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A B S T R A C T   

Objective: We aimed to identify differences in network properties of white matter microstructure between 
asymptomatic ulcerative colitis (UC) participants who had a history of chronic gut inflammation, healthy con-
trols (HCs) and a disease control group without gut inflammation (irritable bowel syndrome; IBS). 
Design: Diffusion weighted imaging was conducted in age and sex-matched participants with UC, IBS, and HCs (N = 74 
each), together with measures of gastrointestinal and psychological symptom severity. Using streamline connectivity 
matrices and graph theory, we aimed to quantify group differences in brain network connectivity. Regions showing 
group connectivity differences were correlated with measures showing group behavioral and clinical differences. 
Results: UC participants exhibited greater centrality in regions of the somatosensory network and default mode 
network, but lower centrality in the posterior insula and globus pallidus compared to HCs (q < 0.05). Hub analyses 
revealed compromised hubness of the pallidus in UC and IBS compared to HCs which was replaced by increased 
hubness of the postcentral sulcus. Surprisingly, few differences in network matrices between UC and IBS were 
identified. In UC, centrality measures in the secondary somatosensory cortex were associated with depression (q < 
0.03), symptom related anxiety (q < 0.04), trait anxiety (q < 0.03), and symptom duration (q < 0.05). 
Conclusion: A history of UC is associated with neuroplastic changes in several brain networks, which are asso-
ciated with symptoms of depression, trait and symptom-related anxiety, as well as symptom duration. When 
viewed together with the results from IBS subjects, these findings suggest that chronic gut inflammation as well 
as abdominal pain have a lasting impact on brain network organization, which may play a role in symptoms 
reported by UC patients, even when gut inflammation has subsided.  
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1. Introduction 

Ulcerative colitis (UC) is one of the inflammatory bowel diseases 
(IBD) which, combined with Crohn’s disease, affects an estimated 1.3% 
of US. Adults (Dahlhamer et al., 2016). UC is characterized by chroni-
cally recurring inflammation of colonic mucosa, with symptoms of 
altered bowel habits, rectal bleeding, and abdominal pain (Bielefeldt 
et al., 2009). Acute inflammation in UC has been shown to cause 
visceral, peripheral, and central sensitization resulting in hyperalgesia 
(Mawe et al., 2009; Mayer and Gebhart, 1994) present during but not in 
between periods of active inflammation (Chang et al., 2000; V. et al., 
1989). Chronic gut inflammation in UC has recently been shown to in-
crease the risk of cognitive decline, supporting the hypothesis of chronic 
gut inflammation affecting brain networks (Zhang et al., 2020). Irritable 
bowel syndrome (IBS), the most common functional gastrointestinal 
(GI) disorder, affects 7–21% of the general population (Chey et al., 2015; 
Drossman, 2006). Like UC, IBS presents as recurring abdominal pain 
associated with altered bowel habits (Longstreth et al., 2006). However, 
in IBS, there is a consensus that these symptoms occur in the absence of 
GI inflammation (Mayer and Bushnell, 2015) as a consequence of altered 
brain-gut interactions (Mayer and Brunnhuber, 2012; Mayer and Till-
isch, 2011). 

Despite the presence of GI mucosal inflammation, UC patients report 
less severe abdominal pain and preoccupation than IBS patients. How-
ever, both groups report increased pain and visceral sensitivity 
compared with healthy controls (HCs)(Chang et al., 2000; Mayer et al., 
2005). Based on these differences in perceptual sensitivity together with 
reported variations in the activation of brain regions involved in 
endogenous pain modulation, we have previously proposed that these 
patients differ in the central processing of chronic visceral pain (Keltner, 
2006; Piché et al., 2010; Porro et al., 2002), presumably by engagement 
of endogenous pain facilitation systems (Grupe and Nitschke, 2013; 
Paulus and Stein, 2006; Porro et al., 2002; Song et al., 2006; Straube 
et al., 2009; Wiech et al., 2008). Psychiatric comorbidities, frequently 
present in UC and IBS patients, are associated with greater symptom 
severity and more frequent disease flares (Lackner et al., 2018; Mitter-
maier et al., 2004; Shah et al., 2014). Both groups have higher rates of 
anxiety and depression than HCs (Gracie et al., 2018; Graff et al., 2009; 
Henningsen et al., 2012; Panara et al., 2014), with UC patients tradi-
tionally experiencing fewer lifetime psychiatric diagnoses than IBS pa-
tients (Walker et al., 1990). 

Changes in the central nervous system (CNS), specifically in brain 
regional activity associated with rectal distension, and in grey matter 
volume, have been demonstrated in both UC and IBS, however disease 
related network alterations have only been reported in IBS (Hong et al., 
2014; Icenhour et al., 2017; Qi et al., 2016; Yuan et al., 2003). Corre-
lations between symptom duration and gray matter thickness have been 
seen in UC, consistent with neuroplastic changes secondary to chroni-
cally recurring abdominal pain and peripheral inflammation (Hong 
et al., 2014). In addition to a growing body of neuroimaging evidence, 
the effectiveness of cognitive therapies in IBS and IBD (Hall et al., 2018; 
Macer et al., 2017; Mikocka-Walus et al., 2012), further point to the vital 
role of the brain in the experience and expression of these chronic pain 
conditions. 

We performed advanced brain network analysis using graph theory, 
focusing on white matter structural connectivity, and compared the 
centrality of regions in the salience, somatosensory, basal ganglia, and 
default mode networks. By assessing structural centrality in regions 
within these networks in UC, compared to two control populations (HCs 
and IBS), we aimed to test two non-exclusive hypotheses: (1) compared 
to HCs, asymptomatic UC patients with a longstanding history of gut 

inflammation and abdominal pain show alterations in white matter 
connectivity and network architecture, suggesting long lasting neuro-
plastic effects of gut inflammation that persist in the absence of symp-
tomatic mucosal inflammation, and (2) compared to IBS, UC patients 
possess common brain alterations, particularly in the basal ganglia and 
somatosensory networks, suggesting a shared, long lasting influence of 
chronic abdominal pain on these regions. 

