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Abstract

Crohn’s disease (CD) has been reported to relate with the functional and structural alterations in several local brain regions.
However, it remains unknown whether the possible abnormalities of information transmission and integration between brain
regions are associated with CD. The purpose of this study was to investigate the topological alterations of brain functional
networks and the potential relationships between the neuroimaging findings and CD clinical characteristics. 43 remissive CD
patients and 37 matched healthy controls (HCs) were recruited to obtain their resting-state functional magnetic resonance
imaging (fMRI) data. Independent component analysis was applied to decompose fMRI data for building brain functional
networks. The local and global topological properties of networks and connectivity of brain regions were computed within
each group. We then examined the relationships between the topological patterns and CD clinical characteristics. Compared
to HCs, CD patients exhibited disrupted local and global topological patterns of brain functional networks including the
decreased nodal graph metrics in the subcortical, sensorimotor, cognitive control and default-mode networks and dysfunc-
tional interactions within and among these four networks. The connectivity strength of putamen negatively correlated with
CD duration in patients. Moreover, CD patients with high level of anxiety and/or depression had altered local topological
patterns associated with anterior cingulate cortex (ACC), medial prefrontal cortex (mPFC) and posterior cingulate cortex
(PCC) compared to other patients. By revealing CD-related changes in topological patterns of brain functional networks,
our findings provide further neuroimaging evidence on the pathophysiology of CD involved in pain, sensory, emotional and/
or cognitive processing.
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Introduction
Peng Liu, Ru Li and Chunhui Bao contributed equally to this
paper.
Crohn’s disease (CD) is one of the most common, chronic
D4 Peng Liu inflammatory bowel disease (IBD) with persistent, relaps-
liupengphd @gmail.com

ing and remitting diarrhea even bloody diarrhea, abdomi-
nal pain, weight loss and fever (Kalla et al. 2014; Ng et al.
2013). Despite high prevalence rate in young adults world-
wide, the pathophysiology of CD remains obscure, resulting
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in unsatisfactory treatment (Clark et al. 2007). CD could
cause long-term suffering and heavy economic burden for
individual and society because of repeated gastrointestinal
symptoms (Casellas et al. 2005; Pizzi et al. 2006). Addition-
ally, as for many other chronic diseases, CD patients often
endure concomitant psychological distress such as anxiety
and depression (Agostini et al. 2013b; Bao et al. 2015).
Therefore, it is imperative to investigate the pathophysiologi-
cal mechanisms underlying CD.
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Using functional and structural brain magnetic resonance
imaging (fMRI and sMRI) technologies, accumulating stud-
ies have provided evidence that the dysfunctions of central
nervous system (CNS) and brain-gut axis (BGA) are major
contributing factors to the development of CD (Stasi and
Orlandelli 2008). For example, Agostini et al. performed a
stress-evoking task on CD patients and controls during fMRI
scanning, and found different neural activities between two
groups in insula and putamen (Agostini et al. 2013b). Using
resting-state fMRI, one of our previous studies indicated
that CD patients had altered local synchronization of neu-
ron activity related to the increased regional homogeneity
(ReHo) in precuneus, anterior cingulate cortex (ACC) and
superior frontal cortex and decreased ReHo in thalamus,
middle cingulate cortex and insula (Bao et al. 2016a). In
addition, CD patients were reported to have morphologi-
cal changes of brain grey matter (GM), associated with
aberrant GM volumes and cortical thickness in prefrontal
cortex, somatosensory area, and cingulate cortex (Agostini
et al. 2013a; Bao et al. 2015). However, aforementioned
studies just have focused on regional alterations of either
blood-oxygenation level dependent signal (BOLD) or GM
structure. Little is known about the possible abnormalities
of information transmission and integration between brain
regions in CD patients and the relationships between pos-
sible abnormalities and CD progression.

Topological analysis provides us a chance to character-
ize the whole brain as a topological network to uncover the
complexity of the regional interactions. To our knowledge,
the human brain in the resting state is topologically organ-
ized into a set of large-scale intrinsic connectivity networks
(ICNs) with spatially distributed and functionally specific,
such as the sensorimotor, cognitive control and default-mode
networks (Tomasi and Volkow 2011; Liang et al. 2016).
Recently, a more refined and fine-grained parcellation of
these large-scale networks into a multitude of smaller ICNs/
constituents (Allen et al. 2014; Damaraju et al. 2014; Yu
et al. 2015; He et al. 2016) has been shown by independent
component analysis (ICA), a data-driven approach (Calhoun
and Adali 2012; Calhoun et al. 2001), in fMRI data. These
smaller constituents are responsible for primary process-
ing and transmission of neuronal information to support
the large-scale networks work efficiently. A brain network
with optimal topological configuration should have high effi-
ciency and low cost characteristics (Sporns 2011). Graph
theory, a mathematical technique of topological analysis,
may help to detect the connectivity patterns of ICNs, quan-
tify the topological properties of whole brain networks and
examine the underlying relationships between graph indica-
tors and clinical symptoms of disease (Mikail Rubinov and
Olaf Sporns 2010). Moreover, topological analysis of whole
brain functional networks has been implemented in several
psychiatric disorders such as Alzheimer’s disease, bipolar
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and major depressive disorders (Dai et al. 2015; He et al.
2016). However, the related topological patterns of brain
functional networks still remain largely unexplored for IBD
including CD, currently.

