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a b s t r a c t
Pain stimuli evoke widespread responses in the brain. However, our understanding of the physiological
signiﬁcance underlying heterogeneous response within different pain-activated and -deactivated regions
is still limited. Using functional magnetic resonance imaging, we evaluated brain responses to a wide
range of stimulus intensity levels (1 innocuous, 7 painful) in order to estimate region-speciﬁc stimulus-response functions, which we hypothesized could illuminate that region’s functional relationship
to pain. Linear and nonlinear brain responses to pain were estimated through independent Legendre
polynomial transformations of pain ratings within a general linear model. This approach identiﬁed at
least 5 different, regionally speciﬁc activity proﬁles in the brain. Linearly increasing (eg, primary
somatosensory/motor cortex, insulae) and intensity-independent (eg, secondary somatosensory cortex)
activation was noted in traditional pain-processing areas, potentially reﬂecting sensory encoding and
all-or-none salience responses, respectively. Multiple activity proﬁles were seen in areas of the default
mode network (DMN): intensity-independent deactivation (eg, posterior cingulate cortex), linearly
decreasing (eg, contralateral inferior parietal lobule), and quadratic (U-shaped; eg, medial prefrontal cortex). The latter observation suggests that: (1) different DMN subregions exhibit functional heterogeneity
and (2) some DMN subregions respond in a percept-related manner to pain, suggesting closer linkage
between the DMN and pain processing than previously thought. Future studies should apply a similar
approach using innocuous stimuli of multiple intensities to evaluate whether the response proﬁles
reported here can also be generalized to nonpainful somatosensory processing.
Ó 2012 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction
Over the past 2 decades, neuroimaging studies have identiﬁed a
widespread network of brain structures activated or deactivated by
evoked pain stimuli. Activated regions include primary and secondary somatosensory, anterior cingulate, insular, and prefrontal
cortices, and the thalamus, as well as other regions [1]. Deactivated
areas include medial prefrontal cortex, posterior cingulate cortex/
retrosplenial cortex, lateral temporal cortex, hippocampal formation, and inferior parietal lobule [45], that is, the ‘‘core’’ areas of
the ‘‘default mode network’’ (DMN [11,49,66,69]). However, our

⇑ Corresponding author at: Massachusetts General Hospital, Building 120, Suite
101E, Charlestown, MA 02129, USA. Tel.: +1 617 643 7267; fax: +1 617 643 7340.
E-mail address: marco@nmr.mgh.harvard.edu (M.L. Loggia).

