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Chronic Back Pain Is Associated with Decreased Prefrontal
and Thalamic Gray Matter Density
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The role of the brain in chronic pain conditions remains speculative. We compared brain morphology of 26 chronic back pain (CBP)
patients to matched control subjects, using magnetic resonance imaging brain scan data and automated analysis techniques. CBP
patients were divided into neuropathic, exhibiting pain because of sciatic nerve damage, and non-neuropathic groups. Pain-related
characteristics were correlated to morphometric measures. Neocortical gray matter volume was compared after skull normalization.
Patients with CBP showed 5–11% less neocortical gray matter volume than control subjects. The magnitude of this decrease is equivalent
to the gray matter volume lost in 10 –20 years of normal aging. The decreased volume was related to pain duration, indicating a 1.3 cm 3

loss of gray matter for every year of chronic pain. Regional gray matter density in 17 CBP patients was compared with matched controls
using voxel-based morphometry and nonparametric statistics. Gray matter density was reduced in bilateral dorsolateral prefrontal
cortex and right thalamus and was strongly related to pain characteristics in a pattern distinct for neuropathic and non-neuropathic CBP.
Our results imply that CBP is accompanied by brain atrophy and suggest that the pathophysiology of chronic pain includes thalamocor-
tical processes.
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Introduction
Ten percent of adults suffer from severe chronic pain (Harstall
and Ospina, 2003). Back problems constitute 25% of all disabling
occupational injuries and are the fifth most common reason for
visits to the clinic; in 85% of such conditions, no definitive diag-
nosis can be made (Cavanaugh and Weinstein, 1994; Deyo,
1998). The impact of chronic pain on the nervous system has
been studied primarily in animal models (Woolf and Salter, 2000;
Hunt and Mantyh, 2001; Julius and Basbaum, 2001). Such stud-
ies highlight reorganization of nociceptive coding by peripheral
afferents and spinal cord neurons and provide evidence for apo-
ptosis of spinal cord cells (Whiteside and Munglani, 2001; Moore
et al., 2002; de Novellis et al., 2004). Many of these changes are
commonly observed in both inflammatory (caused by tissue in-
jury) and neuropathic (caused by neuronal injury) pain, whereas
others are specific to one type of pain or the other. Moreover,
these subtypes of chronic pain exhibit distinct clinical character-
istics (Dworkin, 2002). Although chronic pain greatly diminishes
quality of life and increases anxiety and depression (Riley et al.,

2001; Dworkin, 2002), it is assumed that the cerebral cortex pas-
sively reflects spinal changes and reverts to its normal state after
cessation of chronic pain (Price, 2000; Mendell and Sahenk,
2003). Our studies show that chronic back pain (CBP) (sustained
for �6 months) is accompanied by abnormal brain chemistry
(Grachev et al., 2000), mainly a reduction in the N-acetyl-aspar-
tate– creatine ratio in the prefrontal cortex, implying neuronal
loss or dysfunction in this region and reduced cognitive abilities
on a task that implies abnormal prefrontal processing (Apkarian
et al., 2004a). To our knowledge, no studies have yet examined
brain morphometry in chronic pain conditions.

We used structural magnetic resonance imaging (MRI) brain
scan data and two independent automated morphometry ap-
proaches to contrast brain morphology of CBP patients to
matched normal subjects. We hypothesized that neocortical gray
matter should undergo atrophy in CBP above and beyond the
atrophy associated with normal aging. This hypothesis was con-
firmed. Moreover, given our evidence for prefrontal cortical bio-
chemical and cognitive abnormalities, we also hypothesized that the
regional analysis should point to prefrontal atrophy. Previous stud-
ies have shown decreased thalamic baseline activity or decreased
thalamic responses in chronic pain conditions. Therefore, we hy-
pothesized that the thalamus should also undergo atrophy. Because
both clinical and experimental findings imply that neuropathic and
non-neuropathic chronic pain conditions may have distinct under-
lying processes, we tested for differences between these groups. The
hypothesis in this case was that neuropathic pain should have a larger
impact on the brain, which was verified.
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Our results demonstrate regionally specific reduced gray mat-
ter in patients with CBP. At the whole-brain level, this reduction
is related to pain duration, regionally depends on multiple pain-
related characteristics, and is more severe in the neuropathic sub-
type. Therefore, these data present strong evidence that the
pathophysiology of chronic pain includes cortical processes, and
the observed changes likely constitute the physical substrate of
the cognitive and behavioral properties of chronic pain.

