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Background: Crohn’s disease (CD) is a subtype of inflammatory bowel disease
caused by immune-mediated inflammation in the gastrointestinal tract. The extent of
morphologic brain alterations and their associated cognitive and affective impairments
remain poorly characterized.

Aims: We used magnetic resonance imaging to identify structural brain differences
between patients with Crohn’s disease in remission compared to age-matched healthy
controls and evaluated for structural-behavioral correlates.

Methods: Nineteen patients and 20 healthy, age-matched controls were recruited in
the study. Group differences in brain morphometric measures and correlations between
brain measures and performance on a cognitive task, the verbal fluency (VF) task, were
examined. Correlations between brain measures and cognitive measures as well as self-
reported measures of depression, personality, and affective scales were examined.

Results: Patients showed significant cortical thickening in the left superior frontal
region compared to controls. Significant group differences were observed in sub-cortical
volume measures in both hemispheres. Investigation of brain-behavior correlations
revealed significant group differences in the correlation between cortical surface area
and VF performance, although behavioral performance was equivalent between the
two groups. The left middle temporal surface area was a significant predictor of VF
performance with controls showing a significant positive correlation between these
measures, and patients showing the opposite effect.

Conclusion: Our results indicate key differences in structural brain measures in patients
with CD compared to controls. Additionally, correlation between brain measures and
behavioral responses suggest there may be a neural basis to the alterations in patients’
cognitive and affective responses.
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INTRODUCTION

It is widely postulated that alterations in brain-gut
communication underlie the pathophysiology of irritable
bowel syndrome (IBS) wherein altered transmission of sensory
nerve pathways from the periphery to the brain results in
visceral hypersensitivity (Mayer and Tillisch, 2011). Recent
studies also suggest that the inflammatory state of Crohn’s
disease (CD), one of the main phenotypes of inflammatory
bowel disease (IBD), may also be associated with altered
sensory processing. In patients with CD, intestinal inflammatory
signals may reach the brain via inflammatory cytokines and
cause a cascade of neuroplastic events resulting in alterations
in the anatomical and functional substrates of the brain
impacting cognitive and affective processing. A recent functional
magnetic resonance imaging (fMRI) brain study in patients
with active CD therapy revealed decreased pain perception
in the brain upon neutralization of the pro-inflammatory
cytokine tumor necrosis factor alpha (TNFα; Hess et al., 2015).
Furthermore, evidence from studies of other chronic pain
disorders suggest that persistent pain can impact cognitive
function and emotional decision-making due to a heightened
sensitivity to the environment and an inadequate ability to
modulate one’s cognitive and emotional states (Bushnell et al.,
2013). Notable cognitive deficits include those in the area of
attention and memory (Dick and Rashiq, 2007) while prominent
affective disturbances are seen in the areas of mood, personality,
and quality of life (Lydiard, 2001).

Advanced neuroimaging techniques have been used to
enhance understanding of the dysfunction which occurs in the
brain-gut axis in patients with functional bowel disorders and
with IBD. Studies using structural magnetic resonance imaging
(MRI) in IBS have shown cortical morphometric changes in brain
regions important for the affective and cognitive aspects of pain
as well as gray matter intensity changes in the hypothalamus, a
key structure in individuals’ response to stress (Blankstein et al.,
2010; Seminowicz et al., 2010). More recently, in patients with
IBD, brain MRI showed cortical morphometric changes in the
temporal, frontal and parietal cortices as well as microstructural
brain abnormalities (Bao et al., 2015). Further data is needed,
however, to determine the full range of brain changes which
occur in patients with IBD, as well as to show functional
relevance of brain differences by investigating differences, if
any, in behavior. Patients with IBD often report difficulties with
memory and high level processing as well as affect and therefore
we chose cognitive and affective tests that, based on the literature,
could best capture these processes. The present study therefore
aimed to elucidate the structural brain imaging characteristics
and behavioral correlates in a group of CD patients in clinical
remission compared to a group of age and gender-matched
healthy control subjects.

We used surface-based neuroimaging analysis techniques to
provide cortical thickness and surface area measurements as
these have been shown to be sensitive to cortical morphology.
Cortical thickness has been identified as a significant marker
of brain pathology (Hutton et al., 2009; Winkler et al., 2010).
Several factors such as decreased cell size, death of glial cells

