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See Sayuk GS et al on page 556 in the May
2007 issue of CGH

ackground & Aims: Hypersensitivity to proximal
astric distention as a result of abnormal central
ervous system processing of visceral stimuli is a
ossible pathophysiologic mechanism in func-

ional dyspepsia (FD). Increasing evidence suggests
nvolvement of both lateral and medial pain sys-
ems in normal visceral sensitivity and aberrant
rain activation patterns in visceral hypersensitiv-

ty. We hypothesized that there is involvement of
berrant brain activation in FD with hypersensitiv-
ty to gastric distention. Our aim was to investigate
egional cerebral blood flow during painful proximal
astric distention in hypersensitive FD. Methods: Brain
5O-water positron emission tomography was per-
ormed in 13 FD patients with symptoms of gastric
ypersensitivity during 3 conditions: no distention,
ham distention, and isobaric distention to unpleasant
r painful sensation. Pain, discomfort, nausea, and
loating during maximal distention were rated on vi-
ual analogue scales. Data were analyzed using statisti-
al parametric mapping. Results: The threshold for
ainful distention was 6.6 � 3.8 mm Hg greater

han the minimal distending pressure. At the cor-
ected P level of less than .05, subtraction analysis
painful distention - no distention) showed activa-
ions in bilateral gyrus precentralis, bilateral gyrus
rontalis inferior, bilateral gyrus frontalis medialis,
ilateral gyrus temporalis superior, bilateral cere-
ellar hemisphere, and left gyrus temporalis infe-
ior. Sham distention minus no distention showed
o activations. Conclusions: Similar to healthy
olunteers, proximal stomach distention in FD ac-
ivates components of the lateral pain system and
ilateral frontal inferior gyri, putatively involved in
egulation of hunger and satiety. In hypersensitive
D, these activations occur at significantly lower

istention pressures. In contrast to findings in nor-
osensitivity, none of the components of the me-
ial pain system were significantly activated.

isceral hypersensitivity, a condition characterized by
lowered thresholds for discomfort, pain, or other

ensations during intraluminal balloon distention, has
een shown in several functional gastrointestinal disor-
ers including functional dyspepsia (FD),1,2 irritable
owel syndrome (IBS),3 and noncardiac chest pain.4 Pe-
ipheral changes at the level of the gastrointestinal tract
s well as alterations at the level of the central nervous
ystem may contribute to the pathogenesis of visceral
ypersensitivity.5

The evidence for hypersensitivity to proximal gastric
istention in FD is substantial. Several studies have
hown that up to two thirds of patients with FD report
iscomfort or pain at lower thresholds of intragastric
alloon distention than healthy controls.1,2,5–9 In a large
atient series, gastric hypersensitivity was found to be
ssociated with a higher prevalence of postprandial epi-
astric pain, belching, and weight loss.7 This association
ith a distinct FD symptom pattern is supportive of a

ole for hypersensitivity to proximal stomach distention
n the pathogenesis of FD symptoms. In a factor analysis
f pathophysiologic and psychosocial features of FD, we
ound that gastric hypersensitivity was associated with
everal psychologic variables including the presence of
nxiety, somatization, neuroticism, and a history of
buse.10 –12 The interaction with psychopathologic vari-
bles was found to statistically mediate the association
etween upper-abdominal pain and gastric hypersensitiv-

ty.10 These observations suggest that abnormal central
ervous system processing of gastric stimuli may be a
elevant pathophysiologic mechanism in FD.

Abbreviations used in this paper: ACC, anterior cingulate cortex; BA,
rodmann area; FD, functional dyspepsia; IBS, irritable bowel syn-
rome; MRI, magnetic resonance imaging; PET, positron emission
omography; VAS, visual analogue scale.

© 2007 by the AGA Institute
0016-5085/07/$32.00
doi:10.1053/j.gastro.2007.03.037
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The central nervous system structures involved in pro-
essing normal sensitivity to gastric distention have been
artially elucidated.13–16 Painful gastric distention in
ealthy volunteers has been shown to activate a similar
et of brain structures as activated in somatic pain, in-
luding the right insula and the right midanterior cin-
ulate cortex. The frontal inferior gyrus (Brodmann area
BA] 47) seems to play a unique role in processing stimuli
nvolving the proximal stomach,13,15,16 as opposed to
ther visceral or somatic stimuli. It is proposed as a
onvergence zone for processing food-related stimuli.14

ncreasing evidence links the frontal inferior gyrus, par-
icularly the right side, to the regulation of hunger, ap-
etite, satiety, and food intake.17–23

In IBS, another condition associated with visceral hy-
ersensitivity, functional brain imaging studies revealed
ifferences in cerebral activation during rectal distention

n IBS compared with healthy volunteers, suggestive of
bnormal central nervous system processing of visceral
timuli.24 –26 We hypothesized that FD patients with hy-
ersensitivity to gastric distention also would display
ltered brain activation patterns during distention of the
roximal stomach.
The aim of this study was to describe the brain regions

ctivated by actual painful distention of the proximal
tomach in FD with gastric hypersensitivity, and the
rain regions activated by sham distention. Furthermore,
his study aimed to contribute to the characterization of
rain activation patterns and specific neurocircuitry as-
ociated with visceral hypersensitivity, to the elucidation
f gastric sensory processing in FD, and to the under-
tanding of the physiopathology of gastric hypersensitiv-
ty. For the latter purpose, we compared the data of the
resent study with recently reported findings obtained
rom healthy volunteers using a similar study design.15

