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Objective: To investigate the anticipatory neural processes associated with the interruptive effects of pain
anticipation on attention.
Methods: Sustained attention was measured in healthy subjects (n = 24) by the number of task errors in a
go/no-go task involving temporal discrimination of non-painful cutaneous electrical stimuli. Painful dis-
tractors were randomly delivered to the same spatial location and the resulting increases in task errors
(indicating interruption of attention) were measured. In a separate task the same subjects attended to the
spatial location of painful laser stimuli delivered to the right forearm, and we localized the sources of
anticipatory ERPs prior to stimulation.
Results: Pain anticipation was associated with activation of pain matrix areas including bilateral insula,
mid- and posterior cingulate cortices, and bilateral inferior parietal cortices. Subjects with greater
pain-related increases in task errors found the pain to be more unpleasant, and showed increased early
pain-related anticipatory processing in the midcingulate cortex. They also demonstrated reduced pro-
cessing in a spatial attention network comprising posterior cingulate and inferior parietal cortices.
Conclusions: The results suggest a role for the midcingulate cortex in interrupting attention during pain
anticipation.
Significance: Individuals with greater anticipatory midcingulate responses may be predisposed to devel-
oping chronic pain and hypervigilance toward clinical pain symptoms.
� 2008 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

Attention is one of the best-studied psychological phenomena
in relation to pain. In understanding interactions between atten-
tion and pain, it is helpful to make a distinction between automatic
(involuntary) and intentional (voluntary) attentional processes.
Automatic processes of attention are thought to underlie pain
hypervigilance, which is significantly related to important clinical
issues surrounding chronic pain, particularly psychogenic pain
(Crombez et al., 2005). Pain hypervigilance can be defined as great-
er than usual automatic attentional selection of pain-related
threats out of the field of sensory experience (Peters et al., 2000).
Hypervigilant attention can occur during anticipation of future pain
and is therefore thought to be driven by fear and anxiety (Nutt
et al., 2002; Bogels and Mansell, 2004). Experimental studies have
shown that the effects of pain-related fear in augmenting pain per-
ception is mediated by pain hypervigilance (Arntz et al., 1994;
Crombez et al., 1998; Crombez et al., 1998; Keogh et al., 2001).
In patients with chronic pain, the level of pain-related fear predicts
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the extent to which their pain causes attentional interference
(Crombez et al., 1998, 1999). Hence, the result of hypervigilance
is that pain has a more interruptive effect on attention (Eccleston
and Crombez, 1999; Crombez et al., 2005).

The neural correlates in the brain that mediate the interaction
between attention and pain processing have recently been the
subject of investigation (Seminowicz et al., 2004; Seminowicz
and Davis, 2007). However, it is not clear which specific areas of
the ‘pain matrix’ in the brain mediate the interaction between
attention and pain processing. Neuroimaging studies commonly
reveal neural responses to acute pain in the midcingulate cortex,
which is thought to have both attentional and affective functions
in relation to painful stimuli (Peyron et al., 2000; Garcia-Larrea
et al., 2003; Vogt, 2005) and non-painful stimuli (Posner and Peter-
sen, 1990; Bush et al., 2000). Studies investigating neural activity
associated with sustained attention (using go/no-go tasks, stroop
tasks) have implicated similar regions of the midcingulate cortex
to those that occur in response to acute pain, although they do
not exactly overlap (Davis et al., 1997; Derbyshire et al., 1998;
Buffington et al., 2005). It has been suggested that midcingulate
responses to pain may better reflect automatic orientation of
attention toward pain that serves to interrupt attention to other
logy. Published by Elsevier Ireland Ltd. All rights reserved.
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stimuli or tasks (Peyron et al., 2000). By contrast, the intentional
focusing of attention toward pain, and in particular its spatial loca-
tion, has been linked to a right-lateralized attention network
including inferior parietal cortex (Peyron et al., 1999; Kulkarni
et al., 2005).

Neuroimaging studies using PET or fMRI are not well placed to
study anticipatory processes that may be involved in mediating
pain hypervigilance, owing to their poor temporal resolution.
Anticipatory potentials preceding pain such as the Stimulus-Pre-
ceding Negativity (SPN) can be measured using EEG (Bocker
et al., 1994; Brown et al., 2008). The SPN is not induced by the need
for an immanent motor response, by contrast to the Contingent
Negative Variation (CNV) and the Readiness Potential (RP) (see
Brunia and van Boxtel, 2001 for a review). The SPN is thought to
reflect anticipatory attention toward a stimulus, and is thought
to be initiated by the relevant sensory cortices under some condi-
tions (Brunia and van Boxtel, 2001).

In this study, we set out to measure the interruptive effect of
pain anticipation on sustained attention and to determine anticipa-
tory neural correlates of this effect. We hypothesized that subjects
who show greater attentional interruption by anticipating pain
would report greater pain unpleasantness at a given intensity. This
was on the basis that greater attentional resources given to the
anticipation of pain would result in greater pain unpleasantness.
To test this, we designed a go/no-go task that measured the inter-
ruptive effect of pain anticipation on attention to the task. Subjects
attended to the sensory aspects of electrical somatosensory stim-
uli, responding to all except infrequent oddball stimuli. Painful dis-
tractors (which subjects were told to ignore and were therefore
task-irrelevant) were delivered during the task. Pain-related reduc-
tions in task performance as a result of the painful distractors were
used to infer the extent to which attention was interrupted by pain
anticipation.

