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Abstract
Objective: To identify EEG features that index pain-related cortical activity, and to identify factors that can mask the pain-related EEG
features and/or produce features that can be misinterpreted as pain-speciﬁc.
Methods: The EEG was recorded during three conditions presented in counterbalanced order: a tonic cold pain condition, and pain
anticipation and arithmetic control conditions. The EEG was also recorded while the subjects made a wincing facial expression to estimate the contribution of scalp EMG artifacts to the pain-related EEG features.
Results: Alpha amplitudes decreased over the contralateral temporal scalp and increased over the posterior scalp during the cold pain
condition. There was an increase in gamma band activity during the cold pain condition at most electrode locations that was due to
EMG artifacts.
Conclusions: The decrease in alpha over the contralateral temporal scalp during cold pain is consistent with pain-related activity in the
primary somatosensory cortex and/or the somatosensory association areas located in the parietal operculum and/or insula. This study
also identiﬁed factors that might mask the pain-related EEG features and/or generate EEG features that could be misinterpreted as being
pain-speciﬁc. These include (but are not limited to) an increase in alpha generated in the visual cortex that results from attention being
drawn towards the pain; the widespread increase in gamma band activity that results from scalp EMG generated by the facial expressions
that often accompany pain; and the possibility that non-speciﬁc changes in the EEG over time mask the pain-related EEG features when
the pain and control conditions are given in the same order across subjects.
Signiﬁcance: This study identiﬁed several factors that need to be controlled and/or isolated in order to successfully record EEG features
that index pain-related activity in the somatosensory cortices.
Ó 2008 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
Keywords: EEG; Pain; Primary somatosensory cortex; Second somatosensory cortex; Insula

1. Introduction
Psychophysical and functional imaging studies have
shown that activation of a cortical area is characterized
by a decrease in the amplitude of electroencephalographic
(EEG) oscillations in the alpha band (8–12 Hz) and an
increase in the gamma band (25–100 Hz), and that suppression of cortical activity is associated with an increase in
alpha amplitude (Edwards et al., 2005; Fan et al., 2007;
Feige et al., 2005; Foxe et al., 1998; Fu et al., 2001; Kah-
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ana, 2006; Kelly et al., 2006; Laufs et al., 2006; MartinezMontes et al., 2004; Moosmann et al., 2003; Pfurtscheller,
1992; Sauseng et al., 2005; Stancak et al., 2003; Thut et al.,
2006; Worden et al., 2000). Kilner et al. (2005) presented a
theoretical model that explains how an increase in cortical
activity will produce both an increase in fMRI BOLD
activity and a shift from low (alpha) to high frequency
EEG activity (gamma). Hence there appears to be a close
relationship between the alpha and gamma band activities
and the functional state of the cortex (see also Lopes da
Silva, 1991; Steriade et al., 1990).
This relationship predicts that a tonic experimental pain
stimulus will produce a decrease in alpha and an increase in
gamma amplitudes in the cortical areas that have been
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most used short recording times. All recorded EEG for less
than 6 min, and 9 recorded EEG for between 1.0 and
3.3 min. Backonja et al. (1991) found instabilities in the
EEG during the ﬁrst minute of the recording period that
evolved into a more stable pattern later in the recording.
Hence, this initial unstable period may have dominated
the EEG measurements in many of the studies. Second,
all studies compared the tonic experimental pain condition,
where the subjects were required to rate the intensity of the
pain either during or after the pain condition, to a passive
no-task control condition. Variability both between and
within subjects related to the direction of attention, vigilance, and/or arousal levels during the passive no-task control condition may have inﬂated error variance and
consequently masked the pain-related EEG features. Third,
in many cases details of the criteria used to reject EEG artifacts were not given. In most studies visual inspection for
obvious eye movement and/or scalp muscle artifacts were
performed. It is possible, therefore, that scalp muscle
and/or eye movement artifacts masked the pain-related
EEG features. The scalp EMG artifacts are of particular
concern, given wincing and related facial expressions often
accompany pain (Craig and Patrick, 1985). Fourth, all but
2 of the studies (Chen and Rappelsberger, 1994; Huber
et al., 2006) presented the experimental and passive no-task
control conditions in the same order across subjects, with
the control condition preceding the tonic experimental pain
condition. This may have introduced non-speciﬁc changes
over time that masked the pain-related EEG features.
Five of the 11 studies addressed the attention, arousal,
and vigilance issues noted above by comparing the experimental pain condition to either a non-painful (Backonja
et al., 1991; Chang et al., 2001a,b; LePera et al., 2000) or
a pain threshold (Huber et al., 2006) somatosensory control stimulus applied to the same location as the tonic
experimental pain. As in the pain condition, the subjects
were required to attend to and rate the intensity of the
non-painful or pain threshold control stimulus. Only one
study reported a signiﬁcant result, though its direction

