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Several functional imaging studies of pain, using a
number of different experimental paradigms and a
variety of reference states, have failed to detect acti-
vations in the somatosensory cortices, while other im-
aging studies of pain have reported significant activa-
tions in these regions. The role of the somatosensory
areas in pain processing has therefore been debated.
In the present study the left hand was immersed in
painfully cold water (standard cold pressor test) and
in nonpainfully cold water during 2 min, and PET-
scans were obtained either during the first or the sec-
ond minute of stimulation. We observed no significant
increase of activity in the somatosensory regions
when the painful conditions were directly compared
with the control conditions. In order to better under-
stand the role of the primary somatosensory cortex
(S1) in pain processing we used a regression analysis
to study the relation between a ROI (region of inter-
est) in the somatotopic Sl-area for the stimulated
hand and other regions known to be involved in pain
processing. We hypothesized that although no in-
creased activity was observed in the S1 during pain,
this region would change its covariation pattern dur-
ing noxious input as compared to the control stimula-
tion if it is involved in or affected by the processing of
pain. In the nonpainful cold conditions widespread
regions of the ipsilateral and contralateral somatosen-
sory cortex showed a positive covariation with the
activity in the S1-ROIl. However, during the first and
second minute of pain this regression was signifi-
cantly attenuated. During the second minute of pain-
ful stimulation there was a significant positive co-
variation between the activity in the S1-ROI and the
other regions that are known to be involved in pain
processing. Importantly, this relation was signifi-
cantly stronger for the insula and the orbitofrontal
cortex bilaterally when compared to the nonpainful
state. The results indicate that the S1-cortex may be
engaged in or affected by the processing of pain al-
though no differential activity is observed when pain
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INTRODUCTION

It has been discussed whether the somatosensory
cortex is necessary for the processing of pain since the
beginning of last century when Head and Holmes
failed to find any persistent changes of pain perception
in patients with cortical lesions (Head and Holmes,
1911). Later neurophysiological and behavioural stud-
ies in humans and monkeys have presented data in
favour of the hypothesis that the somatosensory re-
gions participate in acute pain processing (Greenspan
and Winfield, 1992; Kenshalo et al., 1988; Kenshalo
and Isensee, 1983; Kenshalo et al., 1991; Robinson and
Burton, 1980). However, the issue of the nature of the
involvement of S1 in pain processing has once again
become highlighted because of the disparate results
reported from functional neuroimaging studies of pain
(Bushnell et al., 1999; Ingvar, 1999; Treede et al.,
1999). Some studies have reported robust activations
in S1 and S2, while other studies have failed to detect
significant changes in the somatosensory regions
(Bushnell et al., 1999). The inconsistent findings have
raised the question whether the S1 may be exclusively
involved only in specific contexts or stimulus types of
pain processing (Treede et al., 1999). Another possibil-
ity is that the S1 is involved in pain processing also in
the studies where no increased activation is noted in
the contrast analysis. Thus, a lack of S1 activation in
functional imaging studies may indicate that S1 is not
participating in pain processing at all during certain
stimuli/contextual conditions, or that S1 is participat-
ing in pain processing but its response is obscured in a

