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Cognitive factors such as fear of pain and symptom-related anxiety play an important role in chronic pain states. The current study sought
to characterize abnormalities in preparatory brain response before aversive pelvic visceral distention in irritable bowel syndrome (IBS)
patients and their possible relationship to the consequences of distention. The brain functional magnetic resonance imaging (fMRI)
blood oxygen level-dependent (BOLD) response to anticipated and delivered mild and moderate rectal distention was recorded from 14
female IBS patients and 12 healthy controls. During cued anticipation of distention, activity decreased in the insula, supragenual anterior
cingulate cortex (sACC), amygdala, and dorsal brainstem (DBS) of controls. IBS patients showed less anticipatory inactivation. Group
differences were significant in the right posterior insula and bilateral DBS. Self-rated measures of negative affect during scanning were
higher in patients than controls ( p � 0.001), and the anticipatory BOLD decreases in DBS were inversely correlated with these ratings.
During subsequent distention, both groups showed activity increases in insula, dorsal ACC, and DBS and decreases in the infragenual
ACC. The increases were more extensive in patients, producing significant group differences in dorsal ACC and DBS. The amplitude of the
anticipatory decrease in the pontine portion of DBS was associated with greater activation during distention in right orbitofrontal cortex
and bilateral sACC. Both regions have been associated previously with corticolimbic inhibition and cognitive coping. Deficits in prepa-
ratory inhibition of DBS, including the locus ceruleus complex and parabrachial nuclei, may interfere with descending corticolimbic
inhibition and contribute to enhanced brain responsiveness and perceptual sensitivity to visceral stimuli in IBS.
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Introduction
Irritable bowel syndrome (IBS) is one of the most common
chronic functional pain syndromes, which also include fibromy-
algia and chronic pelvic pain (Diatchenko et al., 2006; Drossman,
2006). These disorders frequently overlap and share many epide-
miological, clinical, and pathophysiological features (Wessely et
al., 1999; Keogh et al., 2003), including symptom-related anxiety
(Asmundson et al., 1999; Mayer et al., 2001; Goubert et al., 2004;
Labus et al., 2007) and central pain amplification (Gracely et al.,

2004; Mayer et al., 2006). Symptom-related anxiety is a key pre-
dictor of IBS diagnostic status and mediates the relationship be-
tween psychological distress and symptom severity (Porro et al.,
2002, 2003). Brain mechanisms underlying this relationship are
unknown but may involve altered preparation for expected pain
(Coull, 1998; Hsieh et al., 1999; Sawamoto et al., 2000; Porro et
al., 2004).

Expectation of pain elicits multiple responses, including
arousal, cognitive appraisal, memory retrieval, conditioning, and
either orienting to or diverting attention away from the expected
site of stimulation. In general, coping responses inhibit or am-
plify the motivational salience of pain. Inhibition minimizes dis-
comfort/distraction when expected pain is tolerable, and com-
peting rewards can be obtained by ignoring it. Amplification
enhances arousal and vigilance when expected pain is dangerous
(Bushnell et al., 1985), thereby minimizing reaction time and
tissue damage. Hypervigilance to aversive stimuli is a hallmark of
functional pain disorders, including IBS (Whitehead and Pals-
son, 1998).

Expectation-related neural activity consistent with increased
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afferent sensitivity has been observed in somatosensory cortex,
anterior cingulate cortex (ACC), anterior insula (aINS), thala-
mus, and spinal dorsal horn (Hsieh et al., 1999; Porro et al., 2002;
Porro et al., 2004; Lieberman, 2005). Inhibition of limbic brain
activity during anticipation of pain has often been reported in
experimental studies where healthy participants are asked to tol-
erate maximal pain but know they will not sustain serious dam-
age and can terminate pain at will. The brain structures most
commonly inhibited are limbic (infragenual/perigenual) por-
tions of the ACC, often with contiguous ventromedial prefrontal
cortex (Porro et al., 1998, 2004; Hsieh et al., 1999; Simpson et al.,
2001), the functionally connected amygdala (AMYG) (Berman et
al., 2002a; Bonaz et al., 2002; Petrovic and Ingvar, 2002; Petrovic
et al., 1999, 2001), or both (Derbyshire et al., 1997). An important
role of the right ventrolateral prefrontal cortex (vlPFC) or orbito-
frontal cortex (OFC) in driving this inhibition of limbic activity
has been implicated in imaging studies using experimental tech-
niques, including distraction, hypnosis, expected control, and
placebo (for review, see Petrovic and Ingvar, 2002; Mayer et al.,
2006).

The perceptual hypersensitivity to potentially aversive gut
stimuli characteristic of IBS patients may be associated with def-
icits in corticolimbic inhibition and increased activation of cen-
tral arousal circuits during cued delivery of discomfort. We stud-
ied brain responses during expectation and delivery of aversive
rectal pressure in 26 adult females and hypothesized that IBS
patients would show the following: (1) failure to inhibit arousal
and limbic brain circuits during expectation, which would corre-
late with (2) affective stimulus ratings and (3) brain responses to
the aversive stimulus.

Materials and Methods
Subjects. Seventeen adult (acceptable ages were from 18 to 60 years of age)
woman with IBS-C, and 15 healthy control women were recruited by
fliers, newspaper advertisements, and referrals. Brain images from three
control participants and one IBS patient were lost because of equipment
failure, and two additional IBS patients were unable to tolerate the ex-
perimental procedure. Data from the remaining 14 IBS patients (mean
age, 36.1; SD, 8.1) and 12 healthy controls (mean age, 36.3; SD, 7.3) are
reported herein. Menstrual cycle phase during functional magnetic res-
onance imaging (fMRI) testing was estimated from the reported start
date of last menses. Two IBS patients and three healthy subjects could not
be assessed. Three were postmenopausal or perimenopausal (highly vari-
able with over 6 weeks since last menses), and two provided no informa-
tion on the start date of last menses. For the remaining subjects, there was
a relatively random distribution with approximately equal proportions
of women in the follicular and luteal stages (IBS, 4 vs 8; control, 4 vs 5,
respectively).