Materials and Methods
Subjects
Thirteen FD patients (3 men; mean age, 30.6 �

.2 y) were recruited for the study (Table 1). They were
elected on the basis of demonstrated gastric hypersen-
itivity in a previous barostat examination (n � 8) or on
he basis of a symptom pattern suggestive of gastric
ypersensitivity, with epigastric pain as the predominant
ymptom (n � 5). Hypersensitivity, defined as a threshold
or pain or unpleasantness of less than 6.4 mm Hg above

inimal distending pressure,7 was confirmed in 3 pa-
ients of the latter group. The most prevalent symptom
as postprandial fullness (92%), followed by pain (85%),
loating (85%), nausea (77%), and belching (69%). Early
atiety was present in 62% of the patients, whereas 54%
omplained of epigastric burning and 38% reported vom-
ting. Nine patients (69%) reported weight loss of more
han 5% of their original body weight (average, 8.2 � 2.5

g weight decrease). All patients were Helicobacter pylori p
egative. Patients on psychotropic drugs were excluded
rom the study. All other medications potentially influ-
ncing gastrointestinal motility and sensitivity (mainly
rokinetic and antinausea drugs) were discontinued at

east 24 hours before study participation. None of the
atients had a history of a nonfunctional gastrointestinal
isease. All study procedures were undertaken with the
nderstanding of and after obtaining written consent

rom each subject, in accordance with the Declaration of
uman Rights (Helsinki, 1975). The protocol had been

pproved previously by the ethical committee of the
niversity Hospital.

Barostat Procedure
After an overnight fast of at least 12 hours, and

hours before positron emission tomography (PET)
maging, a double-lumen polyvinyl tube (Salem sump
ube 14 Ch; Sherwood Medical, Petit Rechain, Bel-
ium) with a finely folded adherent plastic bag (capac-
ty, 1200 mL; maximal diameter, 17 cm) was intro-
uced through the mouth and secured to the subject’s
hin with adhesive tape. The position of the bag in the
roximal stomach was checked fluoroscopically. The
olyvinyl tube then was connected to a programmable
arostat device (Barostat Distender Series II; G&J Elec-
ronics Inc., Toronto, Ontario, Canada). To unfold the
ag, it was inflated with a fixed volume of 300 mL of
ir for 2 minutes with the study subject in a recumbent
osition and again deflated. The subjects then were

able 1. Comparison of Healthy Volunteers and
Hypersensitive FD Patients

Healthy volunteers
(n � 11)

FD patients
(n � 13) P value

ge 23.1 � 1.7 30.6 � 8.2 .008
ex distribution (% males) 45.5 23.1 .21
hreshold for painful or
unpleasant sensation
(mm Hg above minimal
distending pressure) 11.3 � 3.4 6.6 � 3.8 .004

–6 rating scale score for
highest distention
during PET experiment 4.7 � 0.5 5.2 � 0.5 .07

AS score for pain 5.0 � 2.1 8.0 � 2.5 .39
AS score for discomfort 6.6 � 1.4 8.2 � 1.1 .44
AS score for nausea 3.2 � 2.8 6.2 � 3.2 .28
AS score for bloating 8.1 � 0.9 7.5 � 3.2 .67
AS score for anxiety
immediately after PET
experiment 1.7 � 1.3 1.6 � 2.3 .45

AS score for tension
immediately after PET
experiment 2.0 � 1.4 2.3 � 2.9 .37

OTE. Healthy volunteer data are from Vandenberghe et al15 and
ypersensitive FD patient data are from the present study. Data were
ompared with regard to age and sex distribution, maximal distention
hreshold, symptom scores during maximal distention, and tension
nd anxiety immediately after PET experiment.
ositioned in the same condition as under the PET
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canner, comfortably lying down (supine position)
ith slightly bent knees. Pilot studies with fluoroscopy

ontrol established that balloon distention occurs in
he proximal stomach in this position. After a 30-

inute adaptation period, the minimal distending
ressure was first determined by increasing the intra-
ag pressure by 1 mm Hg every minute until a volume
f 30 mL was reached.7 This pressure level equilibrates
he intra-abdominal pressure. To assess individual per-
eption thresholds, isobaric distentions were per-
ormed in double-random staircase increments of 2

m Hg starting from the minimal distending pressure,
ach lasting for 2 minutes, while the corresponding
ntragastric volume was recorded. Subjects were in-
tructed to score their perception of upper-abdominal
ensations at the end of every distending step using a
raphic rating scale that combined verbal descriptors
n a scale graded 0 – 6.7 The end point of each sequence
f distentions was established when the subjects re-
orted discomfort or pain (score, 5 or 6). From the
ouble-random staircase distentions, we obtained the

ndividual’s pressure thresholds for unpleasant or
ainful sensations (mean pressure inducing score, �5).
hen the balloon was deflated and the subject and
arostat device were transferred to the PET scanner,
here the subject was installed in the same supine
osition with slightly bent knees and with the head
ositioned in the scanner ring.

