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Functional MR Imaging Analysis of Pain-related Brain
Activation after Acute Mechanical Stimulation

Christelle Créac’h, Patrick Henry, Jean Marie Caillé, and Michéle Allard

BACKGROUND AND PURPOSE: Most studies concerning imaging of pain processing have
used thermal, chemical, or electrical nociceptive stimulation. The aim of the present study was
to determine the cortical representation of mechanical pain. For this, using functional MR
(fMR) imaging at 1.5 T, we compared activation patterns during painful and nonpainful tonic
mechanical stimulation in healthy volunteers.

METHODS: Eleven right-handed subjects ranging in age from 21 to 46 years underwent
gradient-echo echo-planar fMR imaging while quantified tonic pressure was applied to the first
metacarpophalangeal joint. Imaging parameters were 3000/60 (TR/TE) with a 5-mm section
thickness in a 7.30-minute sequence with 2 3 90 seconds of painful stimulation interleaved
with 3 3 90 seconds of nonpainful stimulation. Functional images were processed using dedi-
cated IDL software.

RESULTS: Mechanical tonic nociceptive pressure was associated with activation of the pri-
mary somatosensory cortex contralateral to the hand stimulated and variable, often bilateral
activation of the secondary somatosensory, temporal, anterior and posterior cingulate, insular,
and prefrontal cortexes. Thalamic activation was inconsistent and always contralateral to
stimulation.

CONCLUSION: The interindividual variability found in this fMR imaging study calls for
repetitive single-subject analysis or more extensive studies of large groups of patients. Either
may be based on fMR imaging analysis of brain activation after tonic mechanically induced
pain, which leads to deep pain sensation similar to patients’ painful sensations most commonly
encountered in clinical practice.

Whereas early clinical observations appeared to in-
dicate that the cerebral cortex played no more than
a minor role in pain perception (1), imaging studies
revealed the involvement of several cortical areas
in processing normal pain sensation in humans (2).
The most commonly activated regions include the
primary (S1) and secondary somatosensory (S2)
cortexes, as well as the prefrontal, anterior cingu-
late, temporal, and insular cortexes (2–14). Al-
though a common corpus of brain areas is involved
in the elaboration of normal pain sensation, some
discrepancies concerning them exist in published
experiments. Although technical factors cannot be
excluded, differences in noxious stimulation (type,
duration, frequency, and localization) probably
contribute to this conflicting data. Until now, func-
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tional imaging of pain processing has predomi-
nantly made use of phasic or tonic noxious heat,
tonic cold, and noxious chemical or electrical stim-
ulation of the skin (12). Little evidence has been
published concerning cerebral activation in re-
sponse to painful tonic mechanical stimulation used
to induce deep pain, which is frequently encoun-
tered in clinical practice. Furthermore, it has been
suggested that tonic pain may be psychologically
more similar to chronic pain than phasic pain (15).
Thus, using fMR imaging, we attempted to deter-
mine the neural correlates of acute normal pain sen-
sation by comparing activation patterns during no-
ciceptive mechanical stimulation to those of
nonnociceptive mechanical stimulation in healthy
human volunteers.

Methods

Human Subjects

Eleven right-handed healthy volunteers participated in this
study (four female, seven male; age range, 21–46 years). All
volunteers gave their informed consent before the experiment.
The basic design of the study was described to all subjects,
including the option to withdraw at any time. The subjects had
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FIG 1. Time course of region of interest intensity in the second-
ary somesthesic cortex. The 1 sign represents each dynamic
scan. Activation periods are represented on the abscissa (im-
ages 15–25 and 35–45). The five first images acquired were dis-
carded from postprocessing analysis. Imaging parameters in-
cluded 3000/60 (TR/TE) and a 5-mm section thickness in a
7-minute 30-second sequence with 2 3 90 seconds of painful
stimulation interleaved with 3 3 90 seconds of innocuous stim-
ulation. Functional images were processed using dedicated IDL
software.

no medical, neurologic, or psychiatric illness and were pain-
free. None of the subjects were taking analgesics or CNS-act-
ing drugs.

Stimulation Procedures

Using a tensiometer, the mechanical stimulation consisted of
quantified tonic pressure applied to the dorsal aspect of the left
first metacarpophalangeal joint through a round surface with a
3-cm diameter. The detection threshold was defined as the low-
est stimulus intensity required for the subject to report a sen-
sation of pressure. The pain threshold was defined as the low-
est stimulus intensity required for the subjects to report a
sensation of pain. Prior to scanning, during preliminary testing,
two stimulus intensity levels were identified: a level just above
the detection threshold (from 4 to 6 mm Hg), which was ap-
plied during the rest period, and a level just above the pain
threshold (from 15 to 18 mm Hg), which was applied during
the activation period. Subjects then underwent a preliminary
test to ensure that the mechanical stimulation could be toler-
ated. The experimental paradigm consisted of five interleaved
nonpainful, rest and painful, activation phases; ie, three rest
phases and two activation phases leading to a total scanning
time of 7 minutes 30 seconds. Each phase included 10 images
per slice. Immediately after completion of each functional
scan, subjects rated their experience of pain intensity for each
phase on a scale that measured 10 cm (visual analog scale
[VAS]). One end of the analog scale read ‘‘no pain’’ and the
other read ‘‘most severe ever experienced.’’