and astrocytes, and reduced synaptic density may contribute
to changes in cortical thickness in patients with chronic pain
(May, 2008). Cortical thickness and surface area are two
dissociable measures of cortical surface anatomy that map
different phylogeny (Rakic et al., 2009). Current evidence
suggests that thickness and area reflect different aspects of
cortical neuronal migration – thickness primarily depends on
the number of neurons migrating along radial glial fibers within
a cortical column, whereas, surface area reflects the number
of columns in a cortical region. Furthermore, thickness and
surface area have distinguishable genetic underpinnings (Monuki
and Walsh, 2001; Chen et al., 2013). A better understanding
of the contributions of cortical thickness and surface area will
enhance our understanding of the neurobiological mechanisms
underlying altered brain morphology with disease (Raznahan
et al., 2011; Lin et al., 2014; Wierenga et al., 2014). We, therefore,
investigated cortical thickness, surface area, and sub-cortical
volume measures and correlation between these measures and
cognitive and affective characteristics in patients with CD and
matched controls. We chose the letter (phonemic or verbal)
fluency task as our main cognitive task, which is extensively
used in both clinical and non-clinical populations on account
of its ease of administration, face validity (Sauzéon et al.,
2011), assessment of both verbal cognitive ability and executive
control (Fisk and Sharp, 2004; Federmeier et al., 2010), and high
correlation with measures of attention, verbal memory, and word
knowledge (Ruff et al., 1997). We used well-validated measures
of personality and affect and measures of memory span (digit
span), and investigated the relation between these variables and
brain measures in both groups. Our hypotheses were: (1) patients
with CD in clinical remission will show significant differences
in structural brain morphometric measures (cortical thickness,
surface area, and sub-cortical volumes) compared to age and
gender-matched healthy controls and (2) in patients with CD,
brain morphometric measures will significantly correlate with
behavioral measures and with measures of pain severity and
disease duration.

MATERIALS AND METHODS

Participants
Cases
Twenty patients with CD in remission were recruited for this
cross-sectional study (one subject was later dropped from the
freeSurfer analysis resulting in a final N = 19). Eligible patients
were 18 years of age or older with a diagnosis of CD as determined
by endoscopy, histology, or radiographic imaging. Only subjects
in clinical remission defined by a Harvey-Bradshaw Index (HBI)
score of less than five were recruited. Patients were excluded if
they had a neurological or psychiatric disorder that might affect
performance on the task battery we employed in this study,
insufficient fluency in English, active or history of substance
or alcohol abuse and/or dependence within the past 6 months,
contraindications to MRI, or were pregnant or breastfeeding.
To eliminate confounds from co-morbidities, patients with other
chronic pain disorders (e.g., fibromyalgia, rheumatoid arthritis,
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irritable bowel syndrome) were excluded. Additionally, patients
taking scheduled pain medications (e.g., acetaminophen, non-
steroidal anti-inflammatory drugs, narcotics) were also excluded.

Controls
Twenty healthy controls, free of any neurological or psychiatric
disorders, and matched for age and gender were included in this
study. All healthy controls were screened using a detailed self-
reported health questionnaire. All controls were medication free
and reported no ailments.

All participants provided written informed consent for the
study. Subjects received $50 for their participation. The project
protocol was reviewed and approved (#H2014-0131) by the
health sciences institutional review board at the University of
Wisconsin School of Medicine and Public Health.

Clinical Assessment
Subject demographics including gender, age, education level, and
handedness were recorded. CD characteristics including disease
location and behavior according to Montreal classification
(Satsangi et al., 2006), disease duration, and current medication
use were obtained by patient interview and/or review of the
medical record.

Harvey-Bradshaw Index was assessed during patients’ routine
gastroenterology clinic visits by their usual clinical provider.
Study visit for the MRI and behavioral testing was scheduled
within 4 weeks of their last clinic visit. Patients were asked to
notify the research team if there had been any change in their
clinical status between recruitment and their study visit.

Pain intensity was assessed with a 7-day pain diary. Patients
were asked to record their pain level daily in the 1 week preceding
their study visit using a visual analog scale (VAS; Huskisson, 1974;
Bijur et al., 2001; Gallagher et al., 2001, 2002), anchored by “no
pain” (score of 0) to “worst possible, unbearable, excruciating
pain” (score of 10).

Neuropsychological Assessment
All participants completed a series of behavioral tasks (cognitive)
and questionnaires (affective) outside the scanner during their
visit. Tasks performed outside the scanner included the verbal
fluency (VF) task, and the digit span forward and backward
tasks (Wechsler, 1997). The VF task outside the scanner
was administered to all patients by forms of the Controlled
Oral Word Association Test (COWAT; Ruff et al., 1996;
Sumerall et al., 1997), which requires subjects to produce words
beginning with the letters, ‘F,’ ‘A,’ and ‘S’ in three respective
1-min trials. Responses to each letter were recorded and VF
scores were based on the total number of correct responses
produced by the participants across the three letter conditions.
Analyses were done using normed scores corrected for age and
education.

