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UsING fMRI, we observed cortical activity associated
with nociceptive hot and cold sensations applied to hand
and foot that are not spatially restricted to the corre-
sponding regions of the primary somatosensory cortex
(SI). Hot (55-57°C) and cold (0-2°C) tactile stimuli were
applied separately to the right hand and foot of eight
right-handed subjects. Although somatotopic mapping
of hand and foot was observed as expected based on the
Penfield homunculus, activations associated with hot
during both hand and foot stimulation and subse-
quently, cold, activated regions unique to each thermal
modality irrespective of the body part. This distributed
system for thermal information is present at both noci-
ceptive and more neutral thermal intensities (i.e. warm
and cool sensations) indicating the presence of distrib-
uted sensory processing associated with thermal-related
sensations in human primary sensorimotor cortex.
NeuroReport 9: 4179-4187 © 1998 Lippincott Williams &
Wilkins.
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Introduction have identified SI activation during application of

Although the role of somatosensory cortex (SI) in
the mapping of body parts has been well docu-
mented,'? its involvement in the processing of
thermal (hot and cold) sensations remains poorly
defined. Clinical and physiological evidence suggests
that SI, which is divided into Brodmann’s areas,
1,2, 3a, and 3b, may be involved in thermal and even
pain processing.*” Cerebral evoked response studies
on humans® and studies of single cortical units
in monkeys® and rats® support a role for SI in the
perception of thermal stimuli. In addition, selective
SI ablation studies in rats and clinical studies of
humans sustaining damage to SI cortex have shown
disturbances in the performance of thermal discrim-
ination tasks.!® More recently, single unit recording
studies in cats, rats, and monkeys have revealed that
some neurons in SI receive a nociceptive input.!!
Despite this progress in understanding mechanisms
in thermatosensory processing, very little is known
about the precise representation in SI for humans.
Thus, it is not clear whether thermal information is
transmitted within the cerebral cortex as a general-
ized message or converges on focal areas associated
with somesthetic information (somatotopy).
Neuro-imaging techniques have opened new
avenues to investigate the central processing of
nociceptive input in the awake human. PET studies
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painful heat stimuli applied to the contralateral
limb'>"® and recently, SI activation during noxious
heat stimulation of the contralateral digits has been
shown by fMRL.!*

In this study, we applied fMRI to investigate the
role of SI in higher order processing of nociceptive
thermal stimuli using stimulations of two body
parts (hand and foot) and two thermal sensations
(cool/cold and warm/hot). Our goal is to determine
whether representations of thermal sensation are
ordered in a somatotopic or a distributed fashion
in SL.

Materials and Methods

fMRI: A 15T GE MR scanner was employed
to obtain T2*-weighted images with a gradient
echo pulse sequence (echo time, 60 ms; repetition
time, 4000 ms; flip angle, 60°). A GE head colil
was employed and 21 contiguous 4.5 mm slices
were positioned over the entire cortex with in-plane
resolution of 1.5 x 1.5 mm. Thirty-six images were
acquired, one every 4s; thus, an entire run lasted
144 s and two identical runs were performed for each
condition. The initial 10 images (images 4-13 lasting
40's) of each run were acquired during a baseline
(resting) condition, the following 10 images (images
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15-24 lasting 40s) were acquired during tactile
stimulation, and the final 10 images (images 27-36
lasting 40 s) were acquired during a post-stimulation
(recovery) resting condition. Images 1-3 were
excluded to assure a steady state magnetic resonance
signal, while images 14, 25, and 26 were excluded to
avoid epoch transition periods. Prior to statistical
analysis, all brain images were computationally
aligned?® to allow direct spatial comparisons between
runs and a two-dimensional gaussian filter was
applied. A multistage statistical technique was applied
to each volume element, voxel, to identify activity
including: comparison of mean baseline and mean
stimulation signals, and comparison of mean stimu-
lation and mean recovery baseline signals. All statis-
tical criteria were met on two runs for voxels
determined to be active.!®V A similar analysis was
applied to images acquired from a copper sulphate
solution-filled spherical phantom and determined
that the empirical probability of a false positive result
was < 0.0005.