2. Methods 

2.1. Study participants 

Seventy-four (39 female) participants with UC with a history of 
greater than one year of active, symptomatic disease who were 
symptom-free at the time of the study, 74 participants with IBS, in 
clinical remission with mild subjective symptoms at the time of the 
imaging study, (39 female) and 74 HCs (39 female) were recruited from 
the University of California Los Angeles (UCLA) and the wider Los 
Angeles community, as well as the University of Manitoba (UM) 
(Bernstein et al., 2006). IBS and HCs were age and sex matched to UC. 
All participants were right-handed. UCLA participants were recruited 
through advertisements circulated through online social media web-
sites, local newspapers, university and hospital community list serves 
and mailing lists, and flyers were posted in the greater Los Angeles area 
and on the UCLA campus. The UM participants were recruited through 
the UM Registry, developed using an administrative definition of IBD to 
identify all individuals in Manitoba with IBD. Individuals in the Registry 
agree to be contacted about research initiatives, but participation is 
voluntary. 

Exclusion criteria were substance abuse or tobacco dependence 
(smoked half a package of cigarettes or more daily), abdominal surgery, 
extremely strenuous exercise (more than 8 h/week of continuous exer-
cise), active corticosteroid use, claustrophobia, metal implants, medical 
or neurological conditions, age greater than 50, and presence of past or 
current psychiatric disorders, as determined by the Mini International 
Neuropsychiatric Interview (Sheehan et al., 1998). 

All procedures complied with the principles of the Declaration of 
Helsinki and all UCLA participants were approved by the Institutional 
Review Board at UCLA’s Office of Protection for Research Subjects and 
UM participants by the University of Manitoba Research Ethics Board. 
All participants provided written informed consent prior to the begin-
ning of the experiment. 

2.2. Behavioral measures 

UC and IBS participants were administered the Bowel Symptom 
Questionnaire (BSQ), a validated questionnaire assessing self-reported 
symptom severity of GI symptoms, bloating, and abdominal pain in 
the past week on a scale from 0 to 20 (Talley et al., 1989). A score of zero 
denotes no complaints and the highest score refers to severe symptom 
experience. Other relevant measures include age of symptom onset, flare 
frequency and how long the patient is usually symptom-free. 

The Powell Tuck Index (PTI) score was used to measure symptom 
severity in UC participants, with scores increasing with symptom 
severity. A PTI < 5 was used as a measure of remission (Powell-Tuck 
et al., 1978). Several measures of self-reported symptom severity were 
assessed. These measures included; 1) the Abdominal Symptom Intensity 
and Unpleasantness (24 h); 2) the Visceral Sensitivity Index (VSI), a 15- 
item questionnaire designed to measure fear, anxiety, and hypervigi-
lance accompanying visceral sensations (Labus et al., 2004); and 3) the 
Perceived Stress Scale (PSS), the most widely used psychological 
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instrument for measuring stress perception (Cohen et al., 1983). 
Several measures of mood, behavior, and attribution framework 

were assessed. These included 1) The Pennebaker Inventory of Limbic 
Languidness (PILL) questionnaire, used to measure general sensory 
perception, including visceral and somatic sensations (Pennebaker, 
1982); 2) The State-Trait Anxiety Inventory (STAI), a 20-item tool scored 
from 20 to 80; scores greater than 40 were considered clinical anxiety 
cases (Spielberger, 1983) 3) The Hospital Depression and Anxiety Scale 
(HADS), used to assess depression and anxiety in the past week (Zig-
mond and Snaith, 1983). 

2.3. Imaging acquisition 

Using a Siemens Magnetom Trio 3T at UCLA and Siemens Magnetom 
Verio 3T at UM, whole brain structural, and diffusion weighted imaging 
(DWI) was performed. Noise reducing headphones were used. 

2.4. Structural MRI 

A high resolution T1-structural image was acquired for each partic-
ipant for registration purposes with a Magnetization-Prepared Rapid 
Gradient-Echo (MPRAGE) sequence, repetition time (TR) = 2200 ms, 
echo time (TE) = 3.26 ms, acquisition time (TA) = 5mins 12 s, slice 
thickness = 1 mm, 176 slices, 256*256 voxel matrix, 1 mm voxel size. 

2.5. Diffusion weighted MRI (DWI): 

Diffusion-weighted images (DWIs) were acquired according to two 
comparable acquisition protocols. Specifically, DWIs were acquired in 
either 61 or 64 non-collinear directions with b = 1000 s/mm2, with 8 or 
1b = 0 s/mm2 images, respectively. Both protocols had a TR = 9400 ms, 
TE = 88 ms, and field of view (FOV) = 256 mm with an acquisition 
matrix of 128x128, and a slice thickness of 2 mm to produce 2 × 2 × 2 
mm3 isotropic voxels. 

2.6. Structural MRI preprocessing 

After acquiring the raw imaging data, preprocessing for structural 
images were done in SPM12 (Penny et al., 2007). This included bias- 
field correction, co-registration, motion correction, spaitial normaliza-
tion, tissue segmentation and fourier transformation. Structural images 
were included based on compliance with acquisition protocol, full brain 
coverage, minimal motion (<2 mm in all directions), absence of flow/ 
zipper, and minor atrophy/vascular degeneration. 

2.7. Diffusion weighted MRI (DWI) preprocessing 

All diffusion images were corrected for eddy current-induced dis-
tortions and movement using the eddy_correct tool in FSL (Andersson and 
Sotiropoulos, 2016). Images, b-vectors and b-values were then con-
verted from FSL to Camino data formats using fsl2scheme and image2-
voxel in Camino. (Cook et al., 2006) A diffusion tensor was fit on voxel- 
order data in Camino using wdtfit using weighted linear least squares 
regression. (Cook et al., 2006) Whole-brain deterministic tractography 
was then performed using the track command in Camino euler algorithm 
with a step size of 0.5 and curve threshold of 76. Connectivity matrices 
were the constructed using the conmat command in Camino, which 
computes a matrix counting the number of streamlines connecting each 
pair of ROIs created using the FreeSurfer pipeline. Preprocessing for 
DWI included visually checking for artifacts and motion on the raw 
diffusion weighted and b0 images, visual assessment of FA and mean 
diffusivity (MD) map quality, as well checking for physiologically 
feasible FA and MD values (FA of 0–0.1 and MD of 3–4 μm2/ms in 
ventricles, and FA of 0.6–0.9 and MD of 0.6–0.9 μm2/ms in splenium of 
corpus callosum). Maximum relative motion thresholds for translation 
and rotation for each direction (x, y, and z) were set at 2 mm and 2◦, 
respectively. 

