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SDepartment of Digestive Diseases and Gastroenterology, David Geffen School of Medicine,
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Abstract

Irritable bowel syndrome (IBS) is a common gastrointestinal disorder characterized by recurring
abdominal pain associated with alterations in bowel habits. We hypothesized patients with chronic
visceral pain associated with IBS may have microstructural differences in the brain compared with
healthy control subjects (HCs), indicative of long-term neural reorganization of chronic pain
pathways and regions associated with sensory integration. In the current study we performed
population-based voxel-wise DTI comparisons and probabilistic tractography in a large sample of
phenotyped patients with IBS (n=33) and HCs (n=93). Patients had lower fractional anisotropy
(FA) in thalamic regions, the basal ganglia and sensory/motor association/integration regions as
well as higher FA in frontal lobe regions and the corpus callosum. In addition, patients had
reduced mean diffusivity (MD), within the globus pallidus, and higher MD in the thalamus,
internal capsule, and coronal radiata projecting to sensory/motor regions, suggestive of differential
changes in axon/dendritic density in these regions. Sex differences in FA and MD were also
observed in the patients but not in HCs. Probabilistic tractography confirmed a higher degree of
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connectivity in patients between the thalamus and pre-frontal cortex, as well as the medial dorsal
thalamic nuclei and anterior cingulate cortex, and a lower degree of connectivity between the
globus pallidus and thalamus. Together, these results support the hypothesis that patients with
chronically recurring visceral pain from IBS have long-term microstructural changes within the
brain, particular in regions associated with integration of sensory information and cortico thalamic
modulation.

Introduction

Irritable bowel syndrome (IBS) is a common gastrointestinal disorder defined by symptoms
of chronically recurring abdominal pain associated with alterations in bowel habits.
Although the pathophysiology remains poorly understood, there is general consensus that it
reflects alterations in brain-gut interactions [51]. Many of the alterations reported in IBS
patients and pre-clinical models are consistent with altered CNS processing and modulation
of visceral information including central pain amplification [50], altered autonomic output
[68] and alterations in cognitive and affective functioning [5; 47; 44]. However, ongoing
sensitization of primary visceral afferents generating persistently altered input into the
central neuroaxis may also play a role in the observed CNS changes [51]. Based on these
observations, and analogous to reports in other persistent pain syndromes [7; 36; 28; 53], we
hypothesized that behavioral alterations observed in IBS patients may be associated with
long-term microstructural reorganization in the brain. This hypothesis is also supported by
reports demonstrating regional alterations in gray [17; 63] and white matter [23] in smaller
samples of IBS patients.

Evidence for functional and structural brain changes in regions of the homeostatic afferent
network, including thalamus, anterior cingulate cortex and insula subregions have been
reported in IBS [67] and other persistent pain disorders [7]. Similar to the anterior insula, the
basal ganglia (BG) play a prominent role in integration of multiple sensory and non-sensory
information [26; 56]. Numerous studies have implicated the BG in the modulation and
interpretation of both acute and chronic pain [8; 15; 25; 24; 19], while multiple persistent
pain disorders, including IBS have shown altered functional responses in the BG in response
to experimental stimuli [40; 10; 65; 67]. Since multisensory integration is known to occur
within the BG [26; 56], it is conceivable that the microstructure of the BG may be altered in
chronic pain. Based on these observations, we hypothesized that IBS patients may show
microstructural alterations within regions of the homeostatic afferent network and the BG.

Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) technique that can
elicit subvoxel, microstructural information within tissues by measuring both the
directionality and magnitude of water self-diffusion [9]. The average apparent diffusion
coefficient (ADC, or mean diffusivity MD), a measure of mean water mobility, as well as
the fractional anisotropy (FA), a scalar measure of relative diffusion anisotropy, have been
used as surrogate measures for microstructural integrity within the human brain. Recent DTI
investigations involving a small number of patients have shown preliminary evidence for
microstructural changes within sensory processing regions in patients with chronic
pancreatitis [37], chronic back pain [20; 7], chronic pelvic pain [36], and chronic pain
associated with IBS[23]. In the current study we aimed to determine if IBS patients show
microstructural changes within the brain, by comparing voxel-wise DTI measurements
within white matter tracts and deep gray matter structures in a large sample of phenotyped
IBS patients and HCs. Additionally, we tested whether there were significant differences in
the number of fiber tract connections between areas of the brain involved in pain processing
between IBS and HCs using probabilistic DTT tractography.

Pain. Author manuscript; available in PMC 2014 September 01.
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A total of n= 126 volunteers were included, all enrolled in studies at the Center for
Neurobiology of Stress between 2007 and 2011. The sample included 93 HCs and 33 age
and sex matched subjects who met symptom criteria for IBS.[33] Mean age for the HCs was
30.4 £ 10.4 years old and 33.2 + 10.8 years old for IBS patients (¢-fest, P = 0.191). Body
mass index (BMI) was similar between healthy control volunteers and IBS patients (BMI, ¢-
test, P = 0.122). Other patient characteristics, including abdominal pain severity and
duration are shown in Table 1. All procedures complied with the principles of the
Declaration of Helsinki and were approved by the Institutional Review Board at our
institution.