All participants were right handed. On clinical examination by a gas-
troenterologist, they were clinically and endoscopically without inflam-
matory or structural intestinal disease. All IBS patients fulfilled Rome II
criteria for IBS-C.

Additional exclusionary criteria for either group were abdominal sur-
gery, major medical illness, current or recent history of drug or alcohol
abuse, intake of �4 U of alcohol per day, morbid obesity, metal implants,
or large tattoos. All participants were evaluated for depression and anx-
iety symptoms using the Hospital Anxiety and Depression Scale (HAD)
(for review, see Bjelland et al., 2002). Patients with a clinical diagnosis of
an anxiety disorder or major depressive episode were excluded. Written
and verbal informed consents were obtained from all subjects. The pro-
tocol was approved by the University of California, Los Angeles Human
Subject Protection Committee.

Symptom assessments. IBS patients filled out a brief IBS symptom ques-
tionnaire and daily symptom diaries for 2 weeks preceding fMRI testing.
Each diary consisted of 7-point numerical rating scales for abdominal
discomfort/pain and for abdominal bloating. The number of bowel

movements and presence of either hard or loose/watery stool were also
recorded. On the day of MRI testing, IBS patients rated both the intensity
and unpleasantness of their gastrointestinal symptoms during the past
24 h using descriptor anchored visual analog scales (Gracely et al., 1978).

Visceral distention procedure. Distention of the rectum was accom-
plished using a computer-driven pump (barostat) programmed to de-
liver phasic pressure steps (38 ml/s) separated by interinflation intervals
at the resting pressure. Methods for balloon insertion and inflation were
as described previously (Naliboff et al., 1997). In vitro and in vivo valida-
tions of this distention device have been published previously (Lembo et
al., 1994; Mertz et al., 1995). All studies were performed after an 8 h fast
and application of 2 Fleet enemas (C.B. Fleet, Lynchburg, VA). Affective
and perceptual responses to controlled rectal distention were assessed
before the MRI protocol.

Affective ratings. Before and after the visceral distention protocol, all
participants rated their current mood using the Stress Symptom Rating
scales (SSR). To best capture mood state during the session, the mean of
the two assessments was used. The SSR is a validated multidimensional
instrument for measuring acute changes in mood during experimental
stress (Naliboff et al., 1991). It consists of 12 semantic differential scales,
each of which is a 10 cm line anchored by opposite descriptor words (e.g.,
calm–stressed). Pairs of scales are averaged to assess subjective mood on
dimensions of stress, anger, anxiety, fatigue, arousal, and attentiveness.
They have been validated previously in studies of acute psychological
stress (Mertz et al., 1995; Dickhaus et al., 2003).

Discomfort threshold during rectal distention. Discomfort thresholds for
rectal distention were assessed at the beginning of the MRI session, and
ratings of the highest intensity and discomfort associated with any rectal
distention were assessed at the conclusion. A sensory tracking protocol
was used to determine discomfort thresholds. Details of the threshold
tracking have been reported previously (Naliboff et al., 1997). Briefly, the
electronic distention device was programmed to deliver intermittent
phasic stimuli (30 s duration; 5 mmHg increments) separated by an
interpulse interval (30 s duration; 5 mmHg) within a stimulus tracking
paradigm (15 distention trials). During each stimulus and rest, subjects
were prompted by the distention device to report the intensity of their
sensation on a 4-point scale. If the sensation indicated by the subject was
below the discomfort level (i.e., no sensation or moderate), the next
stimulus was randomized to either stay the same or increase by 5 mmHg
to a maximum value of 45 mmHg. If the sensation indicated by the
subject was discomfort or pain, the next stimulus was randomized to stay
the same or to decrease by 5 mmHg. The discomfort threshold was cal-
culated as the average of the last six pressures given (Naliboff et al., 1997).

MRI protocol. The subject was positioned in the MRI scanner on a
cushioned headrest. The subject was given earplugs to reduce scanner
noise and was fitted with an earphone headset with microphone to allow
two-way communication with the experimenters during scanning. A
mirrored prism viewing assembly allowed the subject to see the inflation
and response cues, which were presented on a notebook computer placed
against the viewing window within the scanner control room. Tape was
put across the forehead, and padding inserts were used to restrict
movement.

The subject was given the following instructions: “the computer will
now begin to inflate the balloon to various pressures in no particular
order. You will probably feel sensations of varying intensity. At the be-
ginning and end of the inflation there will be a visual cue. Remember,
when you see the (blue/white) rectangle, the inflation will soon begin,
and when you see the color change, you will need to rate the inflation.
Indicate the intensity of your sensation by lifting a closed fist if you felt
LOW or NO INTENSITY, lifting one finger for a MIDDLE INTENSITY,
or two fingers for a HIGH level of INTENSITY. Please answer immedi-
ately when the visual cue comes on. In the case that you can no longer
tolerate the test, tell us immediately, but please try to finish the test.
Remember that during this part of the test, the intensity of the inflations
will not be in any particular order.”

Four to six 10 min stimulus sets containing 16 inflation trials each were
administered. The first trial in each set always used a pressure of 45
mmHg. This was followed by five additional 45 mmHg inflations, five 25
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mmHg inflations, and five trials at the baseline pressure of 5 mmHg
(sham inflation) in pseudorandom order.

Each trial consisted of 18 s before balloon inflation, followed by 15 s of
inflation at the designated pressure and 3 s for deflation and rating (Fig.
1). The visual cue preceded the first inflation by 2 s and the other 15
inflations by 3, 4, or 5 s (rectangular distribution). The cue was removed
at the end of the inflation period. This signaled the end of a trial, at which
point subjects rated the intensity of the stimulus. Ratings were made on a
simple three-point scale. In contrast to the earlier discomfort threshold
determination (see above), these ratings were not intended as a psycho-
physical measure. They were designed to keep subjects focused on the
stimuli and provided a validity check of discrimination between stimulus
levels. There was a brief rest (�1 min) between sets. After the last set, a
structural T1-weighted whole brain image was acquired (see below).

All participants then rated the intensity and unpleasantness of the
highest level of visceral inflation experienced during the session using
visual analog scales (Gracely et al., 1978) and completed a final assess-
ment of current mood (SSR). The catheter was removed, and the subject
was excused.