Table 1 
Descriptive Statistics for Participants with Ulcerative Colitis, Irritable Bowel Syndrome, and Healthy Controls.   

UC IBS HCs  
N ¼ 74 (39F, 35 M) N ¼ 74 (39F, 35 M) N ¼ 74 (39F, 35 M) 

Measurement Mean(SD) Range N Mean(SD) Range N Mean(SD) Range N 

Age (years) 32.34 (10.64) 42 74 32.8 (10.48) 39 74 32.32 (10.28) 39 74 
Symptom Severity 
Abdominal Symptom Intensity 24 h 4.53 (4.14) 14 70 8.87 (3.88) 16 72 0.692 (1.44) 5 13 
Abdominal Symptom Unpleasantness 24 h 3.89 (3.47) 13 69 7.69 (3.24) 14 72 0.54 (1.20) 4 13 
Symptom Duration 11.61 (8.81) 49 74 13.29 (10.38) 50 72 N/A N/A N/A 
Psychological 
VSI Score 25.55 (16.03) 59 70 36.47 (16.19) 72 74 7.32 (3.88) 17 71 
PSS Score 13.87 (6.47) 29 70 17.12 (6.93) 31 61 9.48 (5.42) 23 71 
PILL Score 13.66 (7.62) 31 56 14.96 (7.65) 34 69 4.72 (5.27) 21 54 
HADS Anxiety 5.94 (3.14) 12 57 7.49 (4.15) 16 74 3.12 (3.14) 13 74 
HADS Depression 2.96 (2.98) 13 57 3.3 (2.82) 11 74 1.23 (2.41) 14 74 
STAI Trait Anxiety 48.81 (9.13) 37 69 56.93 (12.72) 46 60 44.17 (8.44) 38 71 
STAI State Anxiety 45.53 (8.9) 40 74 49.56 (8.86) 35 54 41.88 (7.39) 36 66 

KEY: Groups: UC – ulcerative colitis, IBS – irritable bowel syndrome, HCs – healthy control 
Questionnaires: VSI – Visceral Sensitivity Index, PSS – Perceived Stress Scale, PILL – Pennebaker Inventory of Limbic Languidness, HADS – Hospital Anxiety and 
Depression Scale, STAI – State Trait Anxiety Inventory 

Table 2 
Patient Medication Use.   

HC IBS UC Total  

N ¼ 74 N ¼ 74 N ¼ 74 N ¼ 222 
Medication Number of Patients 
Acetaminophen 7 7 17 31 
Antidepressant (SNRI) 0 0 2 2 
Antidepressant (SSRI) 0 5 1 6 
Antidepressant (Tricyclic) 0 1 0 1 
Antidiarrheal 0 9 4 13 
Antihistamine 8 7 5 20 
Benzodiazepine 0 3 0 3 
Cannabis 2 2 4 8 
Birth Control Pills 8 10 10 28 
Immunosuppressants 0 0 16 16 
Mesalamine 0 0 45 45 
NSAID 10 17 11 38 
Opioid 0 0 3 3 
Probiotic 3 8 5 16 
Supplement 25 28 36 89 

Medications actively used by patients at time of enrollment and throughout 
duration of study. 
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2.8. Anatomical network construction 

The fundamental step for brain network analysis is to define the 
nodes (i.e., brain regions) and edges (i.e., number of fiber tracts con-
necting regions). Gray matter was parceled into 165 regions based on 
the Destrieux (Destrieux et al., 2010) and Harvard-Oxford Subcortical 
atlases (Desikan et al., 2006), all of which served as network nodes. We 
investigated specific regions of interest (ROIs) based on prior neuro-
imaging research on IBS (Bhatt et al., 2019a; Ellingson et al., 2013a, 
2013b; Mayer et al., 2015), IBD (Kornelsen et al., 2020), and chronic 
pain participants (Bhatt et al., 2019b; Gupta et al., 2019; Woodworth 
et al., 2015). The ROIs and their associated functional networks 
included: somatosensory network (precentral gyrus and sulcus [M1], 
supplementary motor area [SMA/M2], postcentral gyrus and sulcus 
[S1], thalamus, posterior insula [pINS]); basal-ganglia network (nucleus 
accumbens [NAcc], putamen [Pu], globus pallidus [Pal] and caudate 
nucleus [CaN]); salience network (anterior insula [aINS], anterior 
midcingulate cortex [aMCC], orbitofrontal cortex [OFC]), and default 
mode network (precuneus [PrCun], posterior dorsal part of the cingulate 
gyrus [PosDCgG], angular gyrus [AngG], transverse frontopolar gyri and 
sulci [TrFPoG_S], middle temporal gyrus [MTG], lateral aspect of the 
superior temporal gyrus [SupTGLp]). 

Regional parcellation and tractography results were combined to 
produce a weighted, undirected connectivity matrix. White matter 
connectivity for each participant was estimated between the 165 brain 
regions using DWI fiber tractography (Irimia and Van Horn, 2013), 
performed via the Fiber Assignment by Continuous Tracking (FACT) 
algorithm using TrackVis (http://trackvis.org). The final estimate of 
white matter connectivity between each brain region was determined 
based on the number of fiber tracts intersecting each region. Connection 

weights were then expressed as the absolute fiber count divided by the 
individual volumes of the two interconnected regions (Irimia et al., 
2012). 

2.9. Computing network metrics 

The Graph Theory GLM toolbox (GTG) (www.nitrc.org/projects/ 
metalab_gtg) and in-house MATLAB scripts were applied to the 
participant-specific anatomical brain networks indexing ROI centrality. 
Measures of centrality are the most common measures of global 
connectedness identifying brain regions most likely to participate in 
integrative processing. Three centrality metrics were selected: 1) 
Strength reflects the weighted version of the number of connections to a 
given node. 2) Betweenness centrality describes the degree to which a 
region lies on the shortest path between two other regions, and thus its 
role in controlling information flow. 3) Eigenvector centrality reflects the 
number of highly connected brain regions to which a brain region is 
connected (Rubinov and Sporns, 2010). 