understanding of the physiological signiﬁcance associated with
the response within each brain area is still limited. This is particularly true for the pain-related deactivations, which until recently
have been relatively neglected [45].
One way to begin disentangling the role of different brain regions in pain processing is to examine their stimulus-response
(S-R) function in the context of stimulations at multiple levels of
intensity. This approach is informative, as it can potentially distinguish brain regions exhibiting activation/deactivation correlated
with perceived pain from those regions in which response magnitude is independent of the perceptual response, and thus less likely
to be involved in the encoding of sensory/affective components of
pain. Moreover, the shape of the S-R function for brain regions
demonstrating pain intensity-dependent activity can provide
meaningful information regarding the speciﬁc role that each region
plays in pain processing.
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Several neuroimaging studies have assessed the brain responses
to evoked pain stimuli of multiple intensities (eg, [8,10,16,
19,68,73]). These studies, however, did not employ more than 3
stimulation levels in the noxious range, thus limiting power for
estimating, particularly nonlinear, S-R functions. Hence, one of
the main aims of our study was to apply statistical methods to
effectively tease apart independent linear and nonlinear responses
for a larger number (7) of individually calibrated pain levels.
In addition, these previous studies investigated brain responses
to cutaneous pain stimuli (eg, heat, laser, electricity). As most clinical pain originates in deep tissue rather than cutaneous receptors
[12,56], the investigation of brain responses to deep tissue pain
might prove to be more clinically relevant than brain responses
to evoked cutaneous pain. Cuff pressure algometry (CPA) has been
successfully adopted as a technique for quantitative sensory testing (eg, [60–63]). Among the advantages presented by CPA over
other more commonly used methods of pain stimulation is that
CPA stimuli appear to have a preferential effect on deep tissue
nociceptors [62]. However, to our knowledge, no functional neuroimaging study has ever evaluated brain responses to CPA.
Thus, the aims of the present studies were 2-fold: (1) to distinguish linear and nonlinear brain responses to evoked pain in both
pain-activated and pain-deactivated brain regions, and (2) to
investigate the brain responses to CPA with functional magnetic
resonance imaging (fMRI).
2. Materials and methods
2.1. Subjects
Eighteen (18) healthy subjects were recruited to participate in
this experiment at the Martinos Center for Biomedical Imaging at
Massachusetts General Hospital in Boston, MA, USA. Of these subjects, one was excluded at the end of the training session (see below) due to unreliable pain ratings, and one was excluded a
posteriori (ie, upon examination of her fMRI data) due to motionrelated artifacts. Thus, the data from 16 subjects (11 male, mean
age ± SD: 28.8 ± 9.7; 81.25% Caucasian, 12.5% Black/African-American, 6.25% Asian) were included in all analyses. Exclusion criteria
included age below 18 years, left handedness, chronic or acute pain,
neurological disorders including peripheral neuropathy, history of
signiﬁcant head injury, serious cardiovascular disease, current use
of medications and/or recreational drugs, and contraindications
for an MRI study (eg, presence of metal in the body, pacemakers,
neurostimulators, claustrophobia, or pregnancy). All participants
in the study provided written informed consent in accordance with
the Human Research Committee of the Massachusetts General Hospital. Participants received a total of $150 for their participation in
both the training and imaging sessions (see below).
2.2. Stimulation procedures
Subjects participated in 2 separate sessions, on different days:
one training (behavioral-only) session and one imaging session. In
both training and imaging sessions, series of 14-second pressure
stimuli (2-second ramp up, 10 seconds at target pressure, 2-second
ramp down; Fig. 1A) were delivered on the left calf using a
13.5 cm  82.5 cm Velcro-adjusted pressure cuff (SC12D; Hokanson
Inc, Bellevue, WA, USA) connected to a rapid cuff inﬂator (Hokanson
E20 AG101, Hokanson Inc). The cuff inﬂator was adapted to ramp up
more gradually to target pressure over 2 seconds, to minimize
abrupt subject motion. Unlike other methods to elicit deep tissue
pain (eg, intramuscular injections or infusions of hypertonic saline
[12,30–32,56,80]), CPA offers more precise control over the onset
and offset of pain, and therefore appears better suited for blood
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oxygen level dependent (BOLD) fMRI studies with block or event-related designs. Pilot, unpublished studies in our laboratory have, in
fact, shown that these stimuli cause rapid-onset pain responses,
which drop back to nil immediately following pressure release. Previous studies have shown that most subjects deﬁne cuff-induced
pain as deep [60], validating the preferential effect of this type of
stimulation on deep tissue nociceptors [62]. However, we cannot
deﬁnitively exclude the possibility that some cutaneous nociceptors
were also affected.
Ten seconds after the end of each stimulus, subjects used a button box to complete 2 pain rating scales, both on 0-100 numerical
scales each displayed for 10 seconds using E-Prime software (v.
1.1; Psychology Software Tools, Sharpsburg, PA, USA): pain intensity (0 = ‘‘no pain’’, 100 = ‘‘the most intense pain tolerable’’) and
pain unpleasantness (0 = ‘‘neutral’’, 100 = ‘‘extremely unpleasant’’).
Subjects were trained to distinguish intensity and unpleasantness
of pain using a brief text similar to that employed by Price et al.
[65], a method shown to allow dissociation between sensory and
affective components of the pain experience [48,77,78].
2.3. Training session
The training session was used to familiarize subjects with the
stimuli and rating procedures, assess the stability of subjective ratings, and determine appropriate stimulus intensities to be used
subsequently in the imaging session (see below).
After providing informed consent, subjects comfortably sat on a
chair with the left foot resting on a support at a slightly elevated
position (but at a lower level than that of the hips, in order to facilitate blood circulation in the leg). The vascular cuff was then secured around the left calf. The quantitative sensory testing began
with an ascending series of stimuli: starting at 60 mm Hg, a sequence of stimuli with increasing intensity (20-mm Hg increments) was delivered until a pain intensity rating of 70/100
was ﬁrst obtained. A descending series was then administered:
starting with the last stimulus delivered during the ascending series, a sequence of stimuli with decreasing intensity (20-mm Hg
decrements) was delivered until a pain intensity rating of 0 was
obtained. For each of the pressures used, the average of the ratings
obtained in the ascending and descending series was calculated,
and then plotted against the corresponding pressure level to obtain
a ﬁrst ‘‘approximate’’ S-R curve. From this curve, the pressure values corresponding to pain intensity ratings of 10, 20, 30, 40, 50, 60,
or 70/100 (ie, ‘‘p10’’ to ‘‘p70’’) were obtained by interpolation,
using the DPlot Jr software (v. 2.2.7.3; HydeSoft Computing, LLC,
Vicksburg, MS, USA). In addition, the highest pressure value consistently rated as nonpainful (ie, associated with a pain intensity rating of 0 in both ascending and descending series) was selected as
‘‘p0’’. As the awareness that the next stimulus will be higher (or
lower) is likely to bias the ratings, a new stimulus-response curve
was then calculated based on the ratings recorded during the presentation of the p0-p70 stimuli in pseudorandom order. From this
new curve, the adjusted p0-p70 stimulus pressures were determined by interpolation.
At the end of this calibration phase, the subjects received each of
the p0-p70 stimuli 3 times, for a total of 24 stimuli. The stimuli were
delivered in a pseudorandom order in 3 separate runs (8 stimuli per
run), identical to those of the imaging session (Fig. 1A). Based on this
testing, subjects were eligible for participation in the imaging session if they were reliably able to perceptually differentiate stimuli
of different intensity (ie, if they reported increasing pain intensity
ratings in response to stimuli of increasing intensity). The training
session had the effect of rendering the subjects nonnaïve to the
experimental conditions in the imaging session, an aspect that
might be argued to have some impact on the imaging results (particularly with regard to brain activity underlying cognitive and
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Fig. 1. (A) Experiment trial design. (B) Legendre polynomial transformations. These transformations were applied to pain ratings in order to produce independent regressors
for the functional magnetic resonance imaging general linear model.

