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Abstract

Meurosurgical and positron emission tomography (PET) human studies and animal electrophysiological studies
show that part of the anteror cingulate cortex (ACC) Is nociceptive. Since the contribution of the ACC to pain
processing is poorly undarstood, this study empleyed PET and magnetic resonance (MR) image co-registration
in groupad and individual cases to locate regions of altered relative regional cerebral blood flow (fCBF). Seven
right-handed, neurclogically intact males were subjects; each received neuropsychological and pain threshold
testing. Subjects were scanned during infusion of Ha["*0): four randomized scans during innocuous heat
stimulation to 1ne back of the left hand and four scans during noxious but bearable heat to the same place. The
averaged rCBF values during innocuous slimuli were subtracted from those during noxious stimuli and statistical
parametric maps (SPMs) for the group were computed to identify regions of altered relative rCBF. Finally, single-
subject PET images of elevated and reduced rCBF ware co-registerad with MR images and projectad onto
reconstructions of the medial surface of the hemisphere, The SPM analysis of the group showad one site with
elevated rCBF in the midcingulate cortex and one in the perigenual conex predominantly contralateral to the
side of stimulation. There were bilateral sites of reduced rCBF in the cingulofrontal transitional cortex and in the
posterior cingulate cortex {PCC), Co-registerad PET and MR images for individuals showed that only cne case
had a single, large region of elevatad rCBF, while the others had a number of smaller regions. Six cases had at
least one signilicant elevation of fCBF in the right hemisphare that primarily involved area 24b" five of these
cases also had an elevation in area 32°, while the seventh caze had elevated rCBF in these areas in the loft
hemisphare. The rostral site of elevated rCBF in the group was al the border of areas 24/24° and areas 32/32°,
although most cases had a site of elevation more rostral in the perigenual cingulate corlex. The ACC site of
reduced rCBF was in areas 8 and 32 and that in the PCC included much of areas 29/30 in the callosal sulcus,
areas 23b and 31 on the cingulate gyral surface and parietal area 7m, The localization of relative rCBF changes
suggests different roles for the cingulate cortex in pain processing: (i) elevated rCBF in area 24 may be
invelved in response selection like nocifensive reflex inhibition; (i) activation of the perigenual cortex may
participate in affective responses to noxious stimuli like sulfering asscciated with pain; and (i) reduced rCBF in
areas & and 32 may enhance pain perception in the parigenual cortex, while that in the PCC may disengage
visually guided processes.

Introduction

Meurosurgical observations over the past four decades have shown
that dizruption of the anterior cingolate cortex (ACC) andfor us
underlying white matter, the cmgulum bundle, alleviates aflective
responses o chronic pain without dismopting the discriminative
features of the nowious stimulus (Foltz and White, 1962, 1968;
Ballumtine er af, 1967, Lidocaine block of the cingulum bundle in
experimental animals also reduces responses o chronie noxious
stimuli such as formalin injection imo the hindlimb {Vacearino
and Meleack, 1989), These interventions disrupt the metivational-
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alfective component of pain (Melzack and Casey, 1968), and recent
positron emission lemography (PET) studies of regional cerebral
blood flew (rCBE) confiom activity in the ACC during the suffering
componenl of pain (Junes ed al, 1991a; Talbot er al, 1991 Casey
er al, 1994), These PET stodies showed that subtraction of imeges
generated during innecuous beat 1o the skin from those penerated
during noxious heal stmuli elevate rCBF in o mid-rosteocaudal par
of the cingulale cones.

Although electrical stimulation of the human midcingulae region




1462 Pain processing in cingulale corlex

produces @ diffuse numbness widely referred o mest of the bady
surface (Van Buren and Fedio, 1976), primate studies of the connec-
tions and functions of this region do not support a peimary rele m
sensation or affect, but rather 2 major involvement in premotor
functions. The corex in the depths of the mid-rostrocaudal eimgulate
sulcus has the cytoarchitecure of a motor regien (Braak, 1974;
Matelli er al., 19913, 7 projections to the spinal cord (Biker er al,
1974: Dum and Steick, 19931, motor cortex connections (Morecrafl
and Wan Hocsen, 1992 Bates and Goldmoan-Rakic, 19921, single-
neuron discharges with premator chamacteristics (Shima et ol 1991)
and electrically evaked motor responses thal are somatotopically
organized (Lupping ef el 1991, Electrical stimulation of the gyral
surface at tis level of the ACC in humans usually evokes simple
skeletomotor responscs, particularly by the lingers. hands. lips and
tongue {Talairach e el, 19733, and such stimulation in cats inhibits
hypothalamically evoked attack (Siegel and Chabuera, 1971). Electrical
stimulation of the midcinguliate gyrus in a human patient with epilepsy
evoked the conscious experience of wanting o leave the room, in
contrast to the response evoked from the cones rostral © this area
m the perigenual cortex. which evoked an affective experience of
fear {Bancaud and Talairzch, 19923, The [ormer response may
indicate a behaviourally integrated avoidatee response to a potentially
threatening experience, but does not appear o engage affect per se
ar the detatls of premitor planning, while the latter response 15 an
emotional respense that may nol engage a skeletomotor progranmume.

The above epilepsy case frames the conumdrum of carrent studies
of the contributions of the cingulate cortex o pain, The eingulate
neciceplive responss has been achieved m all PET studies noted:
however, the part of the ACC so activated may not account For the
sulfering response associated with pain. Simce one feature ol the PET
paradigm requires that the subject should nel move dunng noxioes
but bearable heat stimuli, response inhibitien may be the conlnbution
af the midcingulate region to responses 10 noxions culaneous stimuli
in PET pain paradigms. 11 is possible that the contributiom of the
ACT to affect s due to involvement of another part of the ACC
during the sullering response (e, Lhe perigenual region including
areas 24 and 251 Studies of rCBF before and aller anging pecleralis
induced with the (1 adrenoceptor agonist dobutaminge show elevated
rCBF in the perigenvzl part of the ACC and reduced rCEF in the
mideingulate region (Rosen of al., 19940 1t is well known that the
visceromoetor control cortex is located in the rostral and ventral pan
of the ACC {Neafsey ef al., 1993}, Finally, the observation of reduced
rCBF an the posterior cingulate cortex {PCC during noexiows thermal
stimulation (Coghill ef af, 1994} may sugpest an even broader
imvalvement of the cingulate cortex in pain processing, Thus, different
divisicns of the cingulate corfex may be engaged in elaborating
different aspecls of pain perception and responses, and these hypo-
theses are based on a broader understanding ol the functicnal
heterngeneity of the cingulate cortex (Vogt ef afl, 1992; Devinsky
et al., 1995).

