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ORTICAL PROCESSING OF VISCERAL AND SOMATIC
TIMULATION: DIFFERENTIATING PAIN INTENSITY FROM

NPLEASANTNESS

m
L

K

V
d
r
b
v
a
d
l
(
s
r
t
v
c
r

u
V
v
e
a
w
g
T
s
d
s

s
c
s
H
2
s
c
t
v
v
t
2
g

t

. DUNCKLEY,a,b R. G. WISE,a,b Q. AZIZ,c

. PAINTER,a,b J. BROOKS,a,b I. TRACEYa,b* AND
. CHANGd

Department of Human Anatomy and Genetics, University of Oxford,
outh Parks Road, Oxford OX1 3QX, UK

Centre for the Functional Magnetic Resonance Imaging of the Brain,
niversity of Oxford, John Radcliffe Hospital, Oxford OX3 9DU, UK

Department of GI Science, Clinical Sciences Building, University of
anchester, Hope Hospital, Salford M6 8HD, UK

Center for Neurovisceral Sciences and Women’s Health, Division of
igestive Diseases, David Geffen School of Medicine at UCLA, Los
ngeles, CA, USA

bstract—Visceral and somatic pain perception differs in
everal aspects: poor localization of visceral pain and the
bility of visceral pain to be referred to somatic structures.
he perception of pain intensity and affect in visceral and
omatic pain syndromes is often different, with visceral
ain reported as more unpleasant. To determine whether
hese behavioral differences are due to differences in the
entral processing of visceral and somatic pain, non-inva-
ive imaging tools are required to examine the neural cor-
elates of visceral and somatic events when the behavior
as been isolated and matched for either unpleasantness
r pain intensity. In this study we matched the unpleasant-
ess of somatic and visceral sensations and imaged the
eural representation of this perception using functional
agnetic resonance imaging in 10 healthy right-handed

ubjects. Each subject received noxious thermal stimuli to
he left foot and midline lower back and balloon distension
f the rectum while being scanned. Stimuli were matched
o the same unpleasantness rating, producing mild–mod-
rate pain intensity for somatic stimuli but an intensity
elow the pain threshold for the visceral stimuli. Visceral
timuli induced deactivation of the perigenual cingulate
ilaterally with a relatively greater activation of the right
nterior insula—i.e. regions encoding affect. Somatic pain
nduced left dorso-lateral pre-frontal cortex and bilateral
nferior parietal cortex activation i.e. regions encoding spa-
ial orientation and assessing perceptual valence of the
timulus. We believe that the observed patterns of activa-
ion represent the differences in cortical process of intero-
eptive (visceral) and exteroceptive (somatic) stimuli when

Correspondence to: I. Tracey, Department of Human Anatomy and
enetics, South Parks Road, Oxford, UK. Tel: �44-1865-272183; fax:
44-1865-272183.
-mail address: irene.tracey@human-anatomy.oxford.ac.uk (I. Tracey).
bbreviations: BA, Brodmann’s area; BOLD, blood oxygen level de-
endant; DLPFC, dorso-lateral pre-frontal cortex FILM, Functional
agnetic Resonance Imaging of the Brain’s improved linear model;
MRI, functional magnetic resonance imaging; FMRIB, Functional
agnetic Resonance Imaging of the Brain; pACC, perigenual cingu-

ate; PE, parameter estimate; ROI, region of interest; SI, primary
l
omatosensory cortex; SII, secondary somatosensory cortex; TE,
cho time; TR, repeat time; VMPFC, ventromedial prefrontal cortex.
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atched for unpleasantness. © 2005 Published by Elsevier
td on behalf of IBRO.

ey words: visceral, somatic, FMRI, rectum, pain.

isceral and somatic pain have several key perceptual
ifferences. Visceral pain is poorly localized and is often
eferred to somatic regions. These properties are likely to
e secondary to differing peripheral neuronal characteristics—
iscero-somatic convergence and divergence of visceral
fferents. Other perceptual differences must be centrally
riven. For example, sensation from the internal viscera is

ikely to recruit cortical regions involved in interoception
sensation of the physiological self) (Craig, 2002), somatic
ensation is more likely to induce activation in cortical
egions responsible for exteroception and spatial orienta-
ion. Furthermore, noxious stimulation tends to induce di-
ergent behavioral patterns: visceral pain results in quies-
ence whereas somatic pain results in a flight and fight
esponse (Lumb, 2002).

Visceral sensation is commonly described as more
npleasant than somatic sensation (Strigo et al., 2002;
erne et al., 2001). In a psychophysical study comparing
isceral and somatic sensation, Strigo et al. (2002) discov-
red that while healthy subjects rated the unpleasantness
nd intensity of thermal stimulation to the anterior chest
all similarly, they rated the unpleasantness of esopha-
eal distension proportionately greater than the intensity.
his divergence of the affective quality of the visceral and
omatic pain experience allows for the investigation of the
ifferences in cortical representations between the two
ensory modalities.

Numerous imaging studies have led to a better under-
tanding of the cortical networks responsible for the pro-
essing of somatic pain. Visceral imaging studies are
parse in comparison (Aziz et al., 2000; Mertz et al., 2000;
obday et al., 2001; Lotze et al., 2001; Naliboff et al.,
001; Kern et al., 2001; Verne et al., 2003). While areas
imilar to those activated during somatic experiments are
ommonly seen, there are also differences in cortical ac-
ivation patterns between visceral and somatic stimuli. In-
estigators have examined the cortical representations of
isceral (rectal) and somatic (anal) sensation arising from
he gastrointestinal tract (Hobday et al., 2001; Lotze et al.,
001) and found similar areas of cortical activation with
reater motor cortex involvement for the anal canal.