Two aspects of the experimental design helped to ensure that
the interruptive effects of the pain could be attributed to its antic-
ipatory component. Firstly, target stimuli (which were used to
measure attentional interruption) and subsequent non-target
stimuli were never painful. Hence, pain-evoked responses were
temporally differentiated from processing and responding to tar-
gets. Secondly, painful distractors were always delivered to the
same spatial location as the task-relevant stimuli. Because pain is
well known to automatically induce attentional orientation toward
it, such a spatial coherence would be expected to increase task per-
formance rather than interrupt it. Any interruptive effects of the
pain could therefore be attributed to secondary affective process-
ing (e.g. fear/anxiety) taking place during anticipation of pain,
rather than shifts in spatial attention away from the task due to
primary pain processing.

Our second hypothesis was that attentional interruption by
pain anticipation would be associated with greater anticipatory re-
sponses to pain in the midcingulate cortex, in addition to anatom-
ically connected regions known to form an attention network with
Fig. 1. Experimental design of the go/no-go task Electrical pulses were delivered at a rat
or distractors (single pulses of either medium or high intensity). Subjects responded to
responses were withheld to targets but not non-targets or distractors.
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this region (e.g. right inferior parietal cortex Baleydier and Maugui-
ere, 1980; Vogt and Pandya, 1987). In order to test this, we inves-
tigated the SPN during anticipation of pain in a separate task in
which subjects focused on the spatial location of the pain to control
for intentional processes of attention between the two tasks. By
comparing data between the two tasks, anticipatory responses that
correlated with the interruptive effects of pain were determined.

2. Methods

Twenty-four healthy right-handed subjects participated in the
study (12 female, 12 male; mean age 34 ± 14). Subjects gave in-
formed written consent, and the study was approved by Tameside
and Glossop Local Research Ethics Committee.

2.1. Experiment 1: Go/no-go task. Measuring the effect of pain
anticipation on attention

In order to measure the distractive effects of pain anticipation
on sustained, task-relevant attention, we needed two conditions
in which (1) attention was either affected by pain or not affected
by pain, (2) the task was equally difficult in both painful and
non-painful conditions apart from differences in difficulty result-
ing from differential painfulness, (3) pain-related changes in task
performance could be attributed to pain anticipation rather than
physiological factors such as the properties of peripheral nerves
(such as their density, which may vary across individuals).

To achieve this, we designed a go/no-go task based on temporal
discrimination in which subjects were required to respond to ‘sin-
gle’ electrical pulses and withhold their response to ‘double’ pulses
(Fig. 1). Electrical pulses were applied to the subjects’ right index
finger by passing a current between two electrodes placed 3 cm
apart using a purpose-built constant current electrical stimulator.
Initially, a psychophysics procedure determined individually tai-
lored stimulus intensities for each subject. Applying single pulses
of 200 ls duration, a ramping procedure was performed three
times in order to determine the stimulus current required to in-
duce three subjective intensity levels: ‘low’ intensity (non-painful,
at twice the sensory threshold), ‘medium’ intensity (non-painful, at
three-quarters of the pain threshold) and ‘high’ intensity (moder-
ately painful, halfway between pain threshold and pain tolerance).
In addition, double pulses were used during the study at the ‘low’
intensity, consisting of 2 � 200 ls duration pulses with an inter-
stimulus interval of 100 ms.

Prior to commencing the experiment, subjects performed a sen-
sory discrimination task in order to confirm that they were able to
accurately discriminate single and double pulses. Subjects re-
sponded verbally to 20 low-intensity stimuli, consisting of a ran-
domized sequence of single and double pulses, by indicating
which type of pulse they perceived. Subjects that misperceived at
least one of the pulses performed the task again at incrementally
higher stimulus intensities until they scored 100% correct. This cor-
e of 1 Hz and consisted of either: non-targets (single pulses), targets (double pulses)
the electrical pulses with a button press by performing a go/no-go task in which
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rected intensity was used for the ‘low’ intensity pulses during the
experiment. Despite these corrections, ‘low’ intensity pulses were
found to be less than half the intensity of the ‘medium’ pulses
for all subjects (see Fig. 2).

During the main part of the experiment, subjects performed a
go/no-go task with the electrical stimuli (Fig. 1). Electrical pulses
were delivered at a rate of one per second for two minutes within
each block. Subjects were told to respond with a button press to
frequent single pulses (non-targets, 90% of stimuli), but to with-
hold responses to infrequent double pulses (targets, 10% of stimuli,
randomized).

