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Does Anticipation of Pain Affect Cortical Nociceptive Systems?
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Anticipation of pain is a complex state that may influence the
perception of subsequent noxious stimuli. We used functional
magnetic resonance imaging (fMRI) to study changes of activity
of cortical nociceptive networks in healthy volunteers while they
expected the somatosensory stimulation of one foot, which
might be painful (subcutaneous injection of ascorbic acid) or
not. Subjects had no previous experience of the noxious
stimulus.
Mean fMRI signal intensity increased over baseline values
during anticipation and during actual stimulation in the putative
foot representation area of the contralateral primary somatosensory cortex (SI). Mean fMRI signals decreased during anticipation in other portions of the contralateral and ipsilateral SI, as
well as in the anteroventral cingulate cortex.
The activity of cortical clusters whose signal time courses
showed positive or negative correlations with the individual
psychophysical pain intensity curve was also significantly af-

fected during the waiting period. Positively correlated clusters
were found in the contralateral SI and bilaterally in the anterior
cingulate, anterior insula, and medial prefrontal cortex. Negatively correlated clusters were found in the anteroventral cingulate bilaterally. In all of these areas, changes during anticipation
were of the same sign as those observed during pain but less
intense (⬃30–40% as large as peak changes during actual
noxious stimulation).
These results provide evidence for top-down mechanisms,
triggered by anticipation, modulating cortical systems involved
in sensory and affective components of pain even in the absence of actual noxious input and suggest that the activity of
cortical nociceptive networks may be directly influenced by
cognitive factors.
Key words: anticipation of pain; pain perception; primary
somatosensory cortex; cingulate cortex; insular cortex; medial
prefrontal cortex; functional magnetic resonance imaging

Functional imaging studies in experimental animals and in humans have disclosed a distributed cortical network related to pain
(Porro and Cavazzuti, 1996; Casey, 1999; Ingvar and Hsieh, 1999;
Treede et al., 1999, 2000). There is evidence for a physiological
role of frontal, insular, cingulate, and parietal regions in perceptual aspects, such as intensity coding (Derbyshire et al., 1997;
Porro et al., 1998; Coghill et al., 1999). The crucial role of the
cerebral cortex in pain mechanisms is highlighted by positron
emission tomography (PET) investigations (Rainville et al., 1997;
Bushnell et al., 1999; Petrovic et al., 2000; Hofbauer et al., 2001),
showing that pain-related activity of the anterior cingulate and of
the primary somatosensory cortex (SI) may be changed by hypnotic suggestions or attentional modulation influencing affective
or sensory components of pain, respectively. Understanding
mechanisms underlying cognitive modulation of the pain system
is a crucial challenge, on both theoretical and clinical grounds
(Price, 1999).
Anticipation of pain is a complex state that may influence the
immediate unpleasantness of pain (Staub et al., 1971; Price, 1999)

and of non-noxious stimulation (Sawamoto et al., 2000). It is
likely to involve several factors, such as cognitive appraisal,
arousal, conditioning, and orienting or diverging attention from
the source and site of noxious input; the importance of these
factors may vary according to the instructions given to the subject
and to past experience (Hsieh et al., 1999). Hemodynamic
changes in parietal, cingulate, and insular areas, but not in the
somatotopically appropriate portion of SI, have been detected by
PET during anticipation of painful stimuli (Drevets et al., 1995;
Chua et al., 1999; Hsieh et al., 1999). Two recent functional
magnetic resonance imaging (fMRI) studies have investigated
anticipation-related changes in cortical activity: one study suggested a separate system in the cingulate and insular cortex
underlying the anticipatory state, distinct from the one involved
during pain (Ploghaus et al., 1999), whereas the other demonstrated modulation of the activity of clusters responding to innocuous thermal input in the anterior cingulate cortex and parietal
operculum/posterior insula (Sawamoto et al., 2000). Because pain
perception may be influenced by anticipation, the activity of
cortical nociceptive systems could be affected as well. This, however, has not been demonstrated so far.
We described previously, using fMRI, cortical clusters encoding pain intensity over time on the mesial hemispheric wall
contralateral to noxious stimulation of one foot (Porro et al.,
1998). In that study, we incidentally noted changes of activity
after the warning signal but preceding stimulation onset. To
further address this issue, we compare here the activity of cortical
structures of the two hemispheres during anticipation of a poten-
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tially noxious stimulation and during actual somatic input. We
aimed at investigating whether functional activity levels of regions involved in sensory and affective components of pain would
be simultaneously affected during anticipation and whether the
effect could be accounted for by arousal or by top-down (e.g.,
attentional) mechanisms. A specific goal was to discover possible
spatial overlaps between anticipation- and pain-related changes of
activity in the human cortex.