subtraction analysis.
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There are several reasons why an approximately
constant activity across conditions does not necessarily
exclude a region from participation in the processing of
noxious input. First, a signal increase may not be ob-
served due to a complex response. S1 has been divided
into Broddman area (BA) 3b and 1 which receive wide
dynamic range (WDR) nociceptive input from ventral
posterior nuclei of the thalamus (VP), but also BA3a
which receives input from nociceptive specific lamina 1
relay nucleus of the posterior part of the ventral medial
thalamus (VMpo) (Craig, 1999). In line with the sug-
gestion above S1 may respond with both activity in-
creases (BA3a) and activity decreases (BA3b and BA1)
(Tommerdahl et al., 1996). Such a complex response
may obscure a net increase of the rCBF response due to
smoothing effects and low resolution in a PET image.
Furthermore, there may be an increased activity dur-
ing pain, which is below the threshold for detection in
a subtraction analysis. This may occur if the control
condition involves activation of the same regions, or if
the response due to pain is small or variable (i.e., lack
of statistical power). An indication of the former possi-
bility is that cold, which is not perceived as painful,
also has a tendency to activate both the S1 and S2
regions (Craig et al., 1996). The activity increase may
be small or abolished also due to attentional modula-
tions, e.g., effects of distraction (Bushnell et al., 1999;
Ingvar, 1999; Petrovic et al., 2000a). Apart from changes
in the net rCBF response, the activity of S1 may also
covary differently with other regions involved in pain
processing during the painful conditions as compared
to the control conditions. A regression approach could
be more sensitive than a subtraction analysis in order
to test whether S1 is differently involved in pain pro-
cessing, especially if the control-state also induces in-
creased rCBF activity in the S1 or if the rCBF increase
is small. Thus, an alternative to the subtraction ap-
proach would be to employ a regression analysis and
study the differences between the covariation patterns
in the different conditions (e.g., psychophysiological
interaction; Friston, 1994; Friston et al., 1997) of the
involved somatosensory cortex. This statistical ap-
proach will analyse how one area (e.g., the voxels in the
predefined pain matrix) is regressed on another area
(e.g., the S1-ROI) in a specific condition. It will then
compare if this regression changes during another con-
dition. These changes in covariation can be attributed
to changes of neural systems influencing each other
differently in different conditions or being influenced
by other factors such as different input to the brain.

In this study we analyse a data set in which a painful
tonic cold stimulation of the hand did not evoke any
increased activity in the lateral pain system using the
subtraction method (see abstract Petrovic et al.,
2000b). S1 is an excellent structure for such analysis
because we can predict the approximate position, i.e.
define it anatomically without using data from the
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present study. A similar analysis would be hard to
perform for the thalamus since the nuclei processing
noxious input are small and blood flow data therefore
could potentially be confounded by other nuclei in-
volved in different processes. Likewise, it would be
hard to perform such analysis in the anterior cingulate
cortex (ACC) since it is not possible to predict exectly
which part of the ACC should be involved in pain
processing and also different aspects of pain seem to be
represented in this large cortical region. In accordance
with the reasoning above, we regressed the activity of
all intracerebral voxels on the activity of a S1-ROI
placed in the somatotopic region for the stimulated
hand. This ROI will include activity from the BA3a,
BA3b, and 1. Thus, an observed pattern of covariations
between the somatotopic S1 area for the stimulated
hand and other regions known to participate in pain
processing during painful stimulation but not during
the non-painful control condition, would suggest that
this region participates in pain processing although no
differential effects were observed in the subtraction
analysis. Such effects would argue against the hypoth-
esis based on previous subtraction analysis, that S1 is
only involved in specific contexts or stimulus types
during noxious stimulation.

MATERIALS AND METHODS

Seven subjects participated in the PET study, which
was approved by the local ethics and radiation safety
committees. Subjects participated in a pretest, which
included the noxious stimulation, approximately 1
week before the PET-session. All subjects tolerated the
cold pressor test and were included in the study. Each
subject participated in 12 1-min measurements of the
regional cerebral blood flow (rCBF) using a 3-D Ecat
Exact HR positron emission tomograph (PET; Wien-
hard et al., 1994) and bolus injections of 500 MBq
[**O]-butanol (Berridge et al., 1990; Ingvar et al., 1994;
Wienhard et al., 1994).

Four different conditions were used in the study. In
the painful conditions (pa and pb) the left hand of the
subject was immersed in circulating water of 0 + <
0.5°C during 130 s. In one of the two pain conditions
the subjects were scanned during the first minute of
noxious cold stimulation (pa), and in the other during
the second minute of the same stimulation (pb). The
control conditions (ca and cb) were similar to the pain-
ful conditions but the water was nonpainfully cold 20 *
0.5°C. Thus, the subjects were scanned during the first
minute (ca) as well as during the second minute (cb) of
the 2-min control stimulation. Each of the four condi-
tions (ca, cb, pa, and pb) was repeated three times in
randomized order in three blocks (every block included
one of the four conditions). The immersion of the hand
was simultaneous with the time of the tracer injection
in the pa and ca conditions, i.e., approximately 10 s
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before start of the bolus arrival in the brain. During the
cb and pb condition the stimulation onset time was 70
s before the scanning started. Individual plaster head
support was constructed to minimize head movements
during the PET imaging. The subjects were told to lay
still and not move their hand during the stimulation.
The subjects’ hand was observed intermittently during
the scan and no movements were detected. After each
scan pain ratings of the average pain perception for the
stimulation period were obtained (visual analogue
scale (VAS) ranging from 0 (no pain) to 100 (maximally
imaginable pain intensity)).

