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Chronic Pain and the Emotional Brain: Specific Brain
Activity Associated with Spontaneous Fluctuations of
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Living with unrelenting pain (chronic pain) is maladaptive and is thought to be associated with physiological and psychological modifications, yet there is a lack of knowledge regarding brain elements involved in such conditions. Here, we identify brain regions involved in
spontaneous pain of chronic back pain (CBP) in two separate groups of patients (n ⫽ 13 and n ⫽ 11), and contrast brain activity between
spontaneous pain and thermal pain (CBP and healthy subjects, n ⫽ 11 each). Continuous ratings of fluctuations of spontaneous pain
during functional magnetic resonance imaging were separated into two components: high sustained pain and increasing pain. Sustained
high pain of CBP resulted in increased activity in the medial prefrontal cortex (mPFC; including rostral anterior cingulate). This mPFC
activity was strongly related to intensity of CBP, and the region is known to be involved in negative emotions, response conflict, and
detection of unfavorable outcomes, especially in relation to the self. In contrast, the increasing phase of CBP transiently activated brain
regions commonly observed for acute pain, best exemplified by the insula, which tightly reflected duration of CBP. When spontaneous
pain of CBP was contrasted to thermal stimulation, we observe a double-dissociation between mPFC and insula with the former correlating only to intensity of spontaneous pain and the latter correlating only to pain intensity for thermal stimulation. These findings
suggest that subjective spontaneous pain of CBP involves specific spatiotemporal neuronal mechanisms, distinct from those observed for
acute experimental pain, implicating a salient role for emotional brain concerning the self.
Key words: chronic pain; prefrontal cortex; thermal pain; emotion; BOLD; atrophy

Introduction
Pain is associated with negative emotions and is always highly
salient, enabling the organism to either escape or protect the
injured body part and thus enhance survival. However, when
pain becomes chronic (Merskey and Bogduk, 1994), that is when
subjects live with unrelenting pain over many years, it becomes
maladaptive and modifies one’s outlook to everyday experience
and to future expectations, by changing physiological and psychological processes underlying pain perception and pain-related
behavior. Such notions have been prevalent in pain research for a
long time, and stem mainly from clinical observations (Melzack
and Casey, 1968; Price, 2000; Dworkin, 2002). Here, we seek to
identify brain elements that may be involved in these processes,
specifically in chronic back pain (CBP).
Chronic pain is often associated with spontaneous pain (pain
in the absence of external stimuli), as well as changes in sensitivity
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to various somatosensory stimuli (Tasker et al., 1991; Clauw et
al., 1999; Sindrup et al., 1999; Birklein et al., 2000; Dworkin,
2002). Approximately 10% of adults have severe chronic pain
(Harstall and Ospina, 2003) and CBP is the largest contributor to
this population (Atkinson, 2004). Such conditions diminish the
quality of life, and increase anxiety and depression (Dworkin,
2002; Sah et al., 2003). Moreover, CBP is now associated with
cognitive (Apkarian et al., 2004a), brain chemical (Grachev et al.,
2000), and morphologic abnormalities (Apkarian et al., 2004b).
Neuroimaging studies can provide complimentary evidence by
demonstrating brain circuitry involved in the condition. Twobrain imaging studies have explored brain activity in CBP to
thermal or mechanical painful stimuli applied to the hand, a site
remote from the body area in pain (Derbyshire et al., 2002;
Giesecke et al., 2004). Both studies indicate some differences in
stimulus-evoked responses to these acute painful stimuli in CBP
as compared with normal subjects. Neither study directly addresses brain activity related to spontaneous pain of CBP. Spontaneous pain is a main reason for subjects seeking medical care
and is the primary complaint of CBP patients (Clauw et al., 1999;
Dworkin, 2002). We have shown that intensity of chronic pain
fluctuates spontaneously, and CBP patients instructed to indicate
their pain intensity on a continuous scale exhibit fluctuations of
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spontaneous pain with unique properties (Foss et al., 2006).
Here, we use these fluctuations of spontaneous pain, performed
during functional magnetic resonance imaging (fMRI) scans, to
study its underlying brain circuitry and contrast it to brain activity for acute thermal pain. We hypothesize that brain regions
involved in spontaneous pain would reveal the cortical adaptive
processes associated with chronic pain. Based on our previous
observations, we also hypothesize that CBP should be associated
with increased prefrontal cortical activity. The present study confirms this, and unravels its details. Additionally, we sought to
identify markers that can link the brain activity with clinical characteristics of CBP, to establish at least correlative links between
the condition and brain states, and examined the impact of brain
morphological changes in CBP on brain activity, searching for a
link between cortical reorganization and back pain.