MATERIALS AND METHODS
We studied 30 volunteers after informed consent and approval of the
Ethics Committee of the University of Modena and Reggio Emilia. Four
of them were discarded from the analysis because of large movement
artifacts. Therefore, we present data from 26 subjects.

Experiment 1
T wenty-one healthy right-handed volunteers (seven males and 14 females; age range of 19 –31 years; mean of 25.1 years) were included in the
study. The experimental protocol was similar to that described previously
(Porro et al., 1998). Subjects were randomly assigned to one of two
groups, regardless of gender: ascorbic acid (n ⫽ 14; five males and nine
females) or control (n ⫽ 7; two males and five females). Each participant
was studied only once and was subjected to only one of two kinds of
stimulation on the dorsum of one foot: subcutaneous injection of an
ascorbic acid solution (0.5 ml, 20%) using a 23 gauge needle (ascorbic
acid) or innocuous touching of the skin with a needle for 15 sec (control).
Subcutaneous injection of ascorbic acid induces, according to its concentration, moderate to strong burning pain lasting several minutes (Rossi
and Decchi, 1997). The side of stimulation was balanced across individuals. Each experiment lasted ⬃17 min. A brief “warning” signal (cleaning
the skin of the foot with an antiseptic solution for 10 sec) was delivered
at minute 3 and was followed, 1 min later, by the stimulus (see Fig. 1, top).
Heart rate was continuously monitored in all subjects.
Subjects were aware of which foot would be stimulated, of the time
interval between the warning signal and the stimulus, and that the
stimulation could be painf ul. However, they did not know in advance
which stimulus would actually occur. None had ever experienced a
subcutaneous ascorbic acid injection before. They were instructed to
code the sensory intensity of perceived pain on a 0 –100 scale, in which 0
denoted “no pain” and 100 denoted “the maximum imaginable intensity
of pain.” It was explained that the estimate concerned the sensory
intensity of pain and not unpleasantness. No hint was given on the
expected intensity and duration of pain. Subjects were asked to communicate by conventional signs, using both hands, pain intensity at 1 min
intervals during the whole course of the experiments (both before and
after stimulation) in response to a light touch of the unstimulated foot.
Specifically, they were instructed to lift their hands and fingers twice in
close succession, the first time to indicate the tens (1–10 lifted fingers was
10 –100) and the second one to indicate the units. C losed hands meant 0.
The whole motor sequence could usually completed in 3– 4 sec. Apart
from this, they were asked to refrain from moving any part of the body
throughout the experimental period. Subjects had their eyes open during
the scanning.
Data acquisition and anal ysis. Functional images were acquired over
the entire experimental period from 15 contiguous axial planes, using a
1.5 T GE Horizon Hispeed 77 MR system and a T2*-weighted gradientecho echo-planar sequence (nihepi; courtesy of P. Jezzard, FMRI B
C enter, John Radcliffe Hospital, Oxford, UK) [repetition time (TR) of
15 sec; echo time (TE) of 48 msec; 64 ⫻ 64 matrix; pixel size, 3.75 ⫻
3.75 ⫻ 6 mm, interpolated to 2 ⫻ 2 ⫻ 2 mm; 68 volumes per run].
Spin-echo T1-weighted axial images from the same planes (TR of 500
msec; TE of 9 msec; 256 ⫻ 256; 0.94 ⫻ 0.94 ⫻ 6 mm) and whole-head
spoiled gradient-recalled acquisition in a steady state T1-weighted images
(TR of 35 msec; TE of 9 msec; 124 slices; 0.94 ⫻ 0.94 ⫻ 1.3 mm) were
also acquired to be used as anatomical references for regional identification and transformations into the Talairach space (Talairach and
Tournoux, 1988), respectively. Volumes were later aligned using the
AF N I package (Cox, 1996).
We performed two different kinds of analyses: the first one on mean
fMRI signal changes in identified regions of interest (ROIs) (see below)
and the second one on the fMRI signal changes in specific clusters related
to perceptual aspects of pain, identified through correlation analysis. By
the first approach, one can quantitatively analyze the overall behavior of
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an anatomically identified area, without any a priori assumption on the
kind of response and without the need to apply arbitrary statistical
thresholds. Because the results of brain imaging techniques, including
fMRI (L ogothetis et al., 2001), appear to be attributable mainly to
synaptic activity, we thus obtained a picture of the overall afferent input
in specific cortical regions during the waiting phase and after stimulation.
By the second approach, we aimed to examine signal changes during the
anticipatory phase in well characterized nociceptive clusters.
Regions of interest included different portions of the postcentral gyrus
and of the cingulate cortex, medial prefrontal cortex, and insula in the