The measurements of the S1-ROI activity were gen-
erated from PET images that were realigned, spatially
normalized, isotropic Gaussian filtered (10 mm
FWHM), proportionally scaled to account for global
confounders and transferred into the Karolinska com-
puterized brain atlas (Greitz et al., 1991). The filtering
was set to only 10-mm FWHM in this step of the
analysis in order to reduce potential influencers from
the neighboring motor cortex, posterior parietal cortex
and other somatotopic areas in the S1. In this study no
increased activity was observed in the S1 during the
painful stimulation (Petrovic et al., 2000b). However,
in a previous study, painful stimulation of the left hand
showed a clear activation of the contralateral S1 during
pain as compared to the control condition (Petrovic et al.,
2000a). The coordinates of this activation were used to
position a spherical region of interest (ROI; 5-mm radius)
in the postcentral gyrus as defined in the CBA. The
position of the ROI was then transferred to the adjusted
images from this study and the activity in the ROl was
then extracted for all scans in each of the four conditions
for all subjects. The extracted ROI activity was subse-
guently used for the regression analysis (see below).

The PET images used for the statistical analysis were
realigned, spatially normalized, isotropic Gaussian fil-
tered (16-mm FWHM), proportionally scaled to account
for global confounders and transformed into the ster-
eotatic MNI-space as defined by the SPM99b template
(http:/ Avww fil.ion.ucl.ac.uk/spm). The extracted activ-
ity for each condition in the ROI was corrected for condi-
tion specific mean and used as a covariate of interest in
the SPM99b (http:/Avww. fil.ion.ucl.ac.uk/spm; Friston
et al., 1995). The four different conditions were included
as confounding covariates in the linear model (Friston et
al., 1995). We then studied differences between the ob-
served regressions (i.e., covariations) in the different con-
ditions employing the general linear model in the
SPM99b (Friston, 1994, 1995, 1997).

Given our regionally specific hypothesis, the search
for regions that were significantly regressed on the
S1-ROI activity was only performed in a predefined
functional pain network and effects outside this net-
work are not reported (Ingvar, 1999). Regions included
in the functional pain network were the primary so-
matosensory cortex (S1), the somatosensory associa-
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tion areas (including S2), the posterior insula, mid/
anterior insula, the anterior cingulate cortex (ACC),
the orbitofrontal cortex (obfc), the temporopolar cortex,
the thalamus, the amygdala and the brainstem, all
bilaterally. Since our analyses were restricted to a
priori defined regions of interest we used an uncor-
rected threshold of 0.001 (Z = 3.09), which can be
considered as an approximation to a corrected level of
0.05 for the limited volumes searched. Small volume
correction was not used in this study since the exact
position of the response areas are only generally de-
fined and not defined as precisely located volumes. The
S1-ROI was excluded from the search by excluding the
most significant voxel in the S1-ROI and any regres-
sions 20 mm around this point.

RESULTS

All subjects reported pain during all the noxious
stimulations (pa and pb; average pain intensity rat-
ing = 53.2; SD = 18.7; 0 = no pain and 100 = highest
imaginable pain intensity rated after each 2 min stim-
ulation) and none of the subjects reported pain during
the cold stimulations (ca and cb). Consistent with pre-
vious studies (for a review see Ingvar, 1999) the main
effect of pain ((pa + pb) — (ca + cb)) induced a signif-
icant activation bilaterally in the thalamus, the ACC,
and contralaterally in the mid/anterior insula. As in
several other pain imaging studies (Bushnell et al.,
1999) no differential activity increase was observed in
the somatosensory cortex in the subtraction analysis
neither for the main effect of pain ((pa + pb) — (ca +
cb)) nor for the different pain conditions (pa — ca) or
(pb — cb) (Petrovic et al., 2000b). No statistical trend of
increased Sl-activity was observed even at an uncor-
rected threshold at P = 0.05. Instead, significantly
decreased activity was observed in the ipsilateral S1 as
has been observed previously (Peyron et al., 1999). The
contrast analyses are not further elaborated in this
article (manuscript in preparation).

