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Baliki MN, Geha PY, Apkarian AV. Parsing pain perception be-
tween nociceptive representation and magnitude estimation. J Neuro-
physiol 101: 875-887, 2009. First published December 10, 2008;
doi:10.1152/jn.91100.2008. Assessing the size of objects rapidly and
accurately clearly has survival value. A central multisensory module
for subjective magnitude assessment is therefore highly likely, sug-
gested by psychophysical studies, and proposed on theoretical grounds.
Given that pain perception is fundamentally an assessment of stimulus
intensity, it must necessarily engage such a central module. Accord-
ingly, we compared functional magnetic resonance imaging (fMRI)
activity of pain magnitude ratings to matched visual magnitude ratings
in 14 subjects. We show that brain activations segregate into two
groups, one preferentially activated for pain and another equally
activated for both visual and pain magnitude ratings. The properties of
regions in the first group were consistent with encoding nociception,
whereas those in the second group with attention and task control.
Insular cortex responses similarly segregated to a pain-specific area
and an area (extending to the lateral prefrontal cortex) conjointly
representing perceived magnitudes for pain and vision. These two
insular areas were differentiated by their relationship to task variance,
ability to encode perceived magnitudes for each stimulus epoch,
temporal delay differences, and brain intrinsic functional connectivity.
In a second group of subjects (n = 11) we contrasted diffusion tensor
imaging—based white matter connectivity for these two insular areas
and observed anatomical connectivity closely corresponding to the
functional connectivity identified with fMRI. These results demon-
strate that pain perception is due to the transformation of nociceptive
representation into subjective magnitude assessment within the insula.
Moreover, we argue that we have identified a multisensory cortical
area for “how much” complementary and analogous to the “where”
and “what” as described for central visual processing.

INTRODUCTION

Functional imaging studies in humans show that multiple
brain regions are activated and modulated by nociceptive
stimuli (Apkarian et al. 2005; Price 2000). However, brain
areas specifically representing nociceptive properties remain
elusive because many of the activations also reflect secondary
processes, such as affective, cognitive, and anticipatory aspects
of pain perception (Buchel et al. 2002; Coghill et al. 1999;
Derbyshire et al. 1997; Rainville et al. 1997). For the pain
sensory modality, intensity is its most salient and distinctive
characteristic and yet the subjective magnitude assessment of
painful stimuli (pain perception) is highly variable, because it
is shaped by past experiences and current motivational states,
and does not directly reflect incoming signals from primary
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sensory neurons (nociception) (Melzack and Katz 1999). Dis-
tinguishing nociception from magnitude perception in the brain
has been explored only minimally (Apkarian et al. 1999). Here,
by taking advantage of nonlinear stimulus—perception transfor-
mations for pain and the large intersubject variability in per-
ceiving magnitude for constant painful stimuli, we differentiate
brain areas that specifically encode painful stimuli from areas
involved in assessing perceived magnitude of pain.

Magnitude estimation of pain intensity requires mapping the
nociceptive signal to some sort of neural construct with nu-
merosity representation (Piazza et al. 2007). Thus we speculate
that this neural construct should involve brain regions that are
not exclusive to pain perception but we also test the alterna-
tive—a magnitude-related brain region for the sense of pain.
Little is known about cortical mechanisms underlying inte-
grated magnitude estimation, although a number of candidate
brain regions have been proposed (Piazza et al. 2007; Walsh
2003). We hypothesize that the transformation to pain percep-
tion involves brain areas integrating magnitudes across multi-
ple sensory modalities.

Classical psychophysical studies have defined the properties
of perceived magnitude. A mid-century seminal study by
Miller (1956), and related observations made a century earlier
by Weber in 1834 and by Fechner in 1860 (Fechner 1860/1966;
Weber 1834/1978), showed that humans can identify one of
five to seven intensities of different sensory stimuli, such as
pitch, brightness, and saline concentration, with unique chan-
nel capacities for various sensory modalities. This evidence
demonstrates the limited capacity of the brain for processing
information, a notion that has been extensively pursued in
relation to working memory (Cowan 2001). However, its
implications for sensory information processing remain less
developed. Miller’s observations suggest a common central
network underlying magnitude estimation that transforms sen-
sory intensities into a percept of size. The transformation of the
intensity of a physical stimulus into a perceptual magnitude
estimation follows the power law proposed by Stevens [W =
k®“, where ® is stimulus intensity, W is sensation magnitude,
and « is an exponent, based directly on Weber’s and Fechner’s
observations and theory, and casting these earlier results in a
more solid mathematical framework (Stevens 1957)], where
distinct power exponent values are observed for differ-
ent sensory modalities (Gescheider 1997; Price 1988). Sub-
sequent psychophysicists (Teghtsoonian 1971) theorized
that distinct power laws imply a common magnitude eval-
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876 M. N. BALIKI, P. Y. GEHA, AND A. V. APKARIAN

uation system. Nonetheless, this theoretical construct has
not been tested.

The capacity to code multimodal sensory information is
undoubtedly limited by anatomical and physiological con-
straints. As such, a magnitude-assessing module in the human
brain should exhibit extensive anatomical connectivity not only
to sensory regions but also to higher cognitive brain areas. The
insular cortex is one such brain region satisfying these require-
ments. It has wide connections with primary and secondary
somatosensory areas, visual, auditory, and motor cortical areas,
anterior cingulate cortex, basal ganglia (BG), amygdalae, sev-
eral thalamic nuclei, and prefrontal cortex (Augustine 1996;
Cipolloni and Pandya 1999; Mesulam and Mufson 1982). It
also receives gustatory, olfactory, and visceral sensory inputs
and is presumed to be the cortical region for primary taste
representation and perception of flavor, by integrating these
gustatory, olfactory, and somatosensory inputs (Critchley
2005; de Araujo et al. 2003; Hanamori et al. 1998; Rolls 2007).
Furthermore, there is a large and accumulating literature indicating
that the insula participates in pain perception. For example, a
meta-analysis shows that in 48 functional magnetic resonance
imaging (fMRI) studies of acute pain specifically examining
insular activity, 45 concluded that it was activated for the pain
condition (94% incidence) (Apkarian et al. 2005). In addition, the
insula has also been shown to be activated for comparing numbers
(Gobel et al. 2004), for determining stimulus magnitude by
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ordering letters, numbers, and shapes (Fulbright et al. 2003), and
seems to be part of a “core” task-set system, based on activity
across ten different tasks (Dosenback et al. 2006).