In the present study, we tried to investigate the topologi-
cal alterations of whole brain functional networks in CD
patients compared to healthy controls (HCs) and to explore
the relationships between neuroimaging findings and CD
clinical characteristics. In light of the brain functional and
structural changes involved in processing of painful-related,
sensory, emotional and cognitive information in CD patients,
we here hypothesized: (i) CD patients would display altered
local and global topological patterns of brain functional
networks related to subcortical, sensorimotor and cognitive
control regions; (ii) the topological alterations might cor-
relate with CD clinical characteristics (e.g., duration and
psychological level). In pursuit of the aims, we applied ICA
to decompose fMRI data and built whole brain functional
networks in HC and CD groups. Topological properties of
networks and connectivity between ICNs were calculated
and compared between two groups. The relationships were
examined between topological patterns and CD clinical
characteristics.

Materials and methods
Participants

43 CD patients were enrolled in this study. A portion of
patients were recruited from the specialist outpatient clinic
for IBD in Shanghai Research Insititute of Acupuncture and
Meridian and the other patients were recruited from Endos-
copy Center of the hospital at Fudan University, China.

All the patients received the medical examinations
including the systemic and gastrointestinal screening. The
colonoscopy and pathological biopsy were conducted one
month before MRI by a skilled endoscopist from the hospi-
tal who was blind to the experimental conditions. Inclusion
criteria for the CD patients were as follows: (i) 18 to 50 years
old, right-handed and more than 6 years of education; (ii)
remaining in remission period for 12 months or longer; (iii)
no CD-related abdominal surgery, no taking drugs for reliev-
ing pain during the past 3 months and no history of psychi-
atric disorders; (iv) no pregnancy or lactation, no claustro-
phobia and no metal implantation.

37 gender-, age-, and education-matched HCs were
recruited through advertisements. None of participants in
HC group had occurred any gastrointestinal problem, or
had positive results in colonoscopy in previous years, or had
high scores (>7) of Hospital Anxiety and Depression Scale
(HADS) (Zigmond and Snaith 1983), or had received any
medication prior to MRI scans.
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The gastrointestinal functions of all participants were
evaluated by an experienced gastroenterologist from gas-
troenterology department of the hospital. To remove anyone
with neurological or psychiatric disorders, the mental exami-
nations were conducted by a specialist from the Shanghai
Mental Health Center according to the structured psychiat-
ric interview from the Diagnostic and Statistical Manual of
Mental Disorders, 4th edition (DSM-1V) (Bao et al. 2015,
20164, b).

All research procedures of the present study were con-
ducted in accordance with the Declaration of Helsinki and
were approved by the local hospital subcommittee on human
studies. All the subjects signed informed consent before par-
ticipation, and all methods were carried out in accordance
with the approved guidelines.

CD clinical characteristics

The Crohn’s disease activity index (CDAI) (Best et al. 1979)
and inflammatory bowel disease questionnaire (IBDQ)
(Irvine et al. 1994) were used to assess the condition of CD
patient and the quality of life. The psychological level was
examined by the HADS.

Imaging data acquisition

All participants’ neuroimaging data were collected using
a Siemens 3-Tesla MRI scanner (Siemens Medical, Erlan-
gen, Germany). CD patients and HCs were instructed
to keep their eyes closed and to stay relaxed without
thinking of anything in particular and falling asleep dur-
ing MRI scanning. Functional images were acquired
using an echo planar imaging (EPI) sequence with rep-
etition time (TR)=2000 ms, echo time (TE) =30 ms, flip
angle (FA)=90°, slice thickness=5 mm, field of view
(FOV) =240 mm X 240 mm, matrix size =64 X 64, in-plane
resolution=3.75 mm X 3.75 mm, and 32 sagittal slices.
High-resolution T1-weighted structural images were col-
lected with TR =2300 ms, TE=2.98 ms, FA =9°, slice
thickness = 1.0 mm, FOV =256 mm X 256 mm, matrix
size =256 X 256, in-plane resolution=1 mm X 1 mm, and
176 slices.