emotional functions). However, this behavioral session allowed several advantages that we believe outweighed these concerns, and
were of particular importance for this type of experiment: (1) the
identiﬁcation and exclusion of individuals with unstable ratings;
(2) a thorough training in the use of rating scales; and (3) the reduced potential for developing experiment-related anxiety and
head motion in the imaging session.
2.4. Imaging session
On the day of the imaging session, the p0-p70 pressures were
brieﬂy recalibrated prior to scanning, using procedures similar to
those adopted during the training session. The ﬁrst ‘‘approximate’’
S-R curve, however, was calculated based on the ratings of p0, p10,
p40, and p70 from the training session (instead of the full ascending and descending series). The p0-p70 stimuli pressures interpolated from this curve were then presented in a pseudorandom
order, which allowed the calculation of an adjusted S-R curve.
The deﬁnitive p0-p70 stimuli pressures to be used during fMRI
were determined by interpolation from this latter curve.
During the fMRI scan runs, subjects received each of the p0-p70
stimuli 3 times, for a total of 24 stimuli. Just as in the training session, during the imaging session, the stimuli were delivered in a
pseudorandom order in 3 separate runs (8 stimuli per run). Each
stimulus was preceded by a 4-second visual cue (a cross changing
color from black to green) that signaled the incoming stimulus to
limit stimulus-onset startle reﬂex. Ten seconds after stimulus offset, subjects were presented with the intensity and unpleasantness
scales, each for 10 seconds (Fig. 1A).
2.5. Behavioral data analysis
All the statistical analyses for the behavioral data were performed with Statistica 10.0 (StatSoft Inc, Tulsa, OK, USA), using
an alpha level of 0.05. Pain ratings were averaged, for each subject,
across the 3 trials for each stimulus pressure, for both pain intensity and unpleasantness separately. In order to determine whether
each pressure evoked the target perceptual response, single-sample t-tests were performed to compare the ratings against their target value (eg, 50 for the ratings evoked by p50). The effects of
pressure on visual analogue scale ratings were then evaluated
using a mixed analysis of variance, including the factors Stimulus
(‘‘p0’’ to ‘‘p70’’) and Sex, as within- and between-subject factors,