During each task, 7/9 of the non-targets (single pulses) were
‘low’ intensity pulses. The remaining 2/9 pulses were distractors
of a higher intensity delivered at random, which subjects were told
to ignore; these were either non-painful (‘medium’ intensity) in
condition 1, or painful (‘high’ intensity) in condition 2. Each condi-
tion was therefore equally matched for stimulus novelty, and dif-
fered only in the intensity of the pulses. In total, 2 blocks of each
condition were performed, the order of which was counterbal-
anced (either 1-2-2-1 or 2-1-1-2, randomly assigned to each sub-
ject). After each block, subjects were asked to rate the average
unpleasantness of the stimuli delivered in each block (including
all painful and non-painful stimuli) using a 0–10 numerical scale
(0 = no sensation, 10 = unbearable pain), which was anchored such
that a level 4 indicated pain threshold.

2.2. Experiment 2: Pain localization task. Measuring anticipatory ERPs
to pain

The high frequency of stimuli delivered during Experiment 1,
and the co-incidence of motor-related processes occurring
between stimuli, made it impossible to record a clean anticipa-
tory-evoked potential that was specific to anticipating pain. In
order to investigate potential neural correlates of the interruptive
effect of pain anticipation on attention, and to differentiate differ-
ent stages of pain anticipation as done previously (Brown et al.,
2008), we designed a separate task in which pain stimuli were
anticipated over a longer duration. Anticipatory ERP responses to
pain were recorded as subjects focused attention on the spatial
location of the anticipated painful stimuli. Subjects were therefore
Fig. 2. The electrical current required to induce three intensity levels of pain
stimulus for each subject The data is ordered according to the current needed to
deliver a moderately painful (‘high’) intensity stimulus for each subject (n = 24).
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focused on the sensory-discriminative component of pain as dur-
ing the go/no-go task, thus increasing the validity of making data
comparisons between the two tasks. Laser stimuli were used dur-
ing this task in order to identify responses specific to the anticipa-
tion of nociceptor activation (Ad- and C-fibre transmission), which
lasers can achieve without the need for skin contact (Meyer et al.,
1976).

Using a CO2 laser stimulator, heat stimuli of 150 ms duration
and a beam diameter of 15 mm were applied to the dorsal surface
of the subjects’ right forearm. Subjects wore protective laser safety
goggles during the experiment. Laser stimuli were randomly deliv-
ered to different positions on the arm over a skin area of 3 � 5 cm
in order to avoid habituation, sensitization or skin damage. As de-
scribed previously (Bentley et al., 2004), this area was split into
two adjacent halves of 1.5 � 5 cm: a left half and a right half. Dur-
ing the experiment (details below) equal numbers of laser stimuli
were delivered to each half in a pre-determined sequence.

An initial psychophysics procedure was performed using a
0–10 numerical scale, which was anchored such that a level 4
indicated just painful (pain threshold). A ramping procedure
was repeated three times in order to determine a moderately
painful level of laser stimulus intensity (level 7 on the scale)
for each subject.

On each trial of the experiment (Fig. 3), a laser heat stimulus
was delivered to the subject every 10 s. Laser stimuli were pre-
ceded by the appearance of visual anticipation cues, displayed on
a computer monitor in front of the subject, in order to provide sub-
jects with accurate information about the timing of each laser
stimulus. The anticipatory cue at �3 s was a black dot; this chan-
ged to a gray dot at �2 s and a white dot at �1 s. The white dot
was displayed until 3 s after each laser stimulus, when a different
visual cue was displayed in order to prompt the subjects to provide
a response after each pulse relevant to the task.

Attending to the laser stimuli, subjects performed a pain local-
ization task in two blocks of 15 trials. Subjects were asked to at-
tend to the location of each laser stimulus during anticipation
and experience of the pain, and decide whether they felt each pulse
to be on the left or right half of the box on their arm. Subjects’
peripheral vision was restricted using the laser safety goggles so
that they were not able to visually perceive where each laser pulse
had been delivered, and instead had to rely upon nociceptive sen-
sation. Subjects responded to each laser pulse with one of the two
possible button presses depending on whether they perceived a
left- or right-sided pulse. After each block, subjects were asked to
provide a rating of the average unpleasantness of the painful stim-
uli over the block using a 0–10 numerical scale.

In order to enable comparison of results between the go/no-go
task and the pain localization task, the pain localization task took
place after completing the first two blocks of go/no-go task, but be-
fore completing the final two blocks of the go/no-go task, resulting
in a counterbalanced design. In doing so, the potential for con-
founds relating to differences in subjects’ levels of tiredness be-
tween the two tasks was minimized.

2.3. Electroencephalographic (EEG) recordings

During the pain localization task, EEG recordings were taken
from 61 scalp electrodes placed according to an extended 10–20
system (Quik-Cap system, Neuroscan, Inc.). Bandpass filters were
set at DC – 100 Hz, with a sampling rate of 500 Hz and gain of
500. A notch filter was set to 50 Hz to reduce electrical interfer-
ence. Electrodes were referenced to the ipsilateral (right) earlobe,
and recordings were also taken from the contralateral (left) earlobe
for off-line conversion to linked-ears reference. The vertical and
horizontal electro-oculograms (EOG) were measured for off-line
reduction of blink and eye-movement artifacts.
gulate cortex in the interruptive effects of pain anticipation ..., Clin



