (VIS) networks.

Statistics

Between-subjects [CD (1) HC (—1)] contrasts were run for
both ROI and ICA analyses, controlling for age, sex, BMI, and
acquisition site. For the ROI analysis, all network nodes were
used as both sources and targets, and ROI-to-ROI connections
were set to a threshold by intensity of two-sided FDR-corrected p
< 0.05. ICA results were displayed at p < 0.001 uncorrected and
a cluster-wise threshold of p < 0.05, FDR-corrected. Additional
analyses were run to explore differences in FC in CD patients.
The relationship between FC and disease duration in years was
assessed with linear regression, and Montreal classification L1
vs. L2 and L3 combined as well as Montreal classification B1
vs. B2 and B3 combined, while controlling for age, sex, BMI,
and acquisition site were assessed with two-tailed two-sample
t-tests. The t-test of L1 vs. L2/L3 combined compares isolated
small bowel disease to small bowel plus colon or colon alone, to
see if colon involvement is associated with different outcomes,
whereas Bl vs. B2/B3 combined compares pure inflammatory
vs. complicated (stricture and/or fistula) disease. Sex differences
were investigated by contrasting [CD females (1) CD males
(—1)], [CD females (1) HC females (—1)], and [CD males (1) HC
males (—1)], while controlling for age, BMI, and acquisition site.

Post-hoc Multimodal Analysis

Following the structural and functional data analyses, a
multimodal analysis was performed using MRIcroGL version
1.2.20190902. The areas of significantly different FC identified by
the ICA were summed such that the five components formed a
single layer representing the ICA results. Similarly, the significant
differences between groups identified in the ROI-to-ROI analysis
were summed into a single layer. The ICA, ROI-to-ROI, and
spm152 atlas layers were overlaid. The Additive Overlay Blending
option was selected to identify areas of spatial overlap. Although
the VBM analysis did not produce significant results when
corrected for multiple comparisons, the spmT map of the contrast
between groups before correction for multiple comparisons was
used as a layer to compare with the ICA and ROI-to-ROI layers
independently. Finally, all three layers were overlaid with the
spm152 template and assessed for areas of spatial overlap.
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TABLE 1 | Demographics and relevant clinical data for all subjects.

CD(n=35) HC(n=21) p-value
Sex (male/female) 18/17 14/7 0.273
Age (years) 326+11.4 269+10.0 0.066
BMI 271 +£4.4 25.5+4.9 0.801
Harvey—Bradshaw (active/inactive) 7/28 - -
Bowel habits (normal/abnormal) 14/21 21/0 <0.001
Disease duration (years) 11.3+£71 - -
Montreal classification
Location
L1 18
L2 3 - -
L3 13 - -
L4* 3 - -
Behavior
B1 20 - -
B2 7 - -
B3 10 - -
P 5 - -
IBD medications (biologics/no biologics) 13/22 - -

Values for age, BMI, and disease duration are presented as mean values and standard
deviations. Values for sex, bowel habits, Harvey—Bradshaw, Montreal classification, and
IBD medications are presented as number of subjects in that category. BMI, body mass
index; L1, ileum; L2, colonic; L3, ileocolonic; L4", upper gastrointestinal tract disease
(participants could have L4 disease and any of L1, L2, and L3 as well); B1, only
inflammatory; B2, stricture in bowel; B3, fistula; R, perianal disease; IBD, inflammatory
bowel disease.

RESULTS

Demographic Results

As seen in Table 1, no significant differences were found between
CD patients and HC for sex, age, or BMI. However, bowel habits
between the two groups were significantly different.

Voxel-Based Morphometry Results

No GM volume differences were found between CD patients and
HCs when using FDR correction for multiple comparisons. As no
differences were found between the groups, no further analyses
were run.

ROI Results

The ROI analysis shows that CD patients have reciprocally
increased FC between the right lateral pre-frontal cortex (LPFC)
of the FP network and bilateral supramarginal gyrus nodes of
the SN, and decreased FC between the medial pre-frontal cortex
(MPFC) and the left lateral parietal (LP) node of the DMN
(Table 2, Figure 1A). Bivariate correlations between right LPFC
and bilateral SMG indicate that HC had negative FC whereas CD
had positive FC between nodes. FC was less positive for CD than
HC for the MPFC and left LP nodes.

