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Coghill, Robert C., lan Gilron, and Michael J. ladarola. Hemi-  sations that are generally referred to a contralateral portion of
spheric lateralization of somatosensory processihleurophysiol the body (Penfield and Rasmussen 1955). Split-brain studies
85: 2602-2612, 2001. Processing of both painful and nonpainjylye confirmed that brain mechanisms contralateral to a tactile

somatosensory information is generally thought to be subserved I o .
brain regions predominantly contralateral to the stimulated body |’§-¥mUIUS are sufficient for localization of light touch and tem-

gion. However, lesions to right, but not left, posterior parietal cortégerature discrimination, regardless of the side of stimulation
have been reported to produce a unilateral tactile neglect syndrorfeazzaniga et al. 1963; Lepore et al. 1997). Accordingly, each
suggesting that components of somatosensory information are pretarebral cortical hemisphere has an equal capacity for funda-
entially processed in the right half of the brain. To better characteriggental aspects of somatosensory processing.

right hemispheric lateralization of somatosensory processipfiH  pespite the capacity of each cerebral cortical hemisphere to
positron emission tomography (PET) of cerebral blood flow was useflj,qo e components of somatosensory processing, substantial
to map brain activation produced by contact thermal stimulation lvidence indicates that both hemispheres can be engaged in the

both the left and right arms of right-handed subjects. To allow dire ) f i | imul ia bil I
assessment of the lateralization of activation, left- and right-sid@(ﬂocess'ng of a unilateral somatosensory stimulus via bilatera

stimuli were delivered during separate PET scans. Both innocudtidPcortical routes. For example, a psychophysical investigation
(35°C) and painful (49°C) stimuli were employed to determin€f @ split-brain patient indicates that both the contralateral and

whether lateralized processing occurred in a manner related to ppsilateral cerebral cortical hemispheres process information
ceived pain intensity. Subjects were also scanned during a nonstirasising from a unilateral noxious thermal stimulus (Stein et al.
lated rest condition to characterize activation that was not related989). Similarly, split-brain or congenitally acallosal patients

perceived pain intensity. Pain intensity-dependent and -independgsfain the capacity to compare innocuous thermal information
changes in activation were |d_ent|f|ed in separate r_nu_ItlpIe (egressgﬂsing from the left side of the body with that arising from the

analyses. Regardless of the side of stimulation, pain |ntenS|ty—depﬁ ht side of the body (Lepore et al. 1997). In the case of
dent activation was localized to contralateral regions of the p“mar&giceptive processing, this bilateral transmission of informa-

somatosensory cortex, secondary somatosensory cortex, insular invol h . | di lami
tex, and bilateral regions of the cerebellum, putamen, thalamus, QR” may involve the posterior complex and intralaminar nu-

terior cingulate cortex, and frontal operculum. No hemispheric late¢lei. Neurons within these regions have predominately bilateral
alization of pain intensity—dependent processing was detected.r@eeptive fields (Brinkhus et al. 1979; Bushnell and Duncan
sharp contrast, portions of the thalamus, inferior parietal cortex (B2989; Dong et al. 1978; Guilbaud et al. 1977) and receive input
40), dorsolateral prefrontal cortex (BA 9/46), and dorsal frontal cortdkom neurons in the deep dorsal horn and ventral horn that also
(BA 6) exhibited right lateralized activation during both innocuoubave bilateral receive fields (Giesler et al. 1981).
and painful stim_ulation, _regar(_jlt_ess of the side of stimulation. Thus |n gddition to contralateral and bilateral processing mecha-
components of information arising from the body surface are prisms, several higher-order aspects of somatosensory process-
cessed, in part, by right lateralized systems analogous fo those Wl 5.6 gitferentially distributed between the left and right
process auditory and v_|sual spatl'al |nf0rmat|o_n arising from extrﬁ- ispheres. The right posterior parietal cortex is critical for
personal space. Such right lateralized processing can account for ﬁgn P : gntp P - : :
left somatosensory neglect arising from injury to brain regions with(tentional aspects of somatosensory processing, since lesions
the right cerebral hemisphere. of this structure result in a unilateral neglect in which subjects
have diminished awareness of tactile stimuli applied to left
portions of the body (Critchley 1958; Mesulam 1981). Anec-
dotal evidence also suggests that right lateralized regions
within the frontal cortex may play a similar role (Mesulam
Conscious awareness of tactile stimulation of the body sur981). Additionally, functional imaging studies of chronic
face has long been known to be subserved largely by braiauropathic pain and cluster headache indicate that the right,
regions opposite to the side of stimulation. Unilateral lesions but not left, anterior cingulate cortex is activated in patients
either the primary or secondary somatosensory cortex resultith pain on either side of their body (Hsieh et al. 1995, 1996).
deficits in contralateral tactile sensibility (Greenspan and WilNevertheless, current understanding of this right lateralized
field 1992; Head and Holmes 1911; Marshall 1951). In addinechanism for somatosensory processing remains incomplete,
tion, direct electrical stimulation of these areas produces semd the degree of lateralization remains uncharacterized.
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To directly identify right lateralized brain regions engaged irated pain intensity and unpleasantness using a mechanical visual
somatosensory processing, we used positron emission tom@plog scale (VAS) at the end of every PET scan and were trained in

thermal stimulation of both the left and right forearms o rice et al. 1994). Each scanning condition was repeated 6 times and

healthy volunteers. Both painful (49°C) and innocuous (35°(‘f5as presented in a randomized order.
stimuli were employed to better determine which features of )
the stimulus were associated with hemispherically lateraliz§#29€ processing

processing. Separate multiple regression analyses were utilizegtryctural MRI scans (Fast gradient recalled echo, ¥22.5 mm

to first identify activation significantly related to subjectsihick sagittal images with an in-plane resolution of 0.98 mm, extended

perceptions of pain intensity (pain intensity-dependent) adgnamic range, 256< 256 matrix, 1 nexus, TE= minimum, Flip

then to identify activation that was common to all stimulatedngle = 20°) were obtained for each subject and were used for

conditions, but which was independent from pain intensityansformation _of PET data into standard stereotaxic space (Collins et

(pain intensity-independent) (Coghill et al. 1999). al. 1994; Talairach and Tournoux 1988). These MRI scans were
acquired in a 1-h duration session on a different day than the PET
session. PET data were movement corrected and registered with MRI

METHODS data using Automated Image Registration software (Woods et al.