Every PET study of cerchral pain processing has reported @ mean
zres of activation in the ACC for a group of subjects (Jones er al,
19901a; Talbol o al., 1991; Casey ef af, 1994; Coghill er al.. 1994}
Although it is imporlant to know the site of statstically significam
elevation in fCBE, Wartson er al, (1993} observed a 27 mm variation
in the location of V5 among 12 lefl hemispheres. In terms of pain
research, this distance is significant beeause it represents two lmes
the depth of the cingulate suleus and abuut one-third of the rostrocandal
length of the corpus callosum. I each focus of rCBF is small and
concentric, each focus may be limited ooa single cytoarchitectural
subdivision, such az area 247 (Vogl e al, 1995a). If, hovever, the
foci are larger andfor cocentric o e mean site, they could easily

overlap this area and encrosch upon grea 24 anddor 230 Since each
af these potential outcomes has a different functional conseguence,
il is necessary L determine the extent 1o which nociceptive respomses
vary witkin the cingulate certes among individuals and how these
variations relate o the mudemgulane sile.

The present study was undertaken in mdividuals with co-registered
PET and magnetic resonance (MR) images of the medial surface of
the hemisphere o evaluate the functional morphology of medial
systems that subserve pein processing, The Tollowing issues were
assessed, First, statisteal parmmetne maps (SPMs) of PET images
for the group were used 1o tdentify aseas with either elevated or
reduced relative sCBF during noxious heating of the skin. Since the
images are denived from a comparison of images during innocucus
heat with thase during noxicus heat, they represent processes that ure
likely 1o be associated with suffering, altheugh this does netl nwean
that &l activated areas are engaged in affect, Seeond, the compared
PET images [or eoch cose were co-registered with MR images for
cach case in erder o identily which contical areas are located within
cach region of elevated or reduced relative rCBE Individual case
analysis showed the full extent of individual sites, the number of
sites in single areas, and the extent to which sites in different coses
were spatially overlapping, Third, these data were evaluated in the
light of haman eyloarchitecture and son-buman primate connection
sludies to determing (o what extent parallel and distributed cortical
processing circuits might contribute 1o molivational-affective and
metor system activities initiated by noxious thermal slimul.

Materials and methods

Subject characleristics

Seven right-hended males with an age of 26,9 + 183 (mean * SEM}
were subjects Tor these studies, They had no history of pain problems
and were medication-free. They were each reimbursed  for travel
expenses to the Hammersmith Hospital and theee were given £50
for participating. Anxiety and depression were assessed using the
Spielberger stateftrait self-evaluation gquestionnaire (Spielberger et al.,
19700, Their stale anxiely was 6 = 207, thelr twait anxiety was
109 = 2.5% and their Beck depression mventory was 3.3 & 171,
Orly one subject {case 4) had a borderline anxiows/depression score;
however, the elevations in rCBF in his medial contes were average
for the greup in terms of their locaions and sizes. Perceptual features
of the thermal stimuli were assessed with the MeGill Sensory Score
for induced acute pain (.23 * 0,023, the MeGall Atfect Scare for
induced acute pain (0092 = 0049, and a visval analogue score for
induced acute pain (62,4 + H00 1 (Meleack, 1975). Finally. thresholds
for innocoous (399 = 0.75°C) and noxiows but bearable (43,7 L
0.665C) thermal stimulation were determined as outlined below,

Procedure

After the subjects had answered the guestionnaires to assess anxiely
and depression, they were famibarzed with the pain visual analogoe
scale and the MeGill pain guestionnaire that were used during the
scanning procedure. To determine & measure of sensory intensily, all
deseriptors selected within the sensory categories of the McGill pain
questionnaire were summed by rank value and then divided by the
highest possible score, This scoring method yielded values ranging
from O to |, a score of 01 indicating that the subject did not select
any adjectives from any of the sensory catepories and a score of |
indicating that the subject selected the highest ranked word in exnch
calegary, This same procedure was used 10 obtain a quanfitative
measure of affective descriptors.



The hea stimuli were applied o the doersal surface of the left hand
with a Marstock thermal stimulator (Semedic, Stockholm, Sweden:
Thermutest Tvpe 15 Fruhstorfer e al., 19763 This device delivers
reproducible intermittent amps of increasing heat o the skim via a
Peltier probe that is 2.5 5 1.5 cm. Prior 1o the PET studies, thresholds
for innecwous and noxious heat stmuli were determined. The subject

held vne ol two control switches that were wired in parallel o the
thermal stmulator, and the investigator held the other switch, Onee
the subject was shown that he could wen the stimalator off, the
expenimenter began the first ramp of heat. The subject was instructed
to switeh the heat off as soen as it beeame just perceptibly pamful,
Thes was repeated =ia times, Aller the sisb tome, withoul moving
the probe, the subject was asked to leave the heat increasing unl it
hecame no lomper wolerable. It was stresscd that the machine woull
swilch off at 30°C and that the subject was not expected 1o reach a
very high temperature. This was repeated three times, giving a tolal
of mune mcasieres. The fiest three messures were discarded 10 allow
for acclimatization to the procedure, the next three were averaged 1o
give o messure of pan threshold, and the final three recordings were
averaged w pive a measure of pain wlerance. The “non-painful hot®
temperature wsed during the scan was 2°C below threshold and the
terperature used for “painful ot was 270 below tolerance. These
femperatures were conlirmed as either non-painful hot or painful hot
by the subject and adjosted when necessary.

Scans were obtained with a CTT mesdel 9538 (Knoxville, TN
bromm  tomograph system with 16 detector nngs and  retractable
interplone collimating septa o allow acguisition of data in a high
sensitivity, three-dimensional mode. This allowed Tor an incresse in
the acceptance angle amd hence the number of phetons cecorded. The
nerease inneise s compensated for by the more efficient use of the
administered rodwacovity (Townsand er alo 19915 Consequently.
data can be produced of o quality sufficient tor the identification of
activated regions in the broms of individual subjects. The axial extent
of the scanner was 106 mum, and scans were made with cach subject
prrsttioned in the scanner so that the axis of the sampling rings was
approximately parallel 1w the glabellar-imion line, which in turn is
parallel with the line between the anterier and postenior commissures
(e the AC-PC ling) The actual camera reseluticn was 6 mm {tull
width at half maximum signal, FWHM), wheneas the effective
resolution for the group analysis wos 16 mm (FWHM L A tronsmission
san was periormed using an extemal ring source of positrons 1o
provide an image of regional tssee density Tor the correction of
emission acans for tissue attenpation effccrs, Hach subject received
16 sequentinl scuns over the course of a single 3 b session, his eyes
were open in the dimly L room, and he was pot removed from
the scanner once the procedure was inctisled. Each scon provided
measurerents of relative rCBF by recording the distribution of
cerchral radioactivity Tollowing injection of a bolus of positrons
emitting Ha|""0]. Arerial sampling was not performed to determine
absolute activity becavse such a procedure is distressing 1o the subject
and increases the time and technical difficulty of an already long
procedure, The catheterization iself could confound data collected
durmg the noxtows and innecusus stimulations, The 16 scans were
composed of four Stroop and four Stroop control scans, which are
not repoerted here, These scans were randomly mixved with erght ether
scans [or assessing pain activation. There were four scans during
innocuous heat and four scans dunng noxious heat stimuoli. These
latter eight scans are the data sets o be reporled in te present
analysis. There was 7.2 min berween each pericd of stimulation.
Since the stimuli were randomized into 16 sets for each subject. only
four stimulus sets were panful, and the stimulation peried was 2.43
min: the average delav between noxious stimull was ~340 min,
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Each thermal stimulus commenced prior (o the scanning period so
that the first theee ramps of stimulation allowed the subject Lo
acclimatize to the stimulation. Subjects were wamed prior to lhe s
al a stimulation bul were not wld whether the panful or mnocuoong
remperature was to be applied. The stimuli were randomized from
sean to scan e avoid possible order effects. Each scanning period
lasted 245 min, during which an intermittent and precisely reprodu-
cible ramp of increasing heat was applicd every 15 5. During the time
al stimulanon, the lights were dimmed and silence was mamtamed in
arder not o contaminate the sensory input. After each scan. verbal
confirmation was obtained that subjects had expencnced the stimulus
approprigtely ax “innocuous hot” or “painful ot When applicable,
MeGill guestonnaire responses and visual analogue scale scores for
the retrospective aoute pain were recorded,

