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Background: Functional constipation (FCon), is a symptom-based functional
gastrointestinal disorder without an organic etiology and altering brain
structure and function. However, previous studies mainly focused on isolated
brain regions involved in brain plasticity. Therefore, little is known about the
altered large-scale interaction of brain networks in FCon.

Methods: For this study, we recruited 20 patients with FCon and 20 healthy
controls. We used group independent component analysis to identify resting-
state networks (RSNs) and documented intra- and inter-network alterations in
the RSNs of the patients with FCon.

Results: We found 14 independent RSNs. Differences in the intra-networks
included decreased activities in the bilateral caudate of RSN 3 (strongly related
to emotional and autonomic processes) and decreased activities in the left
precuneus of RSN 10 (default mode network). Notably, the patients with
FCon exhibited significantly decreased interactive connectivity between RSN,
mostly involving the connections to the visual perception network (RSN 7-9).

Conclusion: Compared with healthy controls, patients with FCon had
extensive brain plastic changes within and across related RSNs. Furthermore,
the macroscopic brain alterations in FCon were associated with interoceptive
abilities, emotion processing, and sensorimotor control. These insights could
therefore lead to the development of new treatment strategies for FCon.

functional constipation, resting-state networks, independent component analysis,
functional network connectivity, brain plasticity

Introduction

Functional constipation (FCon), a symptom-based functional gastrointestinal
disorder without an organic etiology, is characterized by difficulty in defecation, reduced
stool frequency, and abdominal distension and pain (Mugie et al., 2011). The efficacy
of drug-based and non-drug therapies (such as lifestyle and pelvic floor interventions)
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remains far from satisfactory, and the therapy cycle is long
(Koppen et al., 2015; Rao et al., 2016).

With the development of modern neurogastroenterology
and the in-depth study of the structure and function of
the enteric nervous system, the links at different levels
between the gastrointestinal system and the central nervous
system have been thoroughly investigated (Jones et al,
2006; Heiss 2019; Barrio et al, 2022).
Moreover, neuroimaging is a recent convenient tool for

and Olofsson,

studying the brain plastic changes derived from FCon.
Brain mechanism researchers commonly use functional
MRI (fMRI), for example to observe the brain structural
and functional changes in FCon patients. Several recent
studies have reported that FCon could alter brain structure
and functions such as somatic and sensory processing,
motor control, self-referential processing, and emotional
process modulation (Zhu et al, 2016; Hu et al., 2020;
Duan et al, 2021; Li et al, 2021; Liu et al, 2021; Zhang
Z. et al, 2021). Moreover, the brain plastic changes
might be closely associated with constipation symptoms
and emotional status. However, previous studies mostly
focused on isolated brain regions involved in brain plasticity.
Moreover, behavior-related brain function depends on
the functional integration of neural networks. A previous
study employed graph theory to investigate the large-
scale characteristics of the brain functional networks and
indicated that FCon was related to reduced functional
connectivity and abnormalities in the thalamocortical networks
(Liu et al., 2021).

Neuroimaging studies have revealed that the brain is
organized into spatially segregated and functionally integrated
intrinsic connectivity networks (Laird et al., 2011). For example,
the default mode network, which mainly includes the medial
prefrontal cortex and the posterior cingulate cortex, is a task-
negative network that is active during periods of inactivity
(Raichle and Snyder, 2007). Independent component analysis
(ICA) is a powerful and widely used data-driven method for
detecting independent patterns in multivariate information
(Fox and Raichle, 2007; Fang et al., 2021). Meanwhile, fMRI
studies are also suitable for decomposing resting-state data into
potential spatially segregated intrinsic connectivity networks,
called resting-state networks (RSNs). RSN identification and
functional connectivity analysis have provided an approach to
investigating the macroscopic spatio-temporal organization of
the brain (Lin et al., 2017; Xing et al., 2020; Zhang H. et al,,
2021).