In the digit span memory task, increasingly longer strings of
numbers were read aloud to the participants. For the forward
digit span, subjects were instructed to repeat the numbers in the
same order in which these were read to them. For the backward
digit span, subjects were instructed to repeat the numbers in
an order reverse to what they were read. Total span measure

equaling the sum of the scores on the forward and backward
spans was calculated for all subjects (Wechsler, 1997).

Affective measures administered included the trait Behavioral
Inhibition/Behavioral Activation Scales (BIS/BAS; Carver and
White, 1994). The BAS has three subscales: the BAS-Drive
subscale measures persistent pursuit of goals (e.g., “When I want
something I usually go all-out to get it”); the BAS-Fun Seeking
subscale measures desire for new reward (e.g., “I m always willing
to try something new if I think it will be fun”); and the BAS-
Reward Responsiveness subscale relates to positive responses to
reward (e.g., “When I’m doing well at something, I love to keep
at it”). The BIS scale taps sensitivity to negative events (e.g., “I feel
pretty worried or upset when I think or know somebody is angry
at me”).

Mood at the time of the study was assessed using the Positive
Activation/Negative Activation Schedules ((PANAS; Watson,
1988; Watson et al., 1988a,b). In the state form of the PANAS,
participants rated how they “currently feel right now” to each
of twenty emotion terms grouped into positive affect ([PA], e.g.,
elated, happy) and negative affect ([NA], e.g., troubled, upset).

Personality factors were assessed with the 50-item
International Personality Item Pool (Goldberg, 1999a,b;
Socha et al., 2010). Five personality factors assessed were
extraversion, agreeableness, conscientiousness, openness, and
emotional stability. Items include different phrases describing
people’s behaviors (e.g., “I am interested in people” or “I feel little
concern for others”) and participants were instructed to indicate
the extent to which they agreed with each statement using a
five-point Likert scale where 1 = very inaccurate and 5 = very
accurate.

Depression was assessed with the 20-item Center for
Epidemiologic studies Depression (CES-D) scale (Devins et al.,
1988; Sheehan et al., 1995).

MRI Acquisition
Magnetic resonance scans were performed on 3 Tesla GE 750
scanners. T1-weighted axial anatomical scans were acquired
using FSPGR BRAVO sequence (TR = 8.132 ms, TE = 3.18 ms,
TI = 450 ms) over a 256 × 256 matrix and 156 slices (flip
angle= 12◦, FOV= 25.6 cm, slice thickness= 1 mm).

MRI Processing
T1-weighted MR images were used for cortical reconstruction
and volumetric segmentation and processed with the FreeSurfer
image analysis suite (Massachusetts General Hospital, Harvard
Medical School1) version freeSurfer-Linux-centos6_x86_64-
stable-pub-v5.3.0) on a Linux 3.5.0-54-Ubuntu x86_64 machine
with Intel(R) Xeon(R) CPU E5-2697 v2 @ 2.70GHz, 24 CPUs.
The technical details of FreeSurfer processing, in brief, include
motion correction and averaging, removal of non-brain tissue
(Segonne et al., 2004), automated Talairach transformation
(Talairach and Tournoux, 1988), segmentation of the subcortical
white matter and deep gray matter volumetric structures
(Fischl et al., 2004; e.g., caudate, putamen, thalamus), intensity
normalization, tessellation of the gray matter and white matter

1http://surfer.nmr.mgh.harvard.edu/
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boundary, automated topology correction (Fischl et al., 2001),
and surface deformation following intensity gradients to
effectively place the boundaries between brain tissue (CSF,
WM, and GM). FreeSurfer calculates thickness as the closest
distance from the gray matter–white matter boundary to the
gray matter–CSF boundary at each vertex on the tessellated
surface (Fischl and Dale, 2000). Before group analysis all
data were visually checked for data quality and registration
errors. One subject’s data was dropped because of poor scan
quality.

Statistical Analysis
All measures were examined for normality using the Shapiro–
Wilk test. Between-group differences in demographic, clinical,
affective, and cognitive variables were assessed by using the
Mann–Whitney U-test for (non-normal) continuous variables
and the Fisher exact test for categorical variables. For the variables
with a normal distribution we applied the multivariate ANOVA
to identify group differences.

We performed the following analyses:

(1) Behavioral differences: parametric (or non-parametric, if
relevant) analyses were performed to examine group
differences on behavioral measures of VF, memory span,
affect, and personality factors.

(2) Brain-based measures – Cortical level: a vertex-by-
vertex analysis was used to assess differences in cortical
thickness and cortical surface area between control
subjects and patients. These analyses were undertaken
using FreeSurfer’s statistical tool Qdec. Cortical thickness
and cortical surface area were modeled as a function of
group, controlling for age, sex, and whole-hemisphere
average cortical thickness, and cortical surface area,
respectively. Data were smoothed with a 15-mm full-
width half-maximum (FWHM) to improve inter-subject
variability. To correct for multiple comparisons, a Qdec
Monte Carlo simulation was implemented with cluster-
forming threshold set to p < 0.05.