Imaging data preprocessing

Data preprocessing was performed with an automated pipe-
line on the CONN functional connectivity toolbox (17.h)
(http://www.nitrc.org/projects/conn), a Matlab-based cross-
platform software. For each participant, preprocessing pro-
cedures of the functional images included: (i) the removal
of the first five volumes to avoid nonequilibrium effects of
initial signals and to allow participants to adapt to the scan-
ning environment; (ii) slice-timing and motion correction

to the first volume; (iii) normalization into Montreal Neuro-
logic Institute (MNI) space using EPI template and reslic-
ing to 3 mm X 3 mm X 3 mm isotropic voxels; (iv) smooth-
ing with a Gaussian filter of full width at half-maximum of
6 mm. Participants with head motion out of range (larger
than 1.5 mm translation or 1.5° rotation) were excluded for
further analysis.

Group ICA and post-processing

Preprocessed fMRI data were subjected to a group-level
spatial ICA using the GIFT toolbox (http://mialab.mrn.
org/software/gift). First, individual data were decomposed
into 120 principal components via a standard economy-
size dimension reduction algorithm. Then group data were
reduced using the expectation—maximization (EM) algo-
rithm to retain 100 principal components. The number of
components for ICA is a relatively high model order and
has been demonstrated that could achieve a more refined
anatomical and functional segmentation of whole-brain
(Abou-Elseoud et al. 2010; Kiviniemi et al. 2009). The Info-
max ICA algorithm (Bell and Sejnowski 1995) was repeated
10 times in ICASSO (http://www.cis.hut.fi/projects/ica/
icasso) to estimate the reliability of the decomposition and
to obtain 100 group level independent components (ICs).
The subject-specific ICs and related time courses were back-
reconstructed using the GICA1 method (Calhoun et al. 2001;
Erhardt et al. 2011). According to the prior studies (Allen
et al. 2011, 2014; Cordes et al. 2000), the ICs were evalu-
ated based on two expectations: (i) spatial maps of ICNs
should have low overlap with the vascular and ventricular
artifacts, white matter and cerebrospinal fluid and should
exhibit peak activations in grey matter; (ii) time courses of
ICNs should dominatly fluctuate within a low-frequency
stage (less 0.1 Hz). 48 ICs were characterized as ICNs and
the related subject-specific time courses were extracted for
further analysis. To remove residual noising (Power et al.
2012; Allen et al. 2011), time courses underwent additional
post-processing including (i) detrending linear, quadratic,
and cubic trends; (ii) regression of six head motion param-
eters and their temporal derivatives; (iii) removal of detected
outliers; (iv) band-pass filtering using 5th order Butterworth
filter with (0.01-0.1) Hz cutoff frequency.

Functional network connectivity construction
and topological properties

To measure the brain functional network topological pat-
terns, we calculated Pearson correlation coefficients and
their significance levels (i.e., p-values) among the 48 ICNs
in their mean time series. To avoid possible spurious connec-
tions and erroneous evaluations of network topology caused
by weak and non-significant links (Rubinov and Sporns
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2010; Bassett and Gazzaniga 2011; Tijms et al. 2014; Wang
et al. 2015), a thresholding procedure based on significance
level was performed. Specifically, a threshold of p <0.05
(Bonferroni corrected) was used to ensure only elements that
survived this statistical threshold were retained. Notably,
similar to previous studies, the diagonal and negative links
were set to zero, because it is questionable whether the self-
connections or negative connections are biologically mean-
ingful (Power et al. 2011, 2013; Rubinov and Sporns 2010).
Note that including the negative connections (by using their
absolute values to reflect the connectivity strength) also did
not alter our main results. Finally, the remaining connectiv-
ity values were normalized using Fisher’s z transformation,
and then a weighted network was obtained for each par-
ticipant, where the node represented the ICN and the edge
represented the correlation coefficient connecting two ICNs
(Lynall et al. 2010). In the present study, three nodal graph
metrics, the weighted connectivity strength, clustering coef-
ficient and local efficiency, were selected to elucidate local-
level message interaction of brain functional networks. Four
global graph metrics were used to assess global-level infor-
mation communication among the whole brain, including
the averaged clustering coefficient, averaged local efficiency,
characteristic path length and global efficiency. All topo-
logical properties within each graph were computed using
the brain connectivity toolbox (BCT) (http://www.nitrc.org/
projects/bet/).

