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Abstract

Objective—Previous work suggests that the perception of pain is subjective and dependent on
individual differences in physiological, emotional and cognitive states. Functional magnetic
resonance imaging (FMRI) studies have utilized both stimulus-related (nociceptive properties) and
percept-related (subjective experience of pain) models to identify the brain networks associated
with pain. Our objective was to identify the network involved in processing subjective pain during
cold stimuli.

Methods—The current FMRI study directly contrasted a stimulus-related model with a percept-
related model during blocks of cold pain stimuli in healthy adults. Specifically, neuronal activation
was modelled as a function of changes in stimulus intensity versus as a function of increasing/
decreasing levels of subjective pain corresponding to changes in pain ratings. In addition,
functional connectivity analyses were conducted to examine intrinsic correlations between three
proposed sub-networks (sensory/discriminative, affective/motivational, and cognitive/evaluative)
involved in pain processing.

Results—The percept-related model captured more extensive activation than the stimulus-related
model and demonstrated an association between higher subjective pain and activation in expected
cortical (DLPFC, VLPFC, insula, ACC extending into preSMA) and subcortical (thalamus,
striatum) areas. Moreover, connectivity results supported the posited roles of dACC and insula as
key relay sites during neural processing of subjective pain. In particular, anterior insula appeared
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to link sensory/discriminative regions with regions in the other sub-networks, and dACC appeared

to serve as a hub for affective/motivational, cognitive/evaluative, and motor sub-networks.

Conclusions—uUsing a percept-related model, brain regions involved in the processing of
subjective pain during the application of cold stimuli were identified. Connectivity analyses

identified linkages between key sub-networks involved in processing subjective pain.
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Introduction

Functional neuroimaging studies have identified several brain regions associated with pain
and the application of noxious stimuli, including the primary (S1) and secondary (S2)
somatosensory cortex, anterior cingulate cortex (ACC), middle cingulate cortex (MCC), pre-
SMA (supplementary motor area), SMA, anterior and posterior aspects of the insula,
prefrontal cortices (PFC), the periacquaductal grey, limbic structures (amygdala, striatum),
cerebellum, and thalamus (1-9). However, active debate remains regarding to what degree
these different regions mediate the sensory/discriminative, affective/motivational, cognitive/
evaluative, and motor components of the pain response (1, 3, 10, 11) and to what degree
activation in these regions is specific to pain, or just active during many kinds (nociceptive
and non-nociceptive) of phasic stimulus processing (12). One model posits that the
spinothalamic ascending pain pathway projects to somatosensory cortex during initial
stimulus processing, and that the ACC, MCC, medial thalamus, insula, dorsolateral
prefrontal cortex (DLPFC) and temporoparietal junction play important roles in assigning
salience and emotional meaning to noxious (and probably a variety of other) stimuli.
Moreover, the DLPFC and ACC orchestrate top-down modulation of ascending pathways
from the spinal cord. Finally, the preSMA, SMA and cerebellum orchestrate motor
responses to pain (3).

Examining neuronal activation in relation to physical properties of a painful stimulus, such
as intensity and/or duration (stimulus-related FMRI) is valuable (13). However, stimulus
duration does not necessarily correspond that of the experienced pain (14) and sensitization/
habituation is known to result in changed pain perceptions to the same stimulus over time
(15-17). This lack of correspondence has lead to the development of percept-related studies,
where brain activity is considered in relation to the subjective and changing experience of
pain as reported or recorded by the subjects themselves (2, 3, 5, 6, 13, 18-25), which has
particular importance in efforts to understand mechanisms of chronic pain (3). Previous
percept-related FMRI studies have used a variety of methods to measure the brain responses
associated with subjective pain, including continuous ratings during stimulus presentation
versus post-stimulus ratings, visual analogue scale ratings versus yes/no ratings, induced
pain versus spontaneously arising pain, thermal stimuli (heat) versus chemical stimuli, and
rectal mechanical distention versus other mechanical tactile stimuli (2, 3, 5, 6, 13, 18-25).
However, to date, no work has parsed the brain activation associated with stimulus
presentation from that associated with subjective experience of pain using a hierarchical
regression model to isolate the variance associated with one from the other. In addition,
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although prior work has determined the brain regions activated during application of cold
stimuli (3), no studies have identified activation associated with subjective pain during
application of a cold noxious stimulus, the pain from which is believed to have a different
physiological basis from that of heat stimuli (26, 27).

The primary aim of the current study was to identify brain regions demonstrating differential
functional activity related to basic noxious thermal (cold) stimulus properties (stimulus-
related activation) compared to the subjective experience of pain during continuous ratings
(percept-related). We predicted that activation within brain regions associated with pain in
previous studies would be greater during percept-related vs. stimulus-related periods
replicating previous work, with greater activation in areas theoretically involved in higher
level components (cognitive/evaluative, affective/motivational) of pain processing (such as
PFC, ACC, and anterior insula) (3).