Diffusion Tensor Imaging (DTI)

Diffusion-weighted MR images (DWIs) were collected according to one of three acquisition
schemes (Table 2). In the first acquisition scheme, DWIs were collected in 64 equidistant
diffusion sensitizing directions with = 1,000 s/mm?, along with a single 5 = 0 s/mm?
image, with echo time (TE)/repetition time (TR) = 96ms/7400ms; matrix size = 96x96;
field-of-view (FOV)=288mm; and a slice thickness = 3mm with no interslice gap. In the
second acquisition scheme, DWIs were again collected in 64 equidistant diffusion
sensitizing directions with &= 1,000 s/mm? along with a single 5= 0 s/mm? image using
similar scan parameters to protocol #1, but on a different 3T MR system. TE, TR, FOV,
directional information and slice thickness parameters were similar between these two
acquisition schemes. The third acquisition scheme consisted of DWIs collected in a total of
61 equidistant diffusion sensitizing directions with 5= 1,000 s/mm? and a total of 8 5= 0 s/
mm? images interleaved within the 64 DWIs. TE was slightly shorter and TR was slightly
longer in this protocol compared to the first two acquisition schemes, which allowed for
slightly higher image resolution (128x128 matrix size and 2mm slice thickness). Acquisition
scheme was used as a covariate in DTI analysis in order to determine the potential effects on
group comparisons.

After acquisition of DWIs, eddy-current and motion correction was performed using a 12-
degree of freedom affine transformation using FSL (FMRIB; Oxford, UK; http://
www.fmrib.ox.ac.uk/fsl/). The resulting registration matrices for each diffusion weighted
image volume were used to update the b-matrices prior to calculation of the diffusion tensor.
Data were then imported into the Analysis of Functional Neurolmages software package
(AFNT; available at http:/afni.nimh.nih.gov) and the 3x3 2" order diffusion tensor was
constructed. The eigenvalues and eigenvectors were extracted from the diffusion tensor and
the mean diffusivity MD and FA were calculated [59].

Statistical Parameter Mapping

FA images for each patient were registered to the John’s Hopkins University DTI atlas
(ICBM-DTI-81 1mm FA atlas) using a 12-degree of freedom linear affine transformation
using FSL. After linear registration, elastic (nonlinear) registration was performed between
individual FA maps and the ICBM-DTI-81 FA atlas using the FN/RT command in FSL. The
transformation matrices (linear then nonlinear) were then used to align the other scalar
metrics (ADC and eigenvalues) to the same atlas space.

Once each patient’s FA and MD maps were aligned to atlas space using both linear and
nonlinear registration, white matter regions were segmented using an FA threshold of 0.3.
Deep gray matter regions, including the thalamus and basal ganglia, were also included in
the analysis. Statistical parameter maps (SPMs) were created by performing a voxel-wise ~

Pain. Author manuscript; available in PMC 2014 September 01.
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test with covariates to test for regional differences between control and IBS patients for both
FA and MD using AFNI. Specifically, a ~#test was performed to compare control and IBS
DTI measurements while accounting for age, sex, BMI, anxiety score, subjective symptom
scores, and DTT acquisition protocol. The final SPMs consisted of voxels demonstrating
statistical significance between groups or within covariates (t-test, P < 0.05), a false
discovery rate (FDR), g < 0.05[39], and a minimum cluster size of 250 pL. The use of a
250 pL minimum cluster size was chosen based on the cluster-based permutation correction
technique outlined by Bullmore ef al. [21] and corresponds to the minimum cluster size for
less than a 5% chance of obtaining a cluster larger than this by chance. Briefly, data from all
subjects were randomly assigned to two groups with equal numbers to the number of
patients in the original groups (HCs and IBS). Statistical parameter mapping was performed
for FA maps between these two randomly assigned groups using a voxel-wise t-test (without
covariates). The volume of all statistically significant clusters (P < 0.05 and FDR <0.05)
was then documented. After 500 permutations using a similar technique of randomly
assigning patients to two groups, the distribution of significant cluster sizes were examined.
The minimum cluster size of 250 pL was then chosen based on the minimum cluster size for
less than a 5% chance of obtaining a cluster larger than this by chance. This methodology is
similar to other SPM techniques used to determine group differences in other MR
measurements [39; 34; 35]. The image-processing pipeline is shown graphically in Figure 1.