During the nonpainful cold conditions activity in
widespread regions of the ipsilateral and contralateral
primary somatosensory cortex regressed significantly
on the activity of the S1-ROI (Table 1, Figs. 1A and 1B).
The effect was particularly pronounced in the S1 re-
gion contralateral to the S1-ROl, i.e., the somatotopic
S1 region for the nonstimulated hand. In addition, we
observed negative regressions in the contralateral
thalamus and the brainstem. Although these findings
were more widespread and the Z values were higher
during cb a formal test did not disclose any significant
differences between the regressions in ca and cb.

This pattern of covariation was not observed during
the first minute of pain stimulation (pa) and only the
activity of the right orbitofrontal cortex regressed sig-
nificantly on the S1-ROI activity (Table 1, Fig. 1C).
Similarly to the pa-condition, no regressions were ob-
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TABLE 1

Regions Showing a Significant Regression on the S1-ROI and Contrast Analysis between the Regressions

Regions which are significantly [XY Z] [XY Z]
regressed on the Contralateral to Ipsilateral to
S1-ROI activity the stimulation Z value the stimulation Z value
1st minute of cold (ca)
Positive regressions
S1 [16 —32 62] 3.79 [-50 —24 46] 3.67
Negative regressions
Thalamus [8 —4 6] 3.62
Brainstem [12 —32 —14] 3.63
2nd minute of cold (cb)
Positive regressions
S1 [2 —20 48] 6.35 [-44 —18 60] 5.12
[-2 —22 74] 4.39
Negative regressions
Thalamus [10 —10 6] 4.65
Brainstem activated region
1st minute of pain (pa)
Positive regressions
Obfc [12 16 —22] 3.26
2nd minute of pain (pb)
Positive regressions
S2/posterior insula [48 —34 20] 3.99 [-48 —36 24] 3.15
ACC [6 6 36] 3.75
Mid-anterior insula [40 0 —6] 4.75 [-38 2 —4] 3.96
Obfc/Mid-/anterior insula [20 20 —18] 3.65 [-22 14 —-14] 4.04
Contrasts between the [XY Z] [XY Z]
regression coefficients in the Contralateral to Ipsilateral to
different conditions the stimulation Z value the stimulation Z value
pb — pa
Mid-anterior insula [36 —8 —10] 3.91
pa — ca
Brainstem [-4 —18 —14] 3.43
ca — pa
S1 [56 —10 30] 3.54 [-50 —18 46] 3.59
[-52 —32 54] 341
pb — cb
Midanterior insula [42 —12 4] 4.5 —-360 -4 3.57
[38 —4 —6] 4.3
Obfc/Mid-/anterior insula [22 20 —16] 3.89 [-22 14 —-14] 4.05
Brainstem [10 —20 —-6] 3.98
cb — pb
S1 [0 —22 56] 3.59 [-50 —16 60] 3.96

Note. SMC, primary sensory motor cortex; Obfc, orbitofrontal cortex.

served between the S1-ROI and other regions of the
somatosensory cortex during the second minute of pain
(pb; Fig. 1D). However, the activity in other regions of
the pain matrix, i.e., the S2/posterior insula, the mid/
anterior insula, the ACC and the orbitofrontal cortex
bilaterally now regressed significantly on the S1-ROI
activity (Table 1; Figs. 2A-2D). The contrast analysis
between these two regressions disclosed that only the
activity in the contralateral mid-anterior insula was
significantly more positively regressed on the S1-ROI
activity during pb as compared to pa. No other differ-
ences were disclosed between the regressions in pa and
pb. It should also be noted that similar but subsignifi-

cant regressions with regions in the pain matrix were
observed during pa as during pb. Also, no significant
effects were observed in the interaction contrasts of the
different regressions of [(pb — cb) — (pa — ca)] or [(pa —
ca) — (pb — cb)].