Each subject received ME imaging vsing a 1 Tesla Picker HPQ)
Visty svatem with an BF spoiled volume acquisition that was
relatively T1 weighted to give good greyfwhile contrast amd anatomical
resolution (TR 24 ms: TE 6 ms; non-selective excitation with a fip
angle of 357 field of view inoplane 25 30 25 cm; 192 = 256 mn plane
matrix with 128 secondary phase encoding steps oversampled 1o 256;
resolution 1.3 1.3 = 1.5 mm; o] imaging time 20 mink, There
were ~ 50 shices 1o thick sampled in the transaxial plane Tor cach
subject, The MR images were aligned parallel with the intercommis-
sural line, and interpeloted o yield a cobic voxel siee of 1201 2|
mm. which permutted co-registration with PET images.

Data analysis
These sudies were intended w0 compare relative changes in rCBF
retween inmocuous and nosious heat stimali as a means of evaluating
the sites of altered rCHEF associated with the suffering component of
pann. A correction for head movemeant between scans was carmied ot
by aligning them all with the first one vsmg automated  image
regastration software specilically developed for this purpase (Woods
ef gl 19921, Each realigned set of scans from every patient was
revriented inlo a y

ardized stereotasic anatomical space. A correc-
trom was made Tor global changes in rfCBF between scans. These twao
procedures allow relative rCBE values for each stiimulus 1o be peoled
across subjects, A statistical comparisen of relative rCBF distributions
between conditions and groups was performed 1o wdentify sites of
signilicantly changed regional rCBF (Friston er ed., 19910, Finally, a
principal components analysis was performed and revealed a firss
principle component contrasting visual Stroop stimuli with the heat
stimulations, accounting for 65% of the variance. The seeond compon
enl accounted for 129% of the variance and contrasted the first three
seans with the last three scans. Examination of relative CBF chanaes
at particular pizel locations, mcluding the thalumus, anterior cingulate
and prefrontal cortices, did not reveal order cffects, and previous
principle component analysis af pain stimulaton dats
anything additional to the cognitive subtraction.
The AC-PC line was identified directly from the PET image and
the data were transformed e standard stereotaxic space ol the
sterectaxic otlas of Talairsch and Towmoux (1985) In order (o
merease the signal-to-neise mne and accommadate varability i
functional anatomy. each image tor the group comparison was
smoothed 1o the v, v oand 2 dimensions with a Gaossan filter of
20 mm (FWHM), images for single-subject analvsis were smoothed
with a Gaussian filler of 10 mm (FWHM), Differences i global
activily were removed following a pisel-byv-pigel amalysis of covari-
ance (Friston er af, 1990). Elevations in rCBF were those following
a subtraction of heat responses from noxious heat responses, whereas
reductions were those following subtraction of heat from noxious
heat responses, The differences between one condition and another
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Fig, 2. Groop aralysis aof sites with reduced relative rCBE. Five sites are located o the medial surface.

were assessed with the approprate contrast (weighting of the eight The threshold of omnibus P < 0.00] was chosen because empirical
condition means) using the t statistie. This analvsis was performed studies with phantoms have shown that this threshold protects againsi
for each pixel and the resulting set of ¢ values constituted an SPM false positives (Bailey er al., 1991).

The significance of each SPM was assessed by comparing the Following group analysis, the subjects were examined separately.

observed and expected pixels above a !1[3-;.‘|_'1|-r|.' crtenon (P < (L0010 ). I:'_5'||;J||_1_.'_ the search for aregs of _\_5‘1:-;-,||iL-_;||-|\-|_- was conducted in the



same manner sx above with an omnibus threshold of P o= 0.05 1w
mterregate the whole hrain for significant changes in the painful e
condition. This reduced level of significance was employed because
the scarch was restricted to those areas that had allered relative rCBE
in the group analysis. This individual 3PM procedure was followed
with co-registration for cach case. For coeregistration of SPM and
MK images, the stereataxic image nommaliation steps wene amitled.
The subsequent fillzring, however, tollowed by analysis of covanance
and the generation of a threshold SPM was identical, The SPM was
then co-registered with the subject’s own MR scan (Woods e al,
993, Such supenimposition allowed us o determime the positien of
the rezion with maximal rCBE changes i orelation o the gyral and
suleal pattern of cach individual brain. The resolution of this procedure
is ~8=12 mm. which is the distance reguired between two discrete
arcas o be seen s diserete, This does not mean, however, that (1)
differences such as those between the gyral surface and depths of the
cingulate sulcus cannot be cvaluated berween individuals, or (i) the
signal can arise from the cortex 12 mm diswne w the sie of
statistically significant activity. The carographic zetivity of plotting
regioms of altered relative TOBE in seven imdlividuals accuratcly
locates sites of functional changes an the bran. The abbreviation
rCBF refers to relatve changes in rCBE.

Structure of the cinguiate cortex

The distributicn of cytoarchitectural aress on the medial surface of
the human brain was eriginally described by Brodmann (19097,
Talairzch and Towrzous {1988} ransposed this map onte reconstruc-
tions of ME mmages and extrapalated this w mmsverse sections,
There are a number of problems. however, with this approach. First,
the sulel were not apened by Brodmann and many of the arcas he
described are pot on the sucface of gvri as they appear. but rather in
the depths of sulel, For example. much of area 32 in the ACC is in
the depths of the cimgulate suler and aress 29 and 30 are buried in
the depths of the callosal sulcus; they do not appear on the surface
of the cingulate gyrus as sugested i the atlas. Second, there are
variations i the sulcal patterns that are not considered in the atlas,
sugh as the double parallel pattern of cingulate sulci (Ono er ol
19903, Thard, recent advances in relation o the cingulale molor areas
in the depths of the cmgulae suleus have required @ substantial
rethinking of the architectore of the meadial surface.

Studies have been published which account for modifications in
the Brodmann map and provide for flattening of the cortical surface
so that the distribution of areas in the depths of the sulci in the
menkey and human cingulate corlices can be gssessed (Braak, 1979;
D and Sinck, 1993 Vogt, 1993 Vogt er al, 1993a). These works
serve a5 the hasis for the present analysis, The prominent modificatons
from Brodmann's ortamal map include the following: (1) division of
areds 24 and 23 intoe ventral-to-dorsal a. b and ¢ parts; (i) subdivision
af areas 24 and 32 inte two major rostrocauds] divisions where areas
24 and 32 are the rostral parts and areas 24° and 327 are the caudal
divisions; and (i area 31 1% associated with the parasplenial lobules
but does not extent rostrally into the cingulate sulcus, while area 23c
i= located in the depths of this sulcus.