Probabilistic Tractography

Probabilistic DTI tractography was performed using the FMRIB Diffusion Toolbox (FDT &
Probtrackx; FMRIB; Oxford, UK; http://www.fmrib.ox.ac.uk/fsl/fdt/). After DTI data for
each patient was eddy current corrected, Markov Chain Monte Carlo sampling was used to
build the diffusion orientation distribution functions (ODFs) for each voxel [11] using
Bedpostx (BEDPOSTX; FMRIB; Oxford, UK; http://www.fmrib.ox.ac.uk/fsl/fdt/),
modeling a total of 2 fibers per voxel and a total of 1000 iterations. After the distributions
for each diffusion parameter were generated for each patient was created, seed and target
ROIs were placed on specific anatomical landmarks in the MNI atlas to quantify the
connectivity between these structures. A total of 5000 individual pathways were generated
from the seed points using a step length of 0.5mm and a maximum of 2000 steps. A cosine
curvature threshold of 0.2 (approximately 80 degrees) was used to limit how sharply
pathways can deflect during tract generation. The log-transformed total number of fiber
tracts passing from any point in the seed ROI through any region of the target ROI were
retained and compared between IBS and HCs using the Mann-Whitney statistical test. Log-
transformation was performed to improve both visualization and quantification of tract
density data due to the wide variability in the number of tracts observed between IBS and
HCs. The connectivity between the following structures were investigated based on regions
thought to be involved in the chronic pain pathways [19; 54]: 1) fiber tracts passing between
the thalamus and the pre-frontal cortex through the anterior cingulate cortex (ACC); 2) fiber
tracts passing between the thalamus and pre-frontal cortex not passing through the ACC; 3)
fiber tracts passing between the medial dorsal nucleus (MDN) of the thalamus and the ACC;
4) fibers passing between the ACC and the pre-frontal cortex; 5) fiber tracts passing between
the ventral posterior nucleus (VPN) of the thalamus and the insula; 6) fiber tracts passing
between the thalamus to the primary sensory cortex; 7) fibers passing between the ACC and
the insula; and 8) fibers passing between the globus pallidus (GP) and the thalamus. (It is
important to note the term “fiber tract” is used in the context of the”’pseudo-axonal tracts”
derived from DTI tractography and shouldn’t be confused with anatomical “white matter
tracts”, as the relationship between DTI-derived and anatomical fiber tracts has not been
fully established to date). Thalamic nuclei were identified from the regions of interest
described in Behrens ef a/[12].

Pain. Author manuscript; available in PMC 2014 September 01.
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DTI Correlations of IBS Symptom Severity

Results

Each IBS patient was phenotyped according to a range of parameters, including body mass
index (BMI), STAI trait anxiety, and Bowel Symptom Questionnaire (BSQ) symptom
severity. BSQ symptom severity was semi-quantitatively measured using a questionnaire
that included an evaluation of each IBS patient’s “overall symptom severity within the past
week”, ranging from 0O to 20. Average DTI measurements for MNI atlas-defined ROIs were
calculated for each IBS patient and correlated with symptom severity scores. ROIs included
regions in the thalamus, basal ganglia, globus pallidus, putamen, sensory and motor white
matter tracts, among others. Additionally, we explored the correlation between fiber tract
density from probabilistic tractography and symptom severity. Correlations between DTI
parameters and IBS symptom severity were also compared within male and female groups.
Pearson’s correlation coefficient was used to test whether symptom severity scores were
linearly correlated with DTT measurements.

High quality DTI data were obtained from all 126 subjects enrolled in the current study.
SPMs showed no statistical difference in FA or MD between DTI acquisition protocols
when they were used as a covariate (Table 2), suggesting these data may be combined and
used for comparisons between HCs and IBS cohorts. Covariate analyses revealed no
spatially-specific differences in FA or MD when comparing IBS and HCs with respect to
age, sex, BMI, or anxiety score.

Fractional Anisotropy (FA) Differences between IBS and Healthy Controls

IBS patients have a substantially lower FA within the globus pallidus and putamen
compared with HCs (Figure 2). Patients also had a lower FA within the thalamus (Figure
3A), primary and secondary somatosensory and motor regions (Figure 3B), as well as the
posterior cingulate white matter bundle (Figure 3C). As illustrated in Table 3, the globus
pallidus, medial thalamus, putamen, and substantia nigra were all significantly higher in
HCs compared with IBS patients. When segmenting the thalamus into subsections based on
the partitions proposed by Behrens et al. [12; 13], results suggested a significantly lower FA
in patients compared with HC in thalamic regions which project to pre-frontal regions
(Figure 4). IBS patients had Aigher FA values compared to HCs in pre-frontal white matter
regions (Figure 3D) and specific regions within the corpus callosum (Figure 3E).

MD Differences between IBS and Healthy Controls

In addition to a lower FA within the globus pallidum, IBS patients also had statistically
lower MD within the same region compared to HCs (Figure 5). Patients demonstrated a
substantially higher MD compared with HCs within a large volume of tissue extending from
the internal capsule and thalamus through the corona radiata aligned near sensory and motor
projections (Figure 6). Segmentation of the thalamus using the partitions proposed by
Behrens et al. [12; 13] indicated an elevated MD in IBS within thalamic regions associated
with sensory, pre-frontal, and posterior parietal regions (Figure 7).