respectively. Post hoc pairwise comparisons were performed using
Tukey’s test.
2.6. fMRI data acquisition and analysis
fMRI data were acquired using a 3T Siemens TIM Trio MRI
System (Siemens Medical, Erlangen, Germany) equipped for echo
planar imaging (EPI) with a 32-channel head coil. A whole brain
T2⁄-weighted gradient echo BOLD EPI pulse sequence was used
(repetition time [TR]/echo time [TE] = 2 seconds/30 ms, ﬂip angle = 90°, 32 slices aligned to the anterior commissure-posterior
commissure (AC-PC) line, voxel size = 3.1  3.1  4 mm). Anatomical data were also collected using a multi-echo MPRAGE pulse
sequence (TR/TE1/TE2/TE3/T4 = 2530/1.64/3.5/5.36/7.22 ms, ﬂip
angle = 7°, voxel size = 1 mm isotropic). FMRI data processing was
carried out using FEAT (fMRI Expert Analysis Tool) Version 5.98,
part of FSL (Oxford Centre for Functional Magnetic Resonance Imaging of the Brain’s [FMRIB’s] Software Library, http://www.fmrib.ox.
ac.uk/fsl). The following preprocessing was applied: motion correction using MCFLIRT [35] ﬁeldmap-based EPI unwarping using PRELUDE and FUGUE [34], non-brain removal using BET [71]; spatial
smoothing (full width at half maximum = 5 mm), grand-mean
intensity normalization by a single multiplicative factor, and
high-pass temporal ﬁltering (Gaussian-weighted least-squares
straight line ﬁtting, with sigma = 29 seconds). Time-series statistical analysis was carried out using FMRIB’s Improved Linear Model
with local autocorrelation correction [83]. Cortical surface reconstruction was performed using FreeSurfer (http://www.surfer.
nmr.mgh.harvard.edu/ [18,25]) for improved structural-functional
co-registration and visualization purposes. The transformation matrix for the registration to the high-resolution anatomical image
was computed using FreeSurfer’s bbregister tool, a recent advance
that has been shown to improve functional/structural co-registration through an automated algorithm [28]. Computation of the
transformation matrix for the registration to the MNI152 standard
space, as well as application of both transformation matrices, was
carried out using FSL’s FLIRT (FMRIB’s Linear Image Registration
Tool [35,36]).
A ﬁrst-level within-subject general linear model (GLM) analysis
was performed by modeling each of the 24 stimuli as independent
block regressors, as well as the 2 10-second rating periods (intensity and unpleasantness rating) following each stimulus. A canonical double-gamma hemodynamic response function was adopted.
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Parameter estimates and relative variances for each stimulus were
then passed up to a second-level GLM analysis. This second-level
GLM analysis used several orthogonal regressors corresponding
to linear and nonlinear transformations of subjects’ pain intensity
ratings (we did not repeat the analysis with the unpleasantness
ratings, given the high correlation with the intensity ratings). In order to identify linear and nonlinear brain responses to pain, the
p10-p70 ratings for each subject were ﬁrst normalized to a range
of 1 to +1. This was achieved by applying the following transformation to each rating: 2⁄(x min)/(max min) 1. Variables min
and max were deﬁned from each subject’s individual response
data. Each normalized rating was then transformed using Legendre
polynomials of order 0 (y = 1), 1 (y = x), and 2 [y = (3x2 1)/2],
which are known to be statistically independent within the 1 to
1 range (Fig. 1B). The Legendre-transformed ratings for polynomials of order 0, 1, and 2 were then entered as separate explanatory
variables in the same design matrix. This approach allowed us to
construct a GLM where linear and nonlinear effects could be tested
without any shared variance between the different regressors,
thereby enabling an independent test of linear and nonlinear contrasts [24]. Independence of such tests is an important feature for a
design matrix, because a high degree of shared variance between
the explanatory variables would compromise parameter estimation, as would have been the case had we modeled exponential
or logarithmic responses in addition to the linear S-R pattern.
The use of orthogonal polynomials such as Legendre polynomials
rendered parameter estimates independent from one another.
The transformation of the ratings using each of the 3 polynomial
degrees allowed the computation of the following contrasts: ‘‘Constant’’ (ie, with no weighing based on the relative rating, to identify
brain areas responding uniformly to the presence of pain, independent of pain intensity), ‘‘Linear’’ (ie, to identify regions of activity
exhibiting a linear relationship with pain ratings), and ‘‘Quadratic’’
(ie, to identify regions of activity exhibiting a quadratic relationship with pain ratings). Quadratic, U-shaped relationships similar
to the one tested here are not unusual in psychophysics and biology. For example, the classical Yerkes-Dodson law describes a Ushaped relationship between arousal levels and performance in a
task [86]. Other, more recent examples of U-shaped relationships
are found in psychophysical experiments with visual [26,72], olfactory [17], or tactile stimuli [9]. A few imaging studies employing a
combination of innocuous and noxious stimuli have reported Ushaped S-R curves, for example, in the prefrontal cortex [8,16].
However, such U-shaped relationships were obtained only when
the response to a nonpainful stimulus was included in the curve
estimation, and have never been explicitly tested in investigations
strictly within the pain continuum. In addition to these Constant,
Linear, and Quadratic transformations, a Cubic transformation
[y = (5x3 3x)/2] was also applied for exploratory purposes. However, as this analysis did not yield signiﬁcant activation/deactivation clusters, it will not be discussed further. We should also
note that the exploration of other nonlinear S-R functions would
be interesting as well. For instance, Timmermann et al. observed
an S-shaped response proﬁle in contralateral SII [73]. However,
there is a high degree of multicollinearity between these speciﬁc
nonlinear functions and the linear S-R curve, making independent
estimation difﬁcult. Finally, as one of the aims of the present work
was to identify S-R functions within the noxious continuum, the
brain responses to the p0 stimuli were not modeled at this second-level stage of the within-subject analysis.
The results of these within-subject analyses were then passed
up to group-level analyses, performed using FLAME (FMRIB’s Local
Analysis of Mixed Effects) stage 1 [7,81,82]. Group brain maps for
Constant, Linear, and Quadratic relationships to increasing pain
intensity were threshold-using clusters determined by a voxelwise threshold (Z > 2.3) and a (corrected) cluster signiﬁcance
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threshold of P = 0.05 [84]. In order to minimize the likelihood of
false positives, the search volume for all analyses excluded regions
corresponding to voxels in the right and left cerebral white matter
labels of the Harvard-Oxford Subcortical Structural Atlas (Center
for Morphometric Analyses, http://www.cma.mgh.harvard.edu/
fsl_atlas.html) with a value higher than the (arbitrary) threshold
of 80. As Sex and the Sex  Stimulus interaction did not have a signiﬁcant effect on the psychophysical data (see Section 3 below),
the factor Sex was not included in the GLM analyses of the imaging
data.
In addition to the whole brain analysis described above, we also
performed a region-of-interest analysis, with a direct search restricted to ‘‘pain matrix’’ regions (ie, the 5 most commonly activated regions in experimental pain studies [1]: primary and
secondary somatosensory, insular, anterior and middle cingulate
cortices, and the thalamus), as identiﬁed with the Harvard-Oxford
Atlas. As linearly increasing activation in several of these regions
has been reported in previous parametric pain studies (eg,
[2,3,8,16,19,64]), we also evaluated the results of our Linear contrast in these regions using an uncorrected threshold of z = 2.58,
and a minimum cluster size of 5 voxels.
Within each of the statistically signiﬁcant clusters identiﬁed in
all contrasts, the % change in the BOLD signal (%BOLD) in response
to each of the 24 stimuli (including p0, in this case) was extracted
from individual peak voxels (ie, the voxel with the highest Z-value
for that speciﬁc contrast). Whenever a cluster encompassed 2 anatomical areas with clearly distinct anatomical-functional properties (eg, superior and inferior parietal lobule), the search for
individual peaks was limited within a mask obtained by raising
the threshold of the Z map until cluster separation was obtained.
For subcortical regions (eg, nucleus accumbens, amygdalae, thalami), the search space was delimited by the respective label from
the Harvard-Oxford Atlas. Finally, the search space for the anterior
and posterior insulae were delimited by manually splitting the
insular label from this atlas at the level of the insular central sulcus
[53].
For each participant, the %BOLD extracted from each region, as
well as the ratings, were separately averaged across identical pressure levels to increase signal-to-noise ratio in our measurements.
For descriptive purposes, the group-averaged %BOLD for each stimulus level was plotted against the group-averaged ratings to reveal
the shape of the stimulus response curve within several regions.
Furthermore, the volume-by-volume %BOLD was plotted against
time to create peristimulus plots.

3. Results
All subjects tolerated the CPA pain testing, with minimal motion by most subjects. Subjects reported that pain sensation disappeared as soon as cuff pressure was relieved, allowing for repeated
testing.
3.1. Psychophysical results
Stimulus pressure had a highly signiﬁcant linear effect on both
ratings of intensity and unpleasantness, Fs(7, 98) P 81.8,
Ps < 0.0001 (Fig. 2), which were statistically correlated (rs P
0.65). Neither the intensity ratings nor the unpleasantness ratings
were signiﬁcantly affected by the factor Sex, Fs(1, 98) 6 1.02,
Ps P 0.33, or the Sex  Stimulus interaction, Fs(7, 98) 6 1.1,
Ps P 0.36. Pairwise post hoc comparisons on the intensity ratings
were mostly statistically signiﬁcant, except that the ratings evoked
by p20 were not statistically different from those evoked by p30
(P = 0.30) and those evoked by p60 were not statistically different
from those of p50 and p70 (Ps = 0.71 and 0.11, respectively). Simi-
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Fig. 2. Psychophysical results. Bars represent mean ± SD.