Results
Stalisiical parametnc map group analysis of refative changes
in rGBF

The SPM analysis of the PET images showed two areas with elevated
rCBF in the ACC, each of which is numbered in Figure |. The first
sile iy the mid-rostrocandal cingulate site previously reported. Tt is
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shightlv of 1 the madhne m te right hemisphere, 40 mm superior to

Sthe AC<PC line, and extends ventrally 32 mm, and it is just rostral

o the vertical lne through the anterior commssure. The second site
of elevaled rCBF was also displaced to the right hemisphere, 24 mm
superior to the AC-PC line and 20 mm rostral to the VOA line. The
large region of clevated riCBF in the thalamus is identified in Figure
I with arrowheads. Although the ACC sites of clevated rCBF in the
group SPM analysis had a shght bios w the right hemisphere, the
mdividual cases discussed below demonstrate that this 15 a bilateral
response. This is an instance where the large site of elevated rCBF
in the right hemisphere of the group SPM subsumed an adjacent and
smaller sne of ahered fCBF in the left hemisphere.

There were & number of other cortical areas that had 2 signihcant
clevation in rCBE and that might be relevant to interpreting changeas on
the medial surlface, These regions of increased cCBF are summarized in
Table 1 and ineluded bilateral thalamic and anterior insule sites and
right hemisphere dorsolateral prefrontal cortex (DLPF) corex and
left hemisphere area 22. In addition to these regions, there were a
few regions with just subsignificam responses, including the lefl
DLPF respense at z — 24, area 71 and parl of arex 40 in the left
hemisphere (2 = 20 mm: v = =22 mm; x = =58 mm) and arca 21
in the left hemsphere (2 = 8 mm; v = —38 mm; x = -58 mm]}.

There were five sites of redoced rCBE on the medial surface that
included the cingulofrontal (e area 32) and cinguloparietal {ie. area
31 transition corices in both hemispheres and one that invoelved the
supplementary motor cortex in the fght hemisphene, As shown in
Figure 2 and Table 1. the fve sites included sites 1 (2 = 40 mm,
v = 1d mm, & = 35 mm) and 4 {z = 36 mm, ¥ = 23 mm, v = =21
mm} m the cingulofrontal ransition cortex in the right and left
hemispheres respectively, site 2 (2 = 4044 mm, v = -12 mm, x =
18 mm) in the supplementary motor cortex, and sites 3 (2 = 3640
mim, ¥ = 30 mm. x = 9 mmp and 3 (2 = 36 mm, ¥ = -39 mm,
x = =% mm} in the cinguloparictal fransition cotex in the right and
left hemispheres respectively. In addition o the medial surface sites.
there were a number of sites with reduced rCBF on the [ateral surface.
These arcas included premotor aneas G644 o the right (2 = 24 mm;
vo= 3mm:x = 37T mmb and left (z = 24-28 mm; ¥ = 3 mm; x =
=33 mm} hemmspheres, panietal arcas 40 and cawdal 7ooan the right
{z il v ~45: ¥ = 353} and left {7 = 40 mm, v = =60 mm,
x = =26 mm) hemispheres, mght panietal area 39 (2 = 28 mm; y =
=47 mm; v = 41 mm), and lelt emporal area 21 (2 0 mm: v =
=32 mm; x = =30 mm).

Medial surface morphology

Figure 3 is 5 schematic diagram of the medial surfaces from the left
hemispheres of the first two cases in Figures 4 and 3. They include
an cxample of a double parallel pattern of cingulate sulei (case 1)
and a single cingulate suleus (case 2). In the first case the superior
cingulate suleus is segmented inte rostral (Cs1) and caudal (Cs2)
parts, The top sections in Figure 3 are midsagital sections representing
a reconstructhion of ME images 1-4 mm lateral to the midline. The
bottem two sections are parasagittal images representing sections
between 5 and 9 mm Tateral w the midline. In these latter sections,
the depths of the sulei are indicated with dashed lines.

Since the evtoarchitecture and the borders between areas cannat
be identified in vive, approximations were made as to the location of
particular areas in each brain, Figure 2 shows the approximate
locations of cytoarchitectural areas on the medial sueface and in a
parasagittal section. Each of the recent modifications in the orginal
Brodmaznn map discussed earlier has been meerperated into these
maps, Motice thal areas 24c, 24c7, 2es and 23¢ are in the depths
of the cingulate sulci and areas 29 and 30 are in the depths of the
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{ase 21, The first level in each case is a midsaginal reconstruction of the MR images where the corpus callosum is md
level was derived from images within 5-% mm lateral to the parasagittal plane and the depths of the sulo are indicated sith dashied lines, The
Iocations of cvtoarchiteeral arcas are shown, Cu, callosal suleus: Ce, central suleus; C8, cingulate sulous; Cs1 and 2, segments of saperion cing

arallel pattern of cingolate sulci fease 11 amd sigle cingulae solens
ted with hatehing, while the second

s

sulate sulcis:

IR, inferior rostral sulcus; MR, marginal ramus of the cingulate sulcwus: PO parieto-cccipital sulcus: Sp, splemal seleus, SR, superioe rostral suleus,

Table 1. Group SPM Analbysis of rCEF

callosal suleus around the splentum of the corpus callosum. At rostral
lewels of the corpus calloswm area 24a s Tocated in part of the callosal
suleus, while area 33 is in its depths,
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PET and MR co-regisiration for individeal cases: relalive rCBF
alavalions

The group SPM analysis showed that sites of elevated rCBEF on the
mcdial surface were pnimanly in the ACC, and that sites of reduced
rCBEF were in both anterior and posterion parts of the medial conex
The SPM analysis docs not show the Tull extent of 7CBF changes in
individual cases or the number of sites in an individual area that may
contribute o a single site in the SPAM. In addition, if the sites of
altered rCBF do not overlap spatially, they will be overlooked in a
aroup analysis, an effect that has been observed in the ACC in a
sequential motor leaming task (Schlaug ef al, 1994 Co-registered
PET and MR images wene evaluated for individual cases o determine
which coertical areas were involved, the tull extent of rCBF in 2
region, the number of alered fCBF sites inoa single area and the
extent w o which they overlapped for all cases, and the relationships
hetween arcas of inereased and decreased 7CRF m oindividual coses,

Six cases are shown in Figure 40 they are numbered beginming
with the case with the largest elevation of rCBEF i the right hemisphere
{cmse 1) and proceeding W the case with the smallest elevation in
rCRF (case 63, Case 7 is not shown in this figure because it had no
alierations m rCBE in the nght hemisphere, although there wene two
elevation sites and no reductions in fCBF in the left hemisphere of
this case {see Table 2 for this casel, The solid black areas in Figures
4 and 5 represent changes i rfCBF in sections that were -4 mm
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16, 4, Reconstructions of co-registercd PET and MR tmagzes Trom the medial

o of the left and ||1',||I ||l'||1iu|n'_'u.'||.'~. T aecdevidenl cases, Regions ol
significantly elevated relative f0CRE are shown for midsaginal sections (solul
black for slices 1= mm lateral o the midline) and px al sictions (solil
lines with dots Tor slices 59 mis il o the The cases are
organized inoorder frem that with the laggest wial cing 14 in e
right hemisphere fcase 1) o the case with the least cingulate activation in the
right emisphere (cuse G).

lateral i the midling, and the solid lines with dots are Tor elevations
i parasagittal sections 5-9 mm lateral o the mmdline.