Fig. 3. Experimental design and resulting ERP waveform from the pain localization task (a) A moderately painful laser stimulus was delivered every 10 s. Prior to stimulus
delivery, three consecutive anticipatory visual cues counted down laser stimulus onset. Subjects were cued 3s after each laser pulse to provide a response to a pain
localization task (see Section 2). (b) Grand mean over all subjects of the anticipatory- and pain-evoked response at electrode CPz. (c) Topographic distribution of anticipatory
responses during baseline, early anticipation, mid-anticipation, and late-anticipation.
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2.4. Behavioral data analysis

Task performance during the go/no-go task was determined
from the number of errors made (i.e. subjects accidentally
responding to targets), for each of the two conditions. We firstly
used a Shapiro-Wilk test for normality to show that the data were
not significantly different from the normal distribution, allowing
us to use parametric statistics. We then determined whether there
was a significant difference between the number of task errors
occurring during condition 1 and condition 2 via paired-samples
t-test. The relative increase in errors resulting from pain was calcu-
lated by subtracting the number of errors for condition 1 from the
number of errors for condition 2.

In order to determine whether increases in the perceived
unpleasantness of the painful electrical stimuli (relative to the
non-painful stimuli) were associated with increased task errors,
post-task ratings of pain unpleasantness were averaged for each
condition. Unpleasantness ratings for condition 1 were subtracted
from those for condition 2. The result was tested for normality
using the Shapiro-Wilk test and then correlated with the increase
in errors resulting from pain. The resulting relationship was tested
using Pearson’s correlation coefficient.

We also investigated whether subjects with a greater increase
in error rates as a result of pain were more likely to judge any pain
stimulus to be more unpleasant. To do this, we correlated the re-
ported unpleasantness of the laser stimuli during the pain localiza-
tion task with both the increase in unpleasantness of the electrical
stimuli and the increase in error rates resulting from pain, using
Pearson’s correlation coefficient. It should be emphasized that
the laser stimuli were delivered at an intensity that was deter-
mined independently of the electrical stimuli.
Please cite this article in press as: Brown CA, Jones AK, A role for midcin
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Next, we sought to discount the possibility that the electrical
stimulus properties were determining changes in error rates rather
than cognitive factors related to attention and perceived pain
unpleasantness. Even though the psychophysics procedure was de-
signed so that each subject would perceive the intensity of electri-
cal stimuli to be the same, the applied current used for each subject
may have been affected by bias in their conception of what consti-
tutes pain threshold. This might lead to differences in the applied
stimulus intensity that would affect error rates on the go/no-go
task. We therefore investigated whether greater pain-related in-
creases in error rates could be accounted for by a greater difference
in the applied current between ‘medium’ and ‘high’ intensity stim-
uli. To do this, the increase in errors rates was correlated with the
percentage increase in the delivered current, using Pearson’s corre-
lation coefficient. Similar analyses were performed to determine
whether the percentage increase in delivered current of the electri-
cal stimuli correlated with the percentage increase in pain
unpleasantness ratings, and whether the delivered energy of the
laser stimuli correlated with laser pain unpleasantness ratings.

2.5. EEG data analysis

EEG data from the pain localization task were analyzed using
Neuroscan Edit 4.3 (Compumedics USA Ltd.). An ocular artifact
reduction algorithm (Semlitsch et al., 1986) was performed. The
data were epoched into single trials of 5.5 s duration starting
1000 ms before the first visual anticipation stimulus and ending
1500 ms seconds after the laser stimulus. Epochs were visually in-
spected for further ocular artifacts that had escaped automatic re-
moval, and deleted if necessary. Linear trends over the whole
epoch were removed using the entire epoch to calculate the linear
gulate cortex in the interruptive effects of pain anticipation ..., Clin
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component in all channels; the whole epoch was used in order to
minimize removal of linear trends that may have specifically re-
sulted from the anticipatory neural responses we were intending
to measure. Each epoch was then baseline-corrected to the
500 ms interval preceding the visual anticipation cue. Trials were
then averaged separately for each condition. Data were referenced
to the common average before proceeding further with data anal-
ysis, although ERP waveforms are presented according to the
linked-ears reference.

Three 500 ms phases of the anticipatory brain response were
analyzed (Fig. 3). An ‘early’ phase, at �2500 ms to �2000 ms pre-
ceding the laser stimulus, was chosen as the earliest part of the
anticipatory response that could be measured without interference
from visual-evoked responses resulting from the first anticipation
cue. A ‘mid’ phase was chosen at �1500 ms to �1000 ms preceding
the laser stimulus. A ‘late’ phase, at �500 ms to 0 ms preceding the
laser stimulus, was chosen to represent processes taking place in
immediate preparation for the impending laser stimulus.