larly, pairwise post hoc comparisons on the unpleasantness ratings
were mostly statistically signiﬁcant, except that the ratings evoked
by p20 were not statistically different from those evoked by p10
and p30 (Ps = 0.052 and 0.98), and those evoked by p60 were not
statistically different from those of p50 and p70 (Ps = 0.73 and
0.41, respectively).
One-sample t-tests revealed that the p0 to p60 stimuli elicited
ratings that were not statistically different from target (Ps with
Bonferroni correction for multiple comparisons [Pcorr] P 0.05),
while p70 produced ratings that were slightly lower than intended
(mean = 61.6; Pcorr < 0.05).
The strong cross-correlation between cuff pressure, intensity
ratings, and unpleasantness ratings did not allow us to distinguish
areas that independently code for these different features. Future
studies should attempt to repeat these procedures in conjunction
with a cognitive or emotional manipulation aimed at dissociating
these components [48,77,78].
3.2. Imaging results
The ‘‘Constant’’ contrast (Fig. 3A, Table 1) revealed bilateral activations (ie, ‘‘Constant+’’) in anterior insula/frontal operculum,
medial frontal gyrus (preSMA [pre-supplementary motor area]),
and contralateral (right) activations in posterior insula, parietal
operculum/SII, dorsolateral prefrontal cortex, lentiform nucleus,
and inferior and superior parietal lobules.
The same contrast also yielded deactivations (ie, ‘‘Constant ’’)
in a widespread network of structures, including bilaterally over
the ‘‘core areas’’ of the default mode network (ventral and dorsal
medial prefrontal cortices, posterior cingulate/retrosplenial cortex/precuneus, lateral temporal cortex, hippocampal formation,
and inferior parietal lobule), as well as amygdalae, thalamus (pulvinar), hypothalamus, pre/postcentral gyri, superior parietal lobule, occipital cortex, periaqueductal gray, pons and cerebellum
and over ipsilateral (left) paracentral lobule (leg primary somatosensory/motor cortex [SI/MI]), posterior insula, and frontal
cortices.
In the whole-brain analysis (Table 1), the ‘‘Linear’’ contrast
(Fig. 3B, Table 1) revealed contralateral (right) activations (ie, ‘‘Linear+’’) in the right paracentral lobule, postcentral, precentral, and
medial frontal (SMA) gyri. Interestingly, the whole-brain linear
contrast analysis also revealed deactivations (ie, ‘‘Linear ’’) in the
right superior and inferior parietal lobules, right lateral temporal
cortex, and occipital cortex.
The ‘‘Quadratic’’ contrast (Fig. 3C, Table 1) yielded signiﬁcant
bilateral clusters at the level of the dorsal and ventral medial pre-

frontal cortices, lentiform nucleus, hypothalamus, and substantia
nigra, and on the left nucleus accumbens and inferior parietal
lobule.
Additionally, our direct-search regions-of-interest analysis
(focused on commonly activated pain regions from [1]) identiﬁed
additional regions exhibiting Linear+ responses in portions of the
middle/anterior cingulate and insular cortices (contralateral posterior insula, bilateral anterior insula; Fig. 3, gray insert; Table 2).
We found that several subregions within the reported brain
areas demonstrated signiﬁcance for multiple contrasts – that is, a
combination of ‘‘Constant’’ (+ or ) with either ‘‘Linear’’ or ‘‘Quadratic’’ response patterns. For instance, portions of the right (R)
inferior parietal lobule (IPL) and R lateral temporal cortex (LTC)
showed both the ‘‘Constant ’’ and ‘‘Linear ’’ patterns, portions of
the medial prefrontal cortex (MPFC) showed both the ‘‘Constant ’’
and ‘‘Quadratic’’ patterns, and portions of insula and middle cingulate cortex (MCC) showed both ‘‘Constant+’’ and ‘‘Linear+’’. Of note,
no region exhibited both a ‘‘Linear’’ and a ‘‘Quadratic’’ component.
Multiple response patterns indicate that these regions, while
exhibiting a pain intensity-dependent linear activity increase, decrease, or U-shaped S-R activity pattern, were overall (ie, when
considering an average of the responses to all pain levels) activated
or deactivated during pain.
Fig. 4 illustrates the stimulus-response curve and the peristimulus plots (by stimulus intensity) for one representative region from
each of the 5 activity patterns identiﬁed by the GLM contrasts (ie,
‘‘Constant+’’, ‘‘Constant ’’, ‘‘Linear+’’, ‘‘Linear ’’, and ‘‘Quadratic’’).
The examination of the peristimulus plots shows that some regions
(eg, SI/MI and SII) exhibit activation peaks at both stimulus onset
and offset (panels A and C).
Several activity patterns are particularly noteworthy. First, in
both posterior insula and paracentral lobule (somatosensory representation of leg), pain induced activity changes were of opposite
polarity in the 2 hemispheres: these structures were in fact activated contralaterally, but deactivated ipsilaterally. Additionally,
the portions of the SI/MI located outside the paracentral lobule
were deactivated bilaterally (‘‘Constant ’’, see Fig. 5, green arrows).
Furthermore, exploration of the signiﬁcant clusters which,
among all those identiﬁed in the different GLM contrasts, encompassed the core regions of the DMN [11], reveals that the DMN
exhibited 3 distinct region-speciﬁc patterns of response to increasingly painful stimuli (Fig. 5). Areas such as the posterior cingulate/
retrosplenial cortex and hippocampal formation exhibited pain-induced deactivations that appeared to be independent of the perceived pain intensity (‘‘Constant ’’). In contrast, portions of the R
IPL and the R LTC were deactivated in a pain intensity-dependent
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Fig. 3. Group statistical maps for the (A) Constant, (B) Linear, and (C) Quadratic stimulus-response curves. The gray insert displays the results of the direct searches in a priori
regions (see Methods). SI/MI, primary somatosensory/motor cortex; SII, secondary somatosensory cortex; pINS, posterior insula; aINS, anterior insula; MCC, middle cingulate
cortex; HF, hippocampal formation; thal., thalamus; MPFC, medial prefrontal cortex; VLPFC, ventrolateral prefrontal cortex; LTC, lateral temporal cortex; cereb., cerebellum;
PCC, posterior cingulate cortex; Rsp, retrosplenial cortex; precun., precuneus; IPL, inferior parietal lobule; SPL, superior parietal lobule; SMA, supplementary motor area;
preSMA, presupplementary motor area; cun., cuneus; NAc, nucleus accumbens.