Materials and Methods
Subjects
A total of 24 CBP patients and 11 healthy subjects participated in this
study. All patients were clinically diagnosed with CBP. Participants were
divided into three separate groups: group 1 consisted of 13 CBP patients
scanned while rating spontaneous pain, and only participated in the first
study. Group 2 consisted of 11 CBP patients who were scanned while
rating their spontaneous pain and also for rating pain in response to
thermal stimulus applied to their back. Group 3 consisted of 11 normal
subjects matched for sex and age with patients of group 2 and rated their
pain in response to an external thermal stimulus applied to their back.
Groups 2 and 3 participated in study 2. Clinical and demographic data, as
well as pain-related parameters for all participants are presented in supplemental Table 1, available at www.jneurosci.org as supplemental
material.

Pain ratings and experimental conditions
Subjects used a finger-spanning device to continuously rate and log their
subjective perception of pain during fMRI data collection (Apkarian et
al., 2001). All participants underwent an initial training phase before
scanning in which they learned to use a finger-span device to rate the size
of a bar varying in time, at a rate approximating variability of spontaneous CBP. During brain imaging sessions, the finger-span device was synchronized and time locked with fMRI image acquisition and connected
to a computer providing visual feedback. This device was also used in
performing visual control scans.
Condition 1: rating of the spontaneous fluctuations of back pain. The
CBP patients (group1 and 2) simply rated spontaneous fluctuations in
the intensity of their ongoing pain in the absence of any external stimulus
on a scale from 0 to 10, with zero representing no pain and 10 representing maximum imaginable pain. An example of this rating is shown in
Figure 1 A. Subjects were provided with visual feedback of their rating by
observing a scaled bar reflecting their current rating on a computer
monitor.
Condition 2: rating pain in response to thermal stimulation. Subjects in
groups 2 and 3 were scanned during acute thermal stimulation where
they rated the stimulus pain with the finger-span device. During a given
functional imaging session, eight noxious thermal stimuli ranging in
duration from 10 to 30 s were applied to the lower back of either CBP
patients (group 2) or healthy subjects (group 3). Similar to condition 1,
subjects were instructed to rate their pain on a scale of 0 –10 and were
provided with a visual feedback of their rating. A purpose built, fMRIcompatible thermal stimulator delivered fast ramping (20°C per second)
painful thermal stimuli (baseline 38°C, peak temperatures 48 and 50°C)
via a contact probe (1 ⫻ 1.5 cm peltier). Durations and intensities of
thermal stimuli as well as interstimulus intervals were presented in a
pseudorandom manner. They were designed to approximate the pattern
of variability, and range of intensities, observed for spontaneous CBP. An
example of a stimulus run and the corresponding group-average pain
ratings for CBP and healthy controls are shown in Figure 5A. The inter-
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stimulus intervals ranged from 30 to 60 s (average of 55 s). This variation
in interval was adopted to decrease the regularity of stimulus presentation and thus reduce volunteers’ ability to predict the arrival of the next
stimulus. In addition, the relatively long duration interstimulus interval
reduced sensitization.
Condition 3: visual control (all groups). Subjects were instructed to
follow as closely as possible fluctuations of a bar projected on a screen in
time. Unbeknown to the subjects, the variability of the bar was derived
from previous functional scans where the participants were rating either
their spontaneous pain or their thermal stimulus pain. This visual tracking provides an adequate visual-motor-cognitive control because it is
similar to the pain rating finger-span task, with the important difference
being that now the finger movement (i.e., variations in magnitude and its
assessment) is correlated with a visual input rather than pain.

Functional magnetic resonance data and analysis
Study 1. Only CBP patients from group 1 participated in this study. fMRI
data were acquired with a 1.5T Siemens (Erlangen, Germany) (Vision)
whole-body scanner with echo-planar imaging (EPI) capability using the
standard radio-frequency head coil. Multislice T2*-weighted echoplanar images were obtained with the following parameters: repetition
time (TR), 3.5 s; echo time (TE), 70 ms; flip angle, 90°; slice thickness, 3
mm; in-plane resolution, 3.475 ⫻ 3.475 mm 2. The 36 slices covered the
whole brain from the cerebellum through to the vertex. A No-Flow T1weighted anatomical MRI image was also acquired for each subject using
the following parameters: TR, 22 ms; TE, 5.6 ms; flip angle, 20 o; matrix
256 ⫻ 256; and a field of view (FOV) of 240 mm, with 160 mm coverage
in the slice direction. Anatomic images were used to register functional
images in standard space.
Image analysis to reveal significant brain activity based on changes in
blood oxygen level-dependent (BOLD) signal was performed on each
subject’s data using Functional Magnetic Resonance Imaging of the
Brain (FMRIB) Expert Analysis Tool [FEAT (Jezzard et al., 2001); www.
fmrib.ox.ac.uk/fsl]. The preprocessing of each subject’s time-series of
fMRI volumes encompassed slice time correction, motion correction
using MCFLIRT (motion correction using FMRIB’s Linear Image Registration Tool), spatial smoothing using a Gaussian kernel of full-widthhalf-maximum 5 mm, and nonlinear high-pass temporal filtering and
subtraction of the mean of each voxel time course from that time course
(i.e., intensity normalization). The fMRI signal was then linearly modeled on a voxel by voxel basis using FMRIB’s Improved Linear Model
(FILM) with local autocorrelation correction (Woolrich et al., 2001,
2004).