MRI acquisition. Brain images were acquired on a 1.5T MRI scanner
(Siemens Sonata; Siemens, Erlangen, Germany). First, a sagittal scout
was used to position the head. Then, functional T2* weighted gradient-
recalled echo-planar images with blood oxygen level-dependent (BOLD)
contrast (repetition time, 2970 ms; echo time, 42 ms; flip angle, 80°; slice
thickness, 4 mm with a 1 mm interslice interval; matrix, 64 � 64; in-plane
resolution, 3.12 mm 2) were acquired during each 10 min stimulus set
and constituted an fMRI run. After discarding the first two volumes of
each 10 min run, 25 axial slices were recorded for each of 200 functional
whole-brain volumes and saved to disk for off-line analysis. After the
functional runs were completed, a magnetization-prepared rapid-
acquisition gradient echo pulse sequence was used to acquire a three-
dimensional structural T1-weighted image (resolution, 1.0 � 1.0 � 1.0
mm) that covered the entire brain.

Data analysis. BOLD fMRI images from each session were first exam-
ined by a software program that processes a time series of images and
identifies those likely to be artifacts based on outliers in motion, signal
intensity, and other sources of change between successive images (Out-
lier; provided by M. Cohen, University of California, Los Angeles, Los
Angeles, CA). The signal spike threshold used by the Outlier program was
30% above background noise levels determined on a per-slice basis. The
motion threshold was 2%. Images tagged as outliers were visually in-
spected, and unacceptable images, generally resulting from intensity
spikes in a single slice, were replaced by means of the adjacent images.
The following preprocessing procedures were then implemented using
statistical parametric mapping 2 (SPM2) (Wellcome Department of
Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm/
software/spm2/). Correction for acceptable head movement between the
images in each session was performed by alignment with one image. Each
subject’s realigned images were resliced to isotropic 2 mm 3 voxels and

normalized by linear and nonlinear transfor-
mations into a standardized anatomical space
[Montreal Neurological Institute (MNI) space:
an average of 152 whole-brain T1 images col-
lected at the Montreal Neurological Institute].
The x, y, z coordinates of MNI space represent
approximate millimeter distances from the an-
terior commissure (voxel, 0 0 0) with positive
values to the right, anterior, and superior direc-
tions respectively. After normalization, a 5 mm
(full width half maximum) Gaussian filter was
applied to each image.

SPM. The images associated with the initial
trial of each stimulus set were discarded, both to
reduce novelty effects, and because the first trial
always used the same pressure and therefore
may have become predictable across sets. The
remaining images were assigned to six condi-
tions (Fig. 1): (1) rest (five images per trial
modeled as an implicit baseline), (2) cue (one
image per trial), (3) mild distention (five im-

ages on one-third of the trials), (4) moderate distention (five images on
one-third of the trials), (5) sham distention (five images on one-third of
the trials), and (6) rate (one image per trial). Conditions 2–5 were com-
pared with the implicit baseline (rest) in individual fixed-effects linear
contrasts for each subject.

SPM2 treats each voxel according to a general linear model, taking into
account the intrinsic autocorrelation imposed by the hemodynamic re-
sponse. For each condition, activated and deactivated voxels were iden-
tified using an � level of p � 0.01 (uncorrected for multiple comparisons)
and used to construct individual statistical parametric maps. All suprath-
reshold voxels in a statistical parametric map are partitioned into clusters
of contiguous (touching) voxels. SPM2 calculates probability values for
the spatial extent of each cluster (size in voxels) and the strength of the
effect at each individual voxel. The multiple comparisons problem is
addressed using continuous random field theory, assuming the statistic
image to be a good lattice representation of an underlying continuous
stationary random field. This results in inference based on corrected p
values.

A region-of-interest (ROI) approach used the SPM2 small volume
correction procedure to separately quantify BOLD signal increases and
decreases within seven a priori brain areas previously associated with
pain or functional response to visceral distention. ROIs were drawn by
the first author on the structural MR template to which all scans were
normalized using MEDx Software (Sensor Systems, Sterling, VA). The
name of each ROI is followed by the abbreviation and size (number of
voxels) as follows: anterior insula (aINS/980), posterior insula (pINS/
1269), posterodorsal anterior cingulate (dACC/512), supragenual ante-
rior cingulate (sACC/877), infragenual anterior cingulate (iACC/357),
amygdala (AMYG/246), and dorsal brainstem (DBS/351).

The DBS region contains multiple small structures implicated in the
modulation of pain, including the medial raphe (dorsal, median, and
paramedian nuclei), the locus ceruleus complex (LCC), and laterally
adjacent parabrachial nuclei (PBN) in the pons and in the midbrain the
periaqueductal gray (PAG) and nucleus cuneiforme (NCF). The latter
has recently been associated specifically with visceral pain processing
(Dunckley et al., 2005). We refer to the pontine portion of the DBS as the
LCC-PBN complex and to the midbrain portion of the DBS as the PAG-
NCF complex. These subdivisions represent the approximate spatial res-
olution limit of the functional images.

Within each structure, hemisphere, and condition, the voxel t-scores
associated with the peak BOLD increase and decrease were corrected for
the volume of the ROI using the SPM2 family-wise error algorithm. If a
corrected probability value was less than or equal to 0.05, the ROI was
considered to contain a significant activation or deactivation. Using this
method, the same ROI can contain both activations and deactivations
(although not at the same voxel).

Although formal hypothesis testing used the peak effect criterion pre-
sented above, a secondary form of evidence within each ROI quantified

Figure 1. Trial design. In each session, 20 –30 moderate intensity rectal distentions (15 s at 45 mmHg) were randomly
intermingled with an equal number of mild distentions (25 mmHg) and sham distentions (5 mmHg).
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the probability associated with the spatial ex-
tent (number of voxels; i.e., size) of the cluster
of contiguous voxels (i.e., the set of adjacent
voxels that pass the statistical threshold) con-
taining the peak effect. This is a conservative use
of the spatial extent criterion, because the voxel
of peak effect size may not be in the largest clus-
ter within an ROI. Spatial extent evidence gen-
erally correlates well with peak voxel evidence
but can be more sensitive to weak but spatially
extended effects. The proportion of the ROI
that passed the uncorrected p � 0.01 threshold
was also noted, although we know of no ac-
cepted statistical test for this measure.