shown in regional cerebral blood ﬂow studies to be consistently activated by painful stimuli, namely the primary
somatosensory cortex (SI), the anterior cingulate cortex,
and the somatosensory association areas located in the
parietal operculum and insula (see Bushnell and Apkarian,
2006; Craig, 2002, 2003; Peyron et al., 2000; Rainville, 2002
for reviews). Given the volume conduction properties of
the head, these pain-related EEG activities should be evident over the central scalp contralateral to the pain stimulus, the fronto-central scalp, and the temporal scalp
regions, respectively (see Bromm and Lorenz, 1998; Dowman and Darcey, 1994; Dowman and Schell, 1999a,b;
Dowman et al., 2007; Garcia-Larrea et al., 2003; Lenz
et al., 1998a,b). However, despite its strong theoretical
basis, this hypothesis was not conﬁrmed in 11 studies performed over the past two decades that included electrodes
over the scalp regions of interest and used a tonic experimental pain stimulus (see Table 1). Three of the 11 studies
reported a decrease in the fronto-central alpha during pain,
but 7 reported no change and 1 reported an increase. Four
of the 11 studies found a decrease in the alpha recorded
from the scalp overlying SI during pain, but one reported
an increase and the remaining 6 reported no change. Two
of the 11 studies observed a pain-related decrease in alpha
over the temporal scalp, but one reported an increase and
the rest no change. None of the studies measured gamma
band activity.
These negative results are surprising given how consistently the SI, parietal operculum/insula, and anterior cingulate cortices are activated by experimental pain (see
above), and the robust decrease in alpha amplitude over
the SI and primary motor cortex during movement and
innocuous somatosensory stimulation (Pfurtscheller,
1992; Stancak et al., 2003) and over the visual cortex during visual stimulation (Feige et al., 2005; Foxe et al., 1998;
Fu et al., 2001; Kahana, 2006; Kelly et al., 2006; Sauseng
et al., 2005; Thut et al., 2006; Worden et al., 2000). There
are, however, a number of factors that might have masked
the pain-related EEG features in these 11 studies. First,

Table 1
Changes in alpha band amplitude during tonic experimental pain vs. passive no-task control
Study

Pain stimulus

Fronto-central scalp

Central scalp

Temporal scalp

Backonja et al. (1991)
Chang et al. (2001a)
Chang et al. (2001b)
Chang et al. (2002a)
Chang et al. (2002b)
Chen et al. (1989)
Chen and Rappelsberger (1994)
Chen et al. (1998)
Ferracuti et al. (1994)
Huber et al. (2006)
LePera et al. (2000)

CPT
Capsaicin sc
Capsaicin im
CPT
Saline im
CPT
CPT
CPT
CPT
Heat
Saline im

"
n.c.
n.c.
n.c.
n.c.
n.c.
;
n.c.
;
;
n.c.

n.c.
n.c.
;
;
;
n.c.
;
n.c.
n.c.
n.c.
"

n.c.
n.c.
n.c.
n.c.
n.c.
n.c.
;
n.c.
n.c.
;
"