Two components were derived from the rating of spontaneous fluctuations in the intensity of ongoing CBP to search for brain activity. (1) To
identify brain activity for time periods when the ongoing pain is high
versus low, pain ratings were binarized relative to mean pain. (2) To
identify brain activity for time periods when subjective pain is increasing:
time epochs of ratings when positive rate of change of rating was sustained for a minimum time period (7 s; 2 TRs) relative to all other time
periods were binarized. An example of these components is presented in
Figure 1. The visual vector was also derived in a similar manner (i.e., was
binarized relative to the mean). In addition to the visual control, a surrogate control was generated for group 1 by inverting in time the recorded pain rating. This procedure preserves all statistical properties of
the original ratings, but scrambles the relationship between the ratings
and the actual pain fluctuations, thus controlling for nonspecific activations. Each component (pain and visual) was 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). Head motion vector (derived from motion
correction) was used at this level as a covariate of no interest to further
remove any residual variance caused by head motion. The significance of
the model fit to each voxel time series was calculated, yielding statistical
parametric maps for each subject and condition. Average group activity
maps were generated by subtracting the visual and surrogate activity
maps from the pain activity map using FEAT in a second level random,
and fixed, effects group analysis after the coregistration of individual
scans to standard space [152 subject average Montreal Neurological
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image was also acquired for each subject using
the following parameters: TR, 2.1 s; TE, 4.38
ms; flip angle, 8°; FOV, 220 mm; slice thickness,
1 mm; in-plane resolution, 0.86 ⫻ 0.86 mm 2;
number of sagittal slices, 160.
Similar to study 1, image analysis to reveal
significant brain activity based on changes in
BOLD signal was performed on each subject’s
data using FMRIB FEAT (Jezzard et al., 2001)
(www.fmrib.ox.ac.uk/fsl). The preprocessing of
each subject’s time-series of fMRI were identical to that used in study 1. The fMRI signal was
then linearly modeled on a voxel by voxel basis
using FMRIB’s FILM with local autocorrelation
correction (Woolrich et al., 2001, 2004). One
component was derived from each of spontaneous pain ratings (group 2), and the visual control ratings (groups 2 and 3). For thermal pain
ratings, the high pain and increasing pain components were used to search for brain activity
Figure 1. Ratings of fluctuations of spontaneous pain of CBP can be parceled into distinct phases, and each phase has a (groups 2 and 3). All four components were
different time length distribution. A, Top, Example rating of spontaneous fluctuations of pain in one CBP patient. The bottom panel derived in a similar manner to that of study 1
shows two vectors derived from such ratings to search for brain activity BOLD signal. The first vector (blue) corresponds to time (i.e., binarized relative to the mean). Each comperiods when the subjective rating (experience) of spontaneous pain intensity is high. It is the binarized high–low pain rating, ponent (spontaneous pain, thermal pain, and
relative to mean pain. The second vector (red) corresponds to time periods where ratings are rapidly increasing, which may visual) was considered to generate a hemodycorrespond to increased nociceptive input to the brain. The right inset shows relationships between the three time-curves at a namic response described by the convolution of
higher time resolution. B, The length of the two vectors exhibit different distributions across all 13 CBP patients. The left panel is the corresponding vector with a generalized hefor time periods when spontaneous pain is high (n ⫽ 161 events; mean, 22.5 s; mode, 10.5 s; SD, 22.1 s), and the right panel is for modynamic response function (gamma functime periods when spontaneous pain is increasing (n ⫽ 866 events; mean, 5.3 s; mode, 3.5 s; SD, 3.1 s).
tion: lag, 6 s; SD, 3 s). Head motion vector (derived from motion correction) was used at this
level as a covariate of no interest. The signifiInstitute (MNI) space, http://www.bic.mni.mcgill.ca/cgi/icbm_view/].
cance of the model fit to each voxel time-series was calculated. HigherThis results in a Z-score map of statistically significant pain-related aclevel analysis was done in a similar manner to study 1, where average
tivity across different conditions. For random effects, cluster-based corgroup activity maps were generated by subtracting visual maps from the
rection of the Z-statistic images was performed. The raw Z-statistic imthermal and spontaneous pain activity maps, using FEAT in a second
ages from the group analysis were thresholded at Z-scores ⬎2.3. For each
level random effects group analysis. This results in a Z-score map of
resulting cluster of spatially connected voxels surviving the Z threshold, a
statistically significant pain-related activity across different pain condicluster probability threshold of p ⫽ 0.01 was applied to the computed
tions. A cluster-based correction of the Z-statistic images was performed
significance of that cluster, which corrects for multiple comparisons acthresholded at Z-scores ⬎2.3 and a cluster probability threshold of p ⫽
cording to Gaussian random field theory (Friston et al., 1995).
