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Abstract

Background & Aims: Regional reductions in gray matter (GM) have been reported in several chronic somatic and visceral
pain conditions, including irritable bowel syndrome (IBS) and chronic pancreatitis. Reported GM reductions include insular
and anterior cingulate cortices, even though subregions are generally not specified. The majority of published studies suffer
from limited sample size, heterogeneity of populations, and lack of analyses for sex differences. We aimed to characterize
regional changes in cortical thickness (CT) in a large number of well phenotyped IBS patients, taking into account the role of
sex related differences.

Methods: Cortical GM thickness was determined in 266 subjects (90 IBS [70 predominantly premenopausal female] and 176
healthy controls (HC) [155 predominantly premenopausal female]) using the Laboratory of Neuro Imaging (LONI) Pipeline. A
combined region of interest (ROI) and whole brain approach was used to detect any sub-regional and vertex-level
differences after removing effects of age and total GM volume. Correlation analyses were performed on behavioral data.

Results: While IBS as a group did not show significant differences in CT compared to HCs, sex related differences were
observed both within the IBS and the HC groups. When female IBS patients were compared to female HCs, whole brain
analysis showed significant CT increase in somatosensory and primary motor cortex, as well as CT decrease in bilateral
subgenual anterior cingulate cortex (sgACC). The ROI analysis showed significant regional CT decrease in bilateral
subregions of insular cortex, while CT decrease in cingulate was limited to left sgACC, accounting for the effect of age and
GM volume. Several measures of IBS symptom severity showed significant correlation with CT changes in female IBS
patients.

Conclusions: Significant, sex related differences in CT are present in both HCs and in IBS patients. The biphasic neuroplastic
changes in female IBS patients are related to symptom severity.
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Introduction of persistent pain syndromes (e.g. irritable bowel syndrome [IBS],
fibromyalgia [FM], painful bladder syndrome/interstitial cystitis
[PBS/IC]), and the neurobiological mechanisms underlying the
observed neuroplastic changes remain unknown. More than 30
publications on this topic have appeared in the literature to date,
yet the small sample size, heterogeneous populations, lack of
control for pain medications patients were on, lack of control for
sex, and difference in analytic methods, have limited the ability to
make definitive statements about the cause and relationship of
such changes to the clinical presentation. The majority of studies
have reported reduction of GM in poorly defined subregions of

Neuroplastic gray matter (GM) changes have been reported in a
wide range of chronic pain conditions, including both visceral and
somatic pain syndromes [1,2]. Based on the similarities of brain
regions affected, and the resolution of structural brain changes
following successful therapy of peripheral causes of chronic
somatic pain reported in a few studies [3,4], it has been suggested
that the observed changes are the consequence, and not the cause
of the respective pain syndrome. However, generally agreed upon
peripheral causes of pain have not been identified in the majority
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insular and anterior cingulate cortices, thalamus and prefrontal
cortex. However, some studies have reported both increases and
decreases in GM [3,5], or increases only [6]. Some of the observed
disease related differences were no longer seen when differences in
anxiety and depression were taken into consideration [3].

Irritable bowel syndrome (IBS) is the most common visceral
pain disorder, which is more common in women. Affected patients
present with chronically recurrent abdominal pain and discomfort
associated with altered bowel habits, and increased levels of
anxiety [7], symptom-related anxiety [8], and catastrophizing [9].
IBS symptoms often overlap with symptoms of other persistent
pain syndromes and with disorders of mood and affect [10], and
such comorbidites are more common in female patients [11].
Women are also more likely to develop IBS-like symptoms
following a gastroenteric infection [12]. Sex related differences in
evoked and resting state brain activity has been reported in IBS
patients, including differences in an emotional arousal circuit
[13,14,15]. Based on this converging evidence about sex related
differences in IBS pathophysiology, we hypothesized the presence
of sex related differences in GM changes. Considerable sex
differences in brain structure, function and biochemistry have
been reported in healthy individuals, which may in part be due to
organizational and influential effects of sex hormones [16]. Two
studies with female IBS patients only, have reported GM
differences compared to HC subjects. While one of these studies
showed both disease and symptom related GM reductions (both in
cortical thickness [C'T] and volume) in prefrontal and insular
cortices in 11 patients [3], the other showed widespread reductions
in cortical and subcortical areas in a sample of 55 patients, with a
significant number of these changes being related to symptoms of
anxiety and depression [3]. The two studies also differed in brain
regions that showed greater regional GM, with the former showing
increased GM volume in the hypothalamus, and the other in
pregenual cingulate, orbofrontal cortex and posterior insula/
somatosensory cortex.

To assist in our large-scale analyses we employed the LONI
pipeline, a graphical workflow environment which allows users to
describe executable tools in a graphical user interface and create
processing modules as nodes in a graph representing the complete
computational protocol [17,18]. We aggregated data across 14
structural neuroimaging studies at UCLA conducted between
August, 2006 and April, 2011, and examined group differences in
regional C'T' in a large sample of 266 subjects (90 IBS, 176 HCs).
Specifically, we aimed to accurately estimate the localized
increases and decreases of widespread C'T changes across the
entire cortex, as well as track morphometric changes in key
subregions of interest, e.g., the insula and anterior cingulate
cortex. We show sex related CT differences in both disease and
HC groups, and demonstrate that the observed neuroplastic
changes in somatosensory and sgACC in female patients are
correlated with clinical measures of symptom severity, with only
limited correlations with symptom duration. The Pipeline
environment was chosen because it provides two important
benefits — the complete pipeline protocols can be openly
disseminated as XML workflows (which facilitates results repro-
duction), and this infrastructure enables integration of heteroge-
neous software tools and diverse data from multiple studies
[19,20]. We decided to use CT in favor of grey matter volume and
grey matter density as the structural index of grey matter because
CT provides unsurpassed spatial resolution (vertex level analysis)

[21].
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Methods
Data & Subjects