Aldthizugh all cascs had elevated rCBF in some part of the cingulate
cortex, only case | had a single, large site of clevated fCBE in each
hemisphere, These sites incorporated the cortex on both the cingulate
gyral surface and the depths of the cingulate sulei. Due to this overlap,
no dots were used 1o show regions in the suleal depths in Figure £,
Cases 26 had multiple sites of elevated rCBF in the right hemisphere
and case 7 had elevated rfCBF omly in the left henisphere, In case 2,
for cxample. the regions of elevaled rCBF in the right hemisphere
encompassed two regions on the cingulate gyral surface as well as a
thied in the medial parietal cortex, There were also three regions of
clevated rCBF in the depths of the cingulate sulcus in additon o a
site in the gyrus rectus and ene in the occipital cortex. In the left
hemisphere of case 2 there were two sites of elevated rCEBF, bath of
which were in the PCC. Although the SPM analysis had a bias 1o
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Pia 5. Beconstructions of co-registered PET and MR images associaned with
s1gnill Uy redueed relative fCBE i the sume cases ws in Figure 4, The
solial black sl dottesd regions apply o midsagittal and parasagittal sections
i the same way as in Fgone 4

the right hemisphere, the individual responses showed that in most
instances elevations in rCBF were bilateral. This was probably
because the large nght hemisphere change in rCBF subsumed the
smmaller and nearby site in the left hemisphere m the group SPM
analysis,

With reference o the parasagittal sections for case 1 in Figore 3,
1CBF was elevated in the right hemisphene in the following arcas in
an approximately svoumetrical fashion in both hemispheres: 24a’,
2407, 2407, e, 327, 6ant and a small involvement of Gafl, There
was also a small site in area 32 in the right hemisphere. In the right
hemisphere of case 2, parts of the ACC with elevated rCBF included
areas 2da’, 24b°, 2£a, 24b, 37 and 12 There were also a number of
areas in the PCC with elevated rCBF, including areas 23b, 31 and
T T the left hemisphene of case 2 the two activation sites were
hoth in the MCC in areas 23a. 23b and 31,

The areas with rCBF changes in the right hemisphere are summar-
ized for all cases in Table 2. Since those in the left hemisphere are
essentially a subset of those in the right hemisphere, they ane not
included in the table for the sake of simplicity. Table 2A, m
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Tahle 2, Changes in rCBF an the Medial Surface

A Devated rODF

|ww

Case 1

2
3
4
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¥

o, Reduced rCiF
Case 1

I
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E
]

A = Right hemisphene

L = Recuced rCBF in lefi hemizphere

© = Recudlions in both hemispherss

b o Clevated sCOF inleft semisphers (case 7 bad na elevafiors o the sight hemosphere ard nn
reclactons in either hemisphens)

wbbreviatiors: &F, aflect; Ry, mspanse selection, W5, vsaaspatial reg:ans a5 corgsdesed w the
Discusaion,

conjunchion with Figure 4, can be vzed to identity areas that had
consistently elevated rCBE This table i essentially a frequency
histogram that refieets the anatomical srganization of responsive treas
on the medial surface. It simplifies comparing the particular arcas
activated in all cases.

The griup SPM analysis identified two regions of elevated rCBE
in the ACC., Comparison of the individual cases in Figure 4 and
Table 2 with these sites sugpests that site 1 was located in the cavdal
pact of area 24" and site 2 al the borders of arcas 24°724 and 32°/32,
The arca in the cingulate cortex with the most consiatently elevaled
TCBF inosite T was arca 2407, There was variatiom ol aclivalion silcs
among individual coases, particularly in the perigenual cortex, which
could skew statistical analvsis vet lead to g samilar functional outeome,
Thus, the perigenual cortex containg an active site in six of the seven
cases, a5 shown in Teble 2 (e areas 25, 32, 240, 24b andfor 2de).
Only case 4 does not contain an active site in this region, while area
32 was involved 1o some extent in all other cases. Examples of
variation within this region include (i3 a small sie inoarea 24 m
cases 2 oand 5, (1) a site that extends into area 24 from anea 24°, as
in case 1, (iii) a site in area 25, as in case 6, and (iv) involvement
of areas 24 and 25 together, as i cases 3 and 7.

The cingulate motor arcas are lecated i the depths of the cingulate
suleus and some of them are in areas 24e” and 24e’p. These areas
were inconsistently invelved in the regions of elevated sCBF (Table
2). The most complete involvement of these areas occurred in case
1, which had the largest overall activation site in the cingulale corlex.
In addivion to case |, three cases had pare of area 24¢" involved and
no others engaged area 24¢’p.

Elevated rCBF in the PCC was imconsistent according 1o which
cases were involved as well as the 1wpography of the arcas so engagzed.
Five of the seven coses had a site of elevated rCBF somewhere in
the PCC. The coses with the largest {ense 1) and smallest (case 7)
overall activation of the cingulate cortex Tailed w enpage the PCC,
In the other five cases, four had an invalvement of a small par of

ared 23 and two had an area 31 involvement, Only one case had an
area 3 clevation and one an area ¥m elevation,

PET and MR co-registration of individual cases. relative rCBF
reductions
The same procedure for co-registratien of ME and PET images wis
used 1o assess reduced rCBE on the medial surfaces of the individual
cascs, and the resulis gre shown in Figure 5 and Table 2B, The group
SPM analysis showed five sites of reduced rCBF on the medial
strtace: sites 1 and 2 were in the cinguloftontal ransiten contex, site
2 owas in the supplementary motor cortex, and sites 3 and 3 were in
the cingulopanetal wransitwm corlex. In the mdividual cases shown m
Figure 5, case 4 stands out once again as unigue, because it had no
evidence of reduced fCBF m the PCC o the right hemisphere and
only a small site in the left hemisphere, Only cose 7 hod no reductions
in either hemisphere, In three cases (1. 3 and 6}, there was a large
swathe of cortes with reduced nCEF i the right hemisphere siretching
acrass greas 29, 300 234, 23b, 31 and Tre Since this broad region of
mactivated corex eccurred in three of the seven cases, it was nom
apparent in the SPM anadysis that such a broad region of reduced
rCBF is an important part of responses o noxious stimuli. Although
reduced rCBF wa 2 and 5, there
were a number of smaller sites of reduced rCBE in these same areas.
Takle 2B summarizes the areas with reduced rCBF in both
hemispheres. The Tollowing ebservations stand out. First, only case
i had significant reductions in rCBE m the pengenual cortex, All
other cases had hittle or oo relative change in fCBF nothis region.
Second, there were few reductions in rCBF in the midcingulate reginn
(e, site 1 for elevated rCBEL The only aress of the medial surface
that frequently had reduced rCBF in addition o area 32 were i the
prefrontal, paracingulate cortex including areas 12, 10, 9 and 8, Third,
the SPM analysis showed that in the right hemisphere there was
small mmvadvement of area Saf, and this is apparent in Figore 5 and
Table 2B. Since there were also increases in cCBEF in some cases in
arcn Gafd, the rCBF response in this paradigm is complex and may
b related to premotor functions associated with different parts of the
body surface. Fourth, the PCC contained persistent ceductions in
rCBE. The arcis soinvidved ineluded Four cases cach for the following
arcas: 290, 23b, 31 and Tm. Although there were some areas with
elevited rCBF in the PCC o these eases, as scen in Table 2A, they
were infrequent and limited in size. Finally, the open circles in Table
2B identify reductions in the left hemisphere and the > within a
circle those areas that had reductions in both hemispheres. The
changes in paracingulate regions were generally bilateral.