Sex Differences in FA and MD within IBS Patients

No spatially-specific correlation between FA or MD and sex was found within HCs;
however, the data suggested differences in both FA and MD existed between males and
females within the patient group. Specifically, female IBS patients had a statistically lower
FA within the globus pallidum, regions of the thalamus, and primary sensory and motor
regions compared to male IBS subjects (Figure 8 A). Additionally, female patients had
statistically Aigher MD within the coronal radiata, thalamic regions, and cingulate white
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matter bundle compared with male subjects (Figure 8B); however, female subjects also had
significantly Jower MD within the globus pallidum. (Figure 8B).

Probabilistic Tractography in Chronic Pain Pathways

Probabilistic tractography was performed between various structures involved in the chronic
pain pathway to explore differences in relative structural connectivity between IBS and HCs.
Connections passing between the MDN of the thalamus and pre-frontal cortex showed a
significantly higher number of connections in IBS patients compared with HCs (Figure 9A
and 9B; Mann-Whitney, P = 0.0005), consistent with greater structural connectivity between
these regions. This apparent increase was not due to direct connections between the
thalamus and pre-frontal cortex, which were not significant different between the two
populations (Mann-Whitney, P = 0.9717), but rather were likely due to connections passing
through the ACC to the pre-frontal cortex, as the number of connections passing between the
MDN and ACC were also significantly higher in IBS patients compared to HCs (Figure 9C;
Mann-Whitney, P = 0.0002). Additionally, IBS patients showed a reduced connectivity
between regions of the globus pallidus and the thalamus compared with HCs (Figure 9D;
Mann-Whitney, P = 0.0189). No difference in the number of connections between IBS and
ICs were detected for the ACC and pre-frontal cortex (Mann-Whitney, P = 0.4455), ACC
and insula (Mann- Whitney, P = 0.6635), thalamus and primary sensory cortex (Mann-
Whitney, P = 0.0979), or the thalamus and insula (Mann- Whitney, P = 0.2863).

DTI Correlations of IBS Symptom Severity

Results suggest BSQ-defined overall symptom severity scores were weakly correlated with
average FA within the GP, average MD within the primary sensory cortex, log-transformed
number of fiber tracts between the thalamus and primary sensory cortex, and log-
transformed number of tracts between the thalamus and insula. Specifically, average FA
within the GP was negatively correlated with overall symptom severity (Pearson’s
correlation coefficient, R° = 0.1475, P = 0. 0397), suggesting a decrease in directional
coherence of structures within the GP for increasing in symptom severity. Average MD in
the white matter regions adjacent to the primary sensory cortex were positively correlated
with symptom severity (RZ = 0.2010, P = 0.0190), indicating that microstructural density of
white matter regions near the sensory cortex may decrease with increasing severity of
perceived chronic pain. When exploring the relationships between the number of fiber tracts
estimated from probabilistic tractography and IBS symptom severity, results suggested the
log-transformed number of fiber tracts connecting the thalamus and primary sensory cortex
(R? =0.2979, P = 0.0191) and the log-transformed number of fiber tracts connecting the
thalamus and insula (R? = 0.1755, P = 0.0466) were both negatively correlated with overall
symptom severity. These results support the hypothesis that perceived IBS symptom
severity may be related to decreased connectivity between the thalamus and both primary
sensory cortex as well as insular regions. No other DTI indices illustrated statistically
significant linear correlations with IBS symptom severity.

The correlation between DTI parameters and IBS symptom severity was also examined with
respect to patient sex. Results suggested a negative correlation between IBS symptom
severity and average FA within the BG (R? =0.4793, P = 0.0182), ACC (R’ = 0.4199, P =
0.0311), and white matter regions near the insula (R? = 0.4086, P = 0.0342) within male
patients; however, no statistically significant correlations were found between mean FA
measurements and IBS symptoms within female patients. Female patients, on the other
hand, exhibited a positive correlation between IBS overall symptom severity and mean MD
within the BG (R? = 0.2902, P = 0.0257), putamen (R = 0.3559, P = 0.0115), and white
matter regions adjacent to the primary somatosensory cortex (RZ = 0.2585, P = 0.0372).
Male patients exhibited similar trends with mean MD (BG, R? =0.3628, P=0.0861 and
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putamen, R?2=0.3852, P= 0.074); however, male patients also demonstrated a statistically
significant positive correlation between mean MD within white matter regions adjacent to
the insula (R? = 0.4860, P = 0.0369). Both males and females demonstrated a strong
negative correlation between the log-transformed number of DTI-derived fiber tracts
connecting the thalamus and primary somatosensory cortex (Males, RZ = 0.6933, P =
0.0397: Females, R = 0.6042, P = 0.001 7). In males, we also observed a negative
correlation between IBS symptom severity and the log-transformed number of connections
between the thalamus and prefrontal cortex (with or without passing through the ACC; R? =
0.6610, P = 0.0492) and between the ACC and insula (R = 0.7232, P = 0.0319).