T1-weighted brain images were aggregated from 14 University
of California Los Angeles (Office of the Human Research
Protection Program) Institutional Review Board approved struc-
tural imaging studies conducted at the Oppenheimer Family
Center for Neurobiology of Stress as of December 31, 2011. Data
is available on our Pain/Loni website (http://pain.loni.ucla.edu/)
as part of the Pain and Interoception Network (PAIN) repository.
Total 328 (IBS=107, HC =221) subjects were included in the
current analysis. The exclusion criteria removed any subject who
1) tested positive for drug abuse; 2) had other medical problems
other than IBS; 3) had an ongoing psychiatric illness as determined
by the Mini International Neuropsychiatric Interview (MINI) [22];
4) was engaged in excessive physical exercises (more than 8 hours/
week of continuous exercise such as marathon runners or triathlon
athletes) or 5) were taking medications which may interfere with
CNS such as full dose antidepressants (including SSRI, NSRIs),
sedatives or anxiolytics, and opioids. However, as the majority of
recruited IBS patients are taking low dose tricyclic antidepressants,
it would have been impossible to perform the study, if we excluded
such subjects. As in our previous studies, we have therefore
allowed patients on tricyclic antidepressants (T'CAs) into the
current study provided they were taking low doses of the drug (10—
50 mg), and had been on a stable dose for at least 3 months.

All subjects gave their written consent before scanning.
Diagnosis of IBS was made by history and clinical examination
using the ROME II [23] symptom criteria based on assessment by
a gastroenterologist or nurse practitioner trained in the diagnosis
of functional bowel disease. Subjects with all subtypes of bowel
habit (constipation, diarrhea, mixed, and unspecified) were
included in the analysis. Following a quality control, a total of
266 subjects were analyzed, after removing the subjects with
failing brain surface extraction and reconstruction, or sub-optimal
registration into the ICBM (International Consortium of Brain
Mapping) atlas space [24]. An experienced neuroanatomist rated
each brain surface regarding the quality of surface reconstruction
and accuracy of vertex labeling on a scale of 0 to 1 (0 = completely
unacceptable; 1 = perfectly reconstructed and labeled). A threshold
of 0.7 was used as a criterion for a subject to be included in the
final analysis. Refer to Figure S1 for an example surface with
rating score provided.

Clinic Assessment

Table 1 provides the demographics of the IBS patients.
Clinical parameters for the 266 subjects are in Table 2. Bowel
Symptom Questionnaire (BSQ; [25]) were used to determine the
overall severity of gastrointestinal symptoms during the past week
(on a scale of 0 to 20; BSQ Overall), severity of abdominal pain
during the past week (on a scale of 0 to 20), usual symptom severity
during the past week (1 = none; 2 = mild; 3 = moderate; 4 = severe;
5 =very severe) and onset age of the symptom. Coping Strategies
Questionnaires (CSQ); [26]) was administered to measure the
catastrophizing score for all participants. The Hospital Anxiety
and Depression (HAD) questionnaire was used to quantify levels of
anxiety and depression. The State-Trait Anxiety Inventory (STAI)
was also used to determine the level of trait and state anxiety.
Scores for early adverse life events was measured using Early
Trauma Inventory (ETI). Somatization was determined using the
Patient Health Questionnaire (PHQ). Menopause status in female
subjects was assessed by a self-report question and missing values
(30 female subjects) were imputed by considering subjects age =55
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Table 1. Clinical variables for IBS patients.

Type Description

Female Male

Bowel Habit Constipation 26 3

Diarrhea 19 5

Mixed 20 4

Unspecified 5 8

Total 70 20
Patient Variable Two Sample T-Test Mean(SD) Mean(SD)
IBS Symptom Duration (year) p=0.396 11.51(8.08) 11.12(7.42)
Usual symptom severity (past week) p=0.892 3.14(0.60) 3.17(0.62)
Overall symptom severity (past week) p=0.628 10.78(4.42) 11.40(4.58)
Abdominal Pain (past week) p=0.970 9.32(4.95) 9.375(5.19)
Groups: Healthy Control (HC), Irritable bowel syndrome (IBS).
doi:10.1371/journal.pone.0073932.t001

as premenopausal. Table 3 provides additional demographic data surface modeling protocol [29], which normally takes 24 hours to

about the subjects (i.e. ethnicity and education).

Pipeline Workflows

complete one subject’s data. Workflows from the Pipeline library
were configured for our data by specifying the data locations and
all default parameters were used.

Compete and automated Pipeline workflow protocols [27,28]
were used in this study to process this large scale of data in a timely MRI Acquisition
fashion. Utilizing the LONI cranium grid server, which consists of All brain images were collected at the UCLA Brain Mapping
1,152 processors, the Pipeline workflow completed all the analysis Center using one of the 4 structural acquisition sequences
in 6 days including the computationally intensive FreeSurfer employed by the 14 study protocols. ANOVA indicated no

Table 2. Clinical and Questionnaire Data.

Male (N=41) Female (N=225)

Variable Mean(SD) p-value(df) Mean(SD) p-value(df)
Age HC 34.04(11.23) p=0.350(39) 29.48(3.56) p=0.060(223)
IBS 35.39(11.04) 31.61(9.01)

Early adverse life events' HC 4.80(3.96) p=0.075(37) 3.51(3.56) p=0.041(208)
IBS 6.98(5.24) 4.47(3.95)

Anxiety2 HC 3.19(2.94) p =0.007(36) 3.59(2.98) p=0.000(210)
IBS 5.75(4.45) 5.36(3.25)

Depression? HC 1.24(1.26) p=0.011(36) 1.40(2.04) p=0.000(210)
IBS 3.00(3.52) 2.65(2.55)

Somatization® HC 1.83(2.64) p=0.033(11) 2.21(1.82) p=0.000(143)
IBS 5.43(3.55) 5.68(3.40)

Trait Anxiety5 HC 45.67(8.56) p=0.016(38) 43.94(8.93) p=0.000(221)
IBS 53.05(12.32) 51.37(9.76)

Catastrophizing® HC 0.19(0.39) p =0.000(36) 0.38(0.73) p=0.000(190)
IBS 1.09(0.88) 1.21(1.08)

Measures:

'ETI global score;

2HAD anxiety symptoms score;

3HAD depression symptoms score;

“PHQ score without IBS symptoms;

STAI raw score;

5CSQ Catastrophizing score.