Individual subject contrast images were gen-
erated for each stimulus (cue, 5 mm sham infla-
tion, 25 mm inflation, 45 mm inflation) and
entered into second level random effects SPM
analyses. These quantified BOLD changes in fe-
male IBS-C patients (n � 14), healthy female
controls (n � 12), and differences between the
two groups. This represents a traditional ap-
proach for assessing brain images that have
been normalized into the same atlas space (see
preprocessing above) combining data across
subjects at each voxel before evaluating evi-
dence of BOLD increases and/or decreases
within each structure.

The 26 subject contrast images for the cue
were also entered into two types of covariate
analyses. First, we assessed the relationship of
the cue-elicited BOLD response to the visceral
discomfort threshold recorded at the beginning
of the session. Next, we assessed the relation-
ship of the cue-elicited BOLD response to the
SSR negative affect mood measures.

Finally, we assessed the relationship of the cue-elicited BOLD signal at
the voxel of maximal group difference in the right DBS (voxel, 4, �30,
�24 in LCC-PBN) and left DBS (voxel, �4, �26, �12 in PAG-NCF) to
the BOLD response during 45 mm Hg distention. Because that analysis
had implications for preparation of coping responses, an additional ROI
was assessed in the right OFC, which has been implicated previously in
executive coping (Leuchter et al., 2002; Petrovic and Ingvar, 2002;
Petrovic et al., 2002, 2005; Lieberman et al., 2004). For comparative
purposes, its left hemisphere homolog was also examined.

Results
Characteristics of the two groups and behavioral responses
Table 1 summarizes the ages and HAD scores in both groups and
measures of IBS symptom severity in the IBS-C group. All pa-
tients had IBS symptoms for at least 3 years. On a five-point scale,
they rated their usual symptoms as moderate (3), severe (4), or
very severe (5), with an average rating between moderate and
severe (mean/SD, 3.5/0.76). All depression and anxiety scores
were within the normal range for all healthy controls and for 12 of
14 patients. As a group, patients reported more anxiety and de-
pression than healthy controls (both p � 0.001), and this was true
even if the two patients who had clinically significant anxiety
scores were excluded. Table 2 presents self report measures of
mood and stimulus perception during the MRI session.

Ratings of affective state
Patients robustly reported more stress, anxiety, and anger than
healthy controls both before and after the rectal distention pro-
tocol (Table 2). Moreover, these three measures were highly in-
tercorrelated (Pearson product-moment coefficients ranged
from 0.84 to 0.93), suggesting they can be conceptualized as rep-

resenting a higher-order factor of negative affect. IBS patients
also reported more fatigue, but the effect was less robust and did
not correlate with the other measures.

Perceptual stimulus ratings
Rectal distention discomfort thresholds measured by the sensory
tracking protocol were significantly lower in IBS-C patients com-
pared with healthy controls (Table 2). However, the groups did
not differ in the intensity and discomfort associated with the
maximal distention pressure experienced during the session.

Behavioral responses during fMRI scanning
Both groups discriminated well between the three levels of rectal
distention pressure. Subjects rated the sham condition (no
change from resting pressure of 5 mmHg), reliably the lowest on
the three-scale from 1 to 3 (mean � SD: IBS-C, 1.22 � 0.38;
control, 1.05 � 0.17). The ratings for the 25 mmHg pressure were
intermediate (IBS-C, 2.13 � 0.53; control, 1.78 � 0.38), and the
ratings for the 45 mmHg pressure were highest (IBS-C, 2.83 �
0.32; control, 2.78 � 0.38). In all subjects, the mean rating for the
25 mmHg pressure was between the mean rating for the 5 and 45
mmHg pressure.

Brain responses during fMRI scanning
ROI results for each group and a group comparison are presented
in Figure 2 and Table 3.

Expectation condition (cue light)
As a group, controls, but not patients, showed widespread BOLD
decreases in regions of the homeostatic afferent processing net-
work, including all tested ROIs with the exception of bilateral

Table 1. Age, HAD anxiety, HAD depression, and IBS symptom severity

Age Anxiety Depression
Symptom severity:
usual intensity

Number
of years

Control group
Mean 36.3 1.5 0.3
SD 7.3 1.6 0.6
Max 46 5.0 2.0
Min 25 0.0 0.0

IBS group
Mean 36.1 7.4 3.4 3.5 5.1
SD 8.1 3.1 2.6 0.8 1.3
Max 50 16 10 5.0 7.0
Min 24 4.0 0.0 3.0 3.0

p (group) NS 0.0* 0.0008

Max, Maximum; Min, minimum; p (group), two-tailed t test probability of group difference. *p � 0.00001.

Table 2. Mood and stimulus perception during the MRI session

SSR

Disc-Thold H.Intens H.Disc Stress Anxiety Anger Fatigue

Control group
Mean 28.0 15.8 14.0 3.2 2.5 2.4 4.5
SD 7.1 2.2 3.0 1.5 1.2 1.5 1.9
Max 44.2 18.5 17.5 6.0 4.6 5.3 7.8
Min 17.5 11.0 8.0 0.9 0.8 0.4 1.1

IBS group
Mean 22.5 16.6 15.2 6.8 6.0 5.8 6.3
SD 6.2 2.3 2.3 1.6 1.6 2.2 1.4
Max 35.0 19.5 18.5 8.6 8.9 8.1 8.8
Min 12.5 11.0 10.5 4.1 3.5 0.5 4.0

p (group) 0.05 NS NS 0.0* 0.0* 0.0002 0.01

Disc-Thold, Discomfort threshold (mmHg); H.Intens, highest inflation intensity; H.Disc, highest inflation discomfort; Max, maximum; Min, minimum; p
(group), two-tailed t test probability of group difference. *p � 0.00001.
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iACC and left dACC (Mayer et al., 2006).
Neither group showed a significant BOLD
increase during the cue condition. This
produced significant group differences in
the right pINS and bilateral DBS.