Discussion

Consistent with the neurobiological differences noted in studies of brain function, [69; 46;
29; 60; 17; 67], and cortical gray matter in IBS [64] we now describe marked alterations in
white matter and subcortical gray matter structure in a sample of male and female IBS
patients. Evidence of significant microstructural changes were identified in deep gray matter
structures associated with pain processing/modulation, including the BG and thalamic
regions, as well as changes within white matter structures within the frontal lobe and the
corona radiata adjacent to the primary and secondary sensory regions.

Altered fractional anisotropy of cortico-thalamic-basal ganglia circuits

The most prominent microstructural findings differentiating IBS from HCs were observed in
the BG and thalamus (Figures 2, 4, 5, and 7). While often not the primary focus in task
related functional imaging studies in IBS, the BG are an integral part of pain processing and
have been shown to have functional alterations during experimental pain in IBS [65; 67]. As
a multisensory integration site, the BG have connections to the thalamus and multiple
cortical sites, forming cortico-BG-thalamic-cortical loops that may serve to modulate pain
related behavior and learning [41; 32; 19]. Abnormal function of these circuits may thus be
involved in the complex interactions between pain, emotion and behavior seen in IBS and
other, often overlapping pain syndromes, such as fibromyalgia, vulvodynia, and interstitial
cystitis/painful bladder syndrome [49; 3]. We report here that IBS subjects show lower FA
and higher MD in the putamen, thalamus, and thalamic radiations to sensory motor regions
bilaterally, consistent with reduced axon or dendritic density and directional coherence
(Figure 12) in the cortico-BG-thalamic-cortical loops associated with pain. The putamen is
involved in somatotopic modulation of pain [16; 66], through the dopaminergic system [42],
and has been shown by DTI tractography to be physically connected to the other regions
involved in modulation of pain [66]. The putamen has shown decreased gray matter volume
in chronic pelvic pain [4] and IBS [43]. The thalamic region that showed decreased FA in
IBS is associated with projections to the anterior cingulate and prefrontal cortices, however,
in contrast to the thalamus, the FA in the prefrontal cortex is higher in IBS, as are the
number of tracts connecting the thalamus to the prefrontal cortex. This imbalance in cortico-
BG-thalamic-cortical interactions may bias the response to incoming viscerosensory signals
in IBS. It is conceivable these changes, which appear within regions of well described pain
circuits, may be due to long-term activation of prefrontal regions in expectation of
abdominal pain/discomfort or due to modulation of chronic sensory input resulting in an
increase in the coherence of frontal axon fiber orientation. Another possibility would be the
longstanding presence of increased viscerosensory input from the periphery (e.g. due to
sensitization of visceral afferent pathways), however in that setting one might expect less
prominent differences in the frontal cortex and would postulate greater differences in the
corticospinal tracts.

Fractional anisotropy measures the movement of water molecules along an elipsoid tensor,
thus evaluates for the presence of organized, constrained pathways in a brain region. This is
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often interpreted to be a measure of white matter tract integrity, myelinization, or fiber tract
size and coherence. Mean diffusivity estimates the overall (multidirectional) diffusion within
aregion, where high diffusivity implies less structural density. Although a decrease in FA
typically coincides with an 7ncrease in MD in many pathologic conditions, in the globus
pallidus region we observed a significant reduction in both FA and MD in IBS patients
compared to HCs. This combination of DTI features may imply a greater density of neural
fibers or dendritic arborizations resulting in a decreased MD [62] and a decrease in the
coherence of axon or dendritic fiber orientations resulting in a decreased FA (see Figure 12).
Prior evidence implicates the globus pallidus in the modulation and behavioral responses to
pain. Specifically, the globus pallidus has been shown to be involved in modulation of pain
via the endogenous opioid system [31; 18; 61], and bilateral stimulation of this region has
shown to decrease chronic pain in patients with dystonia [30; 45; 27]. Thus, the DTI changes
observed in the current study appear consistent with repeated activation of the GP associated
with the recurrent experience of abdominal pain resulting in an increase in the number of
dendritic arborizations without a corresponding increase in the coherence of fiber
directionality.

Showing a more expected pattern, we observed a significantly lower FA in other pain related
areas, including regions of the putamen, substantia nigra, and white matter regions
associated with projection of somatosensory and motor information with an increase in MD
within these regions. This pattern of FA and MD measurements may imply a reduction in
projections and density of neural fibers in these regions, which may be due to chronic
engagement of the pain circuitry. Based on the existing evidence that improvements in brain
structure can occur following successful interventions and/or symptom relief, it is more
likely that the microstructural changes observed here are a consequences of altered input
from the periphery, and less likely due to pre-existing vulnerability factors at the CNS level
[57; 52; 64].

