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Abstract

Background—A majority of subjects with irritable bowel syndrome (IBS) show increased
behavioral and brain responses to expected and delivered aversive visceral stimuli during
controlled rectal balloon distension, and during palpation of the sigmoid colon. We aimed to
determine if altered brain responses to cued and uncued pain expectation are also seen in the
context of a noxious somatic pain stimulus applied to the same dermatome as the sigmoid colon.

Methods—A task-dependent functional magnetic resonance imaging technique was used to
investigate the brain activity of 37 healthy controls (18 females) and 37 IBS subjects (21 females)
during: 1) a cued expectation of an electric shock to the abdomen versus a cued safe condition; and
2) an uncued cross-hair condition in which the threat is primarily based on context versus a cued
safe condition.
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Key Results—Regions within the salience, attention, default mode, and emotional arousal
networks were more activated by the cued abdominal threat condition and the uncued condition
than in the cued safe condition. During the uncued condition contrasted to the cued safe condition,
IBS subjects (compared to healthy control subjects) showed greater brain activations in the
affective (amygdala, anterior insula) and attentional (middle frontal gyrus) regions, and in the
thalamus and precuneus. These disease-related differences were primarily seen in female subjects.

Conclusions & Inferences—The observed greater engagement of cognitive and emotional
brain networks in IBS subjects during contextual threat may reflect the propensity of IBS subjects
to overestimate the likelihood and severity of future abdominal pain.

Graphical Abstract

Keywords

functional magnetic resonance imaging; pain expectations; contextual threat; irritable bowel
syndrome; sex differences

Introduction

The brain computes expected future outcomes in an uncertain world and selects optional
coping strategies! based on interactions between brain networks concerned with salience
evaluation, attention and recall of past memories.2 Hypervigilance and anticipatory anxiety
are often associated with prediction of future pain and can increase the subsequent
subjective experience of a delivered pain stimulus,® 4 presumably by the engagement of
endogenous pain facilitation systems.1: 3. 5-7 Predictions about future pain can be
manipulated by using threat designs that vary the predictability of aversive stimuli. In cued
designs, there is a specific cue that gives the subject information about the probability of an
aversive stimulus.8 =13 In uncued or contextual threat designs, there is no explicit threat cue
or known threat interval, but instead the experimental environment itself is associated with
aversive stimulation from prior experience.1418 Cued expectation of painful stimuli is
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associated with activation in regions of the salience (insula [INS], anterior cingulate cortex
[ACC]), sensorimotor and attentional control (parietal and frontal cortex) networks.19-22
The INS, amygdala and ACC play important roles in responding to an uncertain aversive
stimulus and contextual threat.16: 22-24 These cued and uncued paradigms have been used to
characterize brain abnormalities in subjects with anxiety disorders and post-traumatic stress
disorder.1: 2526

Irritable bowel syndrome (IBS), a common gastrointestinal pain disorder, is characterized by
chronically recurrent abdominal pain and discomfort associated with altered bowel habits.
The majority of IBS subjects exhibit increased anxiety?” and gastrointestinal symptom-
related worries, a measure of hypervigilance to gastrointestinal-related contexts.28 Many IBS
subjects also show increased perceptual hypersensitivity to experimental visceral
stimuli2®-31 as well as altered responses in salience and pain processing regions both during
cued expectation?0: 32. 33 and during delivery of rectal pain stimuli, most consistently in INS,
ACC and thalamus.34 3> Greater engagement of an emotional arousal network including the
anterior INS, amygdala and ACC has been suggested as a key neurobiological mechanism
underlying hypervigilance and hypersensitivity in IBS subjects.2? Sex-related differences of
brain activation have also been observed in response to experienced visceral pain and
somatosensory stimuli® 36-38 and during cued expectation of unpleasant stimuli.12 39. 40