In this study, we examine brain activity using fMRI in a
single group of healthy subjects for assessing perceived mag-
nitudes of thermal painful stimuli and the length of a visual bar.
Subjects used a finger-span device to continuously rate and log
the magnitude of their perceptions (Fig. 1A). The continuous
ratings minimize brain activity associated with episodic mem-
ory and error detection. Our study is inspired by psychophys-
ical cross-modality magnitude-matching experiments (Stevens
1957). Intensity to magnitude transformation for visual lengths
is linear (exponent of power law a = 1.0; Stevens 1957),
whereas for contact thermal heat-induced pain the exponent for
the stimulus—perception relationship is >3.0, resulting in a
positively accelerating intensity to magnitude transformation
(Nielsen et al. 2005). The latter implies that even if the two
sensory modality tasks were equated at the stimulus level, they
would result in distinct perceived magnitudes. Although earlier
studies have matched perception for pain across subjects
(Giesecke et al. 2004; Kwan et al. 2005; Lorenz et al. 2002),
here we match perception between two senses, for magnitudes,
within subjects. The rating pattern of perceived pain in each
individual subject was used as input for that subject’s visual
bar length rating task. This enables a contrast between brain

401a=4.4 .

38 46 54
Temperature ( C)

401a=1.0

FIG. 1. Brain activity maps for pain- and
visual-rating tasks. A, top: average pain rat-
ings for painful heat. Gray areas delineate
epochs and intensities (in degrees Celsius for
the thermal stimuli). Bottom: average rating
for the visual task. The black trace is the
visual stimulus, obtained from the subject’s
pain ratings. The red trace corresponds to
the subject’s rating (bars are SD). Scatter-
plots show the relationship between stimulus
intensity and perceived magnitudes and fol-
lows a power function with exponent of 4.4
for pain and 1.0 for visual ratings. B: ran-
dom-effects analysis for pain- and visual-
rating tasks. Many cortical areas were com-
monly activated. Bilateral thalamus and
basal ganglia (BG) were active only during
pain. The conjunction map between pain and
visual rating is shown in blue and represents
voxels that were commonly activated for
both tasks and highlight many cortical re-
gions, including portions of the insula. The
contrast map shows regions significantly
more active for pain rating and include bilat-
eral thalamus and BG and parts of insula and
middle portions of the anterior cingulate cor-
tex (mACc). There were no regions that were
more active for the visual rating.

Magnitude rating

Visual length (a.u.)

Visual

J Neurophysiol « VOL 101 « FEBRUARY 2009 + WWW.jNn.0rg

$T0Z ‘G2 YoJe|\ uo wolj papeojumod




PARSING PAIN PERCEPTION 877

activity for closely matched magnitude ratings but of distinct
sensory modalities and valence (Fig. 2). We specifically com-
pared brain responses to painful and visual stimuli because
there is little ambiguity as to their disparate perceptions and
assumed unique representations in the brain. Therefore
discovering a common activation for both modalities would
provide strong evidence for our hypotheses, which are as
follows: 1) properties of painful stimuli are captured by a
network specialized in nociceptive representation; 2) this
information is acted on by a decision-making network,
components of which are involved in assessing the magnitude of
sensory inputs; 3) the spatiotemporal transformation of informa-
tion from the nociceptive network to the magnitude-related
regions gives rise to perception of pain; and 4) brain regions

100 Pain rating

Magnitude

estimating magnitude are multimodal and integrate informa-
tion across the senses.

The results segregate the insula bilaterally into nociceptive-spe-
cific (noci-INS) and magnitude-related (mag-INS, which ex-
tended to the ventral premotor cortex) portions. The properties of
these areas compared with each and with other activated regions
were explored using multiple approaches to differentiate between
sensory-specific representation and the more general magnitude
encoding. Finally, in a second group of healthy subjects diffusion
tensor imaging (DTI) was used to examine white matter tractog-
raphy-based connectivity (Behrens et al. 2003a,b) of noci-INS and
mag-INS with the rest of the brain, to test the hypothesis that these
functionally distinct areas are a consequence of unique anatomical
connectivity.

Visual rating
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FIG. 2. Individual pain and visual mag-
nitude ratings. Left column shows individual
on-line subjective pain ratings for the 14
healthy subjects included in the study on a
scale of 0-100, where 0 is no pain and 100
is maximum imaginable pain. Right columns
show the corresponding visual on-line rat-
ings using the same scale. Variances for the
pain and visual tasks are shown next to the
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time courses. Bottom left: the time course of
the thermal stimulus, monitored on the skin
and averaged across all participants. Bottom
right: the highly significant correlation be-
tween the variance for pain- and visual-
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METHODS
Participants

A total of 24 healthy subjects participated in the study. One group
of subjects, who took part only in the fMRI study, included 7 healthy
woman and 7 healthy men (age: 35.21 = 11.48 yr; Beck Depression
Inventory [BDI]: 4.38 = 4.32; Beck Anxiety Inventory [BAI]: 5.22 =
4.19); data are presented as means = SD. A separate group of subjects
were recruited for DTI study. These participants included 9 healthy
woman and 3 healthy men (age: 33 = 10.05 yr; BDI: 0.58 = 1.16;
BAI 2.18 = 3.57); data are presented as means * SD. Participants
were compensated financially for their time. All subjects were
right-handed and all gave informed consent to procedures ap-
proved by the Northwestern University Institutional Review Board
committee.

Pain-rating and visual-magnitude—rating tasks

Subjects were scanned while rating their pain in response to thermal
stimuli applied to their back (pain-rating task) and rating the length of
the bar in the absence of thermal stimulation (visual-rating task), using
a finger-span device. Participants underwent an initial training phase
prior to scanning, in which they learned to use the finger-span device
to rate on-line changes in bar lengths., The finger-span device con-
sisted of a potentiometer, the voltage of which was digitized and

A Variance pain Variance visual B

23 170

time-stamped in reference to fMRI image acquisition and connected
to a computer providing visual feedback (for further details see
Apkarian et al. 2001; Baliki et al. 2006). A purpose-built, fMRI-
compatible thermal stimulator delivered fast ramping (20°C/s) painful
thermal stimuli (baseline 38°C; peak temperatures 47, 49, and 51°C)
via a contact probe (1 X 1.5-cm peltier). Durations and intensities of
thermal stimuli as well as interstimulus intervals were presented in a
pseudorandom fashion. During a given functional imaging session,
nine noxious thermal stimuli, ranging in duration from 10 to 40 s,
were applied to the lower back at midline. Subjects were initially
scanned once during acute thermal stimulation where they rated
perceived magnitude of pain, resulting in 14 pain sessions. In the
second functional scanning session, subjects rated the magnitude of
the bar length, which unknown to them was varying in length with the
pattern of their ratings of the thermal stimulus.

