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ACKGROUND AND AIMS: The responsiveness of
he central nervous system is altered in patients with
rritable bowel syndrome (IBS). However, because of vari-
tions in experimental paradigms, analytic techniques,
nd reporting practices, little consensus exists on brain
esponses to visceral stimulation. We aimed to identify
rain regions consistently activated by supraliminal rec-
al stimulation in IBS patients and healthy subjects (con-
rols) by performing a quantitative meta-analysis of
ublished studies. METHODS: Significant foci from
ithin-group statistical parametric maps were extracted

rom published neuroimaging studies that employed rec-
al distension. Voxel-based activation likelihood estima-
ion was applied, pooling the results and comparing
hem across groups. RESULTS: Across studies, there was
onsistent activation in regions associated with visceral
fferent processing (ie, thalamus, insula, anterior midcin-
ulate) among IBS patients and controls, but consider-
ble differences in the extent and specific location of foci.
BS patients differed from controls in that there were

ore consistent activations in regions associated with
motional arousal (pregenual anterior cingulate cortex,
mygdala) and activation of a midbrain cluster, a region
laying a role in endogenous pain modulation. Controls
howed more consistent activation of the medial and
ateral prefrontal cortex. CONCLUSIONS: Patients
ith IBS have greater engagement of regions associ-
ted with emotional arousal and endogenous pain
odulation, but similar activation of regions in-

olved in processing of visceral afferent information.
ontrols have greater engagement of cognitive mod-
latory regions. These results support a role for cen-

ral nervous system dysregulation in IBS. These find-
ngs provide specific targets for guiding development
f future neuroimaging protocols to more clearly de-
ne altered brain�gut interactions in IBS.

eywords: Irritable Bowel Syndrome; Neuroimaging; Vis-
eral Pain.

rritable bowel syndrome (IBS) is one of the most com-
mon persistent pain syndromes and is characterized by

hronic abdominal pain or discomfort and associated

lterations in bowel habits. It is thought to result from a
omplex dysregulation of bidirectional brain�gut inter-
ctions.1,2 Disease models were initially developed based
n patient’s subjective reports of pain and discomfort,
ith observed modulation of symptoms and perceptual

esponses by stressful life events and experimental stres-
ors, respectively. During the last decade, experimental
aradigms using various brain imaging techniques have
upported as well as expanded these initial models, dem-
nstrating that alterations in central sensory processing/
odulation exist in IBS subjects.3–7 For example, we have

reviously reported evidence to suggest that activity in
rain regions associated with pain modulation, attention,
nd emotional arousal appear to differ between IBS and
ealthy subjects (controls) in conditions of controlled
ectal distension.7–9 Most importantly, these differences
ould not be fully explained by the presence of visceral
ypersensitivity (eg, increased afferent input from the
ut), as similar differences have been observed even in
ham conditions or during the anticipation period before
visceral stimulus. Overall, neuroimaging findings sug-

est that IBS subjects appear to engage greater limbic
egions in response to a real or potential visceral stressor
ompared with controls.

Despite the growing body of literature on brain re-
ponses to visceral stimulation, reaching a consensus
bout published data has proved difficult due to the
ariety of experimental paradigms used (including sub-
iminal, percept-related, and stimulus-related), analytic
echniques, and reporting practices. Previous reviews of
rain imaging studies using visceral stimulation have
elied on low-powered conventional vote counting pro-
edures to determine the brain regions activated consis-
ently across studies.10 –12 Derbyshire reported on visceral
timulation studies in IBS and controls performed from
997 to 2001 with positron emission tomography or
unctional magnetic resonance imaging.11 This systemic
eview suggested that the most consistent activations

Abbreviations used in this paper: a, anterior; ALE, activation likeli-
ood estimate; B, bilateral; BA, Brodmann area; FDR, false discover
ate; IBS, irritable bowel syndrome; INS, insula; MCC, midcingulate
ortex; pACC, perigenual anterior cingulate gyrus.