Subjects 1992, 1993). Background data were realigned in a manner identical to
that used for PET data. After spatial normalization and background

All subjects (5 women, 4 men) were right-handed, ranged in agerrection, PET data were smoothed with a X515 X 10—mm

from 20 to 52 (35.5= 3.69 yr, meant SE), and were healthy with no gaussian filter to further minimize spatial variability. To minimize

detectable magnetic resonance imaging (MRI) abnormalities. Prxeriability produced by global CBF changes, each PET scan was

study pregnancy tests were negative for all female subjects of chittbrmalized to gray matter values by dividing each voxel value by the

bearing potential. All procedures were approved by the Institutionaverage of gray matter CBF (Chmielowska et al. 1998).

Review Board of the National Institute of Dental Research and the

Radiation Safety Committee of the National Institutes of Health. A : ;

volunteers gave written, informed consent acknowleddintat they N/Iultlple regression analyses

would receive radioactive tracer®) that they would experience Multiple regression analyses were used to identify pain intensity—

experimental pain stimuli3) that all methods and procedures werelependent and pain intensity—independent stimulus-induced brain ac-

clearly explained, and) that they were free to withdraw from thetivation, as described previously (Coghill et al. 1999). All regression

experiment at any time. analyses were accomplished using NIH-Functional Imaging Data
Analysis Platform and were performed separately for scans of left-
Functional imaging and right-sided stimulation. Pain intensity—dependent effects were

identified by characterizing the relationship (regression coefficient)

Brain activation was assessed by measuring relative changesétween normalized CBF changes and psychophysical ratings of pain
cerebral blood flow (CBF) with 5t°0 PET (Fox et al. 1984). Subjectsintensity. Pain intensity—independent effects, such as simple tactile
were placed in the PET scanner (GE Advance scanner), fitted witlp@cessing of the contact of the stimulator with the skin as well as
thermoplastic mask to minimize head movement, and positioned sunhre complex spatial processing of the movement of the probe over
that the most superior aspect of the cerebral cortex was within the fighé surface of the forearm, were identified by first factoring out
of view. For all subjects, the field of view extended inferiorly tovariability related to perceived pain intensity and then characterizing
encompass the ventral aspect of the cerebelluBv(2 mm below the effects common to all stimulated conditions. Despite the fact that the
AC-PC plane in standard stereotaxic space). Transmission scans wegeessor used in this second analysis consists of a step function
performed for attenuation correction during image reconstructiobetween resting and stimulated conditions, the regression coefficient
Prior to actual PET scanning, a sham scan (saline injection) watdl describes changes in pain intensity—independent activation in
carried out to minimize anxiety associated with the PET scan proaelationship to changes in the regressor. Thus if nonstimulated scans
dure (Talbot et al. 1991). For all PET scans, subjects were instructedre weighted 0 and stimulated scans were weighted 5, the predicted
simply to lie on the bed with their eyes closed and to not move or shjood flow difference would be equal to the regression coefficient
anything. Each PET scan was initiated on intravenous bolus injectiowltiplied by 5. However, in order for this regressor to have a mean
of 10 mCi H,*®0, with data acquisition (3D mode with septa re of zero (a requirement of this particular analysis package), stimulated
tracted) during the 60 s following tracer arrival in the brain. Subjectcans were weighte#t0.556 and nonstimulated scans were weighted
received a total of 30 PET scans acquired over 2 separate sessieris111, thereby yielding a range of 1.667. In both pain intensity—
These sessions were separated by an average of approximately 7 digfgendent and —independent analyses, variability unique to individual
With positioning, a transmission scan, a sham scan, and 15 PET scanbjects (i.e., variability that was constant across all scanning condi-
each PET session lasted approximately 2 h. All scans were separdi@us for a given subject) was first factored out. Wilk's Lambda
by 6-min intervals to minimize the duration of each scanning sessi@tatistic was used to determine whether each regression coefficient
Since this interval does not permifO in the body to decay to was statistically different from zero. The Wilk's Lambda values were
negligible levels, scans of residual activity were obtained prior to eachnverted toF values and then te-scores. To correct for multiple
PET scan for subsequent background correction (Chmielowska etc@mparisons, the statistical reliability of voxels exceedizgsaore of
1998, 1999). 3.09 was then assessed according to the spatial extent of activation