Psychologic Measures
Immediately before and after the PET experiment,

ubjects were asked to complete visual analogue scales
VAS) (0 –10) for anxiety and tension, ranging from “not
nxious (tense) at all” to “most anxious (tense) I have ever
elt.”

Statistical Analysis
All demographic, physiologic, and psychologic

easures were analyzed using SPSS software (SPSS Inc,
hicago, IL). All data are given as mean � SD.

PET/Regional Cerebral Blood Flow Imaging
Conditions. Brain 15O-water PET was performed

uring 3 conditions: (C1), no distention (baseline condi-
ion); (C2), actual distention to the individual thresholds
or unpleasant or painful sensations (maximal disten-
ion) as determined in the preceding barostat procedure;
nd (C3), sham distention or simulated delivery of an
nticipated stimulus. Just before the sham distention, the
ubject was instructed that a distention would follow,
ut during this condition no actual balloon distention
as applied. Each condition was replicated 4 times in a
seudorandomized block design. Gastric sensation was

ated with the same 0 – 6 graded graphic rating scale v
mmediately after each distention. Pain, discomfort, nau-
ea, and bloating during the most intense distention were
ated retrospectively on a VAS (0 –10) immediately after
he PET experiment.

Data acquisition. Brain activity was monitored
s the relative change in regional cerebral blood flow
sing the H2

15O method.27 All measurements were
erformed in 3-dimensional mode with a Siemens-Cti
cat Exact Hr� (Siemens, Erlangen, Germany).28 The
oom was kept as quiet as possible. Each subject’s head
as immobilized with a foam head holder (Smither
edical Products, Akron, OH). Each subject had a

atheter inserted into the left brachial vein for tracer
dministration. A transmission scan was taken

68Ge/Ga rod sources) to correct for attenuation. The
ollowing procedure then was repeated 12 times (12
cans; 4 conditions each replicated 3 times in each
ubject): 1 minute after starting intragastric balloon
nflation (if applicable), an intravenous injection of
00 MBq H2

15O (half-life, 123 seconds) was adminis-
ered over 12 seconds. There was at least a 10-minute
nterval between 2 successive injections. Data acquisi-
ion (60 seconds) began as soon as the intracranial
adioactivity count rate increased sharply (ie, usually
bout 40 – 60 seconds after the start of the injection).
he intragastric balloon was deflated immediately af-

er completion of the data acquisition. It was kept
eflated in-between periods of data acquisition and
uring the baseline condition. The attenuation-cor-
ected data were reconstructed using the re-projection
lgorithm.29 The integrated radioactivity counts were
sed as a measure of regional cerebral blood flow.

Data analysis. Analysis was performed on Sun
PARC computers (Sun Microsystems, Mountain View,
A) with statistical parametric mapping software (De-
artment of Cognitive Neurology, Wellcome, London,
ngland), version SPM2 (http://www.fil.ion.ucl.ac.uk/
pm/software/spm2/), implemented in MATLAB (Math-
orks Inc., Sherborn, MA). The scans from each subject
ere realigned using the first scan as a reference. The 6
arameters of this rigid body transformation were esti-
ated using a least-square approach. Images then were

ransformed stereotactically30 to the Montreal Neurolog-
cal Institute template space. Finally, images were
moothed with a 3-dimensional isotropic Gaussian ker-
el of 16 mm full width at half maximum. Statistical
arametric maps are spatially extended statistical pro-
esses used to characterize regionally specific effects in
maging data, combining the general linear model (to
reate the statistical map of statistical parametric map-
ing) and the theory of Gaussian fields (to make sta-
istical inferences about regional effects).31–33 Global
rain activity was fixed arbitrarily at 50 mL dL�1

in�1.34 The condition and covariate effects were es-
imated according to the general linear model at each

oxel.

http://www.fil.ion.ucl.ac.uk/spm/software/spm2/
http://www.fil.ion.ucl.ac.uk/spm/software/spm2/
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Contrasts. To determine the activation in the dis-
ention and sham conditions relative to baseline, activity
n the latter condition was subtracted from that in the
istention or sham condition. For each contrast, the
esulting set of voxel values constitutes a statistical para-

etric map of the t-statistic statistical parametric map-
ing (t). For the analysis, the significance threshold was
et at Puncorrected � .001 (at the voxel level). However, we
onsidered only those clusters reaching significance at
he PFWE-corrected � .05 cluster level (corrected for multiple
omparisons using the Family Wise Error Correction in
PM2). These clusters and their respective Pcorrected values
re listed in Table 2, together with the associated Mon-
real Neurological Institute coordinates of the corre-
ponding local maxima, the respective Pcorrected and t val-
es of these local maxima, its tentative anatomic

ocalization, and the number of voxels in the cluster.