Abbreviations: Fronto-central scalp (Fz, Fpz, Fp1, Fp2 electrodes of the 10–20 electrode system) estimating alpha generated in the anterior cingulate
cortex; central scalp (C3, C30 , C4, C40 of the 10–20 electrode system) estimating alpha generated in SI; temporal scalp (T7 and T8 of the 10–20 electrode
system (Sharbrough et al., 1991)) estimating alpha generated in the parietal operculum/insula; CPT, cold pressor test (cold pain); im, intramuscular; sc,
subcutaneous; " pain, >passive no-task control; ; pain, <passive no-task control; n.c. pain, passive no-task control.
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was the opposite of what was expected. That is, the alpha
recorded from the contralateral central and temporal scalp
during the experimental pain condition was larger than
that for an innocuous vibration stimulus (LePera et al.,
2000). None of the other studies reported any diﬀerences
in the alpha band activity recorded from the fronto-central,
contralateral central, or temporal scalp locations between
the experimental pain and the non-painful (Backonja
et al., 1991; Chang et al., 2001a,b) or pain threshold
(Huber et al., 2006) stimulus control conditions.
The failure to observe a decrease in alpha amplitude
during the experimental pain condition compared to the
non-painful and pain threshold stimulus control conditions
in these studies can be explained by the organization of the
pain-related cortical areas. In SI and the parietal operculum there is considerable spatial overlap between the neurons that respond to painful stimuli and those that
respond to non-painful stimuli. Indeed, some neurons in
these areas respond to both non-painful and painful stimuli
(the wide dynamic range neurons; see Dong and Chudler,
1995; Frot et al., 2001; Robinson and Burton, 1980). Similarly, many nociresponsive neurons in the anterior cingulate cortex also respond to abrupt onset innocuous tactile
stimuli (Sikes and Vogt, 1992). Hence, both painful and
non-painful somatosensory stimuli should produce
decreases in alpha amplitude at fronto-central, central,
and temporal scalp regions. The larger alpha recorded
from the scalp regions overlying SI and the parietal operculum/insula during the pain vs. the innocuous vibration control condition in LePera et al. (2000) may be due to the
number of neurons in these areas that respond to innocuous vibration being considerably greater than those
responding to noxious stimuli (Dong and Chudler, 1995;
Kenshalo and Willis, 1991; Robinson and Burton, 1980).
Hence, the alpha recorded from over SI and the parietal
operculum will be dominated by changes associated with
the innocuous vibration, which will be larger in the pain
condition (when not processing the vibratory stimulus)
than the innocuous vibration condition.
The objective of this experiment was to identify EEG
features indexing activity in the SI, anterior cingulate cortex, and/or parietal operculum/insula elicited by tonic
experimental pain. Based on the evidence reviewed above
we predict that the tonic experimental pain will be associated with a decrease in alpha and an increase in gamma
amplitudes over the contralateral central, fronto-central,
and temporal scalp regions, respectively. We employed a
strong tonic pain stimulus in order to maximize the diﬀerence between the pain and non-pain control states. We also
addressed the factors that may have prevented these painrelated EEG features from being observed in previous studies: (1) The pain and control conditions were presented in
counterbalanced order across subjects to eliminate nonpain-related changes in the EEG that might occur over
time. (2) We used 2 control conditions, an arithmetic task
control that kept the subjects’ attention, arousal, and vigilance states constant throughout the control condition, and
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a pain anticipation control that attempted to produce
attention, arousal and vigilance states comparable to the
pain condition. (3) A 10-min recording block was used to
ensure that the pain-related EEG features had stabilized.
(4) A strict EEG artifact rejection criteria was used to minimize scalp EMG and eye movement artifacts. (5) We compared the pain-related EEG features to those produced by
wincing to determine whether any of the EEG frequency
bands were contaminated by scalp EMG activity generated
by the facial expressions that often accompany pain (Craig
and Patrick, 1985).
2. Methods
2.1. Subjects
Fifteen healthy young adults participated in the experiment (mean ± SD, age = 20.1 ± 2.9 years, 9 males). Each
participant was given a detailed explanation of the procedure and each signed an informed consent document prior
to participating. At each stage of the study the participants
were reminded that they could withdraw from the experiment at any time for any reason. The procedure was
approved by the Clarkson University Institutional Review
Board. The participants were comfortably positioned in a
recliner chair located in an electrically shielded, sound
attenuated, and temperature controlled (21 ± 1 °C) recording chamber.
2.2. Recording parameters
The EEG was recorded from 29 electrodes arranged on
the scalp in a grid centered on a location 2-cm posterior to
the vertex position (Cz0 ) of the International 10–20 Electrode System (Sharbrough et al., 1991). The inter-electrode
distance along the sagittal and coronal axes was 5 cm. The
scalp electrodes were referenced to the non-cephalic sternovertebral electrode, which has been shown to have negligible pain-related cortical activity (Dowman and Goshko,
1992). Eye movements were recorded from 2 electrodes
positioned just lateral to the lateral canthus and over the
inferior portion of the orbicularis oculi muscle of the left
eye. The recording electrode impedances were less than
5000 X. The EEG and eye movement potentials were ﬁltered between 0.3 and 100 Hz (6 dB points) and sampled
at 200 Hz.
2.3. Procedure
Each subject participated in three conditions presented
in counterbalanced order within a single session. Each condition lasted 600 s and the subjects were given at least 5 min
between each condition to rest. In the cold pain condition
subjects placed their left hand in a bucket of ice water. The
mean (±SD) temperatures at the beginning and end of the
cold pain block were 4.3 ± 0.8 and 4.5 ± 2.1 °C, respectively. At 1 min intervals the subjects were asked to
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verbally rate the perceived intensity of the cold pain on a 9point rating scale, where 1 = sensory threshold, 5 = pain
threshold, and 9 = maximum pain tolerable. The subjects
were told that if the pain became unbearable before the
600 s recording block was ﬁnished that they could take
their hand out of the water. However, none did so. The
mean (±SD) pain ratings recorded throughout the cold
pain block are shown in Fig. 1. The cold was near pain
threshold immediately upon placing the hand in the water,
was moderately painful at the end of the ﬁrst minute, and
was more or less constant for the remaining 9 min.
In the arithmetic control condition the subjects placed
their left hand in a bucket of lukewarm water. The mean
(±SD) water temperatures at the beginning and end of
the block were 36.9 ± 0.4 and 35.4 ± 0.5 °C, respectively.
The subjects were given a randomly chosen 4-digit number
at the beginning of the block and were asked to count
backwards by 7’s throughout the 600 s recording block.
The arithmetic control condition attempted to maintain
constant levels of vigilance and focused attention throughout the control recording epoch, and it controlled for any
innocuous pressure sensation associated with placing the
hand in the water.
In the pain anticipation condition 11 electrical stimuli
were presented to the right sural nerve at the ankle. The
electrical stimuli consisted of a 5-pulse train, with a 1 ms
pulse duration and a 250 Hz pulse frequency. The subjects
were told that most of the electrical stimuli would be nonpainful, but that some would be very painful. They were
also told that the longer they went without receiving the
very painful stimulus the more likely it was to occur. Immediately prior to the pain anticipation condition the subjects
were given a single ascending series of electrical stimuli in
order to estimate their pain threshold and pain tolerance
9
8
7