Sex Differences in DTI metrics within IBS Patients

As with many other chronic pain conditions and disorders of mood, IBS is more common in
women [22] and sex-related differences in the autonomic, perceptual, and emotional
responses of IBS patients to aversive visceral stimuli have been reported [22]. Sex
differences in abnormalities of brain function and structure in the setting of chronic pain are
less well described [48]. The sex differences we show in FA and MD within the IBS group
suggest more pronounced white matter changes in female patients, but are restricted to the
same regions, which differed between HC and IBS.

Brain structure in persistent pain syndromes

Results from the current study support the hypothesis that chronic IBS results in
microstructural reorganization of chronic pain pathways (Figure 12). Converging evidence
from studies using multiple neuroimaging modalities in other persistent pain conditions [7;
28] is consistent with the limited number of reports on IBS related alterations in brain
structure and function, including the current report. In a sample of healthy subjects, Moisset
et al have shown that the white matter tracts associated with functional activation during
visceral pain can be identified with DTI, including tracts connecting the thalamus,
somatosensory cortex, prefrontal cortex (including the anterior cingulate cortex) and insula
[54]. The current results strongly support this previous observations, suggesting strong
differences in fiber tract connectivity between the thalamus and prefrontal cortex along with
the thalamus and ACC. Additionally, we observed a significant correlation between
perceived symptom severity and connectivity between the thalamus and somatosensory
cortex as well as the thalamus and insula, further supporting these previous observations.
Although we observed apparent alterations in brain microstructure in IBS patients compared
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with HCs, as well as microstructural changes that correlate with symptom severity, the
specific cell types involved in these alterations cannot be definitely delineated with DTI.
Thus, the current study cannot precisely determine whether neural reorganization occurs
within the brain of chronic IBS patients.

To date the only report of altered white matter structure in IBS is from a small sample
(n=10) in which a region of interest analysis showed increased FA in the fornix and external
capsule [23]. Abnormalities in the prefrontal cortex and basal ganglia appear to be shared
across a number of persistent pain syndromes [1], though some syndrome specific
abnormalities may be expected. In temporomandibular disorder, decreases in FA similar to
those noted in the current study were found in the thalamus, cingulum, and somatosensory
regions [53]. In complex regional pain syndrome, decreases in FA in the cingulum and
altered functional connectivity have been documented [38; 2]. Although no strong group
differences were observed, Farmer et al. [36] reported disruption in the interactions between
white matter (as measured by the FA skeleton) and gray matter in chronic prostatitis/chronic
pelvis pain, a population in which prefrontal gray matter changes were prominent. White
matter and subcortical gray matter structures have also been reported in patients with
disorders of mood [58; 14; 55; 6]. Given the high prevalence of trait anxiety and the
increased frequency of anxiety and depressive disorders in persistent pain syndromes,
subjects with a DSM4 diagnosis of psychiatric disease were excluded from the study and the
degree of current subclinical anxiety and depressive symptoms were included as a covariate
in our analyses. While these affective symptoms explained a significant portion of the
variance in in our previous study of gray matter changes in IBS [63], they did not play a
significant role in the DTI results reported here. The specific role that the observed changes
in brain microstructure play in IBS symptom development and/or persistence remains
unclear. Examination of the time course over which changes in brain structure develop, their
potential response to effective treatment, and variation with the natural fluctuations in
symptoms seen in the course of the syndrome will be required to put these observations in
clinical context.

Conclusions

IBS patients show a pattern of altered white matter and subcortical gray matter
microstructure consistent with impairment of the cortico-thalamic-BG-cortical loops
involved in processing of pain related signals. These results imply long-term microstructural
reorganization associated with chronic visceral pain, as illustrated in Figure 12. Future
longitudinal studies in larger patient populations need to evaluate if pharmacological or non-
pharmacological treatment responses are associated with normalization of the observed
alterations.
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Figure 1. Statistical parameter mapping (SPM) pipeline for DTT metrics
A) FA maps from each patient were calculated, then B) registered to the ICBM-DTI-81 atlas

using both linear and nonlinear registration. All other DTI measurements were then aligned
using these transformation matrices. C) Regions with FA greater than 0.3 were threshold on
the FA atlas to isolate regions of white matter. Regions of the thalamus and basal ganglia
(BG) were also included in the mask. D) A t-test with covariates were performed using
AFNI (3drtest++) in order to compare HCs to IBS patients while considering the scan
protocol, subject age, sex, body mass index (BMI), and anxiety score. E) A statistical
threshold of P < 0.05 and a false discovery rate (FDR) g < 0.05 were used to identify regions
of statistical significance. F) Additionally, a minimum cluster size of 250 uLL was used to
further isolate regions of statistical significance in the final SPMs.
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Figure 2. Differences in fractional anisotropy (FA) within the basal ganglia
A) Axial SPMs showing a higher FA in the globus pallidus (GP) in HCs compared to

