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Abstract

Psychological factors play a major role in exacerbating chronic pain. Effective self-management of pain is often hindered by inac-
curate beliefs about the nature of pain which lead to a high degree of emotional reactivity. Probabilistic models of perception state
that greater confidence (certainty) in beliefs increases their influence on perception and behavior. In this study, we treat confidence as
a metacognitive process dissociable from the content of belief. We hypothesized that confidence is associated with anticipatory acti-
vation of areas of the pain matrix involved with top-down modulation of pain. Healthy volunteers rated their beliefs about the emo-
tional distress that experimental pain would cause, and separately rated their level of confidence in this belief. Confidence predicted
the influence of anticipation cues on experienced pain. We measured brain activity during anticipation of pain using high-density
EEG and used electromagnetic tomography to determine neural substrates of this effect. Confidence correlated with activity in right
anterior insula, posterior midcingulate and inferior parietal cortices during the anticipation of pain. Activity in the right anterior
insula predicted a greater influence of anticipation cues on pain perception, whereas activity in right inferior parietal cortex pre-
dicted a decreased influence of anticipatory cues. The results support probabilistic models of pain perception and suggest that con-
fidence in beliefs is an important determinant of expectancy effects on pain perception.
� 2008 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Psychological influences on chronic pain, such as neg-
ative expectations and beliefs, can increase the percep-
tion of pain by potentiating emotional reactivity [48].
The research focus is now on understanding the neural
mechanisms by which expectations, beliefs and condi-
tioning may act to influence the experience of pain.
Brain networks involved with aversive conditioning
have been investigated in humans and other animals
[17,26]. Furthermore, human neuroimaging studies have

elucidated key areas of the brain associated with the
robust effect of expectations on the perception of pain
using methodologies that manipulate environmental
cues, including studies of placebo and nocebo cognitions
[3,22,25,33,39,50,51].

Previously [4], we manipulated the level of certainty
in the anticipation of a forthcoming pain stimulus using
anticipation cues, demonstrating that ‘‘certain anticipa-
tion” modulates the perception of pain according to the
content of the cue. Specifically, certain anticipation of a
high-intensity laser pulse increased the perceived pain
relative to uncertain anticipation. Furthermore, certain
anticipation induced greater anticipatory activation in
brain areas involved with semantic and prospective
memory, whereas relative uncertainty was associated
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with greater anticipatory processing in an attention net-
work. These results are suggestive of a probabilistic
model of pain perception in which relative certainty
increases the influence of expectations on perception
and behavior, whereas greater uncertainty promotes
attention and learning [14,15].

In addition, more deep-seated beliefs/expectations
about pain may arise from past experiences that could
also affect the experience of pain and modify the extent
to which environmental cues influence pain. However,
to date, there has been no evidence of whether such
‘‘prior beliefs” bias how pain experience and neural
activity are modulated by anticipatory cues. The proba-
bilistic model of pain perception would suggest that con-
fidence in prior beliefs (i.e. a greater certainty that they
are true) would predict anticipatory influences on the
experience of pain.

In this study we re-analyzed the data from our previ-
ous paper [4] in relation to an additional subjective mea-
sure of confidence. We hypothesized that we could
measure confidence as a metacognitive process (i.e. a
process that regulates cognition) that (1) is dissociable
from the content of the expectation (2) uniquely influ-
ences pain perception and (3) is associated with activa-
tion of specific areas of the pain matrix.

2. Materials and methods

2.1. Subjects

Fifteen healthy, right-handed subjects participated in the
study (14 female, 1 male; mean age 47 ± 6.6). Subjects gave
informed written consent, and the study was approved by Old-
ham Local Research Ethics Committee.

2.2. Experimental procedure

The experimental procedure performed as previously
described [4] is shown in Fig. 1. Laser heat stimuli of 150 ms
duration and a beam diameter of 15 mm were applied to the
dorsal surface of the subject’s right forearm using a CO2 laser
stimulator. These stimuli are known to selectively activate
nociceptors related to Ad and C fibres, without the need for
skin contact [30]. Between stimuli, the laser was moved ran-
domly over an area 3 cm � 5 cm to avoid habituation, sensiti-
zation or skin damage. Subjects wore protective laser safety
goggles during the experiment.