To examine responses to both cued and uncued threat conditions, the current study included
explicit cued threat and safe conditions separated by uncued condition that can be
considered in an exploratory fashion to provide contextual threat. By including three
different conditions to evaluate the expectation of somatic pain stimuli (in the form of
electrical shocks to the abdomen), we test two main hypotheses regarding brain responses to
pain expectation: 1) Healthy controls (HCs) and IBS subjects show increased brain
responses to both cued and uncued threat compared to a cued safe condition, similar to the
responses previously reported for experienced experimental visceral pain (e.g. INS,
thalamus, and amygdala). 2) Compared to HCs, IBS subjects have greater brain activations
in regions of the salience and attentional networks as well as in sensory processing areas
with the increased uncertainty of a threat. In addition, we examine whether the observed
IBS-related responses differ by sex as a secondary hypothesis.

Materials and Methods

Subjects

37 right-handed IBS subjects and 37 right-handed HCs were recruited through the UCLA
Digestive Disease Clinic and community advertisements. The sample of IBS subjects
included 16 males and 21 females. IBS subtypes for the IBS males included 5 constipation
predominant, 8 diarrhea predominant, 2 unspecified and 1 mixed. For females, subtypes
included 8 constipation predominant, 3 diarrhea predominant, 2 unspecified and 8 mixed.
The 37 healthy subjects included 19 males and 18 females. Exclusion criteria in all subjects
comprised pregnancy, substance abuse, abdominal surgery, tobacco dependence, medications
that affect the central nervous system (e.g. narcotics and opioids), oral contraceptives or
psychiatric illness as determined by the Mini International Neuropsychiatric Interview.*!
Diagnosis of IBS was made by a gastroenterologist or a nurse practitioner with expertise in
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functional gastrointestinal disorders based on the ROME Il symptom criteria during a
clinical examination.#2 The diagnostic criteria include recurrent abdominal pain or
discomfort in the past 3 months associated with two or more of the following: 1) pain/
discomfort is relieved/improved by defecation 2) the onset of pain/discomfort is related to a
change in frequency of stool 3) the onset of pain/discomfort is related to a change in the
form (appearance) of stool. All procedures were approved by the UCLA Medical
Institutional Review Board, and all subjects provided informed consent.

Questionnaires

Questionnaires were completed before scanning to determine IBS symptom classification,
severity, duration of symptoms, and abdominal sensation during the past week [UCLA
Bowel Symptom Questionnaire, BSQ];*3 levels of anxiety and depression [Hospital Anxiety
Depression Scale, HAD];*4 as well as 21 point verbal descriptor anchored numerical rating
scales for intensity and unpleasantness of pain associated with the abdominal stimulus.*®

Pain threshold assessment procedure

Individual pain threshold was assessed before imaging data acquisition. Abdominal
electrical stimulation was performed using two electrode stimulation pads placed on the left
side of subjects’ lower abdomen in the region overlaying the sigmoid colon. Transcutaneous
electrical stimulation to the abdomen was delivered with a Digitimer constant-current
stimulator (model DS7A; Digitimer). Each stimulus consisted of a pulse train lasting 750ms
with 2ms pulse width and frequency of 37 Hz. Shock level for the abdominal stimulation
was individually set based on an ascending method of limits work-up procedure. The work-
up began with a mild current intensity of 0.5 mA and increased 0.5 mA steps until subjects
described the stimulation as “‘aversive but tolerable’. After a brief rest period, a test stimulus
at the aversive but tolerable threshold was given to subjects. Immediately after the
stimulation, subjects were asked to rate the maximum intensity and unpleasantness of the
pain they just felt using the Gracely Pain Scales.*®