PAIN RATING

6
5
4
3
2
1
0
0

1

2

3

4

5

6

7

8

9

10

TIME (minutes)
Fig. 1. Mean (±SD) pain ratings obtained immediately after putting the
hand in the cold water (time 0) and at 1 min intervals throughout the cold
pain condition. Pain was rated on a 9-point scale, where 1 = sensory
threshold, 5 = pain threshold, and 9 = maximum pain tolerable.

levels. One strong painful stimulus was given at the very
beginning of the recording block and another after the
end of the 600 s pain anticipation recording block. The
remaining 9 stimuli were non-painful. The interval between
electrical stimuli was random, with a mean of 56.0 s and a
range of 10–107 s. The subjects rated the intensity of each
stimulus verbally, using the 9-point scale describe above.
The mean (±SD) stimulus currents for the non-painful
and painful stimuli were 1.7 ± 1.0 and 8.3 ± 3.1 mA,
respectively. The mean (±SD) ratings for the non-painful
and painful electrical stimuli were 3.2 ± 1.0 and 6.8 ± 1.4,
respectively. The pain anticipation control attempted to
provide the same level of vigilance, arousal, and attention
as the cold pain condition.
2.4. Data analysis
Each digitized 600 s recording block was separated into
128 data point segments, each accounting for 0.64 s. We
chose this short analysis epoch to maximize the duration
of the artifact-free EEG. Analysis epochs whose eye potentials were greater than 40 lV and/or whose EEG amplitudes were greater than 75 lV were rejected oﬀ-line in
order to reduce eye movement and/or scalp muscle EMG
artifacts. In the pain anticipation condition, the 128 data
point analysis epochs that immediately followed each electrical stimulus were also rejected to eliminate somatosensory evoked potentials from the analysis. The mean
(±SD) duration of the artifact-free analysis epochs for
the cold pain, arithmetic control, and pain anticipation
control conditions were 402 ± 101, 411 ± 108, and
399 ± 114 s, respectively. There were no signiﬁcant diﬀerences in the duration of the analysis epochs across the three
conditions (F(2, 28) = 0.13, p > .10, e = .82). Six subjects
were given an additional condition at the end of the experiment where they were asked to make a wincing facial
expression for 600 s. This helped to determine whether
the EEG was contaminated by scalp EMG activity related
to the wincing facial expression that often accompanies
pain (Craig and Patrick, 1985). The same artifact rejection
criteria were applied to the EEG recorded during the wincing condition as the other three conditions.
The amplitudes of the EEG frequency bands were computed using a Fast Fourier Transform (FFT), and were
averaged across the analysis epochs. The FFT was applied
to the Laplacian of the artifact-free epochs. The Laplacian
is the second spatial derivative of the spherical spline polynomials used to interpolate the electric potential across the
scalp. The Laplacian has been shown to improve the signalto-noise ratio, especially noise originating outside the electrode grid such as noise originating at or near the reference
electrode (Klein and Carney, 1995; Nunez et al., 1994). The
Laplacian is also thought to reduce the smearing of the
scalp topography produced by the high impedance skull
(Gevins and Cutillo, 1995). Indeed, the scalp topographic
patterns of the Laplacian EEG were similar to but more
sharply deﬁned than the raw EEG topographies. Likewise,
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the results of the statistical analyses were essentially the
same for the raw and Laplacian EEG data, including
EEG recorded from the edges of the electrode grid. The frequency component amplitudes were averaged across the
delta (1.6–3.1 Hz), theta (4.7–6.3 Hz), alpha1 (7.8–
9.4 Hz), alpha2 (10.9–12.5 Hz), beta1 (14.1–17.2 Hz), beta2
(18.8–25.0 Hz), gamma1 (26.6–56.3 Hz), and gamma2
(62.5–98.4 Hz) frequency bands.
Pain-related changes in the EEG were evaluated using a
two-way repeated measures analysis of variance (ANOVA:
condition (cold pain, arithmetic control, pain anticipation)  recording electrode location). When appropriate
(i.e., numerator degrees of freedom > 1) Greenhouse Geisser-corrections were applied to the repeated measures
ANOVA to correct for violations of the sphericity assumption. In reporting signiﬁcance levels, the uncorrected
degrees of freedom are given along with the epsilon (e) values used to adjust the degrees of freedom in determining
the signiﬁcance level. We compared the amplitudes of the
cold pain and the control conditions at each electrode location when there was a signiﬁcant condition  electrode
location interaction (see below). These comparisons were
performed using the Newman–Keuls test to correct for
multiple comparisons.
3. Results
In most cases the dominant topographic features of the
EEG frequency bands recorded during each condition did
not correspond to pain-related activity. For example, in
the cold pain and control conditions the maxima for the
alpha band activity were located at the posterior electrodes
overlying the visual cortices (data not shown). The painrelated EEG features appear as subtle changes in the
EEG topography across the cold pain and control conditions. These subtle changes are best revealed by computing
diﬀerence topographies between the pain and control conditions, as shown in Fig. 2. (Note that the diﬀerence topographies are shown for illustrative purposes only. The
statistical analyses reported below involve comparisons
between the means of the pain and control conditions.)
The EEG spectra obtained during the cold pain and control conditions at the scalp locations showing the largest
diﬀerences between the pain and control conditions are
shown in Fig. 3.