An initial psychophysics procedure was performed using a
0–10 pain rating scale, which was anchored such that level 4
indicated a pain threshold. A ramping procedure was repeated
three times to determine the following three intensities of laser
stimuli for each subject: level 3, level 5 and level 7, correspond-
ing to ‘‘low” (non-painful), ‘‘medium” (just above pain thresh-
old) and ‘‘high” (moderately painful) intensities of the laser
heat stimuli, respectively. These semantic labels were used in
the main part of the study to represent the three levels of heat
intensity. Subjects, however, were not explicitly informed of
this stratification of stimuli.

2.3. Tuning the pain stimulus for reliability

We then tested whether subjects were rating each level of
intensity on the numerical scale as expected, and adjusted
the intensity levels accordingly. This procedure was performed
on every subject (n = 15) as follows: Subjects were given six
pulses of each of the three intensity levels in a random
sequence, totaling 18 pulses. After each pulse subjects rated
the intensity of the stimulus on the 0–10 pain rating scale.
The average rating for each intensity level was then calculated.
If the average rating deviated from the expected subjective
intensity level (3, 5 or 7) by more than half a point on the scale,
the laser energy was either increased or decreased accordingly.
The procedure was then repeated as many times as necessary
until the expected subjective intensity level was achieved.

2.4. Subjective belief/expectation of emotional distress

Subjects were then asked to give their expected degree of
emotional distress as a result of experiencing the laser pulses
during the experiment. To do this, nine items were taken from
the profile of mood states (POMS) scale, as had been done pre-
viously [44]. These were: sad, angry, discouraged, hopeless,
hostile, irritable, tense, anxious and worried. Subjects were
asked to rate the extent to which they expected to experience
each of these emotions while experiencing the heat pulses dur-
ing the experiment, by rating each one on a 5-point Likert scale
from 0 (‘‘not at all”) to 4 (‘‘very much”). The total score was
taken as the expected degree of emotional distress. Subjects
were asked to make these judgments partly on the basis of their
own self-knowledge, partly on the basis of the information
they had received about the experimental protocol (i.e. regard-
ing the number of stimuli they would receive at each intensity
over the course of the study), and partly based on their per-
sonal experience of the psychophysics procedure.

2.5. Subjective confidence in belief/expectation

Then, subjects were asked to rate their confidence in this
belief, that is, how strongly they believed their prediction to
come true, using an 11-point numerical scale from 0 (‘‘low con-
fidence”) to 10 (‘‘high confidence”). Hence, this confidence
measure was not a measure of the expected level of emotional
distress itself, but rather a measure of how reliable they
regarded their own belief/expectation to be. Here, confidence
is a general measure of the perceived reliability of beliefs that
related to the overall score on the POMS questionnaire, as
opposed to individual items.

2.6. Experimental stimuli and timings

On each trial of the experiment (Fig. 1), a laser heat stimu-
lus was delivered to the subject every 10 s. Equal numbers of
low, medium and high-intensity stimuli were delivered in a
pre-determined randomized sequence, such that from the sub-
ject’s perspective each of the stimuli could have occurred with
equal chance on each trial. Laser stimuli were preceded by the
appearance of an anticipatory visual cue, occurring 3 s prior to
the laser stimulus, displayed on a computer monitor in front of
the subject. The visual cue was a word (‘‘low”, ‘‘medium” or
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‘‘high”) that faithfully predicted whether the following laser
stimulus was to be of a low, medium or high-intensity. These
‘‘certain anticipation” trial types comprised 50% of the total
trials. Certain anticipation cues were never violated. The other
50% were ‘‘uncertain anticipation” trial types in which an
anticipatory cue reading ‘‘unknown” was followed by a high,
medium or low intensity of heat stimulus with equal probabil-
ity. In total, an equal number of laser stimuli at each intensity
level were delivered to induce certain and uncertain anticipa-
tions. This constitutes a 3 � 2 factorial design (inten-
sity � anticipation certainty). The onset of the visual cue
occurred simultaneously with the first of three auditory tones
applied using loud speakers that sounded at once per second
until laser stimulus delivery, allowing for accurate prediction
in the timing of the laser stimulus. The visual cue remained
on the computer monitor during the trial. Three seconds after
each laser pulse, an auditory tone of a different quality indi-
cated to the subjects to verbally report the intensity of the
experienced pain, using the 0–10 pain scale. In total, 240 trials
were presented in 4 blocks of 60 trials. The experiment lasted
approximately 45 min.