0.01 was applied to correct for multiple spatial comparisons according to
Subtracting the visual rating task from the pain condition eliminated
Gaussian random field theory (Friston et al., 1995).
mainly posterior parietal cortex activity (attention-related activity). The
Covariate analysis between brain activity and pain intensity was also
group-averaged surrogate map was empty and subtracting it from the
performed for thermal and spontaneous pain where only mean pain
pain condition in study 1 had little effect on the overall activity map.
intensity was examined. Correlations were based on z values obtained
Therefore, this subtraction was deemed not essential and was not infrom the thresholded individual maps averaged for 1 cc volume around
cluded in study 2.
the peak coordinate of region of interest.
To determine behavioral parameters related to brain activity for spontaneous CBP, multiple pain-related parameters were covaried with high
pain and with increasing pain conditions. Correlations were based on z
Results
values obtained from the thresholded individual maps averaged for 1 cc
Brain activity for spontaneous pain (study 1)
volume (27 voxels) around the peak coordinate of region of interest.
We used ratings of fluctuations of pain, performed during fMRI
Average time course of BOLD response was calculated on an individscans, to derive two temporal components that may reflect difual subject basis and then averaged across subjects. For each condition of
ferent physiological states of chronic pain: (phase 1) time periods
interest, high spontaneous pain, or spontaneous pain increasing, preprowhen spontaneous pain is sustained at a high intensity that may
cessed fMRI images are reaveraged relative to the start time of the concharacterize the nature of the subjective experience of chronic
dition, two brain volumes before the start time and four after start time,
pain, and (phase 2) time periods when spontaneous pain is transpanning in time from ⫺7 to ⫹14 s. Time courses for coordinates of
siently increasing, which may capture the peripheral nociceptive
interest are then extracted from each subject’s brain, averaged over the
input reaching the brain (Fig. 1). Identification of brain activity
27-voxel neighborhood, and then averaged across subjects (see Figs.
2– 4). Variability of these curves is expressed in SEM over the subject
for these two phases indicate that distinct nonoverlapping brain
population.
regions are involved in each phase, and that the temporal pattern
Study 2. CBP patients from group 2 and healthy subjects from group 3
of activity is also distinct for the two phases.
participated in this study. Functional MR data for both groups were
Brain activity for spontaneous fluctuations of CBP was deteracquired with a 3T Siemens Trio whole-body scanner with EPI capability
mined in 13 CBP patients (using a 1.5 T fMRI magnet). For time
using the standard radio-frequency head coil. Multislice T2*-weighted
periods when spontaneous pain of CBP is high (sustained phase:
echo-planar images were obtained with the following parameters: TR,
binarized high, low relative to the mean of the ratings) (Fig. 1 A),
2.5 s; TE, 70 ms; flip angle, 90°; slice thickness, 3 mm; in-plane resolution,
the group-averaged map contrasted with appropriate controls,
3.475 ⫻ 3.475 mm 2. The 36 slices covered the whole brain from the
with random-effects modeling showed activity in a single cluster
cerebellum to the vertex. An average of 400 volumes were acquired per
event per condition in all participants. A T1-weighted anatomical MRI
within the medial prefrontal cortex (mPFC), in and around the
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rostral anterior cingulate (rACC) extending to the level of the genu (Fig. 2 A). Two
alternative routes have been proposed to
mediate activity of mPFC in pain: (1)
through forward projections from parietal, insular and cingulate regions encoding nociceptive information and (2)
through midbrain and amygdala projections reflecting inputs from emotional and
motivational circuitry (Price, 2000; Hunt
and Mantyh, 2001; Apkarian et al., 2005).
To distinguish between these, we performed the same contrast using fixedeffects model, which would reveal brain
activity at a lower threshold level where
the results can only be generalized to the
subjects studied. The results showed additional bilateral activity in posterior
thalamus, ventral striatum and extended
amygdala, as well as larger activity
spread within prefrontal cortex, and did
not reveal any activity in parietal and insular regions (Fig. 2 B), implying that
when spontaneous pain of CBP is high
and sustained it engages brain areas involved in emotion, cognition, and motivation (Davidson, 2002; Dolan, 2002;
Phelps et al., 2004).