Because we had not selected the thala-
mus, another region of the homeostatic af-
ferent processing network, as an a priori
region, we conducted a post hoc examina-
tion of activity during the expectation con-
dition within right and left thalamus, op-
erationalized as 10 mm radius spheres
centered at MNI �10, �18, 10. Healthy
subjects showed extensive deactivation
during the cue, both by the criterion of
spatial extent [left (L), 51%, p � .0005; r �
42%, p � 0.001] and voxel height [L: t �
5.11, p � 0.006; right (R): t � 4.30,
p � 0.032]. In contrast, there was no spa-
tial extent evidence for cue-related deacti-
vation in the patients (L, 8%; R, 3%; NS).
However, patients did show cue-related
deactivation for a voxel in the pulvinar nu-
cleus of the left thalamus (t � 5.15; p �
0.006).

45 mmHg distention
IBS patients showed bilateral BOLD in-
creases in the four homeostatic afferent
processing network ROIs (aINS, pINS,
dACC, and DBS). The iACC showed bilat-
eral BOLD decrease. No significant effects
were seen in the AMYG.

In contrast, controls demonstrated
significant BOLD increases only in bilat-
eral INS (anterior and posterior) and
BOLD decrease in left iACC. Group
comparison indicated greater BOLD in-
crease in patients within the left DBS,
with spatial extent evidence suggesting
this may also be true within the left
dACC (Table 3).

25 mmHg distention
In IBS patients, regions where 45 mmHg
distention produced a BOLD increase
were also increased during the 25 mmHg
distention (bilateral aINS, pINS, dACC,
and DBS), but the effects were attenuated
in both cluster size and maximum t-score.
There were BOLD decreases in right iACC
and bilateral AMYG.

Controls demonstrated significant
BOLD increases only in bilateral aINS.
They had BOLD decreases in left iACC and
right AMYG. Group comparison yielded
suggestive trends ( p � 0.07) for greater
BOLD increases in the patients within
right pINS and right dACC.

Sham distention (5 mmHg)
IBS patients generated significant BOLD
increases during sham distention only in

Figure 2. Group functional activation maps. BOLD responses ( p � 0.01) within the ROIs (outlined in yellow) in female IBS-C
patients and healthy controls in response to the cue light and the subsequent 5 (sham), 25, and 45 mmHg distentions are
superimposed on a structural MRI representative of MNI space for a sagittal slice 5 mm from the midline in each hemisphere (left
side, left hemisphere), a coronal slice 6 mm behind the anterior commissure, and a transaxial slice through the anterior commis-
sure. All figures depict neurological orientation (left � left).
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the bilateral aINS, with a suggestive trend in left dACC. They
generated a significant BOLD decrease in left AMYG. There
were no significant effects in control subjects but also no sig-
nificant differences between the groups during sham
distention.

Relationship of anticipatory brain response to
visceral perception
To interpret the observed group difference in anticipatory
brain activity, we combined the groups and assessed the rela-
tionship between DBS BOLD response during anticipation

Table 3. BOLD responses to experimental stimuli

IBS Control IBS � control

Cluster Voxel Cluster Voxel Cluster Voxel

k p(cor) ROI0.01 t p(cor) x, y, z k p(cor) ROI0.01 t p(cor) x, y, z k p(cor) ROI0.01 t p(cor) x, y, z

45 mmHg increase
Anterior insula L 620 0.00* 69% 7.61 0.00* �36, 26, �8 264 0.001 29% 5.63 0.002 �40 ,8 ,6

R 540 0.00* 51% 6.16 0.001 38, 24, �12 279 0.001 29% 4.78 0.02 42, 4, 2
Posterior insula L 371 0.00* 32% 6.78 0.00* �48, 2, 2 129 0.02 9% 5.65 0.004 �40, 6, 6

R 320 0.00* 30% 6.05 0.001 48, 4, 0 37 0.14 4% 5.41 0.004 42, 4, 4
Dorsal brainstem L 130 0.005 38% 5.71 0.001 �6, �42, �24 10 0.17 6% 3.78 0.04 �6, �42, �24

R 150 0.003 44% 6.04 0.00* 8, �30, �20
ACC dorsal L 234 0.001 43% 5.35 0.003 �8, 4, 42 51 0.05 10% 3.18 0.17 �8, 12, 42

R 161 0.003 45% 5.15 0.003 0, 16, 38
45 mmHg decrease

ACC supragenual L
R 29 0.14 3% 3.74 0.09 6, 34, 2

ACC infragenual L 142 0.004 39% 3.92 0.04 �6, 32, �6 116 0.008 32% 3.74 0.05 �6, 44, �4
R 12 0.16 16% 3.77 0.04 10, 52, �4

25 mmHg increase
Anterior insula L 545 0.00* 61% 6.14 0.001 �38, 20, �2 245 0.002 28% 5.05 0.007 �32, 28, �6

R 526 0.00* 50% 5.81 0.002 48, 10, �2 328 0.00* 31% 5.99 0.001 36, 22, 4
Posterior insula L 211 0.004 15% 5.64 0.003 �48, 2, 0

R 41 0.13 6% 4.84 0.01 46, 12, �6 28 0.19 4% 4.04 0.06 40, �14, 4
Dorsal brainstem L 18 0.12 7% 3.65 0.05 �4, �28, �14

R 53 0.04 15% 4.34 0.01 6, �30, �20
ACC dorsal L 56 0.05 14% 3.87 0.05 �6, 18, 42

R 25 0.11 14% 4.12 0.02 6, 8, 28 8 0.21 2% 3.56 0.07 6, 10, 28
25 mmHg decrease

ACC infragenual L 42 0.06 12% 3.23 0.12 �8, 44, �12 128 0.008 35% 3.66 0.05 �12, 36, �10
R 53 0.04 15% 5.34 0.002 12, 50, �6 26 0.09 10% 2.97 0.16 6, 52, �4

Amygdala L 72 0.02 30% 4.39 0.01 �20, �8, �24 6 0.19 3% 3.43 0.07 �28, �12, �14
R 52 0.04 21% 5.37 0.001 20, �6, �22 31 0.07 13% 3.75 0.04 20, �6, �22