"
Fig. 2. Grand average Laplacian scalp topographic patterns of the
diﬀerences between the cold pain (CP) and the pain anticipation (PA)
conditions (left most column), between the cold pain and the arithmetic
control (AC) conditions (middle column), and between the wincing (WIN)
and the arithmetic control conditions (right most column) at each EEG
frequency band. The solid circles identify recording electrode locations,
where Cz0 (2-cm posterior to the Cz location of the 10–20 system;
Sharbrough et al., 1991) is the third electrode from the bottom along the
sagittal midline. The inter-electrode distance along the sagittal and coronal
axes is 5 cm. The lines are isovoltage contours. The scaling was adjusted in
each topography to best depict its topographic pattern. The scaling (in e7
V/m2) is given at the top of each topography.
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The diﬀerences between the grand average topographies
obtained during the wince condition and the arithmetic
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Fig. 3. EEG spectra obtained from scalp locations showing the largest diﬀerences between the cold pain and the control conditions. Abbreviations: CP,
cold pain condition; PA, pain anticipation control condition; AC, arithmetic control condition.

control condition at each frequency band are also shown in
Fig. 2. Note that there is little or no similarity between the

cold pain-related changes in the EEG and the wince patterns within the delta, theta, alpha and beta frequency

Table 2
ANOVA summary for the condition  electrode interaction (df = 28,392)
Source