For the condition when spontaneous
pain of CBP is increasing (transient phase:
binarized times when spontaneous pain is
increasing, which are times when pain ratings have a high and positive derivative)
(Fig. 1 A) contrasted with its controls with
random-effects modeling showed activity
in right anterior and posterior insula, sec- Figure 2. Brain activity for spontaneous CBP shows two distinct patterns: one for phases identified as high pain and another for
ondary somatosensory cortex, multiple increasing pain phases. A, Random-effects average brain activity in CBP patients for time periods in which spontaneous pain is
high. Activity is limited mainly to the mPFC and rACC. B, Fixed-effects analysis yields additional activations bilaterally in posterior
portions of mid cingulate (mACC), prithalamus, amygdala, and ventral striatum (VS). C, BOLD response for peak activations in rACC (10, 22, 28) and mPFC (18, 60, 12)
mary somatosensory region of the foot, for periods when spontaneous pain is high. Across-subject mean and SEMs are shown. D, Random-effects analysis for periods
and cerebellum (Fig. 2 D). These activa- when spontaneous pain is increasing. Brain activity does not overlap with A and is primarily located in right anterior insula, mACC,
tions correspond to the pattern observed and supplementary motor area (SMA), left primary somatosensory (S1), and motor (M1) regions, right secondary somatosensory
classically for acute pain, encompassing cortex (S2), and cerebellum. Fixed-effect analysis did not reveal additional brain activity (data not shown). E, BOLD response for
regions subserving sensory and affective peak activations in the mACC (0, 3, 46), right insula (54, 16, ⫺4) and right S2 (46, ⫺20, 28) for time period when spontaneous
dimensions of pain (Talbot et al., 1991; pain is increasing. Across-subject mean and SEMs are shown. A complete list of activations is found in supplemental tables 2 and
Casey et al., 1996; Coghill et al., 1999; 3, availableat www.jneurosci.org as supplemental material. Activity maps are presented in MNI space, x, y, and z coordinates in
millimeters.
Price, 2000; Apkarian et al., 2005). We also
investigated brain activity for the time peBrain activity specific to intensity and duration of CBP
riods when spontaneous pain of CBP is decreasing. The group(study 1)
average contrasted with controls did not exhibit any significant
Given that the above brain activities were determined based on
increased or decreased brain activity.
subjective ratings, it is imperative to establish their relationship to
Contrast and conjunction analyses indicated that brain activcharacteristics of CBP. Questionnaires and verbal ratings were
ity for times when spontaneous pain is high and for times when
used to determine duration and intensity of CBP pain, sensory
spontaneous pain is increasing do not overlap. The temporal
and negative-affective dimensions of CBP, and levels of anxiety
properties of the brain responses for the two phases of spontaneand depression. These characteristics were used in covariate analous pain were determined from the BOLD responses (Fig. 2C,E),
yses to determine their relationships to brain activity for CBP. A
which show profiles corresponding to the mode of the distribusingle cluster centered in the mPFC correlated with pain intensity
tion of each phase (Fig. 1 B), where the brain responses for high
for periods of high spontaneous CBP (Fig. 3A), with a peak corpain are longer lasting than the responses for increasing pain.
relation R 2 ⫽ 0.81 ( p ⬍ 10 ⫺5). Another single cluster localized to
Thus, the sustained and transient phases of spontaneous flucturight anterior insula correlated with duration of pain in years for
ations of CBP seem to differentially activate either emotional
periods of increases of spontaneous CBP (Fig. 3B), with a peak
regions of the brain or brain regions commonly observed for
correlation R 2 ⫽ 0.80 ( p ⬍ 10 ⫺5). Anxiety and depression indisensory processing of acute pain.
ces showed no significant relationship with these conditions, and
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tions between DLPFCa, mPFC, and insula for the two phases of
spontaneous pain.
Left and right DLPFCa show a negative correlation with activity in mPFC ( p ⬍ 0.001) (Fig. 4 A), but not with insula ( p ⬎ 0.7),
for times when spontaneous pain of CBP is high. The DLPFCa
signals are active before the increase in mPFC activity, and switch
to deactivation for the time period where mPFC signal is sustained (Fig. 4 B). Time course analysis of DLPFCa for times when
spontaneous pain is transiently increasing show, similarly to
mPFC, no overall signal change. However, correlations between
mPFC, DLPFCa, and anterior insula are all highly significantly
positive (R 2 ranging from 0.64 to 0.68; p ⬍ 0.01 for each case)
(data not shown).
The shift in correlations coupled with the observed activity
implies a minimal dynamical model for nociceptive information
processing in CBP. The increasing phase of spontaneous pain is
most likely caused by afferent nociceptive input accessing the
cortex because it activates the acute pain sensory system and
coactivates mPFC and DLPFCa. When this afferent barrage results in sustained mPFC activity, perception of ongoing pain is
increased, and mPFC and DLPFCa inhibit each other. The competition between mPFC and DLPFCa, perhaps coupled with enhanced spinal-prefrontal projections, determine the duration of
sustained mPFC activity and, thus, also for heightened ongoing
pain by increasing emotional salience. Note that neither this
model nor the above analysis is based on alterations in the mPFC
and DLPFC activity relationship.