5 mmHg increase
Anterior insula L 201 0.004 23% 5.04 0.007 �34, 22, 4

R 252 0.002 24% 4.39 0.03 28, 26, �2
ACC dorsal L 14 0.18 5% 3.71 0.06 �14, 0, 38

R
5 mmHg decrease

Amygdala L 20 0.10 8% 4.46 0.009 �26, �4, �24
R 5 0.19 2% 3.22 0.09 22, �6, �22

Cue decrease
Anterior insula L 3 0.46 11% 4.74 0.02 �28, 32, �2

R 285 0.00* 27% 4.93 0.01 36, 8, 2
Posterior insula L 218 0.002 22% 4.96 0.02 �46, 0, 8

R 306 0.00* 28% 5.11 0.009 42, �14, �6 94 0.02 9% 4.33 0.04 40, �10, 6
Dorsal brainstem L 198 0.001 58% 4.49 0.01 �6, �26, �12 85 0.01 25% 4.01 0.03 �4, �26, �12

R 118 0.005 34% 4.56 0.01 10, �24, �6 22 0.10 9% 3.76 0.05 4, �30, �24
ACC dorsal L

R 31 0.08 7% 3.79 0.05 4, 14, 42
ACC supragenual L 68 0.04 8% 3.87 0.08 �10, 32, 22

R 59 0.05 7% 3.62 0.13 2, 30, 24
Amygdala L 98 0.008 40% 4.24 0.02 �22, �4, �24

R 9 0.16 4% 3.89 0.09 26, 2, �26

For each region where peak voxel height or the spatial extent volume-corrected p � 0.1 of that cluster, the cluster size (number of voxels) is labeled k, followed by the volume-corrected probability associated with finding a cluster this large
or larger �p(cor)�. Because the peak cluster is not always within the largest cluster, the two cluster columns are followed by an additional measure of spatial extent, the total percentage of ROI voxels where p � 0.01 (uncorrected), although
there is no accepted statistical test associated with this measure. The three voxel columns present the peak voxel t-score, the volume corrected probability of finding a t-score this large or larger �p(cor)�, and location in MNI space. The x, y,
z coordinates represent approximate millimeter distances from the anterior commissure (voxel 0 0 0), with positive values to the right, anterior, and superior directions, respectively. Formal group comparisons are presented in the rightmost
columns. All these results represent larger BOLD signal in the IBS-C group. It should be noted that this represents a bigger change from the resting baseline state in the control group in ROIs where the primary response to a stimulus was a
BOLD decrease. ROI0.01, Proportion of the region of interest where p � 0.01 (uncorrected). *p � 0.0005.
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and several possible explanatory measures. To dissociate the
function of anticipatory BOLD decreases in the dorsal pons
from those in the dorsal midbrain, the DBS voxel with maxi-
mal group differences during the cue period in the left hemi-
sphere was selected as representative of the midbrain PAG-
NCF complex (�4, �26, �12), and the DBS voxel with
maximal group differences in the right hemisphere was se-
lected as representative of the pontine LCC-PBN complex (4,
�30, �24). We first considered the potential explanatory
variable of visceral perception using the rectal discomfort
threshold obtained from each individual at the beginning of
the fMRI session. Covariate analyses revealed that higher dis-
comfort thresholds (e.g., less sensitivity) were associated with
lower BOLD cue activity in the voxels selected for maximal
group differences in both LCC-PBN (t � 2.55; p � 0.009), and
PAG-NCF (t � 2.08; p � 0.02). However, these effects were
neither strong nor spatially extensive enough to retain signif-
icance after volume-correction for the entire DBS.

Relationship of anticipatory brain response to affective state
The relationship of the brainstem anticipatory response to
differences in affective state was assessed using the SSR self-
ratings. The selected voxels had higher anticipatory BOLD
signal to the extent that self-rated negative affect was higher in
both LCC-PBN [t � 4.30 (anxiety), 3.83 (anger), 4.40 (stress);
all p � 0.0005] and PAG-NCF [t � 3.43 (anxiety), 3.39 (an-
ger), 3.52 (stress); all p � 0.001]. Table 4 indicates that all
three self-ratings remained significantly correlated with the
BOLD signal during cued expectation of pain after volume-
correction for the full DBS. Thus, negative mood was associ-
ated with less of the anticipatory BOLD decrease found in
healthy controls but not IBS-C patients as a group. Figure 3
depicts sagittal and axial views of the positive correlation be-
tween negative affect (anxiety, anger, and stress) and the an-
ticipatory BOLD signal in DBS, with crosshairs centered on
the voxel of peak effect in the right hemisphere, which was in
LCC-PBN for all three scales. In the transaxial view and in

Table 4, the data suggest that activity in the left lateral AMYG
had a similar relationship with anger and stress. Anger and
stress were also associated with less anticipatory BOLD de-
crease in the right iACC, and stress was associated with a
smaller BOLD decrease in both anterior and posterior INS
(Table 4).

Relationship of anticipatory brainstem response to the brain
response to distention
Covariate analyses assessed the relationship of the cue-elicited
BOLD signal in LCC-PBN (voxel 4, �30, �24) and PAG-NCF
(voxel 4, �26, �12) to the brain response during the 45 mmHg
distention. The PAG-NCF cue response was not related to the
response to 45 mm distention in any ROI. In contrast, as depicted
in Figure 4, anticipatory deactivation of LCC-PBN (blue circle)
was associated with greater activation during subsequent 45
mmHg distention in bilateral rostral ACC, with extension both
below the genu (13% of L iACC: spatial extent, p � 0.05; peak t �
4.15; p � 0.02; 22% of R iACC: spatial extent, p � 0.02; peak t �
4.04; p � 0.03), and above (18% of L sACC: spatial extent, p �
0.007; peak t � 4.03; p � 0.05).

Figure 4 also illustrates that anticipatory deactivation of LCC-
PBN was associated with greater activation during subsequent 45
mmHg distention in the right, but not left, lateral OFC. The peak
association of right OFC to the LCC-PBN cue signal at voxel 36,
42, �10 yielded a t-score of 4.57 (volume corrected, p � 0.04).
The voxel was in BA 47, part of a cluster of 338 voxels represent-
ing 24% of the ROI (volume corrected spatial extent, p � 0.001).
The homologous comparison (thresholded at p � 0.01) in the left
lateral OFC yielded only one voxel.