© 2011 by the AGA Institute
0016-5085/$36.00
doi:10.1053/j.gastro.2010.07.053
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92 TILLISCH ET AL GASTROENTEROLOGY Vol. 140, No. 1
een across all subjects were in the insula, prefrontal,
nterior cingulate, and primary sensory cortices and that
ifferences between controls and IBS patients were local-

zed to primary and secondary somatosensory cortices
S1, S2) and Brodmann area (BA) 39/40. Two more recent
eviews also report activation of thalamus response to
isceral stimulation in controls and IBS.10,13

Newly emerging meta-analytic techniques for neuro-
maging employ statistical analyses to empirically test
nd complement narrative literature reviews.14 –16 Activa-
ion likelihood estimation (ALE) has become the most
rominent method of creating pooled analyses of neuro-

maging data. Rather than simply counting the presence
r absence of brain activity in an entire region of interest,
hese analyses incorporate the specific coordinates re-
orted from individual studies to better determine con-
ergent areas reliably activated across multiple studies.
his allows for use of whole brain results, avoids poten-

ial disagreement in region of interest classification, and
llows for determination of the statistical probability of
luster significance, rather than the descriptive reports of
abulation based studies.

The aim of this study was to apply a quantitative
eta-analytic technique, ALE, to localize the brain re-

ions most consistently activated during supraliminal
ower gastrointestinal stimulation in IBS subjects and
ontrols. We hypothesized that IBS subjects would dis-
lay greater activity within regions involved in visceral
fferent processing, emotional arousal, and attention. We
emonstrate that consistently activated brain regions can
e reliably identified in control and IBS subjects under-
oing lower gastrointestinal stimulation, despite the wide
ariety of study designs and subject inclusion criteria. In
ddition, we found significant differences between IBS
nd control subjects, most prominently in regions asso-
iated with emotional arousal and endogenous pain
odulation, as well as in regions concerned with visceral

fferent processing. These findings are consistent with
roup differences in several neural networks we have
reviously hypothesized to be relevant in IBS pathophys-

ology.

Materials and Methods
Inclusionary/Exclusionary Criteria
Studies were included in the meta-analysis if the

xperimental design included supraliminal rectal balloon
istension in male and/or female IBS subjects or con-
rols. Supraliminal rectal distension in this setting in-
ludes both painful and nonpainful stimuli. The analysis
ncluded both functional magnetic resonance imaging
nd positron emission tomography studies. Foci were
xtracted from the results of within-group analyses. Only
ctivated foci were considered for analysis because deac-
ivations were not consistently reported. Studies were

xcluded if the results were obtained after or during s
edical or psychological treatment (including placebo)
r purposeful mood induction. Not all studies meeting

nclusionary criteria reported within-group analyses or
pecific information on significant foci. In these in-
tances, study authors were contacted about the data
nd, if available, it was included. If data from the same
ample were reported in more than one publication, only
ne publication was included in the analysis.

Statistical Analyses
A voxel-based ALE meta-analysis was applied to

ool the results of multiple studies.14 Details of the
athematical algorithms can be seen in Eickhoff and

olleagues16 and Turkeltaub and colleagues.17 Briefly,
iven the uncertainty in reported spatial coordinates
rom a manuscript, each foci is treated as a probability
istribution centered about a peak at the reported coor-
inate. The activation foci were modeled as the peaks of
-dimensional Gaussian distributions with a full-width
alf-maximum of 10 mm. The ALE statistic, representing
he probability that at least one of the activation foci lies
ithin a given voxel, was calculated at each voxel. A
onparametric permutation test was applied to test the
ull hypothesis that the foci are spread uniformly
hroughout the brain.18 A false discovery rate (FDR) of
� .05 was applied to threshold P values obtained from