In the thermal task, subjects were provided with a visual feedback
of their finger-span ratings, presented as a varying size bar with a scale
indicating their rating on a 0—100 magnitude. The bar graph (in
yellow color) was displayed on a black background of a computer
monitor (occupying 80% of the screen) and was back-projected
through a mirror set up within the scanner. In the visual task, the bar
was controlled by the computer and the subject rated the size of the
bar with the finger-span device. This design enables generation of
magnitude ratings across the two sensory modalities that are matched
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FIG. 3. Brain regions encoding variance
of pain- and visual-rating tasks. A: whole
brain covariate analysis between variance
and brain activity for pain- and for visual-
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rating tasks. B: conjunction analyses for the
pain and visual covariate maps; multiple cor-
tical areas encoded variance in both tasks
including bilateral ventral premotor cortex
(VPc), posterior parietal cortex (PPc), insula,
in addition to right dorsal premotor cortex
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within a subject but not across subjects (Supplemental Fig. SI),’
where the visual inputs and finger movements are also matched for
each subject.

JMRI data acquisition and analysis

Functional MR data were acquired with a 3-T Siemens Trio whole
body scanner with echo-planar imaging (EPI) capability using the
standard radio-frequency head coil. Multislice T2*-weighted echo-
planar images were obtained with the following parameters: repetition
time (TR) = 2.5 s; echo time (TE) = 30 ms; flip angle = 90°, slice
thickness = 3 mm, in-plane resolution = 64 X 64. The 36 slices
covered the whole brain from the cerebellum to the vertex. An average
of 240 volumes were acquired per condition in all participants. A
T1-weighted anatomical MRI image was also acquired for each
subject using the following parameters: TR = 2.1 s, TE = 4.38 ms,
flip angle = 8°, field of view = 220 mm, slice thickness = 1 mm,
in-plane resolution = 0.86 X 0.86 mm?, and number of sagittal
slices = 160.

Image analysis, to reveal significant brain activity based on changes
in blood oxygenated level-dependent (BOLD) signal, was performed
on each subject’s data using the Oxford Centre for Functional MRI of
the Brain (FMRIB) Expert Analysis Tool (FEAT; Smith et al. 2004,
http://www.fmrib.ox.ac.uk/fsl). The preprocessing of each subject’s
time series of fMRI volumes encompassed: skull extraction using a
brain extraction tool (BET); slice time correction; motion correction;
spatial smoothing using a Gaussian kernel of full-width half-maxi-
mum 5 mm; nonlinear high-pass temporal filtering (120 s); and
subtraction of the mean of each voxel time course from that time
course. The fMRI signal was then linearly modeled on a voxel-by-
voxel basis using FMRIB’s Improved Linear Model with local auto-
correlation correction (Woolrich et al. 2001, 2004).

Pain and visual ratings were considered to generate a hemodynamic
response described by the convolution of the corresponding vector
with a generalized hemodynamic response function (gamma function:
lag = 6's, SD = 3 s). The pain- and visual-rating derivatives rectified
and convolved with the hemodynamic function (modeling motor
command) in addition to the six time series obtained from rigid head
motion corrections were used as covariates of no interest, to remove
residual variance due to head motion and minimize variance due to the
motor task. The significance of the model fit to each voxel time series
was calculated, yielding statistical parametric maps for each subject
and condition. Average group statistical maps were generated using
second-level random-effects group analysis. A cluster-based correc-
tion of the z-statistic images was performed and thresholded at
z-scores >2.3. For each resulting cluster of spatially connected voxels
surviving the z threshold, a cluster probability threshold of P = 0.01
was applied to the computed significance of that cluster, which
corrects for multiple comparisons (Friston et al. 1995).

A two-sample paired r-test was used to compare visual- and
pain-rating group average maps. A conjunction analysis was per-
formed to determine spatial similarities in brain activity for the pain
and visual-magnitude ratings. The conjunction map was generated by
computing and multiplying the binary maps for average group statis-
tical maps (voxels that were significantly activated were assigned a
value of 1, otherwise 0) for pain and visual rating.

Task-variance encoding

Brain regions encoding task variance were identified using whole
brain regression analysis in the FMRIB Software Library (FSL).
First-level statistical maps were regressed with variance computed
from the corresponding rating tasks for pain and visual maps. Average
group statistical maps were generated using second-level random-

! The online version of this article contains supplemental data.

effects group analysis for each task. Outcomes were then compared by
contrast and conjunction analyses.

Regions of interest (ROIs) and BOLD responses

The ROIs were defined from the random effects analysis of pain —
visual (pain-specific regions) or the pain + visual conjunction map
(task-common regions) and delineated using automated anatomical
labeling based on a macroscopic anatomical parcellation of the Mon-
treal Neurological Institute MRI single-subject brain (Tzourio-Ma-
zoyer et al. 2002). The ROIs were reverse-normalized and projected
back into the nonnormalized individual brain space. The BOLD signal
for the total trial duration was obtained by averaging the raw data for
all voxels across a given ROIL. The BOLD time course during
stimulation epochs was measured first by calculating percentage
BOLD change (deviation from the mean for voxels within the ROI),
averaging across the nine stimulus repetitions for each phase, and
averaging across all trials.

Magnitude encoding

For the purpose of examining the relation of magnitude ratings and
brain activity, the hemodynamic response time curves were extracted
from the ROIs and transformed into standard units by subtracting
the mean of all points within the time series and dividing by its SD.
The peak BOLD responses for each stimulation epoch and subject
were extracted and correlated with the respective peak rating
(irrespective of when that maximum rating occurred within the
epoch) (see Fig. 4A).

Brain intrinsic correlational networks

Brain networks correlated to specific regional activity (seed) were
identified using a well-validated method (see Baliki et al. 2008; Fox
et al. 2005). Correlational network maps were produced by first
extracting the BOLD time course from a seed region and, then,
computing the correlation coefficient between its time course and the
time variability of all other brain voxels, in first-level analysis in FSL.
To combine results across subjects and compute statistical signifi-
cance, z-score maps were generated for positive correlations using
random-effects analysis corrected for multiple comparisons at a sig-
nificance level P < 0.01. A two-sample paired r-test was used to
compare connectivity maps across different seeds.

Surface-based mapping

This mapping was constructed using the PALS (Population-Aver-
age, Landmark- and Surface-based) average fiducial surface from 12
individual subjects as the atlas target (Van Essen 2005).

