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a b s t r a c t
Myofascial pain of the temporomandibular region (M-TMD) is a common, but poorly understood chronic
disorder. It is unknown whether the condition is a peripheral problem, or a disorder of the central nervous system (CNS). To investigate possible CNS substrates of M-TMD, we compared the brain morphology
of 15 women with M-TMD to that of 15 age- and gender-matched healthy controls. High-resolution
structural brain and brainstem scans were carried out using magnetic resonance imaging (MRI), and data
were analyzed using a voxel-based morphometry approach. The M-TMD group evidenced decreased or
increased gray matter volume compared to controls in several areas of the trigeminothalamocortical
pathway, including brainstem trigeminal sensory nuclei, the thalamus, and the primary somatosensory
cortex. In addition, M-TMD individuals showed increased gray matter volume compared to controls in
limbic regions such as the posterior putamen, globus pallidus, and anterior insula. Within the M-TMD
group, jaw pain, pain tolerance, and pain duration were differentially associated with brain and brainstem gray matter volume. Self-reported pain severity was associated with increased gray matter in the
rostral anterior cingulate cortex and posterior cingulate. Sensitivity to pressure algometry was associated
with decreased gray matter in the pons, corresponding to the trigeminal sensory nuclei. Longer pain
duration was associated with greater gray matter in the posterior cingulate, hippocampus, midbrain,
and cerebellum. The pattern of gray matter abnormality found in M-TMD individuals suggests the
involvement of trigeminal and limbic system dysregulation, as well as potential somatotopic reorganization in the putamen, thalamus, and somatosensory cortex.
Ó 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction
Temporomandibular disorders are a heterogeneous group of
clinical problems that involve the masticatory muscles, the temporomandibular joint, and the associated structures. Myofascial pain
of the masticatory region (M-TMD) is a common temporomandibular disorder that is characterized by a dull aching pain and hypersensitive regions of taut skeletal muscle ﬁber. The condition affects
approximately 10.5% of American women [19], and is most commonly seen in women of child-bearing age. Clinical signs and
symptoms involve jaw and face pain at rest that is exacerbated
by movement or palpation of the area.
While the etiology of M-TMD is not certain [1], there is evidence
of central nervous system (CNS) sensitization. Individuals with MTMD are often found to meet diagnostic criteria for ﬁbromyalgia
[25], a condition that may involve CNS sensitization. There is also
evidence for hyperalgesia and temporal summation of heat pain,
* Corresponding author. Tel.: +1 650 721 1988; fax: +1 650 725 9642.
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although it is debatable whether the increased pain sensitivity is
speciﬁc to the masticatory area [37] or present throughout the
body [47]. The latter case would suggest a facilitated processing
of pain messages in the central nervous system, perhaps manifested by neural reorganization in the brain, brainstem, and spinal
cord. The trigeminal pain system presents many sites for potential
neural dysregulation. The classic trigeminothalamocortical pathway carries nociceptive information from trigeminal ganglion in
the periphery, through spinal and brainstem nuclei, to the thalamus, and ﬁnally to the primary somatosensory cortex [31]. In particular, the trigeminal brainstem sensory nuclear complex is an
important site for craniofacial nociceptive transmission [32] and
may be a key region of neuroplasticity and central sensitization
[45].
To our knowledge, no previous studies that examine CNS abnormalities in M-TMD patients have been conducted. In this study, we
investigated possible CNS substrates of M-TMD by examining gray
matter differences in 15 M-TMD individuals and 15 healthy controls. Participants completed a magnetic resonance imaging
(MRI) session involving a high-resolution, T1-weighted, structural
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scan of the brain. Using voxel-based morphometry (VBM), regional
gray matter volume (GMV) differences between the M-TMD and
control groups were assessed.
2. Materials and methods
2.1. Subjects
Fifteen women with chronic, bilateral M-TMD were recruited
from the Orofacial Clinic at the University of California, San Francisco (demographics in Table 1). The M-TMD group had an age
range from 23 to 61 years, with a mean age of 38 (SD = 13.7) years.
All 15 individuals were examined and diagnosed with M-TMD by a
D.D.S. and board-certiﬁed TMD specialist, using standard diagnostic
criteria [33]. Pain duration ranged from 1 to 11 years (mean = 4.4 years, SD = 2.9). Inclusion criteria for the M-TMD group were: (1) at
least 18 years of age, (2) diagnosis of chronic myofascial pain syndrome of the masticatory muscles, (3) pain at least 4 times a week
in the jaw muscles for at least 12 weeks, (4) average pain severity of
4 on an 11-point scale for at least 1 h per day, and (5) pain in the
jaw, temples, face, pre-auricular area, or in the ear during rest or
function. All M-TMD participants presented with bilateral jaw pain.
The exclusionary criteria were: (1) pregnancy, (2) current opioid
use, and (3) claustrophobia, (4) moderate or severe psychiatric disorder or current use of psychiatric medications, (5) presence of
ﬁbromyalgia or other chronic pain disorder, and (6) diagnosis of
metabolic disease, coagulopathy, neurological disorder, vascular
disease, or neoplasia. Participants taking non-steroidal anti-inﬂammatory drugs or acetaminophen were asked to stop those medications at least one day prior to their study appointment.
Fifteen healthy controls were also recruited for the study. Controls were strictly age-matched to patients (within 6 months) on a
case-by-case basis. Exclusionary criteria were the same as those for
the M-TMD group, and controls were also excluded if they demonstrated any evidence of chronic pain or craniofacial pain disorder.
No healthy controls were taking prescription medications. The ﬁnal group of 30 women was 53% Caucasian, 23% Asian, 10% African-American, 10% Hispanic, and 3% other (1 Arabic individual).
One M-TMD individual was discovered to have corrupted MRI data
due to scanner error, and was excluded from all analyses. Data
from that person’s matched control were retained for analysis.
The ﬁnal subject sample size of 29 exceeded that used in most
VBM chronic pain studies, which average 21 subjects [27].
2.2. Procedures
After consenting, two measures of disease severity were collected from M-TMD patients. First, patients rated the severity of