more hnuted mn the POC i oo

PET and MR co-registration of individual cases: summary

In addition to the single case presentations in Figures 3 and 4 and
the Mreyuency distrbution of TCEF i Table 2, the dats from individual
cases can be gualitatively summanzed so that the overall wopography
of involved regions can be asseszed for the group, Although this
method bypasses the statstical ngour of SPM analysis, it shows the
full extent of each of four major sites on the medial surfaee. Figure 6
shows this summary of clevations and reductions i rCHE for the
individual cases, which was constructed in the following way. First,
the medial surface from case 2 was used as a template to reconstruct
each sile. A site was included only if it overlapped with one other
site, thereby eliminating single sites that had no counterparls inoany
other case, Sccond, the SPM analysis showed that there were two
sites of elevated and two sites of reduced rfCBE that involved the
cingulate cortex. These four sites are numbered in Figure 6 undes
“Summary of individuals”, the numbers 1 and 2 representing elevations



rCBF ELEVATIONS

Pain processing in cingulate conex 1469

rCBF REDUCTIONS

Fis b, Qualitative summary of individual sites of altered relative vCRF reconstucted onte the medial sorface of case 2. Sites were included that overlapped
with at least one other site and the semmary of iahividozls was prodeced with the same stamdard amd some smomhing ot the edges. In the summary of

inddividuals e two sites of elevated (1 amd 25 :
arrovws ab feie approsimate locations on the medial sofce,

and 3 and 4 reductions in fCBE Third. a fimal deawing arcund each
of the four SPR sites was made such that cach line included regions
with two o more smaller sives and some smoothing between individual
sites, Althvugh the topoagraphical distribution of activation sites looks
cantinucus along cortex dorsal o the corpus callosum, two regions
were separated midway between the two sites from the SPM analysis,

[n conclusion, there are two regions of elevated rCBF in the ACC
that include the perigenual cingulate cortex and mideingulale cortex,
In addition, there are twa regions of depressed rCBF, imcluding one
in the rostral cingulofrontal transition and frontal cortices and another
in the posterior cingulate, cinguloparictal transition and medial parietal
cortices. The regioms ol reduced rCBEF are larger than the sites of
clevated rCBF and involve cingulate and adjacent regions.

Discussion

Elevated rCBE tnthe mideingulate cortex during noxious stimulaticn
of the skin has been observed frequently in PET studies (Jones ef ai..
T84 Talbot ed al, 19905 Casey er all, 1994 Coghill e al,, 19%d),
The present repon used SPM analysis of the greup data to confirm
this Tindieg, W dermonstrate a second site of elevated rCBE anterior
to this site, and to characterze two lateral regrons of redeced rCBEF
in the cimguletrontal and cinguloparietal transition conices. Using
co-regiatered PET and MR images (o assess individual cases it alsoe
was shown that the first site of elevated rCBF was primarily in area
24h7 and that the second site was ot the border of aress 24032 and
249732 although elevated iCBF in the perigenual cortex was dispersed
beyond the cytoarchitectural border zong identified with SPM group
amalysis, The sites of redoced cCBF were mainly in rostral area 32
and caudal area 31 A summary of the individoz] responses showed
that redueed rCBE in the PCC was more extensive than indicated by

wh redugced (3 and 33 pCRE adennified by the group SPM analvsss are indicated st appropnately onented

the 5PM analysis where reductions ocourmed in cingulate arcas 29/
3, 23k and 31 in addition w that in area Tm.

Classical views of nociceplive mformation processing emphasize
the role of the lateral thalamic nuelei (e, ventropostenor lateral and
medial nuclel) and the pnimary and secondary somatosensory cortices
in somatotopic lecalization and intensity coding of noxious stimuli
[Albe-Fessard er af, 19850 Kenshalo and Willis, 19910 In a PET
paradigm where noxious beat stimuali were applied te one of six probe
gites 3 cm apan during separale scanning periods (Talbot er af., 1991
Coghill er gl 1994, iCBF 1% elevated inthe somatosensory cortices
as well as the supplementary motor cortex. on the medial surface.
Although these structures are thought o be engaged in the sensory
discriminative components of processing nociceptive information and
sensorimoetor integration, they have no role in affect and learming
prrocesses that mediate long-term avoidance of noxious stimali,

A slightly larger thermal probe and a single stimuolation site on the
dorsal aspect of the hand was used in the present and an earlier study
(Jones ef wl, [991a) Such stimulation avoids activeting multiple
groups of noclceptors that would provide subjects with information
about muliple stimulus locatons. The consequent elevation of rCBF
in the cingulate cortex but not in sensorimotor areas suggests that
the present responses were the result of the suffering component of
pain. Since subjects in the present study received nocious heat stimub
during the entire scanning period and the heat stimuli were reported
by all subjects as noxious by visual analogue scale rting, alterations
in their rCBE were associated with the sulfering component of pain.
The present paradigm did not engage coding processes associated
wilh (he localization or intensity of the stimuli that could reguire
discriminative and/or premaotor procesging. To the extent that previous
stdies eviked suffenng, they alse produced elevated rCBF in the
cingulate cortex and other parts of the limbic system.
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If the processing of nociceptive information in the lmbic cortex
i o be understood, a new conceptoal framework is required 1o
resalve the contributioms of limhic structures to affect (e the
suffering response 10 noxions stimuli), motor contral, and avoidance

learming and memory, There can be litte doubt that the failure of

classical “pain” theories 1 account fr chrome pain syndromes 15 due
to their attention to simetures which have no relevance w affect. The
meadial pain system 15 a theoretical construct which incorporates the
limbic thalamic and telencephalic structures involved in processing
the motivational-affective features of nexious stimuli as well as the
motor syatem imeractions necded for penerating relevant behaviours
(Vopt er of., 19930 The formulition of the medial pain sysiem s
expanded below with chservations from recent PET studies.