two hemispheres. Their boundaries were outlined onto the individual
structural images according to anatomical landmarks (Ono et al., 1990;
Yousry et al., 1997), such as the pattern of cortical sulci and the position
relative to the anterior and posterior commissures, and then projected
onto the aligned f unctional images. The foot representation area of SI
was defined as the portion of the paracentral lobule located posterior to
the medial root of the central sulcus, which was identifiable in all subjects.
The SI hand representation area was assumed as the portion of the
postcentral gyrus corresponding to the precentral knob (Rumeau et al.,
1994; Yousry et al., 1997), and the SI face representation area was
assumed as the adjacent lateral portion of the postcentral gyrus, above
the parietal operculum (see Fig. 2, top). Mean Talairach coordinates of
the centers of mass of the identified regions (see legend of Fig. 2) were
checked compared with those of activated foci during somatosensory
stimulation of the foot, hand (Andersson et al., 1997; Gelnar et al., 1999),
and face (G. Cruccu, personal communication). The cingulate cortex was
divided into three portions: anteroventral, anterior, and posterior, following Devinsky et al. (1995). The insula was divided into two portions
(anterior and posterior, including the parietal operculum) according to
Greenspan et al. (1999). It is underlined that, given the interindividual
variability in the cytoarchitectural and f unctional parcellation of cortical
areas relative to sulcal anatomy (Rademacher et al., 1993; Vogt et al.,
1995; Geyer et al., 1999) and in the f unctional localization of different
body areas in SI, the identification of areal boundaries must be necessarily viewed as approximate, and terms such as the foot, hand, or face
area of SI are used for descriptive purposes only.
The individual psychophysical pain profiles over the entire experimental period, adjusted for hemodynamic delay effects, were used as reference waveforms to identif y clusters displaying signal changes related to
pain intensity over time (Porro et al., 1998), thus creating statistical maps
based on the correlation coefficient r (Bandettini et al., 1993). We
avoided spatial normalization of f unctional images before the analysis.
This was done to identif y even small clusters with greater anatomical
detail. A value of r ⫽ 0.60 and a cluster size of 10 pixels in the
interpolated volumes were assumed as significance thresholds. This
yielded an overall significance level of ⬍0.001, corrected for the number
of comparisons, as estimated by a Monte C arlo simulation of the process
of image generation, spatial correlation of voxels, voxel intensity thresholding, and cluster identification (routine by B. D. Ward, Biophysics
Research Institute, Medical College of Wisconsin, Milwaukee, W I). The
resulting maps were transformed into the Talairach space using AF N I.
To allow interindividual comparisons of data acquired at different
times during the experiment, fMRI signals were normalized in every
subject and for each pixel by dividing the actual value of signal intensity
in each image by the mean intensity value of the same pixel in the first
eight images acquired during the initial period. Mean values from ROIs,
or from identified clusters within each ROI, were then calculated and
compared for three different epochs: baseline (corresponding to the first
2 min of the experimental period), waiting (corresponding to the 45 sec
immediately preceding stimulation), and poststimulus. The poststimulus
epoch was defined as the first minute after stimulation when comparing
mean values from the whole ROIs, including data from all of the 21
subjects (ascorbic acid plus control groups), and as the first 3 min after
stimulation when comparing fMRI signals in the cortical clusters identified by correlation analysis (11 of 14 subjects from the ascorbic acid
group; see Results). This was done because preliminary analyses showed
that mean fMRI signal changes in ROIs, particularly after non-noxious
stimulation, were short lasting. On the other hand, peak pain intensity
(and hence peak fMRI signal changes in the identified clusters) occurred
at different times (up to 3 min; see Results) after the subcutaneous
injection in different subjects of the ascorbic acid group.
fMRI data were analyzed by ANOVA, with group (ascorbic acid or
control) as the between-subjects and side (contralateral or ipsilateral),
region, and time (baseline, waiting, or poststimulus) as the withinsubjects factors. Student’s t test was used for post hoc comparisons if
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Figure 1. Experiment 1. Experimental design and mean ⫹ SEM heart rate profiles of
the control and ascorbic acid groups during the
experimental period. *p ⬍ 0.05 and **p ⬍ 0.01
indicate values from the two groups significantly different from baseline, respectively.