Groups: Healthy Controls (HC), Irritable bowel syndrome (IBS).

doi:10.1371/journal.pone.0073932.t002
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Table 3. Descriptive Demographic Data.
Groups Description
Female Male
Ethnicity
White HC 67 9
IBS 44 15
Asian HC 47 9
IBS 13 3
Hawaiian HC 3 0
IBS 0 1
Black HC 28 2
IBS 10 1
American Indian HC 10 0
IBS 3 1
TOTAL HC 155 20
IBS 70 21
TOTAL 225 41
Education
8" Grade or Less HC 0 0
IBS 0 0
Some High School HC 0 0
IBS 0 0
High School HC 4 1
Graduate
IBS 2 1
Some College HC 56 7
IBS 18 7
College Graduate HC 47 9
IBS 26 8
Any Postgraduate HC 25 3
Work
IBS 24 5
Missing Data 23 0
Groups: Healthy Control (HC), Irritable bowel syndrome (IBS).
doi:10.1371/journal.pone.0073932.t003

differences in whole brain cortical thickness values were due to
protocol. See Table S1 for a more detailed description of the scan
parameters.

CT Analysis

All structural scans were first anonymized, converted from
DICOM to analyzed format and then skull-stripped. Gray matter
thickness was estimated by using a well validated method [29]
implemented in FreeSurfer 4.0 [29] (available free to public,
http://surfer.nmr.mgh.harvard.edu/fswiki and http://ucla.in/
xSQPqT). The obtained CT maps were registered to ICBM
brain surface and then vertex-wise correspondences were estab-
lished between all cortical surface models using a Conformal
Metric Optimization method [30]. An 8 mm heat kernel [31] was
applied to smooth the realigned thickness maps to increase
statistical power. Preprocessing and CT estimation were carried
out using the LONI Pipeline [17] environment. A separate tissue-
classification pipeline workflow (http://ucla.in/wxqlcJ) was em-
ployed to obtain total gray matter volume (TGMYV), which was
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used as a covariate in the post hoc mapping and quantitative
analysis.

Whole Brain Analysis

SurfStat (http://www.math.mcgill.ca/keith/surfstat/) [32] was
used to complete the whole brain CT analysis. A general linear
model (GLM) was applied to identify any vertex-level C'I' changes
associated with age and TGMV. Correction for multiple
comparisons was accomplished using random field theory-based
cluster analysis method [33]. A threshold false discovery rate
(FDR) [34,35] of 0.05 was used throughout the paper unless
otherwise stated. For each subject’s cortical model, there were a
total of 50,002 vertices (homologous across subjects) within each
brain hemisphere.

Region of Interest Analysis

A region-of-interest (ROI) approach was employed to detect
bilaterally any subregional thickness change in the insula (INS)
regions and the anterior cingulate cortices (ACC). These regions
were further divided into sub-regions to spatially localize any
effects. In each hemisphere, the insular sub-regions include
anterior INS (aINS), mid INS (midINS) and posterior INS (pINS).
ACC sub-regions include subgenual ACC (sgACC), pregenual
ACC (pgACCQ), anterior mid cingulate (aMCC) and posterior mid
cingulate (pMCC). These sub-regions were manually delineated
on the 3D ICBM brain atlas by two well-trained technicians with
good command of neuroanatomical knowledge. The 3D ROI
masks were mapped back onto the ICBM surface space based on
their Euclidean coordinates. Within each ROI and hemisphere,
analysis of variance (ANOVA) was performed to test the
significance of group differences while using age and TGMV as
covariates. All reported p values were corrected for multiple
comparisons using FDR. To quantify the structural differences, we
calculated Cohen’s effect size d, reflecting structural differences in
the scale of standard deviation units and values are interpreted as

low (d =.20), moderate (d=.50), and high (d =.80).

Correlation Analysis of Clinical Variables

To examine the possible links between brain structural change
and the IBS phenotype, we assessed the association between all
available clinical parameters and local cortical. The partial
correlation coefficient was employed to test the significance of
the association while accounting for the effect of age and TGMV.
This analysis was completed separately for the males and females
in the IBS cohort voxel-by-voxel within each hemisphere and
ROI. All reported p values were corrected for multiple compar-
isons using FDR.

Results

Subject Characteristics

Demographic, clinical and behavioral variables of the sample
are summarized in Tables 1, 2 and 3. There were no significant
age differences between HC and IBS subjects in male or female
subgroups. The female sample was predominantly premenopaus-
al=147 (94.8%) of 155 HCs and 66 (94.3%) of 70 IBS. IBS
patients as a group reported an average symptom duration of 11.5
years, an overall IBS symptom severity during the past week of 9.4
(on a scale from 0 to 20), and an abdominal pain rating of 8.4 (on a
scale from 0 to 20). No sex related differences in these parameters
were observed. In both subgroups, patients reported higher scores
for symptoms of anxiety and depression (within normal range),
trait anxiety (within normal range), somatization and catastrophiz-
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ing. Female patients reported higher scores on early adverse life
events.

Whole Brain CT GLM Analysis

Main effect of group and sex. In the combined male and
female sample, no significant main effect for group was observed
between IBS and HC groups after FDR corrections. Significant
main effect for sex after FDR was observed between female and
male subjects in bilateral superior frontal gyrus (BA 8), left middle
frontal-orbital gyrus, right superior temporal gyrus (BA 41 and 42),
and bilateral superior frontal cortex (BA 8), with women showing
greater C'I" in these regions.

Interaction of group and sex. The result for GLM analysis
for the group difference in female subjects is shown in Figure 1.
Compared to female HCs, female patients showed significant
greater cortical thickness (FDR-corrected p<<0.05) in pre and post
central gyrus (Brodmann areas 1, 2, 3 and 4) and significantly
smaller CT in bilateral subgenual ACC (BA 25) (Figure 1). These
differences were not seen in male subjects.

Regional CT Changes in INS and ACC Subregions using
ROI Analysis

Four contrasts were used to examine group and sex interactions,
and all comparisons were corrected using FDR (0.05). Regional
means and standard deviations as well as Cohen’s effect size
differences are presented in Table 4 and Figure 2.