Subjects and task: Eight healthy subjects (Table 1)
were recruited to the study according to institutional
guidelines, five receiving a hot (55-57°C) and cold
(0-2°C) stimulus separately to the right hand and
right foot, two receiving the hot and cold stimuli plus
an additional arousal-inducing, but non-painful
tactile scrubber stimulus separately to the right hand
and right foot, and one receiving both the hot and
cold stimuli and warm (30-32°C) and cool (15-17°C)
stimuli to the right hand and foot. Prior to entering
the scanner, subjects were asked to subjectively quan-
tify the perceived magnitude of the stimulus intensi-
ties rated from 1 to 10 where 1 =low intensity and
10 = high intensity. These ratings are presented in
Table 1 and confirm that the hot and cold tempera-
tures were of equal perceived magnitude, the
perceived magnitude of the scrubber intensity was
a similar magnitude to that of the hot and cold

stimulus, and the perceived magnitude of the warm
and cool stimuli were considerably lower than that
of the other stimuli (Table 1).

Stimulation materials and methods: 'The thermal
stimulus consisted of either heated or semi-frozen
water packets for the hot and cold stimuli and mildly
heated or cooled water packets for the warm and cool
stimuli. Temperatures of the packets were recorded
before and after stimulation. The scrubber (non-
thermal) stimulus consisted of a plastic brush with
pointed bristles that was of similar size to that of the
water packets. The stimuli were applied intermit-
tently over a total period of 40 s periods of 2 s stim-
ulation alternating with 2 s periods of no stimulation.
Thus, 10 on—off cycles of tactile stimulation occurred
during the stimulation period.

Experimental design: A 2 X2 contingency table
describes the experimental design and analysis
strategy (Fig. 1). Somatotopy was evaluated by the
conjunction of hot and cold over each body part
(Fig. 1 columns). Thus, all thermal stimulations to
hand or foot that activated cortical regions associated
with the body part were represented. In order to
selectively evaluate brain activity specific to thermal
sensations and not the body parts stimulated, we
isolated regions unique for hot and cold by selecting
activity in common over hand and foot stimulations
(Fig. 1 rows). In other words, hot activations are
those regions active in response to hot stimuli to both
the hand and foot. Cold follows a similar logic.

Labeling of the active brain regions in primary sensory
cortex: Colored voxels indicate brain activity and
were displayed slice by slice on the original T2%*-
weighted images with a grid indicating actual voxel
location. The anatomical identification of the
primary sensory cortex was made by inspection of
the corresponding T1 (high resolution) images and

Table 1. Subject information
Subject Age Handed- Edinburgh Temperature intensity ratings?
ness ratio
Hand Foot
Hot Cold Warm  Cool Scrubber Hot Cold Warm  Cool Scrubber
CcC 26 R +100 9 9 - - - 9 9 - - -
MB 35 R +84.6 8 8 - - - 9 8 - - -
DR 25 R +50 10 9 - - - 10 9 - - -
DVP 25 R +84.6 7 7 4 4 - 7 7 4 -
BB 24 R +60 7 7 - - - 8 7 - - -
MC 29 AMB 0 8 8 - - - 8 8 - - -
AF 23 R +100 - 7 - - 7 - 7 - - 7
WT 29 R +60 7 7 - - 6.5 7 7 - - 6.5

2Rating scale, 1 =lowest intensity; 10 = highest intensity. Averaged over two tests.

bTwo separate experimental sessions.
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FIG. 1. The strategy for isolating cortical activity associated with

somatotopic and nociceptive-specific factors. Circles indicate the
four experimental conditions and the horizontal and vertical arrows
indicate the factorial partitions that yield nociceptive (rows) and
somatotopic (columns) components.

comparison with the human brain atlas.”® To assign
boundaries for the somatosensory cortex, we identi-
fied the anterior (central sulcus) and posterior
(posterior border of postcentral gyrus) flanking sulci
which is the hallmark of the primary somatosensory
cortex. Brain activity which lay in the confines of
this boundary were recorded and x-y-z Talairach
sectors®® were identified.

Results

As illustrated on three contiguous brain images
acquired through primary somatosensory cortex for
a typical subject, DR (Fig. 2A), we demonstrate
somatotopic mapping of hand and foot as expected
based on the Penfield homunculus. The hand (blue)
is mapped primarily along the inferior and lateral post
central gyrus (c,E,+40) (left, Fig. 2A), while the foot
(purple) is mapped along the superior and medial
post central gyrus (b,F,+60) (right, Fig. 2A). These
activations are bounded anteriorly by the central

SOMATOTOPIC REGIONS IN POST-CENTRAL GYRUS

Talairach Sector = (¢, E, +40)

(¢,F,+55)(HAND), (b,F,+55)(FOOT)

(b, F, +60)