Materials and Methods
Subjects. We compared 26 CBP patients with 26 matched normal volun-
teers, after obtaining informed consent. Patients fulfilled the Interna-
tional Association for the Study of Pain (IASP) criteria for CBP (Merskey
and Bogduk, 1994) and were diagnosed in accordance with recent guide-
lines (Deyo and Weinstein, 2001). Diagnosis was performed by experi-
enced clinicians (R.M.L., R.N.H.) based on history, general physical
exam, and detailed neurological exam, especially sensory, motor, reflex,
and gait examinations. Briefly, all CBP patients had unrelenting pain for
�1 year, primarily localized to the lumbosacral region, including but-
tocks and thighs, with or without pain radiating to the leg. Some CBP
patients also indicated presence of pain outside this region (for example,
in the upper back); they were considered to have CBP only if the main
source of pain was lumbosacral (see Fig. 3B). We did not distinguish the
source of CBP, which may be caused by various etiologies, such as frac-
ture, inflammatory joint disease, postsurgical factors, combinations of
these, or idiopathic factors (Deyo and Weinstein, 2001). The clinical data
indicated that 15 of 26 subjects (55%) had musculoskeletal diagnoses,
five (20%) had pure radiculopathy, and six (26%) had a mixture of
musculoskeletal and radiculopathic pain. Pairwise matching was done
for gender, age (�2 years, except in two subjects in which match was
within �5 years), and scan sequence. CBP patients were divided into
neuropathic and non-neuropathic subtypes, based on symptoms of
damage to the sciatic nerve, using IASP criteria (Merskey and Bogduk,
1994). Neuropathic CBP patients were those with significant radiculop-
athy, with or without the presence of musculoskeletal pain (i.e., a large
component of the back pain was from unilateral leg pain (�40%)]; in
some this radiated to the foot or toes and was accompanied by numbness
or paresthesias or by reduced straight leg raising and motor sensory or
reflex changes. In non-neuropathic CBP, the leg pain component of
CBP was deemed minimal (supplemental Table 1, available at www.
jneurosci.org as supplemental material).

Brain scans. We performed anatomic T1-weighted MRI brain scans
using two slightly different three-dimensional fast low-angle shot se-
quences, “no-flow” and “fast” paradigms, on a 1.5 T scanner. The fast
protocol uses interpolation in the slice direction. The result is a 2-mm-
thick slice interpolated to a 1 mm thickness, imaging parameters were:
repetition time (TR), 15 msec; echo time, 5.6 msec; flip angle, 20°; matrix,
256 � 256; and a field of view of 240 mm, with 160 mm coverage in the
slice direction. In no-flow sequence, slices are acquired at 1 mm slice
thickness using a presaturation pulse to decrease ghosting artifacts in the
temporal lobes, and imaging parameters use a TR of 22 msec.

Morphometry. The brain images were used to calculate normalized
cortical gray matter volume, skull-normalized to a standard brain, ex-
cluding the cerebellum, deep gray matter, and brainstem, and used to
calculate normalized lateral ventricular volumes using a mask designed
for this purpose. These measures were derived by the cross-sectional
version of the SIENA software, SIENAX, which uses automated brain
extraction and tissue segmentation software (www.fmrib.ox.ac.uk/fsl),
yielding an estimate of total brain tissue volume (Smith et al., 2002).
Extracted magnetic resonance (MR) images are registered to a canonical
image in standardized space to provide a spatial normalization factor.
The final skull-normalized neocortical gray matter volume compensates
for body-mass variations between subjects. Because SIENAX output is
insensitive to scan parameters (Smith et al., 2002) and our results with
no-flow scans and fast scans showed no significant differences, we com-
bined results from both scan types.