manner (‘‘Linear ’’), whereas the activity in regions of the medial
prefrontal cortex and the left inferior parietal lobule displayed a
quadratic relationship with the perceived pain intensity (‘‘Quadratic’’). Interestingly, some areas (eg, IPL and MPFC) exhibited
different response patterns in different subregions. For instance,
the MPFC displayed a Quadratic response pattern more dorsally,
and a Constant response pattern more ventrally.

4. Discussion
Our study demonstrated that brain areas exhibit at least 5
different pain-related S-R patterns: intensity-independent activation (‘‘Constant+’’); intensity-independent deactivation (‘‘Constant ’’); linearly increasing (‘‘Linear+’’); linearly decreasing
(‘‘Linear ’’), and ‘‘Quadratic.‘‘
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Table 1
Brain regions found signiﬁcant for each contrast in the whole brain analyses.
Cluster size
(# voxels)

Cluster
P-value

Peak

Constant+
8946

1.32E-12

1577
1204

0.00187
0.00912

5.51
5.46
5.14
4.96
4.92
4.61
4.4
3.86
3.74
2.75
5.84
4.4
3.99

34
54
50
42
38
58
40
34
20
16
40
6
8

62
18
6
52
24
30
10
48
4
14
14
20
18

Constant
40,263

1.20E-35

6.03
5.92
5.49
5.33
5.2
5.16
5.11
5.06
4.98
4.92
4.67
4.6
4.4
4.38
4.27
4.26
4.24
4.17
4.09
4.04
3.96
3.76
3.74
3.73
3.15
5.2
4.5
4.28
4.71
4.56
4.02

44
12
44
48
4
8
58
20
28
32
4
20
58
44
8
30
34
16
6
6
36
20
22
4
32
2
0
4
28
46
26

3252

0.00000465

1835

0.000668

Z

x (mm)

y (mm)

z (mm)

Anatomical location

Brodmann area

64
42
10
22
2
26
2
38
2
2
8
44
46

R superior parietal lobule
R middle frontal gyrus
R inferior frontal gyrus
R middle frontal gyrus
R inferior frontal gyrus/anterior insula
R secondary somatosensory cortex
R posterior insula
R inferior parietal lobule
R lentiform nucleus
R putamen
R inferior frontal gyrus/anterior insula
R medial frontal gyrus
L medial frontal gyrus

7
8
44
10
47/13
40
13
40

78
32
48
16
68
54
12
34
26
24
50
50
8
52
52
52
32
52
42
26
36
2
6
44
6
50
44
68
22
18
54

4
8
10
56
32
24
16
6
16
22
26
22
12
26
36
56
10
20
74
74
18
22
18
44
6
12
20
18
68
56
54

L middle occipital gyrus
R thalamus (pulvinar)
L supramarginal g
L postcentral gyrus
cerebellum (vermis)
L posterior cingulate gyrus
L middle temporal gyrus
R thalamus (pulvinar)
L parahippocampal gyrus
L inferior frontal gyrus
R posterior cingulate gyrus
L cerebellum (hemisph.)
R middle temporal gyrus
L angular gyrus
R precuneus
L superior parietal lobule
R parahippocampal gyrus
R cerebellum (hemisph.)
L superior parietal lobule
L paracentral lobule
L posterior insula
L amygdala
R amygdala
L precuneus
L lentiform nucleus
L ventral medial prefrontal cortex
Orbital gyrus
L dorsal medial prefrontal cortex
R precentral gyrus
R postcentral gyrus
R superior parietal lobule

19

47/13
8
8

40
3
31
21
35
47
31
21
39
7
7
36
5
6
13

7
11
11
10
4
3
7

Linear+
1409

0.00134

4
3.85
3.8
3.77

10
12
18
8

36
20
26
18

68
76
68
70

R
R
R
R

paracentral lobule
precentral gyrus
precentral gyrus
medial frontal gyrus (SMA)

3
6
4
6

Linear
2387

0.0000184

0.0153

3.87
3.82
3.39
3.63

46
66
36
22

54
52
70
86

10
6
50
20

R
R
R
R

inferior temp gyrus
middle temporal gyrus
superior parietal lobule
cuneus

37
21
7
18

2.26E-08

3.7

2

44

4

0.00437

3.54
3.5
3.15
2.81
2.68
3.74

12
6
10
0
8
50

26
48
10
10
6
58

14
38
8
12
8
46

934
Quadratic
4991

1359

L ventral medial prefrontal cortex
(pregenual anterior cingulate cortex)
R medial frontal gyrus
L dorsal medial prefrontal cortex
R substantia nigra
Hypothalamus
L nucleus accumbens
R angular gyrus

32
25
8

39

R, right; L, left.