DTI data acquisition and analysis

We use DTI-based tractography to examine the relation between
white matter connectivity and functional connectivity for brain areas
that we observe to be functionally distinct. We recently described the
procedure in detail (Geha et al. 2008). In 11 healthy subjects DTI
images were acquired using spin-echo EPI in two acquisitions, 36
slices each, shifted by 2 mm in the z-direction to cover the whole brain
with a total acquisition time of 11 min and 30 s. DTI parameters were:
voxel size 1.7 X 1.7 X 2 mm in 9 subjects and 2 X 2 X 2 mm in the
remaining 3 subjects; TR = 5 s, TE = 87 ms, flip angle = 90°,
in-plane matrix resolution = 128 X 128. Diffusion was measured in
60 different noncollinear directions separated in time into seven
groups by no-diffusion—-weighted volumes for a total of eight no-
diffusion—weighted volumes acquired for the purposes of registration
and head motion correction.
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Preprocessing of the DTI data included skull extraction using BET;
correction for eddy currents and head motion was done by means of
affine registration on the first no-diffusion—weighted volume of each
subject. We performed tractography with the FSL Diffusion Toolbox
in FSL 3.3 (Behrens et al. 2003b; Smith et al. 2004) by first running
Markov-chain Monte Carlo sampling to build up distributions on the
diffusion parameters at each voxel in the individual subject’s space.
Then we transformed the ROI (seed) into the space in which the DTI
data were acquired per subject and from the seed masks we repeti-
tively sampled the distribution on voxelwise principal diffusion di-
rections, to generate a probabilistic sample from the distribution.
Population probability maps of resulting clusters were generated by
averaging the subject probability maps and applying a threshold of
100 of 5,000 samples.

We also defined target ROIs then generated probabilistic connec-
tivity distributions from all voxels within the respective seed ROIs
and quantified their probability of connection to each target. These
probabilities were averaged over the seed ROI voxels. Differences in
probabilistic connectivity between the seed ROIs to any target was
computed using a nonparametric Mann—Whitney U test (P < 0.05).

RESULTS

Brain activity similarities and differences for pain
and visual-magnitude ratings

Fourteen healthy subjects participated in this fMRI study.
All were confident that they accurately performed both pain
and visual ratings. These subjective ratings were used to
identify brain activations associated with pain and visual rat-
ings (see METHODs and Figs. 1A and 2) using the general linear
model.

The pain-rating task was associated with increased brain
activity in bilateral insula, left primary sensorimotor (S1/M1),
and bilateral secondary somatosensory (S2) and posterior pa-
rietal (PPc), midtemporal (MT) cortices, dorsal and ventral
premotor cortices (DPc and VPc), thalamus, putamen, caudate,
and cerebellum, in addition to middle portions of the anterior
cingulate cortex (mACc), supplementary motor area (SMA),

rating for each stimulus epoch for each partic-
ipant. C: correlation strengths between rated
magnitude and BOLD for pain and visual stim-
uli across task (conjunction) and pain-specific
(contrast) regions. *P < 0.01; **P < 0.001. R,
right; L, left.

5
Magnitude

Magnitude

and portions of the dorsolateral prefrontal cortex (DLPFc).
Multiple studies report similar activations for acute pain (Ap-
karian et al. 2005; Price 2000). A visual-rating task exhibited
increased activity in visual cortical areas as well as many areas
observed for pain (Fig. 1B, Supplemental Fig. S1, Table 1).

To localize the brain regions commonly associated with
rating of both painful- and visual-stimuli-driven magnitude
ratings we performed a whole brain voxelwise conjunction
analysis. Brain regions exhibiting significant activations for
both rating tasks were restricted to the cortex and included
bilateral insula, DPc, VPc, PPc, and MT, and midline activa-
tions in the mACc and SMA (Fig. 1B, Supplemental Fig. S2),
suggesting that these regions might be commonly involved in
both tasks. To identify brain regions more specifically related
to either a pain- or visual-rating task, we carried out a paired
t-test (P < 0.01). Brain regions showing greater activations for
pain rating than for visual rating included regions in bilateral
anterior insula, amygdalae, thalami, BG, and anterior portions
of ACc as well as the ventral striatum (Fig. 1, Supplemental
Fig. S2). There were no brain regions activated more for the
visual task in contrast to the pain-rating task. The latter was
expected for the visual cortical regions because the visual
stimulus was matched between the two tasks. The distinction
between brain regions specifically involved in pain, in contrast
to the rating of either pain or visual magnitudes, closely
replicates two recent studies where ratings for pain or touch
stimuli—irrespective of whether performed simultaneously or
immediately after stimulus—indicate a similar segregation
between sensory-related areas and areas more related to the
cognitive processing of sensory inputs (Kong et al. 2006;
Schoedel et al. 2008).

Differentiating brain activity based on task variance

Given that the brain activity was fractionated to two mini-
mally overlapping maps (the only overlap is in the insula), we
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PARSING PAIN PERCEPTION 881

TABLE 1.

Peak foci for activation of pain and visual rating tasks and their contrast

Pain Rating

Visual Rating Pain > Visual

Coordinates Coordinates Coordinates
Brain Region X, Y,z z-Score X, Y, 2 z-Score X, Y, Z z-Score
R DLPFC (9/46) 40, 38, 30 5.99 48, 32, 30 591
SMA (6) -4, —6, 60 5.34 8, —6, 64 4.13
Middle ACc (24) 2, 12, 40 6.47 6, 12, 38 347 8, 20, 30 3.86
L INS (13/14) —38, 18, —4 6.12 —44, 6, 6 5.09 —42,—16,—10 3.93
R INS (13/14) 36, 24, —4 6.68 42, 10, O 5.84 40, 12, —6 4.07
R S2 56,—36, 28 4.12 62,—36, 20 3.18
L S2 —58,—-32, 32 3.54 —66,—28, 18 3.44
R PPc (40) 34,—50, 44 6.11 38,—54, 50 6.01
L PPc (40) —30,—54, 54 4.13 —32,—-48, 50 5.32
R VPc (4/6) 54, 12, 16 5.29 58, 10, 14 5.29
L VPc (4/6) =54, 6, 18 4.90 =50, 6, 16 4.14
R FEF/DPc (4/6) 34, —4, 56 4.11 34,—10, 52 391
L FEF/DPc (4/6) —38, —8, 56 344 —38, =8, 50 4.08
L MT+ —-32,—-74, 0 2.56 —52,—70, —4 6.03
R MT+ 54,—54, 10 4.12
R TH 14,—20, 12 5.46 10,—14, —2 2.99
L TH —14,—18, 4 4.24 —12,—-20, =2 3.34
R putamen 22, 8, —4 5.31 28, 8, —6 2.70
L putamen =24, =4, 6 491 —-28, 0, 8 291
R Caudate —18, 10, 14 2.76 —14, 18, 8 2.75
L Caudate 16, 10, 16 2.53 12, 16, 10 2.33
Anterior ACc (32) 4, 36, 20 4.48 6, 38, 22 2.59
R amygdala 22, 0,—18 2.84 20, 0,—18 2.32
L amygdala =24, 0,—16 3.31 —-20, —2,—20 3.58
Brain stem 2,—20,—12 3.92 —12,—-20, —8 3.14
R cerebellum 38,—58,—38 3.40
L cerebellum —28,—64,—28 3.52 -30,—70,—36 3.25