(3) Brain and behavior – Cortical level: the association
between cortical thickness and surface area and
performance on the VF task was investigated using
Qdec. Age, sex, whole-hemisphere average cortical
thickness (or average cortical surface area) were included
in these analyses as covariates.

(4) Brain-based measures – Sub-cortical level: sub-cortical
volume measures were normalized to a z-score before
evaluating between-group differences using a general
linear model (MANCOVA) for each hemisphere with
age, sex, and intracranial volume as covariates and group
status (patient vs. control) as the independent factor.
For the purposes of correction for multiple comparisons,
p = 0.008 (= 0.05/6 regions in each hemisphere –
thalamus, caudate, putamen, pallidum, hippocampus, and
the amygdala) was considered significant.

(5) Brain and behavior – Sub-cortical level: correlation
analyses between sub-cortical volume measurements and
clinical, affective, and cognitive variables after controlling

for intracranial volume were performed. Correlation
results are reported at unadjusted p < 0.05 given the
limited sample size.

RESULTS

Demographic Characteristics and
Clinical Features
Details regarding demographic and clinical characteristics of
the study participants are provided in Table 1. There were no
significant group differences on age (p = 0.84), sex (p = 0.74),
education (p= 0.30), or handedness (p= 0.60).

Crohn’s Disease Characteristics
All patients were in clinical remission and taking at least
one CD maintenance medication (see Table 1). The majority
of patients had ileocolonic distribution of CD (55%), while
25% had isolated ileal involvement and 15% had isolated
colonic disease. Fifteen percent of patients had perianal
disease. Most patients had non-stricturing, non-penetrating CD
(55%).

TABLE 1 | Demographic and clinical characteristics of study participants.

Characteristic Healthy
Controls

Patients with CD p-value

No. of subjects (N) 20 20

No. of males (N) 14 12 0.74

Mean age (SD) 37.0 16.23) 35.8 (15.81) 0.84

Handedness
(right/total)

(17/19) (16/19) 0.60

Mean years of
education (SD)

16.7 (1.9) 16.02 (2.6) 0.30

Median disease
duration in years (SD)

N/A 11.4 (9.0)

Disease location (N) N/A L1 5
L2 3
L3 11
L4 3

Disease behavior (N) N/A B1 11
B2 6
B3 0
P 2

IBD medications N/A Antibiotics 0
5-ASA 7
Immunomodulator
6
Anti-TNFα 9
Anti-Integrin 1
Corticosteroids 0

Average pain score
(SD)
(VAS, 0-10)

N/A 0.79 (0.84)

Mean depression score
(SD)

10.15(6.23) 11.21(6.48) 0.61

5-ASA, 5 aminosalicylate; anti-TNFα, anti-tumor necrosis factor alpha agent; VAS,
visual analog scale.
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TABLE 2 | Group differences in affective and cognitive measures.

Variable Healthy controls
(N = 20)

Patients with
IBD (N = 19)

p-value

BAS reward
responsiveness

16.50 (2.33) 17.00 (1.59) 0.72

BAS fun seeking 12.60 (2.52) 15.36 (1.46) 0.00∗

BAS drive 11.10 (2.15) 27.36 (2.43) 0.00∗

BIS 21.15 (3.30) 25.58 (2.11) 0.00∗

Positive affect 32.70 (9.14) 27.21 (8.18) 0.11

Negative affect 12.80 (3.20) 13.63 (3.15) 0.34

Extraversion 29.55 (2.72) 30.16 (2.52) 0.39

Agreeableness 30.50 (2.58) 29.84 (3.55) 0.44

Conscientiousness 31.50 (3.00) 32.63 (4.09) 0.31

Emotional stability 25.65 (5.50) 27.84 (4.14) 0.13

Openness 33.35 (2.34) 31.68 (3.19) 0.09a

Digit span forward 11.75 (2.55) 12.36 (8.74) 0.17

Digit span backward 9.10 (2.88) 7.05 (1.84) 0.01∗

Digit span total 20.85 (4.99) 17.68 (3.32) 0.02∗

Verbal fluency raw 45.55 (10.82) 43.79 (12.22) 0.55

Verbal fluency normed 0.13 (0.98) −0.03 (1.04) 0.63

BIS, Behavioral Inhibition Scale; BAS, Behavioral Approach Scale; ∗p < 0.05;
a0.05 < p < 0.10.