Functional MR Imaging Procedures and Data Analysis

All experiments were performed using a 1.5-T whole-body
system with a circularly polarized head coil (Siemens, Erlang-
en, Germany). Sagittal T1-weighted images were acquired for
anatomic identification. Ten noncontiguous transverse slices
(thickness 5 mm, gap 1 mm) parallel to the anterior commis-
sure–posterior commissure line were acquired to aid in ana-
tomic identification of activated areas (T1-weighted; 350/15
[TR/TE]). For the functional studies, we used echo-planar se-
quences with a trapezoid readout, alternating gradient shape
according to the following parameters: band width5780 Hz/
pixel, 3000/60 (TR/TE), a5908; field of view528 3 21 cm,
matrix 64 3 64 interpolated up to 128 3 128. The same 10
transverse slice positions used for the T1-weighted images
were used for the functional slices. During each activation or
rest period, 10 images were acquired per slice for all 10 slices.
Because of technical limitations, the maximum number of slic-
es acquired was 10. Because we chose to explore the whole
parietal cortex, we were not able to visualize the entire tem-
poral or frontal cortexes or the cerebellum during the present
experiments.

Data Analysis

Functional images were processed using dedicated interac-
tive digital language software. All of the T2*-weighted se-
quences were modified using a software for the correction of
movement (adapted from NIH software by J. Pinon and C.
Moonen). In order to select data without motion artifacts, they
were subsequently screened in cinema mode for abnormal dis-
placement, and the time course for signal intensity was in-
spected for any abrupt change. Subjects whose data contained
such artifacts were excluded from the study.

Sites of task-related activation were determined by correlat-
ing image pixel intensity time courses from the dynamic MR
data with the stimulus protocol using a box-car reference func-
tion that was shifted by one data point (8 s) to account for
hemodynamic latencies and rise times. For each slice, the 30
averaged resting and the 20 averaged activated images were
compared using Student’s t test on a pixel-by-pixel basis
(P,.001). Cross-correlation coefficient threshold was set at

0.450, and a minimal value of 6 mm2 per region of interest
was selected for cluster analysis.

Time courses were analyzed to ensure that activation fol-
lowed and did not precede the stimulus, and to calculate the
mean signal change between conditions. Because it has been
shown that a relative signal modification higher than 5% orig-
inates from the microvasculature (16), we retained for further
analysis signals with an activation ratio less than 5%. An in-
tensity change map was generated, which represented the dif-
ference between native images during noxious and innocuous
stimulation.

Anatomic Localization

Functional images were superimposed over high-resolution
conventional T1-weighted images. Regions activated were
checked to ensure that they did not overlap areas of suscepti-
bility artifact (ie, near sinuses or ventricles). We used anatomic
landmarks to determine the location of the central sulcus. Each
region of interst was assigned by two radiologists indepen-
dently (C.C. and M.A.) by using Brodmann’s classification.
The regions of interest were grouped into nine functional brain
structures.

Results
All subjects rated the noxious stimuli as obvi-

ously painful but tolerable, whereas rest periods
were rated as innocuous (VAS: 0). The perceived
pain level was comparable for the first and second
painful period as indicated by the VAS values, 5.1
6 0.6 and 5.5 6 0.7, respectively. Because we used
a block-stimulation design (90 s), habituation ef-
fects due to prolonged stimuli were possible. There,
however, was no attenuation of the signal over time
either during a given stimulation period or between
successive sessions. Figure 1 illustrates a typical
subject in whom the average signal intensity was
almost identical during the first and second acti-
vation periods: 942 6 3.5 and 937 6 1.5, respec-
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FIG 2. Cortical activation during noxious mechanical stimulation
of the left hand in one subject. Imaging parameters included
3000/60 (TR/TE) and a 5-mm section thickness in a 7-minute
30-second sequence with 2 3 90 seconds of painful stimulation
interleaved with 3 3 90 seconds of innocuous stimulation. Func-
tional images were processed using dedicated IDL software. Ac-
tivation maps are shown on six representative slices. R: right
side; L: left side. Contralateral primary somatosensory (*), bilat-
eral superior parietal (1) and insular (open square) cortices. Col-
ored scale represents the correlation coefficient between time-
series data and the box-car reference waveform that
corresponded to the task sequence threshold.