Cortical sources of anticipatory ERPs at each time period were
estimated with low-resolution electromagnetic tomography
(LORETA), using the LORETA-KEY software (Pascual-Marqui et al.,
2002). The software uses a three-shell spherical head model regis-
tered to the Talairach anatomical brain atlas (Talairach and Tour-
noux, 1988), although the electrode coordinates used were
determined from a co-registration between spherical and realistic
head geometry that create a best-fit model (Towle et al., 1993).
LORETA estimates ERP sources in gray matter volume to a 7 mm3

grid resolution (2394 voxels in total) using the digitized MNI prob-
ability atlas (Mazziotta et al., 2001). Time-domain EEG files were
Fig. 4. Significant behavioral data correlations (a) Correlation of pain unpleasantness ra
related increases in task errors on the go/no-go task. (b) Correlation of pain unpleasantne
go task. (c) Correlation of pain unpleasantness ratings of the laser stimuli with pain unple
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converted to current density vector field magnitude using this
technique. The resulting LORETA solutions were log-transformed
at each pixel; this approximates LORETA solutions to a Gaussian
distribution for parametric statistical analysis as previously dem-
onstrated (Liu and Perfetti, 2003; Kiebel et al., 2005).

LORETA solutions were converted to SPM image format using a
modified version of LOR2SPM (http://www.ihb.spb.ru/~pet_lab/
L2S/L2SMain.htm). During this process LORETA solutions were
intensity-normalized in order to eliminate subject-to-subject glo-
bal variations. Statistical maps were then created using SPM5
(http://www.fil.ion.ucl.ac.uk/spm/software/spm5) running on
Matlab 7.1 (Mathworks Inc.). Initially, areas of the cortex activated
during anticipation of pain were determined by performing a series
of paired-samples t-tests for each anticipation period (early, mid,
and late) relative to the baseline period. Results are reported at
threshold of significance of p < 0.01 (one-tailed, Family Wise Error
(FWE) corrected for multiple comparisons), with a minimum of
seven contiguous voxels.

Early, mid, and late phases of the anticipatory ERP data were
analyzed separately as follows, using the sources identified as
active during each of the three anticipation periods as masks to
restrict results to these areas of interest. The relative change in er-
ror rates as a result of pain was entered as a covariate with LORETA
sources during the pain localization task in order to test for
correlations between changes in error rates (both increases and
decreases) and current density at each voxel. Results are reported
at an uncorrected threshold of significance of p < 0.05 (two-tailed),
with a minimum of seven contiguous voxels below this threshold,
within our regions of interest (midcingulate and associated corti-
tings of the electrical stimuli (painful condition–non-painful condition) with pain-
ss ratings of the laser stimuli with pain-related increases in task errors on the go/no-
asantness ratings of the electrical stimuli (painful condition–non-painful condition).

gulate cortex in the interruptive effects of pain anticipation ..., Clin
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ces). Brain areas, revealed outside our areas of interest during this
analysis, were only accepted at a corrected (FWE) threshold of sig-
nificance of p < 0.05 (two-tailed) with seven contiguous voxels.

Areas of the pain matrix that were above our statistical thresh-
olds were further analyzed as volumes of interest (VOIs). VOIs
were extracted as the first eigenvector (i.e. the mean of the ad-
justed response after rejecting noise) of all voxels within a sphere
of 7 mm radius, centered on the most significantly activated voxel,
that were above the chosen statistical threshold. These values are
relative to a whole-brain mean signal of 100. For each analysis de-
scribed above, VOIs were correlated (using Pearson’s coefficient)
with the increase in unpleasantness ratings resulting from pain
during the go/no-go task. We also correlated VOIs generated from
the most significantly activated voxels within midcingulate cortex
and inferior parietal cortex during each of the early- and late-antic-
ipatory stages, in order to investigate differential co-variation of
these loci at the two time points.

3. Results

In comparing the relative number of errors occurring during the
go/no-go task, we found that there was no significant difference
between the painful and non-painful conditions across all subjects.
The mean (±SD) number of errors was 4.38 (±5.2) for the painful
task and 4.58 (±5.0) for the non-painful task. However, the relative
increase in the perceived unpleasantness of the electrical stimuli
(Experiment 1), after introducing randomized painful stimuli, cor-
related with pain-related increases in errors on that task (r = 0.42,
p < 0.04; Fig. 4). Furthermore, the reported unpleasantness of the
Fig. 5. Non-significant behavioral data correlations Pain-related increases in task errors
increase in electrical current used (painful condition–non-painful condition) and (b) t
significant correlations between (c) pain-related increases in pain unpleasantness of the
(d) pain unpleasantness ratings of the laser stimuli and the laser energy required to ind
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laser stimuli during the pain localization task (Experiment 2) cor-
related with two behavioral measures from the go/no-go task
(Experiment 1): pain-related increases in the unpleasantness of
the electrical stimuli (r = 0.63, p < 0.001), and the pain-related in-
creases in error rates (r = 0.59, p < 0.003). Interestingly, there was
no correlation between the percentage increase in the delivered
electrical current of the stimuli and either the increase in error
rates or the increase in perceived unpleasantness in Experiment
1 (Fig. 5). There was also no correlation between the delivered laser
energy during the pain localization task and unpleasantness rat-
ings during Experiment 2.