Subjects were scanned during five different conditidi)gest (no (Friston et al. 1994). The volume-wise false-positive rate was set at
somatosensory stimulation) 35°C stimulation of the left arm3) <5% (P < 0.05).
35°C stimulation of the right arndl) 49°C stimulation of the leftarm,  Two additional variables, psychophysical ratings of pain unpleas-
and5) 49°C stimulation of the right arm. The 1-cm-diam stimulatoantness and effects due to variation in responses between scanning
was applied sequentially to 6 regionsX23 grid, 2 cm between spots, sessions, were also considered for inclusion in the multiple regression
5-s stimulus/spot: 0.5 s between spots) on the ventral surface of &malysis. As in most studies of heat pain, unpleasantness ratings were
forearm. Stimulation was initiate5 s prior to tracer injection and washighly correlated with pain intensity ratings € 0.98). Since these
continued for~90 s until completion of data acquisition. Subjectpsychophysical variables were not orthogonal, additional analyses
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with pain unpleasantness as a regressor were not performed, and pain 5
unpleasantness findings are not discussed further. In the case of ]
session-to-session variation, psychophysical ratings showed no statis-
tically significant differences across scanning sessions. Furthermore, a = s, 4
preliminary analysis with a session nuisance variable revealed virtu- 2 -
ally no differences from a corresponding analysis when session was 2 3
not considered as a nuisance variable. Thus to minimize the complex- @
ity of an already complex analysis, a variable accounting for session- c ]
to-session variation was not included in the multiple regression anal- — 2
ysis. £ |
©
: N a4
Assessment of lateralized activation
Lateralization of activation foci was confirmed by regions of inter- 0-
est analyses (ROI). ROIs were selected in a data-driven fashion REST Left 35° Right 35° Left 49° Right 49°

designed to provide an objective assessment of the potential lateral- Scan
ization of activation. Brain regions activated by either left-sided

and/or right-sided stimuli were first identified by generating binary Fic. 1. Pain intensity ratings of left- and right-sided stimulation. Pain
masks of statistically significant activation (i.e., statistically signifilntensity ratings of right-sided stimulation were indistinguishable from those of
cant voxels identified in the spatial extent analysis described abd§Sided stimulation. However, subjects readily detected differences between
were assigned a value of 1, while nonsignificant voxels were assigﬁg?j neutral (35°C) and painful (49°C) stimuli.

a value of 0). These masks were then added together, such that reg,

with overlapping activation were identified by a value of 2. (Thi : - - -
procedure can be visualized in thight columnof Figs. 2 and 3, Were unaffected by the side of stimulation [ANO\H%l 8) —

where blue and green regions represent nonoverlapping activatignql’ P < 0-9112]_- Thus analyses examining the potenFlaI
and where red regions represent overlapping activation.) This volutaéeralization of pain processing are not confounded by side-
was then converted to a binary mask describing regions of overfgyside differences in perceived pain intensity. Additional
(overlapping voxels= 1, nonoverlapping voxels 0, and voxels with three-factor ANOVAs confirmed that pain intensity ratings
no activation= 0). Next, regression coefficient maps of left- andvere not significantly influenced by gender or by differences
right-sided stimulation were averaged together and then multiplied bgtween scanning sessions.
the overlap mask, such that only regions with overlapping activation
had nonzero values in the averaged regression coefficient map. legg
local maxima were identified in this masked, averaged, regression
coefficient map and used as targets for ROI analysis. On a qualitative level, pain intensity—dependent brain acti-
Two strictly conservative criteria were used to determine whethggtion evoked by right-sided stimulation approximated a mir-
activation was hemispherically lateralized. The first criterion provid%r image of that evoked by left-sided stimulation (Fig. 2).
a qualitative assessment of hemispheric lateralization; a given regﬁ@gardless of the side of stimulation, the cerebellum, putamen
was required to be activated in a strictly unilateral fashion in the sa alamus, and frontal operculum exHibited bilateral a{ctivation' ’

hemisphere, during both left- and right-sided stimulation. This w, . h d
evaluated by transposing the ROI to the corresponding stereota € primary somatosensory cortex, the secondary somatosen-

location of the opposite hemisphere. If any statistically significasO!y cortex, and the posterior insular cortex exhibited con-
activity was present at this locus, this region was determined to exhifi@lateral activation; while the anterior cingulate cortex exhib-
at least partial bilateral activity and was excluded from further coted near-midline activation that tended to be somewhat
sideration. The second criterion provided a quantitative assessmenpsilaterally located (see Table 1 for locations of activations).
the degree of lateralization; a given ROI was required to exhibit Analysis of left/right overlap revealed that 31 sites, located
significantly greater normalized CBF (i.e., with no variability factoregyithin the cerebellum, thalamus, putamen, insula, frontal oper-
out) than that of the corresponding stereotaxic location of the opposiglum, anterior cingulate cortex, and supplementary motor area

hemisphere. This was accomplished by obtaining normalized CRfeq activated during both left and right-sided stimulation. The
values of all PET scans for each ROI and its corresponding Iocus%v

5’.6?)47]. Importantly, subjects’ perceptions of pain intensity

in intensity—dependent activation

the opposite hemisphere. A three-factor repeated measures ANO A’E‘JO”FV of these regions were activated in a bilateral fashion.
was then used determine whether activation (i.e., stimulated con o sites, one In the I,eft cerebellum & —6.1,y = —52.5,
tion—rest) was dependent on hemispheric location, stimulus tempefa= —36-2) and one in the left thalamus € —-10.1,y =

ture, and/or stimulus side. In both analyses, each ROI consisted of 0.5, = —0.2), exhibited a qualitative lateralization (i.e., no
single voxel (2x 2 X 2 mm). Given that adjacent voxels are highlystatistically significant activation was detected in correspond-
correlated due to the smoothness of the PET data(15 X 10 mm ing portions of the right hemisphere). However, direct statis-
full-width, half-max), larger ROIs were not employed. This procedurgcal comparisons of these two sites revealed no significant
was performed separately for pain intensity—dependent and pain differences in normalized CBF between hemispheres [cerebel-

tensity—independent analyses. lum: F, g = 1.52,P < 0.25; thalamusF; g = 0.55,P <
0.48], indicating that these structures tended to be activated in
RESULTS a bilateral fashion as well. In the case of the thalamus, a

statistically significant interaction was detected between the
side of stimulation and hemisphere in which the ROI was
When assessed psychophysically, subjects clearly distioeated F;, gy = 9.97, P < 0.0135], although neither main
guished between painful and innocuous stimuli (Fig. 1). Theffect was significant. Inspection of CBF confirmed that acti-
49°C stimulus produced significantly higher ratings of paiwmation within this ROI was largely bilateral, although stimuli
intensity than the 35°C stimulus [ANOVR, g, = 14.98,P < applied to the contralateral arm consistently evoked greater