Anatomic Magnetic Resonance Imaging Data
Each subject underwent a high-resolution ana-

omic magnetic resonance imaging (MRI) scan using a
-dimensional magnetization-prepared rapid gradient-
cho sequence.35 Acquisition parameters were as follows:
epetition time, 10 ms; echo time, 4 ms; 256-mm field of
iew; flip angle, 8o; and acquisition matrix, 256 � 256.
he 3-dimensional volume with 160-mm thickness was
artitioned in 160 sagittal slices. MRI images of each
ubject were registered to the corresponding PET images
sing multimodality image registration using informa-
ion theory.36 The MRI data were transformed into Mon-
real Neurological Institute space using the same trans-
ormations as those for the PET images. References to the
tereotactic atlas of the human brain37 combined with

RI data of the subjects were used to help identify the
natomic localization of activations. However, for visual-
zation, the single-subject, high-resolution–rendered MRI
vailable in SPM2 was used as well.

Comparison With Findings Obtained in
Healthy Controls
The side-by-side comparison of the data of the

resent study with previous findings obtained in healthy
olunteers (Tables 1 and 3) is based on the high similarity
f the protocols of both studies.15 Both studies were
erformed by the same investigator using the same se-
uence of barostat examination and PET scanning with
andomized conditions. Both studied primarily the pain-
ul distention vs baseline condition, defined and deter-

ined in exactly the same way in both studies. Statistical
omparison of patient and healthy volunteer groups with
egard to age, thresholds, VAS scores (Table 1), mean
bsolute PET signal at baseline, and mean percentage
ifference in PET signal (Table 3) was performed using a

-sided unpaired t test. y
Results
Distention Parameters, Symptoms Elicited by
Distention of the Proximal Stomach, and
Psychological Measures
Distention parameters, symptoms elicited by disten-

ion of the proximal stomach, and psychologic measures are
ummarized in the third column of Table 1. The minimal
istending pressure was 6.4 � 1.7 mm Hg. The distending
ressures for first (score, �1), marked (score, �3), and
npleasant sensation (score, 5 or 6) were 2.9 � 1.6, 4.8 �
.1, and 6.6 � 3.8 mm Hg greater than the minimal
istending pressure, respectively. In 8 subjects, gastric
ypersensitivity had been shown previously and, based
n previously established normal ranges,7 3 of the re-
aining 5 subjects also were found to be hypersensitive

o gastric balloon distention.
The mean 0 – 6 graded graphic rating scale score for
aximal distention during the PET experiment was

.2 � 0.5, confirming a reliably severe symptom induc-
ion during the PET experiment based on the individu-
lly predetermined thresholds. The VAS scores for pain,
iscomfort, nausea, and bloating experienced during
aximal distention were 8.0 � 2.5, 8.2 � 1.1, 6.2 � 3.2,

nd 7.5 � 3.2 cm, respectively. The symptom score in-
uced by sham distention was 2.3 � 1.8. The VAS scores
or anxiety and tension were 2.2 � 2.8 and 2.6 � 2.8,
espectively, before PET imaging, and 1.6 � 2.3 and 2.3 �
. 9, respectively, after PET imaging.

Regional Brain Activation During Distention
of the Proximal Stomach
Distention vs baseline (C2-C1). The regional

rain activation pattern during maximal distention (C2)
elative to baseline (C1) is summarized in Table 2. Acti-
ation occurred in bilateral gyrus precentralis (BA 4 and
), bilateral gyrus frontalis inferior (BA 10, BA 44, and BA
7 or orbitofrontal cortex), bilateral gyrus frontalis me-
ialis (BA 10, BA 11), bilateral gyrus temporalis superior

BA 22, BA 38), bilateral cerebellar hemisphere, and left
yrus temporalis inferior (BA 20). These brain activations
re shown in Figure 1. Activation in the left insula (co-
rdinate of local maximum �36, 12, �8) did not reach
ignificance at the corrected P value (Pcorrected � .057 at
luster level, Pcorrected � .320 at voxel level, T value � 4.05,
umber of voxels in cluster � 492). No other activation
reas showed Pcorrected values lower than .1.

Correlation with upper abdominal sensation. To
etect which brain activations correlate with upper-ab-
ominal sensations experienced by the subject during
ach scan, a statistical parametric mapping analysis was
erformed using the 0 – 6 graded graphic rating scale
core corresponding to each scan as covariate. Overall,
he same areas as in the subtraction analysis (C2-C1) were
ound (data not shown).

Sham distention vs baseline. A subtraction anal-

sis to detect the regional brain activation pattern during
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ham distention relative to baseline (C3-C1) yielded no
ignificant results.