When comparing CD and HC females (Table 2, Figure 1B),
we found increased FC of the SN left anterior insula (AI) with all
four FP network nodes, with a reciprocal FC of the right LPFC
and PPC nodes with the left AL In all four cases, negative FC
between nodes for the HC was increased to near or above zero

TABLE 2 | ROI-to-ROlI results showing functional connectivity differences between
Crohn’s disease patients and healthy controls (CD > HC) controlling for age, sex,
BMI, and acquisition site followed by results of contrast between patient females
and healthy females (CDF > HCF) controlling for age, BMI, and acquisition site
(threshold ROI-to-ROI connections by intensity, FDR p < 0.05, two-sided).

Seed Target t p rCD rHC
CD > HC

Lateral pre-frontal Supramarginal gyrus L 3.58 0.019 0.07 -0.10
cortex R Supramarginal gyrus R 3.43 0.019 0.10 -0.11

Supramarginal gyrus L Lateral pre-frontal cortex R~ 3.63 0.028 0.07 —0.10
Supramarginal gyrus R Lateral pre-frontal cortex R~ 3.43 0.038 0.10 —0.11

Medial pre-frontal -3.93 0.008 0.19 0.39

cortex

Lateral parietal L

Lateral parietal L —3.93 0.008 0.19 0.39
CDF > HCF

Anterior insula L

Medial pre-frontal cortex

Lateral pre-frontal cortex L~ 3.01 0.004 0.07 —0.03
Lateral pre-frontal cortex R~ 3.03 0.004 0.00 —0.13
Posterior parietal cortex L 3.283 0.017 0.00 —0.07
Posterior parietal cortex R~ 3.52 0.001 0.06 —0.05
—3.81 0.001 —0.14 —0.05
—-4.69 0.001 -0.11 —-0.07
-3.51 0.015 —-0.06 0.05
-4.69 0.001 -0.11 -0.07
—3.20 0.086 —0.12 —0.04
-3.81 0.012 -0.14 —-0.05
—3.57 0.012 -0.10 —0.05
—-3.20 0.024 -0.12 -0.04
—3.57 0.025 —-0.10 —0.05
—-3.51 0.029 -0.06 0.05

Visual medial
Visual occipital Supramarginal gyrus R
Superior temporal R
Supramarginal gyrus R Visual occipital

Visual medial
Visual medial Anterior insula L
Anterior insula R
Supramarginal gyrus R
Anterior insula R Visual medial

Superior temporal R Visual occipital

CD, Crohn’s disease; HC, healthy control; CDF, Crohn’s disease female; HCF, healthy
control female; t, t-value; p, p-value; r CD, mean bivariate correlation for CD group;
r HC, mean bivariate correlation for HC group; R, right; L, left; FF, frontoparietal
network; SN, salience network; DMN, default mode network; LAN, language network,
VIS, visual network.

for CD. Negative FC between the medial VIS network node and
bilateral SN Al were decreased for CD. No differences were found
between CD females and CD males, or CD males and HC males.
For the CD group, neither Montreal classifications nor disease
duration correlated significantly with the FC findings.

ICA Results

Results from the ICA analysis (Table 3, Figure2) show FC
decrease from positive to negative between the CER network
with superior lateral occipital cortex and SN with left planum
temporale in CD patients compared to HCs. CD patients also
showed an increase in FC from negative to positive between
the VIS network and the left putamen and right occipital pole
compared to HCs. Sex differences were observed for the ICA.
CD females, as compared with HC females, showed multiple
differences, including a decrease from positive to negative FC
of the DMN with the left insula and of the VIS with the
right fusiform gyrus, and an increase in FC from negative to
positive correlation of the DMN with the right temporal pole
and of the SMN with the left orbitofrontal cortex. CD males
showed a decrease in positive FC of the DMN with the right
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anterior insula; PPC, posterior parietal cortex; STG, superior temporal gyrus).

FIGURE 1 | (A) Graphic of ROI-to-ROI contrast showing nodes with increased FC (red) and decreased FC (blue) for the CD group as compared to HCs. (B) Graphic

of ROI-to-ROI contrast showing nodes with increased FC (red), decreased FC (blue), and both increased and decreased FC (yellow) for the CD females as compared

to the HC females. Both graphics are displayed in axial orientation with the anterior aspect toward the top and right on the right, with ROI-to-ROI connection threshold
set by intensity at FDR p < 0.05, two-sided (MPFC, medial pre-frontal cortex; LPFC, lateral pre-frontal cortex; SMG, supramarginal gyrus; LP, lateral parietal; Al,

angular gyrus, as compared to the HC males. There was no
significant difference between the sexes within the CD group. No
significant correlations were found for Montreal classifications or
disease duration.