Regional gray matter density was assessed with voxel-based mor-
phometry (VBM) using the optimized method and statistical nonpara-

metric mapping analysis (Ashburner and Friston, 2000; Good et al.,
2001a). VBM was performed using SPM99 software (www.fil.ion.
ucl.ac.uk/spm), and the SnPM toolbox was used for nonparametric anal-
ysis (Nichols and Holmes, 2002). The technique has been validated with
independent region of interest measurements (Vargha-Khadem et al.,
1998; Maguire et al., 2000; Richardson et al., 2004). Images are first
normalized into a standard space and then segmented. To correct for
nonlinear spatial normalization, voxel values are multiplied by the Jaco-
bian determinants of the spatial normalization. Resultant values reflect
absolute amounts (volume in arbitrary units) of gray matter. The nor-
malized segments are smoothed with a 12 mm full width at half maxi-
mum Gaussian kernel in all three dimensions for parametric analysis and
only within plane for nonparametric analysis. Global differences in gray
matter density were treated as confounds and were removed to ensure
that differences pertained to regional rather than global changes in gray
matter. VBM analysis is sensitive to MR scan parameters. Our analysis
indicated that results from fast scans were inferior to those obtained by
no-flow scans. The no-flow scans include a saturation band inferior to
the volume acquisition to reduce artifacts caused by inflowing blood. In
addition, the no-flow data were acquired at a 1 mm slice thickness,
whereas the fast scans were acquired at 2 mm and interpolated to 1 mm.
Therefore, we only contrasted VBM results for no-flow scans. Regional
changes in gray matter were assessed nonparametrically to allow rigorous
cluster-based comparisons of significance. Statistical nonparametric
maps were generated using a two-group, one-scan-per-subject permuta-
tion analysis (Nichols and Holmes, 2002), in which pseudo t statistical
analysis was performed over the entire brain. Permutation-based cluster-
level inference was also done to assess significance of cluster size. Group
differences were tested against 1000 random permutations, which inher-
ently accounts for multiple comparisons. Because we observed a thalamic
decrease in gray matter density that did not pass the whole-brain
multiple-comparison threshold, we repeated the nonparametric com-
parison after spatially limiting the analysis to data within the thalami.
Regional gray matter densities were obtained from the first eigenvariate,
for a 5 mm radius sphere at the peak of interest, which accounted for
�99% of the variance. White matter changes between CBP subjects and
controls were not analyzed, because segmentation of subcortical gray
matter is not very precise and can result in contaminating white matter
volume estimates with gray matter and ventricular volumes. Similar con-
taminants may obscure estimates of ventricular volumes as measured by
VBM. For this reason ventricular volumes were only measured by
SIENAX, coupled with a specific mask.

Pain characteristics. Patients completed McGill pain questionnaire
short forms (Melzack, 1987) to derive scalars for sensory and affective
dimensions of CBP. Anxiety and depression traits were determined by
questionnaires (Beck and Steer, 1993a,b), and intensity of pain was as-
sessed on a visual analog scale (0 � no pain, 10 � maximum imaginable
pain) on scan day. Duration of CBP pain was measured in years, and drug
consumption was calculated using a validated Medication Quantifica-
tion Scale (MQS) (Middaugh et al., 1987), which reduces drugs used for
different durations and doses to a single scalar. These characteristics were
related to brain morphometry either by linear correlations or in multiple
linear regression models with stepwise elimination (supplemental Table
2, available at www.jneurosci.org as supplemental material).

Results
Cortical gray matter volume
Skull-normalized whole-brain neocortical gray matter volume
(excluding the cerebellum, deep gray matter, and brainstem;
SIENAX analysis) was 528 � 44 cm 3 (mean � SD; n � 26) in the
CBP brain and 559 � 42 cm 3 (n � 26) in controls, matched for
age, sex, and scan type (Fig. 1A). The 30 cm 3 difference in gray
matter volume, a 5.4% decrease, was highly significant (paired t
test � 3.7; p � 0.001). A similar measure was derived from the
VBM regional analysis: whole-brain mean gray matter density
per voxel (VBM modulation analysis). This measure showed a
5.9% decrease in overall gray matter density (0.251 � 0.031 in
CBP subjects; 0.267 � 0.027 in controls; n � 17 pairs; paired t
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test � 2.28; p � 0.04). Whole-brain cortical gray matter volume
correlated with age in both groups (CBP subjects, age depen-
dence slope � –2.9 cm 3, 0.5%; controls, slope � –2.8 cm 3, with
r 2 � 0.6, p � 0.001 in both groups) (Fig. 1A). Thus, the age-
associated decrease in neocortical gray matter volume was 2.8
cm 3 (0.5%) per year in both groups. This value closely agrees
with previous estimates of age-dependent gray matter atrophy
(Good et al., 2001a; Resnick et al., 2003).