Psychophysics
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A. LEFT B. RIGHT C. OVERLAP
o~ P -
gk ude
- IS
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Sl & SMA

Anterior

Cl"gUIate FIG. 2. Pain intensity—dependent activa-

COrteX ‘ ' / . V tion. Multiple regression analyses revealed
: . that a number of brain regions exhibited ac-

tivation that was significantly related to the
perceived intensity of pain. Pain intensity—
related activation arising from left-sided
stimulation @) approximated a mirror image
of that arising from right-sidedB) stimula-
tion. Statistically significant regression coef-
ficients @ < 0.05) are displayed in color on
the gray scaled average of all Qubjects’
structural magnetic resonance imagiihgRI)
data. The primary and secondary somato-
sensory cortices (S| and SlI, respectively)
exhibited predominantly contralateral acti-
vation, while other regions exhibited pre-

Thalamus 1 A E i dominantly bilateral activation. Overlapping

. ] = > 1 activation between left- and right-sided stim-
Insu Ia, & b iy e & 8 ulation was evident in brain regions that ex-
\ h \ N f hibited predominantly bilateral activation

operCUIum - o o E > . \ . (displayed in red irC). Note that image left

corresponds to subject left.

Cerebellum

Regression Coefficient ‘
Left Right Overlap

0.25 1.02

CBF changes than ipsilateral stimuli. Thus no hemisphericaliyrus exhibited pain intensity—independent activation during
lateralized mechanism is engaged in pain intensity—dependboth left- and right-sided stimulation. Of these 16 sites, 9
processing. Similar analyses of the anterior cingulate activatieghibited a qualitative lateralization (i.e., where no statistically
revealed, that although statistical (i.e-score) local maxima significant activation was evident in corresponding portions of
tended to be somewhat ipsilaterally located, local maxima @fe opposite hemisphere, Table 3). ROI analysis of these nine
the regression coefficients occurred in midline locations rejtes revealed that the right thalamus, right dorsolateral pre-
gardless of the side of stimulation. frontal cortex (BA 9/46), right inferior parietal lobule (BA 40),
and right dorsal frontal cortex (BA 6) exhibited significantly
greater increases in normalized CBF than corresponding ste-
reotaxic loci in the left hemisphere (Fig. 4, Table 3). Thus these
In sharp contrast to pain intensity—dependent activatioregions exhibited strongly hemispherically lateralized activa-
several brain areas exhibiting pain intensity—independent adton regardless of the side or the intensity of stimulation.
vation were lateralized to the right hemisphere (Fig. 3 and Activation within three of these hemispherically lateralized
Tables 2 and 3). Analysis of left/right overlap revealed that If&gions varied in a complex manner dependent on the side of
sites in the left cerebellum, right frontal operculum, righstimulation (i.e., a sidex hemisphere interaction, Table 3).
thalamus, right middle frontal gyrus, and right medial frontalhese regions included both dorsolateral prefrontal loci [ven-

Pain intensity—independent activation
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TABLE 1. Pain intensity—dependent activation

Left-Sided Stimulation

Right-Sided Stimulation

Left Brain

Right Brain

Left Brain

Right Brain

Cerebellum

Putamen

Thalamus

Frontal operculum

Insula

Sl

SI/MI

Anterior cingulate cortex

Supplementary/premotor
cortex

Superior parietal lobule

Midbrain
Substantia Nigra

0.55416.1—64.5—48.2)
0.72 (-38.1-56.5—-48.2)
0.54 (-10.1-52.5—-40.2)
0.63 (—46.1-54.5—34.2)
0.80 (—26.1-52.5—-30.2)
0.80 (-8.1-62.5-22.2)
0.70 (0.1 -68.5-16.2)
0.70 (-0.1-64.5-16.2)

0.58430.1—10.5 1.8)

0.53416.1-20.59.8)
0.62(-12.1-14.59.8)
0.56 (—18.1-16.5 11.8)
0.54 (-16.1—-20.5 13.8)

0.65446.1—0.57.8)

0.568.1 23.5 29.8)
0.54 (~6.1 15.5 31.8)
0.63 (—4.17.541.8)
0.60 (~0.15.5 41.8)

0.30 ¢8.1-8.571.8)
0.28 (-12.1-6.571.8)

0.63 (0.1-26.5—14.2)
0.50{10.1—20.5-8.2)

Bilateral activations

0.69 (37.9-48.5-48.2)
0.59 (33.9-54.5—-36.2)
0.57 (39.9-52.5-36.2)
0.60 (27.9-68.5—26.2)
0.61 (21.9-66.5—24.2)
0.59 (17.9-64.5—-22.2)
0.60 (17.9-60.5—-14.2)
0.65 (3.9-60.5—14.2)

0.68 (1.9-56.5-12.2)

1.03 (27.91.55.8)
0.85 (25.9 3.5 13.8)

0.89 (15.9-8.5 11.8)
0.71 (21.9-18.5 13.8)

0.89 (49.97.55.8)
0.84 (53.95.59.8)

Contralateral activations

0.97 (31.91.53.8)
0.57 (33.9-20.5 15.8)
0.61 (37.9-20.5 17.8)