000 permutations for the ALE map. FDR controls the
xpected proportion of false positives among the su-
rathresholded voxels. The FDR threshold was deter-
ined from the observed P value distribution and is

daptive to the amount of signal in the data. ALE was
sed to pool and compare the results from IBS and
ontrols. The minimum volume used to define a cluster
as set to 100 mm3. Calculation of ALE statistics, per-
utation testing, thresholding, and cluster analysis were

arried out with GingerALE Version 1.1 and 2.0 (www.
rainmap.org).14 Within group analyses were generated
sing random effects approach in GingerALE version 2.0,
hich essentially weights the between subject variance for

ach study by sample size. Subtraction analyses were
erformed using the fixed-effects algorithm implemented

n GingerALE version 1.1. We limit our interpretation of
he subtraction analysis to regions identified in within-
roup random effects analysis. Anatomic regions were
abeled using the Talairach Daemon19 for all but the
ingulate subregions, which were based on those de-
cribed by Vogt.20 Conjunction analysis for group results
as performed by multiplying binarized versions of the

hresholded ALE maps obtained for the within-group
nalyses using FSLmaths. Because each of these maps
as tested using an FDR of P � .05, this conjunction

ests against the conjunction null at P � .05 (FDR). We
verlayed the resultant conjunction map onto an ana-
omical template in Talairach and Tournoux (1988)

pace to visualize cluster overlays.21

http://www.brainmap.org
http://www.brainmap.org
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Results
Studies Meeting Inclusionary Criteria
Eighteen studies4,7,22–37 yielded tabulated coordi-

ates for 13 inflation contrasts in IBS subjects and 12
nflation contrasts for control subjects (detailed in Table
). The ALE analysis of IBS subjects incorporated 161 foci
nd the control subject analysis used 147 foci.

able 1. Studies Included in the Meta-Analysis

Study, first author, year Modality Subjects

Berman, 200023 PET Study 1: 13 (7 F) IBS
Study 2: 17 (6 F) IBS

Hobday, 200127 fMRI 8 M Controls
Lotze, 200130 fMRI 8 Controls (4 F)
Naliboff, 200137 PET 12 (2 F) IBS

12 (2 F) Controls
Bonaz, 200225 fMRI 11 (10 F) IBS
Verne, 200336 fMRI 9 (6 F) IBS

9 (6 F) Controls
Naliboff, 200332 PET 42 (23 F) IBS
Andresen, 200522 fMRI 8 (3 F) Controls

8 (5 F) IBS
Kwan, 200529 fMRI 11 (7 F) Controls

9 (6 F) IBS
Berman, 200624 fMRI 13 (6 F) Controls
Naliboff, 200633 PET 12 (8 F) IBS
Song, 200635 fMRI 12 F IBS

12 F Controls
Price, 200734 fMRI 9 IBS
Berman, 20087 fMRI 14 F IBS

12 F Controls
Ringel, 20084 fMRI 10 F Controls

10 F IBS
Elsenbruch, 200926 fMRI 15 F IBS

12 F Controls
Kanazawa, 201028 PET 32 M Controls
Moisset, 201031 fMRI 11 F Controls

, female; fMRI, functional magnetic resonance imaging; IBS, irritabl

able 2. Brain Regions Consistently Activated and Exceeding
Supraliminal Rectal Balloon Inflation in Healthy Con

Label
Cluster

no.
Volume
(mm3) ALE va

INS 1 5752 0.00
INS 0.00
ost central gyrus (BA 43) 0.00
INS 2 2968 0.00
halamus 3 2256 0.00
nferior parietal lobule (BA 40) 4 1744 0.00
utamen 5 1680 0.00
MCC (BA 24) 6 1320 0.00

0.00
ateral prefrontal cortex (BA 9/46) 7 1088 0.00
nferior parietal lobule (BA 40) 8 408 0.00
ACC (BA 32) 9 296 0.00
MCC/pACC (BA 32) 10 272 0.00
edial prefrontal cortex (BA 9/32) 11 168 0.00

INS, anterior insula; ALE, activation likelihood estimate; aMCC, ant

ingulate gyrus.
Brain Regions Associated With Lower
Gastrointestinal Stimulation in Healthy
Control Subjects

The within-group analysis for control subjects is
resented in Table 2 and Figure 1. Regions consistently
ctivated in response to supraliminal lower gastrointes-
inal inflation across healthy control studies included