/" =Central Sulcus

DR =Posterior Border of SI

[] =“HAND”(Hot Cold)

L—__l =“FOOT”(Hot N Cold)
I. = In Common

(A)

FIG. 2A. A somatotopic representation of hand and foot stimulation in postcentral gyrus (Sl) for subject DR (columns, Fig. 1). Anatomical
axial slices are at levels corresponding to z = +40,+55 and +60 from the Talairach and Tournoux atlas.?> The Talairach coordinates for hand
and foot are illustrated to identify the focal site of activation for each body part in Sl. The hand (blue) is mapped along the inferior and
lateral post central gyrus, while the foot (purple) is mapped along the superior and medial postcentral gyrus. These activations are bounded
anteriorly by the central sulcus (dark green), and posteriorly by the posterior border of Sl (light green) which is the hallmark of SI.
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sulcus (dark green), and posteriorly by the posterior
border of the primary somatosensory cortex (light
green) which is the hallmark of the post-central
gyrus. The Talairach sectors below each illustration
indicate the approximate centroid location of hand
and foot in standard stereotactic atlas coordinates®
and are shown to be localized in distinct sectors with
no appreciable overlap. As expected, these focal acti-
vations appeared to be predominantly contralateral
to the stimulated body part. The somatotopic
mapping of body parts is represented for all subjects
(Table 2, rows 1 and 2) and demonstrate similar
patterns of segregation.

Hot (red) and cold (yellow) regions in primary
somatosensory cortex are indicated in Fig. 2B for
subject DR and isolate those activations common to
hand and foot (Fig. 1, rows). As in Fig. 2A, SI is

Table 2. Talairach and Tournoux sectors of activity found in

FIG. 2. (B) A nociceptive-specific representation of hot and cold
stimulation in postcentral gyrus (Sl) for subject DR (rows, Fig. 1).
Anatomical axial slices are at levels corresponding to z = +40,+55
and +60). As in (A), Sl is bounded by the anterior central sulcus and
the posterior border of Sl. Talairach coordinates for hot and cold
document the localization of these modalities in SI. (C) Activity from
(B) is represented on top of activity from (A), illustrating that the
nociceptive thermal modalities hot (red) and cold (yellow) are located
in regions adjacent to or superimposed on that of both body parts
hand (blue) and foot (purple) on slice +40,+55, and +60.

bounded by the anterior central sulcus and posterior
border of SI. We observed a pronounced overlap of
hot and cold sensations which is represented as
orange in the figure. As seen with the somatotopic
activity (Fig. 2A), thermal activation is predominantly
contralateral to the stimulated body part.

somatosensory cortex

Condition (CC) (MB) (MC) (WT) (DR) (EB) (DV*) (AF) (DV)*
(x,y,2) (x,y,2) (x,y,2) (x,y,2) (x,y,2) (x,y,2) (x,y,2) (x,y,2) (x,y,2)
Somatotopy
(d,E,+28) (d,E,+32)
(d.E.+32) (d,E,+32)  (d,E,+32) zgg:gg; (d.E.+35)
Hand (dE+35)  (c,E,+45) (dE+365) (dE+35) (TETSE (Ea0)
(HotNcold)  (cF+50)  (GE+40)  (GF455)  (E+45)  (GE+d0)  (Eqd0)  (OE*33  (cE 45 -
(c/E+45) (CE+d5)  (cE+as) (EAO(cFs0)
(G.E+50)  (C.F.+50) & (c.F.+55)
(c.F.+55)
(d,E+28)  (dE,+32)
Foot (a,F,+60) ﬁgE:gg; ng:gg; (dE+32)  (d.E+35)
(HotNcold)  (aF,+65)  (bF+60)  (aF+65)  (a.F +65) o E (CE435)  (b.F.+55) -
(b.F.4+55)  (c.E.+40)
(b.F+60)  (aF+65) (¢E+40  (aF+60)
F F (@F.+60)  (a.F.+65)
Nociceptive-Specific
(dE+32) (GEA32 g E L og)
(cF+35) (dEA3D (' 30)
Hot (c,E,+55)  (d,F,+55) (c,E,+35) o (c.E.+40) E - -
(c,E,+45) (c,E.+40) (c.E.+35)
(HandNfoot) (c.F.+50)  (d.F.+60) (c,E,+45)
(b.F.+50) (c.E.+40)
(b.F+55)  (CFEA455)  E ag)
o+ (c.F.+60) £
(d,E,+28) (d,E,+32)
(dE+35)  (cE+45)  (cE+40) (cE+a0) (\dE+32)  (dE+28)  (dE+32)
(dE+35) (dE+32)  (dE+35)
Cold (b,F,+65)  (C.E+45)  (cF.+55)  (aF.+60)  (c,E.+45) -
(C.E440)  (c,E+35)  (c,E.+45)
(Handfoot) (b.F.+55) (b.F.+55) e+ e :
(b.F.+60) (c,E,+45) (c,E,+40) (c,F,+50)
o (c,F,+55) (c,E,+45)
(c.F.+60)
Warm (c,E,+35)
(HandNfoot) - - - - - - - (c,E,+40)
(G.E.+45)
Cool (c,E,+35)
(HandNfoot) - - - - - - - (c,E,+40)
(d,E,Tz) (c,E,+45)
Scrubber - - - - (c,E,+45) - (d/E+35)_
(HandNfoot) {c,E,+45)
(c.F.+50)