0.61 (43.9-18.5 15.8)
0.65 (49.9-16.5 15.8)
0.55 (55.9-30.5 23.8)
0.52 (43.9-34.5 27.8)
0.57 (49.9-34.5 27.8)

0.44 (31.9-28.5 61.8)
0.50 (21.9-40.5 63.8)
0.44 (27.9-30.5 63.8)
0.47 (21.9-42.5 67.8)

Ipsilateral and mixed activations

0.54 (1.9 9.5 39.8)
0.69 (1.92.5 47.8)

0.76 (5.9-6.5 59.8)
0.54 (19.9-10.5 63.8)
0.77 (5.9-2.5 63.8)

0.66 34.1-52.5—36.2)
0.46 (-6.1—50.5—34.2)

0.63 £30.1-58.5—32.2)
0.61 (-20.1-64.5—28.2)
0.53 £18.1-62.5—24.2)

0.7828.1—4.511.8)
0.78428.1-10.5 13.8)

0.52412.1-16.5-0.2)
0.5648.1-14.5-0.2)
0.6144.1-6.5—-0.2)

0.5860.1 5.5 5.8)

0.86-80.1—14.5 13.8)

0.76440.1—28.5 21.8)
0.77440.1-24.5 21.8)

0.60436.1—34.5 59.8)
0.60432.1—-34.5 61.8)
0.54426.1—36.5 67.8)
0.86418.1—-14.5 65.8)
0.80 (—22.1—20.5 67.8)

0.43(18.1—48.5 55.8)
0.36 (—22.1-44.5 73.8)

0.66 (37.9-48.5-50.2)
0.64 (33.9-52.5-30.2)
0.65 (21.9-68.5—-24.2)
0.66 (21.9-62.5—-24.2)
0.62 (23.9-56.5—24.2)
0.61 (13.9-40.5—-24.2)
0.58 (3.9-50.5-16.2)
0.58 (3.9-44.5-16.2)
0.62 (3.9-50.5-12.2)
0.63 (1.9-54.5-10.2)

0.42 (29.911.52.2)

0.88 (9.9-10.5 7.8)
0.72 (15.9-4.59.8)

0.63 (55.9 11.5 9.8)

0.64 (3.9 7.5 39.8)
0.66 (5.9 11.5 39.8)
0.68 (5.9 7.5 43.8)
0.68 (3.9 3.5 47.8)

0.76 (5.9 1.5 59.8)
0.73 (7.9 1.5 63.8)
0.73 (1.9-0.5 53.8)

Multiple brain regions exhibited activation that was significantly related to the perceived intensity of painful stimulation. All regians Ba@P andP <

0.05. Regression coefficients are displayed for each statistically significant local maximum, with the location of the local maxima in pardhtivesdmaies
(%, y, 2) are according to standard, stereotaxic space (Talairach and Tournoux 1988).

tral: F; gy = 6.05,P < 0.0393; dorsalF; gy = 6.23,P < ined. In other words, stimulation of the right arm evoked
0.0372] and the dorsal frontal locu§ g = 15.04,P < greater CBF changes in the right hemisphere ROI than did
0.0047]. In all three of these regions, the magnitude of nastimulation of the left arm, while stimulation of the left arm
malized CBF change was larger when the arm ipsilateral to teeoked greater CBF changes in the left hemisphere ROI than
ROI was stimulated, regardless of the hemisphere being exati@ stimulation of the right arm (Fig. 4).
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A.LEFT B. RIGHT |C. OVERLAP

A — —

Dorsal
Frontal
Cortex

FIG. 3. Topography of brain regions ex-
" ] 3 ; hibiting activation lateralized to the right

Infe rior ! : r < hemisphere. Multiple regression analyses re-

R ' ﬂ . vealed that left-sidedd) and right-sided B)
Pa rletal thermal stimulation produced statistically re-
liable pain intensity—independent activation
of right lateralized regions (denoted by solid
arrows) of the dorsal frontal cortex, inferior
parietal cortex, dorsolateral prefrontal cortex
(DLPFC), and thalamus (Thal.). Statistically
significant regression coefficient8  0.05)
are displayed in color on the gray scaled
average of all 9 subjects’ structural MRI
data. These right lateralized activations over-
lapped to a large extent (displayed in red in
C), indicating that common portions of these
areas are activated by stimuli applied to ei-
ther side of the body. In addition to the right
lateralized activation, contralateral activation
of the primary (SI) and secondary (Sll) so-
matosensory cortices is also evideAtgnd
B). Note that image left corresponds to sub-
ject left and that slice locations correspond to
those in Table 3.

Regression Coefficient

047 2.90 Left Right Overlap

Additionally, a number of brain regions exhibited eithe(right-sided 35°C stimulation: 4.37; right-sided 49°C stimulation:
contralateral or bilateral pain intensity—independent activatiof61) closely approximate the predicted value.
Regardless of the side of stimulation, the primary and second-
ary somatosensory cortices exhibited clearly contralateral &averlap between pain intensity—dependent and pain
tivation, while structures such as the frontal operculum, ventiatensity—independent activation
portions of the inferior parietal lobule, supplementary motor

area, a_md cerebellum exhibited either contralateral or biIate&ﬂd pain intensity—independent activation, consistent with pre-
activation (Table 2). _ _ o _ . vious findings using subtraction techniques (Coghill et al.
As previously, the regression analysis of pain intensity-indggg4; |adarola et al. 1998). For example, both the primary and
pendent effects accurately predicts the normalized CBF diffefecondary somatosensory cortices, supplementary motor cor-
ences between all stimulated conditions and rest (Coghill et @k, thalamus, frontal operculum, and left cerebellar hemi-
1999). For example, during right-sided stimulation, the right posphere exhibited both pain intensity—dependent and pain in-
terior parietal cortex had a regression coefficient of 2.81, whieénsity—independent responses (Tables 1 and 2). In contrast, the
when multiplied by the range of the regressor (1.667), woutgrebellar vermis and anterior cingulate cortex exhibited acti-
predict an activation of 4.68. Observed values in the PET datation that was predominantly pain intensity dependent,