Supraliminal rectal inflation conditions

20, 45, and 60 mmHg

Average 11 psi
Average 173.6 mL
45 mm Hg

Individually determined maximum tolerable volume
55 mm Hg

45 mm Hg
Individually determined perception threshold �10 mm Hg

Individually determined moderate pain

25 and 45 mm Hg
45 and 60 mm Hg
Pain detection �20%

Individually determined moderate pain (rating of 40 out of 100)
25 and 45 mm Hg

15 and 50 mm Hg

Individually determined discomfort level

20 and 40 mm Hg
Individually determined non-painful sensation and moderate pain

el syndrome; M, male; PET, positron emission tomography.

lse Discovery Rate Threshold of P � .05 During

Hemisphere x y z Studies contributing

Right 42 6 2 7,24,26–31,35–37
36 22 0
58 �8 16

Left �38 8 6 7,22,24,29,30,36
Right 8 �24 8 28,29,31,36,37
Left �56 �20 22 22,27,29,30,35
Left �22 0 12 28,31,13,35
Right 6 16 30 22,24,27,29
Left 0 6 36
Left �26 40 24 29,35,37
Right 52 �30 30 28,31
Right 4 36 22 22,24
Left �6 28 24 24,36
Right 12 32 34 31,37

midcingulate cortex; BA, Brodmann area; pACC, perigenual anterior
a Fa
trols

lue

25
24
13
29
27
23
25
18
17
19
18
13
13
13

erior
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hose associated with visceral sensation (bilateral [B] an-
erior insula [aINS], B anterior midcingulate cortex
aMCC], and right thalamus), emotional arousal (right
erigenual anterior cingulate gyrus [pACC], BA 32), and
egions associated with attention and modulation of
rousal (left inferior parietal (BA 40), left lateral (BA
/46) and right medial prefrontal cortex [BA 9/32]). In
ddition consistent activation was seen in the putamen
nd the post-central gyrus (BA 43).

Brain Regions Associated With Lower
Gastrointestinal Stimulation in IBS Subjects
Significant consistent activations were observed in

esponse to supraliminal lower gastrointestinal inflation
or IBS subjects, in regions associated with visceral affer-
nt processing (B a/midINS, B aMCC, B thalamus), emo-
ional arousal (left amygdala, right inferior pACC), and
ttention (BA 6). A large midbrain region was also iden-
ified, and although it appears midline in the summary

Figure 1. Regions showing consistent and reli

able 3. Brain Regions Consistently Activated and Exceeding
Balloon Inflation in Patients With Irritable Bowel Syn

Region
Cluster

no. Hemisphere
Volum
(mm

/mINS 1 Right 430
uperior temporal gyrus (BA 22) 2 Left 196
INS
MCC (BA 32) 3 Left 128
MCC (BA 24) Right
idbrain 4 Left 107
erebellum Right
halamus 5 Right 96
uperior frontal gyrus (BA 6) 6 Right 70
halamus 7 Left 49
/pMCC (BA 24) 8 Left 31
mygdala 9 Left 26
ACC (BA 24) 10 Right 19
utamen 11 Right 11

LE, activation likelihood estimate; a/mINS, anterior/mid insula; a/p

erigenual anterior cingulate gyrus.
mage, this region is the product of several more bilater-
lly positioned foci from 4 individual studies. Although
he spatial resolution in the brainstem is suboptimal
cross the included studies, foci comprising this region
ay include the nucleus cuneformis, red nucleus, or

eriaqueductal gray. Consistent activations were also
een in the cerebellum and right putamen (see Table 3,
igure 2).