appropriate. A value of p ⬍ 0.05 was assumed as significant. Because
preliminary analyses showed no significant differences related to the side
of injection (left or right foot) or to gender, data from left and right
hemispheres and from male and female subjects were pooled to study
fMRI signal changes contralateral or ipsilateral to the injection site.
Heart rate data were normalized by dividing the actual values by the
mean value during the baseline period and analyzed by ANOVA with
group as the between-subjects and time as the within-subjects factors.

Experiment 2
Five additional right-handed subjects (three males and two females; age
range of 22–26 years; mean of 23.2 years) underwent four 5 min runs. In
two runs (control condition), a brief tactile stimulus (placing a needle
onto the skin horizontally for 5 sec) was delivered at the dorsum of the
left foot at minute 3; subjects knew in advance that this was not followed
by any additional stimulation. In the other two runs (cue condition),
subjects were informed that the same tactile stimulus was to be followed
1 min later by a second stimulus, which could be either innocuous or
noxious (subcutaneous injection of saline or ascorbic acid). In fact, only
innocuous stimuli were applied to avoid sensitization. Run order was
balanced across subjects. Functional images were acquired using the
same equipment and fMRI sequence as in experiment 1 but with shorter
TR (4 sec), thus yielding 75 volumes per run. Volumes were later aligned
and Talairach-transformed using AF N I.
Data analysis was similar to the one described for experiment 1.
Boundaries of three regions of interest within the postcentral gyrus
(approximately corresponding to the foot, hand, and face representation
areas of SI) were outlined for each hemisphere onto the individual
structural images and then projected onto the aligned f unctional images.
Mean normalized fMRI signal intensity during the baseline and waiting
epochs was compared by ANOVA with time (baseline or waiting),
condition (control or cue), and side (contralateral or ipsilateral to the
stimulated foot) as the within-subjects factors. To account for the different timing of acquisition from experiment 1, the waiting period was
defined as the 44 sec immediately preceding stimulation onset in the cue
condition or as the corresponding period in the control condition (including 11 f unctional volumes).

RESULTS
Experiment 1
In an open interview at the end of the experimental session, all
subjects reported an enhanced attentional state and arousal after
the warning cue attributable to anticipation of a potentially painful stimulus. This was paralleled by a moderate but significant

heart rate increase over baseline during the waiting period (from
76 ⫾ 3 to 80 ⫾ 3 beats/min; paired t ⫽ 3.67; p ⬍ 0.01). No
difference was found between the heart rate profiles of the control
and ascorbic acid groups (ANOVA; group, F ⫽ 0.28, NS; group ⫻
time, F ⫽ 0.43, NS) (Fig. 1).
All subjects of the ascorbic acid group experienced burning and
aching pain after the subcutaneous injection. Peak pain intensity
occurred from 1 to 3 min after the injection and showed large
interindividual variations (range of 10 – 85; mean of 42 ⫾ 6). Pain
duration was also highly variable among individuals (range of
5–12 min; mean of 6 ⫾ 1). No subject of the control group
reported pain or discomfort.

Mean fMRI signal changes in selected regions of interest
We first compared mean activity levels of the putative foot, hand,
and face representation areas of SI during anticipated and real
somatosensory stimulation of one foot. ANOVA of data from the
hemisphere contralateral to the stimulated side showed that time
had a different effect according to region (time, F ⫽ 3.24, p ⬍
0.05; region, F ⫽ 5.46, p ⬍ 0.01; region ⫻ time, F ⫽ 3.86, p ⬍
0.01). ANOVAs of data from individual regions revealed a significant effect of time in the foot representation area of SI (F ⫽
5.00, p ⬍ 0.02), values acquired during the waiting period being
higher than baseline (difference contrast, t ⫽ 2.24, p ⬍ 0.05). No
significant effect was found in the ipsilateral hemisphere (Fig. 2).
An additional analysis, based on a priori assumptions, on data
from the hand and face areas of SI in the contralateral and
ipsilateral hemispheres showed that, in these regions, values were
lower than baseline during the waiting period (ANOVA plus
difference contrast, t ⫽ ⫺2.35, p ⬍ 0.05). Signal increases in the
contralateral foot SI were therefore selective, which argues
against nonspecific arousal effects.
In the anteroventral cingulate, values from both the waiting
(time, F ⫽ 5.84, p ⬍ 0.006; difference contrast, t ⫽ ⫺2.45, p ⬍
0.05) and the poststimulus periods were lower than baseline. No
side difference was detected. No significant differences were
found between data obtained during the waiting and baseline