Many brain regions exhibited both pain intensity—dependent
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TABLE 2. Pain intensity—independent activations

Left-Sided Stimulation

Right-Sided Stimulation

Left Brain Right Brain

Left Brain Right Brain

SI

Sl

Thalamus

Inferior parietal lobule (dorsal)

Dorsolateral prefrontal cortex

Dorsal frontal cortex

Cerebellum

Contralateral activations

2.18 (25.9-38.5 61.8)

1.62 (49.9-20.5 15.8)
1.78 (53.9-24.5 19.8)
1.87 (49.9-32.5 21.8)
1.99 (57.9-28.5 23.8)

Right-lateralized activations

1.92 (19.918.5 13.8)
1.81 (15.9-16.5 17.8)

1.38 (31:942.5 39.8)
2.59 (49.9-38.5 43.8)

1.55 (39.9 37.5 21.8)
1.46 (37.941.5 21.8)
1.21 (33.9 49.5 21.8)
1.15 (27.9 47.5 25.8)
1.67 (39.9 33.5 31.8)
1.57 (41.9 29.5 33.8)

1.33 (35.90.5 55.8)
1.36 (33.9-2.559.8)

Mixed activations

1.24432.1-38.557.8)
1.21 (-32.1-38.561.8)

1.75452.1-20.5 19.8)
1.66442.1—24.5 21.8)

2.20 (13.9-10.5 11.8)
1.77440.1-52.5 49.8) 2.81(49.9-44.5 47.8)

2.83 (43.945.517.8)

2.17 (39.9 7.5 55.8)

2.32428.1-60.5—46.2)
1.76 (-28.1—48.5-44.2)
2.04 (-38.1-58.5—-34.2)
1.58 (-36.1—-54.5—-30.2)

2.24 (32.1-64.5-42.2)
1.75 ¢34.1-48.5—38.2)
1.91 ¢34.1-58.5—36.2)
1.74 ¢34.1-52.5—36.2)

1.54 (23.9-54.5-46.2)
1.46 (23.9-54.5-42.2)
1.35 (25.9-54.5-38.2)
1.33 (33.9-54.5-34.2)

1.29 (-16.1—68.5—26.2)
1.22 (-20.1-60.5—26.2)
1.59 (-26.1—46.5—26.2)

Frontal operculum

Inferior parietal lobule (ventral) 1.49(52.1-24.527.8)

1.64 (-52.1-30.5 29.8)

Medial frontal gyrus

Prefrontal cortex (frontal pole)

Premotor cortex

Superior parietal lobule

Putamen/claustrum

Insula

1.55 (29.9-66.5—26.2)

1.83(49.9 1.5 3.8) 1.5846.1 1.5 7.8)
1.60 (-50.1 3.5 7.8)

1.38 (-38.17.59.8)

1.84452.1-26.5 25.8)
1.81450.1—32.5 29.8)
1.75 (-48.1—28.5 29.8)
1.47 (-48.1—40.5 33.8)

1.3642.15.551.8)

1.92 (43.919.5 1.8)
1.47 (55.95.5 7.8)
1.47 (55.9 9.5 7.8)

1.77 (47.9-36.5 25.8)

1.55 (7.9-8.5 53.8)
1.69 (3.9-0.5 53.8)
1.60 (1.9 3.5 55.8)

1.28 (1.9 7.5 49.8)

1.91 (31.9 41.5-14.2)
2.04 (37.945.5-12.2)
2.07 (43.9 49.5-10.2)

1.84 (23.916.5 69.8)
1.82 (21.9-12.5 69.8)

1.51-38.1—48.5 51.8)
1.22 (-36.1—44.5 55.8)

1.08 (29.9 1.5 11.8)

1.48 (-34.1-20.5 11.8)
1.10 (-32.13.5 13.8)

Multiple brain regions exhibited activation that was independent of perceived intensity. All regiozsSh&09 andP < 0.05. Regression coefficients are
displayed for each statistically significant local maximum, with the location of the local maxima in parentheses. All coondigatare according to standard,
stereotaxic space (Talairach and Tournoux 1988).
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TABLE 3. Hemispherically lateralized pain intensity—independent eral regions of the primary somatosensory cortex, secondary

brain activation

Coordinates

Region x v 2

Difference Between

Hemispheres

Quantitatively lateralized regions

somatosensory cortex, insular cortex, and bilateral regions of
the cerebellum, putamen, thalamus, anterior cingulate cortex,
and frontal operculum. In contrast to these results, pain inten-
sity—dependent activation of the secondary somatosensory cor-
tex and adjacent caudal insular regions was predominantly
bilateral in a previous investigation (Coghill et al. 1999). Two