2.10. Hub analysis 

Hub nodes. Nodes with high centrality are often referred to as hub 
nodes. Hub node disruptions significantly reduce the global brain 
network efficiency and have been implicated in several disorders 
(Crossley et al., 2016, 2014). We performed a hub analysis to determine 
whether UC participants showed differences in hub regions when 
compared to IBS and HCs. Hub regions were defined as nodes with 
eigenvector centrality (EC) at least one standard deviation (SD) greater 
than the mean EC across all nodes, i.e., EC(i) > mean(EC) + std(EC) 
(Gong et al., 2012, 2009). Major classes of neural responses to 

Table 3 
Differences Between Groups on Clinical and Behavioral Measurements.   

UC vs. HCs UC vs. IBS 
Measurement F-value df β p-value Cohen’s 

d 
Interpretation F- 

value 
df β p-value Cohen’s 

d 
Interpretation 

Age (years)  0.000062 (1, 
219)  

0.01  0.99 − 0.0019 – 0.07 (1, 
219) 

− 0.46  0.79  0.04 – 

Symptom Severity 
Abdominal Symptom 

Intensity 24 h  
10.77 (1, 

152)  
3.84  0.001 − 1.24 UC > HC 44.61 (1, 

152) 
− 4.34  4.25E-10  1.08 IBS > UC 

Abdominal Symptom 
Unpleasantness 
24 h  

11.66 (1, 
151)  

3.34  0.001 − 1.29 UC > HC 48.85 (1, 
151) 

− 3.81  8.30E-11  1.13 IBS > UC 

Psychological 
VSI Score  102.51 (1, 

212)  
22.81  6.60E-20 − 1.56 UC > HC 24 (1, 

212) 
− 10.93  2.00E-06  0.68 IBS > UC 

PSS Score  17.3 (1, 
199)  

4.39  4.80E-05 − 0.74 UC > HC 8.73 (1, 
199) 

− 3.25  0.004  0.48 IBS > UC 

PILL Score  44.71 (1, 
176)  

8.94  2.92E-10 − 1.26 UC > HC 1.06 (1, 
176) 

− 1.3  0.3  0.17 – 

HADS Anxiety  20.46 (1, 
202)  

2.82  1.00E-05 − 0.9 UC > HC 6.14 (1, 
202) 

− 1.55  0.014  0.42 IBS > UC 

HADS Depression  13.17 (1, 
202)  

1.74  3.79E-04 − 0.64 UC > HC 0.48 (1, 
202) 

− 0.332  0.49  0.12 – 

STAI Trait Anxiety  7.35 (1, 
197)  

4.64  0.007 − 0.53 UC > HC 20.64 (1, 
197) 

− 8.12  1.00E-05  0.73 IBS > UC 

STAI State Anxiety  6.57 (1, 
191)  

3.65  0.011 − 0.45 UC > HC 7.17 (1, 
191) 

− 4.03  0.008  0.45 IBS > UC 

KEY: Groups: UC – ulcerative colitis, IBS – irritable bowel syndrome, HCs – healthy control; Questionnaires: VSI – Visceral Sensitivity Index, PSS – Perceived Stress 
Scale, PILL – Pennebaker Inventory of Limbic Languidness, HADS – Hospital Anxiety and Depression Scale, STAI – State Trait Anxiety Inventory; Statistics: F – F 
statistic, df – degrees of freedom, β - unstandardized beta 
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perturbation can be inferred from these analyses (Fornito et al., 2015). 
Centrality disruption. We performed a centrality disruption analysis to 

measure how the nodes in each network are reorganized in UC 
compared to disease groups (Achard et al., 2012). First the mean EC of 
165 nodes in the three groups were calculated. Second, each nodal EC in 
HCs (x-axis) versus [disease group – HCs] (y-axis) was plotted to eval-
uate the slope of the fitted line. A negative slope indicates a nodal EC 
higher in HCs and lower in disease groups. A positive slope indicates a 
nodal EC higher in disease groups and lower in the HCs. If the slope is 
zero, it means HCs and disease groups have the same nodal EC. Cen-
trality disruption will be interpreted as a positive or negative slope, 
indicating a statistically significant difference in the nodal EC between 
groups. 

2.11. Experimental design and statistical analysis 

Planned contrast analyses based in the general linear model (GLM) 
for independent groups was applied to test for group differences in 
clinical variables and the centrality of ROIs, while controlling for age 
and sex in MATLAB. Three linear contrasts were specified: (1) UC par-
ticipants vs IBS participants; (2) UC participants vs. HCs; (3) IBS par-
ticipants vs. HCs. A false-discovery rate (FDR) was applied to determine 
statistical significance at 5% (Chumbley et al., 2010). This correction 
was performed within each contrast and centrality measure, by the 
number of regions in each network (basal ganglia, salience, somato-
sensory, default mode), and by laterality (left vs. right). GLMs were run 
to evaluate between-group differences in overall network density, or the 
fraction of present connections (i.e. non-zero connections in the con-
nectome matrix) to all possible connections between each ROI (Rubinov 
and Sporns, 2010). Significance was set at FDR corrected p-value (q <

Fig. 1. Significant group differences in nodal strength A. UC compared to 
HCs Image illustrates greater strength in the precentral gyrus (PreCG) and 
subcentral gyrus and sulcus (SubCG/S) of the sensorimotor network in UC 
compared to HCs, and greater strength in the superior temporal sulcus (STS) 
and angular gyrus (AnG) of the default mode network in UC compared with 
HCs. B. UC compared to IBS Image illustrates greater strength in the superior 
temporal sulcus (STS) of UC compared with IBS. Circle size represents relative 
node centrality. Lines represent connections to other nodes. Only statistically 
significant differences in network metrics are shown. STS: Superior Temporal 
Sulcus, AnG: Angular Gyrus, PreCG: Precentral Gyrus, SubCG/S: Subcentral 
gyrus and sulcus, UC: Ulcerative Colitis, HCs: Healthy Controls; IBS Irritable 
bowel syndrome. 