Group Comparisons
Group comparisons of brain regions consistently

ctivated across studies can be seen in Table 4 and Figure
. Conjunction analysis showed that regional overlap was
vident in the right thalamus and bilaterally in the
MCC, pACC, and anterior insula. However, group dif-
erences in spatial extent and in subregions within a
iven region were identified. For example, compared with
ontrols, IBS subjects showed greater spatial extent of
rain activity in regions of the B thalamus and B aMCC,

ctivation across all studies in healthy controls.

lse Discovery Rate of P � .05 During Supraliminal Rectal
e

ALE value x y Z Studies contributing

0.0034 40 8 6 7,22,23,26,29,32–35,37
0.0020 �48 2 2 7,26,29,32,35,36
0.0021 �34 20 4
0.0021 0 18 34 7,33,37
0.0021 2 12 28
0.0025 0 �28 �8 7,32,33
0.0020 6 �30 �14
0.0025 12 �16 6 22,32,36,37
0.0019 2 10 48 22,34,35
0.0021 �2 �20 4 29,33
0.0014 �10 4 36 7,32
0.0018 �24 �4 �12 23,32
0.0014 6 36 2 7,32
0.0015 18 4 6 29,36

, anterior/posterior midcingulate cortex; BA, Brodmann area; pACC,
a Fa
drom

e
3)

4
0

8

2

0
4
6
2
4
2
2

MCC
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January 2011 META-ANALYSIS OF BRAIN REGIONS IN IBS 95
egions associated with visceral afferent processing. Dif-
erent insular regions were seen in IBS and control
roups, with greater extension posteriorly to the midINS
n IBS. IBS subjects showed thalamic activation in more

edial regions, including the medial dorsal nucleus,
hile the control region was located caudally in the
ulvinar nucleus. IBS showed greater consistent activity

n the right pACC as well as left amygdala, regions asso-
iated with emotional arousal. IBS subjects had greater
onsistent activity of the right superior frontal cortex (BA

Figure 2. Regions showing consistent and reliable activat

able 4. Consistent Differences in Brain Regions Activated D
Irritable Bowel Syndrome Compared With Controls

Region Hemisphere

IBS
1 Midbrain

Thalamus (medial dorsal nucleus)
Right/left
Left

2 Thalamus Right
3 mINS Right
4 SMA (BA 6) Right
5 Amygdala Left
6 pACC (BA 24) Right
7 Putamen Right
8 aINS Left
9 aMCC (BA 32) Right
0 aINS Left
1 aMCC (BA 24) Left
2 aMCC (BA 24) Right

Hea
1 aINS Right
2 Thalamus (pulvinar) Right
3 Putamen Left
4 aINS Left
5 Dorsolateral prefrontal cortex (BA 9/46) Left
6 Inferior parietal lobule (BA 40) Left
7 Pre/post central gyrus (BA 43) Right
8 Inferior parietal lobule (BA 40) Right
9 Medial prefrontal cortex (BA 9/32) Right

INS, anterior insula; ALE, activation likelihood estimate; aMCC, anter

INS, mid insula; pACC, perigenual anterior cingulate gyrus; SMA, supple
) and of the midbrain, as noted in the within group
nalysis.

Controls showed greater consistent activity in some
spects of the B aINS, the pulvinar thalamus, the puta-
en, and post/precentral gyrus (BA 43, S2). BA 40, a

egion involved in stimulus-driven somatosensory atten-
ional processing, was seen in controls but not IBS.38 In
ddition, the prefrontal cortex (left BA 9/46, right BA
/32) was reliably activated in controls, but not IBS
ubjects.

cross all studies in patients with irritable bowel syndrome.

Supraliminal Rectal Balloon Inflation in Patients With

Volume (mm3) ALE value x y z

alth control
1704 0.0173

0.0131
0

�2
�28
�20

�8
2

1672 0.0150 10 �14 0
1256 0.0161 40 8 8

920 0.0153 2 8 48
536 0.0123 �24 �4 �12
472 0.0107 6 36 2
400 0.0128 18 4 6
368 0.0104 �36 20 0
328 0.0112 0 18 36
312 0.0114 �46 0 0
288 0.0103 �14 4 34
240 0.0109 2 10 26

ontrol � IBS
1344 �0.0107 36 22 0
1312 �0.0174 8 �26 8
1080 �0.0134 �22 �2 12
968 �0.0173 �38 10 6
776 �0.0126 �26 42 26
664 �0.0153 �56 �20 24
344 �0.0107 58 �8 14
168 �0.0104 52 �30 30
144 �0.0095 12 32 34