Another way to further understand the brain networks involved in processing pain is to do
functional connectivity analyses to quantify the degree of temporal synchrony between
different brain regions (3, 28-34). In this study, as a secondary aim, we used functional
connectivity analysis with seed regions derived from the precept-related fMRI findings to
investigate resting connectivity within the sensory/discriminative, affective/motivational,
and cognitive/evaluative networks proposed to respond to pain.

Twenty-one healthy adult volunteers (9 female, 12 male) participated in the study. One
female subject was identified as an outlier (above three standard deviations) on head motion
parameters based on previously published algorithms (35) and was excluded from further
analyses. The twenty remaining subjects (mean age = 29 +/- 6.4 years) included in the final
analyses were strongly right-handed (mean Edinburgh Handedness Inventory score = 89.2%
+/- 17.7%) and none reported a history of neurological disease, major psychiatric
disturbance, history of substance abuse, or psychoactive prescriptive medications usage. The
protocol was approved by the local institutional review board, and written informed consent
was obtained from all participants according to institutional guidelines at the University of
New Mexico. No participants reported any adverse effects following exposure to cold
stimuli in this study.

Thermal Pain Stimulus Calibration and Tasks

Participants rested supine within a 3.0 Tesla Siemens Trio scanner with their head secured
by a forehead strap, to limit head motion within the head coil. E-Prime software
(Psychology Software Tools, Inc.) was used for stimulus presentation and synchronization
of stimulus events with the MRI scanner. Visual stimuli were rear-projected using a Sharp
XG-C50X LCD projector on an opaque white Plexiglas projection screen. A white visual
fixation cross (visual angle = 1.02°) was presented on a black background throughout the
course of the experiment to help participants maintain central fixation. At the start of the
each run, a 0-to-10 scale appeared below the crosshair (visual eccentricity = 0.99°).
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Cold pain stimuli were applied to the thenar surface of the right hand with an MRI-
compatible thermode (30 x 30 mm, Pathway Model ATS system, MEDOC Advanced
Medical Systems). Participants continuously rated their level of pain by pressing two buttons
with their left hand that either increased or decreased the rating on the projected 0-to-10
Likert scale (0 = “No pain at all”, 10 = “Worst pain imaginable™). Current ratings were
highlighted on the scale, and were updated at a frequency of 10 Hz to maintain temporal
proximity between the button presses and changes on the screen.

Participants first completed an extensive calibration phase while they were in the MRI
scanner to determine their subjective thresholds for low pain (rating of 3) and high pain
(rating of 6; see Supplementary Methods section for detailed description of calibration
procedures). The low pain task also served as a sensory control for the task as the only
aspect that differed between the high and low pain stimulus was the temperature (i.e.
intensity). A final destination temperature was determined for each subject for low and high
pain conditions based on their subjective ratings during the calibration trials. The mean
destination temperature across all subjects for the high pain condition was equal to 2.3 °C
(standard deviation (SD) = 4.5 °C; range = 0 — 16 °C) and for the low pain condition was
equal t0 6.8 °C (SD = 6.4 °C; range = 0 — 20 °C). Notably, 4 individuals were assigned the
same temperature for the low and high pain (0 °C) during calibration. Supplementary
analyses indicated similar results with or without these participants (Figure S1). Therefore,
data from these participants were retained to capture variance associated with ratings.

Following the calibration trial, participants continuously rated their level of pain during nine
blocks of high and nine blocks of the low pain conditions. The thermode was in constant
contact with the skin throughout the task, and was maintained at a baseline temperature of
32 °C before and after cold stimulus blocks. Each cold stimulus block consisted of an 8-
second ramp-down to destination temperature, 16 seconds of cold stimulus maintained at
destination temperature (individually determined in the calibration phase), and 6 seconds of
ramp-up back to baseline temperature (32 °C). To account for the individual differences in
the destination pain ratings and to maintain a similar experimental timeline across all
subjects, the slope of temperature change in the ramp-down and ramp-up phase was
predetermined and varied to account for differences in destination temperature. The inter-
stimulus interval between subsequent cold stimuli varied in duration from 32 to 36 seconds
to eliminate the development of temporal expectations regarding the start of the next trial.
Three high and three low pain blocks were presented in a pseudo-randomized order within
each run to minimize differential effects of habituation across the two conditions.

After completing the three runs of cold stimulus blocks, each subject performed a resting
state task, in which they were asked to maintain fixation on a white crosshair for
approximately 5 minutes.