patients with IBS, along with average color FA maps for both HCs and IBS patients
showing dramatic changes within the basal ganglia. B) Coronal SPMs showing higher FA in
the GP as well as the putamen in HCs when compared with IBS patients, which is also
apparent when examining the average color FA maps for both HCs and IBS patients
directly. Red arrows show regions of dramatic difference on color FA maps between HC and
IBS patients.
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Figure 3. SPMs showing regions of statistically different fractional anisotropy (FA) in IBS
compared to HCs
A) SPMs showing higher FA in the globus pallidus (GP), putamen, and medial thalamus in

HCs compared with IBS patients. B) SPMs demonstrating higher FA in sensory and motor
association regions as well as primary cortical projections from the thalamus in HCs
compared with IBS patients. C) SPMs illustrating higher FA in the thalamus and posterior
cingulate white matter in HCs compared with IBS patients. D) SPMs demonstrating higher
FA in the frontal lobe and the anterior cingulate white matter regions in IBS patients
compared to HCs. E) SPMs illustrating higher FA in regions of the corpus callosum in IBS
patients compared with HCs.
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Figure 4. Statistical parameter maps (SPMs) for fractional anisotropy (FA) in the thalamus

A) Axial and B) coronal slices through the thalamus including the partitions proposed by
Behrens et al. [12; 13] (top row) and SPMs (bottom row), suggesting a higher FA in
thalamic areas connected to prefrontal regions in healthy controls compared to IBS patients.
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Figure 5. Differences in mean diffusivity (MD) within the basal ganglia

A) Axial and B) coronal SPMs demonstrating elevated MD within the globus pallidus (GP)
in HCs compared with IBS patients. This difference in MD between HCs and IBS patients
can also be observed by visual examination of the average color MD for each group.
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Figure 6. SPMs comparing mean diffusivity (MD) between healthy controls and IBS patients in
the internal capsule, thalamus, and coronal radiata
SPMs demonstrate an elevated MD in patients with IBS compared to HCs in the internal

capsule, thalamus, and coronal radiata.
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Figure 7. Statistical parameter maps (SPMs) comparing mean diffusivity (MD) between healthy
controls and IBS patients in the thalamus
A) Axial and B) coronal slices through the thalamus including the partitions proposed by

Behrens ef al. [12; 13] (top row) and SPMs (bottom row), suggesting a higher MD in
thalamic areas connected to sensory, prefrontal, and posterior parietal regions in IBS
patients compared to healthy controls.
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Figure 8. SPMs comparing FA and MD between male and female IBS patients

A) SPMs clearly demonstrate a significantly higher FA in male compared with female IBS
patients within the globus pallidus (GP), medial thalamic regions, and primary
somatosensory and motor regions. B) SPMs examining the difference in MD between male
and female IBS patients illustrate a significantly higher MD in female compared with male
IBS patients in the coronal radiata, thalamus, and posterior cingulate white matter; however,
male IBS patients had a significantly higher MD in the globus pallidus (GP) compared with
female IBS patients.
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Figure 9. Probabilistic tractography and structural connectivity in specific chronic pain
pathways

A) Example DTI fiber tract density images connecting the thalamus to prefrontal cortex in a
HC (top) and IBS patient (bottom). Results illustrate a lower tract density in these pathways
in HCs compared with IBS patients. B) Number of tracts connecting the thalamus to
prefrontal cortical regions were significantly higher (Mann- Whitney, P =0.0005) in IBS
patients (median = 1,398,000 tracts) compared with HCs (median = 630,312 tracts). C)
Number of tracts connecting the medial dorsal nuclei (MDN) to the anterior cingulate cortex
(ACC) were significantly higher (Mann-Whitney, P = 0.0002) in IBS patients (median =
168,000 tracts) compared with HCs (median = 36,875 tracts). D) Number of tracts
connecting the globus pallidus (GP) to the thalamus are significantly lower (Mann- Whitney,
P =0.0189) in 1BS patients (median = 1,713 tracts) compared with HCs (median = 9,382
tracts).
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Figure 10. Significant correlations between DTI metrics and symptom severity in patients with
IBS

A) A significant negative correlation was detected between the average FA within the
globus pallidus (GP), measured bilaterally, and the overall symptom severity on a BSQ
(Pearson’s correlation coefficient, R2=0.1475, P=0. 0397). B) A significant positive
correlation was also detected between average MD within the white matter regions adjacent
to the primary sensory cortex, measured bilaterally, and the overall symptom severity on a
BSQ (Pearson’s correlation coefficient, R?=0.2010, P= 0.0190). C) A significant negative
correlation was found between the log-transformed number of fiber tracts connecting the
thalamus and primary sensory cortex, as measured from probabilistic DTI tractography, and
overall symptom severity on a BSQ (Pearson’s correlation coefficient, R? = 0.2979, P =
0.0191). D) A significant negative correlation was also detected between the log-
transformed number of fiber tracts connecting the thalamus and insula and overall symptom
severity (Pearson’s correlation coefficient, R2=0.1755P=0. 0466).
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Figure 11. Microstructural interpretation of specific changes in fractional anisotropy (FA) and
mean diffusivity (MD)