idcingulate cortex; BA, Brodmann area; IBS, irritable bowel syndrome;
uring

� he

lthy c

ior m

mentary motor area.
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Discussion
The current ALE meta-analysis of supraliminal

ectal inflation confirms the involvement of brain regions
nvolved in visceral sensation, emotion arousal, and at-
entional processes in both controls and IBS. Further-

ore, the use of ALE techniques has allowed extension of
hese within-group analyses to an IBS vs controls com-
arison showing group differences, particularly that IBS
atients reliably engage known emotional arousal cir-
uitry (amygdala, pACC), but healthy control subjects did
ot . . . The disparate results described in early studies of
he brain’s response to visceral stimulation led some to
aise a concern about the reliability and validity of the

ethodology in studying brain responses to lower intes-
inal distension. However, those inconsistent results ap-
ear to be primarily the result of different a priori
hoices, study designs, and analytical methods, rather
han an intrinsic limitation of the investigational ap-
roach. As hypothesized, IBS subjects undergoing lower

ntestinal stimulation showed a greater extent of brain
ctivity than controls, specifically in regions associated
ith visceral afferent processing and emotional arousal.

igure 3. Selected axial and sagittal slices representing brain areas dem
reater activation in controls (blue) across all studies.
lthough the traditional identification of the individual w
rain regions involved in response to visceral stimulation
as been important, to gain a fuller understanding of
hese regions in the pathophysiology of IBS it is impor-
ant to view them in the context of the brain networks in
hich they are involved. Advances in the past few years
ave informed our understanding of the networks in-
olved in both visceral sensation (homeostatic afferent
etwork) and the associated emotional response (emo-
ional arousal network). The homeostatic afferent net-
ork is comprised of the thalamus, insula, and aMCC.39

his network encompasses the sensory input entering
he thalamus from the brainstem, with projections to the
rimary interoceptive cortex (posterior INS) and to the
MCC, which mediates affective, motivational, and mo-
or aspects of the stimulus.20,40,41 The emotional arousal
etwork (including the locus coeruleus complex, amyg-
ala, hypothalamus, parahippocampal gyrus, pACC,
INS, and orbitofrontal cortex) is engaged in the emo-
ional processes modulating visceral responses, such as
nticipatory anxiety or fear.9,42,43 In the discussion of the
esults, we will focus on how the consistently involved
rain regions described in the meta-analysis may operate

rating difference greater activation in irritable bowel syndrome (red) and
onst
ithin these functional networks. We will first discuss



r
s

a
i
e
n
s

w
d
n
l
a
p
s
i
c
c
i
t

p
c
i
s

fi
e
n
s
A
b
a
o
m
l
o
t
p
t
I
r
e
t
p
a
s
f
s

s
s
i
c
t
c
t
i
i
g
e
s
p
r
t
t
a
t
p
n
p
s
r
o
s
m
i

g
m
s
f
c
A
m
p
n
t
p
T
b
w
t
n
t
p
a
d
s
g
n
r
i

C
LI

N
IC

A
L–

A
LI

M
EN

TA
R
Y

TR
A

C
T

January 2011 META-ANALYSIS OF BRAIN REGIONS IN IBS 97
egions seen in both groups, and then discuss the ob-
erved group differences.

Brain Regions Engaged in Both
Controls and IBS
Consistent with previous reviews, both control

nd IBS subjects showed activation of the thalamus,
nsula, and aMCC, although the specific regions seen in
ach group only partially overlap. These regions are key
odes within the homeostatic afferent network, as de-
cribed by Mayer and colleagues.39

Cortical regions associated with attentional processes
ere noted in both groups, although the specific location
iffered (BA 40 in control, BA 6 in IBS). Careful exami-
ation of attentional networks in IBS is lacking. The

iterature on attention suggests a role for BA 40 in the
lerting response, as well as somatosensory attentional
rocessing.38,44,45 BA 6 is implicated in orienting to a
timulus and executive attention.44,46 Just as limitations
n study design preclude the differentiation between no-
iceptive and non-nociceptive aspects of ACC activation,
ontrol for attention was not a feature of most of the
ncluded paradigms, obviating a more specific interpre-
ation.