2.7. Electroencephalographic (EEG) recordings

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 – 70 Hz, with
a sampling rate of 500 Hz and gain of 500. A notch filter was
set to 50 Hz to reduce electrical interference. 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 horizon-
tal electro-oculograms (EOG) were measured for off-line
reduction of blink and eye-movement artifacts.

2.8. Behavioral data analysis

The behavioral data were analyzed by calculating the per-
centage increase in subjective ratings of moderately painful
laser heat stimuli (‘‘high” intensity) in the certain relative to
the uncertain condition. This was then correlated with the
measure of confidence in expected emotional distress obtained
prior to commencing the laser stimulation. Correlations were
also made between the expected degree of emotional distress
(i.e. not only the overall score, but also for each POMS item
individually) and confidence in this expectation.

2.9. EEG data analysis

EEG data were analyzed using Neuroscan Edit 4.3. An ocu-
lar artifact reduction algorithm [42] was performed. The data
were epoched into single trials of 5.5 s duration starting
1000 ms before the visual anticipation stimulus, including
3000 ms of anticipation, and ending 1500 ms seconds after
the laser stimulus. Epochs were visually inspected for further
ocular artifacts that had escaped automatic removal, and
deleted if necessary. Linear trends over the whole epoch were
then removed; the entire epoch was used to calculate the linear

Fig. 1. (a) Experimental trial. ‘‘High”, ‘‘medium” and ‘‘low”-intensity laser heat stimuli were preceded by certain or uncertain anticipatory cues that

modulated expectations of forthcoming pain intensity. (b) The anticipation-evoked potential, or stimulus-preceding negativity (SPN) at electrode Cz.

Visual cues induced a visual-evoked potential followed by an SPN, evident as a slow negative drift that increases in size until laser stimulus onset.

Auditory-evoked potentials are also evident after �2000 and �1000 ms. Previously, we discovered that the SPN amplitude is modulated by the

anticipated intensity of pain [4]. This is followed by a laser-evoked potential (LEP), of which the P2 peak is highlighted, which our previous work

showed to correlate with the amplitude of the late SPN when expectations are certain [4]. Early (�2500 to �2000 ms) and late (�500 to 0 ms)

anticipatory stages, in addition to the P2 LEP peak (at each subject’s individual latency), were extracted for source analysis (Fig. 3). (c) Topographic

distribution of the early and late stages of the SPN and the P2 LEP peak.
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component in each epoch and channel separately, which was
then removed from the data. The whole epoch was used in
order to minimize removal of linear trends that may have spe-
cifically resulted from the anticipatory neural responses we
were intending to measure. Each epoch was then baseline-cor-
rected to the 500 ms interval preceding the visual predictive
cue. The data were then averaged across the three stimulus
intensities for each condition (certain and uncertain) sepa-
rately. Data were referenced to the common average before
proceeding further with data analysis, although ERP wave-
forms are presented according to the linked-ears reference.

Two 500 ms stages of the stimulus-preceding negativity
(SPN), which constituted the anticipatory brain response, were
analyzed. An ‘‘early” stage, at �2500 to �2000 ms preceding
the laser stimulus, was chosen as the earliest part of the antic-
ipatory response that could be measured without interference
from visual-evoked responses resulting from the anticipatory
cue. A ‘‘late” stage, at –500 to 0 ms preceding the laser stimu-
lus, was chosen to represent processes taking place in immedi-
ate preparation for the impending laser stimulus. The validity
of this early vs. late distinction is drawn from the contingent
negative variation (CNV) literature [13,20] and our previous
work [4]. Lastly, we analyzed the P2 peak of the laser-evoked
potential (LEP). Each subject’s P2 peak latency was deter-
mined at electrode Cz, where the topography of the P2 peak
was maximal in the grand-averaged waveform. Data from
two subjects were excluded from further analysis due to the
lack of a P2 peak in the averaged waveform. A P2 peak was
defined as a clearly visible positive-going potential that was
(a) maximal within a latency of ±200 ms of the grand average
for the whole group, (b) increased in amplitude in a graded
way by increasing laser pulse intensity. In the remaining sub-
jects (n = 13), a 20 ms section of the P2 peak, 10 ms either side
of the peak latency, was extracted for source analysis.