The EEG results show differential activation during the three
anticipatory stages in the pain matrix (Table 1, Fig. 6). Pain matrix
areas activated during early anticipation include bilateral posterior
insula, midcingulate cortex, posterior cingulate cortex, bilateral
inferior parietal lobe, and right hippocampus, in addition to bilat-
eral precentral gyri and areas of the middle and superior temporal
lobe. During mid-anticipation, activation was more restricted with
increases in current density only found in bilateral posterior insula
and parahippocampal gyrus. Late-anticipation was characterized
by similar activity in posterior insula and hippocampal areas, with
additional activation of midcingulate, posterior cingulate, precen-
tral gyrus, and superior temporal lobe. Unlike during early antici-
pation, mid, and late anticipation did not reveal activation of
inferior parietal lobe.

Increased error rates as a result of introducing painful distrac-
tors in the go/no-go task (Experiment 1) were associated with
greater anticipatory activity in midcingulate cortex as subjects at-
tended to the location of anticipated painful laser stimuli (Experi-
on the go/no-go task did not show significant correlations with (a) the percentage
he laser energy required to induce a moderate level of pain. There were also no
electrical stimuli and pain-related increased in task errors on the go/no-go task, and
uce a moderate level of pain.

gulate cortex in the interruptive effects of pain anticipation ..., Clin



Table 1
Brain regions showing increased current density during anticipation of pain during
three separate temporal stages

Brain region Area MNI coordinates t-Value p-Value

x y z

Early anticipation
Posterior insula R 13 39 �18 22 12.24 0.000

L 13 �31 �18 1 11.11 0.000
Precentral gyrus R 6 46 �11 36 8.16 0.000

L 43 �52 �11 15 9.29 0.000
Inferior parietal lobule R 40 39 �32 43 7.77 0.000

L 40 �31 �39 43 7.58 0.000
Superior temporal gyrus R 13 46 �46 22 6.39 0.000
Hippocampus R � 25 �39 1 10.94 0.000
Middle temporal gyrus L 39 �45 �53 15 8.16 0.000
Middle occipital gyrus L 18 �24 �95 15 7.75 0.000
Midcingulate cortex L 24 �3 �4 29 10.91 0.000
Precuneus R 39 25 �60 22 10.43 0.000
Posterior cingulate cortex R 29 4 �46 8 8.74 0.000

Mid-anticipation
Parahippocampal gyrus R 30 11 �39 1 13.05 0.000

L 30 �17 �39 1 10.78 0.000
Posterior insula R 13 39 �18 1 8.06 0.000

L 13 �31 �11 1 6.85 0.000

Late-anticipation
Hippocampus R � 25 �39 1 10.13 0.000
Parahippocampal gyrus R 30 32 �53 1 8.53 0.000
Lingual gyrus L 19 �24 �67 �6 6.52 0.000
Midcingulate cortex L 24 �3 �4 29 6.82 0.000
Posterior cingulate cortex L 29 �3 �39 22 5.82 0.000
Posterior insula R 13 39 �18 22 9.52 0.000

L 13 �31 �11 1 9.39 0.000
Precentral gyrus L 43 �52 �11 15 7.26 0.000
Superior temporal gyrus R 42 67 �25 15 6.46 0.000

Corr, corrected p-values (FWE); area, Brodmann’s area.
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ment 2) during early anticipation only (Fig. 6). Increased errors
were also associated with reduced current density during early
anticipation in the right inferior parietal cortex and posterior cin-
gulate cortex (Fig. 6). There was no correlation of increased errors
with current density during mid or late-anticipation anywhere
within the areas activated during pain anticipation. Furthermore,
no correlations were found between pain-related increases in
unpleasantness ratings on the go/no-go task and current density
in midcingulate cortex, right inferior parietal cortex or posterior
cingulate cortex.

Highly significant correlations of current density were found
between midcingulate and right inferior parietal cortices during
late anticipation (r = 0.70, p < 0.001; Fig. 7b). However, during early
anticipation correlations between the two regions did not reach
significance despite a trend toward a positive correlation
(r = 0.39, p < 0.06; Fig. 7a).

4. Discussion

Our first hypothesis is supported by the behavioral results:
task-irrelevant painful stimuli during the go/no-go task increased
error rates more in subjects reporting the greatest increases in pain
unpleasantness (Fig. 4). There was no significant difference be-
tween the painful and non-painful conditions of the task over the
whole group, suggesting that pain only has an interruptive effect
on attention in a subgroup of individuals, i.e. those who find it to
be the most unpleasant. Furthermore, subjects with the greatest
pain-related increases in task errors were generally biased toward
reporting the emotional component of pain regardless of the stim-
ulus properties. Despite the fact that the electrical and laser stimuli
used in the two tasks were tailored independently of each other to
produce a pre-specified subjective intensity level, subjects who re-
ported greater unpleasantness in response to the painful electrical
Please cite this article in press as: Brown CA, Jones AK, A role for midcin
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stimuli also reported the laser stimuli to be more unpleasant.
Importantly, the delivered electrical current of the painful electri-
cal stimuli did not correlate with either the perceived unpleasant-
ness of the stimuli nor with the increased task errors they caused.
The delivered energy of the laser pulses also did not correlate with
the unpleasantness ratings of these stimuli (Fig. 5). This suggests
that subjects with increased pain-related task errors were biased
in their reporting of pain toward emphasizing its emotional char-
acteristics, regardless of the sensory characteristics of the stimulus.
The variation in pain unpleasantness ratings is therefore best ex-
plained by differences in attention to the emotional characteristics
of the pain rather than by its stimulus intensity.