MR Imaging
High-resolution multi-echo T1 [TE (echo time) = 1.64, 3.5, 5.36, 7.22, 9.08 ms; TR
(repetition time) = 2.53 s; 7° flip angle, number of excitations (NEX) = 1; slice thickness = 1
mm; FOV (field of view) = 256 mm; resolution = 256 x 256] anatomic images were
collected at the beginning of each experiment. For the three pain FMRI series, 195 echo-
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planar images were collected using a single-shot, gradient-echo echoplanar (EPI) pulse
sequence [TR = 2000 ms; TE = 29 ms; flip angle = 75°; FOV = 240 mm; matrix size = 64 x
64]. Thirty-three contiguous sagittal 3.5-mm thick slices with a gap factor of 1.05 mm were
selected to provide whole-brain coverage (voxel size: 3.75 x 3.75 x 4.55 mm) and to
eliminate RF spillover effects on subsequent slices. An identical EPI pulse sequence was
used to collect approximately 5 minutes of resting-state data for the functional connectivity
analyses. For both functional experiments, the first image of each run was eliminated to
account for T1 equilibrium effects in addition to two dummy scans.

Image Processing and Statistical Analyses

For both task and resting state analyses, functional images were generated using Analysis of
Functional Neurolmages (AFNI) software package (36). Time series images were spatially
registered in both two- and three-dimensional space to the second EPI image of the first run
to minimize effects of head motion, temporally interpolated to correct for slice-time
acquisition differences and de-spiked. The resultant data were then transformed to a standard
stereotaxic coordinate space (37) and spatially smoothed using a 6 mm Gaussian full-width
half-maximum kernel.

For the task-based analyses, separate regressors for the low and high pain conditions were
created by convolving the experimental time-course for each condition with a gamma
variate function derived from known parameters of the hemodynamic response (38). Given
the fixed experimental design, these two regressors were identical for all subjects and both
will be referred to as “‘stimulus regressors’ throughout the paper. There were two additional
regressors, which were tailored for each participant based on their individualized continuous
pain ratings during all three runs of cold stimuli blocks. The ‘ratings regressor’ resembled a
step function, with each button press signaling the onset of either increasing or decreasing
subjective levels of pain (see Figure 1). This step function was then convolved with a
gamma variate function based on the hemodynamic response, and reflected changes in
subjective pain levels. The second regressor called the ‘button press regressor’ was modelled
on effects associated with button presses as being transient in nature rather than a step
function. Specifically, each button press was modeled as a single event and convolved with
a gamma variate function (see Figure 1A). It was assumed that there would be correlation
between the activation captured by the rating and button press models, but that the button
press model would capture changes in the motor and visual system associated with the
button press and the updating of the Likert scale on the screen (i.e., sensorimotor activation),
as well as possible transient cognitive activity related to evaluating and rating the pain being
experienced.

A voxel-wise multiple regression analysis was then used to estimate the beta weights
corresponding to the two pain conditions, the motor response (button press regressor) and
the individual subject’s pain rating (ratings regressor). Following this, a hierarchical
multiple regression analysis was performed to isolate the unique variance associated with
the ratings regressor (subjective pain) on a per subject basis. The incremental increases in
variance (R?) captured by the addition of each successive regressor for the hierarchical
regressions was calculated. The change in R? was converted to a signed correlation
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coefficient (7= 1/ R5—R% x (52/ |52])) and then to a z-score using Fisher’s method. For this
analysis we entered the low pain stimulus regressor first, then the high pain stimulus
regressor, then the motor regressor, and, last, the ratings regressor, with our ultimate goal
being to isolate the unique variance associated with the subjective experience of pain, after
removing the variance associated with both stimulus (high and low pain), and button press.

For the hierarchical regression results, one-sample t-tests were performed to identify the
neuronal regions that exhibited variance for each of the individual regressors. A significance
threshold corresponding to p < 0.005 was applied in combination with a minimum cluster
size threshold of 1663 L (26 native voxels) to all of the data to minimize the likelihood of
false positives (39). The combination of these parameters resulted in a corrected alpha value
of p < 0.05 or below based on 10,000 Monte Carlo simulations.

For the resting state connectivity analyses, a regression analysis was conducted on
individual subject’s time-series to remove potential sources of noise (physiological and
machine-based) from the data (40). First, individual anatomical images (i.e., T1) were
segmented into maps of white matter, gray matter and cerebrospinal fluid (CSF) using FSL’s
FAST algorithm (41). Second, the resultant CSF and white matter masks were used to obtain
an average time-series for these tissues during the extended resting state runs for each
individual. Finally, all six movement parameters, the ROI-based time-series for CSF, the
ROI-based time-series for white matter, a constant term, and a linear term were entered into
a linear regression against the extended resting state time-series to remove the variance
associated with each of these variables (40).