Brodmann Area shown in parentheses; X, y, z coordinates in millimeters. DLPFC, dorsolateral prefrontal cortex; SMA, supplementary motor area; ACc,
anterior cingulated cortex; INS, insular cortex; S2, secondary somatosensory cortex; PPc, posterior parietal cortex; FEF, frontal eye field; MT+, middle temporal
cortex; TH, thalamus; DPc, dorsal premotor cortex; VPc, ventral premotor cortex.

attempted to further segregate them along the dimension of the
amount of information transmitted by each subject’s ratings, as
defined by Shannon and Weaver (1949). Classical psychophys-
ical studies show that, within a given system, the amount of
information is directly related to the variance of the perfor-
mance (see Miller 1956). Therefore in this study, the amount of
information perceived (and transmitted to the observer) during
the pain and visual tasks was explored by the variance of the
subjective ratings. The latter is a reflection of the tight corre-
lation between pain ratings and the thermal stimulus, which
implies that differences in variance are simply due to the
individuals’ relative sensitivity to the stimulus.

Within this framework, our experimental design provides
several advantages in determining brain regions encoding per-
ceived information. First, subjects provided continuous on-line
ratings, which for the pain task were distinct from the stimulus
time variability, and these ratings directly captured the subject-
specific deviance of the perception for a constant stimulus. For
the fixed thermal stimulus pattern (corresponding to a constant
variance), participants showed magnitude ratings with a large
range of variances (twofold difference in variance, between 9
and 1,122). Because the pain ratings with highest variances are
the cases where the ratings better match the thermal stimulus
time course (or variance), these values in most cases indicate a
decrease in transmitted information regarding the thermal stim-
ulus. Since the pain ratings were used as the input for the visual
task and consistent with the linear stimulus—response transfor-
mation rule for visual bar lengths (Stevens 1957), we observe

a tight correlation between the visual input and corresponding
perceived magnitude ratings where the variance again varies
within a range matching that seen for the pain task (between 4
and 915). For the visual task, the range of variance is a
reflection of the input variance and reflects mainly a preserva-
tion of input—output information (Fig. 2). Given that the
variance for the visual- and pain-rating tasks are matched
within subjects, this enables comparison of perceived informa-
tion across two very distinct sensory modalities. Therefore we
performed a whole brain covariate analysis of brain activity
with variance of pain and variance of visual ratings across
subjects to identify brain regions that reflect perceived infor-
mation for each sensory modality. In both rating tasks, the
amount of variance for magnitude rating exhibited a strong
positive correlation with increased brain activity in bilateral
PPc, insula, DPc, VPc, as well as SMA (Fig. 3A). It is
worthwhile noting that none of the brain regions identified as
specifically activated for pain showed an association with the
variance for either the pain- or visual-magnitude—rating tasks.
Moreover, the brain regions identified for each task are very
similar and their conjunction (Fig. 3B) closely corresponds to
the conjunction map we obtained based only on task-related
activity. Potential artifacts and confounding factors that might
contribute to the covariate analysis, such as performance pro-
ficiency and task demand, were investigated and discarded (for
details see Supplemental Figs. S3 and S4). Thus these results
allude to a common cortical network encoding the amount of
variance (information perceived), for both sensory modalities,
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with no overlap with the pain-specific regions. The brain
regions identified correspond to a cortical network known to be
involved in task control (for a wide range of conditions shown
to be related to the start of a task, individual trials of tasks, and
sustained activity across trials) (Dosenbach et al. 2006) and in
spatial attention (including goal-directed responses and novel
locations of objects) (Corbetta and Shulman 2002; Pihlajamaki
et al. 2005). Although part of the insular cortex showed
pain-specific activity, another portion of it was commonly
active during both magnitude-rating tasks and was related to
the variance of ratings in both tasks (Fig. 3C). This implies a
functional dissociation whereby one insular subregion under-
lies nociceptive signaling and another seems involved in the
more general task of perceiving magnitudes for both pain and
vision.

We then studied directly the relationship of variance to brain
activity by using region of interest (ROI) analyses. First, the
ROIs within the insula were defined from the conjunction of
the pain and visual covariate maps, distinguishing between
nociceptive-specific (noci-INS) and magnitude-related (mag-
INS) regions, and delineated using automated anatomical la-
beling based on a macroscopic anatomical parcellation of a
single-subject brain (Tzourio-Mazoyer et al. 2002). Next the
ROIs (mag-INS and noci-INS) were projected into individual
subject space and the activity within the ROIs (mean z value
across all ROI voxels) was computed. Figure 3C shows the
association between activity in the two subregions of the insula
and variance for the pain- and visual-magnitude—rating tasks across
subjects. Consistent with the preceding results, bilateral mag-INS
showed significant correlations with variance for both tasks
(P < 0.001). By contrast, although noci-INS showed higher
activity for pain than that for visual rating, it did not correlate
with the variance of either task. Similar to mag-INS responses,
bilateral VPc, PPc, and right DPc and SMA showed strong
significant correlations with variance for both tasks, based on
ROI analysis (Supplemental Fig. S5). Therefore the ROI anal-
ysis corroborates the distinction not only between mag-INS
and noci-INS but also for the brain regions identified to be
involved in rating perceived magnitudes, regarding repre-
sentation of the variance of perceived magnitudes.

Coding for perceived magnitudes

The results so far suggest that these sensory-magnitude—
rating tasks involve two distinct functional constituents. The
first appears to be associated with rating performance, is
correlated with the amount of information perceived by the
subject, and is autonomous of sensory modality. The second
appears to be pain modality specific and does not account for
the variability in perception. It still remains unclear, however,
which brain regions mediate the transformation of stimulus
parameters into perceived magnitudes. One possibility is that it
is mediated by early sensory-specific areas, alternatively by
higher associative regions that are downstream within the
processing organization (de Lafuente and Romo 2006) and are
related to the variance of the ratings. Moreover, higher brain
regions may encode variance by reflecting temporal properties
of the tasks with or without relating this information with the
magnitudes reported for each modality and each stimulus
epoch. To distinguish between these options, we performed the
ROI analysis examining noci-INS and other pain-specific re-

gions (derived from the pain — visual contrast map) and
mag-INS and other variance-encoding brain areas. For each
subject and ROI, the peak BOLD and its corresponding rating
were extracted for each stimulation epoch and submitted to a
correlational analysis (Fig. 4A; see METHODs for details). If a
brain region encodes the perceived magnitude of a stimulus,
we expect the extent of BOLD response in that region to be
associated with each subjective magnitude rating of pain and/or
visual stimuli. Results are shown in Fig. 4. Within brain
regions reflecting task variance, bilateral mag-INS showed the
best correlation with rated magnitudes for both pain and visual
stimuli (right mag-INS, r = 0.69, P < 0.01 for pain, r = 0.65,
P < 0.01 for visual; left mag-INS, » = 0.52, P < 0.01 for pain,
r = 0.60, P < 0.01 for visual). Additionally, perceived mag-
nitudes correlated with bilateral VPc activity (P < 0.01 for
pain and for visual ratings), a region just lateral and contiguous
with mag-INS. In contrast, bilateral PPc, DPc, and SMA,
which showed significant correlations with task variance, were
not correlated to perceived magnitude in either task (Fig. 4C).