Number of subjects with significant activation in specific structures

Activated
Structures Brodmann Area LH RH

LH 1
RH

Prefrontal cortex BA 8, 9, 46 1 0 5
Primary sensory

cortex (S1) BA 1, 2, 3 0 5 1
Secondary sensory

cortex (S2) BA 5, 7 3 2 6
Inferior parietal

cortex BA 39, 40 1 3 3
Superior temporal

cortex BA 22 1 3 4
Anterior cingulate

cortex BA 24 — — 7
Posterior cingulate

cortex BA 21, 23 — — 7
Insular cortex
Thalamus

2
0

1
3

4
0

Note.—Regions are identified by Brodmann (BA) number designa-
tion. LH: Left Hemisphere activated only; RH: Right Hemisphere ac-
tivated only; LH 1 RH: activation of both left and right hemispheres.
Regions needed to meet a minimum of 6 mm2 to be considered acti-
vated, with each voxel meeting a threshold of P , .001. Imaging
parameters included 3000/60 (TR/TE) and a 5-mm section thickness
in a 7.30-minute sequence with 2 3 90 seconds of painful stimulation
interleaved with 3 3 90 seconds of nonpainful stimulation.

tively (mean value 6 SEM). These results were
consistent with the closeness in pain intensity per-
ceived by the subjects during the combined stim-
ulation periods. This suggests that sensitization/ha-
bituation and interstimulus interactions were
limited to a minimum. Consequently, subtractive
analysis should be pertinent for this model of cor-
tical activation by tonic mechanically induced cu-
taneous pain.

Figure 2 represents a typical activation map. In
all subjects, unilateral left tonic mechanical stim-
ulation induced bilateral cortical activation (Fig 2,
Table). Secondary somatosensory cortex (S2) was
activated in all 11 subjects, bilaterally in six, and
unilaterally in five (three ipsilaterally and two con-
tralaterally). The temporal, cingular, insular, pri-
mary somatosensory, and inferoparietal cortices
were variably activated during nociceptive stimu-
lation and not one of these was activated in more
than eight of the 11 subjects. A clear contralateral

lateralization was observed only in the primary so-
matosensory cortex (BA 1, 2, 3) in six subjects and
in the thalamus in three. Given the medial locali-
zation of the cingulate cortex and the spatial reso-
lution in this area, any activation in the cingulate
cortex was arbitrarily considered to be bilateral
(Table).

Discussion
Our data give new insight into the neural cor-

relates that process the conscious perception of nor-
mal tonic mechanically induced cutaneous pain.
Here we show that such pain induced contralateral
activation in S1 and, less frequently, in the thala-
mus, whereas polymodal association areas such as
S2 and the prefrontal, cingulate, insular, temporal,
and inferior parietal cortexes were bilaterally
activated.

External pressure applied to the dorsum of the
digit, such as that used in this study, recruits both
nociceptive afferent neurons and nonnociceptive
neurons (17). Subtracting the effects of innocuous
mechanical from noxious mechanical stimuli elim-
inates the tactile sensory-discriminative compo-
nents involving texture and position of the acute
noxious stimulus but not its intensity component.
The preferentially contralateral S1 response, for
which we found evidence, has also been shown by
using tonic heat pain with substantial differences
between the intensities of the noxious and innoc-
uous stimuli in some of the available studies about
tonic pain (8–10). Furthermore, Derbyshire et al
(12) suggested that cold-pressor pain results in
greater primary somatosensory cortex activation
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than does heat pain alone because of the associated
deep pain sensation. A deep pain sensory compo-
nent of the mechanical stimulation used in the pre-
sent experiment might explain the frequent contra-
lateral S1 activation. Despite an abundance of
clinical data concerning the respective roles of S1
and S2 in pain processing, there is still no consen-
sus on this issue (2, 3). The constant activation of
S2 observed in the present experiments may be ex-
plained by the involvement of S2 in somatosensory
discriminative aspects of pain, which has been
demonstrated in electrophysiological studies (18).
This is consistent with findings obtained using ton-
ic heat pain (8–10). The bilateral activation of S2
seen in six of our 11 subjects probably involved
reciprocal connections between the S2, the nuclei
of both thalami, and other cortical areas, which we
also found to be activated in the present study.

The connections with attentional networks and
arousal/vigilance systems of the inferoparietal cor-
tex may underlie its activation (19) and orient sub-
jects toward the sensory inputs. It is interesting to
note that lesions of this area, especially on the right
side, can result in sensory neglect (20). In line with
this, we observed a preferential right-versus-left ac-
tivation of the inferoparietal cortex. This activation
might reflect hypervigilance to sensory information
under our experimental conditions. The contribu-
tion of anticipatory arousal, which is implicitly in-
volved in the cerebral response to pain, was prob-
ably enhanced because the chosen duration of each
experimental session (7 min 30 s) was too short to
permit randomization of the two noxious stimula-
tion phases.