Support for common pain processing regions for the
wo sensory modalities also comes from a human study of

ower esophageal distension and cutaneous heat in the
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ame subjects administered at levels where pain intensity
nd unpleasantness were similar between the two modal-

ties (Strigo et al., 2003). In this study, while the authors
atched intensity and unpleasantness for the two sensory
odalities, the ratings for unpleasantness were generally
igher than those for intensity for noxious esophageal
timulation but were similar after cutaneous stimulation.
lthough similar brain regions were activated, greater ac-

ivation was observed in the anterior insula bilaterally and
he left ventrolateral prefrontal cortex in the somatic group.
here were also differences in the activation of the so-
atosensory and anterior cingulate cortices between vis-

eral and somatic stimuli. Greater activation was demon-
trated in a relatively more rostral subregion of the mid-
ingulate cortex for esophageal distension and a more
orsal subregion for cutaneous stimulation. Therefore, al-
hough similar brain areas are activated by somatic and
isceral pain, differences also exist. These differences
ay be due to differential patterns of cerebral activation to

isceral and somatic stimuli or alternatively could be due to
he greater unpleasantness associated with visceral stimuli
Strigo et al., 2003). The precise reasons for the differ-
nces observed remains unclear.

What has not been performed is a study where un-
leasantness to a visceral and somatic stimulus has been
atched, with concomitant differences in the pain intensity
eeded to produce a matched unpleasantness (i.e. if vis-
eral stimulation is more unpleasant that somatic stimula-
ion, a lower pain intensity is needed for visceral stim-
lation compared with somatic to drive the same unpleas-
ntness rating). This would allow selective investigation of

he differences between the two sensory modalities in the
rain regions responsible for intensity and affective coding.

The aim of this study was therefore to identify the
ifferences in cortical activation of visceral and somatic
oxious stimulation specifically matched for unpleasant-
ess.

EXPERIMENTAL PROCEDURES

ubjects

en healthy right-handed subjects (five female, median age 30
ears, range 22–32) were recruited to participate in the study.
one reported any abnormal gastrointestinal or somatic symp-

oms on personal history and bowel symptom questionnaire (Talley
t al., 1989). Clinical depression was excluded with the use of the
eck’s Depression Inventory (Beck et al., 1961). None of the
ubjects were taking any regular medication likely to interfere with
he functional magnetic resonance imaging (FMRI) results. All
ubjects gave informed consent and the Oxfordshire Clinical Re-
earch Ethics Committee approved the study.

omatic stimulation

hermal stimuli were delivered via a magnet-compatible
cm�2 cm thermal resistor (Centre for the Functional Magnetic
esonance Imaging of the Brain (FMRIB), Oxford, UK). The de-
ice has a rapid ramp time of 30–60 °C in 0.8 s. On separate
canning sessions, the thermal resistor was attached to the dor-

um of the left foot (L5) or the midline of the lower back (L5). w
isceral stimulation

ectal stimulation was delivered using a 2 cm long latex balloon.
his was attached to a 50 cm long polyvinyl catheter (3 mm

nternal diameter) and connected via an 8-m length of polyvinyl
ubing (4 mm internal diameter) to a purpose-designed mechani-
al pump (Medical Physics Department, Hope Hospital, Manches-
er, UK), which was placed outside the magnet room. The time to
aximal inflation ranged from 140 to 160 ms. The balloon was

nserted into the rectum, 10 cm from the anal verge.

xperimental design

ach subject had three separate scanning sessions; for two so-
atic regions (dorsum of left foot and mid-line lower back both at

he level of L5) and one visceral region (rectal). Lateral and
id-line somatic stimuli were chosen because little is known of
emispheric dominance of visceral pain processing or of midline
omatic structures. The order of scans was randomized for each
ubject. Once the thermal resistor had been attached or balloon
nserted the subject was moved into the scanner and made com-
ortable. Foam padding was placed around the subject’s head to
inimize head movement. Earplugs were used along with elec-

rostatic headphones (MRC Institute of Hearing Research, Not-
ingham, UK). Prior to the scanning run, a series of increasing
hermal/mechanical balloon stimuli, each lasting 3 s, was then
elivered. The subjects were required to rate each of these stimuli
or intensity, unpleasantness and urge (balloon distension) (Kwan
t al., 2002). Numerical rating scales ranging from 0 to 10 were
sed for each sensation. The range of intensity ratings was de-
ned as 0 (no sensation), 1 (stimulus just perceptible, i.e. sensory
hreshold), 5 (pain begins, i.e. pain threshold) and 10 (intense
ain). This allowed the rating of a larger range of intensities. This
as necessary as some subjects did not rate the balloon disten-
ion as painful even at the higher volumes. The descriptors used
or the unpleasantness numerical rating scale were “not unpleas-
nt” (0) and “excruciating” (10). Urge sensation was scored from
(no urge) to 10 (intense urge). Each subject was trained to use

hese scales prior to entering the magnet. The aim of this initial
esting was to identify the temperature or pressure required to
nduce a reliable unpleasantness rating of 4 of 10. This was then
sed for the remainder of the experiment.

An event-related paradigm was used. Each subject received
0 3 s stimuli with an average 60 s inter-stimulus interval. The
timulus onset was “jittered” randomly to MR data acquisition
hereby enabling correct sampling of the hemodynamic response
unction across brain regions. Ten seconds after each stimulus the
umerical rating scale was projected via an Infocus FP1000 pro-

ector (Infocus, Wilsonville, OR, USA) onto a screen visible to the
ubject via prism glasses. The subject was then able to move an
rrow on the scale to indicate the rating for the prior stimulus with
he use of a magnet-compatible button box (Centre for the Func-
ional Magnetic Resonance Imaging of the Brain).