Cortical sources of the SPN were estimated with low-reso-
lution electromagnetic tomography (LORETA), using the
LORETA-KEY software [32]. The software uses a three-shell
spherical head model registered to the Talairach anatomical
brain atlas [45], although the electrode coordinates used were
determined from a co-registration between spherical and real-
istic head geometries that create a best-fit model [46]. LORE-
TA estimates ERP sources in grey matter volume to a 7-
mm3 grid resolution (2394 voxels in total) using the digitized
MNI probability atlas [28]. Time-domain EEG files were con-
verted to current density vector field magnitude using this tech-
nique. The resulting LORETA solutions were log-transformed
at each pixel; this approximates LORETA solutions to a
Gaussian distribution for parametric statistical analysis as pre-
viously demonstrated [24,27].

Although the precision of the LORETA solutions may have
been partially compromised by the lack of information on sub-
jects’ individual anatomy, previous studies have reached satis-
factory agreement between LORETA results and data
obtained with more precise techniques, such as fMRI or sub-
dural recordings [31,41,47].

Once LORETA solutions have been generated in source
space, the resulting images can be treated for statistical analy-
sis in the same way as would fMRI data. LORETA solutions
of intra-cerebral current density 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 global variations. Statistical
maps were then created using SPM5 (http://www.fil.ion.ucl.a-
c.uk/spm/software/spm5) running on Matlab 7.1 (Mathworks
Inc.). For the anticipation (SPN) data, early and late stages
were analyzed separately as follows: A second-level (group)
ANOVA was constructed (n = 15) in order to explore the
interaction between confidence in expected emotional distress
and anticipatory cues (certain vs. uncertain). To do this, cer-
tain and uncertain conditions were contrasted after adding
the confidence measure as a covariate in each condition sepa-
rately. Results are reported at an uncorrected threshold of sig-
nificance of p < 0.005 (one-tailed), with a minimum of four
contiguous voxels, within our areas of interest, that is, the pri-
mary areas of the pain matrix affected by expectation (cingu-
late, operculo-insular and inferior parietal cortices). For the
P2 LEP peak data, a group ANOVA was constructed
(n = 13) in order to explore the interaction between increased
laser heat intensity (moderately painful vs. non-painful heat)
and the anticipatory cues (certain vs. uncertain). Results are
reported within our area of interest (right anterior insular cor-
tex) at an uncorrected threshold of significance of p < 0.01
(one-tailed), with a minimum of four contiguous voxels.

Statistically significant areas were analyzed as volumes of
interest (VOIs) within SPM5. VOIs were extracted as the first
eigenvector (i.e. the mean of the adjusted response after reject-
ing noise) of all voxels within a sphere of 7-mm radius, cen-
tered 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. Current density for each
subject was then correlated and plotted against confidence in
expected emotional distress and the percentage increase in pain
perception separately (n = 15). Correlations reported are
below the statistical threshold of p < 0.05.

3. Results

3.1. Behavioral results

In comparing pain ratings for moderately painful
(‘‘high”) laser heat stimuli between the certain and
uncertain conditions, there was substantial variance
across subjects in the direction and extent to which
the certain cues relatively increased pain perception
(Fig. 2). The percentage increase in the pain rating
in the certain relative to the uncertain condition was
significantly positively correlated with subjects’ ratings
of confidence in their prior beliefs about emotional
distress (r = 0.65, p < 0.01). However, there was no
correlation between the percentage increase in pain
experience and the expected degree of emotional dis-
tress (for either the total POMS score or for the indi-
vidual items). There was also no correlation between
the expected degree of emotional distress (for total
and individual POMS item scores) and confidence in
that prediction. Together, these results indicate that
confidence predicts anticipatory cue-induced modula-
tion of pain perception independently of the degree
of expected emotional distress.
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3.2. EEG results

In our previous analysis of this dataset, uncertain
anticipation was associated with greater anticipatory
neural activity in brain regions associated with attention
(left dorsolateral prefrontal, bilateral inferior parietal
and posterior cingulate cortices) whereas certain antici-
pation was associated with greater activity in memory
areas (inferior temporal and prefrontal cortices, hippo-
campus and right frontal pole) [4]. In the current analy-
sis, we determined whether areas of the pain matrix were
associated with the interaction between confidence in
expected emotional distress and the anticipatory cues
(certain anticipation minus uncertain anticipation con-
trast). During ‘‘early” anticipation of pain (�2500 to
�2000 ms pre-laser stimulus, (Fig. 3), confidence in
prior expectations interacted positively with the antici-
patory cues (certain vs. uncertain) in right anterior insu-
lar cortex, and negatively with the anticipatory cues
(certain vs. uncertain) in right inferior parietal cortex
and midcingulate cortex (Table 1). There were no signif-
icant interactions found during late anticipation.