Post-hoc Multimodal Analysis

Areas of spatial overlap were identified for the combinations
of the ICA and ROI-to-ROI, the ICA and VBM, and the
ROI-to-ROI and VBM layers, as well as for the combination
of all three layers. The overlay of the two functional results
showed spatial overlap in bilateral supplementary motor area,
right parahippocampal gyrus, and left insula and thalamus. The
overlay of the ICA and VBM layers showed spatial overlap in
bilateral supplementary motor area, right cerebellum, and left
insula, thalamus, and hippocampus. Overlay of the ROI-to-ROI
and VBM layers showed spatial overlap in bilateral cerebellum
and supplementary motor area, and left paracentral lobule,
fusiform gyrus, insula, and rolandic operculum. Spatial overlap
of all three layers was observed for bilateral supplementary
motor area and a region spanning the left insula and
rolandic operculum.

DISCUSSION

This study compared the structural and functional brain
images of patients with CD and HC. An ROI-to-ROI analysis
of network nodes displayed increased FC between nodes of
cognitive control (frontoparietal network) and salience networks,
and decreased FC within nodes of the DMN for the CD
group as compared to the HC. Using ICA, we identified
altered network FC in the cerebellar, visual, and salience

networks. A preliminary look at the effect of CD that differs
based on sex suggests that the alterations in the DMN are
driven by the males in the study while the frontoparietal,
salience, and visual network alterations appear driven by the
females. A multimodal assessment of the spatial overlap of the
structural and two functional results indicated that bilateral
supplementary motor area and left insula were common to all
three analyses.

The ROI analysis revealed that pre-frontal cortex FC is
altered in CD. The FC of the frontoparietal node, right
LPFC, is increased reciprocally with bilateral supramarginal
gyrus salience network nodes. The frontoparietal network is
a cognitive control network involved in modulating attention
and expectancy-induced pain modulation. Within the DMN,
MPEC is decreased reciprocally with the left LP cortex. Altered
pre-frontal cortex FC is consistent with previous studies
of CD including differences in amplitude of low-frequency
fluctuations (29), in regional homogeneity for CD patients
without pain (28), and in relation to effective treatment (30).
The altered FC between anterior (MPFC) and posterior (LP)
nodes within the DMN is also consistent with previous work
(29). Although reduced GM volume of MPFC for CD as
compared to HC has also been reported (23), this finding was
not reproduced in the current study. The involvement of pre-
frontal cortex changes in CD may be explained by its role in
mediating antinociceptive effects and modulation of pain (37).
MPFC-nucleus accumbens connectivity has been linked to the
chronification of pain (37). An investigation into pre-frontal
cortex alterations and its associations with pain, psychiatric
comorbidity, and cognitive deficits within CD is warranted. As
participants in the current study were screened for depression
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TABLE 3 | Differences in FC between Crohn’s disease patients and healthy controls (CD > HC) controlling for age, sex, BMI, and acquisition site, and between CD and
HC females (CDF > HCF), and CD and HC males (CDM > HCM) controlling for age, BMI, and acquisition site (T threshold = 3.5, uncorrected height threshold p < 0.001,
FDR-corrected cluster threshold p < 0.05).

Network Region Voxels Peak MNI coordinates t P cDh HC
X y z

CD > HC

CER Superior lateral occipital L 137 —46 —68 22 —-5.75 0.005 —0.53 0.81

VIS Putamen L 97 -30 00 -8 5.43 0.029 0.77 -0.70
Occipital pole R 126 18 —82 14 4.91 0.007 1.40 -0.57

SN Planum temporale L 113 —46 —-30 12 —4.96 0.020 —-0.34 1.36

CDF > HCF

DMN Temporal pole R 89 32 8 —24 4.64 0.038 0.65 —2.76
Insula L 103 -28 —24 26 —7.25 0.038 —0.80 2.70

SMN Orbital frontal cortex L 135 -8 14 —26 5.42 0.012 0.92 —2.94

VIS Fusiform cortex R 124 36 —54 —22 —5.38 0.011 —0.48 1.03

CDM > HCM

DMN Angular gyrus R 106 56 —56 16 -5.72 0.025 1.18 3.40

The number of voxels per cluster, MNI coordinates of the peak intensity voxel per cluster, t, p, and mean values are given.
CD, Crohn'’s disease; HC, healthy control; CDF, Crohn’s disease female; HCF, healthy control female; CDM, Crohn'’s disease male; HCM, healthy control male; R, right; L, left; CER,
cerebellar network; VIS, visual network; SN, salience network; DMN, default mode network; SMN, sensorimotor network.