Behavioral Measures
In the control group, the variables of depression, PANAS negative
affect, personality factor of Emotional Stability, and in the
patient group, depression and pain scores, and the digit span
forward score were non-normal (p < 0.05). Reported p-values are
therefore based on the non-parametric Mann–Whitney U-test for
continuous variables. Table 2 indicates the group differences on
these variables.

Brain Based Measures – Cortical Level
Cortical thickness analysis
Left hemisphere. Patients showed an increased average left
hemisphere cortical thickness (mean, 2.68 mm ± 0.17
[standard deviation]) compared with control subjects (mean,
2.66 mm ± 0.12, p < 0.01, corrected; Figure 1A; Supplementary
Table S1 summarize the results of vertex-by-vertex comparison of
cortical thickness between patients and healthy control subjects).
Compared with control subjects, patients showed increased
thickness in the left superior frontal region that survived
correction for multiple comparisons (Figure 1C). Other regions
showing increased thickness in patients compared to controls
included the lateral occipital, post-central, and the superior and
inferior temporal regions.

Right hemisphere. Although, several regions in the right
hemisphere showed group differences in cortical thickness,
none of these survived correction for multiple comparisons.
Compared with control subjects, patients showed increased
thickness in the right middle temporal, post-central, lateral
occipital, and inferior parietal regions. Compared with controls,
patients showed cortical thinning in several middle and superior
frontal, superior temporal, superior parietal, precuneus, and
pericalcarine regions (Figure 1B; Supplementary Table S1).

FIGURE 1 | Increase in cortical thickness (warm colors) in the left
hemisphere (A – medial and lateral surfaces) and right hemisphere (B –
lateral and medial surfaces) in patients compared to healthy controls.
All vertices with threshold between 0.01 < p < 0.0001, uncorrected, shown
for display purposes. (C) Inset shows the cluster in the left hemisphere
superior frontal region that survived correction for multiple comparisons,
p < 0.05. Blue–cyan represents cortical thinning; red represents cortical
thickening.

FIGURE 2 | Increase in cortical surface area (warm colors) in the left
hemisphere (A – medial and lateral surfaces) and right hemisphere
(B – lateral and medial surfaces) in patients compared to healthy
controls. All vertices with threshold between 0.01 < p < 0.0001,
uncorrected, shown for display purposes.

Cortical surface area analysis
Supplementary Table S2 provides detailed results of vertex-by-
vertex comparison of cortical surface area between CD patients
and healthy controls (see also Figure 2).

Left hemisphere. Average left cortical surface area showed
a trend toward significant decrease between patients
(mean, 2627.9 mm2

± 277.68) and controls (mean,
2779.4 mm2

± 269.65) (p = 0.09, uncorrected). Compared
with controls, patients had decreased surface area (although this
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FIGURE 3 | (A) Regional cortical surface areas showing significant group differences in the correlation between the left cortical surface area and normed verbal
fluency scores. Left precentral (p = 0.008) and middle temporal regions (p = 0.002) showed significant effects (corrected for multiple comparisons). Blue-cyan
represents negative association; red represents positive association. (B) Graphs showing correlation between cortical surface area (mm2) for the left middle temporal
region and verbal fluency performance for controls (left) and patients (right). Dotted lines represent 95% confidence interval (CI) for the mean. The left middle
temporal surface area was the most significant predictor of performance with standardized coefficient β = 0.90, p = 0.005; left precentral area only showed a trend
toward significance with β = −0.496, p = 0.09 and is therefore not shown here.

difference did not survive corrections for multiple testing) in
several regions including the left precuneus, pars opercularis,
fusiform, paracentral, superior temporal and caudal middle
frontal and insular regions. Compared with controls, patients
had increased surface area in several regions including the
temporal pole, superior frontal regions (although this difference
did not survive corrections for multiple testing).

Right hemisphere. Average right cortical surface area did not
differ between patients (mean, 1203.59 mm2

± 130.5) and
controls (mean, 1272.32 mm2

± 118.35) (p= 0.11, uncorrected).
Compared with control subjects, patients had decreased surface
area in several regions including the right caudal middle frontal,
superior temporal, insula, paracentral, and caudal anterior
cingulate regions. Compared with control subjects, patients had
increased surface area in several regions including the temporal
pole, superior frontal, precuneus, and precentral regions.

Brain-Behavior Correlations – Cortical Level
Cortical measures and verbal fluency task performance
There were no significant group differences in correlations
between cortical thickness and performance on the VF

task. FreeSurfer analyses with Qdec showed significant group
differences in the correlation between the left cortical surface
area and normed VF scores. Specifically clusters in the left
middle temporal regions (p = 0.002) and the precentral region
(p = 0.008) showed significant effects (corrected for multiple
comparisons; Figure 3A).