*Two separate experimental sessions for DV
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DISTRIBUTED NOCICEPTIVE SYSTEM IN POSTCENTRAL GYRUS

B ~HOT” (Hand ~Foot)
0 = «COLD” (HandFoot)

Key:

O _1n Common

FIG. 3. |lllustrations of the distributed nociceptive system for hot
and cold in postcentral gyrus for three subjects. Anatomical axial
slices are illustrated for each subject (DR = +55, EB = +45, DV = +35).
The thick dark green line indicates the central sulcus boundary and
the thin light green line indicates the posterior border.

To compare the spatial and functional relationship
of the somatotopic and nociceptive-specific activa-
tions for subject DR, we combined Figs. 2A and 2B
for each of the 3 slices (Fig. 2C). For each slice, hot
and cold activations are found in a similar spatial
localization to that of the body parts; however, there
is not a complete overlap. Both hot and cold activa-
tions are found in the hand and foot representations,
illustrating diffuse activation of thermal sensation that
is not specific for the body region directly stimu-
lated. For example, the hand representation (z = +40)
overlaps both hot and cold activations. Similarly, the
foot representation (z = +55,+60) overlaps with these
same thermal modalities. Similar findings were
observed for all eight subjects: three are illustrated in
Fig. 3, and all Talairach and Tournoux coordinates®
are represented in Table 2. By comparing the sectors
of hand and foot, illustrated in the somatotopy rows
in Table 2, it is evident, with only a few exceptions,
that there is no overlap between each body region
(a focal activation). However, the representations of
hot and cold seen in the nociceptive-specific rows,
are not specific to a body region (a distributed

4184 Vol 9 No 18 21 December 1998

activation), residing both within and adjacent to the
hand and foot representations.

In order to examine the effect of intensity on the
distributed thermal phenomenon seen in the primary
somatosensory cortex, we compared a mild thermal
stimulus (warm and cool) with a perceived magni-
tude of stimulation of 4 compared to 7 for hot and
cold for subject DV (Table 1). Figure 4 compares the
cortical representations for two intensities of thermal
stimuli, hot and warm and cold and cool. Two slices
(z = +35 and +50) are selected to illustrate the main
findings. Even though separate experimental sessions
were run for each thermal intensity, the activity for
hot and cold stimulation was spatially very similar
to that of warm and cool stimulation confirming the
expected reproducibility of the data. It is evident,
however, that the higher intensity thermal stimuli
elicited a larger activation (more area). Fig. 5
compares the number of voxels in the primary cortex
activated during low and high intensity stimulations
for each thermal sensation (Fig. 1 rows, 5a) and body
part (Fig. 1 columns, 5b). Hot and cold (black bar,
5a) nociceptive-specific activations were significantly
larger in area than that of warm and cool (white bar,
5a) activations indicative of an intensity effect.
However, there was no such proportional increase in
magnitude for each body part (hand and foot) corre-
sponding to the nociceptive (black bar) and neutral
(white bar) thermal conditions (Fig. 5b).

Discussion

The somatotopic organization of the human primary
somatosensory cortex is well understood.!%% The
dorsal column-medial lemniscal system, which relays
tactile information, ascends within a brain stem
pathway, the medial lemniscus, to eventually synapse
on the ventral posterior nucleus of the thalamus.?
These neurons project, in an orderly somatotopic
fashion, to the primary somatosensory cortex (SI), to
encode the intensity, duration, and location of the
external stimulus.?! Consistent with this projection
pattern, a tactile stimulus applied to the hand or
foot in this study elicited a focal, non-overlapping
signal in the respective contralateral hand or foot
region of SI.