Volume of interest (VOI) analyses of these brain
areas (see Section 2 and Fig. 3) showed that this interac-
tion was driven by a positive correlation between confi-
dence in expected emotional distress and activity in right
anterior insular cortex in the certain condition (r = 0.73,
p < 0.01) but not the uncertain condition (r = 0.18) dur-
ing early anticipation. Conversely, in the certain condi-
tion but not the uncertain condition, confidence in
expected emotional distress negatively correlated with
activity in VOIs representing the right inferior parietal
cortex (certain condition: r = �0.80, p < 0.01; uncertain
condition: r = 0.07) and midcingulate cortex (certain
condition: r = �0.79, p < 0.01, uncertain condition:
r = �0.06) during early anticipation. Confidence in
expected emotional distress, therefore, modified the

extent to which anticipatory cues modulated activity in
these key regions of the pain matrix.

The percentage increase in the experienced intensity of
moderately painful stimuli resulting from certain vs.
uncertain anticipatory cues was also found to correlate
with VOIs during early anticipation in the certain condi-
tion (Fig. 3). A positive correlation was found with activ-
ity in right anterior insula (r = 0.61, p < 0.05) and a
negative correlation with activity in right inferior parietal
cortex (r = �0.62, p < 0.05). There was also a negative
correlation with activity in the midcingulate cortex
(r = �0.46) that did not reach statistical significance. This
suggests that activity in the right anterior insular and infe-
rior parietal cortices during pain anticipation may medi-
ate the effects of anticipatory cues on pain perception.
To test this hypothesis, we analyzed source-localized
activity during the P2 peak of the laser-evoked potential
(LEP) in order to find neural substrates associated with
the interaction between increased laser heat stimulus
intensity (i.e. moderately painful vs. non-painful) and
the certain vs. uncertain anticipatory cues (Fig. 3). A posi-
tive interaction was identified in the right anterior insular
cortex (Table 1), suggesting a role for this region in the
modulation of pain processing by expectation. Right infe-
rior parietal ormidcingulate cortex activity, however, was
not associated with this interaction.

4. Discussion

In this study we assessed subjects’ prior beliefs that
experimental pain would cause them emotional distress,
and obtained ratings of their confidence in those beliefs.
We predicted that confidence would interact with antic-
ipatory pain processing in areas of the pain matrix
known to be involved with expectation and aversive
conditioning, such as the cingulate, operculo-insular
and inferior parietal cortices [5,7,25,36,43,50]. The

Fig. 2. Behavioral data. (a) Subjective pain experience was rated using a 0–10 numeric scale (4 = pain threshold) in response to moderately painful

(‘‘high” intensity) laser heat stimuli, shown here for each of the certain and uncertain conditions (one line per subject). Cues that accurately predicted

pain intensity (certain condition) modified pain ratings relative to the uncertain condition. (b) The percentage increase in pain perception in the

certain condition, relative to the uncertain condition, across subjects shows a significant positive correlation with subjects’ ratings of confidence in

their prior expectations of emotional distress.
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results illustrate three key findings. Firstly, confidence in
prior beliefs about emotional distress predicts the extent
to which pain experience can be experimentally modu-
lated using anticipatory cues. Secondly, a key role is
demonstrated for the right anterior insula in the influ-

ence of prior beliefs on anticipatory modulation of pain.
Thirdly, right anterior insular and inferior parietal cor-
tices adopt reciprocal roles during anticipation of pain,
with opposite influences on the modulation of pain
experience by anticipatory cues.