MRI scanning protocol

ubjects were scanned in a 3 Tesla human MRI system (Oxford
agnet Technology) with the use of a Magnex SGRAD MK III
ead insert gradient coil (Magnex Scientific Ltd, Oxford, UK). A
irdcage radio-frequency coil was used for pulse transmission and
ignal reception. For each subject, whole-brain T2*-weighted
cho-planar imaging was utilized for the functional scans, which
onsisted of 24 contiguous, 6 mm, axial slices. The following
arameters were used: repeat time (TR) 3000 ms, echo time (TE)
0 ms, flip angle 90°, field of view 256�192 mm, and a matrix size
f 64�64. A high-resolution, T1-weighted, 3D Turbo FLASH scan
64 contiguous 3 mm axial slices, TR 15 ms, TE 5 ms, field of view
56�192 mm, and matrix 256�192) was also obtained onto

hich the functional scans were registered during analysis.
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mage analysis

mage analysis, aimed at delineating significant brain activation
ia changes in the blood oxygen level dependent (BOLD) signal
Ogawa et al., 1992), was performed on each subject’s functional
ata set with the use of FEAT (FMRIB Expert Analysis Tool)
www.fmrib.ox.ac.uk) (Smith et al., 2001). Prior to the statistical
nalysis the data were motion corrected with the use of Motion
orrection using FMRIB’s Linear Image Registration Tool (MCF-
IRT) (Jenkinson et al., 2002), spatial smoothing was carried out
ith a Gaussian kernel of full-width-half-maximum 5 mm, intensity
ormalization was performed with a single scaling factor and
igh-pass temporal filtering performed with a Gaussian-weighted

east squares straight line fit and high-pass cutoff filter of 60 s. The
tatistical analysis was performed with FMRIB’s improved linear
odel (FILM) (Woolrich et al., 2001). A model of the relevant
pplied stimuli and confounds was thus designed and convolved
o the hemodynamic response function. This convolved model
as then fitted to the four-dimensional data set to demonstrate
reas of brain activation. FILM uses a robust and accurate non-
arametric estimation of time series autocorrelation to prewhiten
ach voxel’s time series; this gives improved estimation efficiency
ompared with methods that do not pre-whiten.

An event-related paradigm was used. The stimulus timings
ere designed into the model as the stimulus explanatory vari-
ble. Further explanatory variables were designed for the numer-

cal rating scales, which were then modeled out at the final anal-
sis. Each voxel was then analyzed against the convolved model
ith a resultant parameter estimate (PE) image. The PE is an
stimate of how well each voxel fits the convolved model: the
igher the PE, the better and greater the fit. Cluster thresholding
ith significance estimation defined by Gaussian Random Field
heory was used to identify clusters of significantly activated
oxels (z-score�2.3, P�0.01). The functional data set was co-
egistered onto the subject’s high-resolution T1-weighted scan,
hich was then registered onto a standard brain (Montreal Neu-

ological Institute 152 brain).
A mixed effects (often referred to as a “random effects”) group

nalysis was performed for each of the three groups with FMRIB’s
ocal Analysis of Mixed Effects (FLAME). This incorporates vari-
nce within session and across time (fixed effects) and cross
ession variances (random effects). Cluster thresholding was per-
ormed with a z-threshold of 2.3 and corrected P-value of �0.01
Worsley et al., 1992; Friston et al., 1994).

Left and right-sided region of interest (ROI) masks were then
efined for the key areas: the thalamus, insula cortex (anterior and
osterior), cingulate cortex (mid and perigenual), and secondary
omatosensory cortex (SII). The mean PE was then calculated for
ach ROI for each subject’s data set. Significant differences be-
ween the somatic and visceral mean group PE for each ROI were
ested with a two-tailed Student’s t-test.

RESULTS

sychophysical

ll subjects tolerated the study well. The mean ratings for
ntensity, unpleasantness and urge are shown in Fig. 1.
here were no significant differences in unpleasantness
atings between groups (P�0.05, two-tailed paired Stu-
ent’s t-test). Intensity ratings were significantly higher for
omatic stimulation compared with rectal stimulation
P�0.001, two-tailed paired t-test). Rectal balloon disten-
ion induced a mean urge score of 3.99 (S.E.M.�0.46).
ost subjects reported that the unpleasant nature of the
alloon distension related to the urge to defaecate that

hey felt. The mean temperatures used were 52.59 °C y
S.D. 3.86) for the mid-line back, and 53.59 °C (S.D. 2.98)
or the left foot. The mean pressure for rectal balloon
istension was 24.36 psi (S.D. 15.42).

rain activation

arked similarities in the location of activated cortical re-
ions were observed for each group, with the typical “pain
atrix” pattern of activation present [Figs. 2 and 3]. Bilat-
ral activation was seen in each of the group analyses in
he thalamus, insular cortex along its anterior-posterior
xis, the mid-cingulate cortex, brainstem, supplementary
otor area, and globus pallidus. A region incorporating the

ateral, inferior primary motor cortex extending anteriorly to
he pre-motor region and Brodmann’s area (BA) 44 was
ctivated in all three groups. Bilateral activation of the SII
ortex was also demonstrated for left foot and midline back
timulation, but only right-sided activation of SII was ob-
erved during visceral stimulation. Bilateral and right-sided
osterior parietal cortex (Brodmann’s area 40) activation
as present for mid-line back and left foot respectively, but
as absent for rectal stimulation. Left dorso-lateral pre-

rontal cortex (DLPFC) activation was present solely in the
ack group. Peak z-statistic co-ordinates for each region
nd each stimulus type are shown in Table 1.