Hierarchical multiple regression (HMR) models were run in
SPSS for each group to further elucidate these results (Figure 3B).

Patients. In the first step of the HMR, three predictors of age,
sex, and left hemisphere mean surface area were entered. This
model was not statistically significant F(3,15) = 1.49, p = 0.26.
After the entry of the left middle temporal area and precentral
area as predictors at step 2, the model was statistically significant
F(5,13) = 4.64, p = 0.012, and total variance explained by
the model as a whole was 64%. The surface area for these
regions explained an additional 42% of the variance (R square
change = 0.42, p < 0.007). The left middle temporal surface
area was the most significant predictor of performance with
standardized coefficient β = −1.22, p = 0.005 (Figure 3B, right
panel); left precentral area was not a significant predictor with
β= 0.44, p= 0.27.
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Controls. A similar regression model as above was tested. The
regression model with age, sex, and left hemisphere mean surface
area as covariates and regional surface area in the left middle
temporal and precentral regions was significant [F(5,14)= 4.597,
p < 0.011]. The left middle temporal and precentral surface
areas explained an additional 45% of the variance (R square
change = 0.447, p < 0.004). The left middle temporal surface
area was the most significant predictor of performance with
standardized coefficient β = 0.90, p = 0.005 (Figure 3B, left
panel); only the left precentral area showed a trend toward
significance with β=−0.496, p= 0.09.

Cortical measures and other behavioral performance and
clinical measures
Measures of regional cortical thickness or surface area as
predictors failed to show any significant association with
the other behavioral measures, or disease duration, or
pain.

Brain-Based Measures – Sub-cortical Volumes
We investigated between-group analysis in sub-cortical volumes
with a general linear model (MANCOVA) for each hemisphere
with age and sex as covariates, group status (patient vs.
control) as the independent factor, and sub-cortical volumes
in each hemisphere (thalamus, caudate, putamen, pallidum,
hippocampus, and amygdala) as the dependent variables. Overall
F-test indicated significant group differences between patients
and controls in the left hemisphere sub-cortical volumes
[F(6,29) = 3.37, p = 0.012, η2

p = 0.41]. In specific sub-cortical
volumes, there were trends toward significance, in the left
caudate, p = 0.09, left putamen, p = 0.03, and the left pallidum,
p = 0.01, uncorrected. Patients showed reduced sub-cortical
volumes compared to controls. Overall F-test also indicated
significant group differences between patients and controls in the
right hemisphere sub-cortical volumes [F(6,29)= 3.16, p= 0.01,
η2

p = 0.39], with trends toward significant differences in the
right putamen, p = 0.01, and the right pallidum, p = 0.03,
uncorrected (see Table 3 for sub-cortical volumes measures in the
two groups).

TABLE 3 | Sub-cortical volume measures in patients and controls.

Region Patients (N = 19) Controls (N = 20)

Left thalamus 7891.96 (1024.47) 8294.87 (1112.14)

Left caudate 3938.5 (603.16) 3926.37 (571.65)
+Left putamen 5560.68 (737.04) 6248.6 (1076.26)
∗Left pallidum 1478.23 (247.89) 1745.75 (325.96)

Left hippocampus 4198.8 (427.03) 4284.19 (465.35)

Left amygdala 1578.98 (189.40) 1694.30 (232.19)

Right thalamus 7225.18 (875.95) 7334.22 (781.66)

Right caudate 4055.41 (577.13) 4077.22 (627.44)
∗Right putamen 5407.43 (584.22) 6023.01 (1021.15)
∗Right pallidum 1559.17 (222.40) 1745.41 (231.49)

Right hippocampus 4319.53 (389.26) 4408.915 (500.70)

Right amygdala 1784.59 (146.52) 1837.46 (209.99)

∗p < 0.05; +0.05 < p < 0.10.

Brain-Behavior Correlations – Sub-cortical Level
Sub-cortical volumes and verbal fluency and other
behavioral measures
Although, both patient (Supplementary Table S3A) and
control (Supplementary Table S3B) groups showed significant
correlations, there were fewer correlations in patients. Brain
volumes that correlate with certain behavioral measures in
patients do not correlate or show the opposite correlation with
these measures in healthy controls and vice versa.