FIGURE 2 | ICA contrast between CD > HC for (A) the cerebellar network FC with left superior lateral occipital, (B) the visual network FC with left putamen and (C)
the right occipital pole, and (D) the salience network FC with the left planum temporale. The female CD > HC contrast revealed altered FC in the (E) DMN with the
right temporal pole and (F) left insula, (G) the SMN with left orbitofrontal cortex, and (H) the visual network with the fusiform gyrus, whereas the male CD > HC
contrast showed altered FC of (I) the DMN with the right angular gyrus. All slices correspond to the peak activation coordinates with the color bar representing positive
t-values in orange and negative t-values in blue. Slices are shown in neurological orientation (left hemisphere on the left of each slice, anterior toward the top of each
slice) and are displayed at T threshold = 3.5, uncorrected height threshold p < 0.001, and FDR-corrected cluster threshold p < 0.05.

or anxiety as exclusion criteria and no cognitive measures the interpretation of the effects of CD on the brain. Future
were obtained, the associations between brain alterations and ~ work contrasting CD patients with and without comorbidities
psychiatric comorbidity or cognition cannot be assessed. The  will prove informative regarding brain changes associated with
exclusion of CD patients with psychiatric comorbidity facilitated  the disease.
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The increased FC between the frontoparietal and salience
network nodes is suggestive of stronger ties between cognitive
control and meaningful external/internal stimulus detection. It
has been proposed that the salience network acts as a “switch”
between task-positive networks, such as the frontoparietal
network involved in cognitive control (38) and the task-
negative network involved in internal mentation, the DMN
(39). It is possible that the stronger coupling of awareness
and cognitive process is a reflection of the physical discomfort
and the adverse effect that CD has on cognition (40). The
decreased within-network FC of the DMN may indicate that
the CD patients experience disrupted mind-wandering or self-
referential thought. The enhanced functional coupling of the
salience network “switch” and frontoparietal network cognitive
control, combined with the reduced DMN integrity, underlies
this interpretation.

Whereas the ROI-to-ROI analysis calculates only the FC
between each of the 32 network nodes, the ICA performs at
a voxel-to-voxel level assessing the FC of the entire brain.
ICA has the advantage of identifying functional connections of
brain regions not restricted to the boundaries of the network
nodes, within each of the components associated with RSNs. The
ICA results revealed differences between CD and HC in three
RSNs that, taken together, suggest alterations in sensorimotor
processes. The cerebellar network showed decreased FC with
the superior lateral occipital cortex, a brain region involved
in visual processing. Increased FC was observed for the visual
network and the occipital pole, a region involved in vision. FC
of the salience network with the left planum temporale, a region
involved in locating sound in space, was decreased. This may
indicate an alteration of the salience network, which detects
salient stimuli from the environment, with an auditory network;
however, this cannot be known from the current study as no
auditory network was investigated. Increased FC was observed
within the visual network component with the putamen, a
region involved in movement, decision-making, and learning,
which may correspond to an alteration of sensorimotor and
behavioral processes related to CD symptoms. It is possible that
for persons with CD, sensitivity to visceral sensory information,
and modulation of a physical response to that information, is
more acute and the need to learn and adapt behavior accordingly
may be greater than for HC. As examples, the necessity of
strategically planned outings or an urgent need to locate a
bathroom while out may be stressors for persons living with a
disease that include abdominal pain and diarrhea as common
symptoms. The increased co-activity of brain regions involved
in sensorimotor and executive functions may make sense in
this context.

In an analysis of whether the group level results were related
to sex, it became apparent that the females in the study largely
drove the frontoparietal, salience and visual network differences
whereas the males drove the DMN alteration. Although no
differences were detected in the ROI analysis between CD females
and males, or CD males and HC males, numerous differences
between CD and HC females were observed. Notably, the CD
females had increased FC between frontoparietal and salience
network nodes. FC was increased in the right frontoparietal

nodes, LPFC and PPC, with the salience node left anterior insula
that, in return, had increased FC with all four frontoparietal
nodes, bilateral LPFC and PPC. The CD females had decreased
FC of both the medial and occipital visual network nodes with
numerous other salience network nodes. As no differences in FC
were observed for the frontoparietal, salience, or visual network
nodes for the males, a trend emerges that suggests the females in
this study may possibly drive these network changes.