Porro et al. • Cortical Activity during Anticipation of Pain

J. Neurosci., April 15, 2002, 22(8):3206–3214 3209

Figure 3. Signal changes in clusters encoding pain intensity over time in
one representative subject. Time profiles of the perceived pain intensity
(0 –100 scale) (top) and of mean normalized fMRI signal intensities in
cortical clusters whose signal time courses were positively (middle) or
negatively (bottom) correlated with the individual psychophysical curve.
Arrows point to the warning signal. Vertical lines indicate the time of the
subcutaneous ascorbic acid injection. Note the changes from baseline
activity before stimulation onset, which appear to be triggered by the
warning signal.

Figure 2. Experiment 1. Mean fMRI signal changes in selected ROIs.
Top, Schematic drawings of the brain, showing the approximate location of
ROIs in which significant mean fMRI signal changes occurred. The vertical
and horizontal lines on the left correspond to the interhemispheric fissure
and to the vertical planes passing through the anterior and posterior
commissure, respectively; those on the right correspond to the interhemispheric fissure and to the horizontal plane passing through the anterior and
posterior commissures. AVC, Anteroventral cingulate. Mean Talairach
coordinates (兩x兩, y, z, expressed in millimeters) of the centers of mass of
ROIs were as follows: 6, 37, 10 for anteroventral cingulate; 9, ⫺37, 60 for SI
foot; 39, ⫺26, 51 for SI hand; 51, ⫺16, 37 for SI face. Data from the left and
right hemispheres were pooled (see Materials and Methods), and therefore
absolute (unsigned) values are given for the x coordinate. For the y coordinate, positive values are anterior, and negative values are posterior to the
vertical plane passing through the anterior commissure. For the z coordinate, positive values are superior to the horizontal plane passing through

periods in other cortical areas (data not shown). No significant
effect of group, or of any interaction of group with other factors,
was found.

fMRI signal changes in clusters correlated with the individual
profiles of pain intensity
To specifically test whether signal changes during the waiting
period involved cortical nociceptive networks, we examined the
4
the anterior and posterior commissures. Middle, Bottom, Mean normalized fMRI signal changes from baseline during the 45 sec preceding
stimulus onset (waiting period) and during the first minute after stimulus
in the control and ascorbic acid groups. *p ⬍ 0.05 and **p ⬍ 0.01 indicate
data from the two groups significantly different from baseline (ANOVA
plus difference contrast), respectively.
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Figure 4. Spatial distribution of clusters showing significant anticipation- and pain-related responses, in three representative subjects. Functional maps
are superimposed on Talairach-transformed axial images at the levels of medial prefrontal cortex and anterior insula (z levels ⫹ 1 and ⫹ 10), anterior
cingulate (z ⫹ 40), and foot area of the primary somatosensory cortex (z ⫹ 68), and on a paramedian sagittal image on the hemisphere contralateral to
the injected foot (兩x兩⫽ 8). They depict the location of cortical clusters encoding pain intensity, which also showed significant signal changes during the
anticipatory phase. Yellow and blue indicate clusters positively or negatively correlated with the individual psychophysical curve, respectively. C, I,
Contralateral and ipsilateral to the injection side (axial images), respectively.

time profiles of activity in cortical clusters showing positive or
negative correlations with the individual psychophysical pain
intensity curve (Fig. 3). Such clusters were identified in 11 of 14
subjects of the ascorbic acid group. Three subjects experiencing
very mild pain (peak intensity of 10) displayed no positively or
negatively correlated clusters at all.
The spatial distribution of the identified clusters showed interindividual variations (Fig. 4). Positively correlated clusters were
found predominantly in the contralateral SI foot area and bilaterally in the rostral anterior cingulate, medial prefrontal cortex,
and anterior insula. Negatively correlated clusters were found
bilaterally in the anteroventral cingulate. A few clusters were also
found in the posterior insula/parietal operculum. For each ROI,
the spatial location of clusters was similar in the two hemispheres
(Table 1). Apart from SI, no significant difference was found
between the spatial extent of the contralateral and the ipsilateral
responses. In both hemispheres, the spatial extent of the identified clusters was linearly related to peak pain intensity (contralateral, Pearson’s correlation coefficient, r ⫽ 0.789, p ⬍ 0.001;
ipsilateral, r ⫽ 0.736, p ⬍ 0.005). We also noted positively and
negatively correlated clusters at the thalamic level in some subjects (Fig. 4).