Right thalamus 139145118 o oas . potential factors may account for this different interhemi-
Right inferior parietal lobule  51.9 —44.5 45.8 F = 1570 spheric distribution of activity. First, the previous investigation
(BA 40) P < 0.0042 employed a somewhat higher stimulus intensity (50°C) than
Right DLPFC used presently (49°C). Given that the ipsilateral hemisphere is
(BA 9/46) 43.9 41.5 23.8 F=715 engaged only by relatively high levels of noxious stimulus
(BA 9) 43.9 355 31.8 P : 2‘%2'32 A intensity, bilateral activation would be predicted by the use of
P < 0.0138 A a more robust noxious stimulus (Stein et al. 1989). Second, the
Right dorsal frontal cortex 39.99.557.8 F = 10.80 ventral forearm was stimulated in the present investigation,
(BA6) P <0.0111 A  while the lateral aspect of the upper arm (approximately 5 cm
distal to the shoulder) was stimulated previously. Neurons
Qualitatively lateralized regions within the secondary somatosensory cortex that respond to
Left cerebellum —32.1-64.5-42.2 F =250 stimulation of distal portions of limbs have predominantly
P<01522T contralateral receptive fields, while those responding to stim-
—30.1-425-42.2 F=207 ulation of more proximal structures, such as the trunk, have
Right inferior parietal lobule  63.9—30.5 23.8 P:g'lfgg T predomina.ntly bilateral receptive fields (B}thon and _Car!son
(BA 40) P < 0.1679 1986; Robinson and Burton 1980). Thus differences in stimu-
Right medial frontal gyrus 5.9 13.5 45.8 F =207 lus location could also account for the contralateral distribution
(BA6) P < 0.1879 of activity within the secondary somatosensory region ob-

Several brain regions in the right hemisphere exhibited activation duri

served in the present investigation.

ng

both left- and right-sided stimulation. This activation was significantly greater AS Shown previously, the multiple regression approach can
in the right hemisphere than in corresponding locations in the left hemisphed&curately distinguish pain intensity—independent activation
Al coordinates %, y, 7) are according to standard, stereotaxic space (Talairaffom pain intensity—dependent activation (Coghill et al. 1999).
and Tournoux 1988) and are derived from the local maxima of overlapping the present investigation, activation of dorsal frontal (BA 6),

activation. T, significant main effect of temperature; DLPFC, dorsolater

prefrontal cortex; A, significant hemisphesem interaction.

#orsolateral prefrontal (BA 9/46), and inferior parietal loci (BA
40) during thermal stimulation was primarily pain intensity—

whereas the dorsal frontal, dorsolateral prefrontal, and inferi@dependent, while portions of the primary somatosensory cor-
parietal foci exhibited activation that was primarily indepeni€X, Sécondary somatosensory cortex, supplemental motor area,

dent from perceived pain intensity.

DISCUSSION

thalamus, and the frontal operculum exhibited both pain inten-
sity—dependent and —independent activation (Fig. 4 and Tables
1 and 2). In contrast, only frontal polar and dorsolateral pre-
frontal loci exhibited pain intensity—independent activation in a

These results demonstrate that a right lateralized fronterevious study of contact heat pain (Coghill et al. 1999). The

parietal-thalamic mechanism is engaged during somatosensdgjection of additional regions exhibiting pain intensity—inde-
processing. The presence of this lateralized activation duripgndent activation may be attributed to the use of a more
both painful and innocuous stimulation indicates that thesensitive stimulus site (ventral forearm vs. lateral upper arm) as
brain regions are engaged in the processing of stimulus featungdl as greater statistical power in the present study (6 scans/
common to both levels of thermal stimulation. In contrasgondition vs. 1-2 scans/condition).
activation that was significantly related to perceived pain in-
tensity was either bilaterally or contralaterally localized, urpetermination of hemispherically lateralized activity
derscoring the relative independence of these two processes.
Highly conservative criteria were used to determine whether
tactivation was hemispherically lateralized. A given brain re-
gion was required to be activated in a strictly unilateral fashion
in the same hemisphere during both left- and right-sided stim-
Regardless of the side of stimulation, pain intensity—depenlation. This region was then required to exhibit significantly
dent activation was detected within a diverse array of bragreater activity than that of the corresponding stereotaxic lo-
regions previously demonstrated to be engaged in the procession within the opposite hemisphere. These criteria were
ing of acute heat pain (Casey et al. 1996; Coghill et al. 199¢hosenl) to eliminate bilaterally active regions from consid-
1999; Derbyshire and Jones 1998; Paulson et al. 1998; Talbadtion, 2) to protect against the possibility of sub-threshold
et al. 1991; Vogt et al. 1996; see Coghill 1999 for review). Iactivations in the “inactive” hemispher8), to provide a repro-
general, the distribution of pain intensity—related activatioducible standard for assessing lateralization, 4@ provide
corresponded closely with regions known to exhibit gradetie closest parallels with clinical data from patients with uni-
responses to noxious thermal stimulation (Coghill et al. 199%teral lesions of regions with functional lateralization. Brain
Pain intensity—dependent activation was localized to contralatgions with consistently asymmetric, but bilateral (or trends

Distribution of pain intensity—dependent and —independen
activation
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0 01 FIG. 4. Magnitude of hemispherically lateralized ac-
" o tivation. Regardless of the side of stimulation, activa-

tion of the thalamus, inferior parietal cortex, dorsolat-
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Left Brain Right Brain Left Brain Right Brain cortex was significantly greater in the right hemisphere
then in the left (see Table 1 for locations and statistical
8 DLPFC 8l Dorsa| Fronta| results). Importantly, none of these lateralized regions

exhibited activation that was dependent on the side of
stimulation. However, the thalamus, but no other later-
alized region, exhibited statistically significant effects

due to stimulus temperaturé = 11.18,P < 0.01).
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toward bilateral) activity were not considered to be hemisphe&etivation demonstrated a clear right hemispheric lateralization
cally lateralized. Unilateral lesions to bilaterally active brailiTable 3). These regions included the right thalamus, right
regions clearly have a less detrimental effect on function th@osterior parietal cortex (BA 40), right dorsolateral prefrontal
similar lesions to a lateralized region. Thus clearly lateralizegbrtex (BA 9/46), and right dorsal frontal cortex (BA 6). Of
activity is of greater clinical relevance than such asymmetrigese right lateralized regions, the thalamus exhibited a rela-

but bilateral activation. tively complex response in that there was a lateralized pain

intensity—independent effect, and a more bilateral pain inten-
Absence of hemispherically lateralized pain sity—dependent effect (Figs. 2—4). As can be seen in Fig. 4, the
intensity—dependent activation right thalamus was always activated to a greater extent than the