Fig. 2. Significant group differences in betweenness centrality A. UC 
compared to HCs Image represents lower betweenness centrality in posterior 
insula (PosIns) of the sensorimotor network and globus pallidus (Pal) of the 
basal ganglia network of UC compared to HCs. B. UC compared to IBS Image 
represents lower betweenness centrality in the orbital sulcus (OrbS) of the 
salience network in UC compared to IBS. Circle size represents relative node 
centrality. Lines represent connections to other nodes. Only statistically sig-
nificant differences in network metrics are shown. PosIns: Posterior insula, Pal: 
Globus pallidus, UC: Ulcerative Colitis, HCs: Healthy Controls, OrbS: 
Orbital sulcus. 
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0.05). The effect size Cohen’s d was computed for each contrast. To 
determine the associations between the disease-related alterations in 
network metrics and clinical variables, partial correlations were per-
formed while controlling for age and sex. Significance was set at FDR 
corrected q-value < 0.05. 

Additionally, one way ANOVAs were run to determine if there were 
differences in network metrics in UC patients who had symptoms across 
different locations in the colon (Supplementary Material). 

3. Results 

3.1. Demographics, clinical and behavioral variables 

Mean scores on the clinical questionnaires are presented in (Table 1). 
UC patients had an average disease duration of 12 years (range 1–50 

years); 23% of the patients had pancolitis, 5% had subtotal colitis, 32% 
had left sided, and 21% had rectal or rectosigmoid disease and in the 
remaining 19% the information was not available. IBS patients had an 
average disease duration of 13 years (range 1–51). Nineteen IBS par-
ticipants were constipation predominant, 32 were diarrhea predomi-
nant, and the remaining 23 participants experienced mixed constipation 
and diarrhea. 

The mean age for each group was 32 years. Medication use is pre-
sented in (Table 2). Of the patients with UC, fourty-five were on 
mesalamine therapy, ten were on thiopurine agents, and six were on 
immunosuppressive agents. All UC patients had a history of steroid use, 
but none were on steroids at the time of enrollment or during the study. 
Seventeen UC participants were taking analgesics, compared to 7 IBS 
participants. 

Fig. 3. Significant group differences in eigenvector centrality in UC 
compared to HCs Demonstrating lower eigenvector centrality in the globus 
pallidus (Pal) of the basal ganglia network and subcentral gyrus and sulcus 
(SubCG/S) of the sensorimotor network in UC compared to HCs. Circle size 
represents relative node centrality. Lines represent connections to other nodes. 
Only statistically significant differences in network metrics are shown.SubCG/S: 
Subcentral gyrus and sulcus, Pal: Globus pallidus, UC: Ulcerative Colitis, HCs: 
Healthy Controls. 

Table 4 
UC vs HCs Network Metrics.  

UC (1) vs. HC (-1) 

DTI 
Region of Interest β value t-value SE p-value q -value Interpretation  

Somatosensory Network 
Betweenness Centrality 
Left long insular gyrus and central sulcus of the insula -128.12058 -3.6573565 35.0309236 0.00093995 0.01926895 UC<HC 
Eigenvector Centrality 
Right subcentral gyrus and sulci 0.00892303 3.45087547 0.00258573 0.00201514 0.02686857 UC>HC 
Strength 
Right Subcentral gyrus and sulci 0.0214594 3.46627059 0.00619092 0.00183254 0.02443388 UC>HC 
Right precentral gyrus 0.02778443 3.29630373 0.00842897 0.0032364 0.03236402 UC>HC  

Salience Network 
Betweenness Centrality 
No significant results found 
Eigenvector Centrality 
No significant results found 
Strength 
No significant results found  

Basal Ganglia Network 
Betweenness Centrality 
Left Pallidum -449.47871 -3.8432992 116.951266 0.00046745 0.01916534 UC<HC 
Eigenvector Centrality 
Left pallidum -0.0153934 -3.7997455 0.00405118 0.00052961 0.02171416 UC<HC 
Strength 
No significant results found  

Default Mode Network 
Betweenness Centrality 
No significant results found 
Eigenvector Centrality 
No significant results found 
Strength 
Right lateral aspect of the superior temporal gyrus 0.00995621 4.00649075 0.00248502 0.00025778 0.00896518 UC>HC 
Right angular gyrus 0.01852886 3.84846218 0.00481461 0.00044826 0.00896518 UC>HC 

KEY: Groups: UC – ulcerative colitis, HCs – healthy control; Statistics: β – unstandardized beta, t – t statistic, SE – standard error, p – p value, q – FDR corrected p value 
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UC participants. The PTI showed scores of zero for all UC participants, 
consistent with clinical remission, and the Bowel Symptom Question-
naire showed overall low symptoms (overall symptom severity: mean =
5.42, SD = 3.58; abdominal pain = 5.17(1.15); bloating = 4.92(4.27) on 
a scale from 0 to 20). Since chronic bowel symptoms were absent in HCs, 
no comparison was performed for bowel symptom scores between HCs 
and UC. 

3.2. Ulcerative colitis vs healthy controls 

Psychological Measures. UC participants had significantly higher 
symptom-related anxiety and somatic focus (p’s < 0.01), significantly 
higher anxiety (HADS and STAI State and Trait), and depression (p’s <
0.01). However, all scores were within the normal range of values for 
these surveys, indicating subclinical anxiety and depression. Table 3. 

3.3. Ulcerative colitis vs irritable bowel syndrome 

Psychological Measures. UC participants had significantly lower 
symptom-related anxiety (p’s < 0.01), HADS (p = 0.01) and STAI State 
and Trait anxiety (p < 0.01). Table 3. 

3.4. Irritable bowel syndrome vs healthy controls 

Psychological Measures. IBS participants had significantly greater 
symptom related anxiety and somatic focus (p’s < 0.01), and 

significantly greater HADS anxiety and depression and STAI State and 
Trait anxiety (p’s < 0.01) (Supplementary Material). 

3.5. Diffusion weighted brain imaging 

3.5.1. Ulcerative colitis versus healthy controls 
Significant group differences in centrality were seen in basal ganglia, 

somatosensory, and default mode networks; nodes with statistically 
significant metric differences are displayed in Fig. 1A, 2A, 3. (Fig. 1A, 
2A, 3, Table 4). No differences were seen in network density (p = 0.21). 

3.5.1.1. Basal ganglia network. Betweenness centrality (q = 0.019) and 
eigenvector centrality (q = 0.022), two measures of the importance of a 
brain region in controlling information flow, were lower in the left 
globus pallidus of UC participants. 