Herein, used group independent component
analysis (GICA) to identify RSNs. Next, we investigated
the RSNs of
FCon patients. This study is the first to explore the

we

intra- and inter-network alterations in

macroscopic  spatio-temporal  alterations  within  and
across the related functional RSNs in patients with
FCon.
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Materials and methods

Participants

A total of 20 FCon patients and 20 healthy controls
were recruited at the Affiliated Hospital of Nanjing University
of Chinese Medicine (Jiangsu Province Hospital of Chinese
Medicine). Two experienced gastroenterologists from the
Affiliated Hospital of Nanjing University of Chinese Medicine
(Jiangsu Province Hospital of Chinese Medicine) performed
FCon diagnosis using the Rome IV criteria (Drossman, 2016).
We also calculated the Constipation Scoring System (CSS)
of the FCon patients. The CSS score quantifies constipation
on a scale of 0-30 points, with a higher score indicating a
worse constipation. We recruited FCon patients with no other
medical or psychological disorders. Besides, the patients with
the following conditions were excluded from our study: (1)
redundant sigmoid colon/congenital giant colon/pelvic floor
muscle relaxation; (2) constipation after childbirth; (3) current
medications affecting brain function; and (4) contraindications
to fMRI. In addition, we recruited age- and gender-matched
healthy controls through advertisements placed in the local
community. We also surveyed the FCon patients and healthy
controls using the ZUNG self-rating depression scale (SDS)
and ZUNG self-rating anxiety scale (SAS; Zung, 1971, 1965).
To ensure the absence of anxiety or depression, we excluded
participants with SAS and SDS total scores below 50. The Ethics
Committee of the Affiliated Hospital of Nanjing University
of Chinese Medicine (Jiangsu Province Hospital of Chinese
Medicine) reviewed and approved this study involving human
participants (2021-NL-044-02). The study protocol has been
approved by the local research ethics committee and registered
with the Chinese Clinical Trial Registry (ChiCTR2100048671).
All the participants provided their written informed consent to
participate in this study.

Resting-state functional MRI data
acquisition and preprocessing

We performed resting-state fMRI scans of the whole brain
on the participants using a GE 3T MRI scanner (SIGNA
Architect). Participants were instructed to lie still and had their
heads immobilized with foam pads. The gradient echo-planar
imaging sequence was used for scanning, and the scanning
parameters were as follows: slice number = 49, TR = 2 s, matrix
size = 128 x 128, FOV = 240 mm x 240 mm, flip angle = 90°,
slice thickness = 3 mm, number of average = 2.

Resting-state fMRI data were preprocessed using the
Statistical Parametric Mapping 8 toolbox! implemented in the

1 http://www fil.ion.ucl.ac.uk/spm/
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MATLAB 2014a platform. Briefly, the main steps were as
follows: (1) removing the first 10 TRs data for the signal
equilibrium; (2) slice-timing correction; (3) correction for
head motion (the head movements were all < 2.5 mm
or 2.5 degrees in any direction); (4) spatial normalization
to the standard Montreal Neurological Institute space; (5)
spatial smoothing with a 6-mm Gaussian kernel; and (6)
temporal bandpass filtering (0.01-0.1 Hz) to decrease the low-
frequency drift.

Independent component analysis and
resting-state networks identification

Following data preprocessing, we performed ICA—a
data-driven analysis method (Calhoun et al, 2001)—to
identify the resting-state independent components (ICs) of
the FCon patients and healthy controls using GICA of fMRI
Toolbox?.

We applied a concatenation approach plus back-
reconstruction for the GICA. First, we reduced the
dimensionality of the images using principal component
analysis, then temporally concatenated the data and
decomposed them into 39 components using the information-
maximization (infomax) algorithm. Then, we estimated the
ICs number according to the minimum description length
criteria (Jafri et al, 2008). To assess the robustness, we
applied 100 repetitions of the infomax ICA algorithm in
ICASSO. Next, we reconstructed the spatial patterns and
time courses of the group-level ICs for each subject. We then
performed z-transformations of the ICA-determined maps.
Finally, we identified 14 ICs-of-interest by spatial sorting and
visual inspection according to a previous ICA analysis study
(Laird et al., 2011).