Statistical analysis

The clinical and demographic characteristics of participants
were analyzed by SPSS 20.0 (https://www.ibm.com/analyt-
ics/us/en/technology/spss/). Two-sample t-tests were per-
formed for the age, height, weight and education level and
part of clinical characteristics. Fisher’s exact test was used
to compare the difference of gender between the two groups.
All of significance threshold were set at p <0.05 (two-tail).

We applied two-sample ¢-tests to explore group differ-
ences between CD patients and HCs, including the topologi-
cal properties (nodal and global graph metrics) and connec-
tivity between nodes (ICNs). In order to assess differences
in nodal graph metrics, two-sample #-tests were conducted in
each nodal graph metric resulting in 144 ¢-tests (three com-
parisons (HCs vs. CD): weighted connectivity strength, clus-
tering coefficient and local efficiency; each comparison was
conducted across the 48 nodes) using false discovery rate
(FDR) correction. In order to assess differences in global
graph metrics, four two-sample #-tests were performed
between CD and HC groups. In order to assess differences
in connectivity, 1128 two-sample #-tests were conducted
among connectivity values for each node with the other
nodes ((48 x48—48) /2=1128 comparisons (HCs vs. CD);
the connectivity matrix is symmetric and diagonal values
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were zero) using FDR correction. In order to examine the
relationships between the possible alterations of topologi-
cal patterns (topological properties and related connectivity)
and CD duration or symptom severity, Pearson correlation
was calculated only in the nodes and/or connectivity with
significant between-group differences.

In addition, based on the HADS-A and HADS-D scores,
we classified CD patients into two subgroups: patients with
high HADS-A (greater than 7) and/or HADS-D (greater than
7) and patients with low HADS-A and HADS-D. The same
t-tests were used to test the topological patterns differences
(including the nodal and global graph metrics as well as
connectivity) between two CD subgroups.

All of the contrasts were thresholded at p <0.05 (FDR
corrected). To avoid the effects of age, sex and education
level, these parameters were included in the inter-group
comparison model as covariates of no interest.

Results
Clinical and demographic characteristics

The clinical and demographic characteristics of 37 HCs
and 43 CD patients are displayed in Table 1. There was
no significant between-group differences in the gender,
age, height, weight and education level (gender: p =1.000;
age: p=0.412; height: p=0.783; weight: p=0.274; edu-
cation level: p=0.182). However, the anxiety (HADS-A)
and depression (HADS-D) scores in CD patients were sig-
nificant higher than HCs (HADS-A: p=0.001; HADS-D:
p=0.020). There were twenty-one patients with significantly

Table 1 Clinical and demographic characteristics of HCs and CD
patients

Items Mean+SD p-value
CD HC

Gender (male/female) 28/15 25/12 1.000*
Age (years) 31.72+£7.93 30.49+5.84 0.412°
Height (cm) 17033 +6.81 169.89+7.24  0.783°
Weight (kg) 57.78+9.02 59.73+6.78 0.274°
HADS-A 5.69+3.76  3.37+1.97 0.001°
HADS-D 4.50+3.86 3.03+1.66 0.020°
Education level (years) 1532+2.63 16.16+2.95 0.182°
Duration (years) 6.70+4.12 - -

Abbreviations: CD Crohn’s disease, HCs healthy controls, HADS-A
hospital anxiety and depression scale, anxiety score, HADS-D hospi-
tal anxiety and depression scale, depression score

aThe p-value was obtained by Fisher’s exact test

®The p-value was obtained by two-tailed two-sample 7-test
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higher HADS-A and HADS-D (female/male: 15/9; HADS-
A:8.67+3.41; HADS-D: 7.38 +3.81).

ICNs identification and functional network
construction

The spatial maps of 48 ICNs are shown in Fig. 1. Based on
the anatomical and presumed functional properties of spatial
maps identified with group ICA, 48 ICNs were arranged
into seven large-scale networks including the subcortical
(SC), auditory (AUD), sensorimotor (SM), visual (VIS),

Fig. 1 Spatial maps of 48
ICNs. The ICNs were arranged
into seven large-scale networks
based on their anatomical and
functional properties. Numbers
in spatial maps represent the
number of ICNs of correspond-
ing large-scale networks

subcortical(4)

cognitive control (CC), default-mode (DM) and cerebellar
(CB) networks.

The connectivity between ICNs, averaged over partici-
pants in HC and CD groups is shown in Fig. 2. CD patients
had a weaker connectivity compared to HCs.