Significant signal changes during the waiting period compared
with baseline were present in all the identified clusters within the
selected ROIs, although less intense than peak changes during the
first 3 min of noxious input (on average, 38 and 28% as large for
contralateral and ipsilateral positively correlated clusters, and 34
and 36% as large for contralateral and ipsilateral negatively
correlated clusters, respectively) (Fig. 5).

Experiment 2
To test whether the mean fMRI signal increases in the contralateral foot representation area of SI during the waiting period were
indeed related to anticipation, we performed a second experiment in which we compared fMRI signal changes after an identical innocuous somatosensory stimulus in two conditions: cue,
when subjects were told that this signaled an impending, potentially noxious input, and control, when subjects knew that no
additional stimulus would follow. In an open interview at the end
of the experimental session, all subjects reported increased
arousal during the waiting period in the cue condition but not
during the corresponding period of the control condition. This
was paralleled by an heart rate increase over baseline in the cue
condition only (control, from 71 ⫾ 3 to 71 ⫾ 3 beats/min; paired
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Table 1. Spatial location of cortical clusters showing signal changes significantly related to the psychophysical pain intensity profile
Positively correlated clusters
Contralateral hemisphere

Ipsilateral hemisphere

Mean Talairach coordinates (mm)

SI foot
Anterior cingulate
Anterior insula
Medial prefrontal cortex

Mean Talairach coordinates (mm)

n

X

Y

z

n

x

y

z

6
6
5
8

兩10兩
兩7兩
兩35兩
兩7兩

⫺35
19
14
59

65
34
7
4

1
6
7
8

兩14兩
兩4兩
兩35兩
兩6兩

⫺37
21
15
56

65
33
4
0

Negatively correlated clusters
Contralateral hemisphere

Ipsilateral hemisphere

Mean Talairach coordinates
(mm)

Anteroventral cingulate

Mean Talairach coordinates
(mm)

n

x

Y

z

n

x

y

z

7

兩8兩

40

6

7

兩6兩

40

5

n, Number of subjects.

DISCUSSION
This study demonstrates changes of the activity of nociceptive
networks in several cortical regions, likely involved in different
aspects of pain (Bushnell et al., 1999; Casey, 1999; Ingvar and
Hsieh, 1999; Treede et al., 1999, 2000), while subjects expected a
potentially noxious somatic stimulation. Conceivably, this is attributable to the interplay of several processes, such as coping
with the impending stimulus and sustained spatial attention.

Anticipation-related changes of activity in the
postcentral gyrus

Figure 5. Mean normalized fMRI signal changes from baseline in clusters showing positive or negative correlations with the individual psychophysical profile during the waiting period and the first 3 min after
stimulation. *p ⬍ 0.05, **p ⬍ 0.01, and ***p ⬍ 0.001 indicate different
from baseline. °p ⬍ 0.05 and °°p ⬍ 0.01 indicate different from the waiting
period. All data from the poststimulus period were different from baseline
at p ⬍ 0.001. AC, Anterior cingulate; INS, anterior insula; MPF, medial
prefrontal cortex. Other abbreviations as in text and Figure 2.

t ⫽ 0.40, NS; cue, from 72 ⫾ 3 to 78 ⫾ 3 beats/min; paired t ⫽
⫺9.93, p ⬍ 0.001) (Fig. 6).
ANOVA showed that mean fMRI signal intensity in the contralateral foot area of SI was differently modulated according to
time and condition (time ⫻ condition ⫻ side, F ⫽ 9.08, p ⬍ 0.05).
Values in the contralateral foot SI area were higher than ipsilateral ones in images acquired during the waiting period in the cue
condition (paired t ⫽ 2.55, p ⬍ 0.05, one-tailed) when subjects
expected a potentially noxious stimulation but not during the
corresponding period in the control condition (paired t ⫽ ⫺0.94,
NS). No similar effects were found in the hand or face areas of SI
(Fig. 7).