Analysis of the intra-network
alterations within resting-state
networks

We performed a one-sample ¢-test in SPM8 for each selected
IC to get a group-level RSN spatial map for all subjects
[p < 0.05 after false discovery rate (FDR) correction]. We
also binarized the significant clusters to define them as mask.
Subsequently, we investigated the intra-connectivity differences
in each RSN by comparing two groups using two-sample ¢-tests
(p < 0.05 after FDR correction) within the binary mask of
each selected IC.

2 version 4.0, http://icatb.sourceforge.net
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Analysis of the inter-network
alterations between resting-state
networks

Next, we employed the functional network connectivity
(FNC) toolbox® to investigate the possible interaction between
RSNs using a constrained maximal time-lagged correlation
method reflecting the temporal domain interactions.

Based on the ICA algorithm, the source signals of brain
regions within one component are synchronous. Thus, we
extracted the time courses of each component and further
measured the temporal synchronous degree between RSNs
by Pearson correlation. We conducted one-sample t-tests
to examine the temporal interactions between any pair of
ICs for each group (p < 0.05 after FDR correction). Next,
we performed two-sample t-tests for group comparison of
all possible statistically significant correlation combinations
(p < 0.05 after FDR correction).

Results

Demographic characteristics

The patient and control groups had similar age ranges and
gender partitions. Although no participants were diagnosed
with depression or anxiety (with SAS/SDS scores < 50), the
FCon patients had significantly higher SAS (p = 0.0088) and SDS
(p=0.0001) scores than the healthy controls. The FCon patients’
average constipation duration was 7.3 £ 3.70 months and the
CSS score was 13.50 & 3.66 (Table 1).

Resting-state networks identification

We identified 14 ICs by spatial sorting and visual inspection
according to a previous ICA analysis study (Laird et al., 2011),

3 http://mialab.mrn.org/softw are/#fnc

TABLE1 Demographic and clinical information of the participants.

FCon Healthy p-value

patients controls
Age (years) 41.41 £13.02 3925+ 11.44 044
Gender (female/male) 7/13 8/12 0.74b
SDS 40.45 + 7.36 34.86 + 3.82 0.00884
SAS 39.91 £ 5.50 38.81 £11.33  0.0001¢
Duration of FCon (months) 7.30 + 3.70 - -

Constipation Scoring System scores ~ 13.50 & 3.66 - -

FCon, functional constipation; RSN, resting-state networks. “Two sample ¢-tests. *Chi-
square test.
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FIGURE 1

Spatial maps for each RSN. Each RSN map was obtained using one-sample t-test across all individual independent components (p -

10.3389/fnins.2022.957620

RSN 12

0.05 after

FDR correction). The color bar indicates the t-value of the one-sample t-test. RSN, resting-state networks

and we specified each RSN map using one-sample t-tests across
all individual IC maps. We describe each of these briefly below,
as Laird et al. (2011) previously reported, and Figure 1 shows
the cluster location of each IC.

RSN 1 (limbic and medial-temporal regions) was strongly
associated with interoceptive processing caused by air-
hunger, and with the olfactory and gustatory responses,
albeit more weakly.

RSN 2
orbitofrontal cortex) was relevant to olfaction, gustation,

(subgenual anterior cingulate cortex and
and emotion and strongly associated with the reward and thirst
tasks (Heatherton, 2011).

RSN 3 (bilateral basal ganglia and thalamus) was
strongly related to reward tasks and interoceptive processing
caused by hunger, thirst, as well as anxiety and olfaction
(Herrero et al., 2002).

RSN 4 (middle frontal and superior parietal areas)
related to visuospatial

(Dosenbach et al., 2007).

was processing and reasoning
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RSN 5 (ventral precentral gyri, central sulci, postcentral
gyri, superior, and inferior cerebellum) was linked to action
and somesthesis relevant to hand movements and tasks
(Smith et al., 2009).

RSN 6 (superior parietal lobule) was anticorrelated
with
(Scheperjans et al., 2005).

some  cognitive and  emotional  processing

RSN 7 (middle and inferior temporal areas) was related
to visual perception tasks, including viewing complex, usually
emotional stimuli (such as visual food stimuli; Masterson et al.,
2019).