Altered local topological patterns
Compared to HCs, CD patients were only found to have

significantly decreased nodal graph metrics in several
ICNs. The detailed information of ICNs with significant
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between-group differences is summarized in Table 2 and
Fig. 3 (a,b&c). As shown in Fig. 3a, CD patients had

Table 2 ICNs with significantly
decreased nodal graph metrics
in CD patients compared to HCs

Fig.3 Altered brain maps

of CD-related nodal graph
metrics and connectivity.
Nodes in brain maps represent
ICNs and are located at the peak
activation points in the brain
of corresponding ICNs. Colors
of nodes correspond to the
colors of ICNs’ anatomical and
functional categories shown at
the bottom of the figure. Edges
connecting to nodes represent
the connectivity between ICNs.
Numbers in brain maps are

the indexes of independent
components identified as ICNs.
Significant differences between
HC and CD groups are shown
in a)~d): a decreased connec-
tivity strength in six ICNs; b
decreased clustering coefficient
in nine ICNs; ¢ decreased local
efficiency in nine ICNs and d
decreased connectivity among
ten ICNs (bilateral)

@ Springer

significantly decreased nodal connectivity strength in six
ICNs, including the putamen, supplementary motor area

ICNs Peak coordinate BA  Connectivity  Clustering Local
XYZ) Strength Coefficient  Efficiency
Subcortical
Putamen (IC 15) -21,6,-12 0.0017 0.0009 0.0014
Thalamus (IC 18) -6,-3,12 0.0213* 0.0068 0.0084
Sensorimotor
Postcentral_L (IC 10) —42,-33, 66 3 0.0195* 0.0027 0.0038
SMA (IC 60) 3,3,63 6 0.0042 0.0039 0.0059
SFG_R/L (IC 54) 30, 3, 69/-21, -3, 66 6 0.0006 0.0002 0.0003
Cognitive control
aMCC (IC 47) 0,9, 36 24 <0.0001 <0.0001 <0.0001
Supramarginal R (IC70) 63, -30, 27 40 0.0241* 0.0102 0.0095
Default-mode
Precuneus (IC 26) 3,-42,51 5 0.0012 0.0001 0.0002
STG_R/L (IC 44) 63,-21,9/-57,-21,9 22 0.0012 0.0017 0.0023

Abbreviation: CD Crohn’s disease, HCs healthy controls, /CNs intrinsic connectivity networks, BA Brad-
man’s Area, /C independent component, R/L right/left, STG superior temporal gyrus, SMA supplementary
motor area, aMCC anterior midcingulate cortex, SFG superior frontal gyrus

#The p-value did not pass through the statistical threshold (p <0.05, FDR correction)

connectivity strength

54

local efficiency

54

@ subcortical

@ sensorimotor

ab
cld

cognitive control

clustering coefficient

54 10

connectivity

@ default-mode
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(SMA), superior frontal gyrus (SFG), anterior midcingu-
late cortex (aMCC), precuneus and superior temporal gyrus
(STG). CD patients also had decreased nodal clustering
coefficient and nodal local efficiency, associated with the
putamen, thalamus, postcentral gyrus, SMA, SFG, aMCC,
supramarginal gyrus, precuneus and STG in CD patients
(Fig. 3b, ¢).

The significant between-group differences of connectiv-
ity are shown in Table 3 and Fig. 3d. Compared to HCs,

Table 3 Significantly decreased connectivity between ICNs in CD
patients compared to HCs

ICNs ICNs p-value
STG_R/L (IC 44) Precuneus (IC 26) 0.0012
SMA (IC 60) SFG (IC 54) 0.0001
Putamen (IC 15) Insula (IC 76) 0.0018
Putamen (IC 15) STG_R/L (IC 44) 0.0003
Putamen (IC 15) Precuneus (IC 26) 0.0005
Putamen (IC 15) Supramarginal_R/L (IC 70) 0.0002
Putamen (IC 15) aMCC (IC 47) 0.0024
Insula (IC 76) aMCC (IC 47) 0.0017
SMA (IC 60) aMCC (IC 47) 0.0004
Thalamus (IC 18) aMCC (IC 47) 0.0030
Precuneus (IC 26) aMCC (IC 47) 0.0026

Abbreviation: CD Crohn’s disease, HCs healthy controls, /CNs intrin-
sic connectivity networks, /C independent component, R/L right/left,
STG superior temporal gyrus, SMA supplementary motor area, aMCC
anterior midcingulate cortex, SFG superior frontal gyrus

Fig.4 Abnormal global graph
metrics. a averaged clustering

averaged clustering coefficient

CD patients had decreased connectivity of STG to precu-
neus, decreased connectivity of SMA to SFG, decreased
connectivity of putamen to the insula, STG, precuneus,
supramarginal gyrus and aMCC as well as decreased
connectivity of aMCC to the insula, SMA, thalamus and
precuneus.