OI analysis

urther analysis of the data revealed sub-threshold activa-
ion of the left SII cortex in the rectal group (peak z-scores
re shown in Table 1). Thus, despite not reaching the z
hreshold of 2.3, significant differences were not seen be-
ween rectal and somatic data sets for these regions (data
ot shown), despite the apparent absence of activation in
ig. 2. The only regions to show significant differences on
OI analysis were the left and right perigenual cingulate

pACC) (Fig. 4). Rectal stimulation resulted in a reduction
n left and right pACC activity that was statistically signifi-
antly lower than both foot and back stimulation (Student’s
aired t-test P�0.05, two tailed). Group subtraction anal-

ig. 1. Psychophysical data. The unpleasantness ratings were
atched with no significant differences between the three groups

NS�non-significant, paired Student’s t-test). Significantly greater in-
ensity ratings were found for mid-line back and left foot stimulation in
omparison to rectal stimulation (* P�0.01, paired Student’s t-test).
tandard error bars are shown.
sis confirmed this difference: subtraction of the somatic

http://www.fmrib.ox.ac.uk
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roups from the visceral group resulted in a significant
egion of pACC deactivation (Fig. 5). Significant deactiva-
ions were also seen for the ventromedial prefrontal cortex
VMPFC) and posterior cingulate cortex in the visceral
roup compared with the two somatic groups. Further-
ore, there was a significant negative correlation between

eft and right visceral pACC mean PE and mean urge score
Pearson’s correlation, Left pACC r��0.75, P�0.05, Right
ACC r��0.69, P�0.05, two-tailed) (Fig. 6).

ig. 2. Group activation maps for (a) mid-line back, (b) left foot and (c)
THAL) and insula (INS) cortex and inferior parietal cortex (IPC), alon
lice through the SII (L, left; R, right). A similar bilateral network of a
z-score�2.3) for rectal balloon distension. Main differences are of bil
orsolateral prefrontal cortex in the mid-line back group only. GP, glo
ig. 3. Binary overlap map: the activation map for each group binarized and o
roup only; red, overlap between two groups and yellow, three groups. L, left;
Visceral pain is often reported as more unpleasant
han somatic pain (Strigo et al., 2002, 2003). We therefore
ent on to investigate the relationship between pain per-
eption of intensity and unpleasantness within two key
reas of the pain matrix thought to be involved in process-

ng the affective/cognitive/interoceptive components of
ain perception (anterior cingulate and insula cortices).
his was done to better determine how pain intensity
rives or relates to pain unpleasantness perception. We

ulation. Axial slices are shown through the brainstem (BS), thalamus
agittal slice through the mid-cingulate cortex (mid-ACC) and coronal
seen with all three stimulation types. SII activation is sub-threshold

erior parietal cortex activity in the somatic groups only along with left
us; PMC, pre-motor cortex; SMA, supplementary motor cortex.
rectal stim
g with a s
ctivity is
verlapped in standard (MNI) space. Blue represents activation in one
R, right.
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ivided the mean PE for the right and left anterior and
osterior insula (divided anatomically into an anterior and
osterior division) by the pain intensity ratings for each
roup, and did the same for anterior cingulate cortex. This
ave us a ratio of activation per intensity rating unit. Thus,
iven the relatively greater affective component of visceral
ain processing (seen in this study as a reduction in the
isceral intensity ratings when unpleasantness is
atched), regions encoding visceral unpleasantness
ould be expected to have greater ratios than somatic.
s we matched unpleasantness not intensity, yet ob-

ained the same activation within a few key regions, we
ypothesize that the encoding of visceral unpleasant-
ess would be expected to have greater ratios therefore
f brain activity–pain intensity perception within these
egions compared with similarly derived somatic ratios.
his could represent brain areas which preferentially
ncode visceral unpleasantness or interoception. In
ther words, as a smaller intensity drives a greater
npleasantness response in visceral sensation, a
reater ratio of mean PE for a given ROI per intensity
ating unit would be expected in regions encoding vis-
eral unpleasantness or interoception when compared
ith somatic ratios. Fig. 7a shows the mean PE for the

ight and left mid-cingulate, posterior and anterior insula
ortices. Fig. 7b shows the ratio values. We found the
ight anterior insula cortex is activated proportionally
reater in the visceral group (per intensity unit) com-
ared with either of the somatic groups. This difference

n ratio was significantly greater for visceral compared
ith the other mid-line structure: the mid-line back

P�0.05), but did not reach significance when compar-

able 1. Co-ordinates for the peak z-scores within the activated brain

Midline back

ortical region Side Co-ordinates z-Sc

nsular cortex Right anterior 36, 20, �6 5.13
Left anterior �36, 14, 0 4.77
Right
posterior

38, �20, 0 4.02

Left Posterior �40, �16, �8 3.88
id-cingulate

ortex
Right 2, 20, 22 3.4
Left �4,22, 24 3.99

II Right 56, �26, 24 3.03
Left �52, �28, 18 3.42

halamus Right 6, �20, �2 3.63
Left �10, �18, 0 3.51

lobus
allidus

Right 14, 2, �2 4.04
Left �18, 0, �2 2.3

rainstem Right 8, �16, �10 3.62
Left �6, �20, �12 3.06

MA Right 4, 2, 48 4.04
Left �4, 2, 46 4.28

nferior parietal
ortex

Right 60, �40, 32 3.52
Left �44, �36, 44 3.06

LPFC Left �32, 40, 24 3.14

Co-ordinates are given in the space of Montreal Neurological Institu
omatosensory cortex; SMA, supplementary motor cortex.
ng visceral and left foot processing (P�0.11). The other d
ve regions showed no significant differences between
isceral and somatic ratios.