To further assess the specificity of the LCC-PBN anticipatory
deactivation for greater activation of rostral ACC and right lateral
OFC during distention, we conducted an additional analysis of
the relationship of the cue-elicited BOLD signal in the left amyg-
dala (voxel �22, �4, �24) to the brain response during the 45
mmHg distention. There was no evidence for any relationship
analogous to the one reported for the LCC-PBN and depicted in
Figure 4. The only ROI where anticipatory deactivation of left
amygdala was associated with greater activation during subse-
quent 45 mmHg distention was the left amygdala itself (peak, p �
0.02), and this effect was very focal, covering only 3% of the left
amygdala.

Discussion
The brain must evaluate tissue damage during pain and generate
behavioral responses but must also be able to inhibit response in
favor of competing goals. Recent studies have associated BOLD
decreases with decreased neural firing (Logothetis et al., 2001;
Shmuel et al., 2002). Limbic downregulation during pain antici-
pation has been suggested as a cognitive coping strategy (Petrovic
et al., 2004). The current results demonstrate that during certain
expectation of experimental abdominal/pelvic discomfort, fe-
male IBS-C patients are more anxious and less able than healthy
controls to downregulate activity within the CNS network acti-
vated by potentially aversive interoceptive stimuli, especially
within DBS. During aversive stimulation, they generate more
activity than controls in DBS and dACC, and to the extent that
preparatory inhibition of the LCC-PBN region fails, patients do
not activate a well-described right lateral OFC–sACC cortical
coping network. These findings are consistent with our recently
proposed model conceptualizing CNS abnormalities in IBS as
ineffective cortico-limbic-pontine inhibition of visceral afferent

Table 4. Direct covariation of cue BOLD response with SSR negative affect

Cluster Voxel

k p (cor) ROI0.01 t p (cor) x y z

Anxiety
Dorsal brainstem L 68 0.01 20% 4.29 0.02 0 �28 �20

R 50 0.04 21% 4.54 0.009 2 �28 �20
Anger

Dorsal brainstem L 67 0.02 20% 4.55 0.009 �2 �24 �16
R 28 0.08 15% 3.83 0.04 4 �30 �24

Amygdala L 16 0.12 7% 3.79 0.04 �26 0 �26
R

ACC infragenual L
R 22 0.10 6% 4.01 0.03 12 46 �8

Stress
Dorsal brainstem L 68 0.02 19% 3.96 0.03 �2 �24 �16

R 33 0.07 15% 4.40 0.01 4 �30 �24
Amygdala L 20 0.10 8% 3.35 0.09 �26 0 �26

R
ACC infragenual L

R 25 0.09 7% 3.54 0.07 10 46 �8
Anterior insula L

R 45 0.10 12% 4.23 0.05 36 10 2
Posterior insula L 17 0.33 6% 4.18 0.07 �44 �10 8

R 67 0.05 7% 3.43 0.21 42 �8 10

ROI0.01, Proportion of the ROI where p � 0.01 (uncorrected).
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input within the homeostatic afferent pro-
cessing network (Mayer et al., 2006).

Altered brain responses during
expectation of an aversive visceral
stimulus in patients
Healthy controls, but not patients, showed
extensive BOLD decreases during expecta-
tion of visceral discomfort in key regions
of a brain network, which is consistently
activated during perturbation of ho-
meostasis and mediates the sensory and af-
fective/motivational aspects of homeo-
static emotions, including visceral pain
(Mayer et al., 2006). The only major com-
ponent of the afferent processing network
that was not an a priori ROI in this study
was the thalamus. Post hoc analyses
showed that healthy controls also deacti-
vated the thalamus extensively, whereas
patients did not.

However, as with the cue-response of
several other network structures, formal
group differences in the thalamus did not
attain significance, suggesting that some
patients may also decrease network activ-
ity when anticipating discomfort. Individ-
ual analyses revealed cue-related BOLD
decrease of the LCC-PBN in all healthy
subjects, but only 36% of IBS-C patients.
Subsequent activity in the aINS during
sham distention (Table 3) demonstrates
that in the absence of a stimulus, anticipa-
tion in IBS patients only, perhaps because
of higher anxiety, can increase firing
within interoceptive cortex. This may in-
dicate continued ascending arousal and/or
lack of descending prefrontal inhibitory
input.

During cued expectation, the DBS
was the primary region showing greater
activation in IBS-C patients than in
healthy controls. Although our study
cannot differentiate individual pontine
nuclei, we speculate that this greater ac-
tivation probably involves the LCC, a
small cylindrical structure abutting the
PBN, which provides most forebrain
noradrenergic inputs and is implicated in arousal (Aston-
Jones and Cohen, 2005).

A recent study reported that PAG activation during antici-
pated pain was associated with higher pain ratings and greater
pINS activation in healthy adults (Fairhurst et al., 2007). How-
ever, no anticipatory brainstem activation reached the p � 0.01
level, and BOLD decreases were not assessed, so it is unclear
whether they were present.

Alterations in preparatory responses are correlated with
measures of negative affect and with brain responses to the
delivered pain stimulus
Elevated symptoms of anxiety in IBS patients (Mayer et al., 2001)
may reflect an intrinsic pathophysiological component in this

and other functional pain disorders. Our patients had more neg-
ative affect during scanning than control subjects, and these rat-
ings correlated with brainstem activity during expectation. Cor-
relation of cue BOLD signal with negative affect is consistent with
LCC arousal.

The current results during visceral distention replicate previ-
ous studies of brain activity during pain both through finding
activity increases in the afferent processing network structures of
INS, dACC, and DBS (Mayer et al., 2006) and activity decreases in
the rostral ACC (Porro et al., 1998, 2004) and amygdala (Derby-
shire et al., 1997; Baciu et al., 1999; Petrovic et al., 1999; Berman
et al., 2002a; Petrovic and Ingvar, 2002).