Altered global topological patterns

The significant between-group differences of global graph
metrics are displayed in Fig. 4. Compared to HCs, CD
patients had decreased averaged clustering coefficient
(p=0.0029, Fig. 4a), averaged local efficiency (p =0.0025,
Fig. 4b) and global efficiency (p =0.0024, Fig. 4c). While
CD patients had increased characteristic path length
(»=0.00097, Fig. 4d).

The effects of CD clinical characteristics

The connectivity strength of putamen was decreased in CD
patients compared to HCs, and this putamen-related con-
nectivity strength significantly negatively correlated with
CD duration (r = -0.46, p=0.0015, Fig. 5a, b). However,
no other significant correlation was found between CD
clinical characteristics (e.g., CDAI, IBDQ and duration)
and neuroimaging findings showing differences between
CD and HC groups.
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Fig.5 Correlationships a b
betheen the neurm.m_aglng 20 putamen 14+ putamen
findings and CD clinical ;g ;g
characteristics. a correla- S 151 S 124
tion between the connectivity > * S &
strength of putamen and CD g‘ 104 .\\\:’\ ot ‘E 104 ;
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The effects of psychological factor Discussion

Compared to other patients, patients with significantly
higher HADS-A and/or HADS-D had increased connec-
tivity strength in medial prefrontal cortex (mPFC) and
ACC, increased clustering coefficient in mPFC, ACC and
posterior cingulate cortex (PCC), increased local effi-
ciency in mPFC, ACC and PCC and increased connec-
tivity between putamen and PCC, and caudate and mPFC
(Fig. 6). However, no significant difference was found
in global graph metrics between the two patient groups.

Fig.6 Altered brain maps of
depression- and/or anxiety-
related nodal graph metrics
and connectivity. Nodes in
brain maps represent ICNs

and are located at the peak
activation points in the brain
of corresponding ICNs. Colors
of nodes correspond to the
colors of ICNs’ anatomical and
functional categories shown at
the bottom of the figure. Edges
connecting to nodes repre-

sent the connectivity between
ICN . Significant differences
in CD patients with high level
of depression and/or anxiety
compared to other patients are
shown in a) ~d): a increased
connectivity strength in mPFC
and ACC; b increased cluster-
ing coefficient in mPFC, ACC
and PCC; ¢ increased local
efficiency in mPFC, ACC and
PCC and d increased connectiv-
ity between mPFC and caudata,
and PCC and putamen. mPFC:
medial prefrontal cortex; ACC:
anterior cingulate cortex; PCC:
posterior cingulate cortex

ACC

mPFC

local efficiency

PCC
ACC

mPFC

@ subcortical

@ Springer

connectivity strength

In the present study, we investigated the topological altera-
tions of whole brain functional networks and the relation-
ships between the possible alterations and clinical char-
acteristics in CD patients. Compared to HCs, CD patients
exhibited abnormal local and global topological patterns
which could disturb the transmission of information. Spe-
cifically, altered local topological patterns were mainly
located in the subcortical, sensorimotor, cognitive control
and default-mode networks in CD patients. Moreover, the
connectivity strength of putamen closely correlated with CD
duration in the patient group. In addition, CD patients with
significantly higher HADS-A and/or HADS-D had altered
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local topological patterns associated with ACC, mPFC and
PCC compared to other patients.

In this study, brain functional connectivity networks were
constructed based on connections between ICNs (nodes) and
network nodes were defined by ICA, a natural and data-
driven approach (Yu et al. 2015). In the recent studies, brain
network nodes were also defined by parcellation approaches
based on prior information, including predefined anatomi-
cal templates such as automated anatomical labeling (AAL)
(Lynall et al. 2010), randomly generated templates (Fornito
et al. 2010), and voxel-based divisions (Hedden et al. 2009).
The efficacy of template-based or voxel-based parcellation
approaches are limited, because the atlas-based regions of
interest (ROIs) do not necessarily respect the functional
boundaries of the human brain nor do they reflect individual
subject differences (Craddock et al. 2012; Shirer et al. 2012;
Smith et al. 2011). In contrast, ICA could maximally isolate
spatially-independent component as functionally homogene-
ous nodes by analyzing the temporal coherence of BOLD
signal (Calhoun and Allen 2013; Yu et al. 2011). Similar to
those observed in previous studies using high model order
ICA decompositions (Allen et al. 2014, 2011; Calhoun and
Allen 2013), the brain functional connectivity network of
this study presents modular organization within subcortical,
auditory, sensorimotor, visual, cognitive control, default-
mode and cerebellar networks, as well as anticorrelation
between default-mode and task-positive ICNs (Fig. 2).