Sex related group differences between IBS and HCs. In
female subjects, significantly smaller C'T' was observed for IBS
compared to HCs in bilateral anterior insula (aINS; Cohen’s
d = .40, .30), middle insula (midINS; d =.50, .40), posterior Insula
(pINS, d’s = .40) and left sgACC (d =.40). In order to determine if
bowel habits are related to the observed CT findings, we carried
out a post-hoc comparison of differences in CT between female
patients with constipation compared to those with diarrhea.
Significant CT difference were only observed in the right pINS
(p=0.030, d=.70). In male subjects, trends indicated increased
CT in the precentral gyrus (d=.50) and decreased CT in the
anterior cingulate cortex, with effect sizes as big as d = .80 for right
aMCC and R pgACC), but none of these changes reached
statistical significance.

Sex related differences within group. In IBS subjects,
significantly greater CT was observed in right sgACC in males
compared to females. In HCs, significantly greater CT was
observed in right pgACC in males compared to females. In
addition, significantly smaller C'T was observed in bilateral aINS
in males compared to females.

Correlation of CT Changes with Behavioral and Clinical
Variables

Whole brain correlation analysis. As shown in Figure 3,
the whole brain correlation analysis with BSQ_severity showed a
positive correlation in the bilateral pre and post central gyrus, and
a negative correlation in the bilateral sgACC in female IBS. When
correlated to overall IBS symptom severity and abdominal pain
ratings, a similar positive correlation was observed with bilateral
precentral gyrus (abdomen region) and negative correlation with
bilateral sgACC in female IBS. No significant correlations were
observed between other variables including symptom duration and
CT in female IBS patients. No statistically significant correlations
were found in male IBS patients.

ROI correlation analysis. Partial correlation analysis of CT
and various measures of symptom severity, duration and anxiety
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symptoms were performed on 6 separate ROIs and the resulting
probability values were FDR corrected.

In female IBS, significant moderate negative C'I' correlations in
the insula subregions were observed. Longer duration was found
to be significantly correlated with reduced CT in right midINS
(r=-—0.293; p=0.015). Higher anxiety symptom scores were
significantly associated with reduced CT in right aINS
(r=-0.273, p=0.024) and right midINS (r=—0.248,
p=0.041). No significant correlations with IBS symptom severity
were detected.

In male IBS, more clinical variables showed statistically
significantly correlations with regional C'T' findings. More severe
IBS symptom showed significant correlations with reduced C'T' in
several INS subregions (left midINS r=—0.673; p=0.002; right
aINS, r=—0.597; p = 0.009; right midINS, r = —0.478; p = 0.045;
and right pINS, r=-0.521; p=0.027). Elevated trait anxiety
(Tanxiety) was found to be significantly correlated with reduced
CT in sgACC regions (r=—0481; p=0.044), sgACC
(r=-—0.525; p=0.025), pgACC (r=—0.476; p=0.046), and with
increased C'T' in the right pINS (r=0.469; p=0.050). Higher
scores for history of early adverse life events (ETI_Global)
correlated significantly with increased thickness in left midINS
(r=0.556; p=0.020).

Discussion

Neuroplastic brain changes have been reported in many chronic
pain syndromes, including IBS [3,5], and often comorbid
persistent pain conditions such as chronic pelvic pain [36],
fibromyalgia [37], temporomandibular disorder [38], and vulvo-
dynia [6]. While the majority of these studies reported decreases in
regional C'T and GM density, some also showed evidence for
regional increases in C'T involving S1, S2, and prefrontal regions
[2,39]. However, the great majority of studies were performed in
small heterogeneous samples, and little attention has been given to
possible influence of sex on the observed changes. Based on a
review of the literature and limited examples of reversal of the
structural brain changes with reversal of the chronic pain
conditions, it has been suggested that some of the observed brain
changes may be a consequence rather than the cause of the
chronic pain conditions [4].

The current study reports on C'T differences between a large,
well phenotyped group of male and predominantly premenopausal
female IBS and HC subjects, with a particular emphasis on sex
differences. The main findings of the study are: 1) Within female
subjects, IBS showed decreased CT in sgACC, and bilateral INS
subregions, and increased CT in somatosensory and primary
motor cortex when compared to HCs. 2) In contrast, no significant
disease related differences in C'T were observed within the male
subjects, or between the combined male and female groups.
However, in the HC group, male compared to female subjects
showed smaller CT in the aINS, and greater CT in the pgACC. 3)
Significant correlations between several measures of symptom
severity and anxiety symptoms in the IBS group were observed,
while correlations with symptom duration were weak or absent.
To our knowledge, this is the first report on sex dependent, and
symptom correlated increases and decreases in CT within
somatosensory and viscerosensory brain regions obtained in a
large sample of well phenotyped patients suffering from persistent
abdominal pain.
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T for Female(IBS-HC) Difference

(FDR)Female (IBS-HC) removing age and G

0.05 0.025 00.05 0.025 0
negative positive

Figure 1. Differences in Cortical Thickness between Female IBS and Female HC. Upper: difference between female IBS and female controls
from whole brain grey matter thickness analysis projected on average surfaces. T maps (uncorrected) were color coded: orange/red = thickening;
blue/purple = thinning. Green =no change. Lower: FDR corrected p map from whole brain grey matter thickness analysis. Orange/red =female>male;
blue/cyan =female<male. Cortical GM thickness was reduced in bilateral subgenual ACC and increased in bilateral motor and somatosensory cortex
after controlling age and total grey matter volume. Groups: Healthy Control (HC); Irritable bowel syndrome (IBS).
doi:10.1371/journal.pone.0073932.g001

Novelty of Combining and Analyzing Data from changes were consistent with those reported in previous studies.
Individual Studies Meta-analytic efforts usually offer limited interpretation due to

small statistical power, small reliability of findings, and non-
representativeness of samples, but aggregating data across multiple
studies through mega-analyses has accelerated progress in

We demonstrated widespread regional increases and decreases
in CT in IBS patients from 14 individual studies, and some of the
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Figure 2. Cortical thickness sub-group Comparison. Cortical
thinning in left aINS, left pINS, left pINS, left sgACC, right midINS, right
pINS were only observed in female subjects. We also found that
significant difference of cortical thickness in left aINS, rightalNS, right
midINS and right pgACCin Female and Male HC. Another interesting
finding is cortical thickness in right pgACC is significantly higher in male
than female IBS patients. Groups: Healthy Control (HC); Irritable bowel
syndrome (IBS).

doi:10.1371/journal.pone.0073932.g002

mapping brain structure and function by improving these
limitations [40]. Although between-study factors may be a source
of variability, results that generalize over multiple studies are
considered more reliable and less likely to be related to the
characteristics of a single study’s design.