Multiple linear regression indicated that whole-brain gray
matter volume in CBP depended on age, gender, and pain dura-
tion (F(3,20) � 28.6; p � 10�5), where pain duration had a � �
�0.33 ( p � 0.008) showing that pain duration was a significant
predictor after correcting for age and gender. Consistent with
previous studies (Good et al., 2001a,b), age and gender were also
strong predictors of gray matter volume in normal subjects.
Therefore, we corrected for these confounds and then compared
the gray matter volume between controls and CBP patients (Fig.
1B). The resultant gray matter volume was 663 � 27 cm 3 in
controls and 590 � 28 cm 3 in CBP patients, reflecting an 11%
decrease. Mean gray matter volume was not different between
neuropathic (nuCBP) and non-neuropathic (non-nuCBP) sub-
types, but dependence on pain duration was only significant in
nuCBP, with corrected gray matter volume decreasing by 1.3 cc
(0.2%) per year of chronic pain.

Regional gray matter density
Regional specificity of brain gray matter changes was assessed
nonparametrically (Ashburner and Friston, 2000), using opti-
mized voxel-based morphometry (Friston et al., 1995; Good et
al., 2001a; Nichols and Holmes, 2002). The dorsolateral prefron-
tal cortex (DLPFC), bilaterally, was the main region that showed
local decreased gray matter density in CBP subjects relative
to controls (Fig. 2A) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). In the left hemisphere,
the region contained two distinct peaks [x, y, z coordinates (in
millimeters), �35, 4, 55; pseudo-tmax � 6.38, p � 0.003; cluster
size � 25.3 cm 3, p � 0.003; with a second peak at �24, 5, 59;
pseudo-tmax � 5.75, p � 0.006], and a single peak was seen in the
right hemisphere [x, y, z, 34, 18, 53; pseudo-tmax � 5.1, p � 0.034;
cluster size � 19.0 cm 3, p � 0.005].

Because of the importance of the thalamus in mediating no-
ciceptive inputs to the cortex, and because of repeated reports of
decreases in thalamic activity in human brain imaging studies, a
separate nonparametric analysis was performed for the thalamus
in which the statistical comparison was performed for the space
limited by the thalami. The right anterior thalamus showed a
significant decrease in gray matter density in CBP subjects [x, y, z,
14, �18, 16; pseudo-tmax � 4.3, p � 0.007; cluster size � 2.3 cm 3,
p � 0.01] (Fig. 2B) (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). The left thalamus also
shows decreased gray matter density; however, this decrease
did not pass cluster threshold (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). No significant in-
creases in regional gray matter density in CBP were observed.

For the three highly significant DLPFC peaks (showing the
largest amount of cortical atrophy), the first eigenvariate of gray
matter density was calculated, for a 5-mm-radius sphere, across
subjects. Comparisons of dependence of this regional index of
gray matter density on brain region (three locations) and on CBP
(nuCBP, non-nuCBP, and controls) with a two-way (repeated
measures for subjects) ANOVA indicated no significant differ-
ences between brain regions ( p � 0.9) and a large difference for
presence and subtype of pain (F(2,93) � 26.5; p � 10�6). Planned
comparisons between controls and CBP patients (F(1,93) � 64.5;

Figure 1. Decreased whole-brain cortical gray matter volume in CBP subjects. Skull-
normalized neocortical gray matter volumes are shown for CBP subjects and matched control
subjects. A, Gray matter volumes as a function of age. The difference in intercepts corresponds to
an average decrease of 30 cm 3 in gray matter volume in CBP compared with the normal sub-
jects. B, Gray matter volumes as a function of pain duration, after correcting for age and gender.
Individual control subjects are shown at pain duration � 0. nuCBP and non-nuCBP CBP patient
data are presented separately. The horizontal line is the mean volume for controls. Individual
whole-brain gray matter volumes in CBP subjects are all below the mean volume for controls.
Group-averaged gray matter volumes (mean � SEM) are shown in the right bar graph, before
(top) and after (bottom) correcting for age and gender. Lines are best linear fits for each group.