Expectation of abdominal pain paradigm

Before the anticipation of abdominal pain experimental paradigm began, subjects were told
that they would see three types of visual images. The first type of image was an animation
that included a blue circle with a colored bar moving to the right of the blue circle. The
moving bar was elongating while simultaneously adding gradient colors, from purple to
blue, indicating how much time was left in this condition (Figure 1). In addition, a specific
sentence “No Stimulation Will Be Given” was shown on the screen in this condition. Before
and during this cued safe condition, the subjects were specifically told that they would not
receive an electrical stimulation through the electrodes attached to their abdomen. The
second cued period was signaled by an animation that included a red circle and a colored bar
moving to the right of the red circle. The moving bar was elongating while simultaneously
adding gradient colors, from yellow to red, indicating how much time was left in this
condition (Figure 1). In addition, a specific sentence “May Receive Stimulation” was
presented on the screen in this condition. During this cued threat condition, the subjects
were specifically informed that they may receive an electrical stimulation at any time, the
magnitude of which would match the level that they previously described as aversive but
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tolerable during the pain thresholding procedure. The third image was a stationary cross-hair
shown in the middle of the screen with a white background. Before the imaging acquisition
began, the subjects were told that stimulation would not occur during the cross-hair periods
but were asked to focus on the cross-hair. During the actual condition, two electrodes were
attached to the subjects’ lower abdomen and there was neither an ongoing explicit safety cue
nor a specific sentence shown on the screen. In addition, there was not a moving bar to
indicate how much time was left in this condition. Although set up to serve as uncued
periods to separate the cued conditions, we hypothesize that these cross-hair periods
represent a contextual threat due to the prior history of shock and the continued presence of
the abdominal electrodes, coupled with an absence of explicit ongoing cues for either safety
or imminent shock or period duration. These periods will therefore be referred to as uncued
or contextual threat periods below. The anticipation of abdominal pain procedure included
two separate scanning runs. Each run contained seven cued threat and six cued safe
conditions, and each of these conditions lasted 29 seconds. A 10-second cross-hair condition
was in between each cued condition. At the beginning and end of each run, a 29 second
cross-hair period was also presented. Although subjects were told that they would receive an
electrical stimulation at any time during the cued threat condition, in fact, the one-second
shock was only delivered once in each run. For run 1, the shock was delivered at the twelfth
second of the forth cued threat condition; for run 2, the shock was administered at the fifth
second of the second cued threat condition. The presentations of conditions and timings
were generated by E-Prime v2 (Psychology Software Tools, Inc, USA) and are shown in
Figure 1.

Functional magnetic resonance imaging (fMRI) data acquisition

Brain activity during the task was measured using a Siemens 3 Tesla Trio scanner with echo
planar sequence, repetition time: 2000ms, echo time: 28ms, flip angle: 77 degrees, slice
thickness: 4mm, and 40 slices obtained with whole-brain coverage. For registration
purposes, high resolution structural images were collected with standard T1-weighted
magnetization-prepared rapid acquisition gradient echo, repetition time: 2200ms, echo time:
3.26ms, flip angle: 9 degrees, slice thickness: 1 mm, 176 slices, 256 x 256 voxel matrices,
and 1.0x1.0x1.0 mm voxel size.

fMRI preprocessing

Prior to statistical analysis, all imaging data was preprocessed using Statistical Parametric
Mapping 8 (SPM8; Wellcome Trust Centre for the Study of Cognitive Neurology, London,
UK). Images were first converted from DICOM into NIFTI format followed by slice timing
correction to adjust for differences in slice acquisition times. Realignment was performed to
estimate the 6 variable parameters of rigid body transformation and control for superfluous
motion. High resolution T1-weighted magnetization-prepared rapid acquisition gradient
echo images were used to align functional images for normalization into the standard
Montreal Neurological Institute brain space (2mm isotropic). All images were smoothed
with 8mm full width of the kernel at half its maximum height.
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analysis