A formal test of the difference between the regres-
sion coefficients of the first minute of cold and the first
minute of pain (ca — pa) disclosed that the activity in
several S1 regions covaried significantly more posi-
tively on the activity of the S1-ROI during ca compared
to pa (Table 1). Conversely, the activity of a region in
the brainstem covaried significantly more positively
with the S1-ROI activity in the comparison pa — ca.
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FIG. 2. Voxels in the contralateral S2/posterior insula (A), right and left mid-/anterior insula (B), right and left orbitofrontal cortex
bilaterally (C), and the ACC (D), which significantly covaried with the S1-ROI during pb. R indicates the right side of the coronal and
horizontal view of the template. The blue cross represents each of the described regions. The sagittal view is from the right hemisphere of

the template in (A), (B) and (D), and from the left hemisphere in (C).

When we tested for difference in the regression co-
efficients during the second minute, the activity of
several regions in the primary somatosensory cortex
showed a significantly stronger covariation with the
S1-ROI activity in the cold condition compared to the
pain condition (cb — pb; Table 1). This is similar to the
results related to the first minute of pain stimulation.
During the second minute of the painful stimulation
the activity in the contralateral brainstem, and the
mid/anterior insula and the orbitofrontal cortex bilat-
erally covaried significantly stronger with the S1-ROI
activity compared to the second minute of the cold
stimulation (pb — cb; Table 1).

DISCUSSION

Although several imaging studies have failed to find
any increased activity in the somatosensory regions

during pain, it is recognized by most authors that S1
has a role in pain processing. The important question is
whether there are specific noxious stimuli or contexts
in which this region is not involved in pain processing,
and whether a lack of activity in imaging studies rep-
resents such situations. In this regression analysis of a
data set where no increased activity was observed, this
guestion was specifically tested. We observed signifi-
cantly different patterns of covariation with the soma-
totopic S1 region contralateral to the stimulated hand
during the pain conditions compared with the nonpain-
ful control conditions. Although this study cannot dis-
tinguish the cause of the lack of activation in S1 (dis-
cussed in the introduction) the changed pattern of
covariation, suggest a different involvement of S1 dur-
ing pain as compared with cold processing. Thus, this
observation supports our hypothesis that the S1 cortex
participated in the processing of pain even though pain
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stimulation as such did not evoke an increase of the S1
activity compared to the control condition.

The variability in an imaging study can be attributed
to different sources, e.g., within condition variability
and between condition variability. The contrast analy-
sis represents the between condition variance and
showed no changes in the S1. Thus, the observed re-
sults relay on intra-condition specific rCBF variability.
This variability may be attributed to small variations
in arousal, cognitive interaction and stimulation input
during the noxious stimulation (Petrovic et al., 2000g;
Bushnell et al., 1999; Peyron et al., 2000).

The results of this study indicate that there was a
significant covariation between the activity of the pri-
mary somatosensory regions of the hands during the
nonpainful control conditions. This finding is in line
with a recent fMRI study showing that the activity of
bilateral homologous regions covaries during rest
(Lowe et al., 1998). However, we also observed signifi-
cant covariations between the S1-ROI and other parts
of the postcentral cortex. In fact, all the representation
in the S1 from the hand to the foot areas seemed to be
functionally connected with the S1-ROI during the sec-
ond minute of the control condition. This finding may
be in accord with another study of cold stimuli that
showed increased activation in vast areas of the post-
central cortex (Craig et al., 2000). It is known that
there is only a minimum of callosal connections be-
tween the bilateral hand regions of the S1 (Nieuwen-
huys et al., 1988). Thus, it is possible that other neural
pathways than the corpus callosum, for example, tha-
lamically relayed pathways, are important for the ob-
served covarying activity in the postcentral gyri. The
activity may also represent similar somatosensory in-
puts from large parts of the body surface which are
dependent of factors influencing the whole body, such
as temperature and autonomic states (Cechetto and
Saper, 1990).