CP vs. PA
CP vs. AC
PA vs. AC

Delta

Theta

Alpha1

Alpha2

Beta1

Beta2

F

e

F

e

F

e

F

e

F

e

F

e

1.54
1.48
0.95

.11
.08
.15

4.86**
6.90**
4.19**

.16
.13
.12

7.00***
4.90**
1.00

.11
.09
.11

6.46*
3.78*
0.42

.14
.12
.11

2.59
1.63
1.37

.09
.10
.14

3.81*
2.81*
1.02

.11
.12
.08

All of the electrode main eﬀects were signiﬁcant (Fs P 9.44, p < .05, e ranged from .06 to .18), and all the condition main eﬀect terms were non-signiﬁcant
(Fs 6 3.17, p P .10), with the exception of the beta1 CP vs. PA (F(1, 14) = 17.39, p < .0001).
Abbreviations: CP, cold pain; PA, pain anticipation control; AC, arithmetic control.
*
p < .05.
**
p < .01.
***
p < .001.
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bands (r2 (the proportion of variance one topographic pattern accounts for another) ranged from 0.00 to 0.30). The
cold pain and wince topographic patterns for the gamma
bands on the other hand were very similar (r2 ranged from
0.75 to 0.87). (Note that the scalp topographic patterns
were essentially the same at all frequencies within the
gamma bands.) Hence, we can assume that the gamma1
and gamma2 bands were heavily contaminated by scalp
EMG artifacts associated with wincing and, consequently,
they will not be analyzed further.
Our working hypothesis states that there will be painrelated changes in the EEG at speciﬁc electrode locations,
namely the contralateral central, fronto-central and the
temporal scalp regions. These changes will be indexed by
a signiﬁcant condition  electrode interaction term in the
ANOVA. Only the cold pain vs. pain anticipation comparison for the beta1 band had a signiﬁcant condition main
eﬀect in the absence of a signiﬁcant condition  electrode
interaction (Table 2). This demonstrates that the cold
pain-related increase in beta1 amplitude was the same at
all electrodes. Given our understanding of the cortical representation of pain and the relationship between cortical
activation and the EEG reviewed in Section 1, it is unlikely
that this non-speciﬁc change reﬂects a pain-related EEG
feature. It will not, therefore, be dealt with further.
The ANOVA condition  electrode interaction terms
for the cold pain vs. pain anticipation, the cold pain vs.
arithmetic control, and the pain anticipation vs. arithmetic
control comparisons are given in Table 2. The only significant diﬀerence between the pain anticipation and arithmetic control conditions occurred at the theta frequency band,
where the amplitudes at the frontal, fronto-central, bilateral temporal, and parietal midline locations were smaller
during the pain anticipation control than during the arithmetic control (Fig. 4).
There were no signiﬁcant diﬀerences between the cold
pain and either the pain anticipation or arithmetic control
conditions for the delta frequency band (Table 2). There
were, however, signiﬁcant diﬀerences between the cold pain
and the pain anticipation and arithmetic control conditions
for theta band amplitude (Table 2 and Fig. 4). Both comparisons involved smaller theta amplitudes in the frontocentral and contralateral temporal scalp regions in the cold
pain condition (Fig. 4). The cold pain condition also demonstrated smaller delta amplitudes at frontal scalp regions
than the arithmetic control.
Cold pain exhibited similar diﬀerences with the two control conditions at the alpha1 and alpha2 bands, where the
cold pain condition had smaller alpha amplitudes at the
contralateral temporal scalp sites and larger alpha amplitudes at posterior scalp sites (Table 2 and Fig. 5). The
alpha1 recorded during the cold pain was also smaller over
the ipsilateral temporal scalp, but only when compared to
the arithmetic control (Figs. 2 and 5). Cold pain had larger
beta2 amplitudes than both control conditions at essentially all scalp recording locations though, as indicated by
the signiﬁcant condition x electrode location interaction

1207

Fig. 4. Percent change in theta amplitude between the pain anticipation
(PA) and arithmetic control conditions (AC) (computed as ([PA  AC]/
AC)  100), between the cold pain and pain anticipation conditions
(computed as ([CP  PA]/PA)  100), and between the cold pain and
arithmetic control conditions (computed as ([CP  AC]/AC)  100). The
numbers are the percent change at electrode locations showing a
statistically signiﬁcant change in amplitude between conditions (Newman–Keuls test, p < .05). The closed circles correspond to electrode
locations that did not show a statistically signiﬁcant change in amplitude.
The nose is located towards the top of each panel, and the left ear towards
the left of each panel. Cz0 (2-cm posterior to the Cz location of the 10–20
system; Sharbrough et al., 1991) is the third location from the bottom
along the sagittal midline. The inter-electrode distance along the sagittal
and coronal axes is 5 cm.

term, some locations exhibited larger increases than others
(Table 2 and Fig. 5). However, the pattern of these changes
is not consistent with our understanding of the cortical representation of pain and is suspiciously close to that for
the wince pattern obtained in the gamma bands (see
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Fig. 5. Percent change in amplitude between the cold pain (CP) and pain anticipation (PA) control (left column) (computed as ([CP  PA]/PA)  100)
and between the cold pain and arithmetic control (AC) (right column) (computed as ([CP  AC]/AC)  100) for the alpha1 (top row), alpha2 (middle row)
and beta2 frequency bands (bottom row). The numbers are the percent change at electrode locations showing a statistically signiﬁcant change in amplitude
between conditions (Newman–Keuls test, p < .05). The closed circles correspond to electrode locations that did not show a statistically signiﬁcant change
in amplitude. The nose is located towards the top of each panel, and the left ear towards the left of each panel. Cz0 (2-cm posterior to the Cz location of the
10–20 system; Sharbrough et al., 1991) is the third location from the bottom along the sagittal midline. The inter-electrode distance along the sagittal and
coronal axes is 5 cm.

Fig. 2). It seems unlikely, therefore, that the beta2 pattern
constitutes a pain-related EEG feature and, consequently,
it will not be dealt with further.
4. Discussion
In this study, we observed EEG features that are consistent with pain-evoked activity in the somatosensory cortices. We also identiﬁed a number of factors that could
mask these pain-related EEG features and/or result in features that could be misinterpreted as pain-speciﬁc. These
include changes in the EEG caused by a shift in attention
away from some other sensory modality and towards the
pain; diﬀerences in working memory load that might occur
between the pain and some control conditions; the possibil-