In view of the well-known spinothalamic projec-
tions and the presence of various nociresponsive
neurons in several thalamic nuclei, it is somewhat
surprising that this area was not more intensely or
consistently activated by the noxious stimulus used
in this study. Indeed, contralateral thalamic acti-
vation was found in only three of the present eleven
subjects, and none had ipsilateral thalamic activa-
tion. Evidence has been reported suggesting that
experimental tonic stimulation could result in less
thalamic response compared with phasic stimula-
tion (8, 12). Nevertheless, thalamic activation has
been shown in other studies on experimentally in-
duced tonic pain, either contralateral or bilateral to
the cutaneous stimulation (7). In fact, this aspect of
our results might be attributable to a limited he-
modynamic response in the thalamus. In addition,
assuming thalamic nuclei to have different func-
tional specializations, a particular signal from a
given nociceptor nucleus may fail to rise signifi-
cantly above background noise in fMR studies.
Nevertheless, we found that target cortical areas of
projections from these thalamic nuclei, including
the insular and prefrontal and anterior cingulate
cortices, were activated in several subjects.

The insular cortex has been shown to be bilat-
erally activated in different functional imaging
studies in which the stimulation was tonic heat (8–

10) or cold pain (7, 8). Perception of pain has been
found to be associated with activation of the ante-
rior insular cortex preferentially with respect to the
rest of the insular cortex (4, 8, 14). Herein we
showed an inconstant, predominantly bilateral ac-
tivation of the insular cortex, with a preferential
involvement of the anterior and intermediate parts.
Interestingly, central pain and pain asymbolia have
been observed clinically after insular lesions (21).
Moreover, the anterior insular cortex has connec-
tions with part of the prefrontal cortex (22) and part
of the anterior cingulate cortex (23), which were
also activated in our paradigm.

The prefrontal cortex is known to be involved in
attention, but also in affective components of pain.
For example, the affective perception of pain is
considerably reduced by prefrontal leucotomy, de-
spite the preservation of sensory aspects of pain
(24). Our results showed a frequent activation of
the lateral part of the prefrontal cortex, which was
also found by Casey et al (7) with tonic cold pain,
but not during phasic heat pain. This apparent dis-
crepancy could be related to a difference in per-
ceived unpleasantness.

A number of our subjects displayed activation of
the anterior cingulate cortex, BA 24 and 23, a find-
ing that is consistent with previous fMR imaging
and positron emission tomography studies using
tonic noxious stimulation (7–10, 12, 25, 26). Cin-
gulotomy can suppress the affective components of
pain in patients with intractable pain, without
changing its sensory-discriminative aspects (27).
Taken together, these observations and the anatom-
ic links known to exist between the cingulate cortex
and such areas as the limbic system and the pre-
frontal cortex support a potential role for the an-
terior cingulate cortex in emotional aspects of pain
perception (28).

The present observations address the issue of the
central representation of mechanically elicited tonic
pain. Although the experimental conditions and
pain perception of our eleven subjects were very
comparable, none of the brain structures except S2
were activated in more than eight. At least three
hypotheses might explain this variability: 1) A lack
of sensitivity of the fMR technique might be the
reason, but variable activation has also been re-
ported using other imaging techniques (29). 2) An-
other factor could be changes in usual pain-related
behavior attributable to MR procedures; for ex-
ample, inhibition of fear reaction movements or
MR-induced anxiety. 3) An interindividual vari-
ability in pain processing would be a straightfor-
ward explanation. Although we cannot exclude the
first hypothesis, we believe that the variability ob-
served herein reflects differences among individu-
als in psychophysical, affective-emotional, and
cognitive components of pain. This effect suggests
that an evaluation of psychophysical interindividual
differences might be useful to help delineate spe-
cific neural components underlying the multiple
facets of pain.
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Conclusion
In summary, by using fMR imaging, we showed

that a distributed cortical pathway is involved in
pain perception after tonic mechanical stimulation.
This pathway included primary somatosensory cor-
tex contralateral to the hand stimulated and bilat-
eral secondary somatosensory cortex as well as the
temporal, anterior and posterior cingulate, insular,
and prefrontal cortexes.

Although intersubject variability exists in the
neuronal networks that subserve tonic mechanical
pain processing, we found a corpus of brain areas
frequently activated, including the prefrontal cor-
tices. More extensive studies involving large
groups of patients or repetitive single-subject anal-
yses are warranted. Longitudinal follow-up of pa-
tients with chronic pain, for example, might dem-
onstrate plastic changes in the neuronal network
involved in pain perception. If the tonic mechani-
cally induced pain used in the present study is a
valid model of the deep pain experienced in such
disorders as rheumatoid arthritis, it might contrib-
ute to the understanding of their pathophysiologic
processes.
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