During pain the S1-ROI covaried with a different set
of regions that are a part of the pain matrix (including
the ACC, the S2/insula, the orbitofrontal cortex). Al-
though many more areas were regressed with the S1-
ROI during pb than pa, similar but subsignificant re-
gressions were observed in pa and the only significant
difference between the regressions during the two pain
conditions was observed in the right midanterior in-
sula. The increase in pain intensity/unpleasantness
usually takes about 40 s before the pain rating stabilise
(Rainville et al., 1992), which suggest that the percep-
tion of pain was possibly more expressed in the pb
condition, corroborating a more intense processing be-
tween the regions included in the pain network.

Perceptual processing and cognitive functions of the
brain seem to be divided by widespread networks of
interacting regions, which work cooperatively both se-
rially and in parallel (Mesulam, 1998). In fact, it seems
possible that a given region may be part of different
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functional networks implementing different types of
perceptions or cognitive processing. For example, nox-
ious stimulation is processed by a network consisting of
several distinct but widespread regions including the
thalamus, ACC, insula, S2 and S1 (Vogt et al., 1993;
Willis, 1995). These regions may be involved in differ-
ent aspects of the pain perception. ACC and insula
seem to process the emotional-motivational aspects,
while the S1 and S2 seem to process the sensory-
discriminative aspects of pain. Thus, these regions may
all work in a coordinated fashion to represent the mul-
tidimensional perception of pain in ways analogous to
the functional networks for processing visual informa-
tion, auditory perceptual processing as well as differ-
ent cognitive functions. However, some of these re-
gions, including S1, are also involved in the processing
of nonpainful somatosensory information, suggesting a
participation in different networks during different
conditions. The presented data are in line with this
suggestion since the somatotopic S1 region for the
stimulated hand changes its covariational pattern
when the perceptions change between the different
conditions. For example, the attenuation of the co-
variation between the S1-ROI and other regions in the
post-central gyrus during painful stimulation may in-
dicate that it has a decreased role in the network
subserving the somatosensory processing during the
nonpainful control condition. Moreover, the significant
covariation with other regions involved in pain process-
ing observed during the second minute of painful stim-
ulation, indicates that the S1 indeed may change its
pattern of functional relations. Importantly, this func-
tional relation was significantly stronger for the insula
and the orbitofrontal cortex during the second minute
of pain processing compared to the second minute of
the control condition. Thus, the somatotopic S1 area for
the stimulated hand will work more in concert with
regions important for the processing of pain during the
noxious stimulation as compared to the nonpainful cold
stimulation.

It is also interesting that the observed regions, which
covaried with the S1-ROI are similar to those that have
been found to correlated with pain ratings (for example
see Coghill et al., 1999). Thus, both methods support
the hypothesis that a pain network work in a parallel
and distributed fashion during pain processing.

However, it should be noted that in an regression
analysis, the observation of a significant functional
relation does not necessarily imply a causal relation
but may alternatively be the result of a common source
of influence, e.g., the same noxious input. In this case,
it would anyway indicate that activity in S1 is related
to pain processing although there is no change in dif-
ferential activity between conditions. For example, the
strong covariation between the S1-ROI and the insula
may indicate a similar source of noxious input to those
structures. Both BA3a and the insula seem to have
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input from the VMpo thalamic nucleus, and this net-
work has previously been hypothesised to represent
the physiological status of the body tissues based by
noxious and temperature input to the brain (Craig et
al., 1999, 2000).

In conclusion, the study shows that a regression
approach may disclose involvement of a region in pain
processing, which is not evident in a standard subtrac-
tion analysis approach. More specifically, this study
suggests that the primary somatosensory cortex may
be involved in pain processing although no net-in-
crease was observed in the subtraction analysis. Thus,
any suggestion that S1 is not involved in pain process-
ing during specific conditions or stimulations where
there is a lack of S1 activity stand to be reinterpreted.
Also, this study supports the hypothesis that S1 may
be a part of different networks during noxious cold as
compare with nonpainful cold stimulation.
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