Fig. 3. Variation of current density with behavioral data. (a) During ‘‘early” anticipation of pain, confidence in prior expectations of emotional

distress interacted positively with certain vs. uncertain anticipation cues in right anterior insula cortex (Ins), and negatively with certain vs. uncertain

cues in right inferior parietal cortex (IPC) and midcingulate cortex (MCC). (b) Confidence in prior expectations of emotional distress positively

correlated with activity in right anterior insula cortex during certain anticipation (but not uncertain anticipation), and negatively correlated with

activity in right inferior parietal and midcingulate cortex. (c) The same regions of right anterior insular and inferior parietal cortices during certain

anticipation show positive and negative correlations, respectively, with the increased pain experience resulting from anticipation cues (certain vs.

uncertain). (d) During the laser-evoked potential (LEP, P2 peak), increased laser heat stimulus intensity (moderately painful vs. non-painful)

interacted with the anticipation cues (certain vs. uncertain) in right anterior insula cortex.

Table 1

Brain regions showing variations in current density with behavioral data and task conditions

Brain region Area MNI coordinates t Value p Value (uncorr)

x y z

Early anticipation: correlation with confidence in prior beliefs

Positive correlation

Anterior insular cortex R 13 39 17 �6 3.58 0.001

Negative correlation

Inferior parietal cortex R 40 53 53 43 3.18 0.002

Midcingulate cortex L 31 �10 �11 43 4.31 0.000

P2 LEP peak: interaction between stimulus intensity and anticipation cues

Positive interaction L 13 32 24 �6 2.91 0.003

Anterior insular cortex

Uncorr, uncorrected p values; Area, Brodmann’s area.
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4.1. The effects of confidence on anticipatory modulation

of pain ratings

A correlation was found between confidence in
reported beliefs about emotional distress and the extent
to which pain experience was modulated by anticipatory
cues. The subjects’ judgments of confidence in their pre-
dicted level of emotional distress arose from the per-
ceived reliability of their belief. According to
contemporary (probabilistic) theories of perception,
greater reliability of a predictor increases its influence
on perception and behavior [18,23,53]. Previous work
has manipulated this reliability by varying the content
of the predictive information, thereby modifying its pre-
dictive accuracy [4,35]. By contrast, the confidence mea-
sure does not reflect variation in the objective accuracy
of the predictive information provided, but rather
reflects a subjective bias in the extent to which predictive
information is regarded as accurate. For this reason we
regard confidence as indexing a ‘‘metacognitive” func-
tion (perhaps relating to a personality trait) that modu-
lates the extent of top-down influences on pain. Given
that expected emotional distress did not relate to pain
modulation or anticipatory EEG responses, it may be
that the specific object of the confidence rating is less
important than the tendency of subjects to regard pre-
dictions as reliable. However, the aforementioned prob-
abilistic theories of perception imply an interaction
between confidence and expectation. Unfortunately we
did not have the statistical power in the current sample
to test this interaction, but this is an important direction
for future studies.

We suggest that the influence of the anticipatory cues
on pain experience in this study will have arisen from the
subjectively perceived reliability of the certain anticipa-
tory cues in predicting pain. This is because although
certain anticipation cues accurately predicted the deliv-
ered laser intensity, there was no guarantee that subjects
would regard these cues as accurate. Our results, show-
ing a relationship between the influence of anticipation
cues on pain and confidence in prior beliefs, are best
explained by the common influence of a metacognitive
process (indexed by confidence) on expectations gener-
ated from external (i.e. anticipation cues) and internal
(i.e. prior beliefs) sources of knowledge. However, it
cannot be determined from these results whether or
not this metacognitive process modulates top-down
effects on other phenomena unrelated to either pain or
the other aspects of the experimental context.

4.2. Neural mechanisms mediating the effects of prior

beliefs on pain

Although our behavioral data cannot further charac-
terize those processes that give rise to confidence judg-
ments, the EEG results suggest a key role for the right

anterior insula in mediating the interaction between
the confidence in prior beliefs, anticipatory cues and
pain. Firstly, early activation of right anterior insula
during pain anticipation, when subjects knew the inten-
sity of the forthcoming stimulus, correlated with confi-
dence in prior beliefs. Secondly, the correlation of
certain anticipatory activity with the subsequent extent
of pain modulation (shown behaviorally) by anticipa-
tory cues suggests a possible role for right anterior
insula in mediating the influence of expectations on sub-
sequent pain experience. Lastly, nociceptive processing
in the right anterior insula (during the P2 LEP peak)
was increased by knowledge of the forthcoming inten-
sity for painful vs. non-painful stimuli. Together, these
results highlight a key role for right anterior insula in
integrating prior information with subsequent percep-
tion of pain, both in terms of subjective confidence in
one’s beliefs and with respect to the perceived reliability
of external cues.