Brain areas specifically activated for pain, including bilateral
thalamus, BG, amygdalae, and anterior cingulate exhibited
weaker correlations with magnitude during the pain-rating
task, of which only right noci-INS (» = 0.32, P < 0.05), right
thalamus (» = 0.33, P < 0.05), and ACc (r = 0.29, P < 0.05)
were significant. Consistent with the above-cited results, pain-
specific regions showed no significant magnitude encoding for
the visual task (Fig. 4C). These results show that within brain
regions reflecting task variance only mag-INS and VPc encode
perceived magnitudes for both pain and visual stimuli. Addi-
tionally, for the pain-rating task, modality-specific brain re-
gions were also related to perceived magnitude, albeit with
weaker correlations. Therefore mag-INS and VPc seem semi-
nal in sensory magnitude integration. Moreover, given that the
relationship between perceived pain magnitudes and brain
activity was highest in mag-INS and VPc, this must be a
consequence of integration of information from multiple pain-
specific regions, each of which shows a poorer correlation to
perceived pain magnitudes.

Stimulus and perception relationships for the
pain-rating task

In the pain task, stimulus and perception had distinct tem-
poral patters. This enabled investigation of the spatiotemporal
processing stages involved in the transformation of the stimu-
lus into the perception of magnitude, by deriving BOLD
parameters that assess the degree of association of brain re-
gions with either the painful stimulus or the magnitude ratings.
This method is borrowed from a recent study in monkeys,
which showed a gradual buildup of single neuronal activity
across multiple brain regions during the transformation of
sensory information into a judgment (de Lafuente and Romo
2006). The features of our task design render this analysis
possible for the pain-rating task because the stimulus and rating
exhibit distinct peak latencies, with the ratings lagging behind
the stimulus by an average of 7.5 s (Figs. 1A and 5A). The time
course of the BOLD response for different ROIs was measured
first by calculating percentage BOLD change (deviation from
the mean for voxels within the ROI), averaging across the
stimulus repetitions, and averaging across trials (see METHODS).
The average time courses of the stimulus, pain ratings (both
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convolved with hemodynamic response function), and BOLD
signals for pain-specific and variance-dependent ROIs (see
earlier text) were compared (Fig. 5A). Consistent with the
aforementioned observations, the BOLD signal from the noci-
INS and thalamus, nociceptive-specific regions, exhibited peak
latencies and time courses similar to the stimulus. Brain re-
gions that were equally activated for both pain- and visual-
rating tasks and were variance dependent (i.e., right mag-INS,
VPc, and PPc), on the other hand, exhibited BOLD responses
with time course properties and peak latency responses com-
parable to those of perceived magnitudes.

Individual subject peak latency of BOLD response from the
start of the stimulus, as well as the extent of correlation of the
BOLD response to the stimulus in contrast to the ratings,
indicated segregation of noci-INS and mag-INS within this
two-dimensional space (Fig. 5B, top). Group average peak
latencies and stimulus—perception correlation differences
across the ROIs examined indicated that the ACc and amyg-
dala exhibited the earliest responses (which on average pre-
ceded the stimulus peak), followed by thalamic and BG activ-
ity that showed the best relationship with the stimulus. Simi-
larly to thalamic and BG responses, noci-INS showed better
association with the stimulus and an early peak. On the other
hand, mag-INS, VPc, and PPc showed more delayed peak
latencies and the highest association with rating of perceived
magnitudes (Fig. 5B, bottom). These results indicate that brain
regions with longer latencies (more downstream in the pro-
cessing stages) were better associated with the subjects’ per-
ception and that the insula plays an important role in the
integration and transformation of sensory information in per-
ceiving magnitude because noci-INS and mag-INS again seg-
regate along these lines.

Functional and anatomical connectivity for subregions
of insula

Multiple lines of evidence in the preceding sections indicate
two functionally distinct subdivisions within the insula. Thus

883

we examined brain functional connectivity and anatomical
connectivity for these two regions (left mag-INS and noci-
INS). The functional networks were generated by correlating
the BOLD time courses from each of these regions with all
other voxels in the brain for each subject and averaged across all
subjects using random-effects analysis (z-score >2.3) (Fig. 6A).
Brain areas with activity correlated with noci-INS and mag-
INS were distinct and nonoverlapping. The mag-INS activity
was correlated only with cortical areas and dominated by
regions that captured task variance, including bilateral PPC,
VPc, DPc, and SMA. In contrast, noci-INS had an extensive
subcortical connectivity pattern and showed significant posi-
tive correlations with pain-specific regions, including bilateral
thalamus, BG, and amygdalae in addition to anterior portions
of the ACc and ventral striatum. The distinct connectivity
patterns were significantly different (Supplemental Fig. S6).
Diffusion tensor magnetic resonance imaging (DTI) coupled
with probabilistic tractography takes advantage of water diffu-
sion along axons and allows the study of the structural con-
nectivity of the white matter (Alexander et al. 2007; Beaulieu
2002). In a separate group of 11 healthy subjects we used DTI
probabilistic tractography to test the notion that mag-INS and
noci-INS have distinct white matter connectivities. Consistent
with the functional segregation, the two subdivisions of the
insula exhibited differential water-diffusion—based white mat-
ter connectivities. Seed ROIs for probabilistic maps were
defined as a 5 X 5 X 5-mm cube around the centers for
mag-INS (x = —44,y = 0, z = 4) and noci-INS (x = —36,
y = 18, z = —4). Mean probabilistic maps of white matter
tracts for left mag-INS and noci-INS were distinct (Fig. 6B).
White matter tracks from noci-INS traversed to the ipsilateral
thalamus, striatum, basal ganglion, amygdala, and temporal
gyrus. Tracks from mag-INS, on the other hand, were localized
to the cortex and extended to S2, primary motor, and somato-
sensory regions and PPc. We also quantified, using probabilis-
tic tractography, connections from noci-INS and mag-INS
(using the same seed coordinates used earlier) to specific