The connectivity seeds were derived from regions showing significant activation during
subjective pain (ratings regressor). Coordinates for connectivity seeds were chosen such that
the entire volume of the seed fully resided in areas of significant activation, and, wherever
possible, to be in and around maxima in these areas. Resting-state time courses were then
averaged for each empirically derived seed (in the case of unilateral seeds) or seeds (in the
case of bilateral seeds), which were then used as the primary regressor for the whole-brain
functional connectivity analyses. The resultant correlation coefficients were then converted
to z-scores using Fisher’s method.

For the connectivity analyses, one-sample t-tests were performed to identify regions of
functional connectivity. A significance threshold corresponding to p < 0.0001 was applied in
combination with a minimum cluster size threshold of 960 L (15 native voxels) to all of the
data to minimize the likelihood of false positives (39). The combination of these parameters
resulted in a corrected alpha value of p < 0.005 or below based on 10,000 Monte Carlo
simulations.

Behavioral Results

A 2 x 9 [Intensity (high, low) x Order (15t through 9t block)] repeated-measures ANOVA
was performed on mean pain ratings during stimulus periods to examine differences
between perceived pain levels at the two stimulus intensities, and to evaluate the potential
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effects of habituation. Results indicated significant main effects of intensity (Fq 19 = 25.61, p
< 0.001), with condition means suggesting higher pain ratings in the high (mean rating =
1.78 +/- 1.04) relative to the low (mean rating = 1.08 +/- 0.73) pain condition (Figure 2).
There was a significant main effect of order (F4.81.91.41 = 5.21, p < 0.01), but the intensity x
order interaction effect was not significant (p > 0.10). To further investigate the effects of
order, mean ratings for both high and low pain blocks were averaged across each of the
functional imaging runs (each run contained 3 high and 3 low pain blocks) and compared in
a pair-wise fashion. The results indicated that pain ratings were significantly higher in the
first run (mean = 1.57 +/- 0.83) compared to both the second (mean = 1.42 +/- 0.77; t 19 =
2.46, p = 0.02) and the third (mean = 1.32 +/- 0.75; t 19 = 3.94, p < 0.01) runs. There was
trend towards a difference between the second and third runs (t 19 = 1.86, p = 0.08). Only
one participant rated the high pain stimulus as 0, and only in 2 out of the 9 blocks.

Pain ratings during the baseline periods (32-36 second inter-stimulus intervals) following
cold-stimulus applications were analyzed in a similar manner. The 2 x 9 [Baseline (high,
low) x Order (1t through 9t rest block)] repeated-measures ANOVA indicated a significant
main effect of intensity of preceding pain block (F1 19 = 19.26, p < 0.01), with significantly
higher ratings during baseline periods following high pain blocks (mean rating = 0.86 +/-
0.74) compared to low pain blocks (mean rating = 0.33 +/= 0.37). There was a significant
main effect of order (F3 07 58.41= 2.86, p = 0.04), and an interaction effect that trended
towards significance (Fp 39 5841 = 2.44, p = 0.09). To follow up the interaction, simple
effects testing suggested that the difference was greatest during rest block 1 (t 19 =5.90, p<
0.01). Similarly, pain ratings were significantly lower in the rest periods of the third run
(mean = 0.49 +/- 0.11) compared to both the first (mean = 0.63 +/- 0.17;t19=2.72,p =
0.01) and the second (mean = 0.67 +/- 0.17; t 19 = 2.16, p = 0.04) runs.

Correlation of Regressors

In the next set of analyses the correlations amongst the four individual regressors, low pain,
high pain, ratings, and button press, were evaluated on a subject-wise basis. For each
potential relationship, the number of subjects who exhibited a statistically significant (p <
0.05) correlation between the regressors was tabulated (see Table 1). In addition, the mean,
standard deviation, minimum and maximum correlations for each of the pairwise
comparisons across all subjects are reported when applicable. Results indicated that
regressors were significantly correlated with each other for the majority of subjects, with the
exception of the low pain versus both the ratings and button press regressors. As expected
the correlation between the ratings and button press regressors was the highest. However,
there was considerable variability in the relationship between stimulus and ratings regressors
(Table 1). For example, some subjects’ ratings tended to closely coincide with the onset of
painful stimuli (Figure 1B, Subjects 1 and 4), whereas other subjects showed temporal
dissociation between stimulus onset and pain ratings (i.e., continued pain after
discontinuation of cold stimulus, Figure 1B, Subject 2) or rated subjective pain levels around
0 during both conditions (Figure 1B, Subject 3).
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Functional Results: Hierarchical Regression Analyses