The statement thal the cingulate cortex i mvolved in nociception
and pain processing does not imply that any part of it is purely
nociceplive. Although Figure b sugreds that large expanses of the
medial cortex are implicated m nociception, this corex is not & “pain
centre’, This is evident from a large bedy of connectional anatomy,
lesion, electrical stimulation and single-newron recording studics
indicating that the cingulate cortex is involved in many other funetions
as well, Teis fronm the perspective of the newrobiology of the cingulate
cortex that studies of mociception can be mierpreted such that the
specific contributions of the cingulate cortex o nociception and pain
processing can be dewermined. Three essential subdivisions of the
cingulate cortex have been identified based on fundamental differences
in the cywarchitecture oF these regions and extensive neorobiolegical
stulics (Vogt of al, 1992: Yopt and Gabeiel. 1993 Devinsky et al,
1995). AL the bettom of Table 2 are abbreviations associated with
groups of areas that have fundamentally difTerent cytoarchitecture
andd comtribute 1o the functional hetercgeneity in the cingulate cortes.
The first region is the alfective region, which includes areas 25, 24
and 32 (AF in Table 2), the second is the response selection region,
which includes areas 24° and 32' (RS in Table 23, and the third is
the visuospatial regron, which inclodes areas 29, 30, 23 and 31 (VS
in Table 2). Although activation of a cortical region in the PET pain
studies cannot be attribuied o a specific sensory, motor or other
Tunction, activation of the cortex in any of these three Tegions suggcas
specific contributions of the cingulate conex o pociception and pain
processing.

Cingulate corlex in affect

Area 25 has dinect prjections o autonomic brainstem nuelel and has
been termed the visceromotor control cortex (Meafsey er al, 1993).
Although argas 32 and 24 do not have such direct projections to
autonomic centres, electrical stmulation and lesion studies clearly
implicate them in awtonomic regulation, including classical condi-
tioning {Buchanan and Powell, 1993; Devinsky er al, 1993), Also,
clectrical stimulation i the perigenual cortex can evoke fear and
ather emotional responses (Bancaud mand Talawrach, 19921 Ancxample
of an affective response that engages the perigenual cortex has been
repiarted by George er al, (1995), These investigators had healthy
women recall sad events during PET scanning and showed elevated
rCBF in the infragenval cortex. Thus, the main contribution of the
perigenual cortex is to alfect, and we propose that activation of the
corlex i this region in the PET pain paradigms is associated with
the mativational-affective component of pain,

Cingulate corlex in response selaction

The second funchional region is that for response selection (RS in
Table 2). This regiom has been implicated in response selection with
the Stroop imerference task (Pardo er ol 1990; Bench e af., 1993

and a divided atention task {Corbetta er al. 19913 and has been
shown to have a major role in premotor functions, as discussed
furthier below. We do not mean to imply, hewever, that the mideingulate
corteX is not involved in affect. Interestingly, the lelt midcingolate
regiom is activated in a Stroop task that employvs woerds with affective
significance (sad Stroop; George ef al. 1994) and the cingulate
response s correlated with task performance speed. Another indication
that the mideingulate cortex is engaged in responses associated with
the motivational-affective features of the envirenment s a study in
which fCBF duning visual recogmioen of faces was subtracted from
recognition of faces that expressed emotional coment {George ef al.,
19435 In this PET study the the nght mideingulate corex had
clevated rCBE, Thus, one of the contingencies that may be cinployed
by the midemgulate cortex dunng response sclection is the emetional
content of a particular stimulus,

Source of nocicaptive signals in the cingulate cortex

Allhough it has long been known that lesions in the ACC abolish the
affective components of pain while leaving imact the lecalization of
noxiows slmuli (Folte and While, 1962, 19685 il was not known
where nociceplive activity originated and whether or not the surgical
cffeet was the consequence of cingulate corlex damage ar dus 1o
wioons ol passape associaled with ather cortical areas, The origin of
nisciceplive mputs to the cingulate cortex was first proposed to arise
via spinothalamic mechanisms (Vogt er o, 1979 A primary role for
the midlime and intralammar thalamic nuelel in ransmating nocicep

tive signals to limbic cortex is suggested for the Tollowing reasons.
(1) Thalamie nuelen in the midline and intralaminar regions, including
the purafasciculer, paraventocular, paratzenial, ventromedial and reun-
iens nuclel, receive spinothalamic mpot (Craig and Burton, 1981;
Giesler ef al., 19817 and project to the ACC (Vogt and Pandya, 1987,
Wogt et al, 1993), (i) Since the projections of the midline amd
intralaminar nuclei are tepographically extensive, il is possible thal
such o system subserves nociceptive responscs and pain processing,
which also have a wide distribution in the ACC. (jii) Meurons in the
midline thalamic nuclei (Casey, [968: Dong er all, 1978) have many
of the same receptive fehl propentics as those in the ACC {Sikes
and Vogt, 1992) including large receptive fields with little or no
somatotopic orpanization, rapidly adapting responses, and a high
propoction af neurons with responses to both noxious heat and
noxious mechanical simuli. (iv) Lidocaine block of thalamic activity
areatly attenuates or abolishes ACC nociceptive responses (Sikes and
Wogt, 19920 (v Cosey er al. (19940 and the present study showed
balateral thalamic and ACC activations follosing unilateral noxious
stimulation. suggesting functional linkage between these structures.

Anterior insula and affect

This study and earlier ones (Casey ef al., 19904; Coghill er al., 1994)
had elevated fCBF in the anterior insula, A number of studies have
reported connections between the anterior insula and cingulate conlex
(ot er al., 1979 Pandya er el 1981 Mosolam and Wuolfeen, 1982,
Wogt and Pandya, 19870, Taken together, it appears thal arca 24 has
the most pronsunced connections with posterior parts of the insula,
while the anterior insula has only hmnted connections with pergennal
parts of the cmgulate cortex, Due e the limited interconnections
between these areas, 10 1s possible that the anterior insula and the
perigenual cingulate corex are engaged simultaneously inoa parallel
distributed  peework  that is invelved inoaffective responses o
nosious stimuli,

Maotor control: area 24b" and DLPF cortex

Oz 4ol the questions considered in the individual co-repistered cases
wis whether or not the cingulate premotor areas in the depths of the



cmgulate sulcus along witk their spinal prejections might be direcily
engaged in the mideingulate activation site: they were nol consistently
involved in this response. [U appears that the contibution of the
cingulate cortex v motor regulation in this PET pain paradigm is
ome slep removed from the cingulate premotor areas, since area 24b°
on the gyral surfce was the most consistenily engaged arca al this
level of the ACC. Reports of imtracingulate circaitry (Van Hoesen
et ah, 19935 have shown thet area 24h" has major and reciprocal
clions with the cingulate premoetor areas, and it is thenelfore in
a position o influence the outpuis ol these sulcal arcas.