Direct comparison between left- and right-sided stimulati owever. 49°C stimulation consistently produced a larger ac-
did not reveal any hemispherically lateralized pain intensity— ’ yPp 9

dependent activation. This finding contrasts with two reports yation than 35°C stlmulatl_on n bOth left and right portions of
right-lateralized pain-related anterior cingulate activation, tH8€ thalamus. If these pain intensity—dependent effects had
first involving eight patients with neuropathic pain (4 left leg/2€€n removed in the ROI analysis, the distribution of activity
right leg), and the second involving four patients with clusté¥ould likely resemble the patterns of activity in other right-
headache (2 right lateralized/2 left lateralized) (Hsieh et dateralized regions. The left cerebellum also exhibited lateral-
1995, 1996). Affective and other cognitive responses to indged pain intensity—independent activation, but was not con-
capable, clinical pain are significantly different from thosgidered to be completely lateralized due to extensive bilateral
elicited by escapable, experimental pain (Price 1999). Accomstivity during painful stimulation.
ingly, differences between the present findings and those obBrain regions displaying right-lateralized pain intensity—
tained during clinical pain states may be attributed differencéslependent activation may be involved in several processes.
in brain activation supporting intensity-related processing arfdie thermal stimuli employed in the present investigation are
brain activation supporting the various higher order affectivelatively complex with several attributes that are common to
and cognitive sequelae of clinical/chronic pain. Given th&oth the innocuous (35°C) and painful (49°C) temperatures
affective responses were not assessed in the two clinical p@ia., pain intensity—independent components). For example,
studies showing lateralized anterior cingulate activation, fuihe thermal stimulator was repeatedly placed against the sub-
ther investigations explicitly examining the lateralization ofects’ forearms and subsequently repositionedrafies of
pain-related affective processing will be needed to confirm trggmulation of any given locus. Thus neural mechanisms sup-
possibility. porting the detection of changes in the sensory environment
may potentially contribute to the lateralized pain intensity—
independent activation. Changes in somatosensory stimuli
have been determined to activate the secondary somatosensory
In sharp contrast with pain intensity—dependent activatioogrtex, right (ipsilateral) regions of the insula, portions of the
several brain regions exhibiting pain intensity—independefnbntal operculum, and the supplementary motor area/cingulate

jﬁﬂ thalamus, regardless of the side or intensity of stimulation.

Right lateralized pain intensity—independent activation
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motor area, among other regions (Downar et al. 2000). Suetaluation of relatively small differences in innocuous cool
activation was clearly detected in the present investigatigtimuli (applied only to the right hand), a task likely to place
(Table 2). However, none of these regions overlap with tlsgnificant demands on directed attentional processing (Craig
hemispherically lateralized, pain intensity—independent activet al. 2000). The thermal stimulation paradigm in the present
tion of the thalamus, inferior parietal cortex (BA 40), dorsomyestigation placed minimal demands on directed attentional
lateral prefrontal cortex (BA 9/46), and dorsal frontal corteyrocesses. Only three levels of stimuli (none, neutral, and
(BA 6). Thus other processes may contribute more substayinful) were employed, and these were readily distinguish-
tially to this lateralized activation. Processing of dynamigpie Furthermore, stimulus temperatures remained constant
spatial aspects of the thermal stimuli may also contribute {9, jng each PET scan. However, the contact of the 1-cm-diam
pain m'gcens'ny—lm('jeperrl]den; actlv?nqn. [I)urmg the course O.ftl fimulator on the ventral forearm is a readily detectible, robust
2100\;13 a%lcgr:]lz;astilgr;p;tgllty %ﬁg%cftémﬁ ?é%riovr\:gsor??ﬁge\}/gtrlftlr imulus '_[hat is clearly capable of captu_ring attenti_on, rega_lrd-
forearm. Thus both neutral and painful stimuli are likely t ss of stimulus temperature. _Thu_s the r_|ght Iaterz_ahzed activa-
evoke equal activation associated with spatial cognition. Qn may also reflect. automatic (i.e., sumulus-dnven), rather
propose therefore that the observed right lateralized activati n directed, attenuonql processes that contribute to aware-
reflects processing of spatial attentional/awareness compon of the body and objects contacting the body surface. Such
of somatosensory information. arole is c;learly suggested b){ the loss of passive awareness of
the left side of the body during neglect syndromes resulting
. . N o . from right hemisphere lesions (Critchley 1958).
Spatial/attentional processing in the right inferior parietal In summary, these findings provide direct evidence that right
and dorsolateral prefrontal cortices lateralized brain mechanisms analogous to those that process

Studies of both lesion subjects and split-brain patients halormation in extrapersonal (i.e., visual and auditory) space
long noted a right hemisphere dominance for spatial attentiof4PCess information arising from intrapersonal (i.e., somato-
processing in extrapersonal space (Gazzaniga 1995 Mesuf§Rsory) space. Importantly, this lateralized pattern of activa-
1981). The right lateralized network of brain regions engagé'@_” is dlstl_nct from the p_red_omlnantly contralateral/bllate_ral
during somatosensory processing is similar to the fronto-pab@in intensity—related activation. Thus common mechanisms

eto-cingulate network engaged in extrapersonal spatial pRJOC€SS components of information arising from both innocu-

cessing. For example, portions of the right posterior parief@s and noxious thermal stimuli.

cortex have been demonstrated to be activated during the
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