A E Stimulus m Pain rating B 04
. 409 : [ = } noci-INS  mag-INS FIG. 5._ Timing of B.OLDA signals across
g & ! o ‘ : brain regions during pain-rating task. A, top
9 d i ° 0.2 1 \ = panels: the average time course of the stim-
£ 201 £ | ° : ulus and rating (convolved with hemody-
® |t Y 1 ¥ = | ® ® *® : namic function, shown twice to be compared
= 0l | - % 0.0 1 } ‘ ® °® (I with resPective time courses below). Time
" v r : . . . : . . E (] | ° © ° ° O course of average BOLD responses (bars are
0 0 10 20 30 -0 0 10 20 30 = | ® ® L4 - SE) for pain-specific areas (left column) and
Time (seconds) Time (seconds) % 02 | ® o : for brain regions derived from the conjunc-
0.4 | E | o & tion of vgriance—related maps (right column).
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‘ s BOLD peak latency (seconds) B, top: the stimulus-rating indices for mag-
0.2 ! 'f INS and noci-INS (correlation of signal of
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| 0.1 ‘ : Qgg_le each subject. The distributions of noci-INS
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L | ® : @ SMA stimulus-rating indices for each area across

r T T T 1 r T T T | -0.3 + T T T T 1 @ DPc . .

A6 O A6 6 &6 A6 O 46 36 30 8 10 12 14 16 18 all subjects are shown in the bottom panel.

Time (seconds) Time (seconds)

BOLD peak latency (seconds)

J Neurophysiol « VOL 101 « FEBRUARY 2009 « WWW jn.org

$T0Z ‘G2 YoJe|\ uo wolj papeojumod



Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight

Phil
Highlight


884

A left noci- INS@
= T

M. N.

Number of voxels

Mleft noci-INS (-36, 18, -4)  Mleft mag-INS (-44, 0, 4)

4
c Target ROls 10

* %

Connections
.
o

1 (O]
g o
<

Thal

subcortical and cortical targets. The target ROIs were defined
using automated anatomical labeling based on a macroscopic
anatomical parcellation of a single-subject brain (Tzourio-
Mazoyer et al. 2002) and included ipsilateral amygdala, thal-
amus, BG, S1, M1, and PPc. The noci-INS showed signifi-
cantly higher connections with subcortical regions including
the thalamus, BG, and amygdala. In contrast, the mag-INS
showed stronger connectivity to cortical regions, including S1,
S2, and M1. Thus we observe generally similar functional and
anatomical connectivity patterns and both distinguish between
noci-INS and mag-INS.

DISCUSSION

The primary result of this study is the observation that brain
regions that best convey properties of pain perception—i.e.,
mag-INS in contiguity with VPc—are areas that also represent
the size of visual inputs (in this case the length of bars). As a
corollary we do not observe any brain regions that uniquely
relate to perceived pain. The fact that the same region captures
the subjective perception of thermal painful stimulus intensities
and the size of visual inputs prompts the conclusion that the
region is specialized for extracting the sizes of things as an
integrated concept across sensory modalities. Visual cortical
areas have been reported to respond to size-related properties
(Perna et al. 2005); previous evidence also shows that visual
stimuli activate parts of the insula (e.g., Herdener et al. 2008)
and we do not know whether magnitude is the only visual
property represented in the insula. The mag-INS shares prop-
erties with the general task-related network, by 7) reflecting
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FIG. 6. Functional and anatomical disso-
ciation in the insula. A: functional connec-
tivity maps for left noci-INS and mag-INS.
noci-INS exhibits strong connectivity to
pain-specific regions, including bilateral
thalamus, putamen, caudate, and amygdala,
in addition to ACc and ventral striatum. In
contrast, mag-INS shows strong connectivity
to task-related regions including bilateral
PPc, DPc, SMA, and lateral frontal regions.
B: probabilistic maps of white matter tracts
for left mag-INS (blue) and noci-INS (right),
determined in a separate group of subjects
than the subjects studied with fMRI. Right
graph shows the number of connections av-
eraged across all subjects as a function of
threshold of connectivity. C: right colored
brain regions illustrate the targets used in
connectivity. Bar graph displays the target
connectivity (examined only ipsilateral to the
seed) for mag-INS and noci-INS. Consistent
with the functional connectivity maps, mag-
INS (blue bars) had significantly higher con-
nections with M1, S1, and S2, whereas noci-
INS (red bars) had higher connections with
* amygdala, thalamus, and basal ganglia. Bars
are median * quartile range. *P < 0.01;
*##p < 0.01.
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task variance, 2) exhibiting BOLD activity delayed from the
stimulus peak and just preceding pain perception peak, 3) better
correlating with the time course of pain ratings, and 4) func-
tionally correlating with task-activated regions. Nevertheless,
this region is unique in that it shows the best relationship with
both perceived pain magnitudes and perceived magnitudes for
visual bars. Remarkably, the brain intrinsic functional connec-
tivity of mag-INS essentially identifies the general task-related
network and we observe that this network is grounded in
anatomical connections paralleling the functional connectivity.
In contrast, circumscribed cortical and subcortical areas—i.e.,
noci-INS, ACc, thalamus, and BG—participate in nociceptive
representations and preferentially encode thermal stimulus
properties; the brain intrinsic connectivity of noci-INS identi-
fies these same regions as a functional network. The proximity
of mag-INS to noci-INS suggests that this area of the insula
serves as the interface between nociceptive representation and
pain perception, mediated by the interaction between the two
nonoverlapping networks.