Variability in the patient sample. In the present
tudy, we aimed at reducing heterogeneity in this study
y focusing on FD patients with visceral hypersensitivity.
o evaluate the amount of regional interindividual PET

ignal variability in our study sample, we performed a
ubject-by-subject analysis of the percentage difference in
ET signal between distention and baseline (C2-C1) in
elineated brain areas, including insular and anterior
ingulated cortex (Table 3, fifth column). Those areas were
efined as clusters found in healthy volunteers for the
orresponding activation.15 As shown in Table 3, variabil-
ty was not greater in the patient sample compared with
he healthy volunteers’ sample. This is further illustrated
n Figure 2, which depicts the individual PET signal
ercentage difference in the left gyrus postcentralis be-
ween maximal distention and baseline for the 13 FD

able 2. Statistical Parametric Mapping Analysis of Activation
Maximal Distention Relative to Baseline (C2–C1)

Coordinate of
local maximum
(x, y, z in mm)

Pcorrected

(voxel level)
T-value

(voxel level) Tentative

68, �6, 20 .001 5.74 Left gyrus precentral
parts of gyrus pos

56, 34, �4 .001 5.66 Left gyrus frontalis in
54, 26, �16 .002 5.55
30, 66, �6 .004 5.38
64, 8, 24 .005 5.00
60, 16, �4 .013 5.06
38, 50, �20 .003 5.44 Left gyrus frontalis m
34, 62, �12 .007 5.23
64, �8, �32 .003 5.41 Left gyrus temporalis
58, 14, �18 .017 4.98 Left gyrus temporalis

includes parts of g
66, 2, 6 .019 4.94
18, �94, �36 �.001 5.50 Left cerebellar hemis

26, �86, �44 .004 5.03
8, 40, �10 �.001 6.51 Right gyrus frontalis
8, 50, �24 �.001 6.12 Right gyrus frontalis

includes parts of B
0, 54, �12 .018 4.97
0, 6, 16 �.001 6.09 Right gyrus precentra

parts of gyrus pos
8, 10, 0 .002 5.50 Right gyrus temporal

includes parts of B
2, �92, �34 �.001 6.81 Right cerebellar hem

OTE. Analysis was run at the Puncorrected � .001 level and all clusters
axima were present within one cluster, the maximum with the high
nly listed if at least 10 mm apart from the primary maximum and
ocalization is given, based on interpretation of the projection of the
oplanar stereotaxic atlas of the human brain. Anatomic areas compr
nderlying the corresponding activation cluster as a whole are added
atients. v
Comparison With Findings Obtained in
Healthy Controls
To evaluate the specific neurocircuitry involved in

astric hypersensitivity as compared with normal sensi-
ivity, we compared the data of the present study with
revious findings obtained from healthy volunteers using
similar protocol15 (Tables 1 and 3). As expected for FD
atients selected for hypersensitivity, the maximum dis-
ention threshold was significantly lower in the patient
roup. Comparison of VAS scores for anxiety, tension,
nd symptoms during maximal distention showed higher
cores for pain, discomfort, and nausea in FD patients,
ut did not yield significant differences, probably because of
he large variability and the small sample size (Table 1).

ith regard to the brain imaging data, formal compari-
on by between-group statistical parametric mapping
ubtraction analysis did not yield any significant results
data not shown). Table 3 compares patients and healthy

tern (Local Maxima and Corresponding Clusters) During

mic localization
Number of voxels in

cluster
Pcorrected

(cluster level)

4, 6) �cluster includes
ralis (BA 40)

2944 �.001

r (BA 10, 44, 47)

lis (BA 10, 11)

rior (BA 20)
erior (BA 22, 38) � cluster
precentralis (BA 4)

e 3041 (right cerebellar
hemisphere
included)

�.001

or (BA 47) 2395 �.001
alis (BA 11) � cluster

A 6) � cluster includes
ralis
perior (BA 22) � cluster

re 3041 (left cerebellar
hemisphere
included)

�.001

ing significance at the Pcorrected � .05 level are listed. If several local
value was selected. Other local maxima within the same cluster are
aching significance at the Pcorrected � .05 level. Tentative anatomic
ation pattern on the MRI images of the subjects, combined with the
the local maxima are in bold; the adjacent anatomical areas (partly)

alic.
Pat

anato

is (BA
tcent
ferio

edia

infe
sup

yrus

pher

inferi
medi
A 10

lis (B
tcent
is su
A 38
isphe

reach
est t
if re
activ
ising
olunteers with regard to the mean absolute PET signal
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t baseline and the mean percentage difference in PET
ignal between maximal distention and baseline for each
rain area significantly activated in the healthy volun-
eers.15 None of these differences reached statistical sig-
ificance. Overall, the right hemisphere dominance of the
ctivation pattern in healthy volunteers was not found in
he patient group, showing a more symmetric activation
attern. The right midanterior cingulate cortex and right
nterior insula were found only to be significantly acti-
ated in the healthy volunteer group. The bilateral gyrus
rontalis medialis, left gyrus temporalis inferior, and
ight gyrus temporalis superior were only found to be
ctivated significantly in the patient group. Both the
ypersensitive FD patients and the normosensitive
ealthy subjects, as a group, showed significant activa-
ion of a network including the bilateral gyrus precent-
alis and postcentralis (sensorimotor cortices), bilateral
yrus frontalis inferior (orbitofrontal cortices), bilateral
erebellar hemisphere, and left gyrus temporalis superior.
n the present study, those areas were activated similarly
n the hypersensitive FD patients as compared with the
ealthy volunteers, but this occurred at significantly

ower distending pressures, and at similar anxiety and
ension scores (Tables 1 and 3).