their present jaw pain on an 11-point numerical rating scale
(NRS). Second, pressure algometry was used to obtain a behavioral
measure of disease severity. Using an analog algometer, pressure
was applied to the right masseter muscle at a rate of 1 lb/s until
the participant indicated their maximum pain tolerance. Following
the measures of disease severity, patients were prepared for scanning. Pressure algometry readings were not obtained from healthy
controls.
2.3. MR data acquisition and processing
MRI data were collected using a GE Medical Systems 3.0 Tesla
system with an 8-channel brain receiving coil. The protocol used
a fast 3D-SPGR sequence with the following parameters:
TR = 6.9 ms,
TE = 1.6 ms,
TI = 450 ms,
ﬂip
angle = 15°,
matrix = 256  256, ﬁeld of view = 25.6  25.6 cm, 156 axial slices
with 1 mm thickness, yielding a voxel size of 1  1  1 mm. The
scanning parameters provided complete coverage of the brain,
midbrain, pons, and cerebellum.
CNS abnormalities associated with M-TMD were assessed using
VBM, a process that provides whole-brain maps of regional GMV
differences between groups, and does not require a priori hypotheses. VBM processing was conducted with SPM8 (Welcome
Department of Cognitive Neurology, London, UK) in a MATLAB
(Mathworks, Sherborn, MA) environment. High-resolution images
for each participant were oriented to standard anterior and posterior commissure landmarks, and were segmented into gray and
white matter. Gray and white matter segments were then normalized across all participants into MNI stereotactic space with DARTEL [4]. The results were spatially smoothed with an 8 mm
Gaussian kernel. In order to more effectively localize gray matter
abnormalities in the brainstem (where structures are small and
closely positioned), that region was smoothed with a 3 mm kernel.
2.4. Statistical analysis
Regional differences in GMV between M-TMD individuals and
healthy controls were explored using independent samples t-tests
on all gray matter voxels (using a mask to exclude non-gray matter
regions such as white matter, dura, skull, and cerebrospinal ﬂuid).
The resulting brain and brainstem contrast map was thresholded at
a voxel-level false discovery rate (FDR) of 0.05, yielding an adjusted
critical T-score of 3.58 (uncorrected p < .0005). Furthermore, a cluster-extent, FDR-corrected signiﬁcance threshold of 0.05 was applied. To accommodate their smaller size, brainstem regions
were instead spatially thresholded with a minimum contiguous
voxel count of 30. No region-of-interest or small-volume correction analyses were performed. To identify structures showing sig-

Table 1
Patient demographics. All participants were female and presented with bilateral jaw pain.
Patient No.