The low pain condition was entered into the hierarchical regression first, and was associated
with broad areas of deactivation in several regions that have been previously associated with
the default-mode network (DMN) (40, 42—-44) including the bilateral medial PFC/ventral
ACC [Broadmann Areas (BAs) 9,10,11,24,32,47], superior frontal gyrus (BA 8), medial
temporal lobes (BAs 28,35), inferior temporal cortex (BAs 21,22,37,38), IPL (BA 40) and
PCC (BAs 23,30). Negative activation was also observed within the bilateral insula, auditory
(BAs 41,42), visual (BAs 18,19), primary somatosensory (BA 3) and motor cortices (BA 4)
and cerebellum, as well as within the bilateral striatum and thalamus. Additional areas of
negative activation unique to the left hemisphere were located in the dorsolateral prefrontal
cortex (DLPFC) extending to premotor cortex (BAs 6,8,9,46) and left angular gyrus (BA
39). There were no regions that were associated with a positive activation during the low
pain condition.

The high pain condition was uniquely associated with similar regions of deactivation as the
low pain condition. In addition, areas of positive activation included the bilateral anterior
insula, bilateral dACC extending into the pre-SMA (BAs 6,8,24,32) and the right lateral
prefrontal cortex (PFC) including ventrolateral prefrontal cortex (VLPFC) and DLPFC (BAs
9,10,44,45,46,47). Additional areas of positive activation included the right inferior parietal
lobule (IPL) and superior parietal lobule (SPL) (BAs 7,40), thalamus, striatum, and globus
pallidus (Figure 3).

The motor regressor resulted in positive activation within all areas of the pain neuromatrix
including bilateral somatosensory cortex (BAs 1,2,3), IPL and SPL (BAs 5,39,40) including
S1 and S2, precuneus (BA7), anterior and posterior insula (BA 13), lateral and medial PFC
(BAs 9,10,44,45,46,47), dACC and middle cingulate cortex (MCC) (24,32), temporal cortex
(BAs 20,22,36,37,38,41,42), bilateral visual cortex (BAs 17,18,19) and PCC (BAs 23,31).
As expected, there was activation throughout the bilateral premotor and motor cortex (BAs
4,6,8), cerebellum, thalamus, and striatum. There was some additional negative activation in
the DMN including bilateral medial PFC (BAs 10,11,24,25,32), left PCC and precuneus
(BA 7,23,30,31), left temporal cortex (BA 36,39) and right temporal cortex (BA 21), as well
as left premotor cortex (BA 8).

The ratings regressor was associated with unique variance and more extensive activation in
similar regions as high pain regressor (see Figure 3). Results indicated increased activation
in the bilateral anterior insula extending into posterior VLPFC (BAs 44,47), lateral PFC
including VLFPC and DLPFC (right greater than left; BAs 6,8,9,10,45), ACC extending into
preSMA and SMA (right greater than left; BAs 6,8,32), and inferior and superior parietal
lobules (BAs 7,39,40) extending into R precuneus (BAs 7,19). Finally, there was activation
observed in the right striatum and thalamus and in the left cerebellum. The ratings regressor
also identified unique variance in similar clusters of the DMN as the high pain condition
(deactivation), although to a lesser extent (Figure 3). There was additional deactivation
located in the bilateral premotor, motor and sensory cortices (BAs 3,4,6).
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Functional Results: Functional Connectivity Analyses

Empirically derived seed regions for the connectivity analyses were determined from the
hierarchical multiple regression analyses based on the results from the ratings regressor
(Figure 3). Specifically, the R dACC (coordinates = 8,23,32), bilateral anterior insula
(coordinates = +/- 32,20,4), R medial thalamus (coordinates = 10,-9,6), and R DLPFC
(coordinates = 37,27,33) were each selected as four separate seed regions (9 mm diameter
spheres, center of mass coordinates in Talairach space) to be used in the connectivity
analyses. See supplemental results (Figure S2) for seed locations.

The results from this analysis are summarized in Figure 4 and 5. In brief, anterior insula
demonstrated connectivity with S2, posterior insula (sensory/discriminative), dACC, medial
thalamus (affective/motivational), DLPFC, IPL (cognitive/evaluative) and preSMA/SMA
(motor). Medial thalamus demonstrated connectivity with anterior insula, and dACC
(affective motivational). dACC demonstrated connectivity with anterior insula, medial
thalamus (affective/motivational), DLPFC, IPL (cognitive/evaluative), and preSMA and
SMA (motor). DLPFC demonstrated connectivity with anterior insula, dJACC (affective/
motivational), IPL (cognitive/evaluative), preSMA and SMA (motor).