igure 1. Rendered image of
he right lateral, left lateral, and in-
erior view of the mean activation
attern during maximal distention
elative to baseline (C2-C1). Anal-
sis was run at the P uncorrected
alue of less than .001. The clus-
ers were projected on the cortical
urface of a high-resolution–ren-
ered MRI image. F, frontal; O, oc-

able 3. Table Comparing Healthy Volunteers and Hypersens

Tentative anatomic localization

Mean absolute PE

Healthy volunteers
(n � 11)

eft gyrus postcentralis (BA 43)
(� cluster includes parts of BA 4, 6) 43.1 � 1.3

eft gyrus temporalis superior (BA 38)
(� cluster includes part of BA 47) 37.7 � 1.9

eft cerebellar hemisphere, posterior 40.8 � 1.0
ight gyrus precentralis (BA 6) right gyrus
postcentralis (BA 43) (� cluster
includes parts of BA 1, 2, 3, 4) 39.9 � 1.2

ight gyrus frontalis inferior (BA 47) 39.0 � 1.3
ight midanterior cingulate cortex (BA 24’)
(� cluster includes part of BA 32’) 56.4 � 0.7

ight insula (anterior part) 62.8 � 1.5

OTE. Healthy volunteer data are from Vandenberghe et al15 and hy
ompared with regard to the mean absolute PET signal at baseline (lef
istention and baseline (right side), for each brain area significantly
ipital; L, left; R, right.
Discussion
Previous neuroimaging studies during gastric

timulation have focused on brain activation patterns
ssociated with normal sensitivity13,15,16 and satiety14 in
ealthy volunteers. This was a brain imaging study that

ocused on gastric hypersensitivity, identifying the brain
ctivation patterns associated with painful distention of
he proximal stomach in FD patients selected for gastric
ypersensitivity. Overall, the observed activation pattern

s consistent with, but much more limited than, the
visceral stimulation network,”38 and with the pain cir-
uitry network.39 We observed activation of the bilateral
ensorimotor cortices (primary somatosensory cortex
S1]/primary motor cortex [M1], BA 4, BA 6), bilateral
rbitofrontal cortex (BA 47), bilateral gyrus frontalis me-
ialis (BA 10, BA 11), bilateral gyrus temporalis superior

BA 22, BA 38), bilateral cerebellar hemisphere and left
yrus temporalis inferior (BA 20).

Activation of the right-sided orbitofrontal cortex, par-
icularly the lateral part of the frontal inferior gyrus (BA
7), seems to be relatively specific for gastric stimulation
ecause activation of this area usually was not reported

n brain imaging studies during stimulation of other

FD Patients

nal at baseline
Mean percentage difference in PET signal
between maximal distention and baseline

patients (n � 13)
Healthy volunteers

(n � 11) FD patients (n � 13)

42.6 � 1.2 10.9 � 6.2 9.6 � 3.7

37.2 � 1.3 14.0 � 12.2 12.3 � 4.4
42.2 � 2.2 8.7 � 2.0 11.1 � 3.3

39.5 � 0.7 11.0 � 5.8 9.5 � 2.3
38.1 � 0.8 11.3 � 8.3 11.3 � 3.2

55.4 � 1.4 8.4 � 1.4 8.9 � 1.7
61.2 � 1.3 8.2 � 1.9 8.7 � 2.1

nsitive FD patient data are from the present study. The data were
) and the mean percentage difference in PET signal between maximal
ted in the healthy volunteers.
itive

T sig

FD

perse
t side
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arts of the gastrointestinal tract.38 Activation of the
ame cortical area also was reported during painful fun-
us distention15 and during nonpainful balloon-induced
atiety14 in healthy volunteers. The frontal inferior gyrus
ncreasingly is considered a convergence zone for process-
ng food-related stimuli,14 which is involved in the regu-
ation of appetite, satiety, and food intake.17–23 On the
ther hand, some studies also reported activation of the
predominantly right-sided) frontal inferior gyrus during
ectal distention38 in anticipation of an unpleasant pic-
ure40 and during aversive stimuli,41,42 thereby suggesting

broader role for BA 47 in processing or anticipating
versive stimuli.

More generally, the orbitofrontal cortex is viewed as a
ensory integration area, monitoring and mapping vis-
eral responses and internal states; appraising sensory,
ensorial, and autonomic input in terms of hedonic and
eward value; and modulating autonomic and behavioral
esponses.43 Regarding its specific role of evaluating the
ffective valence of stimuli, a recent meta-analysis44

howed differential roles of orbitofrontal cortex subre-
ions. The lateral part of the orbitofrontal cortex encodes
or processing and the evaluation of negative affects,
egatively rewarded stimuli, negative reinforcers or pun-