The experiment was analyzed in a block design. The general linear model was applied in
SPMS8 to determine brain activity during the three conditions (cued threat, cued safe and
uncued threat). At the subject-level, regressors for the three conditions were convolved with
a canonical hemodynamic response function. In avoidance of contamination from the brain
responses to the shocks, the two cued threat periods with shocks were excluded from our
analysis. Motion realignment parameters were also included as covariates. Individual brain
responses for the cued threat condition and the uncued condition were determined by
contrasting the estimated parameters with the cued safe condition (i.e. cued threat vs. cued
safe and uncued threat vs. cued safe, respectively). The first level contrast maps (one map
was cued threat vs. cued safe and the other map was uncued threat vs. cued safe) were used
as the dependent variable in second level whole brain group analyses. Using the full factorial
model option in SPM8, we specified group (male HCs, female HCs, male IBS and female
IBS) as a factor and age, anxiety and depression scores as covariates. The cerebellum was
excluded using an explicit mask. To examine the overall effect of the experimental
conditions across groups, global conjunction analysis was performed for the contrasts of
cued threat vs. cued safe and uncued threat vs. cued safe. To examine the main aim, linear
contrasts were specified to test for main effects of disease (IBS vs. HCs). For the secondary
hypothesis, linear contrasts were specified to examine whether the disease effect differed by
sex (female IBS vs. female HCs and male IBS vs. male HCs). Whole brain statistical
parametric maps were first thresholded at voxelwise p=0.005 uncorrected. To account for
multiple comparisons and avoid Type | error, Monte Carlo simulation implemented in
AlphaSim program (http://afni.nimh.nih.gov) was performed at 10,000 iterations. Statistical
significance (p<0.05, corrected) was achieved with a minimum cluster size of 120
contiguous voxels.

Clinical characteristics analysis

Results

Specifying group as a four level factor (female HCs, male HCs, female IBS, male IBS), a
one way ANOVA and post-hoc comparisons were performed to test for group differences in
age, anxiety and depression, and abdominal pain ratings using SPSS version 22 software.
Post hoc comparisons included female HCs vs. male HCs, female HCs vs. female IBS, male
HCs vs. male IBS, and female IBS vs. male IBS. All p values were corrected for multiple
comparisons using FDR correction at 5%.46: 47 Independent sample t-tests were performed
to examine BSQ measures between male IBS and female I1BS subjects.

Clinical characteristics

Detailed clinical and psychological characteristics of the four groups are summarized in
Table 1. No significant differences between the four groups were observed in terms of age,
abdominal pain threshold, pre- and post-abdominal pain intensity and unpleasantness.
However, significant group differences were observed for anxiety and depression symptom
scores (F=5.96, p=.001 and F=5.5, p=.002, respectively). Post-hoc analysis revealed that IBS
subjects had significantly greater anxiety and depression scores than HCs (t=3.94, 9<.001
and t=3.58, q<.001, respectively, corrected). In addition, amongst women, female IBS
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subjects showed significantly greater anxiety and depression scores than female HCs
(t=3.87, g<.001 and t=3.66, q<.001, respectively, corrected). However, no significant IBS-
related difference was observed in anxiety and depression scores in males (t=1.65, g=.215
for anxiety and t=1.26, g=.214 for depression, corrected). There were no significant
differences in anxiety, depression and bowel symptom scores between male and female IBS
subjects.

Brain responses associated with cued pain expectation and contextual threat

For the contrast of cued threat versus cued safe, the conjunction analysis showed significant
brain responses bilaterally in the dorsal medial frontal cortex (BA8/32), middle frontal gyrus
(MFG) (BA46/45/10), inferior parietal lobe, ACC, mid cingulate cortex, posterior cingulate
cortex (PCC), anterior INS, supplementary motor area, thalamus, basal ganglia, amygdala,
supramarginal gyrus, occipital cortex as well as the right precentral gyrus and right
precuneus (Figure 2A and Table S1). The same brain regions were activated in response to
the uncued condition compared to cued safe condition, with additional activation in the
postcentral gyrus (Figure 2B and Table S2) supporting the hypothesis of the cross-hair
representing an uncued contextual threat.

Disease-related differences in brain responses associated with cued and uncued pain

expectation

During the uncued condition contrasted to the cued safe condition, IBS subjects (compared
to HCs) showed significantly greater brain responses in the right amygdala, right ventral
anterior INS, right MFG (BA46 extending ventrally to BA10), right inferior occipital cortex,
left thalamus, PCC and precuneus, regardless of sex (Table 2 and Figure 3). It is worth
noting that the greater brain responses in the PCC/precuneus for the IBS subjects versus
HCs contrast were due specifically to negative activation in HCs and positive activation in
IBS subjects (Figure 2B). In the contrast of cued threat versus cued safe, IBS subjects had
greater activation in the left inferior occipital cortex compared to HCs (Table 2). There was
no significantly greater response in HCs compared to IBS subjects in the two contrasts.