4.1. Neural activity during anticipation of pain

The results showing widespread neural activation over the pain
matrix (Fig. 6a) during anticipation of pain is consistent with fMRI
studies showing similar areas of activation during anticipation and
experience of acute pain (Hsieh et al., 1999; Ploghaus et al., 1999;
Porro et al., 2002). With the finer temporal resolution of EEG, we
were able to show that the most widespread activation of the pain
matrix was during the early-anticipatory stage. More specifically,
early anticipation was associated with co-activation of the mid-
and posterior cingulate cortices with bilateral inferior parietal cor-
tices, which did not take place during mid- and late-anticipatory
stages. Right inferior parietal and midcingulate cortices are heavily
interconnected anatomically (Baleydier and Mauguiere, 1980; Vogt
and Pandya, 1987), and substantial evidence implicates these re-
gions in attention, particularly with respect to pain (Coull and No-
bre, 1998; Posner and Rothbart, 1998; Peyron et al., 1999;
Sawamoto et al., 2000; Behrmann et al., 2004; Buffington et al.,
2005; Fan et al., 2005).

More restricted areas of the pain matrix (bilateral posterior in-
sula and parahippocampal gyrus) were activated during mid-antic-
ipation, with a notable lack of cingulate and parietal cortex
activation. Hippocampal areas are involved with maintaining
memory traces that enable associative learning in aversive condi-
tioning (Buchel et al., 1999). Although LORETA source solutions
are less robust for deeper brain sources (Trujillo-Barreto et al.,
2004), research suggests strong agreement between LORETA
sources and intra-cerebral recordings in deep mesial temporal/hip-
pocampal areas (Zumsteg et al., 2005).

Previous data have shown that late, but not early, anticipatory
processing predicts the amplitude of the pain-evoked response
when the intensity of the forthcoming pain is predictable (Brown
et al., 2008). In this study, late-anticipatory processing was associ-
ated with cingulate activity in the absence of inferior parietal cor-
tical activity. However, there were high correlations of current
density between midcingulate and inferior parietal areas during
late anticipation, in contrast to the poor correlation during early
anticipation. Spatial correlations can be used to imply the degree
of functional connectivity between two regions, or can otherwise
indicate common connections to a third (or more) neuronal dri-
ver(s). We speculate therefore that attention areas (midcingulate
and inferior parietal cortices) may function within a more cohesive
network during late stages of anticipation, potentially involving
further neuronal systems not detectable using surface EEG such
as the thalamus. It has been previously suggested that such
changes in connectivity may facilitate top–down influences on
pain (Tracey, 2005).

4.2. Anticipatory processes influencing attention and pain
unpleasantness

Further EEG results (Fig. 6b) support our second hypothesis,
that anticipatory responses to pain in midcingulate cortex are asso-
gulate cortex in the interruptive effects of pain anticipation ..., Clin



Fig. 6. Anticipatory brain responses to pain (a) t-test comparisons of LORETA sources during each anticipatory period with the baseline revealed widespread activation over
the pain matrix. (b) Regions of current density during early anticipation of pain showing positive (yellow/red) and negative (green/blue) correlations with pain-related
increases in task errors on the go/no-go task (MCC: midcingulate cortex; PCC: posterior cingulate cortex; IPC: inferior parietal cortex).
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ciated with greater attentional interruption by pain anticipation.
Subjects with the greatest pain-related increases in task errors dur-
ing the go/no-go task showed greater activations of midcingulate
cortex during the early-anticipatory stage. Recent research using
fMRI implicates attention networks involving anterior midcingu-
late cortex in the interruptive effects of pain (Seminowicz and Da-
vis, 2007). The more posterior region of the midcingulate located in
this study is consistent with the known differences between fMRI
and EEG in estimating sources of brain activity related to pain pro-
cessing (Garcia-Larrea et al., 2003).

Pain-related increases in task errors were associated with re-
duced anticipatory activation of right inferior parietal cortex and
posterior cingulate cortex. These areas are interconnected (Vogt,
Please cite this article in press as: Brown CA, Jones AK, A role for midcin
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2005) and known to form part of a network involved with spatial
orientation of attention (Peyron et al., 1999; Behrmann et al.,
2004; Kulkarni et al., 2005; Fan et al., 2005). The poor correlation
between midcingulate and inferior parietal attention areas during
early anticipation is reflected in the dissociable relationship of
these regions to errors in the go/no-go task.