DISCUSSION

hese results confirm that, when matched for the affective
imension of pain (unpleasantness), noxious visceral and
omatic stimulation activate a complex, mainly bilateral
etwork of cortical structures. Similarities in the spatial

ocalization of the regions activated are marked, particu-
arly in the insular cortex, anterior cingulate cortex and right
II (Figs. 2, 3). ROI analysis has demonstrated a novel
nding: bilateral pACC deactivation in the visceral group
lone, whereas all other regions were similarly activated.
roup subtraction analyses confirmed a significant deac-

ivation of the pACC in the visceral group compared with
he somatic groups. The VMPFC and posterior cingulate
ortices also deactivated in the visceral group (Fig. 5). The
elevance of the posterior cingulate deactivation in the
isceral group warrants further investigation. Unlike previ-
us studies, we have specifically controlled the unpleas-
ntness of the visceral and somatic stimulation. This has
llowed us to investigate the relative contributions of re-
ions encoding visceral unpleasantness. Ratio data have
ighlighted a relatively greater level of right anterior insula
ortex activity per intensity unit ratings during visceral stim-
lation (Fig. 7b).

omatosensory cortices

OI analysis has demonstrated no significant differences
n the strength of activation in regions of interest except the
ACC, despite the notable differences in the psychophysical

Left foot Rectum

Co-ordinates z-Score Co-ordinates z-Score

42, 8, �12 4.71 38, 18, �4 4.3
�34, 16, 4 3.96 �38, 12, �4 5.15
38, �14, �8 4.01 36, �20, 12 4.02

�36, �18, 4 3.6 �38, �18, �2 3.51
10, �6, 40 3.48 8, 24, 28 3.94
�8, 20, 26 4.07 �2, 14, 30 4.07
58, �24, 26 3.82 58, �26, 24 4.55
�58, �22, 22 3.64 — —
6, �18, 0 3.29 10, �14, 0 3.58
�4, �16, �2 3.2 �10, �12, �2 2.87
12, 2, �2 3.37 20, 0, �8 4.25
�12, 2, �2 3.24 �22, 2, �8 3.77
2, �30, �8 3.71 4, �18, �16 3.51
�10, �14, �8 3.6 �6, �18, �16 3.25
4, 10, 52 3.65 2, 2, 50 4.48
�8, 2, 60 3.39 �4, 2, 52 4.51
50, �32, 42 2.9 — —
�52, �38, 28 2.67 — —
— — — —

verage brain). DLPFC, dorsolateral prefrontal cortex; SII, secondary
regions

ore

te (152 a
ata (i.e. lower intensity ratings for rectal stimulation com-
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ared with somatic stimulation). This suggests an up-
egulation of visceral processing in any regions responsi-
le for intensity coding such as the SII and posterior insula
ortices, has occurred. Failure to activate primary somato-
ensory cortex (SI) in our experiment with either the vis-
eral or somatic stimuli is likely to relate to the small
hermode and relatively small balloon used. Inconsistent SI
ctivation may reflect the relatively small region of activa-

ig. 4. Mean PE change for the (a) right pACC cortex and (b) left
ACC cortex. A significant de-activation is seen in the rectal group with
ery little activity in the somatic groups (* P�0.05, two-tailed paired
tudent’s t-test).

ig. 5. Group subtraction analyses. (a) The back group subtracted fr

roup. Regions of significant deactivation (z��2.3, P�0.01) are seen in the
osterior cingulate cortex deactivations are also present.
ion, variable sulcal anatomy, adjacent inhibition/reduction
n BOLD signal in SI neurones, and the need for spatial
ummation of noxious stimuli (Bushnell et al., 1999; Pey-
on et al., 2000). SII activation is commonly found in nox-
ous somatic imaging studies and in approximately half of
isceral imaging studies (Peyron et al., 2000; Derbyshire,
003). Activation is almost always bilateral or contralateral
o the side of stimulus. This is in agreement with the
euronal characteristics of this region, which exhibit large
ilateral fields. Using thermal pain Coghill et al. (2001)
emonstrated intensity coding characteristics of SII. De-
pite a significant difference in pain intensity ratings in this
xperiment, no significant difference in SII activation was
een between somatic and visceral stimulation. Thus it is
ossible that, even at non-painful levels, the visceral stim-
lation crossed an “all-or-nothing” threshold (Timmerman
t al., 2001) resulting in SII activation approaching that
een in somatic stimulation.

ACC cortex

he only significant difference seen on ROI analysis was a
eactivation of the pACC in the visceral group. Although
ontroversy remains, reductions in BOLD response are

ikely to represent neuronal deactivations, thus represent-
ng stimulus-related reduction in neuronal activity. pACC
ctivity reductions have been seen during anticipation to
ainful stimuli (Porro et al., 2003; Simpson et al., 2001)
nd have correlated with increased heart rate associated
ith pain anticipation (Porro et al., 2003). Furthermore,
ACC de-activation is seen in cognitively demanding tasks
uch as the Stroop task (Bush et al., 2000). There are
everal possible explanations for the pACC de-activation
ound during rectal stimulation. It is possible that the de-
ctivation in our study represents a heightened level of
nticipation to a novel visceral stimulus or of arousal and
ttention needed to rate it, i.e. regions involved in cognitive
rocessing actively suppress pACC activity. It is notable
hat all subjects reported increased difficulty in accurately
ating the visceral sensation, as it is obviously a novel
timulus for most subjects. Alternatively, the diffuse, poorly