Figure 3. Intensity and duration of CBP are correlated with distinct brain areas and for
different phases of spontaneous fluctuations of CBP. A, Covariate analysis between pain intensity (mean rating of pain during scan) and brain activity for phases when spontaneous pain is
high results in a single cluster in mPFC, maximum across-subject correlation is at (⫺36, 44, 18)
(R 2 ⫽ 0.81; p ⬍ 0.01). B, Covariate analysis between pain duration (in years) and brain activity
for phases when spontaneous pain is increasing results in right anterior insular cluster, with
maximum correlation at (58, 8, ⫺2) (R 2 ⫽ 0.80; p ⬍ 0.01). C, Time courses for peak activations
in mPFC (red) and insula (black) for periods when spontaneous pain is high (left) and when
spontaneous pain is increasing (right). Across-subject mean and SEMs are shown. Activity maps
are presented in MNI space, x, y, and z coordinates in millimeters.

did not influence pain intensity and duration correlations when
used as covariates of no interest (to correct for their contribution
to total variance). The temporal properties for the activity in
these two areas (Fig. 3C) indicate that (1) the insular region correlated with pain duration is active during increases in pain
whereas mPFC region is not, and (2) the mPFC region best correlated to intensity of pain is active during high pain (for a longer
duration than the insula) and in this time period the insular
activity is transient and precedes the mPFC activity. This analysis
indicates that intensity and duration of CBP can be explained by
the differential activity for the two phases of spontaneous pain.
Relating brain atrophy and activity (study 1)
Multiple studies indicate that activity in mPFC and dorsolateral
prefrontal cortex (DLPFC) are inversely related (Mayberg et al.,
1999; Northoff et al., 2000). We demonstrated previously that
DLPFC gray matter density is decreased in CBP (Apkarian et al.,
2004b). To identify the relationship between brain activity during
spontaneous pain and DLPFC activity, specifically for the region
that shows maximal atrophy (DLPFCa), we determined correla-

Brain activity for thermal pain is distinct from activity for
sustained spontaneous CBP (study 2)
In this study, we use fMRI to explore both common and unique
brain circuitry underlying CBP and acute pain. We determined
brain responses (using a 3.0 T fMRI magnet) to thermal stimuli
applied to the back in 11 CBP patients and in 11 age- and sexmatched normal subjects and, in this new CBP patient group, we
again determined responses to ratings of spontaneous fluctuations of CBP. The experiment was performed to (1) replicate the
findings of brain activity for spontaneous pain in CBP in a second
group, (2) to directly differentiate between brain activity for
acute thermal pain and spontaneous pain of CBP, and (3) to test
that our method of using continuous ratings of perceived pain
results in brain activity corresponding to earlier studies of acute
thermal pain in normal subjects (where subjects usually passively
attend noxious stimuli) (Talbot et al., 1991; Casey et al., 1996;
Coghill et al., 1999; Apkarian et al., 2005). Normal healthy subjects’ and CBP patients’ brain activity to thermal painful stimuli
were studied using the same approach as delineated for spontaneous pain of CBP. Thermal stimulus characteristics were chosen
to approximate the properties of fluctuations of spontaneous
pain in CBP, both in intensity and range of stimulus durations.
There were no differences between CBP patients and normal controls regarding the intensity and temporal profile of thermal pain
ratings (Fig. 5A). Stimulus ratings in both groups were used to
generate a new map now in response to noxious heat for time
periods when pain ratings were high and for increasing, as well as
for spontaneous pain in CBP. Resultant brain activities are subtracted from appropriate controls, and random-effects model
used to identify brain regions involved in each condition. Brain
activity in CBP for high pain of spontaneous fluctuations of CBP
resulted mainly in mPFC activity, including the anterior cingulate at the genu, and an additional cluster of activity in the posterior parietal cortex. This, result then replicates the main observation of study 1 in a new population of CBP patients, on a different
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(higher strength) magnet. Responses to
thermal stimuli for periods when pain is
high were similar between controls and
CBP (across group t test shows no brain
activity differences), and activated mainly
bilateral insula, secondary somatosensory
cortex, cingulate cortex, and right DLPFC
(Fig. 5B), in agreement with earlier observations (Price, 2000; Derbyshire et al.,
2002; Apkarian et al., 2005). In CBP patients, conjunction analysis indicated no
overlap between activity for sustained
spontaneous pain and thermal pain. Brain
activity for increases in thermal pain
(supplemental Fig. 2, available at www.
jneurosci.org as supplemental material) Figure 4. Activity in right and left DLPFC locations with peak atrophy in CBP (Apkarian et al., 2004b), during high pain, show an
was also similar to brain activity for the inverse relationship between mPFC but not with insula. A, Across-subject correlations between brain activity for right and left
periods when thermal pain was high, and DLPFC locations with peak atrophy in CBP are negatively correlated with mPFC activity ( p ⬍ 0.01), and uncorrelated to insula
the contrast between the groups again activity ( p ⬎ 0.64), for periods when spontaneous pain is high. B, BOLD responses show early transient DLPFC activity, which
become deactivated in the period in which mPFC activity increases. Across-subject mean and SEMs are shown. C, Brain regions and
showed no difference.