Neuroplastic Brain Changes in Female IBS Patients

The current study is consistent with earlier reports in smaller
samples of patients with various chronic pain conditions, showing
GM reductions in ACC and INS subregions [41,42]. Two
previous studies have reported GM changes in premenopausal
female IBS patients (of similar age as those in the current study),
using voxel based morphometry and CT analysis. In a small
sample of patients (n = 16), Blankstein et al. [5] reported cortical
and subcortical changes in IBS, including thinning in midcingulate
cortex compared to HCs. However, this change was not associated
with clinical or behavioral parameters. In a larger study (n=55),
Seminowicz et al. [3] reported widespread GM changes in cortical
and subcortical brain regions (including prefrontal and posterior
parietal cortex) which were only seen in the voxel-based
morphometry, but not in the cortical thickness analysis [3]. In
this study, trends for increased GM were found in viscera and
somatosensory regions (pINS, S2), while no GM reductions in
ACC or INS were observed. The reasons for the differences
between the two studies and the current results remains unclear,
but are likely to include sample size, patient characteristics
(including possible differences in medications), use of different
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statistical algorithms and templates, increased power in the larger
sample to detect moderate effect size differences, rigorous error
control applied in the present study, and decreases in variability in
the sampling mean estimates afforded by increased sample size.

The current study demonstrates significantly greater C'T in
female patients in SI1, a brain region involved in sensory
discriminative processing of both noxious and innocuous stimuli
[43,44,45]. Based on both symptom reports [46], and results from
quantitative pain testing, female IBS patients show evidence for
widespread somatic hyperalgesia, including heat pain stimuli
[47,48], an observation consistent with the observed changes in
somoatosensory cortex. In addition, female IBS patients are more
likely to report comorbidity with other pain syndromes (such as
I1C/PBS, FM and chronic fatigue syndrome) [49,50], and report
more extraintestinal symptoms [51].

Currently available data do not permit to address the causality
of these findings. On the one hand, GM increases in S1 and ACC
in response to repetitive noxious stimulation have recently been
reported in HCs [52], suggesting that differences in SI and ACC
can be a consequence of repeated noxious insults, possibly
reflecting the observed habituation of subjects to the repeated
stimulus. On the other hand, a positive correlation between CT in
S1 and pain and temperature sensitivity has been reported in HCs
without any pain history or stimulus exposure, including a
negative correlation of temperature sensitivity with CT in the
anterior midcingulate cortex. [53] These findings strongly suggest
that such regional GM variations are not necessarily dependent on
the presence of a chronic pain conditions or ongoing nociceptive
mput, but could also be influenced by genetic or epigenetic factors
[54,55], and in the case of IBS may be a preexisting abnormality.
The fact that the majority of C'T' differences including the somato
and viscerosensory regions (with the exception of CT in the
midINS) were not significantly correlated with symptom duration
supports such a hypothesis. Future studies in pediatric populations,
longitudinal treatment studies, and identification of possible
correlations with genetic factors are needed to further test this
hypothesis. On the other hand significant correlations of the
observed CT changes were observed with several measures of
symptom severity and a measure of anxiety. For example, reported
symptom severity was positively correlated with the CT increases
in bilateral pre and post central gyrus, and negatively with the
reductions in sgACC. In contrast, the observed CT reductions in
the right aINS were strongly positively correlated with reported
anxiety symptoms severity. The aINS represents an interoceptive
association cortex with inputs from prefrontal cortex and the
amygdala, and activity in this region has been associated positively
to anxiety sensitivity [25].

The mechanisms underlying the observed increases and
decreases in CT remain to be determined, even though various
molecular mechanisms have been proposed [56,57]. It is likely that
the regional increases and decreases in GM are driven by different
mechanisms, which may include neuronal or glial cell loss, and
changes in the density of dendritic spines [58]. The latter
mechanism has been demonstrated to underlie stress induced
reductions in hippocampal volume in animal models where it is
modulated by female sex hormones and is reversible under certain
conditions [59].

Sex related Differences in Neuroplastic Changes

Sex related differences in C'T' were observed both in the HCs
and in the IBS group. Amongst the HCs, males compared to
females showed greater C'T in the pregenual cingulate cortex, and
smaller C'T in bilateral aINS. These findings are similar to some
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Figure 3. Correlation with BSQ Severity (FDR corrected). BSQ: Bowel symptom questionnaire.

doi:10.1371/journal.pone.0073932.9003

previously published studies of sex effects on neuroplasticity
[60,61].

Surprisingly, in contrast to female IBS patients, male patients
did not show statistically significant CT differences when
compared to their healthy counterparts and amongst IBS subjects,
males showed greater CT in sgACC, compared to females. One
possible explanation for the lack of significant differences is the
smaller sample size, which is also suggested by the observed non-
significant trends in the male IBS patients. However, as the
majority of previously published studies included only females or
mixed samples, these findings for the first time suggest that
neuroplastic changes associated with persistent abdominal pain
may differ between male and female patients. Using diffusion
tensor imaging (DTI), sex related differences in the white matter
integrity (as measured by lower fractional anisotropy) has recently
been described in a large sample of IBS patients [62]. In this study,
female patients showed lower fractional anisotropy within the
globus pallidum, regions of the thalamus, and primary sensory and
motor regions compared to male IBS subjects. When viewed
together with the findings of the current study in pre and
postcentral gyrus, they support the concept that there is a
fundamental reorganization of pathways in the brain that are
involved in processing and integration of sensory information, and
that these changes are predominantly seen in female patients.
Previous studies have shown that female IBS patients report more
symptoms suggestive of sensory amplification [51].