ity that there are non-speciﬁc changes in the EEG over time
that could mask the pain-related EEG features if the order
of the pain and control conditions are not counterbalanced; and the possibility that the no-task control condition results in large between and within subject variability
in arousal, attention, vigilance, etc., that makes it more difﬁcult to identify and isolate the pain-related EEG features.
4.1. EEG indices of pain-related cortical activity
The decrease in alpha over the contralateral temporal
scalp during the cold pain condition relative to the pain
anticipation and arithmetic control conditions is consistent
with the pain-related activation of the somatosensory cortices reviewed in Section 1. The low spatial resolution of
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the scalp potentials and the close proximity of the SI hand
area and the somatosensory association areas in the parietal operculum make it impossible to determine which of
these somatosensory areas is responsible for the painrelated decrease in the temporal scalp alpha. Unfortunately, the contralateral localization of the alpha decrease
does not help discriminate between these two cortical areas.
The SI response to noxious inputs is well known to largely
involve the side contralateral to the stimulus (Coghill et al.,
2001; Peyron et al., 2000). Although the somatosensory
association areas in the parietal operculum and insula
receive bilateral nociceptive inputs, electrophysiological
and regional cerebral blood ﬂow studies have shown that
their response is largest and most consistent on the side
contralateral to the painful stimulus (Coghill et al., 2001;
Peyron et al., 2000; Robinson and Burton, 1980). Hence,
the decrease in the temporal scalp alpha could reﬂect
pain-related activity in the parietal operculum/insula, the
SI hand area (Coghill et al., 2001; Peyron et al., 2000), or
a combination of both. Further studies comparing the
alpha scalp topographies recorded while painful stimuli
are applied to the foot and hand will be necessary to
address this question. That is, if the pain-related decrease
in alpha is generated in SI then it will be located over the
central midline scalp for pain applied to the foot, and if
is generated in the parietal operculum/insula then the foot
pain-related decrease in alpha will be over the temporal
scalp. This question should also be addressed using intracranial recordings.
We did not observe a decrease in alpha over the frontocentral scalp indicative of pain-evoked activation of the
anterior cingulate cortex. There are two possible reasons
for this. First, there are some cortical areas for which a
decrease in alpha cannot be reliably detected from the
scalp. For example, voluntary hand movements decrease
the alpha recorded from the scalp overlying the primary
sensorimotor cortex hand area, whereas foot movements
do not result in a reliable decrease in alpha recorded from
the central midline scalp overlying the primary sensorimotor cortex foot area (see Pfurtscheller and Lopes da Silva,
1999 for review). Second, the anterior cingulate cortex
has multiple, functionally distinct subregions located in
close proximity, including subregions involved in pain
aﬀect (Davis et al., 1997; Rainville, 2002; Vogt et al.,
1993), attentional control (Botvinick et al., 2001; Dowman,
2004, 2007a,b; Dowman et al., 2007; Yeung et al., 2004),
and response selection (Devinsky et al., 1995; Vogt and
Sikes, 2000). It may be that activation of the pain-related
subregion of the anterior cingulate was masked by activities in the other subregions.
The close similarity between the gamma band scalp
topographic patterns obtained during the cold pain and
wincing conditions implies that the gamma band was heavily contaminated by scalp EMG associated with the wincing facial expression that often accompanies pain (Craig
and Patrick, 1985), even with the strict artifact rejection criteria employed here. Techniques that eliminate these EMG
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artifacts must be developed before the gamma band activity can be used to measure pain-related cortical activity.
Importantly, the wincing data also demonstrate that scalp
EMG artifacts do not appear to contaminate the painrelated changes in the alpha band, at least when strict artifact rejection criteria are used.
Of the 11 EEG studies reviewed in Section 1, only the
two that counterbalanced the control and pain conditions
(Chen and Rappelsberger, 1994; Huber et al., 2006)
reported the same pain-related decrease in alpha over the
temporal scalp that was observed here. This raises the possibility that there are non-speciﬁc changes in the EEG over
time that masked the pain-related EEG features in the
other studies. It is important, therefore, to counterbalance
the order of presentation of the pain and control conditions
across subjects.
Our study also diﬀers from the previous EEG studies of
pain in that we did not use a passive no-task control condition. As explained in Section 1, variability both between
and within subjects in vigilance, attention, arousal, etc.,
during the no-task control could result in large error variance, which will make it much more diﬃcult to identify and
isolate the pain-related EEG features. In the pain anticipation and arithmetic control conditions used in our study
attention and vigilance would have been much less variable
within their respective recording epochs.
4.2. Eﬀects of attention on pain- and non-pain-related EEG
features
There was an increase in alpha at the posterior scalp
during the cold pain condition that was probably generated
by the visual cortices. Several authors have reported an
increase in alpha over the posterior scalp when attention
is directed away from the visual modality and towards an
auditory target stimulus (Feige et al., 2005; Foxe et al.,
1998; Fu et al., 2001) or towards a voluntary movement
(see Pfurtscheller and Lopes da Silva, 1999 for review).
This change in attention results in a decrease in the activation of the visual cortex and an accompanying increase in
its alpha amplitude. The larger alpha amplitude at the posterior scalp regions during the cold pain condition
observed here implies that there was a greater reduction
in visual cortex activity during the cold pain condition than
during the pain anticipation and arithmetic control conditions. It is well known that pain demands attention (Eccleston and Crombez, 1999), and it might be the case that the
strong cold pain stimulus drew more attentional resources
from the visual modality than the subtraction task in the
arithmetic control condition or waiting for the next sural
nerve electrical stimulus in the pain anticipation condition.
We should expect, therefore, that directing attention
towards pain will aﬀect the alpha generated by the visual
cortices. Whether or not the subject directs their attention
away from the visual modality and towards the pain will
depend on factors that are not directly related to the pain
or easy to predict. For example, subjects who attempt to
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cope with the pain by visualizing themselves on a tropical
beach should exhibit a decrease in posterior scalp alpha.
Subjects who focus their attention on the pain, whether
because of its task relevance as in this study or because
of its inherent threat value, should exhibit an increase in
posterior scalp alpha. These diﬀerent attentional strategies
might explain why our study and Backonja et al. (1991)
reported an increase in posterior scalp alpha amplitude
during the tonic experimental pain condition whereas Ferracuti et al. (1994) and Chang et al. (2001a,b, 2002a,b)
observed a decrease.
Fortunately, the attention-related changes in alpha generated by the visual cortex can be easily separated from the
pain-related changes based on their diﬀerent scalp distributions. Distinguishing a pain-related decrease in alpha from
attention-related changes in alpha generated by the auditory cortex might be more problematic, given the close
proximity of the auditory cortex to the parietal/operculum
and SI hand area. The alpha generated by the auditory cortex is not reliably detected from the scalp (Foxe et al., 1998;
Klimesch, 1999), and hence it might not interfere with the
pain-related decreases in alpha recorded from the temporal
scalp. More work is needed to verify this.
Interestingly, there were no diﬀerences in alpha between
the pain anticipation and arithmetic control conditions
even though the subjects were attending to a painful stimulus expected at the ankle during the pain anticipation condition. Directing attention to a location in sensory space
has been shown to decrease alpha in the cortical area representing that sensory space even when a stimulus is not
presented (Babiloni et al., 2003, 2004, 2005, 2006; Del Percio et al., 2006; Kelly et al., 2006; Sauseng et al., 2005; Thut
et al., 2006; Worden et al., 2000; Yamagishi et al., 2003).
The decrease in alpha amplitude in this situation is consistent with regional cerebral blood ﬂow and electrophysiological studies showing that merely directing attention
towards an expected target stimulus increases the baseline
activity of the sensory cortices involved in processing that
stimulus (see Kanwhisher and Wojciulik, 2000; Kastner
and Ungerleider, 2000 for reviews). It is surprising, therefore, that attending to the ankle in the pain anticipation
condition did not result in a decrease in alpha at the central
midline scalp overlying the SI foot area and/or at the temporal scalp overlying the parietal operculum/insula.
Indeed, there were no diﬀerences in alpha amplitude
between the pain anticipation and arithmetic control conditions at any scalp location.
Studies that have reported attention-related decreases in
alpha amplitude over sensory cortex in the absence of a target stimulus employed a cue stimulus that immediately preceded the target. The cue stimulus predicted exactly when
the target was going to occur, and the decrease in alpha
band activity occurred during the cue – target stimulus
interval (Foxe et al., 1998; Sauseng et al., 2005; Thut
et al., 2006; Worden et al., 2000). This paradigm diﬀers
considerably from our experiment, where the sural nerve
electrical stimuli were not cued, were given at long, random