shers, and aversion, whereas activity in the medial part is
elated to the monitoring, learning, and memory of the
eward value of reinforcers. In line with this functional
ifferentiation of the lateral and medial orbitofrontal
ortex, correlations with pleasantness and hedonic expe-
iences have been found almost exclusively in the medial
rbitofrontal cortex.43 There is evidence for a posteroan-
erior distinction of the orbitofrontal cortex, with more
omplex and abstract reinforcers processed more anteri-
rly.44 The part of the right-sided orbitofrontal cortex
hat was found to be activated in the present study, BA
7, with as the primary local maximum the voxel with
oordinates 58, 40, �10, is situated in the lateral poste-
ior orbitofrontal cortex, consistent with the processing
f a rather simple, aversive, and unpleasant stimulus,
amely painful stomach distention, as can be expected on

igure 2. Individual PET signal percentage difference between maxi-
al distention and baseline in the 13 FD patients. For this analysis, a

epresentative and significantly activated brain area was selected: the
eft gyrus postcentralis.
he basis of previous findings.44 s
Surprisingly, we could not show activation of the thal-
mus, insula, or other structures of the medial pain
ystem, such as the anterior cingulate cortex (ACC).
hese findings were quite robust because they were rep-

icated in a separate analysis correlating the brain activa-
ion pattern with the actual symptom score during that
pecific scan, which was used as a covariate, instead of
ubtraction analysis. The absence of activation of these
reas, which are considered to be part of the visceral
timulation network, is puzzling because insular activa-
ion is reported as the most consistent finding in visceral
timulation research.38 The insula is regarded as a key
ntegrative visceral sensory area, mediating affective re-
ponses to pain or visceral stimulation. The ACC, on the
ther hand, is a central cortical area in the medial pain
ystem that encodes for the affective aspects of the pain
xperience, and comprises not only afferent but also
fferent pain modulation pathways.

There are several possible explanations for the lack of
ignificant activation of the insula, thalamus, and ACC.
irst of all, failure to activate these areas could be of
athophysiologic importance in FD with gastric hyper-
ensitivity and might, for instance, reflect the failure to
ctivate descending antinociceptive pathways in the me-
ial pain system. Generally, the response to aversive or
ainful stimuli involves co-activation of the ACC and of
he lateral orbitofrontal cortex.43 In a PET study investi-
ating analgesia and placebo, co-activation of the ACC
nd of the lateral orbitofrontal cortex was found to be
orrelated to the placebo response,45 which suggests that
he analgesic effect of the placebo might be related to the
o-activation of these 2 brain areas.46 Failure to co-acti-
ate both in response to a specific painful stimulus might
esult in selective hypersensitivity. Aberrant ACC activa-
ion in visceral hypersensitivity is widely debated, with
onflicting findings reported in the brain-imaging litera-
ure on IBS. Several studies have reported lower or absent
CC (BA 24) activation during rectal distention in IBS
atients compared with controls,24,47–53 whereas other
tudies have shown higher ACC activation.25,26,54 –57 Be-
ides methodologic differences and intersubject variabil-
ty, sex,58 abuse history,51 and IBS subtypes49 are under-
ying factors that may contribute to the observed
eterogeneity.
A second potential explanation for the lack of signifi-

ant activation of the insula, thalamus, and ACC is dif-
erential sensitization of the medial pain system on the
ne hand, and of the lateral pain system and lateral
rbitofrontal cortex on the other hand. If pain intensity
ensitivity in the lateral pain system or aversion sensitiv-
ty in the orbitofrontal cortex is more up-regulated than
ensitivity in the medial pain system, the hypersensitive
ubject might reach maximum tolerance before the me-
ial pain system is substantially activated. In previous
esearch, we differentiated nonspecific, general hypersen-

itivity from isolated hyperalgesia and found arguments
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or the former in FD.59 The findings of the present study
rgue for further refinement in the assessment of hyper-
ensitivity and its dimensions, to be able to link hyper-
ensitivity with specific abnormalities in central nervous
ystem pathways.

Third, failure to activate the insula, thalamus, and
CC might reflect the absence of additional recruitment
f cortical activity volume with an increasing distention
timulus. This was described in IBS patients,50 but in that
tudy it was an overall phenomenon that was not limited
o the insula and ACC.

Alternatively, activation in these areas might be in-
reased already in the baseline condition, causing ceiling
ffects. However, the mean percentage difference in PET
ignal between maximal distention and baseline was
omparable in the insula, as well as ACC and other
ortical areas in patients as in healthy subjects (Table 3),
rguing against ceiling effects.

Finally, heterogeneity of the study group and intersub-
ect variability, combined with a relatively small number
f subjects, cannot be discarded as an explanation for the

ack of significant activation of the insula, thalamus, and
CC. We aimed to reduce heterogeneity in this study by

ocusing on FD patients with visceral hypersensitivity.
owever, even within this group there is still some inter-

ubject variability caused by variability in the localization
f activation areas within the insula or anterior cingulate
ortex, or by variability of the activation-deactivation
ntensity within one locus. The subject-by-subject analy-
is of the difference in signal intensity between distention
nd baseline in delineated insular and anterior cingulate
rain areas confirmed that great variability exists in the
resent population. On the other hand, when comparing
Ds of the mean percentage difference in the PET signal
etween the maximal distention and baseline in FD and

n healthy subjects (Table 3), variability in both groups
eems to be comparable in this regard. Furthermore, SDs
f the mean percentage difference in the PET signal are
ertainly not larger in the ACC and the insula as com-
ared with other brain regions (Table 3), suggesting sim-