IBS and control subjects also shared activation in the
utamen, although the regions had no overlap in the
onjunction analysis. Although often noted as activated
n visceral distension, the role of the putamen in these
tudies is largely unknown.

Brain Regions Showing Greater
Engagement in IBS
Emotional arousal network. The most striking

nding in comparison of IBS to controls was the greater
ngagement of specific nodes of the emotional arousal
etwork (amygdala, pACC). Neither of these regions
howed foci with greater consistent activity in controls.
dditionally, activation of medial prefrontal cortex, a
rain region known to negatively modulate emotional
rousal was not seen in IBS.47– 49 The greater engagement
f the emotional arousal network is consistent with a
odel of IBS characterized by increased anxiety, vigi-

ance, and altered autonomic responses.2 It has previ-
usly been suggested that greater engagement of emo-
ional arousal circuitry may also play a role in central
ain amplification.50,51 A factor not accounted for in this
ype of analysis is the time course of network activation.
ndividual studies have suggested that in IBS subjects,
egions of the emotional arousal network may be prefer-
ntially activated by the anticipation of visceral pain, and
hat greater engagement during anticipation of visceral
ain can be seen primarily in female patients.9 It can be
ssumed that unless specific study paradigms were de-
igned to differentiate brain responses to anticipation
rom the actual stimulus, brain responses during disten-

ion would be influenced by the anticipation response. r
Homeostatic afferent network. IBS subjects also
howed differential activation of regions in the homeo-
tatic afferent network. Medial thalamic regions, includ-
ng the medial dorsal nucleus, were seen with greater
onsistency in IBS. These thalamic nuclei have connec-
ivity with the anterior cingulate and prefrontal cortices,
onsistent with stronger association of the afferent input
o affective and motivation processing.39,52,53 In compar-
son, the control subjects show posterior thalamic activ-
ty in the pulvinar nucleus. Activation was seen across the
roups in the insula; however, the IBS groups show great
xtension posteriorly into the mid-insula. A greater con-
istency of activation in the aMCC was seen in IBS com-
ared with controls. This anterior region of the MCC is
ecognized to be activated by noxious visceral stimula-
ion,44,45 although in a review examining its role in emo-
ional processing, its most anterior portion has been
ssociated with fearful emotion.45 In addition, more an-
erior activation of MCC extending into the superior
ortion of the pACC has been reported in studies of
on-nociceptive pain, eg, anticipated, imagined, or em-
athy-related pain.43 Because the majority of published
tudies were not designed to distinguish between the
esponse to the visceral distension and the anticipation
f such stimulation, a conclusion as to whether these
ubtle differences in the location and extent of regions

ight represent functional differences in network activ-
ty cannot be determined from the current analysis.

IBS subjects show consistent activation of a large re-
ion of the midbrain across studies, although no reliable
idbrain regions are seen in the controls. None of the

tudies included in this analysis used a specific protocol
or brainstem imaging, thus determination of which spe-
ific nuclei are included in this region is not feasible.
dditionally, the ALE process leads to aggregation of
ultiple small adjacent regions, which can include the

eriaqueductal gray, nucleus cuneformis, and the red
ucleus. These regions, all of which are involved in emo-
ional and pain modulatory functions, have been re-
orted previously in studies imaging nociception.7,54 –56

he nucleus cuneformis and periaqueductal gray have
oth been implicated in descending pain facilitation as
ell as inhibition.57,58 Greater descending pain facilita-

ion or defects in descending inhibition may be mecha-
isms contributing to “central pain amplification,” eg,
he increased perceptual response to experimental and
ossibly physiological gut stimuli. Berman et al described
nticipation- and distension-related alterations in similar
orsal brain stem regions in IBS subjects, and specifically
howed a lack of inhibition during anticipation and
reater activation during a painful stimulus.7 Clearly,
uclei in this region play important roles in perceptual
esponses and possibly in symptom generation. Imag-
ng protocols optimized to study this brain region are