isceral group and (b) the left foot group subtracted from the visceral
om the v

pACC cortex (peri-ACC) in both subtraction analyses. VMPFC and
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ocalized nature of visceral sensation made the rating more
ifficult and thus required a greater attentive effort. Other
tudies of visceral pain have reported increased pACC
ctivity during balloon inflation (Silverman et al., 1997;
ern et al., 1998; Naliboff et al., 2001). None of these
tudies required the subjects to provide an online (i.e. in
he scanner) behavioral feedback as was used in our
tudy. It is feasible therefore that there was a lack of
ognitively driven pACC inhibition with consequential acti-
ation through the dominant emotive perceptions associ-
ted with visceral pain induced by balloon distension. Vis-
eral sensation/pain induces a passive emotional coping
trategy with quiescence and vasodepression as opposed
o the flight/fight response of cutaneous pain (Lumb, 2002).
hese responses are felt to be in part encoded by the
eri-aqueductal grey which is in turn closely linked with the
ACC. Lesions of the pACC produce similar behavioral
uiescence and vasodepression responses (Phillips et al.,
003b). Thus an alternative explanation for reductions in
ctivity in the pACC may be the neural response of a
assive emotional response. The correlation with urge
ensation would support this theory. However, other stud-
es of visceral pain have reported pACC activation (Silver-

an et al., 1997; Kern et al., 1998; Naliboff et al., 2001).

ig. 6. Correlation of mean urge rating during balloon distension with
orrelation is present for each side and urge sensation (right: r��0.7
hese have always used stimuli that are rated above the c
ain threshold (Silverman et al., 1997; Naliboff et al.,
001), or (in the case of non-painful stimuli) have peak
ctivity at the junction of the affective and cognitive region
f the cingulate cortex which is more dorsal to the pACC
Kern et al., 1998). Thus when the pain threshold is
rossed, the subsequent greater emotive response may
esult in pACC activity that overrides this cognitive
uppression.

orsolateral prefrontal cortex

he left DLPFC was activated only during mid-line back
timulation. This region incorporates processes of atten-
ion, spatial orientation and motivation to a given sensory
nput. Sole activation in the somatic group is consistent
ith other studies (Strigo et al., 2003) who similarly found
ctivation of the left DLPFC to a somatic painful stimulus to
he trunk. In their paper, Strigo et al. (2003) argue that this
ay reflect the differences in the coping strategies seen in

he two groups (Bandler et al., 2000). This is a particularly
ompelling argument as the PAG has close links with the
LFPC which in turn forms a frontal network with the dorso-
edial pre-frontal cortex and pACC (Vogt and Pandya,
987). Furthermore, deactivation of the pACC was asso-

n right pACC PE and (b) mean left pACC PE. A significant negative
P�0.05, two tailed; left: r��0.69, n�10, P�0.05, two tailed).
iated with deactivation of the VMPFC in the visceral group
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lone. Thus, a balance of activation/de-activation within
his network may drive the differential, autonomically fo-
used motivational and affective coping responses to the
wo sensory modalities.

nferior parietal cortex

consistent difference between the cerebral activations in
esponse to somatic and visceral stimulation in our study was
he activation of the bilateral inferior parietal cortices (BA 40)
o somatic but not visceral sensation. The inferior and poste-
ior parietal cortices are polymodal association cortices
hose role in pain processing is likely to involve orientation
nd attention toward the stimulus (Duncan and Albanese,
003). It is important for formation of the body image and its
elation to external space. Thus its activation in the somatic
ut not visceral group may partially explain some of the
erceptual differences (particularly spatial localization and

ig. 7. The mean PE values for the mid-cingulate (mid-ACC), poster
niversally, but not statistically significantly lower for visceral stimulati
hown in (b). Standard error bars are shown. A statistically significant d
s present for the right Ant ins cortex only (* P�0.05, two-tailed Student
isceral unpleasantness or interoception.
xteroception) between the two sensory modalities. e
nterior insular cortex

he design of this experiment allows us to investigate
ontributions of different cortical regions to intensity and
npleasantness processing during noxious visceral and
omatic stimulation. The ratio data allow us to investigate
egions that proportionately encode visceral sensation/un-
leasantness greater than somatic sensation/pain. The
atio of PE to intensity rating for the right anterior insula is
reater for visceral stimulation (Fig. 5b) than somatic stim-
lation suggesting a greater contribution of this brain re-
ion to the processing of visceral stimuli, specifically en-
oding visceral unpleasantness. Activation of the right (and

eft) anterior insular cortex has been induced experimen-
ally by faces depicting disgust (Phillips et al., 1997), recall
f sad personal experiences (Mayberg et al., 1999) and
egative emotion (Reiman, 1997). Furthermore, negatively

nterior insula (Ant ins) cortices are shown in (a). Mean PE levels are
omatic stimulation. The ratios of mean PE to the intensity ratings are
in ratio between the two mid-line structures (rectum and mid-line back)
A greater ratio could represent brain areas which preferentially encode
ior and a
on than s
ifference
motional faces displayed at the same time as receiving
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sophageal stimuli have resulted in greater right anterior
nsular cortex activation (Phillips et al., 2003a). Thus its
ole in pain processing is generally accepted as encoding
he emotive feelings integral to the pain experience. The
arked spatial overlap of right anterior insula cortex activ-

ty across both somatic and visceral groups (Fig. 3) would
uggest a common function for this region between different
ensory modalities i.e. encoding unpleasantness. However,
raig (2002) has described this region as the interoceptive
ortex: the cortical region encoding the physiological
ense of the body (Critchley et al., 2004). It could be
rgued that visceral sensation, along with its autonomic
ignificance, embodies a saliently more important intero-
eptive input than somatic sensation. Therefore during
isceral stimulation the proportionately greater right ante-
ior insula activity (Fig. 7b) may additionally be due to
eightened interoceptive processing.