RSN 8 and 9 (lateral and medial posterior occipital areas)
were also associated with visual perception (Ishioka et al.,
2021). RSN 11 was strongly weighted toward higher-level visual
processing such as orthography and covert reading. Meanwhile,
RSN 12 was mainly associated with simple visual stimuli such as
flashing checkerboards (White et al., 2011).

RSN 10

cingulate/precuneus areas), also known as the default mode

(medial  prefrontal and  posterior
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FIGURE 2

The results of the intranetwork difference between FCon patients and healthy controls. Altered functional activities were found in RSN 3
(bilateral basal ganglia and thalamus) and RSN 10 (default mode network). No difference was found in other RSNs. The color bar indicates the
t-value of the two-sample t-test between FCon patients and healthy controls. A negative t-value means significantly lower functional activity in
the FCon patients. FCon, functional constipation; RSN, resting-state networks.

network, was closely associated with theory of mind and social
cognition tasks (Biswal et al., 2010).

RSN 11 (cerebellum) was commonly related to action and
somesthesis, as well as several sensorimotor, autonomic, and
cognitive functions (Stoodley, 2016).

RSN 12 (transverse temporal gyri) was associated with
audition, music, and speech (Fishman et al., 2001).

RSN 13 (dorsal precentral gyri, central sulci, postcentral
gyri, and superior and inferior cerebellum) included primary
sensorimotor cortices for the mouth. It was linked to action
and somesthesis involving speech, chewing, or swallowing, and
tongue motor function (Ekstrand et al., 2019).

RSN 14 (left-lateralized frontoparietal areas) was closely
associated with a distributed range of semantic, phonologic, and
orthographic language tasks, as well as working and explicit
memory tasks (Yang and Zevin, 2014).

The intra-network difference between
functional constipation patients and
healthy controls in identified
resting-state networks

the
significantly

Figure 2 and Table 2 present intra-network
FCon had

bilateral caudate nucleus activities in the RSN 3 than the

differences. patients lower
healthy controls. They also had significantly decreased
activity in the left precuneus (RSN 10). We found no

differences in other RSNs.
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TABLE 2 The intranetwork difference in identified RSNs between
FCon patients and healthy controls.

Brainregion  Clustersize =~ MNI coordinates t-value
x y z
RSN 3
Left caudate 88 —6 12 3 —8.58
Right caudate 65 15 0 18 —7.89
RSN 10
Left precuneus 86 -9 —60 30 —6.74

FCon, functional constipation; RSN, resting-state networks.

The interactive alterations between the
resting-state networks

As shown in Figures 3, 4, FCon patients showed
significantly lower connectivity between RSN 1 and
RSN 7, RSN 5, and RSN 9, RSN 5 and RSN 8, RSN
4 and RSN 14, RSN 5 and RSN 9, RSN 9 and RSN
14, and RSN 8 and RSN 13 than healthy controls.
Notably, there was no significantly increased connectivity
in FCon patients.

Discussion

This study investigated the difference in the intra-network
and interactive alterations of RSNs between FCon patients and
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FIGURE 3

FCon-related differences in brain functional network connectivity between RSNs. The blue line between relative RSNs means significantly lower
connectivity strength in FCon patients. FCon, functional constipation; RSN, resting-state networks

healthy controls using ICA and FNC algorithms. Differences in
the intra-network showed decreased activities in the bilateral
caudate nucleus of RSN 3 (strongly related to emotional
and autonomic processes) and decreased activities in the
left precuneus of RSN 10 (default mode network). Notably,
the FCon patients exhibited significantly decreased interactive
connectivity between RSN, primarily including the connections
to the visual perception network (RSNs 7, 8, and 9). Overall,
FCon patients had extensive brain plastic changes within and
across related RSNs compared with healthy controls.