3.5.1.2. Somatosensory network. In UC participants betweenness cen-
trality was lower in the left posterior insula (long insular gyrus and 
central sulcus) (q = 0.019), while eigenvector centrality was greater in 
the right secondary somatosensory cortex (SII) (subcentral gyrus and 
sulci) (q = 0.027). 

Strength, a measure of the overall number of connections to a given 
brain region, was greater in the right SII (subcentral gyrus and sulci) (q 
= 0.024) and the right primary motor cortex (precentral gyrus) (q =
0.032). 

Table 5 
UC vs IBS Network Metrics.  

UC (1) vs. IBS (-1) 

DTI 
Region of Interest β value t-value SE p-value q -value Interpretation  

Somatosensory Network 
Betweenness Centrality 
No significant results found 
Eigenvector Centrality 
No significant results found 
Strength 
No significant results found  

Salience Network 
Betweenness Centrality 
Right Medial orbital sulcus -175.35278 -3.5881348 48.8701758 0.00120826 0.04833052 UC<IBS 
Eigenvector Centrality 
No significant results found 
Strength 
No significant results found  

Basal Ganglia Network 
Betweenness Centrality 
No significant results found 
Eigenvector Centrality 
No significant results found 
Strength 
No significant results found  

Default Mode Network 
Betweenness Centrality 
No significant results found 
Eigenvector Centrality 
No significant results found 
Strength 
Right lateral aspect of Superior Temporal Gyrus 0.0200973 3.80152487 0.00528664 0.00054973 0.02198913 UC>IBS 

KEY: Groups: UC – ulcerative colitis, IBS – irritable bowel syndrome; Statistics: β – unstandardized beta, t – t statistic, SE – standard error, p – p value, q – FDR 
corrected p value 
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Fig. 4. Hub distribution Units on the X-axis represent eigenvector centrality. The dashed line represents the eigenvector centrality cutoff value to classify the region 
as a hub, which is one standard deviation above the mean. The left globus pallidus is compromised in UC and IBS participants compared to HCs. This is compensated 
by the right postcentral sulcus in both disease groups. 

Fig. 5. Centrality disruption analysis The analysis comparing UC participants to HCs showed a significant centrality disruption index (slope = -0.025, p = 0.031). 
Nodes that are hubs in HCs, such as the bilateral superior frontal gyri, left thalamus and left putamen are abnormally lower in eigenvector centrality (EC) in par-
ticipants with UC. Nodes that are not hubs in HCs, such as the right angular gyrus, right intraparietal/transverse parietal sulcus, and right postcentral sulcus, are 
abnormally higher in EC in UC. 
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3.5.1.3. Default mode network. Strength was greater in the right lateral 
aspect of the superior temporal gyrus (q = 0.009) and right inferior 
parietal lobule (angular gyrus) (q = 0.009). 

3.5.2. Ulcerative colitis versus irritable bowel syndrome 
Significant group differences in centrality and strength measures 

were seen in both the salience and default mode networks; nodes with 
statistically significant metric differences are displayed in Fig. 1B and 2B 
(Fig. 1B, 2B, Table 5). No between-group differences in network density 
were seen (p = 0.05). 

3.5.2.1. Salience network. Betweenness centrality was lower in the right 
orbitofrontal cortex (medial orbital sulcus) of UC participants (q =
0.048). 

3.5.2.2. Default mode network. Strength was greater in the right lateral 
aspect of the superior temporal gyrus of UC participants (q = 0.022). 

3.5.2.3. Irritable bowel syndrome versus healthy controls. Significant 
group differences in centrality and strength measures were seen in the 
salience network (Supplementary Material). No between group differ-
ences in network density were seen (p = 0.05). 

3.5.2.4. Salience network. Eigenvector centrality (q = 0.043) and 
strength (q = 0.036) were greater in the right medial orbital sulcus of IBS 
participants. 

3.6. Hub analysis 

Twenty-five hubs were identified in UC and HCs, and 24 in IBS 
(Fig. 4). Hubs are regions particularly important in controlling infor-
mation flows, based on their eigenvector centrality. There were 23 
common hubs among the three groups which were mainly located in the 
basal ganglia, frontal and parietal cortices, consistent with previous 
studies across psychiatric conditions and HCs (Gollo et al., 2018; Gong 
et al., 2009; Hagmann et al., 2008). While the globus pallidus was a hub 
in HCs, it lost this role in UC, and was replaced by the right postcentral 
sulcus. In IBS, both the left globus pallidus and the right paracentral 
lobule no longer functioned as hubs, and were replaced in this function 
by the right postcentral sulcus. 

3.7. Centrality disruption of microstructural networks in ulcerative colitis 
and irritable bowel syndrome compared to HCs 

As shown in Fig. 5, the analysis comparing UC participants to HCs, 
but not IBS showed a significant centrality disruption index (slope =
-0.025, p = 0.031), where some regions showed higher, and others lower 
hubness. Nodes that were hubs in HCs, such as the bilateral superior 
frontal gyri, left thalamus and left putamen had lower eigenvector 
centrality in UC participants. Nodes that were not hubs in HCs, such as 
the right angular gyrus, right intraparietal/transverse parietal sulcus, 
and right postcentral sulcus, had higher eigenvector centrality in UC 
participants. 

3.8. Network metric correlations with symptoms 

3.8.1. UC vs HCs 
Multiple significant correlations between symptoms and alterations 

in network metrics of centrality were identified (Fig. 6, Table 6) in the 
UC group compared to HCs, specifically in the somatosensory network. 
The eigenvector centrality of the right SII correlated with greater HADS 
Depression (r(53) = 0.368, q = 0.024). Strength in this region correlated 
with greater STAI Trait Anxiety (r(65) = 0.325, q = 0.021) along with 

Fig. 6. Significant associations between nodal measures of centrality and 
behavioral/clinical measures in UC. Blue dots represent UC. Red dashed lines 
around best-fit line represents 95% confidence interval. HADS: Hospital Anxiety 
and Depression Scale, STAI: State-Trait Anxiety Inventory, VSI: Visceral 
Sensitivity Index. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Table 6 
UC Correlations.  