correlations are depicted on the brain. Note that these relations are only true during high pain phase. All four areas are significantly
We again performed a covariate analy- positively correlated with each other during increasing phase of spontaneous CBP.
sis between pain intensity and brain activity, now for all three conditions: (1) sponsome pain conditions (sustained high spontaneous CBP) map
taneous pain of CBP, (2) thermal pain in CBP, and (3) thermal
only to mPFC activity. Multiple lines of evidence implicate paracpain in normal controls. Sustained spontaneous CBP was again
ingulate the mPFC (mPFC and rACC at the genu) in emotions
correlated only with mPFC activity (replicating the result of study
(Dolan, 2002; Phelps et al., 2004), and response conflict and de1), whereas thermal pain intensity was best correlated with insutection of unfavorable outcomes (Ridderinkhof et al., 2004). It is
lar activity in both CBP and control subjects. The reverse was also
involved in persistence of emotion after the offset of an elicitor
true: mPFC activity was not correlated with pain intensity for
(elicitor in our case is the nociceptive input), and modulates the
thermal pain in CBP and control subjects, and insular activity was
time course of emotional response, particularly recovery time
not correlated with sustained spontaneous CBP (Fig. 6). There(Davidson, 2002). In addition, rACC at the genu seems involved
fore, continuous pain ratings give rise to results that closely apwhen subjects reflect on emotions that they are currently experiproximate earlier findings for brain regions activated in acute
encing (Gusnard et al., 2001), and also in “theory of mind” tasks
pain and for brain regions coding stimulus intensity for acute
(Gallagher and Frith, 2003). Therefore, sustained activity in the
pain (Derbyshire et al., 1997; Coghill et al., 1999; Price, 2000;
region during spontaneous CBP most likely reflects a negative
Buchel et al., 2002; Apkarian et al., 2005). We also demonstrate a
emotional state in reference to the self. Multiple factors can condouble-dissociation between sensory and emotional regions of
tribute to the sustained mPFC activity after decrement of the
the brain in encoding pain intensity for acute pain in contrast to
nociceptive elicitor: (1) the nature of the pain (more unpleasant
sustained spontaneous pain, with sensory regions (especially inthan acute pain); (2) enhanced spinal prefrontal projections
sula) coding the perceived magnitude of thermal pain in both
through pathways outside the spinothalamic tract, such as spinonormal subjects and CBP patients, and the emotional region
parabrachial, spinostriatal, and spinoreticular pathways (Willis
(mPFC) coding the magnitude of spontaneous pain of CBP.
and Westlund, 1997; Gauriau and Bernard, 2002; Braz et al.,
2005), as predicted in animal models of neuropathic pain (Hunt
Discussion
and Mantyh, 2001); (3) the interaction between mPFC and
The results provide new insights regarding neural mechanisms of
DLPFCa. The DLPFC is involved in working memory (Cohen et
spontaneous pain in CBP and confirm our primary hypotheses.
al., 1997; Courtney et al., 1997); its activity is usually inversely
We observe that spontaneous pain in CBP transiently engages
related with mPFC activity (Mayberg et al., 1999; Northoff et al.,
anterior insula and other sensory-related regions seen in acute
2000), as shown for pain as well (Lorenz et al., 2002). Emotional
pain, when spontaneous pain is increasing. This is replaced by
reasoning enhances activation in mPFC and suppresses DLPFC
sustained mPFC activity as long as the pain remains high.
activity, and this pattern is reversed for emotionally neutral reaWhereas insular activity reflects chronicity of CBP, mPFC activsoning (Goel and Dolan, 2003; Levesque et al., 2003). Because
ity reflects intensity of CBP and is likely to be enhanced by atroDLPFC atrophy in CBP is related to duration and intensity of
phy in DLPFC. Moreover, we show that brain activity for susCBP (Apkarian et al., 2004b), the demonstrated relationship betained spontaneous CBP is distinct from thermal pain even
tween DLPFCa and mPFC may provide a link between brain
within the same subjects, implying that the sensory, emotional,
atrophy and sustained suffering of back pain.
and cognitive properties of spontaneous pain of CBP are very
The increasing phase of spontaneous CBP is characterized by
different from acute pain. Whether these differences are attributtransient activity in areas commonly observed for acute pain.
able to the chronicity of the condition or to the spontaneous pain
Therefore, the activity pattern during increases in spontaneous
per se remains to be explored.
pain is most likely a reflection of the properties of the nociceptive
Parts of mPFC are activated during anticipation of pain
elicitor (afferent input). Of these regions, the anterior insula ac(Porro et al., 2002), anticipation of placebo (Wager et al., 2004),
counted for 70 – 80% of the variance of duration of CBP. Studies
and when unpleasantness of acute pain is enhanced (Lorenz et al.,
show that the anterior insula is activated for pain in contrast to
2002). However, the present study is unique in showing that
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CBP are clearly distinct, and the activity in
the latter more likely are sustained
through nociceptive pathways outside of
the spinothalamic tract.