The absence of significant IBS related differences when the
combined male and female samples were analyzed together, is
presumably related to the fact that only female patients showed
significant disease related differences.

PLOS ONE | www.plosone.org

Limitations

There are several limitations of this study. Pooling of data from
multiple studies may have contributed some heterogeneity to the
sample. The lack of significant C'T' changes observed in male
patients may in part be related to the difficulty in recruiting
subjects and the smaller sample size (n=41) compared to female
patients (n = 225). For example, a sample size of 52 males (26 IBS)
would be needed to detect a significant effect size difference of
d=.70 as was observed in the pgACC with 80% power based on
an independent sample t-test. Similarly, 51 males per group would
be needed to detect effect size differences as big as d =.50 which
was the observed effect size increase in the supplementary motor
cortex in IBS males compared to HCs. Some of the observed
differences may be due to the intake of centrally acting
medications in the IBS group, in particular tricyclic antidepres-
sants. Patients on a stable dose (3 months) of such medications
were allowed in the study, but incomplete records of such intake
prevented us from assessing possible medication effects on our
findings. Lastly, we were unable to assess possible effects of female
sex hormones on brain responses in our sample of predominantly
premenopausal females, scanned during the follicular phase of the
menstrual cycle.

Summary and Conclusions

To our knowledge, this is the first study reporting sex related
regional differences in cortical thickness in a large sample of IBS
patients. While reductions in cortical thickness were observed in
affect related regions, increased cortical thickness was seen in
sensory and motor regions, and these disease related differences
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were only seen in female patients. When viewed together with sex
related differences in prevalence [63,64], presence of somatic and
visceral comorbidities [15], functional [65,66] and white matter
abnormalities [36,67,68], these findings support the concept that
different brain mechanisms underlie symptom generation in
female and male patients. As previously suggested, symptoms of
pain and discomfort in women may be related primarily to
increased perception and facilitation of sensory signals, while in
men, autonomic nervous system hyperresponsiveness may play a
more important role.

Note

As of September 2013, the Laboratory of Neuro Imaging
(LONI) will be relocated to the University of Southern California
(USC). Thus, some of the URL links, web-page references, and
internet resources cited throughout this manuscript may be
relocated to appropriate subdomains under http://www.loni.usc.
edu. If you find broken links or defunct URLs please contact
help@loni.usc.edu.

References

1. May A (2008) Chronic pain may change the structure of the brain. Pain 137: 7
15.

2. Moayedi M, Weissman-Fogel I, Salomons TV, Crawley AP, Goldberg MB, et
al. (2012) Abnormal gray matter aging in chronic pain patients. Brain Res 1456:
82-93.

3. Seminowicz DA, Labus JS, Bueller JA, Tillisch K, Naliboff BD, et al. (2010)
Regional gray matter density changes in brains of patients with irritable bowel
syndrome. Gastroenterology 139: 48-57 e42.

4. May A (2011) Structural brain imaging: a window into chronic pain.
Neuroscientist 17: 209-220.

5. Blankstein U, Chen J, Diamant NE, Davis KD (2010) Altered brain structure in
irritable bowel syndrome: potential contributions of pre-existing and disease-
driven factors. Gastroenterology 138: 1783-1789.

6. Schweinhardt P, Kuchinad A, Pukall CF, Bushnell MC (2008) Increased gray
matter density in young women with chronic vulvar pain. Pain 140: 411-419.

7. Longstreth GL, Thompson WG, Chey WD, Houghton LA, Mearin F, et al.
(2006) Functional bowel disorders. In: Drossman DA, Corazziari E, Delvaux M,
Spiller RC, Talley NJ et al., editors. Rome III: The functional gastrointestinal
disorders. Third ed. McLean, VA: Degnon Associates, Inc.

8. Labus JS, Mayer EA, Chang L, Bolus R, Naliboff BD (2007) The central role of
gastrointestinal-specific anxiety in irritable bowel syndrome: Further validation
of the visceral sensitivity index. Psychosomatic Medicine 69: 89-98.

9. Labus J, Gupta A, Gill HK, Posserud I, Mayer M, et al. (2013) Randomised
clinical trial: symptoms of the irritable bowel syndrome are improved by a
psycho-education group intervention. Alimentary Pharmacology & Therapeutics
37: 304-315.

10. Bushnell EMC (2009) Functional pain disorders: Time for a paradigm shift?;
CM MEB, editor.

11. Chang L, Heitkemper MM (2002) Gender differences in irritable bowel
syndrome. Gastroenterology 123: 1686-1701.

12. Spiller RC (2003) Postinfectious irritable bowel syndrome. Gastroenterology
124: 1662-1671.

13. Labus JS, Naliboff BN, Fallon J, Berman SM, Suyenobu B, et al. (2008) Sex
differences in brain activity during aversive visceral stimulation and its
expectation in patients with chronic abdominal pain: a network analysis.
Neuroimage 41: 1032-1043.

14. Tillisch K, Mayer EA, Labus JS, Stains J, Chang L, et al. (2005) Sex specific
alterations in autonomic function among patients with irritable bowel syndrome.
Gut 54: 1396-1401.

15. Naliboff BD, Berman S, Chang L, Derbyshire SWG, Suyenobu B, et al. (2003)
Sex-related differences in IBS patients: Central processing of visceral stimuli.
Fastroenterology 124: 1738-1747.

16. Cosgrove KP, Mazure CM, Staley JK (2007) Evolving knowledge of sex
differences in brain structure, function, and chemistry. Biol Psychiatry 62: 847—
855.

17. Dinov I, Lozev K, Petrosyan P, Liu Z, Eggert P, et al. (2010) Neuroimaging
study designs, computational analyses and data provenance using the LONI
pipeline. PLoS One 5.

18. Dinov ID, Van Horn JD, Lozev KM, Magsipoc R, Petrosyan P, et al. (2009)
Efficient, Distributed and Interactive Neuroimaging Data Analysis Using the
LONI Pipeline. Front Neuroinform 3: 22.