Ares 241 may operate in concert with the DLPF conex in response
inhibition during nmisieus stimalation, since the latter region had
signiticantly elevated rCBF in the right hemisphere in the present
study and Bas been implicated in response inkibition (Gaoldman-
Bakic. 19871 Area 24b° receives projections from srea 46 in (he
DLPF region (Barbas and Mesulam, 1983; Vogt and Pandya, 1987;
Bates and Goldman-Rakic, 1993} and these connections are bilateral
iMeuire er @l 19915 In addition, area 46 is devoid af direct spinal
cord projections. as is true Tor area 2407, One brainstem pathway of
cach of these regions that may contribute 1o the response inhibition
function is the projection to the bulbar reticular formation (Keizer
and Kuypers, 19895, Tt has been postulated by Goldman-Rakic (1987}
that the DLPF conex regulates behaviours that are guided by intermnal
representations of reality, and that it is not needed for hehayviours thal
wre guided by external stimuli, Further support for this idea is provided
by PET studies which suggest that the ACC and DLPF are involved
i willed action (Frith er ol 19913 and non-motor legming (Raichle
¢f ah, 19940 An impoertant behavioural aspect of the present PET
paradigm is the need 1o restrain movement in spite of a noxiows bul
bearable somatic stimulus, The study by Siegel and Chabora {1971)
showed that electrical stimulation of the ACC in cats can inhibil
hypethalamicelly evoked attack. Thus, it is possible that area 240
and DLPF are engaged together for response inhibition, including
that requircd in the PET pain paradigms,

conne

Motor control: visual guidance by areas 7h/Fm and 23/37
Visuametor aclivity associated with active avoidance and nocifensive
responses, particularly those guided by visual stimuli (Doeng e al.,
19947, may be guided by sensorimator associalions in area 7h of
inferior parictal cores, Projections of area 7h o area 230 on the
cingulate gyral surface and arca 23¢ in the cingulate suleus have
been reporled {Neal ef al, 19905 Since the PCC has been implicated in
visuospatial functions, including postsacendic information processing
(V5 in Table 20 Sikes e al, 1988: Musil e al., 1993; Olson er all,
19933, it is Dikely thal dorsal parts of the PCC and arca Th are
involved in visually puided nocifensive responses. In the present
experiments, however, the subject was in a dimly Lt room and was
ot reguired to make visually guided movements, Furthermore, pans
af area Th and the POC had prominent reductioms in 1CBF, suggesting
that there was an inhibition of visually guided mevements, A possible
corollary of these findings is that, since the subjects experienced pain
in the presence of reduced rOBF in area Th and the POC. these areas
miay net be involved in the affective responses o noxious stimuli
that reguire elevated cortical activity.

Although the specific functions of area Tm are not known, it has
prenoumeed conaections with the cingulate cortex (Vogt and Pandya,
1987, Cavada and Goldman-Rakic, 1989) and is probably involvel
i some exient in sensorimotor processing, although not specifically
related i pain processing, Interestingly, the connections of area Tm
with the cingulate cortes we mostly associsled with the cingulate
motor areas, In the present sk ares Tm had reduced rCBF, as did
much of areas 31 and 23b. Thus, the reduction in rCBF in the PFCC

Pain precessing in cingulale cortex 1471

and medial parietal areas may enhance the inactivation of cingulale
mator areas in i task that requires respense inbibition,

Hemispheric specialization in affective responses

The goal of the present study was o identify which areas in the
cingulate cortex might subserve different aspects of pain processing,
Although the alterations in relative rCBF were essentially hilaeral,
this does net reguire that cach hemisphere plays an equivalent ale
in pain perception, processing and responses. An allermnative hypothesis
is that the cingulate cortex in each hemisphere is engaged in dilterent
aspects of motivational-affective pain processing.

It is well known that the two hemispheres contsibute differentially
to language (Joanette ef ef., 19903 A report by Hellman et al. (195843,
tar example, suggested that individuals with right hemisphere damage
had decreased comprehension of emotional prosody, while these with
left hemisphere damage were more impaired in comprehension af
proposilional prosody than control cases, Tn terms of emation and
the cingulate cortex consider the fallowing ohservations, (i) Extracting
the emalional content in a visual facial recognition task elevales
fCBF in the right ACC (George e al., 1993} {ii) The emotional
Stroop task that emplovs words wilh affective content elevates rCBF
in the lefl ACC (George er al, 1994}, i) Complex emotions (i.e.
those not restricted to simple visual images like faces or words), such
as sadness, elevare rOBE in the ACC in both hemispheres [George
ef al., 1995), 1t is possible that affective responses in the cingulate
corles associated with different types of pain are processed differently
in euch hemisphere,

Opiate regulation of cortical responses

Morphine blocks the affective features of acute and chronic noxious
stimuli while leaving the sensory-discrimmative component of pain
intact (Price er al, 1985 Kupers e al, 19915 and it produces an
clevation in mood aver o peritd of 2 b (Kaiko e ol 1981 While
seme o these actions are probably associated wilh binding to receptors
at subcortical sites, much evidence sugpests a powerlul regulation of
the ACC by opiate compounds. Morphine elevates rCBF in the
anterior and ventral part of the perigenual ACC (lones ef al., 19910,
a regiom that is similar W the voe activated by sadness in healthy
women in the study of George er el (1995). The midcingulate region
that is associeted with elevated fCBF during noxivsus stimoli has a
range of diprenarphine binding eapacities from low 1o high, while
binding in rostral perigenual areas of the ACC is high (Vogl of al.,
199501, These localizations may indicate a more powerful regulation
ol affect and monsd i the perigenual region of the ACC than of the
gvral midcingulate regions.

Canclusions

The cingulate cortex does not appear o be engapged in the somatotopc
coding of noxious stimull and 1 is not a “pain cenlre’. Instead, we
propase that different parts of the cingulate corex are engaped n
al least three levels of processing of nociceptive information: (i}
mideingulate area 24b° is involved in response selection and other
premotor functions which can include response inhibition or visual
guidance of responses 1o noxicus stimuli via the PCC: (i rastral
area 247 and peripenua] areas 24, 25 and 32 encode the affective
content of a noxious stimulus; and (i) the ACC, possibly via thalamic
amd PCC interactions, may be involved in the acquisition of approprizate
avoidance responscs o stimuli which are predictably noxious. Thus,
depending on Lhe reguired behavioural outcome, sdies will probably
engage dilferent parts of the cingulate cortex, In the present study
nar visual cues or motor response inhibition was possible for avoadance



1472 Pain processing i cingulate conex

behaviour. Therefore, in this paradigm the PCC and parietal visuospa-
tal areas had redoced rCBE, probably as a result of inhibition of
visually guided movements, while midcingulate and DLPF hal
clevated rCBE, probably associated wilk response inhibition, Additien-
ally, activation of the perigenual cingulate corex may have been
involved in defining the affective content of the nexious heat stimuli,

These studies confirm our early expectations that co-registration
technigques provide a high level of spatial resclution of the PET signal
and new insights o the contributions of different medial cortical
wreas in pain processes, The further elaboration of models of cortical
pain processing in the human brain will reguire better technigues for
evaluating the temporal coding of such events and a greater fexibility
in behavioura) paradigms. Finally, the failure of classical models of
pain processing W explain chronic pain syndromes probably reflects
the bias towards arcas engaged in the sensorv—discriminative pro-
cessing of noxious miommation rather than areas specifically engaged
in pain affect and learning and memory, Understanding the contribu-
tions of different components of the limbic sysiem o pain, meluding
the medial and intrelaminar thalamic nuelei, will shed new light on
chranie pain syndromes and provide more effective means of thera
peulic interventon,
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