Discussion

The current study utilized hierarchical multiple regression to isolate the variance in brain
activation associated with subjective pain experience during a noxious cold stimulus.
Behavioral findings provide evidence of the subjective nature of pain based on a temporal
mis-match between stimulus delivery and subjective pain ratings. Moreover, increases and
decreases in pain ratings were temporally disjoint from the cold stimuli to varying degrees
between subjects, often persisting into rest periods. Habituation further contributed to
response variability with significant decreases in pain ratings from the first and second runs
to the final run of the experimental paradigm. Not surprisingly, as a result of this high
degree of variability in pain sensation and rating, our ratings regressor, reflecting the
subjective experience of pain, captured more areas of brain activity and additional unique
variance within the pain network, presumably as a result of a better match to the temporal
dynamics of the subjective cold pain experience relative to the stimulus regressor.

Although we had expected the low pain condition to be associated with some positive
activation in the pain network, as previous work has demonstrated that near-noxious stimuli
evoke activation in the pain network (insula, thalamus, dACC, PFC, striatum, S1, S2) (45),
we only saw deactivation in this condition, and this was likely due to the stimulus being too
weak (mean individual rating = 1.08). In fact, we also observed deactivation in some of the
pain regions during the low pain stimulus (insula, thalamus, somatosensory cortex). This
may have occurred because anticipation of pain causes activation in some of these same
regions (45), and so, when individuals realized during the low pain condition that they
would not receive the high pain stimulus, the resolution of anticipation may have resulted in
deactivation in these regions. During both the low and high pain stimulus, the default mode
network was also deactivated, as has been seen in previous work (23), and this likely
occurred because the DMN deactivates during tasks. The high pain regressor was also found
to be associated with activation in a number of areas of the brain that have previously been
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shown to respond to other kinds of near-noxious and painful stimuli, including the bilateral
dACC, pre-SMA, anterior insula, thalamus and the right DLPFC and VLPFC (3, 5, 6, 23,
45). Importantly, the average maximum rating for the high pain was also relatively low in
spite of our extensive calibration efforts, with a mean individual rating of 1.97.

After accounting for the variance associated with the low pain, high pain and button press
regressors with the hierarchical regression, the ratings regressor captured unique variance
within a variety of brain regions, including anterior insula, and extending into other areas
commonly reported to be part of the pain response network including dorsal ACC, thalamus
and DLPFC. These regions are likely the primary brain regions involved in processing the
subjective experience of pain for a variety of stimuli (1-3, 5, 7, 11, 21, 23, 24). Our findings
demonstrated that using continuous ratings and a percept model for investigations of pain-
related brain activation may be better able to capture variance associated with subjective
pain than stimulus-based models. This may be particularly true in cases where habituation or
temporal dissociation between stimulus onset and subjective experience exists, or where
high pain stimuli are only mildly painful (as was true in our study).

Previous work regarding the recruitment of anterior versus posterior insula during the
subjective experience of pain has been mixed, with some studies finding that posterior insula
alone is associated with the experience of subjective pain (21, 46), and others implicating
both anterior and posterior insula (2). Our findings indicate that activation in anterior, but
not posterior, insula is associated with subjective pain. Activation in posterior insula may
not have been present in our work due to the fact that posterior insula may be deactivated
during ratings of subjective pain levels (47). Interestingly, a region of negative activation in
the rostral/subgenual ACC was also uniquely captured by the ratings regressor (Figure 3).
This region has been implicated as a part of the endogenous pain inhibition circuitry and
habituation (48, 49) and a negative correlation between activation in this area and subjective
pain ratings may have been related to the habituation in subjective pain levels seen in our
study.

Neither S1 nor S2 were activated by our high pain or ratings regressors, which was
somewhat unexpected, as these are a major projection sites for ascending sensory nerve
bundles. Historically, the role of S1 in processing pain has been controversial; human pain
imaging studies have shown mixed results in S1, activation in this area may not be strongly
related to subjective reports of pain (1, 7, 50, 51), and it may play a larger role in encoding
localization and thermal information rather than pain (51-53). Conflicting findings for S1
have been attributed to a variety of factors including task variability (eg. effects of attention,
stimulus timing and intensity) (50), mixed inhibitory and excitatory effects of nociceptive
input to this area, and inadequate spatial resolution of human imaging techniques (excitatory
effects may be in small focal areas), although limited spatial resolution appears to play less
and less of a role as techniques improve (1, 7, 50, 53). Human hemodynamic imaging
studies have also shown mixed results for S2, although its role in processing pain is less
controversial than S1 (1). Of note, however, both S1 and S2 were captured by the button
press regressor. By putting the button press regressor, which was highly correlated with the
ratings regressor, into the model before the ratings regressor, we may have lost variance
associated with ratings to the button press regressor. It is also possible that we did not see S1
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and S2 activation because the pain stimuli were not salient enough to detect a signal in these
relatively small corresponding regions.