lar or even lower variability in the former brain areas.
lucidating the contribution of this variability to the
verall results will require additional studies in greater
umbers of similarly characterized patients.
Hypervigilance and anticipation are thought to be ma-

or confounders of the assessment of visceral sensitivity
f patients with functional bowel disorders.60 In a PET
tudy in IBS patients, sham distentions were shown to
licit similar symptoms and brain activation patterns as
ctual distentions.24 In the present study, sham disten-
ions were not associated with higher symptom scores or
ignificant activations in comparison with the baseline
ondition. This finding questions a major role for antic-
pation, attention bias, interpretation bias, or response

ias in hypersensitive FD patients. A
To identify brain activation patterns associated with
astric hypersensitivity, we compared the regions that
ere activated, and the intensity of activation, in the
resent study with the results of a similar previous study
hat we conducted in healthy volunteers. At maximum
istention in patients selected for hypersensitivity, bilat-
ral sensorimotor cortices and lateral orbitofrontal cortex
ere activated similarly as in healthy volunteers, but this
ccurred at significantly lower distention pressures. Psy-
hologic distress does not seem to explain these relatively
igher activation levels in patients because the reported

evels of anxiety and tension did not differ between both
roups. The similarity of brain activation patterns in the
ateral pain system and at significantly lower thresholds
han in healthy volunteers might be interpreted as an
bjective confirmation of the hypersensitivity state in
hese FD patients, suggestive of higher sensory input,
ather than a tendency to more quickly appraise smaller
astric distention stimuli as unpleasant and aversive.
imilar activation of the orbitofrontal cortex at lower
istending pressures suggests a higher sensory input in
he orbitofrontal cortex or a tendency in FD patients to

ore quickly appraise smaller gastric distention stimuli
s unpleasant and aversive, possibly owing to condition-
ng or learning effects. Alternatively, smaller gastric dis-
ention stimuli may induce satiety more easily in these
D patients. The low anxiety scores, the absence of amyg-
ala activation during distention, and the strong activa-
ion of lateral orbitofrontal cortex might imply that dis-
ust as a basic emotion is more relevant to FD than
nxiety. Disgust and anxiety may mediate effects of psy-
hotrauma or abuse, both associated with FD,11,12 on the
evelopment of FD.
The major limitation of this study was the relatively

nvasive procedure used to stimulate the stomach,
amely barostat distentions. Introduction of the tube
nd gastric bag causes not only emotional distress, but
lso strong vagal activation. We aimed at minimizing the
ossible impact of this intervention on registered brain
ctivation patterns by leaving at least 2.5 hours between
he introduction of the bag and the start of the first scan.
owever, a certain amount of baseline stimulation by the
resence of the assembly and the relatively unpleasant
osition is unavoidable. Ceiling effects of regional brain
ctivity and concordant regional cerebral blood flow,
specially in areas involved in processing aversive and
ffective stimuli, therefore cannot be ruled out and might
esult in false negatives. In the areas summarized in Table
, however, we found no arguments for ceiling effects
Table 3). Future research should concentrate preferably
n more physiologic stimuli, such as the controlled ad-
inistration of a standardized meal, and offering a less

rtificial and more gradual stomach distention than bal-
oon inflation. Another potential limitation was the rel-
tively short drug-free period before the PET experiment.

longer drug-free period was not feasible for ethical and
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linical reasons. Moreover, patients who were taking psy-
hotropics, which can induce long-term central or pe-
ipheral nervous system alterations, were excluded from
he study.

In summary, we found an important overlap in the
ctivation pattern associated with normal gastric sensi-
ivity and gastric hypersensitivity. We observed that a
etwork including bilateral sensorimotor cortices, bilat-
ral orbitofrontal cortices, bilateral cerebellar hemi-
phere, and left gyrus temporalis superior is activated
imilarly during painful proximal stomach distention in
ypersensitive FD and in healthy patients, but at much

ower distention thresholds in the former, suggesting an
bjective confirmation of their hypersensitivity status.
o statistically significant activation of the ACC, thala-
us, and insula was observed in hypersensitive FD pa-

ients. This aberrant activation pattern may be indicative
f central mechanisms of hypersensitivity, possibly fail-
re of descending antinociceptive pathways. Bilateral gy-
us frontalis medialis, left gyrus temporalis inferior, and
ight gyrus temporalis superior were found to be acti-
ated significantly only in the patient group, suggesting
ore extensive cortical processing in attention- and cog-

ition-related cortical areas. One possible interpretation
f this finding is that failure to activate descending an-
inociceptive pathways results in the recruitment of ad-
itional cortical regions that are not activated in normal
astric sensitivity. Anxiety, anticipation, attention bias,
nterpretation bias, or response bias did not satisfactorily
xplain the hypersensitivity status and brain activation
atterns. The patient sample in the present study was
elected for hypersensitivity but still displayed major in-
ersubject variability in brain activation patterns, which

ay contribute to the lack of significant activation in the
CC, thalamus, and insula in certain areas at a group

evel analysis.
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