inter-stimulus intervals and were, therefore, unpredictable.
Hence, attention-related decreases in alpha in the absence
of a stimulus may not occur under these conditions. This
implies that merely thinking about a painful stimulus will
not elicit the same changes in alpha as presenting an actual
painful stimulus. However, it is also possible that sustained
attention only aﬀects the SI cortex and that alpha generated by the SI foot area is not reliably recorded from the
scalp. Indeed, as noted above, decreases in alpha associated
with voluntary movements can be detected from over the
primary sensorimotor cortex hand area but not from over
the foot area (Pfurtscheller and Lopes da Silva, 1999). Further work will be necessary delineating the eﬀects of sustained attention on alpha amplitude and whether it could
confound any decreases in alpha amplitude due to painevoked activity.
4.3. Eﬀects of changing working memory load on the painrelated EEG Features
We unexpectedly found that the frontal theta amplitude
was smaller during the pain anticipation than the arithmetic control condition. This diﬀerence is probably related to
the increase in frontal theta amplitude that has been shown
to occur with an increase in working memory load (Gevins
et al., 1997; Gomarus et al., 2006; Jacobs et al., 2006; Kahana, 2006), given working memory load was greater when
performing the subtraction task than merely waiting for
the next sural nerve electrical stimulus. Note, however, that
the lack of diﬀerence between these control conditions for
the alpha bands implies that changes in working memory
load should not interfere with the pain-related changes in
alpha.
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