Figure 2. Regional gray matter density decreases in CBP subjects. A nonparametric compar-
ison of voxel-based morphometry between CBP and control subjects is shown. A, Gray matter
density is bilaterally reduced in the DLPFC. The result is from a VBM permutation-based
pseudo-t test and voxel-level contrasts when all brain gray matter voxels were compared be-
tween controls and CBP subjects. Pseudocolor highly positive values indicate regions where
gray matter density was reduced in CBP subjects (controls � CBP). B, A nonparametric com-
parison spatially limited to the thalami revealed a significant decrease in gray matter density in
the right anterior thalamus. A slice at the peak of decreased thalamic gray matter is shown.
Pseudo-t values are color coded; range is 3– 6.
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p � 10�6) and between nuCBP and non-nuCBP subgroups were
highly significant (F(1,93) � 12.7; p � 0.0006); the average decrease in
DLPFC gray matter density was 14% in non-nuCBP subjects and
27% in nuCBP subjects relative to controls. Thus, within the DLPFC
nuCBP patients show larger decreases in gray matter density than
non-nuCBP patients (Fig. 3A).

Given that the three DLPFC regions did not differ in gray
matter density, we examined their relationship to pain character-
istics as a group. Across regions, DLPFC gray matter density in-
dex for all CBP, or for subtypes of CBP, was significantly or
borderline significantly negatively correlated with measures di-
rectly related to pain [the intensity and duration of pain and
sensory and negative-affective dimensions of CBP (p � 0.1)] and
with age and gender but not with anxiety, depression, or drug use.
In contrast, the eigenvariate for the right thalamus peak was sig-
nificantly negatively correlated only with pain duration. To dif-
ferentiate further the relationship between regional gray matter
and pain characteristics, we subtracted the gray matter index of
CBP subjects from corresponding controls. This index of change
in DLPFC gray matter, which removes age and gender con-
founds, was regressed with pain characteristics that best distin-
guish CBP subjects from controls (pain intensity, duration, and
sensory and affective dimensions of CBP). Across all CBP, the
combination of sensory and negative-affective dimensions of
CBP predicted DLPFC gray matter change (F(2,48) � 5.3, p �
0.007; affect � � 0.47, p � 0.004; sensory � � �0.45, p � 0.006).
When CBP was subdivided into its subgroups, we observed dif-
ferential relationships. In nuCBP subjects, pain intensity, dura-
tion, and negative affect predicted DLPFC gray matter change
(F(3,29) � 6.2, p � 0.002; pain intensity � � �0.64, p � 0.0007;
affect � � 0.62, p � 0.0009), whereas in non-nuCBP subjects all
four pain characteristics contributed to DLPFC gray matter
change (F(4,13) � 12.3, p � 0.0002; pain intensity � � 1.48, p �
0.0002; pain duration � � 1.44, p � 0.007; affect � � �1.97, p �
0.0018). Thus, regional gray matter changes are strongly and spe-
cifically related to pain characteristics, and this pattern is oppo-
site for neuropathic compared with non-neuropathic types. This
dissociation is consistent with extensive clinical data showing
that neuropathic pain conditions are more debilitating and have
a stronger negative affect (Dworkin, 2002), which may be directly
attributable to the larger decrease in gray matter density that we
observe in the DLPFC of nuCBP patients.

Lateral ventricular volume
We also measured skull-normalized vol-
umes of the lateral ventricles, using a spe-
cially designed mask to isolate these struc-
tures (SIENAX analysis). There was no
difference in normalized lateral ventricu-
lar volume between CBP subjects and con-
trols (mean � SD was 21.2 � 8.2 cm 3 in
CBP and 20.5 � 7.6 cm3 in controls; paired
t test � 0.34; p � 0.7). There were, how-
ever, significant positive correlations be-
tween lateral ventricle size in CBP and pain
intensity and between sensory and
negative-affective dimensions of CBP
( p � 0.05). The change in lateral ventricle
size (CBP – control) was also positively
correlated with sensory and negative-
affective dimensions of CBP ( p � 0.05).