Cold pain may be different in temporal pattern, afferent fiber activation, and perceived
qualitative characteristics from other types of pain (26, 27). Individuals with pain syndromes
like fibromyalgia may also respond differently to cold versus heat pain in terms of
habituation versus sensitization; both fibromyalgia patients and healthy controls habituate to
heat pain, but individuals with fibromyalgia sensitize to cold pain and controls habituate
(16). Despite these differences, previous work, using stimulus-based models, have found
that the neural matrix associated with cold pain stimuli in healthy individuals is similar to
that associated with heat pain, and is associated with activation in ACC, insula, MCC, S2,
DLPFC, VLPFC, premotor cortex, striatum, thalamus, PAG (3, 18, 27, 54). Our study,
which to our knowledge is the first to investigate the brain activation associated with
continuous ratings during cold pain, also demonstrated similar regions of activation as other
continuous ratings studies using heat pain. Our results provide a starting point for further
work into the aberrant processing of cold pain in syndromes like fibromyalgia.

Previous work posits the existence of up to four important sub-networks which process the
subjective experience of pain (1, 3, 11). One may be related to emotional aspects of
processing painful stimuli, which is often associated with activation in dorsal ACC, anterior
insula (3, 7, 24, 55-58) and medial thalamus (3, 7, 55, 59, 60). Another proposed network is
involved in the cognitive aspects of processing painful stimuli, and top-down modulation of
pain perception (61, 62), and includes the DLPFC and IPL, regions mediating a wide range
of attentional, cognitive, and inhibitory processes (7). A third is described as the sensory/
discriminative network, including the ventroposterolateral (VPL) thalamus, S1, S2, other
sensory areas, and posterior insula (3, 7, 11, 63). A fourth is the motor network which is
comprised of preSMA, SMA (3) and MCC (64). In addition to being named as part of the
affective/motivational network, the dACC has also been posited to integrate information
about affect, cognition, and response selection during pain processing (11). The insula has
been theorized to carry somatosensory information from regions such as S2, which is a
primary projection site for ascending pain neurons, to regions involved in assigning
emotional salience to pain stimuli (1, 11)

Functional connectivity analyses were used to examine co-occurring fluctuations within
other brain regions using seeds from regions which were activated by the ratings regressor in
order to further explore the validity of such models. Our results supported the posited roles
of dACC and insula as key relay sites during neural processing of subjective pain. First, in
our analyses the dACC demonstrated connectivity with regions posited to comprise the
affective/motivational network (anterior insula and medial thalamus), the cognitive/
evaluative network (DLPFC, IPL), and the motor network (preSMA, and SMA), supporting
its theorized role as an integrator. Moreover, of the seeds tested, only the anterior insula
demonstrated connectivity with posterior insula and S2, (both involved in sensory/
discriminative aspects of pain processing), and it also demonstrated connectivity with
regions involved in the affective response to pain (dJACC and medial thalamus) and
cognitive/evaluative regions (IPL and DLPFC), indicating that anterior insula may be

Pain Med. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilcox et al.

Page 12

essential for linking regions involved in processing sensory/discriminative information with
regions involved in assigning cognitive and emotional salience to stimuli.

There are several limitations to the current study. First, because participants rated their pain
continuously, we were unable to fully isolate brain activation associated with the subjective
experience of pain (ratings regressor) from the experience of rating one’s own subjective
pain levels (button press regressor). Previous work suggests that the motor and cognitive
components of subjective rating are associated with activation in many of the same regions
involved in processing painful stimuli, including premotor and motor cortex, SMA, striatum,
thalamus, cerebellum, parietal cortex, and DLPFC (65, 66) and insula and ACC (67).
Another disadvantage of obtaining ratings in real-time is that the act of rating one’s own
pain increases activity in regions implicated in the pain network (21, 47) which could
explain some of the unusually large positive effects we saw in our study. However, by
entering the button press regressor prior to entering the ratings regressor, we likely removed
the majority of variance related to the motor components, and some of the variance related
to the cognitive components of rating. Moreover, it has been argued that the continuous, as
opposed to episodic, ratings of pain minimize extraneous brain activity such as that
associated with episodic memory and error detection (21), and capturing subjective ratings
in real-time allowed for us to capture variance associated with subjective pain during non-
stimulus epochs. Therefore, there are both advantages and disadvantages to using continuous
ratings as we did.