SI is mainly involved in the sensory-discriminative aspects of pain
(Bushnell et al., 1999). Because increases in mean fMRI signals
during anticipation were found only in the appropriate contralateral somatotopic area, they are likely to be related mainly to
top-down (e.g., attentional) mechanisms enhancing activity of
specific neuronal populations rather than to a diffuse arousal
effect. Modulation by attention of ongoing stimulus-evoked activity has been described by electrophysiological experiments in the
primary visual (Motter, 1993; Roelfsema et al., 1998) and somatosensory (Hyvarinen et al., 1980; Hsiao et al., 1993) cortex of
the macaque monkey. Recent mapping studies reported similar
effects in human primary sensory areas (Brefczynski and DeYoe,
1999; Burton et al., 1999; Somers et al., 1999). Notably, in the
present study, increased signal was found in the absence of actual
stimulation. Thus, our results support the hypothesis advanced by
Roland (1981) of a somatotopic activation of SI during anticipation of innocuous somatosensory stimuli and are in line with a
recent study showing increased fMRI signals in the putative SI
foot area during anticipation of tickling (Carlsson et al., 2000).
As mentioned in the introductory remarks, previous studies
failed to detect activation in SI during anticipation of pain (Drevets et al., 1995). Several methodological differences might explain these apparent discrepancies. Previous exposure to painful
stimuli may trigger endogenous inhibitory systems limiting the
transmission of noxious information to cortical areas and/or direction of attentional resources away from the stimulus (Hsieh et
al., 1999). In our study, subjects had never experienced the noxious stimulus before. Thus, the results cannot be related to con-
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Figure 6. Experiment 2. Experimental design and mean heart rate data. Note the differences in the heart rate profiles between the control and cue
conditions. **p ⬍ 0.01 indicates different from baseline; repeated-measures ANOVA plus simple contrast.

Figure 7. Experiment 2. Mean normalized fMRI signal changes from
baseline during the waiting period in the cue condition and during the
corresponding period in the control condition. °p ⬍ 0.05 indicates significant differences.

ditioning or memory. Because increases in blood oxygenation
level-dependent (BOLD) fMRI signals appear to be attributable
mainly to synaptic activity (Logothetis et al., 2001), the observed
mean fMRI signal increases in the SI foot region are likely
attributable to a change in the baseline inputs to cortical neurons
involved in processing signals from the attended body area. This
“tonic” effect (Rees et al., 1997) may represent a general mechanism of top-down modulation of cortical sensory areas during
spatial attention (Luck et al., 1997; Chawla et al., 1999; Kastner et
al., 1999).
The decreased fMRI signals in the hand and face SI areas are
in accordance with a previous PET study showing decreased flow
in nonsomatotopically related portions of SI during anticipation
of noxious input (Drevets et al., 1995) and fMRI findings of

decreased signals in SI regions processing information from unattended parts of the body during tickling expectations (Carlsson
et al., 2000). Decreased BOLD fMRI signals may be interpreted
to reflect decreased local blood flow either as a consequence of
changes of ongoing neuronal activity (for discussion, see Gusnard
et al., 2001; Logothetis et al., 2001) or of a “stealing” mechanisms
attributable to activation of neighbor regions. Because the hand
and face SI regions are larger than, and not contiguous to, the SI
foot area, we believe that the first interpretation is more likely to
explain our results. Thus, we postulate the simultaneous engagement of two top-down cortical mechanisms shaping the activity of
lateral thalamocortical somatosensory systems, enhancing and
suppressing functional activity levels of different cortical populations to filter out irrelevant information (Drevets et al., 1995;
Shulman et al., 1997; Ghatan et al., 1998). It remains to be
established whether the same frontoparietal network that appears
to be the “source” of attentional mechanisms in the visual modality (Corbetta, 1998; Coull, 1998) is also involved in modulation
of the somatosensory, and specifically, nociceptive system.