The results from the current experiment show that
thermal sensations are indeed represented in the
somatosensory cortex; however, in a pattern that
extends beyond somatotopy. For example, a thermal
stimulus applied to the hand or foot elicits an over-
lapping signal in both the contralateral hand and foot
representations of SI. This distribution of thermal
sensations over both hand and foot body represen-
tations (Fig. 2¢) in SI suggests that while somesthetic
information ascends via discrete fibers to its unique
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FIG. 4. A comparison of two intensities of thermal stimuli in subject DV (hot 56-58°C/cold 0-2°C; and warm 30-32°C/cool 15-20°C). Two
slices are selected (z =+35 and z = +50) to illustrate the main finding that both thermal intensities are distributed in Sl relative to the soma-

totopic condition.

body area, thermal sensations may show diffuse
connectivity. These results are in agreement with a
preliminary fMRI report which illustrates overlap-
ping hand and foot representations in response to
thermal pain.'®

Our findings indicate that the distributed SI repre-
sentation of thermal sensation is not dependent on
temperature intensity as both nociceptive (hot/cold;
Figs. 2b,3) and neutral (warm/cool) thermal condi-
tions had a non-somatotopic distribution in SI
(Fig. 4). Activations during the less intense condi-
tions were not as extensive in SI than during the
nociceptive stimulation and appear to vary according
to the perceived stimulus magnitude (Fig. 5). These
observations are consistent with the recent results of
another fMRI study where a similar correlation
between painful stimuli and non-painful stimuli was
observed and these magnitudes paralleled the pain
rating VAS score.?> The cortical response to higher
intensity stimuli depicted in the nociceptive-specific
condition (distributed; Fig. 5a), was considerably
larger than that seen in the somatotopic condition
(local; Fig. 5b), and suggests a thermal intensity

effect that is differentiated for distributed and focal
processing.

The observation that the representation of thermal
information in SI is not strictly somatotopically
arranged suggests that while this region may not serve
a primary role in localizing temperature to a specific
body part, it does mediate the flow of thermal infor-
mation. The spinothalamic pathway (STT) is a major
direct pathway mediating pain and temperature
sensation to the thalamus.?® The cells within the
ventrobasal complex project heavily to SI; however,
the topography and spatial mapping of these connec-
tions to the cortex and beyond remains unknown as
few anatomical studies have focused on this issue.
In order to further understand the flow of thermal
information, further anatomical work is required.

It has been proposed that one role of the
paleospinothalamic tract is to mediate arousal.?® We
observed a similar distribution pattern over multiple
body regions in SI for a tactile scrubber stimulus.
This suggests that a high-threshold tactile stimulus
can feed into the paleospinothalamic system to arouse
the sensory cortex and affect a modifying behavior.
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While some thermal stimuli may have an arousal
component (i.e. nociceptive), others clearly do not
(i.e. thermal neutral stimuli) suggesting that the distri-
bution of thermal sensations in SI is not exclusively
due to an arousal response; instead it may be part of
a normal mechanism in the processing of thermal
information.

Conclusion

We show that SI plays a unique role in both noci-
ceptive and low intensity thermal processing. A
distributed thermal processing system that overlays
a focal somesthetic system is demonstrated in
humans. These data suggest that thermal qualities are
not processed in a strict somatotopic arrangement, in
contrast to the mapping of body parts. Instead, a
distributed system for thermal stimulation exists in
SI that is not spatially restricted to the stimulated
body part. This finding furthers the conventional
model of somatotopy and may contribute to under-
standing the complex nature of thermatosensory
processing in the brain.
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FIG. 5. (A) A comparison of the total number of voxels activated during low (warm/cold, white bars) and high (hot/cold, black bars) inten-
sity stimulations for each thermal sensation (Fig. 1, rows). An intensity effect is demonstrated in which the total number of voxels in the
hot condition exceeded the warm state by a factor of 4.7; similarly, the number of cold voxels exceeded the number of cool voxels by a
factor of 2.3. (B). A comparison of the total number of voxels activated for each body part (hand and foot) corresponding to nociceptive
(black bar) and neutral (white bar) thermal intensities. There was only a slight intensity increase in which the total number of voxels in hand
and foot (hot/cold state) exceeded the number of voxels in the warm/cool state by a factor of only 1.4 and 1.5 respectively. However, the

proportional increase of voxel intensity was not as large as in (A).
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