Somatosensory Network 

Brain Region Clinical Variable Correlation Significance q value df GLM Finding 
Betweenness Centrality 
No correlations found 
Eigenvector Centrality 
Right Subcentral Gyrus and Sulcus HAD Depression 0.368 0.006 0.024 53 UC>HC 
Strength 
Right Subcentral Gyrus and Sulcus STAI Tanxiety 0.325 0.007 0.021 65 UC>HC 
Right Subcentral Gyrus and Sulcus VSI Score 0.314 0.009 0.036 66 UC>HC 
Right Subcentral Gyrus and Sulcus HAD Depression 0.317 0.018 0.072 53 UC>HC  

Salience Network 
Betweenness Centrality 
No correlations found 
Eigenvector Centrality 
No correlations found 
Strength 
No correlations found  

Basal Ganglia Network 
Betweenness Centrality 
No correlations found 
Eigenvector Centrality 
Left pallidum STAI Sanxiety 0.282 0.017 0.068 70 UC<HC 
Strength 
No correlations found  

Default Mode Network 
Betweenness Centrality 
No correlations found 
Eigenvector Centrality 
No correlations found 
Strength 
Right Lateral Aspect of Superior Temporal Gyrus PILL_Score_noGIQs 0.269 0.049 0.19 52 UC>HC 
Right Lateral Aspect of Superior Temporal Gyrus STAI Tanxiety -0.267 0.043 0.553 56 UC>HC 

KEY: Groups: UC – ulcerative colitis; Questionnaires: VSI – Visceral Sensitivity Index, HADS – Hospital Anxiety and Depression Scale, STAI – State Trait Anxiety 
Inventory; Statistics: df – degrees of freedom. 

Fig. 7. Symptom Duration versus Betweenness Centrality of Posterior 
Insula. Blue dots represent UC. Units on the X-axis represent symptom duration 
in years. Units on the Y-axis represent betweenness centrality in the Left Pos-
terior Insula. BWC: Betweenness Centrality, pINS: Posterior Insula. 

Fig. 8. Symptom Duration versus Strength of SII. Blue dots represent UC. 
Units on the X-axis represent symptom duration in years. Units on the Y-axis 
represent strength in the Right SII. SII: Secondary Somatosensory Cortex. 
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greater symptom related anxiety (VSI; r(66) = 0.314, q = 0.036), and 
greater symptom duration (r(72) = 0.233, q = 0.046) (Fig. 7). 
Betweenness centrality in the posterior insula was associated with 
greater symptom duration (r(72) = 0.295, q = 0.011) (Fig. 8). 

3.8.2. UC vs IBS 
No significant correlations between symptoms and alterations in 

network centrality were identified in UC compared to IBS or in IBS 
compared to HCs. 

3.9. Differences of network metrics in patients with UC across different 
locations of the colon 

There were no sigficant differences across any of the network metrics 
across different sites of disease location in the colon in patients with UC 
(Supplementary Material). 

4. Discussion 

We evaluated disease related, neuroplastic brain network alterations 
in white matter connectivity in asymptomatic individuals with a long-
standing history of gut inflammation and recurrent abdominal pain, and 
compared them with both HCs and IBS participants in clinical remission. 
Despite the fact that UC participants were in clinical remission at the 
time of the study (based on subjective ratings), they showed extensive 
network architecture and connectivity differences compared to HCs, 
with few differences and several similarities compared to IBS. Both 
disease groups showed elevated behavioral parameter measures, with 
fewer abnormalities in UC compared with IBS. 

Our findings support our primary hypothesis that UC participants in 
clinical remission show widespread alterations in white matter organi-
zation compared to HCs, some of which related to recurrent bouts of 
inflammation. This conclusion is based on the fact that the duration of 
symptoms in UC but not in IBS participants was correlated with the 
observed white matter changes in the secondary somatosensory cortex 
and posterior insula, two key regions of the somatosensory network. The 
same regions have previously been shown to have reduced cortical 
thickness (Hong et al., 2014). They also support our secondary hy-
pothesis that some of these alterations are a consequence of the chronic 
abdominal pain characteristic for both disease groups. Importantly, the 
neuroanatomical alterations seen in UC correlated primarily with anx-
iety, somatic focus and depression, as participants did not report sig-
nificant abdominal symptoms at the time of the study, despite the fact 
that twice as many UC participants (n = 17) indicated the use of anal-
gesics than IBS participants (n = 7). This implies a connection in both UC 
and IBS participants between brain network alterations and subjective 
disease experience. To our knowledge, this is the first report demon-
strating such network alterations associated with symptom-related fear, 
anxiety and depression in patients with longstanding gut inflammation, 
which may play a role in a subgroup of UC patients with persistent 
symptoms and reduced quality of life despite mucosal healing (Colombel 
et al., 2017). 

4.1. UC network architecture differs from HCs 

UC participants had lower centrality in the left globus pallidus and 
posterior insula, a finding also reflected in the hub analysis. The basal 
ganglia play an important role in integrating, modifying and modulating 
the pain experience (Borsook et al., 2010). Pain pathways from the 
spinal cord to the globus pallidus have been reported (Braz et al., 2005), 
and the globus pallidus’ role in sensory integration to higher-order 
structures is well established. The globus pallidus has high structural 

connectivity to the posterior insula (Ghaziri et al., 2018), the primary 
interoceptive cortex with a key role in sensory processing (Craig, 2003, 
2002; Evrard, 2019; Icenhour et al., 2017; Mayer et al., 2015; Uddin 
et al., 2017). Deep brain stimulation of the globus pallidus has been 
shown to relieve persistent chronic pain (Loher et al., 2002). Our results 
suggest that the experience of chronic visceral pain, seen in both UC and 
IBS participants, results in a reduction in globus pallidus centrality. As it 
is strongly connected with the amygdala and emotional brain networks, 
neuroplastic alterations in this region may result in a reduction in the 
globus pallidus’ GABAergic, inhibitory influences on these emotional 
and somatosensory brain mechanisms (Albin et al., 1989; Nóbrega- 
Pereira et al., 2010; Sian et al., 1999). This decreased inhibition may 
result in the increased anxiety reported in both UC and IBS. 