Sex-related differences in brain responses associated with contextual threat and cued
pain expectation

Female IBS subjects compared to female HCs showed greater brain signals in the right
amygdala, right ventral anterior INS, PCC and precuneus in response to the uncued
contextual threat (Table 3 and Figure 4). These differences were not observed when
comparing male IBS subjects with male HCs.

Discussion

The current study examined brain responses to cued and uncued abdominal threat in HCs
and IBS subjects, and characterized disease and sex-related differences in these responses.
As hypothesized, brain regions associated with salience, attention, cognitive evaluation and
sensory processing were activated during both the cued and uncued threat conditions
compared to the cued safe condition. However, disease-related differences in the brain
responses were mainly seen in the contrast of uncued threat versus cued safe, where IBS
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subjects showed greater activations in affective (amygdala, INS), sensory (thalamus),
attentional (MFG) and self-referential (precuneus) regions. In addition, these greater brain
responses were primarily observed between female IBS subjects and female HCs.

Brain responses associated with cued pain expectation

The conjunction analysis findings during cued expectation of an aversive stimulus versus the
cued safe condition were consistent with previous reports from studies using an analogous
paradigm of pain expectation.12 13.19.48 Confirming previously reported similarities of
brain activation patterns during both delivered and expected aversive stimuli,13 49 most of
the regions activated during cued abdominal pain expectation in the current study have been
found to be activated during experimental visceral pain paradigms.3® The reasons underlying
these similarities are not known. However, as stimulus ratings differ significantly between
the actual and the expected pain stimuli,3° one may speculate that the similar activation of
the INS and ACC seen under both conditions is more reflective of the engagement of the
salience network, rather than to activation of a “pain matrix” related to processing of
aversive sensory information.

Brain responses associated with uncued threat

When the potential for an aversive stimulus application becomes ambiguous, and the timulus
is not paired with a specific cue, the brain defaults to a strategy of making predictions about
the stimulus based on the context in which a previous stimulus has been

experienced.1® 50. 51 gych an ambiguous environmental state can be conceptualized as an
uncertain threat about the pending event.>2 53 Studies have suggested that ambiguity
regarding type or occurrence of a stimulus can lead to heightened behavioral and brain
responses especially in subjects with anxiety.26: 53-55 \When faced with such an ambiguous
situation, the brain will respond with enhanced attention and attempt to predict likely
outcomes.l: 56 The regions involved in this threat assessment include the INS, amygdala,
striatum, ACC, thalamus, frontal and parietal cortex!: 24 52, which were also observed in the
current study. These activated brain regions are therefore consistent with our hypothesis that
the period with a cross-hair created a contextual threat.

Disease-related differences in brain responses

Although similar brain regions were activated during the cued and uncued pain expectation,
disease-related group differences in degree of activation were mainly observed when brain
responses during the uncued condition were contrasted with those during the cued safe
condition. There are several possible reasons to explain these findings. In the current study,
the intensity of the abdominal shock stimuli was adjusted to the individual pain threshold,
which did not show significant differences between IBS subjects and HCs. It is therefore
possible that during the cued pain expectation, the brains of both IBS subjects and HCs
compute a similar salience regarding the somatic pain experience, resulting in similar
expectancy and perception of threat. Similar observations with electric stimulation of the gut
have previously been reported.5” During the cross-hair periods without strong cues, the IBS
subjects show significant differences in the affective and attentional brain regions likely due
to greater affect in an ambiguous environment with the lack of predictive cues.?? This
interpretation is consistent with findings in subjects with anxiety disorder who showed
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significantly greater startle responses and activation of the amygdala and anterior INS during
an unpredictable threat condition, but not under a predictable threat condition.l 25 26.58 The
amygdala and ventral anterior INS are key regions in interoception, emotion, pain and
salience processing®®: 60 and the anterior INS has also been shown to be involved in outcome
prediction.®1 Consistent with such a role in the prediction of future events, both brain
regions were also found to be activated during expectation of unpredictable negative
events.16: 54 62 |n summary, considerable evidence supports the concept that the amygdala
and anterior INS responses in IBS subjects during unpredictable threat are a reflection of
altered salience and emotional arousal network engagement in 1BS subjects.: 63