The anterior insula has a well-established role in pain
and its anticipation [7,11], and several key findings have
been noted. Firstly, activity in this area shows a greater
association with subjective pain ratings than actual
increases in temperature [12]; secondly, anticipatory
activity here has been seen immediately preceding a pre-
dictable pain stimulus [8,36,43] which overlaps with sub-
sequent pain-related activity [25]; and thirdly,
anticipatory brain activity in this area has already been
shown to predict subjective pain perception [37]. The
present data suggest that right anterior insula may have
a specific role in mediating the effects of the perceived
reliability of beliefs and expectations on subsequent pain
experience. Our data showing early-stage modulation of
right anterior insula may correspond to motivational
processes that typically occur at the time when expecta-
tion is first generated [43].

It may appear surprising that our data did not reveal
any interactions between knowledge of the forthcoming
pain intensity and the actual stimulus intensity in the
posterior insula during the P2 LEP peak. Posterior
insula is known to be involved in pain intensity coding
[9] and the generation of LEPs [19], and has been previ-
ously shown to be modulated by expectation [40]. Our
results showing activation of anterior insular cortex ipsi-

lateral to the stimulated arm during anticipation and
pain may indicate that more anterior regions of the insu-
lar cortex are specialized towards mediating top-down
effects on pain that are less dependent on laterality
and therefore sensory afferent input. Further work will
be required to ascertain whether the same hemispheric
pattern is obtained after stimulation of the left forearm;
this would suggest that right anterior insula mediates
top-down effects on pain regardless of the laterality of
stimulation.

Our results also showed that early anticipatory pro-
cessing in right inferior parietal and midcingulate corti-
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ces was negatively associated with confidence in prior
beliefs about emotional distress. One possible explana-
tion for this arises from consideration of attentional
aspects of perception. Specifically, if prior beliefs are
held with greater certainty, there are fewer requirements
to allocate attentional resources to the ascending noci-
ceptive input (a concept formalized in theoretical models
of attention [15,53]. Thus, one would expect increases in
activity in areas associated with utilizing prior informa-
tion (i.e. the right anterior insula) to be coupled with
decreased activity in areas involved in attention and sen-
sory perception. A large body of evidence corroborates
this explanation of our data, implicating a key role for
right inferior parietal and midcingulate cortices (which
are heavily interconnected anatomically [1,49] in atten-
tion, particularly with respect to pain
[2,6,10,16,34,38,40]. Furthermore, anatomical connec-
tions have been demonstrated in monkeys between the
cingulate and insula cortices that may allow for recipro-
cal activation patterns during pain expectancy [49]. Mid-
cingulate and inferior parietal cortices may therefore
form part of a network that is responsive to pain antic-
ipation (as expressed in insular cortex) and acts to main-
tain sensory influences on perception when prior
expectations are less certain.

4.3. Clinical implications

From a clinical perspective, the bias induced by con-
fidence in prior beliefs may offer insight into the role of
pain expectancy in the pathophysiology of chronic pain
and cognitive interventional approaches to its treatment.
It is worth mentioning here that these data are mostly
representative of the female brain, as only one subject
was male. This may have relevance to unexplained pain
conditions such as fibromyalgia in which female gender
is a significant risk factor [52] and in which distressing
beliefs about pain may play a key role in the symptomol-
ogy [21]. However, without a formal comparison of
male and female subject data we cannot draw conclu-
sions about the relationship of female gender to the
results. This is an important direction for future studies.

The results suggest that the degree of expected emo-
tional distress from pain did not predict pain modula-
tion by anticipation cues, and there was a lack of
correlation between the degree of expected emotional
distress and confidence in that prediction. This suggests
a functional dissociation between the belief and its per-
ceived reliability. Although our results suggest that only
the latter influences pain ratings, theoretical consider-
ations [18,23,53] imply an interaction between the belief
and its perceived reliability. This dissociation is relevant
to cognitive-behavioral treatments for chronic pain and
related affective disorders such as anxiety and depression
that aim to modify the extent to which beliefs influence
behavior [29]. In particular, cognitive-behavioral treat-

ments may be improved by teaching patients core skills
in questioning their beliefs as a method to reduce the
extent to which they are held with certainty.
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