What is chronic back pain?
The current study is the latest of a series we
have been conducting to examine the
brain in CBP. Together, how do these
studies impact the current viewpoint regarding CBP? The common clinical approach to CBP is to relate its behavioral
manifestations to the site of injury. Although some CBP patients have identifiable structural or mechanical cause for
their pain, most do not (Cavanaugh and
Weinstein, 1994; Boos et al., 1995; Deyo,
1998). Given the poor association between
structural abnormalities to pain, other
nonspecific variables have been proposed
as predictors of clinical outcome, like demographics including age, gender, and education (Boos et al., 1995), psychosocial
factors such as level of depression, anxiety,
pain catastrophizing, fear and/or helplessness, job satisfaction, and environmental
reinforcers such as compensation and litigation (Greenough, 1993; Keefe et al.,
2004). Despite this long list, incorporating
these parameters accounts for a relatively
small portion of the variance of CBP (e.g.,
a previous such report can explain only
25% of the variance of intensity of back
pain) (Peters et al., 2005).
In contrast, examining CBP from the
viewpoint of the brain indicates that CBP,
regardless of whether it is secondary to
fracture, inflammatory joint disease, postFigure 5. Brain activity for spontaneous pain of CBP does not show any overlap with that of thermal pain in CBP and healthy surgical, combinations of these, or idionormal subjects. A, Average pain ratings for thermal stimulus applied to the back in CBP patients (n ⫽ 11) and matched normal
pathic (Deyo and Weinstein, 2001), precontrols (n ⫽ 11). There is no significant difference in pain ratings between the two groups. Bottom shows temperature profile of
sents a well defined set of abnormalities. It
the stimulus applied to the back. B, Random-effects average brain activity for high pain of spontaneous CBP includes mPFC and
rostral parts of the anterior cingulate. It is similar to the brain activity pattern observed for spontaneous pain in study 1 (compare is associated with a specific pattern of
Fig. 1 A) and does not encompass brain areas activated for noxious heat in CBP (middle) and matched healthy controls (right). C, brain chemical changes (Grachev et al.,
Similar brain activity patterns are seen for noxious heat applied to the back in CBP (orange) and in healthy normal subjects 2000) that are consistent with decreased
(blue). It includes the bilateral insular cortex, medial ACC, and supplementary motor areas, in addition to cerebellum and gray matter density in DLPFC (Apkarian
somatosensory regions. Activity maps are presented in MNI space, x, y, and z coordinates in millimeters. Detailed activity et al., 2004b), which in turn may account
maps for B and complete lists of activated areas are found in supplemental Figure 1 and Table 4, available at www. for heightened mPFC activity and dejneurosci.org as supplemental material.
creased ability in emotional-decision making (Apkarian et al., 2004a). These brain
parameters account for over 70 – 80% of
nonpainful touch (Price, 2000; Apkarian et al., 2005) in anticipathe
variance
for
intensity
and duration of CBP. Therefore, they
tion of pain (Ploghaus et al., 1999), pain empathy (Singer et al.,
must
be
considered
an
integral
part of the clinical state of CBP.
2004); insular lesions can lead to pain neglect-like behavior
The
present
results
show
that
spontaneous CBP engages the
(Berthier et al., 1988), and stimulation within insula evokes painemotional-mentalizing region of the brain into a state of continful experiences (Ostrowsky et al., 2002). Therefore, transient inued negative emotions (suffering) regarding the self, punctuated
sular activity during spontaneous CBP provides a sensory-related
by occasional nociceptive inputs that perpetuate the state. In
nociceptive elicitor signal, which is amplified the longer a subject
1968 it was postulated that “the frontal cortex may play a particsuffers from CBP. We also demonstrate a shift in the insula reularly significant role in mediating between cognitive activities
sponses between thermal stimuli and spontaneous pain, for the
and motivational-affective features of pain” (Melzack and Casey,
painful stimulus insula shows sustained activity that reflects per1968). The brain activity we show here for CBP identifies this
ceived intensity whereas during spontaneous pain it is only tranprefrontal circuitry. The sustained activity of which must be resiently active and does not reflect stimulus intensity. Therefore,
lated to the maladaptive psychological and behavioral cost assothe spatiotemporal properties of acute pain and spontaneous
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Figure 6. Pain intensity for spontaneous CBP and thermal pain are encoded in different brain
regions. A, Pain intensity for spontaneous pain of CBP (mean rating of pain during scan) exhibits
a significant positive correlation with mPFC activity ( p ⬍ 0.001, replicating the result shown in
Fig. 3A) and is uncorrelated with insular activity. B, Pain intensity for thermal pain in both CBP
patients and normal subjects is best correlated with insular activity ( p ⬍ 0.01) and shows no
correlation with mPFC activity (x, y, and z coordinates in millimeters).

ciated with chronic pain (Melzack and Casey, 1968; Price, 2000;
Dworkin, 2002).
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