Discussion
This is the first study showing brain mor-

phometric abnormalities in chronic pain. One other study exam-
ined morphometry in pain conditions (Matharu et al., 2003), in
which migraine patients were contrasted to normal subjects, and
no significant differences were found. We observe decreased
global cortical gray matter with two independent approaches,
with both assessments showing a similar amount of overall neo-
cortical brain volume decrease in CBP. We refer to the global and
regional decreases in gray matter as atrophy. This is based on the
close agreement between the two measures used for estimating
global gray matter decrease: the validation of VBM by manual
measures and by alternate MRI measures of local gray matter
decreases (Vargha-Khadem et al., 1998; Maguire et al., 2000; Ri-
chardson et al., 2004). It should be qualified, however, that only
direct histological analysis can unequivocally confirm cellular at-
rophy. Given that normal whole-brain gray matter atrophy is
0.5% per year of aging and that atrophy caused by CBP is 5–11%,
the magnitude of brain gray matter atrophy caused by CBP is
equivalent to 10 –20 years of aging. However, this analogy only
holds for the overall magnitude, because the regional specificity
of atrophy in CBP is distinct from that seen with aging (Good et
al., 2001a; Resnick et al., 2003).

After correcting for age and gender, individual CBP whole-
brain gray matter volumes were lower than the mean of controls.
Moreover, only 18% of whole-brain gray matter variance could
be explained by pain duration. Therefore, a large portion of the
whole-brain atrophy in CBP cannot be accounted for by the mea-
sured pain characteristics, implying that there may be genetic
(Zubieta et al., 2003) and experiential (Perkins and Kehlet, 2000)
predispositions contributing to the observed atrophy. In the
DLPFC, a larger proportion of the variance could be explained by
pain characteristics (40% for nuCBP; 80% for non-nuCBP), im-
plying a tighter relationship between regional brain atrophy and
perceived pain. Therefore, we suggest that the pattern of brain
atrophy is directly related to the perceptual and behavioral prop-
erties of CBP.

What does the regional pattern of atrophy imply? The ob-
served regional pattern of atrophy is distinct from that seen in
chronic depression or anxiety (Bell-McGinty et al., 2002;
Almeida et al., 2003; Yamasue et al., 2003) and shows a minimal
relationship with anxiety and depression traits. Thus, it seems to
be specific to chronic pain, especially because the regions show-
ing atrophy, the thalamus and DLPFC, participate in pain per-

Figure 3. DLPFC gray matter density as a function of subtypes of CBP. A, DLPFC gray matter density is highest in controls and
lowest in neuropathic patients. Gray matter density is in arbitrary units derived from regional eigenvariates. B, Somatotopy of pain
is shown on the figurines to the right, for subtypes of CBP. Color code is the number of subjects localizing their pain to indicated
body site. Only the 17 CBP patients used in VBM are shown. The remaining CBP patients had a similar somatotopy for CBP.
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ception. The DLPFC is activated in acute pain, with responses
that do not code stimulus intensity (Coghill et al., 1999). Recent
evidence suggests that the DLPFC exerts “top-down” inhibition
on orbitofrontal activity, limiting the magnitude of perceived
pain (Lorenz et al., 2003). Thus, DLPFC atrophy may lead to a
disruption of its control over orbitofrontal activity, which in turn
is critical in the perception of negative affect in general (Small,
2002; Goel and Dolan, 2003) and particularly in pain states
(Price, 2000; Apkarian et al., 2004b). Thalamic atrophy in CBP is
important, because it is a major source of nociceptive inputs to
the cortex (although the peak decrease in gray matter seems more
anterior than the medial thalamic target of spinothalamic termi-
nations), and damage to this region may be a reason for the
generalized sensory abnormalities commonly associated with
chronic pain (Moriwaki and Yuge, 1999; Rommel et al., 2001;
Fishbain et al., 2003; Giesecke et al., 2004). Moreover, the tha-
lamic atrophy that we observe provides an explanation for re-
peated reports of decreased baseline and stimulus-evoked activity
and for abnormal chemistry within the thalamus for diverse
chronic pain states (Apkarian et al., 2004b). The dorsal anterior
cingulate is shown to be specifically involved in pain affect in
normal subjects and exhibits decreased nociceptive signaling in
various chronic pain states (Apkarian et al., 2004b), which may
again be caused by thalamic atrophy because the anterior thala-
mus is a primary input to the anterior cingulate. Therefore, we
suggest that regional atrophy dictates the brain activity observed
in chronic pain, and it may explain the transition from acute to
chronic pain by shifting brain activity related to pain affect away
from the anterior cingulate to orbitofrontal cortex.