Changes of activity in other cortical areas
Other cortical regions, such as the anterior insula, cingulate
cortex, and medial prefrontal cortex, which are likely to participate in cognitive and emotional processing and vegetative control
(Treede et al., 1999, 2000; Price, 2000), showed clusters encoding
pain intensity over time and displaying activity changes during
anticipation of noxious input. Previous PET or fMRI studies by
several groups, including our own (Vogt et al., 1996; Davis et al.,
1998; Porro et al., 1998; Baron et al., 1999), have shown considerable intersubject variability in the cortical response to noxious
stimuli. We chose a rather conservative statistical threshold, and,
therefore, we may have missed activations in some subjects and in
some regions. However, cluster location is generally consistent
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with previous PET and fMRI findings, and a linear relationship
was found between the spatial extent of the response in both
hemispheres and peak pain intensity. These findings confirm the
distributed, bilateral quality of the cortical network encoding pain
intensity (Derbyshire et al., 1997; Porro et al., 1998; Coghill et al.,
1999).
Although the specific role of the above mentioned areas in pain
mechanisms is yet to be definitely understood, there is increasing
evidence that each may contribute to pain experience. The anterior insular cortex is involved in multimodal integration and
visceromotor control (Augustine, 1996) and is activated during
pain in experimental animals (Porro et al., 1999) and in humans
(Treede et al., 2000). The anterior cingulate cortex is involved in
anticipation (Murtha et al., 1996), pain, and attention (Davis et
al., 1997; Derbyshire et al., 1998; Peyron et al., 1999; Davis et al.,
2000). The anteroventral cingulate was the only area to show
mean fMRI signal decreases during anticipation apart from SI. It
comprises different subareas with a complex pattern of connection with limbic structures and appears important for the integration of emotional and cognitive processes and vegetative activity
(Damasio, 1994; Devinsky et al., 1995; Ongur and Price, 2000).
Changes of mood state are indeed accompanied by metabolic and
blood flow changes in this area under physiological and pathological conditions (George et al., 1995; Drevets et al., 1997). Blood
flow decreases during anticipation of a noxious electrical stimulus
were also found in a recent PET study and were inversely related
to anxiety levels (Simpson et al., 2001). Decreases of blood flow in
the medial prefrontal cortex are common to a variety of attentiondemanding tasks (Shulman et al., 1997). This may be attributed to
the interruption of a “default” state of ongoing mental activity
(Gusnard et al., 2001; Raichle et al., 2001) that, in the present
study, could result at least in part from sustained attention directed toward the site in which noxious stimulation was expected.
Blood flow increases in more rostral aspects of the medial
prefrontal cortex, close to the ones found here (likely corresponding to medial area 10), have been described previously by PET
during anticipation of unpredictable pain (Hsieh et al., 1999).
This area is likely to be involved in second-order appraisals of
nociceptive input (Price, 2000) and prospective memory (Burgess
et al., 2001), which might explain its activation during expectation
of potentially noxious events.

Significance of changes of the activity of cortical
nociceptive circuits during anticipation of pain
Previous behavioral studies showed that uncertainty about impending noxious stimulation modifies pain unpleasantness and
decreases pain tolerance (Staub et al., 1971). To the best of our
knowledge, we provide the first demonstration in humans of
potential neural mechanisms for such effects, showing that cortical clusters encoding pain intensity, which are presumably involved in perceptual aspects of pain (Porro et al., 1998), undergo
significant changes in each investigated area during anticipation
of noxious input. This suggests that the activity of nociceptive
networks may be directly affected by cognitive factors (Davis et
al., 2000) or, at least, that most anticipation- and pain-related
neurons show a close spatial overlap.
The present results are thus at variance with those of Ploghaus
et al. (1999) who described separate foci in some cortical regions,
such as the anterior cingulate and insula, which were activated
during anticipation but not during acute thermal pain. Conversely, in the study by Ploghaus et al., cortical clusters activated
during pain showed apparently no change during anticipation: the
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relationships between the activity of these clusters and psychophysical aspects of pain were not investigated. We have evidence
from other data that some cortical clusters are indeed activated
mainly during the anticipatory phase and are spatially segregated
from the ones related to pain (C. A. Porro, V. Cettolo, M. P.
Francescato, and P. Baraldi, unpublished observations). However, the present fMRI findings suggest a close link between
anticipation and cortical circuits encoding pain intensity, thus
confirming and extending electrophysiological data in nonhuman
primates showing that anticipation of noxious input activates
nociceptive neurons in the anterior cingulate cortex (Koyama et
al., 1998). Interestingly, anticipation of pain appears to affect the
whole cortical nociceptive network in humans.
Our study was not aimed to identify cortical systems responding
to non-noxious somatosensory input, and, therefore, we cannot
establish whether they were activated or inhibited during the
anticipatory phase. Sawamoto et al. (2000) described recently
modulation of cortical clusters responding to warm stimuli in a
condition in which subjects did not know in advance whether a
thermal stimulus would be painful or not. Additional studies are
needed to assess the specificity of the anticipation-related effects
in different experimental paradigms.
The possible clinical relevance of these findings deserves a final
comment. The widespread “priming” effect of nociceptive circuits
during anticipation emphasize the need for an appropriate psychological approach to predictable or potentially noxious events.
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