Using the ICA approach, we identified 14 RSNs. RSNs
1-3 were strongly linked to emotional and autonomic
processes involving interoceptive processes, such as hunger
and thirst. RSNs 4-6 were closely related to motor and
visuospatial integration, coordination, and execution. RSNs
7-9 were associated with visual perception. Finally, RSNs
10-14 were divergent networks known as the default mode
network (10), cerebellum network (11), auditory network (12),
motor and sensory cortices for the mouth (13), and left
frontoparietal regions (14).

The intra-network activities analysis revealed that FCon
patients had lower activities in the bilateral caudate nucleus,
a basal ganglia brain region required for executive functions
(Macfarlane et al., 2013). Furthermore, the caudate nucleus
has consistently been linked to reward processing (O’Doherty,
2004; Knutson and Cooper, 2005). Studies of irritable bowel
syndrome (IBS) specific brain alterations indicated that the
basal ganglia played a role in pain processing by undergoing
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microstructural and functional reorganization (Song et al,
2006; Tillisch et al., 2011; Ellingson et al., 2013). Furthermore,
deep brain stimulation of the caudate nucleus effectively
relieved both psychiatric and gastrointestinal symptoms in
a patient with IBS (Langguth et al., 2015). FCon, like IBS,
may be linked to abnormal gastrointestinal sensorimotor and
emotional processing.

Additionally, the FCon patients showed lower activities
in the left precuneus of RSN 10 (default mode network),
which is crucial in self-referential processing and mood control
(Raichle and Snyder, 2007). Buvanendran (2010) found that
the precuneus was activated in patients with chronic pain
and was linked to self-awareness; thus, it might be associated
with these patients’ perception of their relationship with
the outside world (Cavanna and Trimble, 2006). Besides,
numerous studies have focused on the emotional problems
of patients with FCon (Dykes et al., 2001; Chan et al., 2005;
Duan et al., 2021; Li et al, 2021). They reported that FCon
was related to increased psychosocial distress. Furthermore,
neuroimaging studies found that FCon patients with anxiety or
depression showed significantly different basal brain activities
and connectivity in the emotional-arousal network and
thalamus. Similarly, FCon patients with anxiety or depression
had significantly different functional connectivity within and
between salience and sensorimotor networks (Duan et al.,
2021; Li et al,, 2021). Overall, the physiological abnormalities
in the gastrointestinal system are apparently associated with
psychological factors.
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Another key finding of this study was that FCon only
significantly decreased the interactive connectivity between
RSNs, mostly involving the connections to the visual perception
network (RSN 7-9). The other RSNs of the connection
included those associated with motor control and execution
(RSNs 4 and 5), hunger-satiety perception (RSN 1), motor
and sensory cortices for the mouth (RSN 13), and working
and explicit memory (RSN 14). These connections between
RSNs are primarily related to interoception, which is crucial
to emotional processes. Several psychiatric disorders, such as
eating disorders (Perry et al., 2021) and depression (Eggart
et al., 2021; Hielscher and Zopf, 2021), impair these processes.
Regarding somatic diseases such as IBD, previous studies
have focused on interoceptive abilities and their role in
emotional processing (Longarzo et al., 2017; Atanasova et al.,
2021). In light of our findings, future research on FCon
should focus on interoceptive abilities, emotion processing, and
sensorimotor control.

Limitations

First, this study had a relatively small sample size,
limiting our results’ generalizability and statistical power.
Second, we excluded patients with FCon accompanied
by anxiety or depression and therefore did not compare
them with FCon patients without anxiety or depression.
Although the patients had only slightly higher SAS and
SDS scores than the healthy controls, none of them met
the diagnostic criteria of anxiety or depression. Finally,
the lack of interoceptive abilities assessment in patients
with FCon is a limitation, especially since the decreased
connections were found between RSNs mostly associated with
interoception. Future work should, therefore, further investigate
the association between brain functional and structural changes
and interoceptive abilities.

Conclusion

In this study, we clarified the intra- and inter-networks
alterations in patients with FCon. Overall, our results support
the notion that the macroscopic brain alterations in FCon
are associated with interoceptive abilities, emotion processing,
and sensorimotor control. These insights could lead to new
treatment strategies for FCon.
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