Curiously, there were no group differences in the ICA for
the frontoparietal or DMN components, as there were for the
ROI analysis. However, when investigating sex differences for
each of the RSNs, there did appear to be an explanation for
this: CD males, as compared to HC males, showed a decrease in
FC for the DMN with the angular gyrus, whereas CD females
as compared to HC females showed decreased FC for the left
insula and increased FC for the right temporal pole for the DMN
component. Whereas, the males showed decreased FC within
the DMN, the females showed altered FC of the DMN with
brain regions outside of the network. Given that the DMN was
functionally connected to disparate brain regions for each sex
may account for the lack of significant difference in the ICA at
the group level. It is worth noting that the decreased FC of the
DMN with the angular gyrus is consistent with the ROI analysis,
which showed a decrease in FC between the DMN nodes MFPC
and LP—in fact, the angular gyrus and LP cortex share some
of the same coordinates but are labeled differently depending
on the atlas used. Therefore, the ICA results support the ROI
results and, further, suggest that the males in the study are behind
this observed alteration. The multimodal analysis showed spatial
overlap of the ICA and ROI layers in a medial frontal region, the
bilateral supplementary motor areas, although not in MPEC. The
left insula was also shown to have spatial overlap for the ICA and
ROI layers (in fact, both supplementary motor area and insula
have spatial overlap for the overlay of the ICA, ROI, and VBM
layers, although the VBM layer represents an uncorrected t-map
and therefore should be interpreted with caution). According
to the sex differences observed in the ICA and ROI analyses,
it would appear that the males might contribute to the medial
frontal region overlap whereas the females contribute to the
insula overlap, in the multimodal analysis of group-level results.
However, the subgroups of males and females are small and a
larger dataset is required to test this idea.

ICA results show CD females had decreased FC of the
visual network with the right temporal occipital fusiform gyrus,
which supports the multiple ROI findings of altered visual
network FC for CD females. Although perhaps not intuitive that
visual network changes would be involved in CD, differences
in visual processing regions have been reported in previous
CD studies, including cortical thickness differences in left
lateral occipital cortex (24), hypergyrification of left lingual
gyrus (41) for CD, and increased FC within visual medial and
frontoparietal networks in IBD (42), and similar reports are
seen for other chronic conditions, such as knee osteoarthritis
(43), persistent somatoform pain disorder (44), postherpetic
neuralgia (45), migraine (46), and fibromyalgia (47). Having
recognized the plethora of studies reporting visual system
FC alterations in chronic pain populations, Shen et al. (48)

Frontiers in Neurology | www.frontiersin.org

February 2020 | Volume 11 | Article 48


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Kornelsen et al.

RSN Alterations in Crohn’s Disease

investigated the FC of visual network nodes in a chronic low
back pain population using an ROI analysis and a support
vector machine classifier. Significant FC alterations were found
for primary and bilateral dorsal visual network seeds with
somatosensory and motor brain regions and a classification
accuracy of 79.3% was reported for distinguishing chronic low
back pain from HC. The authors proposed an adaptation or
self-adjustment mechanism and cross-modal interaction between
visual, somatosensory, motor, attention, and saliency networks
to account for their findings (48). The results presented in the
current study are supportive of cross-modal interactions between
these networks.

It is important to note the study limitations. This is a
preliminary study with a modest sample size necessitating
replication in future studies. Greater sample size may be required
for detecting GM volume differences in particular. Regarding
the ROI results, the FC decrease in the DMN with the insula
is consistent with reports of increased anticorrelations between
salience network AI and DMN in osteoarthritis (49) and
decreased FC between MPFC and AI in IBS (50); however, the
finding in the current study must be interpreted with caution
as the peak coordinate was in insula but the majority of the
cluster voxels were in non-labeled atlas coordinates. Similarly,
the results of the multimodal analyses revealed the insula to have
spatial overlap among layers, but this should be interpreted with
caution given that the VBM layer displayed results uncorrected
for multiple comparisons.

In summary, this study reports on a ROI analysis that
shows increased FC between the cognitive control and salience
networks and decreased within the DMN for persons with CD.
Both results have altered pre-frontal cortex FC for CD. The ICA
results show differences in cerebellar connectivity and visual and
auditory processing regions that require further investigation.
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