Another limitation is that we did not attain target ratings of 6 and 3, and that there was only
a small (but still significant) difference in terms of mean pain rating between high and low
pain, which could have partially explained why the ratings regressor captured significantly
more pain-related brain activation compared to the stimulus regressor. The presence of such
a small difference in ratings could have been related to habituation, which was observed to
occur throughout the scanner session. Moreover, four of the subjects had the same high and
low pain temperatures, as a result of our calibration process. However, despite the fact that
the differences in ratings between high and low pain stimuli were less pronounced than we
expected, we still observed unique variance associated with high pain, above and beyond
that which was observed with low pain. Moreover, a hierarchical regression was more
conservative than a standard regression would have been, as a greater amount of variance
was attributed to the stimulus regressors, although the results for the ratings regressor would
have been identical for both models (see Figure S1 for side-by-side comparison between the
results for a hierarchical regression and for a standard regression). More specifically, a
hierarchical regression attributes both common and unique variance to regressors entered
earlier (high pain regressor) in the regression, and only unique variance to regressors entered
last in the regression (ratings regressor). That the ratings regressor still captured more
positive activation than the high pain regressor despite this conservative approach
emphasizes the utility of percept-related models to identify brain networks involved in
processing pain.

In summary, the results of the current study provide further information about the brain
networks responsible for the experience of subjective pain, and demonstrate the utility of
percept-models during studies of central processing of pain. These findings can help guide
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future studies, and focus investigations to particular anatomical regions. Future work using

pe
evi

rcept-based models of continuous ratings in chronic pain patients, investigating both
oked and spontaneous pain in the context of pharmacological or behavioral interventions,

should be done, and could give added insight into how the subjective pain experience and its

ne

ural correlates is altered in this condition and possible targets for future treatment

interventions.
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Figure 1.
Panel A depicts sample regressor models. Low (LP; cyan) and high (HP; blue) pain

regressors are based on stimulus delivery parameters (onset, duration time). Ratings
regressor (red) is modeled on subject’s continuous ratings of pain (purple) convolved with a
gamma variate function based on hemodynamic response. Button press regressor (green) is
modeled on button press events, convolved with a gamma variate function. Panel B depicts
representative graphs for four different subjects plotting the four regressors used in the two
hierarchical models. Subjects 1 and 2 demonstrate the expected differentiation in pain
ratings (red) between high pain (blue) and low pain (cyan) stimulus blocks, with subject 2
also showing a temporal dissociation between stimulus and ratings onset times. Subject 3
rated all pain stimuli as close to 0 on the Likert scale, while Subject 4 rated all pain stimuli
at greater than 5. Button press regressor (green) shows button press event timing.
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Mean pain ratings as a function of rest (Top) and pain stimulus (Panel B, gray symbols)
blocks. Rest blocks (inter-stimulus intervals) followed all stimulus blocks. Both post high
pain block ratings (Post-HP) and high pain ratings (H) (black diamonds) were significantly
higher than post low pain block ratings (Post-LP) and low pain ratings (LP) (grey squares)

for both rest and pain blocks.
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Figure3.
This figure presents the results for the high pain regressor and the ratings regressor from the

hierarchical regression where regressors were entered in the following order from first to
last: low pain, high pain, button press, ratings. Of note the ratings regressor captured more
extensive and unique positive activation above and beyond that of the high pain regressor.
Panel A (top) shows areas of unique variance associated with the high pain regressor (HP;
red), the ratings regressor after correcting for variance associated with the button press
regressor (RatingsBP) (yellow), and overlap between the two (orange). Panel B (bottom)
shows areas of unique variance associated with HP (dark blue), RatingsBP (light blue) and
Overlap (medium blue). Regions indicated by arrows include 1) insula (Ins); 2) thalamus
(Thal); 3) anterior cingulate cortex (ACC); 4) dorsolateral prefrontal cortex (DLPFC); 5)
inferior parietal lobule (IPL); 6) rostral/subgenual ACC (r/sgACC). Slice locations (Z) are
given according to the Talairach atlas.
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Figure4.
This figure simplistically depicts the results from the connectivity analyses. It organizes

regions into groups according to models which propose central pain-processing networks to
be comprised of at least four distinct subnetworks: a sensory/discriminative network, an
affective/motivational network, a cognitive evaluative network, and a motor network (not
depicted in this figure). Black lines connect regions which were significantly positively
correlated with one another (demonstrated connectivity) in our analyses. (S2: secondary
somatosensory cortex, dACC: dorsal anterior cingulate cortex, DLPFC: dorsolateral
prefrontal cortex, IPL: inferior parietal lobule).
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Figure5.
This figure depicts the results from the connectivity analyses. Each row indicates the results

for a different seed (from top to bottom: right dACC, right DLPFC, bilateral anterior insula,
right medial thalamus). Each column represents a different slice location according to the
Talairach atlas (from left to right: Z=4, Z=25, Z=43, X=8). Areas which were significantly
positively correlated with seeds (positive Z scores) are displayed in this figure in either
yellow (Fischer’s Z>10) or red (Fischer’s Z<10). Areas which were significantly negatively
correlated with seeds (negative Z scores) are displayed in blue (Fischer’s Z<10).
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