In summary, considerable spatial overlap of cortical
ctivation in key regions within the pain matrix was ob-
erved during visceral and somatic stimulation in our
tudy. However, relatively greater activation occurred in
egions that encode spatial orientation (DLPFC and inferior
arietal cortex) during somatic stimulation and emotion/

nteroception (right anterior insula) during visceral stimula-
ion. These variations are in accordance with the differences
n the perceptual qualities of the two sensory modalities. The
rguments presented here for these differences are specu-

ative and require further investigation, however the
reater activity in the lateral pre-frontal cortex networks is
onsistent with previous studies (Strigo et al., 2003). A
reater understanding of the differences between visceral
nd somatic pain processing in normal subjects will allow
etter interpretation of past and future imaging studies in
hronic visceral or somatic pain syndromes such as irrita-
le bowel syndrome and fibromyalgia.

cknowledgments—Dr. Paul Dunckley and Dr. Lin Chang are
unded through a grant from the National Institute of Arthritis and
usculoskeletal and Skin Diseases (AR41622), National Insti-

utes of Health, USA. Dr. Richard Wise is funded through the
ellcome Trust (Advanced Training Fellowship, 067037). Dr. Q.
ziz is funded by the Medical Research Council and Cancer
esearch Campaign UK. Dr. I. Tracey is funded by HEFCE. The
uthors would like to thank Rod Hamner, Medical Physics, Hope
ospital, Manchester and Guy Peskett, Atmospheric Physics De-
artment, Oxford University for technical support. The authors
ould also like to thank Professor Derek Jewell for his guidance
nd support.

REFERENCES

ziz Q, Thompson DG, Ng VW, Hamdy S, Sarkar S, Brammer MJ,
Bullmore ET, Hobson A, Tracey I, Gregory L, Simmons A, Williams
SC (2000) Cortical processing of human somatic and visceral
sensation. J Neurosci 20(7):2657–2663.

andler R, Keay KA, Floyd N, Price J (2000) Central circuits mediating
patterned autonomic activity during active vs. passive emotional
coping. Brain Res Bull 53(1):95–104.

eck AT, Ward CH, Mendelson M, Mock J, Erbaugh J (1961) An inven-
tory for measuring depression. Arch Gen Psychiatry 4:561–571.

ush G, Luu P, Posner MI (2000) Cognitive and emotional influences

in anterior cingulate cortex. Trends Cogn Sci 4(6):215–222.
ushnell MC, Duncan GH, Hofbauer RK, Ha B, Chen JI, Carrier B
(1999) Pain perception: is there a role for primary somatosensory
cortex? Proc Natl Acad Sci USA 96(14):7705–7709.

oghill RC, Gilron I, Iadarola MJ (2001) Hemispheric lateralization of
somatosensory processing. J Neurophysiol 85(6):2602–2612.

raig AD (2002) How do you feel? Interoception: the sense of the
physiological condition of the body. Nat Rev Neurosci 3(8):
655–666.

ritchley HD, Wiens S, Rotshtein P, Ohman A, Dolan RJ (2004) Neural
systems supporting interoceptive awareness. Nat Neurosci 7(2):
189–195.

erbyshire SW (2003) A systematic review of neuroimaging data
during visceral stimulation. Am J Gastroenterol 98(1):12–20.

uncan GH, Albanese MC (2003) Is there a role for the parietal lobes
in the perception of pain? Adv Neurol 93:69–86.

riston KJ, Worsley KJ, Frackowiak RS, Maziotta JC, Evans C (1994)
Assessing the significance of focal activations using their spatial
extent. Hum Brain Mapp 1(1):214–220.

obday DI, Aziz Q, Thacker N, Hollander I, Jackson A, Thompson DG
(2001) A study of the cortical processing of ano-rectal sensation
using functional MRI. Brain 124(Pt 2):361–368.

enkinson M, Bannister P, Brady M, Smith S (2002) Improved optimi-
sation for the robust and accurate linear registration and motion
correction of brain images. NeuroImage 17(2):825–841.

ern MK, Birn RM, Jaradeh S, Jesmanowicz A, Cox RW, Hyde JS,
Shaker R (1998) Identification and characterization of cerebral
cortical response to esophageal mucosal acid exposure and dis-
tention. Gastroenterology 115(6):1353–1362.

ern MK, Jaradeh S, Arndorfer RC, Jesmanowicz A, Hyde J, Shaker
R (2001) Gender differences in cortical representation of rectal
distension in healthy humans. Am J Physiol Gastrointest Liver
Physiol 281(6):G1512–G1523.

wan CL, Mikula K, Diamant NE, Davis KD (2002) The relationship
between rectal pain, unpleasantness, and urge to defecate in
normal subjects. Pain 971–2):53–63.

otze M, Wietek B, Birbaumer N, Ehrhardt J, Grodd W, Enck P (2001)
Cerebral activation during anal and rectal stimulation. Neuroimage
14(5):1027–1034.

umb BM (2002) Inescapable and escapable pain is represented in
distinct hypothalamic-midbrain circuits: specific roles for Adelta-
and C-nociceptors. Exp Physiol 87(2):281–286.

ayberg HS, Liotti M, Brannan SK, McGinnis S, Mahurin RK, Jerabek
PA, Silva JA, Tekell JL, Martin CC, Lancaster JL, Fox PT (1999)
Reciprocal limbic-cortical function and negative mood: converging
PET findings in depression and normal sadness. Am J Psychiatry
156(5):675–682.