Statistical analysis results showed that CD patients had
abnormal connectivity patterns (nodal graph metrics and
connectivity between ICNs) related to the ICNs includ-
ing the putamen, thalamus, postcentral gyrus, SMA, SFG,
aMCQC, insula, supramarginal gyrus, precuneus and STG.
Most of the aforementioned ICNs have been reported in the
previous neuroimaging studies of IBD. Compared to HCs,
CD patients had decreased GM volumes in the aMCC (Ago-
stini et al. 2013a). Zilou AK et al. observed that IBD patients
had decreased GM volumes in the right SMA and left supe-
rior parietal lobe (Zikou et al. 2014). Jui-Yang Hong et al.
found the patients with ulcerative colitis (UC), another kind
of IBD, had the increased cortical thickness in the primary
somatosensory cortex, and decreased cortical thickness in
the insula (Hong et al. 2014). The results in this study over-
lapped the brain regions showing functional and structural
abnormalities in our previous studies of CD (Bao et al. 2015,
2016, 2016). In addition, we also found that CD patients
had declined functional coupling between the subcortical
and cortical regions including the decreased connectivity of
putamen to the aMCC, insula and precuneus. Thereby, the
present findings may reveal that a host of ICNs with aberrant
connectivity patterns are implicated in the pathophysiology
of CD.

Three nodal graph metrics are involved in our study.
Nodal connectivity strength is equal to the sum of the

weighted edges (coefficients of connectivity) connecting
to the node (e.g., ICN) (Yu et al. 2015) and can directly
reflect the importance of the node in the corresponding
brain functional network (Dai et al. 2015). Decreased
nodal connectivity strength implies that there are weak-
ened or broken edges connecting to the node, which
result in disrupted connectivity patterns. Nodal clustering
coefficient is equal to the possibility that the neighbors
of a node are also connected with each other (Watts and
Strogatz 1998). It represents the specialized processing
capacity of a node within the densely interconnected graph
(Mikail Rubinov and Olaf Sporns 2010). Decreased nodal
clustering coefficients might represent the decreased local
functional interconnections and subsequent information
transfer efficiency. Nodal local efficiency is a measure-
ment of the remaining processing capacity after the node is
removed and reveals the fault tolerance of the nodal graph
(Latora and Marchiori 2001). The decreased nodal local
efficiency might induce the node being more vulnerable to
being attacked. In the present study, decreased nodal graph
metrics were mainly located in several ICNs including the
putamen, thalamus, postcentral gyrus, SMA, SFG, aMCC,
supramarginal gyrus, precuneus and STG in CD patients,
compared to HCs. Functional and structural changes of
these ICNs have been documented in previous studies of
CD (Agostini et al. 2013a, b; Bao et al. 2015, 2016a, b).
The present findings of altered connectivity patterns in
these ICNs might provide further topological evidence to
support the view that dysfunctions of CNS are implicated
in the pathophysiology of CD.

Our study detected abnormalities in connectivity pat-
terns of aMCC in CD patients, associated with decreased
aMCC nodal graph metrics and decreased aMCC-related
connectivities to the putamen, thalamus, SMA, insula and
precuneus. To date, growing body of evidence indicates that
aMCC and a range of regions connecting with aMCC might
be involved in the chronic diseases, and play a crucial role
in processing pain-related, cognitive or other negative feed-
back information. A review of aMCC claimed that it might
activate for integrating information from pain, negative
affect and cognition (Shackman et al. 2011). Combining of
resting-state fMRI and electrical brain stimulation, Parvizi
et al. indicated that electrical charge delivering in the aMCC
might induce the changes of emotional and cognitive condi-
tion in epilepsy patients, and found the links of the aMCC to
the frontoinsular as well as some subcortical regions (Parvizi
et al. 2013). Thalamus is one of critical regions related to
the interaction of BGA and regulation of homeostasis (Sher-
man 2016). SMA is involved in the sensory-discriminative
of pain (Bao et al. 2016) as well as the processing of the
affective (Cifre et al. 2012). Precuneus is usually activated
in the self-reference process (Tao et al. 2015). Therefore, the
present results show that altered aMCC connectivity patterns
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might bias CD patients toward unpleasant or painful percep-
tions, negative emotion and/or cognition.

We found abnormal connectivity patterns of the putamen
in CD patients, which was associated with the duration of
CD patients in this study. Putamen is activated during pain
(Starr et al. 2011) and is reported to be related to sensory
aspects of pain processing, and to regulate negative emotions
and to be implicated in certain affective disorders, such as,
depression and bipolar disorder (Park et al. 2017; Oquendo
et al. 2007). In our study, CD patients had higher depression
and anxiety levels than HCs. Putamen had altered connec-
tivity to the aMCC and insula in CD patients, compared to
HCs. Besides the aMCC, insula is also an important com-
ponent in the circuit of emotional processing of grief, sad-
ness and pain (Mee et al. 2006). Thereby, our findings could
suggest that as a potential role, altered putamen connectivity
patterns may be implicated in the abnormal CD psychologi-
cal level or painful perceptions as well. In addition, putamen
exhibited decreased connectivity strengths in patients fol-
lowing the increase of CD duration.