DISCUSSION

There is evidence that patients with IBS as well as other
chronic pain syndromes such as fibromyalgia, chronic low
back pain, and headache/migraine (May, 2008; Blankstein
et al., 2010; Seminowicz et al., 2010; Schwedt et al., 2015)
have structural brain abnormalities including regional cortical
thickening and thinning and gray matter density changes
compared to healthy individuals. Similarly, patients with chronic
inflammatory conditions such as chronic pancreatitis and
rheumatoid arthritis demonstrate structural changes including
reduced cortical thickness in the brain areas involved with pain
processing and altered subcortical gray matter content in the
basal ganglia, respectively (Frokjaer et al., 2012; Wartolowska
et al., 2012). It has been suggested that the loss of brain gray
matter in patients suffering from chronic pain may represent
the neuroanatomical substrate for pain memory and that given
the overlap in the brain changes seen among the various patient
populations, chronic pain patients may have a common “brain
signature” in areas known to be involved in pain regulation (May,
2008).

In the present study we characterized the structural differences
in a group of patients with CD in clinical remission compared
to healthy controls. Studies from Graff et al. (2006) have shown
that CD patients in remission report a compromised quality
of life compared to the general population while pain anxiety
and pain-specific catastrophizing are not associated with disease
activity. Better understanding of brain morphometry in these
patients may explain these perplexing findings. We hypothesized
that patients with CD would show significant morphometric
changes possibly due to alterations in the brain network involved
in detecting and orienting attention to salient sensory events.
Our study provides evidence that compared to age and gender-
matched healthy controls, patients with CD show morphometric
brain differences involving regional cortical thickening and
differences in sub-cortical volumes.

Patients Show Significant Differences in
Structural Brain Measures Compared to
Age and Gender-Matched Controls
We found that patients with CD had cortical thickening in
the left superior frontal region compared to controls. This
is consistent with the area recently reported by Liu et al.
(2016) to show significantly increased thickness in women with
primary dysmenorrhea. Notably, the superior medial frontal
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region (Brodmann Area 10) identified in this study is a key area
implicated in the control and monitoring of action, specifically
in monitoring the reward value of ongoing cognitive processes
(Pochon et al., 2002). It is also engaged in affective processing and
in the monitoring of outcomes associated with punishment or
reward (Amodio and Frith, 2006), in working memory processes
and executive functions (Christoff and Gabrieli, 2000), as well as
in the putative pain matrix. This result suggests that IBD patients,
although currently in remission, may suffer from the long term
effects of chronic discomfort and pain which may lead to brain
changes not only in the pain network but also in the cognitive
and affective networks that modulate pain. Cortical thickening is
influenced by factors such as the extent of myelination, alterations
in cell size, dendritic spines or synaptic density (Sowell et al.,
2003) as well as changes in interactions within neuronal circuits
that are predominantly inhibitory or excitatory (Cesa et al., 2007).
There is evidence that these changes are occurring continuously
through maturation and aging (Terry et al., 1987; Benes et al.,
1994; Huttenlocher and Dabholkar, 1997), as well as with injury
(Ito et al., 2006) or drug treatments (Li et al., 2007). It is likely that
changes in cortical thickness in patients compared to controls
may be the result of a confluence of factors such as the prolonged
exposure to pain that may drive changes in the excitatory (e.g.,
NMDA-ergic) or inhibitory (e.g., GABA-ergic) systems as well as
responses to various medications.

Cortical thickening in the left superior frontal region parallels
the group differences seen in measures of behavioral inhibition
(suggesting greater sensitivity to external stimuli), behavioral
activation sub-scales (more fun-seeking, more persistence in
seeking goals) as well as the observed differences on the memory
span tasks between CD patients and controls.

Although changes in cortical thickness were noted in several
other regions including post-central, para-central, orbital and
middle frontal, and cingulate regions, these did not survive
correction for multiple comparisons. We postulate that our small
sample size and the wide variability in the disease location,
behavior, and duration among our CD patients in this study may
have impeded our ability to detect changes in more regions at the
group level.

In contrast to the often reported cortical changes in the insular
and cingulate regions (key areas in pain processing) in other
conditions associated with chronic pain (e.g., IBS, migraine;
Davis et al., 2008; Schwedt et al., 2015) we did not find changes in
these regions in our CD cohort that survived testing for multiple
comparisons. These findings of regional structural changes may
be due to the higher pain levels reported by patients in those
studies, compared to patients in our study wherein the average
pain reported in the week before participation ranged from 0 to 2
suggesting very mild to no pain.

We found differences in cortical surface area between CD
patients and controls; however, these did not survive correction
for multiple comparisons. Regions that showed differences in
surface area included, the left and right superior and middle
frontal regions, bilateral temporal poles, as well as the right
insular region. In addition to the well-established roles for the
superior and middle frontal regions in cognitive control and
responding to behaviorally salient events, the other regions noted

in this analysis such as the bilateral temporal pole and insular
regions have been implicated in socioemotional processing (i.e.,
coordinating awareness of body feelings, contextual social cues,
emotionally salient stimuli, etc.). The temporal poles are also
known to provide information regarding stimulus context or
salience to the insula (Olson et al., 2007; Craig, 2009). This
suggests that pain driven morphological changes in these regions
could influence the manner in which CD patients process their
external environment.