Moreover, greater SII centrality in both UC and IBS participants 
compared to HCs suggests that greater anxiety, somatic focus, and 
depression may also be due to reduced inhibition from the globus pal-
lidus, especially since the hub analysis showed that the globus pallidus 
was replaced in its function as a hub by the postcentral sulcus (Albin 
et al., 1989). Past studies have found altered microstructural connec-
tivity in the globus pallidus across visceral pain populations, where 
lower connectivity has been associated with greater symptom severity 
and duration (Ellingson et al., 2013a, 2013b; Ford and Kensinger, 2014; 
Woodworth et al., 2015). In a clinical setting, GABA agonists have been 
shown to reduce visceral pain through central mechanisms (Davis, 2012; 
Kannampalli and Sengupta, 2015). When viewed together, one may 
speculate that the observed alterations in the left globus pallidus result 
in a reduction of GABAergic input to SII, resulting in a disinhibition and 
increased centrality of this region. Previous studies have demonstrated 
SII’s role in the modulation of visceral sensitivity and processing of 
painful stimuli, emotion regulation, sensorimotor integration (Eickhoff 
et al., 2006; Kragel and LaBar, 2016; Orenius et al., 2017; Timmermann 
et al., 2001). Our findings reinforce the role of SII in emotional modu-
lation and symptom-related anxiety in individuals with IBD (Kropf et al., 
2019). 

4.2. UC network architecture differs from IBS 

More microstructural differences were seen between UC compared to 
HCs than between UC and IBS participants, supporting our hypothesis that 
in addition to a history of chronic abdominal pain, regardless of etiology, a 
history of chronic recurrent inflammation, contributes to alterations in 
brain network organization and plays a role in disease symptomatology 
(Harte et al., 2018). UC participants had lower betweenness centrality in 
the right medial orbital sulcus compared with IBS. This region is known to 
play a role in sensory processing and decision making (Kringelbach, 2005; 
Zald and Kim, 1996) and has rich connections to the amygdala and thal-
amus (Zald and Kim, 1996). UC participants also exhibited greater strength 
in a default mode network region (right lateral aspect of the superior 
temporal gyrus), compared to both IBS and HCs. This region was tradi-
tionally recognized as the auditory cortex but a growing number of studies 
highlight its role in social processing and fear-related behaviors (De Bellis 
et al., 2002; Quirk et al., 1997). 

Even though no significant correlations between symptom duration 
and network alterations involving the right medial orbital sulcus and the 
right superior temporal gyrus were observed, one can speculate that the 
observed differences between UC and IBS may be related to a history of 
chronic gut inflammation in UC only. Such chronic inflammation 
induced brain changes are consistent with previous preclinical studies 
highlighting the reported persistent impact of transient gut inflamma-
tion on the brain (Gray and Holtmann, 2017; Hong et al., 2014), and a 
recent study showing a greater risk for dementia related cognitive def-
icits in UC (Zhang et al., 2020). 
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4.3. Limitations 

Our cross-sectional study design does not allow us to clearly differ-
entiate the brain effects of chronic GI symptoms (present in both UC and 
IBS) from those caused by chronic gut inflammation. However, the fact 
that symptom duration was correlated with key brain changes in UC in 
this and our previous study (Hong et al., 2014), but not in IBS, suggests 
that the exposure of the brain to inflammatory signals from the gut plays 
an important role in the observed neuroplasticity. The fact that the 
extent of colonic involvement (e.g. distal vs pancolitis) did not show 
such a correlation, argues against a simple dose response relationship 
between inflammatory signaling and brain changes. Our results provide 
a plausible mechanism linking a history of chronically recurring 
abdominal pain and inflammation to affective symptoms which have 
been observed previously in UC patients (Graff et al., 2009; Mittermaier 
et al., 2004; Walker et al., 1990). As UC participants did not have colonic 
biopsies or fecal calprotecin measures at the time of the brain imaging 
study, we cannot rule out that even though asymptomatic, some par-
ticipants may have had active GI inflammation at the time of the study 
since symptoms and inflammation do not always correlate (Targownik 
et al., 2015). A hallmark of UC, even when in a deep clinical remission is 
chronic mucosal architectural changes which may also be associated 
with chronic neural alterations. Furthermore, a small but significant 
number of UC participants were on anti-inflammatory, immune modu-
lating drugs at the time of study, suggesting the presence of active 
inflammation at some time prior to the study. However, the goal of this 
study was to characterize the effect of a history of chronic intermittent 
gut inflammation on the brain, and not the influence of active 
inflammation. 

4.4. Clinical implications 

Thirty-one percent of UC patients in clinical remission report IBS-like 
symptoms possibly triggered by anxiety and somatic focus (Gracie and 
Ford, 2015; Ishihara et al., 2018). It is clear that both UC and IBS, tradi-
tionally viewed to primarily affect the gut, also have specific, symptom 
related effects on the brain. In addition, our findings demonstrate 
persistent neuroplastic changes in microstructural brain connectivity in 
asymptomatic UC participants with longstanding history of gut inflam-
mation which may underlie some symptom reports. Previous studies have 
demonstrated that brain changes observed in chronic pain can be reversed 
with treatment (Seminowicz et al., 2011). Our findings provide potential 
central mechanisms that could be used to study the effectiveness of 
therapies like tricyclic antidepressants (Hall et al., 2018; Macer et al., 
2017; Mikocka-Walus et al., 2012), cognitive behavioral therapy (Craske 
et al., 2011; Lackner et al., 2018) and hypnotherapy (Peters et al., 2015). 
A better understanding of the brain mechanisms involved in such changes 
is essential for guiding the development of targeted treatment strategies, 
and it is conceivable that such strategies may be effective in reducing the 
risk of cognitive decline (Zhang et al., 2020). 

4.5. Directions for future research 

Future longitudinal studies in UC and IBS participants will be needed 
to better establish a causal link between mucosal disease activity, 
symptoms and the brain. These studies should include an objective 
assessment of inflammation from colonic biopsies or fecal inflammatory 
markers to better differentiate the effect of chronic from active GI 
inflammation on brain networks and function. As many UC participants 
with active inflammation report little or no pain, such studies would also 
address the role of endogenous pain inhibition systems in UC. Finally, it 
will be of interest to evaluate the effect of IBD therapies on structural 
and functional brain alterations. 
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