We also found significant changes of connectivity pat-
terns in other ICNs related to the postcentral gyrus, SFG,
STG and supramarginal gyrus in CD patients. Postcentral
gyrus (BA 3) is situated in the primary somatosensory cortex
and is responsible for integrating somatosensory information
(Pijnenburg et al. 2015). SFG (BA 6) plays a role in the plan-
ning of complex and coordinated movements (Kakigi 2010).
STG (BA 22) is involved in the peripheral selective atten-
tion (Seymour et al. 2017). And supramarginal gyrus (BA
40) is an important part in the processing of proprioceptive
signals (Naito et al. 2016). Altered connectivity patterns in
ICNs mentioned above might indicate the dysregulations of
visceral and physical responses in CD patients.

Compared to HCs, global graph metrics in CD patients
exhibited decreased averaged clustering coefficient, aver-
aged local efficiency and global efficiency, and increased
characteristic path length. Characteristic path length is an
indicator of the overall routing efficiency in a graph (Achard
and Bullmore 2007). Global efficiency is a measurement
that examines the efficiency of nodes exchanging informa-
tion concurrently (Achard and Bullmore 2007). The results
of global graph metrics in this study may suggest reduced
effective interactions across different ICNs in CD patients.
However, no significant relationship was found between the
global graph metrics and CD clinical characteristics, which
might need further studies in the future.

In addition, CD patients with significantly high HADS-
A and/or HADS-D had increased nodal graph metrics in
ACC, mPFC and PCC, and related increased connectivity
with putamen and caudate compared to other patients. Acti-
vation of the ACC contributes to various negative effects
in chronic pain, including the unpleasantness of pain (Bliss
et al. 2016). Moreover, activated ACC has been found in
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the study of patients with anxiety disorders and/or depres-
sion (Andreescu et al. 2017; Han et al. 2014). The function
of mPFC is relevant to different aspects of social cognitive
processing (Amodio and Frith 2006). Lane et al. found that
mPFC was activated by painful stimuli induced by negative
emotion and suggested that mPFC is involved in thinking
about the unpleasantness of emotionally-arousing pictures
(Amodio and Frith 2006; Lane et al. 1998). PCC is involved
in episodic memory, emotional regulation and self-reflec-
tion, and has been found that had increased functional con-
nectivity in major deprssion patients (Zhou et al. 2010). Cau-
date is known to be associated with emotional components
of pain experience (Liu et al. 2017; Scott et al. 2006). As
noted above, we thereby speculate that high level of depres-
sion and anxiety in CD patients could have a more adverse
effect on regulating affects or cognition, which might further
induce dysfunctions of pain modulatory system.

Some limitations of the present study should be
addressed. Firstly, in order to investigate the effects of psy-
chological factors, we classified CD patients into two sub-
groups in this study and found patients with significantly
higher HADS-A and/or HADS-D had increased connectivity
patterns in the mPFC, ACC and PCC. Actually, except to
classification of CD patients, we also performed the statisti-
cal analysis between CD patients and HCs with anxiety and
depression scores as additional covariates, and found the sig-
nificant between-group differences were disappeared includ-
ing nodal graph metrics of putamen (connectivity strength
and local efficiency), thalamus (clustering coefficient and
local efficiency), and connectivity of putamen to aMCC and
insula. These distinguished findings might be due to differ-
ent statistical analysis approaches and relevant subgroup of
CD patients. Furthermore, more attentions should be paid
to this issue in the future study. Secondly, in our study, we
only focused on the changes of brain functional network
topology in CD patients. Structural network topology also
could provide crucial information about CD in brain-imag-
ing studies. Future studies on investigating the structural
network topology and a combination of the functional and
structural network topology could help to better clarify the
pathophysiology of CD.

Conclusion

The current study revealed significant topological alterations
of brain functional networks in CD patients, associated with
the key components of the pain, sensation, emotion and cog-
nition systems. The altered connectivity patterns of putamen
closely correlated with the CD duration, and the aberrant
connectivity patterns of ACC, mPFC and PCC were related
to higher level of depression and/or anxiety in CD patients.
By revealing CD-related changes in topological patterns of
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brain functional networks, this study provides a fresh per-
spective and further evidence on the pathophysiology of CD.
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