Linearly increasing SI/MI activation replicated other neuroimaging studies (eg, [16,19,64]) and was compatible with electrophysi-

ology studies [14,41,42]. A Linear+ proﬁle was also found in the
SMA and – in direct searches – in the middle cingulate and insular
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Table 2
Brain regions found signiﬁcant for the Linear+ contrast in directed searches on a priori
regions.
Cluster size
(# voxels)

Peak

44

Z

x
(mm)

y
(mm)

z
(mm)

Anatomical
location

Brodmann
area

3.14

12

10

42

24

10

6

40

3.38

38

4

14

25

2.99

8

14

32

16

2.79

8

2

40

15

3.01

36

8

8

7

2.97

32

20

20

R middle
cingulate
cortex
R middle
cingulate
cortex
L anterior
insula
R middle
cingulate
cortex
L middle
cingulate
cortex
R anterior
insula
R posterior
insula

43

3.65

40

32

13
32

24

13
13

R, right; L, left.

cortices. Linear response in the insulae was in agreement with previous studies that have described intensity coding of pain in this
region [2,3,8,16].
Ultimately, intensity-independent activation in parts of the insula, secondary somatosensory cortex (SII), and other areas may
also relate to working memory processes and/or an ‘‘all-or-none’’
attention/salience response [20,21,52,58], as pain is highly relevant
and attracts focused attention at any intensity [23,68].
Interestingly, the paracentral lobule and posterior insula, while
activated contralaterally, were also deactivated ipsilaterally. While
receiving relatively little attention in pain studies [58], ipsilateral
deactivation of SI/MI has been documented during innocuous
somatosensory stimulation [33,39,43,44] or during the anticipation of innocuous or noxious stimulation [22]. Previous studies
have reported ipsilateral deactivations of the posterior insula during somatosensory stimulation, but only at noxious levels [44]. The
functional signiﬁcance of such deactivations may relate to spatial
localization of the stimulus [33] or the suppression of irrelevant
sensory information [22,29,40,43,79]. Similar arguments could apply for the deactivations in SI/MI subregions located outside the leg
representation (spatial localization), as well as in the occipital cortex (cross-modal inhibition of visual input).
The ‘‘core regions’’ of the default mode network exhibited 3 distinct regionally speciﬁc pain-response patterns: ‘‘Constant ’’ (eg,
posterior cingulate cortex/retrosplenial cortex and hippocampal
formation), ‘‘Linear ’’ (right IPL and LTC) and ‘‘Quadratic’’ (eg,
MPFC, left IPL). These observations suggest that DMN subregions,
while functionally and anatomically connected and frequently described as co-activated or co-deactivated (eg, [70]), may in fact
exhibit functional heterogeneity. While our formal description of
a U-shaped S-R curve in several DMN brain structures (MPFC, left
IPL) in relation to pain stimuli was a novel ﬁnding, others have reported results that are compatible with our observation. For instance, Derbyshire et al. have observed signiﬁcant MPFC activity
decreases during the application of mild pain stimuli, but not of
‘‘just painful’’ or moderately painful stimuli [19]. As DMN deactivations linearly increase with increasing attentional demands in multiple tasks [50,57,70,74], this S-R relationship for MPFC may reﬂect
higher cognitive demands associated with the processing pain
stimuli in the moderate range, as intermediate pain levels have
been found to be more difﬁcult to rate [46]. While we can attempt
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to speculate on the biological relevance of U-shaped relationships
in DMN regions, the existence of this S-R pattern in other brain
areas (eg, the hypothalamus, the substantia nigra, and nucleus
accumbens) is more difﬁcult to interpret. Future studies should directly explore how these different hypotheses relate to our observation of linear and nonlinear activations/deactivations in response
to increasing pain intensity by collecting ancillary data or exploring reaction time metrics in conjunction with pain ratings.
Several pain-activated regions (ie, SI/MI and SII) exhibited 2
activity peaks – at stimulus onset and offset. This phenomenon
has been previously observed in these and other regions in response to noxious [4–6,13,43,59,76], but also innocuous [43],
somatosensory stimulation. While some have claimed that transient responses can be explained in hemodynamic or nonphysiological terms [54,67], others have proposed a neural origin
[27,75], possibly related to attention/task switching [47]. Therefore, the peaks at onset and offset observed in SI/MI and SII might
reﬂect attentional shifts elicited by changes in the perceptual state.
The observation that the brain exhibits multiple region-speciﬁc
S-R patterns has several potential implications. For instance,
authors have suggested interventions speciﬁcally targeting MPFC
as a therapeutic strategy to improve cognitive deﬁcits associated
with persistent pain [37]. The fact that MPFC displays a quadratic
U-shaped S-R pattern supports the use of mid-range stimuli in
studies interested in determining an evoked-pain treatment response in this region.
Previous studies have explored different stimulus-response
curves in pain processing [8,10,15,16,55,68]. Some of the ﬁndings
in these seminal studies were corroborated by our results, that is,
a stimulus-intensity independent response proﬁle in the posterior
parietal and lateral prefrontal cortices and an intensity-encoding
proﬁle in portions of the anterior cingulate cortex, insula, S1/M1,
and ventral SMA. However, notable differences were also observed.
For instance, Bornhovd et al. showed that S1 exhibited an intensity-related proﬁle only at low intensity stimulation, with the response decreasing at the highest pain intensities [8]. Also, this
study did not ﬁnd linearly dependent deactivations or quadratic
responses in the pain continuum. Important methodological differences should be considered when comparing the present study
with those previously published. First, in the present study, 7 pain
levels were used, versus a maximum of 3 adopted in previous studies. The use of a larger number of pain levels provided a dense sampling of the S-R curve which, paired with the statistical analyses we
adopted, allowed us to more deﬁnitively investigate both linear
and nonlinear S-R patterns. Second, the psychophysical procedures
in the present study allowed us to carefully tailor stimulation in order to achieve target perceptual responses, whereas in the studies
by Bornhovd et al., ﬁxed stimulus intensities were used [8]. Moreover, while most evoked pain studies use stimuli targeting cutaneous nociceptors (eg, contact heat or laser), we used CPA. Therefore,
it is possible that differences in stimulation methodology (eg, spatiotemporal and qualitative characteristics of the stimuli, differential involvement of large myelinated ﬁbers) might explain some of
the differences between this and other studies. For instance, while
input from cutaneous receptors is delivered to ‘‘core’’ neurons of
the ventrobasal complex of the thalamus, input from deep tissue
receptors is delivered to the ‘‘shell’’ neurons [38]. Since the shell
is a very thin structure, it is possible that its activation might be
more challenging to image, which might explain why we did not
detect any thalamic activations, including in the ventroposterolateral nucleus. Of note, the only pain-related S-R pattern we detected
in the thalamus was a ‘‘Constant ’’ pattern in the pulvinar. As this
thalamic nucleus plays an important role in visual and attentional
processing [85], deactivation of this structure might reﬂect attentional switch from the visual cue to the incoming painful stimulus.
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Fig. 4. Representative regions for each of the 5 activity patterns identiﬁed. (A) secondary somatosensory cortex (SII), (B) posterior cingulate cortex (PCC)/retrosplenial cortex
(Rsp), (C) right primary somatosensory/motor cortex (SI/MI), (D) right inferior parietal lobule (R IPL), and (E) medial prefrontal cortex (MPFC) were selected as representative
regions for the Constant+, Constant , Linear+, Linear , and Quadratic contrasts, respectively. The left, middle, and right panels show the masks used to extract the % signal
change, the S-R curves, and the averaged peristimulus plots, respectively. In the scatterplots, brain response to innocuous stimuli (‘‘p0’’, not modeled in the general linear
model) is represented by cyan circles. Error bars represent SEM.