Top Left: In voxels with high MD and high FA, axons or dendritic arborizations are loosely
packed (high MD) but maintain high directional coherence (high FA). Top Right: In voxels
with low MD and high FA, axons or dendritic arborizations are tightly packed (low MD)
and have a high degree of directional coherence (high FA). Bottom Left: In voxels with high
MD and low FA, axons or dendritic arborizations are loosely packed (high MD) and lack
directional coherence (low FA). Bottom Right: In voxels with low MD and low FA, axons
or dendritic arborizations are tightly packed (low MD) but lack directional coherence (low
FA).
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Figure 12. DTI interpretation of connectivity in the major chronic pain pathways in IBS
Probabilistic tractography connectivity between regions, reflecting the relative number of
fiber tracts, are shown in solid arrows; whereas interpretation of voxel-based analysis of DTI
indices, e.g. FA and MD reflecting directional coherence and density of microstructure, are
shown in dashed arrows. Red connections indicate increased connectivity, coherence, or
density in IBS compared with HCs; blue connections indicate decreased connectivity,
coherence, or density in IBS patients compared with HCs; and black connections indicate no
difference in connectivity, coherence or density.
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Table 1
Patient Characteristics

HC(n =93) IBS (n =33)
Age 30.4 +/-10.4 33.2+/-10.8
Sex 21 Males / 72 Females 12 Males / 21 Females
Body Mass Index 23.6 +/- 3.0 24.7 +/- 4.6
STAI Trait Anxiety 42.1 +/-1.7 48.2 +/- 9.6
Overall Symptoms in Past Week (0-20) 11.0 +/- 4.6
Usual Symptom Severity (1-5) 3.2 +4/-0.7

Symptom Duration (Years)

11.5+/-1.53 SEM.

Usual Symptom Severity Score: 1=none; 2=mild; 3=moderate; 4=severe; S=very severe
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DTI Acquisition Protocols

Table 2

Acquisition Protocol #1

Acquisition Protocol #2

Acquisition Protocol #3

Scanner

Field Strength

Echo Time (TE)
Repetition Time (TR)
Matrix Size
Field-of-View (FOV)
Slice Thickness (Gap)
Number of Directions
Number of b=0 images

Number of Patients

Siemens Allegra
3T
96ms
7400ms
96x96
288mm
3mm (Omm)
64
1
54

Siemens Trio
3T
92.6ms
7000ms
96x96
288mm
3mm (Omm)
64
1
50

Siemens Trio
3T
88ms
9400ms
128x128
288mm
2mm (Omm)
61
8
22
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Table 3
Regional FA differences between HC and IBS patients

Page 29

Level of significance, P = 0.0104. False discovery rate (FDR), g = 0.05. Minimum cluster size = 250 uL.

Anatomic Region(s) Cluster Volume [uL] Control vs. IBS
Bilateral Globus Pallidus - Internal Segment 11830 Higher FA in Controls
Bilateral Thalamus - Medial Dorsal Nuclei

Bilateral Putamen

Bilateral Substantia Nigra

R. Coronal Radiata 1886 Higher FA in Controls
R. Sensory Association Fibers from Thalamus

R. S1/2 M1

L. Coronal Radiata 1814 Higher FA in Controls
L. Sensory Association Fibers from Thalamus

L.S12M1

R. Posterior Cingulate (White Matter) 915 Higher FA in Controls
L. Posterior Cingulate (White Matter) 488 Higher FA in Controls
R. Anterior Cingulate (White Matter) 2013 Higher FA in IBS
R. Pre-Frontal White Matter Projections

L. Anterior Cingulate (White Matter) 1032 Higher FA in IBS
L. Pre-Frontal White Matter Projections

Corpus Callosum 2129 Higher FA in IBS
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Table 4

Regional MD differences between HC and IBS patients

Level of significance, P = 0.0207. False discovery rate (FDR), g = 0.05. Minimum cluster size = 250 uL.

Anatomic Region(s) Cluster Volume [uL] Control vs. IBS

Bilateral Coronal Radiata 65135
Bilateral Thalamus - Medial Dorsal Nuclei

Bilateral Putamen

Periaqueductal Gray Matter in Midbrain 2977
Bilateral Substantia Nigra

L. Globus Pallidus 1770
R. Globus Pallidus 1195

Higher MD in IBS

Higher MD in IBS

Higher MD in Controls
Higher MD in Controls
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