Together, our EEG results support the hypothesis that midcin-
gulate responses during anticipation of pain are associated with
attentional interruption. However, it is unclear from the present
results what mechanisms mediate this relationship. A model that
has been previously described (e.g. Peyron et al., 2000) suggests
that midcingulate areas direct attention toward pain automatically
in response to a stimulus, and are therefore reflective of ‘bottom-
gulate cortex in the interruptive effects of pain anticipation ..., Clin



Fig. 7. Correlated activity in attention areas during anticipation (a) Correlations
between current density in midcingulate cortex (MCC; MNI coordinates: �3, �4,
29) and right inferior parietal cortex (IPC; MNI coordinates: 39, �32, 43) during
early anticipation of pain did not reach statistical significance. However, during
late-anticipation (b) the same regions were found to be highly correlated.
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up’ (sensory-driven) processes. This is consistent with our finding
that early-anticipatory midcingulate responses (just post-anticipa-
tion cue), rather then late responses (just prior to pain), are associ-
ated with attentional interruption. Hypervigilance toward cues
that predict pain may be one possible driver of attentional inter-
ruption. However, we have not established whether greater early
midcingulate responses result from true ‘bottom-up’ processing
or whether there may be some involvement of subcortical areas
such as the amygdala that mediate fast-conditioned responses to
fear-conditioned anticipation stimuli. This possibility is also sug-
gested by our behavioral data which show that attentional inter-
ruption is related to the factors that influence the emotional
response to pain.

The EEG results also indicate that during late-anticipation mid-
cingulate areas become more highly connected to inferior parietal
areas, which are known to be involved in directing attention to-
ward pain (Peyron et al., 1999). An intriguing question is to what
extent early-anticipatory midcingulate responses (which may
determine attentional interruption by pain) have an influence over
the subsequent connectivity of attention networks as the pain
stimulus approaches. A more detailed analysis using effective con-
nectivity models would be required to answer this question.

4.3. Limitations of the study

One of the aims of the study was to determine the anticipatory
neural correlates of attentional interruption, using the modified
Please cite this article in press as: Brown CA, Jones AK, A role for midcin
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go/no-go task as a measure of sustained attention. Even though
target stimuli and the subsequent non-target stimuli were never
painful, this does not exclude the possibility that a painful stimulus
may have led to prolonged disruptions of attention or motor prepa-
ratory responses needed for the task that may have also increased
errors. Hence, it is not absolutely guaranteed that the attentional
interruption effects resulting from painful stimuli in Experiment
1 can be solely attributed to anticipatory effects. However, this
limitation would only serve to increase the potential for false-neg-
ative results when correlating pain-related errors with anticipatory
neural activity. Therefore, we are confident that our results are va-
lid within the degree of error afforded by the statistical thresholds
employed.

A further noteworthy limitation arises from our collection of
retrospective ratings of pain unpleasantness after the end of each
task, which lasted about two minutes. Although pain ratings are al-
ways likely to be influenced by memory biases, whether given
immediately after a painful stimulus or minutes after, this factor
may be more important with increased time. For example, previ-
ous research has suggested that retrospective ratings of chronic
pain become distorted over a period of weeks (Linton and Melin,
1982, 1998). On a shorter time scale that is comparable to that
used in this study, other research has shown that placebo analgesic
effects are more pronounced when judged based on retrospective
pain ratings compared to concurrent ratings (Price et al., 1999). It
is unclear how memory may have affected the data in this study,
but again we would only expect an increased potential for false-
negative results when correlating retrospective ratings with the
more immediate effects of pain anticipation, i.e. its influence on
task performance.

The causality of the relationship between the perception of pain
unpleasantness, increased pain-related errors on the go/no-go task,
and increased anticipatory midcingulate responses cannot be
firmly established with the present data. However, as discussed
above, there is some evidence from the results that those subjects
with increased errors in the go/no-go task as a result of pain may
have been biased toward attending to the emotional component
of pain, suggesting that cognitive factors were causative in estab-
lishing the relationship between task performance and pain
unpleasantness.

Moreover, although our results show that anticipatory midcin-
gulate responses are associated with increased pain-related task
errors, midcingulate responses may not have been causally related
to the increased errors. One complication within the experimental
design was that we correlated results from two separate tasks,
making inferences about causality all the more difficult. Further
work could test the importance of midcingulate responses in deter-
mining attentional functions in relation to pain by using transcra-
nial magnetic stimulation to produce temporary and reversible
lesions to this area of the brain.

4.4. Clinical implications

Disability in patients with chronic pain is strongly influenced
by anticipatory fear, which is more predictive of disability than
the actual intensity of the pain (Leeuw et al., 2007). However,
disability may also be related to attentional dysfunction in such
patients (Dick et al., 2002). A number of studies have demon-
strated interruptive effects of pain or its anticipation on atten-
tional performance, showing that attentional interruption is
increased by fear (Crombez et al., 1998; Crombez et al., 1998;
Eccleston and Crombez, 1999; Boston and Sharpe, 2005). There
is evidence that fear of pain is associated with stronger pain-re-
lated brain activity in the midcingulate cortex (Ochsner et al.,
2006), which may act to direct attention toward the pain, consis-
tent with our data.
gulate cortex in the interruptive effects of pain anticipation ..., Clin
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Our results have implications for the development of surrogate
biomarkers of attentional dysfunction in chronic pain. Some psy-
chological therapies for chronic pain are geared toward the use
of attentional training as a pain management strategy (McCracken,
2005). Patients with greater anticipatory midcingulate responses
may be predisposed to hypervigilance toward clinical pain symp-
toms and be more likely to benefit from attentional training.
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