It is possible that some of the observed decreased gray matter
reflects tissue shrinkage (changes in extracellular space and mi-
crovascular volume may cause tissue shrinkage without substan-
tially impacting neuronal properties), implying that proper treat-
ment would reverse this portion of the decreased brain gray
matter. The atrophy may be also attributable to more irreversible
processes, such as neurodegeneration, which we favor because
the main brain region involved (the DLPFC) also exhibits de-
creased N-acetyl-aspartate (Grachev et al., 2000), and decreased
N-acetyl-aspartate has been observed in most neurodegenerative
conditions, implying that it may be a marker for cell density in the
brain (Salibi and Brown, 1998), and because spinal cord neurons
undergo apoptosis in rats with neuropathic pain (Whiteside and
Munglani, 2001; Moore et al., 2002; de Novellis et al., 2004).
Similarly, within the thalamus, abnormal chemistry and de-
creased baseline and stimulus-evoked activity are all consistent
with the notion that this region may undergo atrophy. We do not
know the specific elements within the thalamus and DLPFC un-
dergoing atrophy; and whether they involve projecting neurons,
interneurons, or both, as well as glia, and in what proportions. In
the spinal cord, the evidence suggests that mainly GABAergic
inhibitory interneurons undergo apoptosis. Extrapolating from
this evidence, we assume that at the supraspinal level as well,
atrophy impinges primarily on interneurons. Recent evidence
also suggests that after nerve injury, some components of pain
behavior are a consequence of hyperactivity of spinal cord micro-
glia (Tsuda et al., 2003), and a histological study has shown a
reduction in glial numbers in the cortex in major depressive dis-
order and bipolar disorder (Ongur et al., 1998). Thus, changes
in glial numbers may be important in the atrophy we observe
in CBP as well; this remains to be determined. Because the
relationship between DLPFC gray matter decrease and pain
parameters is distinct for subtypes of CBP, it is likely that the

extent of involvement of different cellular types will also vary
with type of chronic pain.

Independent methods were used for determining global brain
gray matter volume to increase our confidence with the observed
results. We also used nonparametric analysis of VBM mainly
because this circumvents Gaussian distribution assumptions
necessary for proper calculation of cluster threshold in paramet-
ric VBM, and because the approach directly compensates for
multiple-comparison correction. We controlled for drug con-
sumption in CBP by using a unitary scale, which showed no
relationship to global or local measures of gray matter. However,
the implications of this negative result are not clear, because the
tool we used (MQS) reduces multiple drugs with multiple doses
to a unitary scale and thus may obscure effects of some drugs by
others. More-specific drug effects on brain gray matter might be
uncovered if drugs used by CBP patients are parceled into sepa-
rate categories and then related to brain morphometry. Such a
study would require a much larger cohort (we do not have
enough subjects in any particular category in the current study).
We should also state that the current study was cross-sectional in
design, which can uncover relationships but not establish causal-
ity. To achieve the latter, a longitudinal design is necessary. Our
results indicate that the type of CBP is relevant to brain atrophy.
In future studies, it will be important to delineate clinical syn-
dromes of CBP into multiple more-homogeneous categories, be-
cause this may further parcel the location and degree of changes
of brain volume and density.

Given that, by definition, chronic pain is a state of continuous
persistent perception with associated negative affect and stress, a
parsimonious mechanistic explanation for the decreased gray
matter is overuse atrophy caused by excitotoxicity and inflamma-
tory agents (Brown and Bal-Price, 2003; Mattson, 2003), poten-
tiated by predisposing factors. We cannot rule out the contribu-
tion of possible lifestyle differences between the patients and
control subjects to the observed differences in gray matter. How-
ever, we can assert the coexistence of theoretically independent
effects (i.e., group differences in global and local brain gray mat-
ter volumes) determined by two independent methods (the asso-
ciation between global and regional densities with pain duration
within the patient group and the association between regional
densities and pain parameters within the patient group that also
distinguishes between subtypes of CBP) that provide compelling
evidence for the importance of the observed morphometric
changes in the pathophysiology of CBP. We hypothesize that
atrophy of the brain circuitry involved in pain perception may
dictate the properties of the pain state, such that as atrophy of
elements of the circuitry progresses, the pain condition becomes
more irreversible and less responsive to therapy.
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