In addition to the anterior INS and amygdala, we observed greater activation of the PCC and
precuneus in IBS subjects compared to HCs during contextual threat. Some studies showed
that during pain expectation, the precuneus and PCC were deactivated in HCs® and
exhibited decreased activation associated with expected pain intensity.*® People with anxiety
had increased precuneus activity during reward anticipation, suggesting that these subjects
were unable to disengage from self-attention, leading to increased self-focused
hypervigilance.5% When viewed together, these reports are in line with the current findings
that IBS subjects showed activation of the PCC and precuneus while HCs showed
deactivation of these regions in response to contextual threat. The salience network has been
suggested to play a role in switching between the default mode network and task-related
networks.%: 67 Along with these findings, we speculate that IBS subjects have altered
salience network function, affecting the regulation of PCC and precuneus activity®8 during
contextual threat.

IBS subjects also showed heightened MFG activation during contextual threat. The MFG is
involved in decision making®® and self-generated attention processes.’? Activation of the
MFG has been linked to attentional processes related to pain’: 72 and to unpredictable pain
expectation.?2 Healthy subjects showed robust activation in the MFG during expectation of
heat pain,*? electric shocks,’3 and laser pain,’* and these responses were positively
correlated with the magnitude of anticipated pain intensity.”® When viewed together we
speculate that the observed greater activation of the MFG in IBS subjects during contextual
threat reflects greater allocation of attentional resources to the task, and that this abnormality
may be related to the observed alterations in salience network engagement.”8: 77

Greater activity in the thalamus was also observed in IBS subjects. Activation of thalamus
has previously been reported in HCs in response to pain anticipation which was associated
with emotional arousal and vigilance.”® A recent study in IBS subjects showed activation of
the thalamus during both rectal distension and expectation of such stimuli.2? Although the
role(s) of thalamus in IBS is still unclear, recent evidence has identified microstructural
alterations in thalamic connections with the ACC and INS, and these alterations were
associated with symptom severity.”®

Sex-related differences in brain responses

In response to contextual threat, female IBS subjects showed greater amygdala, anterior
INS, PCC and precuneus activity compared to female HCs, while no such differences were
observed between male IBS subjects and male HCs. These sex-specific disease differences
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have also been demonstrated in our two previous resting-state fMRI studies in which female
IBS subjects showed altered dynamics of the amygdala8® and altered functional connectivity
between anterior INS and precuneus®® relative to female HCs, while these differences were
not seen in males. Interestingly, female IBS subjects also had higher anxiety and depression
symptom scores compared to female HCs, and these differences were not significant in
males. Although we have controlled for symptoms of anxiety and depression in our analysis,
it is possible that female 1BS subjects had other affective characteristics (e.g. pain
catastrophizing) contributing to the differences in brain responses.

Limitations

Due to sample size constraints, we were not able to do a complete analysis of sex effects and
instead focused only on whether the disease effect differed by sex for areas found to be
different in the primary group comparison. To more comprehensively understand sex-related
differences, future studies are needed with increased samples of both IBS males and females
and matched HCs.

Another limitation concerns the exploratory nature of the cross-hair periods as a contextual
threat condition. The primary design was that of cued safe and cued threat periods separated
by uncued periods with a simple cross-hair display. Although not a standard design for a
contextual threat study which often manipulate contextual cues (e.g. taking off and putting
on the shock electrodes), we hypothesize that the limited specific information that subjects
received during the cross-hair periods, coupled with the same environmental context where
the subject had previously experienced the shock, as well as the continued presence of the
electrodes attached to the abdomen8? justify conceptualizing the cross-hair periods as
incorporating a significant component of contextual threat. Although the results fit well with
this hypothesis, further studies that manipulate contextual variables are needed to confirm
the findings of altered IBS responses to contextual threat.