Several caveats should be considered when interpreting the results from the present study. First, we employed only one nonpainful
stimulus level, and therefore could not evaluate whether observed
patterns were pain-speciﬁc, or also applied to the nonpainful

somatosensory continuum. As studies have suggested that nonnociceptive-speciﬁc cognitive processes signiﬁcantly impact
observed fMRI responses to phasic nociceptive stimuli [52], it is
possible that at least some of the identiﬁed S-R patterns were not
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Fig. 5. Multifaceted default mode network (DMN) response to pain. Surface representation data demonstrate pain intensity independent deactivation (Constant ) in regions
described as DMN ‘‘core’’ areas, as well as bilateral perirolandic cortices (green arrows). In the scatterplots, the activity changes evoked by innocuous stimuli (‘‘p0’’, not
modeled in the general linear model) are represented by cyan circles. X axes = pain intensity ratings; Y axes = %BOLD signal change. Error bars represent SEM. L, left; R, right;
HF, hippocampal formation; MPFC, medial prefrontal cortex; LTC, lateral temporal cortex; PCC, posterior cingulate cortex; Rsp, retrosplenial cortex; IPL, inferior parietal
lobule.

pain-speciﬁc. For instance, the linearly increasing responses in the
insula might be due to a stimulus intensity estimation independent
from pain, as parts of the insula have been recently proposed to serve
as a central polymodal magnitude estimation module [3,51]. Future

studies will need to apply a similar approach using innocuous stimuli of multiple intensities in order to evaluate whether the response
proﬁles reported here can be generalized to nonpainful somatosensory processing.
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Second, it is possible that some brain responses might have
been driven by autonomic feedback reﬂexes induced by cuff vascular constriction, rather than by pain per se. While we observed that
%BOLD signal change was very tightly coupled with perception in
several areas (eg, contralateral S1/M1), which are not strongly
linked with autonomic modulation, we cannot exclude that some
of the brain responses we observed might have reﬂected autonomic processing, as some autonomic parameters (eg, increase in
blood pressure) may temporally match the evoked pain proﬁle. Finally, while the S-R curves allow us to speculate on the function of
each region highlighted in this study, no psychological measures,
other than the psychophysical pain ratings reported here, were collected to corroborate or disprove speciﬁc hypotheses.
In conclusion, we present evidence of multiple S-R curve proﬁles
for brain responses to experimental pain, both within areas traditionally associated with pain processing and in the default mode
network. Our study provided several important ﬁndings, including:
(1) different DMN subregions, although functionally and anatomically connected and frequently described in the literature as coactivated or co-deactivated, can exhibit functional heterogeneity;
and (2) some DMN subregions respond in a percept-related manner
to pain, suggesting closer linkage between the DMN and pain processing than previously thought. Future experiments will need to
test the hypotheses generated based on the observed S-R curves,
and also investigate if the S-R curves quantiﬁed in the current study
in healthy adults are altered in chronic pain patients. Finally, our
study investigated, for the ﬁrst time, brain responses to cuff pressure pain. CPA coupled with fMRI is a promising technique for
assessing brain response to evoked pain stimuli, and the preferential effect on deep nociceptors for CPA makes this approach, in theory, more clinically relevant to patients with chronic pain disorders.
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