With respect to sub-cortical volume measures (Table 3),
CD patients overall showed reduced volumes compared to
controls with the exception of the left caudate, where controls
showed slightly reduced volume compared to patients. Several
morphometric studies have reported decreases in gray matter
volumes in patients with chronic pain disorders such as migraine,
fibromyalgia (Kuchinad et al., 2007), chronic tension headache
(Schmidt-Wilcke et al., 2005), chronic low back pain (Mao and
Yang, 2015), and IBS (Davis et al., 2008). Similar to our findings
Davis et al reported a reduction in thalamic volume in IBS
patients compared to controls. Reduced volumes may be due
to cell atrophy, neural or glial cell apoptosis, or synaptic loss
and may also be influenced by factors such as disease duration
and pain severity (May, 2008). We also posit that medications
or other disease-related treatments may have affected the gray
matter volume changes we observed in our CD cohort.

In the Patient Group, Cortical and
Sub-cortical Measures Correlate with
Behavioral Measures
Cortical Measures and Behavioral Correlations
With regards to our brain-behavioral correlations, we found
significant associations between the left middle temporal cortical
surface area and performance on the VF task in both patients
and controls, albeit in different directions. Given the behavioral
equivalence in performance on the VF task outside the scanner
between the two groups but brain based differences in cortical
surface area, our findings suggest that brain based biomarkers
may be more sensitive (than behavior) to the effects of
dysregulation of the brain-gut axis and subsequent alterations
in behavior in the long run. It is also likely that patients
may engage in compensatory mechanisms to produce the same
behavioral output as matched controls, a trend that has been
noted with increasing age and is best investigated through
functional imaging studies (Rypma and D’Esposito, 2000; Goh
and Park, 2009). Results of a pilot fMRI study from our group
(Beniwal-Patel et al., 2016) suggests that patients may engage in
compensatory mechanisms to maintain behavioral performance
(for e.g., in healthy control subjects the left hemisphere is mainly
involved in processing language but in patients, corresponding
areas in the right hemisphere may also be involved).

Subcortical Measures and Behavioral Correlations
We also found that both pain and disease duration negatively
correlated with subcortical volume measures. This suggests that
greater pain and longer duration of disease correlate with
smaller volumes of the left putamen and amygdala and the
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right caudate and hippocampus. Both structural and functional
brain imaging studies in pain processing indicate decreased gray
matter and reduced functional activation in the hippocampus
and amygdala in response to painful stimuli, and in the basal
ganglia (which is comprised of both the caudate and putamen) in
response to withdrawal from pain (Bingel et al., 2002; Rodriguez-
Raecke et al., 2009) However, we should note that these brain-
behavior correlations are reported at liberal statistical threshold
uncorrected for multiple comparisons and should therefore be
considered as an exploratory analysis. We did not observe any
significant correlations between subcortical volumes and other
affective and personality measures on which patients differed
significantly from controls (i.e., the BAS fun seeking, drive, BIS,
and the memory span measures).

Limitations
Our study was limited by small sample size. However, given that
our CD patients were closely matched to healthy control subjects
in age, gender, handedness, and education, we believe that
the findings reported here with respect to brain morphological
changes merit further investigation with larger sample sizes to
more clearly elucidate some of the findings that failed to reach
statistical significance after correcting for multiple comparisons.
Another limitation in our study was the failure to control for
any differences in IQ which is known to impact surface based
morphometric analysis. We did collect information regarding
the number of years of education and found no significant
group differences on education. Several studies have reported a
correlation of∼0.5 between IQ and education when measured at
the same time (Johnson et al., 2005; Batty et al., 2007; Deary and
Johnson, 2010). Given that these two variables show moderate
to high correlations and that there were no significant group
differences on education we expect our results to hold even if IQ
were used as a covariate. Future studies examining CD patients
based on medication use, disease phenotype, duration of disease
and cognitive ability as measured by IQ are needed as these
factors may be implicated in the brain changes observed in our
group of patients.

CONCLUSION

We found differences in structural brain measures between
patients with CD and healthy, age-matched controls. Specifically,
patients with CD demonstrated cortical thickening in the left
superior frontal cortex and decreased sub-cortical volumes with
few exceptions. Additionally, we found correlation or trends for

correlations between brain measures and behavioral responses
suggesting that structural brain changes associated with CD may
lead to alterations in the way that CD patients process and
respond to emotional and painful stimuli. Future neuroimaging
studies evaluating the impact of factors such as disease duration,
severity, and treatment on these structural abnormalities are
needed to better understand the brain-gut relationship in CD.
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