It should also be noted that the current study was designed to minimize conditioned
responses and conditioning related to placebo/nocebo responses and was targeted to
elucidating the mechanism of anxiety rather than fear. We therefore used a fewer number
and greater temporal ambiguity of shock/cue pairings compared with standard conditioning
studies.82 83

Conclusions

The findings of this study emphasize an 1BS-related abnormality in brain responses in the
context of ambiguous expectation of an abdominal somatic pain stimulus. The findings
suggest a central role of stimulus appraisal and salience detection in IBS related brain and
presumably symptom responses. While both groups had brain responses to the cued pain
expectation which presumably carries similar salience for both groups, the IBS subjects
showed relatively larger responses in brain regions involved in salience detection, emotional
arousal and self-consciousness during contextual threat. We speculate that these brain
findings are related to hypervigilance and heightened reactivity particularly to the
uncertainty of threat previously reported in IBS84-87 and anxiety disorders.l: 7 26 Future
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studies that directly manipulate contextual cues and predictability will be important to
follow up on these findings and compare these results across other chronic pain conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Messages

The aim of this study was to determine if uncertainty related to the
future visceral events influences brain responses in subjects with IBS.

The blood-oxygen-level dependent responses to cued and uncued
expectation of abdominal pain contrasted with cued safe conditions
were compared between 37 healthy control subjects and 37 subjects
with IBS.

IBS subjects differ from healthy control subjects when there was no
specific cue about the occurrence of abdominal pain stimulus, showing
increased brain responses in multiple affective, sensory and cognitive
brain regions.

These findings are consistent with the concept that when faced with
making predictions about the occurrence of abdominal pain in an
uncertain context, IBS subjects overestimate the likelihood of such an
occurrence and engage brain networks involved in affective and
sensory processing.
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Figure 1. The experimental paradigm of anticipation to abdominal shock
There were two scanning runs, each run contained six cued safe conditions (lasted 29

second), seven cued threat conditions (lasted 29 seconds) and a shock within a threat
condition. At the start and end of each run as well as between each 29-second condition, a
crosshair with white background was presented for 29 seconds and 10 seconds, respectively.
The blue block represents a cued safe condition with a description, a blue circle and a
moving colored blue bar indicating how much time is left. The red block represents a cued
threat condition with a description, a red circle and a moving colored red bar also indicating
how much time is left in this trial. The white block represents a cross-hair condition.
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Figure 2. Brain activation maps of conjunction analysis
(A) Brain responses associated with the contrast of cued threat versus cued safe. (B) Brain

responses associated with contextual threat. All significantly statistical results (p<.05,
corrected) were overlapped on a MRIcron ch2better template. The color bar indicates Z-
scores. HCM: healthy male subjects; HCF: healthy female subjects; IBSM: male IBS
subjects; IBSF: female IBS subjects.
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Figure 3. Disease-related differences in brain responses during contextual threat
Significantly greater responses were observed in patients with IBS compared to HCs (p<.05,

corrected). All significantly statistical results (p<.05, corrected) were overlapped on a
MRIcron ch2better template. The color bar indicates Z-scores. MFG: middle frontal gyrus;
valNS: ventral anterior insula; PCC: posterior cingulate cortex; LG: lingual gyrus; infO:
inferior occipital cortex
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PCC/Precuneus

Figure 4. Different brain responses associated to sex
Significantly greater activations were shown in female IBS patients compared to female HCs

in response to the cross-hair versus the cued safe. All significantly statistical results (p<.05,
corrected) were overlapped on a MRIcron ch2better template. The color bars indicate Z-
scores. valNS: ventral anterior insula; PCC: posterior cingulate cortex
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