Patients had more BOLD activation in LCC-PBN and
dACC than healthy women. Previous imaging studies compar-

Figure 3. Covariation of negative affect with anticipatory BOLD response. Higher BOLD signal during the cue period (less
deactivation) was directly correlated with negative affect ( p � 0.01; shown in red) in LCC-PBN (location of crosshairs) and left
amygdala (for anger and stress), depicted within an MNI space sagittal slice 4 mm to the right of the anterior commissure and a
transaxial slice 24 mm inferior to the anterior commissure.

Figure 4. Covariation of LCC-PBN anticipatory BOLD response with BOLD response during visceral distention. Cue-related
deactivation of LCC-PBN (blue circle) was associated with greater activation ( p � 0.01; shown in green) during subsequent 45
mmHg distention in ACC and right, but not left, OFC. Coordinates of slices depicted: L ACC (x � �6; y � 34), R ACC (x � 6; z �
�4), R OFC (x � 36; y � 42).
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ing IBS patients to healthy controls during rectal distention
have also reported greater activation of the dACC (Mertz et al.,
2000; Naliboff et al., 2001; Mayer et al., 2005;). It remains to be
determined whether these differences are best interpreted as
decreased inhibitory corticolimbic antinociception/coping
mechanisms (Wilder-Smith et al., 2004; Mayer et al., 2005;
Song et al., 2006) or also reflect increased ascending afferent
information (Verne et al., 2003). To address this issue, we
looked for correlations between the observed brain responses
during expectation (in the absence of any peripheral input)
and the response to the actual stimulus.

When the cue was not followed by actual distention (sham
condition), the voxels where the anticipatory LCC-PBN
BOLD signal remained most directly correlated with activity
over the next 15 s were in basomedial thalamus (t � 4.6) and
LCC-PBN itself (t � 4.5), supporting the notion that variation
in anticipatory LCC-PBN activity represents modulation of
background noise levels in the circuit for detection of visceral
afferent information (Saleh and Cechetto, 1994). In contrast,
when a 45 mmHg distention occurred, high LCC-PBN activity
during the cue was associated with less activation of sACC and
right OFC/ventrolateral PFC; cortical regions associated with
antinociception through opiate-mediated placebo effects
(Petrovic and Ingvar, 2002; Eisenberger et al., 2003; Lieber-
man et al., 2004; Petrovic et al., 2005; Bingel et al., 2006) and
analgesic effects of perceived control over pain (Wiech et al.,
2006). During actual distention, the cue signal was unrelated
to the level of activation in areas most reliably activated during
pain (dACC, INS), consistent with animal studies where nor-
adrenergic modulation of PBN changed the signal-to-noise
ratio but did not directly alter stimulus-specific firing
elicited by moderate visceral stimulation (Saleh and Cechetto,
1994).

Possible pathophysiological model of altered noradrenergic
modulation during expectation of pain
Recent studies suggest that the LCC orchestrates more flexible
optimization of performance through mixing stimulus-driven
phasic activity that is an important neural substrate of focused
attention with tonic activity that encourages nonspecific fast re-
sponding and behavioral switching (Aston-Jones and Cohen,
2005). This model suggests two strategies that might be applied
during expectation of discomfort. Increasing phasic responsive-
ness and decreasing tonic (nonspecific) firing of the LCC could
optimize the signal-to-noise ratio, and the accuracy of perceptual
detection of weak or attended stimuli, while decreasing respon-
siveness to unattended stimuli. Alternatively, increasing tonic fir-
ing of the LCC and thus the firing rate in upstream thalamus
closer to the threshold for pain detection would shorten reaction
time nonspecifically to any additional source of arousal. Because
speeded response to actual threats would be accompanied by
increased false alarms, this strategy for fast detection of potential
threats constitutes a bias to interpret network activity as
threatening.

Use of this strategy by IBS patients is consistent with pre-
vious reports demonstrating enhanced central reactivity (Ber-
man et al., 2002b; Naliboff et al., 2005), and an intriguing
study where IBS patients made more false-positive errors in
recognizing emotionally negative words than either healthy
subjects or depressed patients (Gomborone et al., 1993). We
propose that during expectation of pain, IBS patients generate
higher levels of tonic noradrenergic activity, producing a bias
toward interpretation of network activity as pain (speed over

accuracy), and are inefficient at reducing such activity when
discrimination of nonpainful stimulation should be maxi-
mized, or pain should be inhibited.

Limitations of study
Findings obtained in moderate to severe female IBS-C patients
may not generalize to other patient populations. We did not
image the rostroventral medulla, and limited spatial resolu-
tion prevented potentially important discriminations within
closely interconnected brainstem networks. Future imaging
studies of anticipation and pain could achieve better resolu-
tion through using smaller voxels and coronal slices parallel to
the brainstem.

Substantial group differences in negative affect make it diffi-
cult to disentangle these effects from other group differences. In
particular, IBS patients showed higher anxiety ratings, and two
had significantly elevated anxiety. However, unlike the cue re-
sponse, brain response to the uncomfortable stimulus itself was
not related to negative affect or discomfort threshold, suggesting
that negative mood states inhibit the preparatory deactivation
that is our focus but do not strongly alter the brain response to a
moderate stimulus.

Summary
We provide evidence for a relationship between the altered
brain and perceptual responses to visceral stimuli reported in
IBS and alterations in brain response to expectation of such
stimuli. During anticipation of visceral pain, healthy subjects,
but not IBS patients, downregulate homeostatic afferent pro-
cessing network activity. Downregulation is maximal within
dorsal pons (LCC-PBN) and associated both with higher rectal
distention thresholds in healthy subjects (improved discrimi-
nation of physiological from aversive stimuli) and with acti-
vation of an antinociceptive network in right lateral OFC and
sACC during delivered pain. Anticipatory downregulation is
inhibited by negative emotions (stress, anxiety, anger), and
these are higher in IBS patients. Negative emotions support a
competing strategy of tonic LCC arousal to disinhibit behav-
ioral response, consistent with IBS patients having greater
DBS and dACC activation during actual distention and false
positive detection of interoceptive information (INS activity)
during sham distention.

The proposed model of altered noradrenergic regulation in
IBS requires confirmation in future studies. However, altered
LCC function has been proposed previously as an important
pathophysiological mechanism in functional pelvic pain disor-
ders (Valentino et al., 1999).
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