equired.
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Brain Regions and Networks Showing
Greater Engagement in Controls
Controls show greater reliable activation primarily

n cortical regions involved in modulation of pain and
motion as well as attention, including lateral prefrontal
ortext, medial prefrontal cortext, and BA 40.48,49,59 The
eft lateral prefrontal cortex has been described in the
ognitive control of emotion through reappraisal and
ecreased activation of this region has been noted in
omen, in whom functional disorders are predominately

een.60,61 These findings are consistent with more effec-
ive down-regulation of emotional arousal circuitry in
ontrols, appropriate to the anticipation and sensation of
n uncomfortable but tolerable visceral stimulus.

Limitations
This meta-analysis was limited by the availability

f within-group activation analyses from several previ-
usly published studies of lower gastrointestinal stimu-

ation. However, it remains the only analysis of its kind in
ower gastrointestinal distension and this quantitative

eta-analytic approach significantly improves on the
reviously published systematic reviews. The individual
tudies analyzed included a variety of different stimula-
ion paradigms and protocols, so by its nature this anal-
sis displays mainly the most consistent and robustly
ctivated regions involved in response to lower gastroin-
estinal stimulation. This approach may overlook re-
ional activations or group differences specific to partic-
lar protocols. For example, previous studies have
mphasized the importance of anticipation of visceral
timuli as an essential difference between IBS and control
ubjects and this analysis cannot differentiate between
pecific aspects of the experimental stimuli.7,33,35

Inhomogeneity in the patient populations of imaging
tudies of visceral sensation has been considered a barrier
o interpretation.13 The analysis presented does not take
nto account bowel habit or sex, but despite this limita-
ion, significant group differences are seen, suggesting at
east some components of the central dysfunction in IBS
re common across these subgroups. This is consistent
ith the commonality of the cardinal symptoms (pain
nd discomfort) and frequently seen risk factors (eg,
sychological symptoms, early life trauma, comorbid
ain syndromes) in both gastrointestinal and nongastroi-
testinal functional disorders. This meta-analysis cannot
xplicitly control for the presence of concomitant psychi-
tric- or pain-related disorders or for the role of increased
ymptoms of anxiety or depression. Because the majority
f studies did not control for such factors by rigorous
atient selection (eg, use of structured psychiatric inter-
iews), it remains to be determined if the finding of
reater engagement of emotional arousal circuitry is an
ssential component of IBS pathophysiology or related to

uch comorbidity.
Previous reviews of the visceral stimulation imaging
iterature have noted within- and between-group differ-
nces in the somatosensory cortices, which we did not
bserve in the current analysis.10,11 Part of this discrep-
ncy can be accounted for by the fact that S1 and S2 are
ore robustly activated by upper compared with lower

astrointestinal stimulation and to create a more coher-
nt analysis we included only lower gastrointestinal stim-
lation. Also, the inclusion of later studies, which were
ore likely to include specific coordinates, and the fact

hat some functional magnetic resonance imaging stud-
es may have failed to include S1 and S2 due to a limited
eld of view, may also have contributed to this difference.
The interpretation of combined neuroimaging and vis-

eral stimulation studies has long been limited by rela-
ively small sample sizes and diverse study designs. This
nalysis allows, for the first time, a quantitative meta-
nalysis of the rich existing dataset with an empirical
pproach. As expected, we show reliable activation of
omeostatic afferent regions in both IBS and control
ubjects, but with greater extent in the IBS group. Pa-
ients with IBS have greater engagement of regions in-
olved in emotional arousal network. These results sup-
ort the role of central nervous system, IBS-control
ifferences and, most importantly, they will allow for
ore carefully designed experimental paradigms to ex-

lore those networks that appear to best differentiate the
entral alterations in IBS responses to visceral stimula-
ion.
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