PLOS ONE | www.plosone.org

Cortical Plasticity in IBS Patients

Supporting Information

Figure S1 Example Inspection and Validation of Re-
gions. Representative visual inspection and validation of labeling
in sub-regions by a trained neuroanatomist. This figure shows
rated insula surfaces for 3 subjects and the corresponding ICBM
atlas surface. Insula sub-regions were color coded (Red = anterior
insula,blue = mid insula;brown = posterior insula).

(TIFF)

Table S1 Scan Parameters used in present aggregated
data. Summary of scan parameters from 4 different studies.

(DOC)

Acknowledgments

The authors acknowledge the valuable editorial contributions made to the
manuscript by Cathy Liu.

Author Contributions

Conceived and designed the experiments: EAM IDD JSL KT ZJ.
Performed the experiments: JYH CAM Z]J. Analyzed the data: JYH
CAM Z] AG AZ YS. Contributed reagents/materials/analysis tools: AWT
IDD YS AZ JSL EAM. Wrote the paper: ZJ IDD JSL AG KT EAM.

19. Torri F, Dinov ID, Zamanyan A, Hobel S, Genco A, et al. (2012) Next
Generation Sequence Analysis and Computational Genomics Using Graphical
Pipeline Workflows. Genes 3: 545-575.

20. Dinov I, Van Horn J, Lozev K, Magsipoc R, Petrosyan P, et al. (2009) Efficient,
Distributed and Interactive Neuroimaging Data Analysis using the LONI
Pipeline. Frontiers of Neuroinformatics 3: 1-10.

21. Winkler AM, Kochunov P, Blangero J, Almasy L, Zilles K, et al. (2010) Cortical
thickness or grey matter volume? The importance of selecting the phenotype for
imaging genetics studies. Neuroimage 53: 1135-1146.

22. Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, et al. (1998) The
Mini-International Neuropsychiatric Interview (M.IN.L): the development and
validation of a structured diagnostic psychiatric interview for DSM-IV and ICD-
10. J Clin Psychiatry 59 Suppl 20: 22-33;quiz 34-57.

23. Thompson WG, Longstreth GF, Drossman DA, Heaton KW, Irvine EJ, et al.
(1999) Functional bowel disorders and functional abdominal pain. Gut 45 Suppl
2: 1143-47.

24. Mazziotta J, Toga A, Evans A, Fox P, Lancaster J, et al. (2001) A probabilistic
atlas and reference system for the human brain: International Consortium for
Brain Mapping (ICBM). Philos Trans R Soc Lond B Biol Sci 356: 1293-1322.

25. Talley NJ, Boyce PM, Owen BK, Newman P, Paterson KJ (1995) Initial
validation of a bowel symptom questionnaire and measurement of chronic
gastrointestinal symptoms in Australians. Aust N Z J Med 25: 302-308.

26. Rosenstiel AK, Keefe IJ (1983) The use of coping strategies in chronic low back
pain patients: Relationship to patient characteristics and current adjustment.
Pain 17: 33-44.

27. Dinov I, Torri F, Macciardi F, Petrosyan P, Liu Z, et al. (2011) Applications of
the Pipeline Environment for Visual Informatics and Genomics Computations.
BMC Bioinformatics 12: 304.

28. Dinov I, Lozev K, Petrosyan P, Liu Z, Eggert P, et al. (2010) Neuroimaging
Study Designs, Computational Analyses and Data Provenance Using the LONI
Pipeline. PLoS ONE 5: ¢13070. doi:13010.11371/journal.pone.0013070.

29. Fischl B, Dale AM (2000) Measuring the thickness of the human cerebral cortex
from magnetic resonance images. Proc Natl Acad Sci U S A 97: 11050-11055.

30. Shi Y, Lai R, Gill R, Pelletier D, Mohr D, et al. (2011) Conformal metric
optimization on surface (CMOS) for deformation and mapping in Laplace-
Beltrami embedding space. Med Image Comput Comput Assist Interv 14: 327

31. Chung MK, Robbins SM, Dalton KM, Davidson RJ, Alexander AL, et al.
(2005) Cortical thickness analysis in autism with heat kernel smoothing.
Neuroimage 25: 1256-1265.

32. Chung MK, Worsley KJ, Nacewicz BM, Dalton KM, Davidson R]J (2010)
General multivariate linear modeling of surface shapes using SurfStat. Neuro-
image 53: 491-505.

33. Hagler DJ, Saygin AP, Sereno MI (2006) Smoothing and cluster thresholding for
cortical surface-based group analysis of fMRI data. Neuroimage 33: 1093-1103.

34. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical
and powerful approach to multiple testing. Journal of the Royal Statistical
Society Series B (Methodological): 289-300.

35. Che A, Cui J, Dinov I (2009) SOCR Analyses: Implementation and
Demonstration of a New Graphical Statistics Educational Toolkit. JSS 30: 1-19.

September 2013 | Volume 8 | Issue 9 | 73932



36.

37.

38.

39.

40.

41.

43.

44.

46.

47.

48.

51.

Farmer MA, Chanda ML, Parks EL, Baliki MN, Apkarian AV, et al. (2011)
Brain Functional and Anatomical Changes in Chronic Prostatitis/ Chronic
Pelvic Pain Syndrome. Journal of Urology 186: 117-124.

Burgmer M, Gaubitz M, Konrad C, Wrenger M, Hilgart S, et al. (2009)
Decreased gray matter volumes in the cingulo-frontal cortex and the amygdala
in patients with fibromyalgia. Psychosom Med 71: 566-573.

Gerstner G, Ichesco E, Quintero A, Schmidt-Wilcke T (2011) Changes in
Regional Gray and White Matter Volume in Patients with Myofascial-type
Temporomandibular Disorders: A Voxel-based Morphometry Study. J Orofac
Pain 25: 99-106.

Moayedi M, Weissman-Fogel I, Crawley AP, Goldberg MB, Freeman BV, et al.
(2011) Contribution of chronic pain and neuroticism to abnormal forebrain gray
matter in patients with temporomandibular disorder. Neuroimage 55: 277-286.
Costafreda SG (2009) Pooling FMRI data: meta-analysis, mega-analysis and
multi-center studies. Front Neuroinform 3: 33.

May A (2012) Structure equals function: Cortical correlates of pain. Pain 153:
1551-1552.