ertz H, Morgan V, Tanner G, Pickens D, Price R, Shyr Y, Kessler R
(2000) Regional cerebral activation in irritable bowel syndrome and
control subjects with painful and nonpainful rectal distention. Gas-
troenterology 118(5):842–848.

aliboff BD, Derbyshire SW, Munakata J, Berman S, Mandelkern M,
Chang L, Mayer EA (2001) Cerebral activation in patients with
irritable bowel syndrome and control subjects during rectosigmoid
stimulation. Psychosom Med 63(3):365–375.

gawa S, Tank DW, Menon R, Ellermann JM, Kim SG, Merkle H,
Ugurbil K (1992) Intrinsic signal changes accompanying sensory
stimulation: functional brain mapping with magnetic resonance
imaging. Proc Natl Acad Sci USA 89:5951–5955.

eyron R, Laurent B, Garcia-Larrea L (2000) Functional imaging of
brain responses to pain. A review and meta-analysis (2000). Neu-
rophysiol Clin 30(5):263–288.

hillips ML, Young AW, Senior C, Brammer M, Andrew C, Calder AJ,
Bullmore ET, Perrett DI, Rowland D, Williams SC, Gray JA, David
AS (1997) A specific neural substrate for perceiving facial expres-
sions of disgust. Nature 389(6650):495–498.

hillips ML, Gregory LJ, Cullen S, Coen S, Ng V, Andrew C, Giampietro
V, Bullmore E, Zelaya F, Amaro E, Thompson DG, Hobson AR,

Williams SC, Brammer M, Aziz Q, Cohen S (2003a) The effect of



P

P

R

S

S

S

S

S

T

T

V

V

V

W

W

P. Dunckley et al. / Neuroscience 133 (2005) 533–542542
negative emotional context on neural and behavioural responses to
oesophageal stimulation. Brain 126(Pt 5):1248

hillips ML, Drevets WC, Rauch SL, Lane R (2003b) Neurobiology of
emotion perception: I. The neural basis of normal emotion percep-
tion. Biol Psychiatry 54(5):504–514.

orro CA, Cettolo V, Francescato MP, Baraldi P (2003) Functional
activity mapping of the mesial hemispheric wall during anticipation
of pain. Neuroimage 19(4):1738–1747.

eiman EM (1997) The application of positron emission tomography to
the study of normal and pathologic emotions. J Clin Psychiatry
58(Suppl 16):4–12.

ilverman DH, Munakata JA, Ennes H, Mandelkern MA, Hoh CK, Mayer
EA (1997) Regional cerebral activity in normal and pathological per-
ception of visceral pain. Gastroenterology 112(1):64–72.

impson JR Jr, Drevets WC, Snyder AZ, Gusnard DA, Raichle ME (2001)
Emotion-induced changes in human medial prefrontal cortex: II. Dur-
ing anticipatory anxiety. Proc Natl Acad Sci USA 98(2):688–693.

mith SM, De-Stefano N, Jenkinson M, Matthews PM (2001) Normal-
ized accurate measurement of longitudinal brain change. J Com-
put Assist Tomogr 25:466–475.

trigo IA, Bushnell MC, Boivin M, Duncan GH (2002) Psychophysical
analysis of visceral and cutaneous pain in human subjects. Pain

97(3):235–246.
trigo IA, Duncan GH, Boivin M, Bushnell MC (2003) Differentiation of
visceral and cutaneous pain in the human brain. J Neurophysiol
89(6):3294–3303.

alley NJ, Phillips SF, Melton J 3rd, Wiltgen C, Zinsmeister AR (1989)
A patient questionnaire to identify bowel disease. Ann Intern Med
111(8):671–674.

immermann L, Ploner M, Haucke K, Schmitz F, Zinsmeister AR
(2001) Differential coding of pain intensity in the human primary
and secondary somatosensory cortex. J Neurophysiol 86(3):
1499–1503.

erne GN, Himes NC, Robinson ME, Gopinath KS, Briggs RW, Crosson
B, Price DD (2003) Central representation of visceral and cutaneous
hypersensitivity in the irritable bowel syndrome. Pain 103(1–2):
99–110.

erne GN, Robinson ME, Price DD (2001) Hypersensitivity to visceral
and cutaneous pain in irritable bowel syndrome. Pain 93(1):7–14.

ogt BA, Pandya DN (1987) Cingulate cortex of the rhesus monkey: II.
Cortical afferents. J Comp Neurol 262(2):271–289.

oolrich M, Ripley B, Brady J, Smith S (2001) Temporal autocorrela-
tion in univariate linear modelling of FMRI data. NeuroImage 14(6):
1370–1386.

orsley KJ, Evans AC, Marrett S, Neelin P (1992) A three-dimen-
sional statistical analysis for CBF activation studies in human brain.

J Cereb Blood Flow Metab 12:900–918.
(Accepted 9 February 2005)


	CORTICAL PROCESSING OF VISCERAL AND SOMATIC STIMULATION: DIFFERENTIATING PAIN INTENSITY FROM UNPLEASANTNESS
	EXPERIMENTAL PROCEDURES
	Subjects
	Somatic stimulation
	Visceral stimulation
	Experimental design
	FMRI scanning protocol
	Image analysis

	RESULTS
	Psychophysical
	Brain activation
	ROI analysis

	DISCUSSION
	Somatosensory cortices
	PACC cortex
	Dorsolateral prefrontal cortex
	Inferior parietal cortex
	Anterior insular cortex

	Acknowledgments
	REFERENCES