To our knowledge this is the first study examining brain
representation for the variance of a condition. Generally one
attempts to minimize variance when exploring brain activity;
as a result the variance remains within a tight range. By nature
pain provides a wide range of perceived magnitudes across
subjects. Here we are able to show that the variability of pain
perception, the range of which spanned two folds, matches
brain activity for variability of rating visual stimuli, the range
of which we artificially imposed on the subjects. The brain
regions identified by variance were essentially the same as
those reported for task control (Dosenbach et al. 2006) and
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spatial attention (Corbetta and Shulman 2002; Pihlajamaki
et al. 2005). Within this group of brain areas only mag-INS and
VPc coded perceived magnitudes for pain and vision equally
well, for every stimulus epoch. This study is also the first to
demonstrate the spatiotemporal transformation of nociceptive
information in the brain. Here too the nature of pain, with its
underlying nonlinear stimulus—perception transformations,
aids in disentangling stimulus from perception time courses,
thereby enabling the unraveling of the temporal sequence of
brain activity. This analysis segregated brain regions into
distinct clusters: dissociated mag-INS from noci-INS and lo-
calized noci-INS in the cluster of nociceptive representation
and mag-INS in those related to task control. The third novel
approach used here was the idea that given a functional
segregation between two brain areas, mag-INS and noci-INS,
we can test underlying anatomical segregation by transforming
their coordinates to a new group of subjects and examining
their respective white matter connectivities. With this ap-
proach, we observe not only connectivity differences between
the two areas across the brain, but also the probabilistic
connectivities that closely reflect the functional network iden-
tified in a separate group of participants based on fMRI. The
latter is the first demonstration supporting the idea that ana-
tomical and functional connectivity are tightly interrelated.
Given that all sensory modalities access the insula, we
advance the notion that insular areas with properties similar to
those of mag-INS should also be present for other senses as
well (Augustine 1996; Cipolloni and Pandya 1999; Critchley
2005; de Araujo et al. 2003; Hanamori et al. 1998; Mesulam
and Mufson 1982; Rolls 2007). It is noteworthy that taste
representation in the insula is localized to a region either
overlapping with or in very close proximity to mag-INS and
noci-INS. Moreover, this taste region seems organized in a
pattern that closely parallels the dual pain representation by
mag-INS and noci-INS. An anterior taste region, dubbed “pri-
mary taste region,” represents taste modalities and their inten-
sities independent of the motivational or satiety state of the
person (de Araujo et al. 2003; Rolls 2007), which matches
noci-INS in both location and response properties. On the other
hand, a region just posterior to this primary taste area is
activated for tastes and for water in the mouth, with responses
for water observed only when subjects are thirsty (de Araujo
et al. 2003). The latter corresponds to mag-INS both in location
and response property because it reflects perceived magnitude
for tastants rather than for stimulus intensity. These similarities
suggest that taste and pain parallel each other in organization in
the insula and imply that a similar organization may also exist
for other senses, which needs to be systematically explored.
The close spatial proximity of taste and pain representation,
wherein visual magnitudes are also represented, raises the
question as to the extent to which these modalities converge on
the same neurons. Single-unit electrophysiological studies in
the rat insula indicate that individual neurons can respond
convergently to painful pinch, gustatory, and visceral inputs
(Hanamori et al. 1998). There are similar reports in nonhuman
primates as well. Whether individual neurons would respond to
visual and painful inputs remains unknown, but is suggested
both by our results and by the existing single-neuron studies.
There is extensive evidence implicating the involvement of
the insula in pain perception. Here we extend this idea by
differentiating between stimulus encoding and the subjectively

perceived magnitude of pain. A number of recent studies show
a remarkable overlap between brain regions underlying the
assessment of painful stimulation in the self and in others
(empathy for pain), involving common activity in bilateral
insula and mACc (Jackson et al. 2005; Singer et al. 2004). Not
only the presence of pain but also the intensity of others’ pain
seems to be captured by these regions (Jackson et al. 2005).
This overlap in activity has been attributed to “mirroring” the
affective dimension of pain. We propose a more parsimonious
explanation: that sensory input is integrated and encoded
within the insula (Burton and Sinclair 2000) to generate a
magnitude estimation signal even in the case of empathy.
Along these lines, our results suggest that insular lesions
affecting pain perception (Berthier et al. 1988; Schmahmann
and Leifer 1992) may be a consequence of multiple abnormal-
ities, depending on the location and extent of the lesion:
reduced ability in either nociceptive representation (if the
lesion mainly influences noci-INS), or in magnitude perception
more generally (if mag-INS is injured), or some combination
of both, which would become apparent if such patients’ abil-
ities of rating other sensory magnitudes were tested. Indeed,
recent studies show that insular lesions lead to cessation of
addictive smoking behavior (Naqvi et al. 2007) and abnormal
risk assessment (Clark et al. 2008). Our results suggest that
these may be a consequence of a diminished ability to gauge
perceived magnitudes for reward and risk. The insular cortex
has been shown to be activated for all sensory modalities and
implicated in a very large number of seemingly unrelated tasks
(>23,000 citations are identified in Pubmed for the search term
“functional MRI and pain”), although a review of these studies
is beyond the scope of this study. The present results suggest
that many of these studies may be recast from the viewpoint
that subjective magnitude estimation may be a contributing
parameter, which in turn provides a unifying idea for the role
of the insula in the myriad of tasks in which it has been
implicated.

There is emerging evidence demonstrating frontal and pari-
etal regions as integral to the formation of subjective percep-
tion and experience from incoming sensory stimuli (de Lafu-
ente and Romo 2006). The present study identified a similar
cortical network underlying pain and visual rating that included
bilateral insula, posterior parietal cortex, ventral and dorsal
portions of the premotor cortex, and supplementary motor area
and this activity pattern closely matches brain areas identified
in a tactile-discrimination task (Pleger et al. 2006), which
outside of the stimulus-specific activations seem essentially
identical to the task-related network we observed for both
visual- and pain-rating tasks. Importantly, our results show that
activity of these brain regions was associated with the amount
of information of the subjective perception reported. Consis-
tent with our results, these areas play a role in number repre-
sentation in humans (Piazza et al. 2007) and in encoding the
subjective sensory experiences in monkeys (de Lafuente and
Romo 2006). It is important to note that only selective regions
within this network, i.e., the mag-INS and VPc, encoded
magnitude of perception.

Caveats

The linear stimulus—perception transformation for visual
magnitudes limits our ability in studying the information trans-
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formation that may underlie visually driven activity observed
in mag-INS. Future studies are required where one can exam-
ine brain activity differences for identifying objects and their
spatial locations, when they are matched in size, and contrast
them when the size parameter is varied. Moreover, we extra-
polate from present results that general magnitude assessment
is likely being extracted in mag-INS. This necessitates future
studies where perceived magnitude for touch, sound, smell,
and taste are also systematically studied.

Conclusions

Overall, we conclude that, analogous and in addition to the
“what” and “where” of functional networks associated with the
ventral and dorsal visual pathways (Goodale and Milner 1992;
Ungerleider and Haxby 1994), there also exists a central
module for sensory “how much,” localized to the insula and
extending into the lateral prefrontal cortex. The saliency of
painful stimuli necessitates the activation of this “how much”
system even when subjects are instructed not to attend to the
pain and the transfer of nociceptive information from other
brain regions to the “how much” system gives rise to a
subjective percept of pain. Prior to this work, a general central
mechanism for magnitude perception has been theorized but
never demonstrated (Walsh 2003). It is remarkable that the
properties of the “how much” module we have identified in this
study—its extensive connectivity, particularly to the posterior
parietal cortex, and its location extending from the insula to the
lateral prefrontal cortex—all correspond to the anterior portion
of this theorized magnitude network.
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