. May A (2011) Structural Brain Imaging: A Window into Chronic Pain.

Neuroscientist 17: 209-220.

Kenshalo DR, Chudler EH, Anton F, Dubner R (1988) Si Nociceptive Neurons
Participate in the Encoding Process by Which Monkeys Perceive the Intensity of
Noxious Thermal-Stimulation. Brain Res 454: 378-382.

Kenshalo DR, Isensee O (1983) Responses of Primate Si Cortical-Neurons to
Noxious Stimuli. J Neurophysiol 50: 1479-1496.

. Kenshalo DR, Iwata K, Sholas M, Thomas DA (2000) Response properties and

organization of nociceptive neurons in area 1 of monkey primary somatosensory
cortex. J Neurophysiol 84: 719-729.

Chang L, Mayer EA, Johnson T, FitzGerald LZ, Naliboff B (2000) Differences
in somatic perception in female patients with irritable bowel syndrome with and
without fibromyalgia. Pain 84: 297-307.

Price DD, Craggs JG, Zhou QQ, Verne GN, Perlstein WM, et al. (2009)
Widespread hyperalgesia in irritable bowel syndrome is dynamically maintained
by tonic visceral impulse input and placebo/nocebo factors: Evidence from
human psychophysics, animal models, and neuroimaging. Neuroimage 47: 995
1001.

Stabell NS, Stubhaug A, Flaegstad T, Nielsen CS (2013) Increased pain
sensitivity among adults reporting irritable bowel syndrome symptoms in a large

population-based study. Pain 154: 385-92.

. Henningsen P, Derra C, Turp JC, Hauser W (2004) Functional somatic pain

syndromes. Summary of hypotheses of their overlap and etiology. Schmerz 18:

136-140.

. Whitehead WE, Palsson O, Jones KR (2002) Systematic review of the

comorbidity of irritable bowel syndrome with other disorders: What are the
causes and implications? Gastroenterology 122: 1140-1156.

Schmulson M, Chang L, Naliboff B, Lee OY, Mayer EA (2000) Correlation of
symptom criteria with perception thresholds during rectosigmoid distension in
irritable bowel syndrome patients. American Journal of Gastroenterology 95:

152-156.

PLOS ONE | www.plosone.org

1

52.

53.

54.

56.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

Cortical Plasticity in IBS Patients

Teutsch S, Herken W, Bingel U, Schoell E, May A (2008) Changes in brain gray
matter due to repetitive painful stimulation. Neuroimage 42: 845-849.
Erpelding N, Moayedi M, Davis KD (2012) Cortical thickness correlates of pain
and temperature sensitivity. Pain 153: 1602-1609.

Zhang Z, Cai YQ), Zou F, Bie BH, Pan ZZZ7 (2011) Epigenetic suppression of
GADG65 expression mediates persistent pain. Nature Medicine 17: 1448-U1152.

. Blalock EM, Buechel HM, Popovic J, Geddes JW, Landfield PW (2011)

Microarray analyses of laser-captured hippocampus reveal distinct gray and
white matter signatures associated with incipient Alzheimer’s disease. J Chem
Neuroanat 42: 118-126.

Biedermann S, Fuss J, Zheng L, Sartorius A, Falfan-Melgoza C, et al. (2012) In
vivo voxel based morphometry: Detection of increased hippocampal volume and
decreased glutamate levels in exercising mice. Neuroimage 61: 1206-1212.

. Heise V, Filippini N, Ebmeier KP, Mackay CE (2011) The APOE epsilon 4

allele modulates brain white matter integrity in healthy adults. Molecular
Psychiatry 16: 908-916.

Anderson BJ (2011) Plasticity of Gray Matter Volume: The Cellular and
Synaptic Plasticity That Underlies Volumetric Change. Dev Psychobiol 53: 456—
465.

McEwen BS (2010) Stress, sex, and neural adaptation to a changing
environment: mechanisms of neuronal remodeling. Ann N 'Y Acad Sci 1204
Suppl: E38-59.

Makris N, Gasic GP, Kennedy DN, Hodge SM, Kaiser JR, et al. (2008) Cortical
thickness abnormalities in cocaine addiction—a reflection of both drug use and a
pre-existing disposition to drug abuse? Neuron 60: 174-188.

Holzel BK, Carmody J, Vangel M, Congleton C, Yerramsetti SM, et al. (2011)
Mindfulness practice leads to increases in regional brain gray matter density.
Psychiatry Research: Neuroimaging 191: 36-43.

Ellingson B, Mayer E, Ashe-McNalley C, Naliboff B, Labus J, et al. (In Press)
Tillisch K. Microstructural changes in the brain associated with chronic irritable
bowel syndrome: a population-based diffusion tensor imaging (D'TT) study. Pain.
Sperber AD, Drossman DA (2011) Review article: the functional abdominal
pain syndrome. Alimentary Pharmacology & Therapeutics 33: 514-524.
Benson S, Kotsis V, Rosenberger C, Bingel U, Forsting M, et al. (2012)
Behavioural and neural correlates of visceral pain sensitivity in healthy men and
women: Does sex matter? European Journal of Pain 16: 349-358.

. Tillisch K, Labus J, Nam B, Bueller J, Smith S, et al. (2012) Neurokinin-1-

receptor antagonism decreases anxiety and emotional arousal circuit response to
noxious visceral distension in women with irritable bowel syndrome: a pilot
study. Alimentary Pharmacology & Therapeutics 35: 360-367.

Elsenbruch S, Rosenberger C, Bingel U, Forsting M, Schedlowski M, et al.
(2010) Patients with irritable bowel syndrome have altered emotional
modulation of neural responses to visceral stimuli. Gastroenterology 139:
1310-1319.

Moayedi M, Weissman-Fogel I, Salomons TV, Crawley AP, Goldberg MB, et
al. (2012) White matter brain and trigeminal nerve abnormalities in
temporomandibular disorder. Pain 153: 1467-1477.

Valfre W, Rainero I, Bergui M, Pinessi L. (2008) Voxel-based morphometry
reveals gray matter abnormalities in migraine. Headache 48: 109-117.

September 2013 | Volume 8 | Issue 9 | 73932