Age

TMD duration (years)

Pain severity (0–10 NRS)

Algometry (lbs)

Treatments

1
2
3
4
5
6
7
8
9
10
11
12
13
14

26
29
48
47
48
51
26
23
53
61
25
25
56
26

3.5
3.5
2.5
11
3.5
3
1
Not reported
2.5
7.5
2.5
8
2
6.5

5
6
6
8
4
7
4
1
0
5
3
2
5
4

2.3
1.9
1.7
1.9
1.3
2.8
2.4
2.8
2.7
1.6
3.3
3.8
1.4
2.0

None reported
None
Cyclobenzaprine
Ibuprofen, nortriptyline, sulindac
None
None
Naproxen, cyclobenzaprine
None
Cyclobenzaprine, naproxen
Gabapentin, celecoxib, clonazepam
Amitriptyline, cyclobenzaprine
Ibuprofen, cyclobenzaprine
Gabapentin, ibuprofen, cyclobenzaprine
Cyclobenzaprine
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niﬁcant gray matter differences, we ﬁrst translated MNI coordinates to the Talairach (TAL) coordinate system using the Nonlinear
Yale MNI to Talairach Conversion Algorithm [24]. Resulting coordinates were then referenced with a Talairach atlas to provide structure names. Returns from the Talairach query were subsequently
veriﬁed using structural landmarks from the 29-participant averaged brain, together with landmark-based atlases [17,38].
A second set of analyses were performed on the patient group
only. In those individuals, regional gray matter volume was regressed against markers of disease severity and chronicity. Separate
regressions were performed for self-reported jaw pain, pressure
algometry readings, and pain duration. Analyses were performed
on the whole brain, masked for gray matter, with signiﬁcant clusters exceeding a voxel- and cluster-level, FDR-corrected 0.05.

gions of increased gray matter in M-TMD individuals. The regions
were situated bilaterally to the midline of the pons, on the ventral-most (base of the pons) surface, approximately in the region
of pontine nuclei and the middle cerebellar peduncle.
When the reverse contrast (M-TMD < controls) was conducted,
the M-TMD group was found to have only one area of lesser
GMV compared to controls. The region was located just posterior
to the central gyrus, in the primary somatosensory cortex.
3.2. Associations with pain severity and chronicity
Secondary analyses were then performed on the M-TMD group.
These analyses were designed to determine if any regional GMV
differences were associated with disease severity and chronicity.
GMV was separately regressed against: (1) self-reported jaw pain,
(2) pressure algometry, and (3) duration of illness. Four areas of
GMV were negatively associated with greater jaw pain ratings (Table 3). Individuals with greater jaw pain showed less GMV in the
right rostral anterior cingulate cortex (rACC; Fig. 3), right Brodmann Area (BA) 8, left BA22, and the right posterior cingulate
(PCC) with precuneus. No regional GMVs were positively associated with self-reported jaw pain. When regressed against pressure
algometry, only one region showed a signiﬁcant, positive relationship. That region was in the pons, in the same bilateral trigeminal
nuclei regions found in the M-TMD versus control results. Greater
GMV values in those regions were associated with higher pain tolerances (i.e., lower pain sensitivity). No regions showed a signiﬁcant, negative relationship with pressure algometry. Duration of
illness was positively correlated with GMV in the bilateral posterior cingulate, right hippocampus, bilateral midbrain (approximately located in the area of the substantia nigra), and right
middle cerebellar peduncle. No signiﬁcant negative correlations
between the duration of illness and GMV were observed.

3. Results
3.1. Patients versus controls
Total (brain, brainstem, and cerebellar) GMV’s were computed
for all individuals, and averaged separately for both the M-TMD
and control groups. M-TMD individuals had an average GMV of
683.6 mL (SD = 81.3), while controls had 672.7 mL (SD = 55.2). A
t-test revealed no overall difference in GMV between the two
groups (t(27) = 0.43, p = 0.67). Age was signiﬁcantly correlated
with total GMV (r(29) = 0.68, p < .0005), with older individuals
exhibiting less total GMV. Total GMV was regressed out in all the
subsequent analyses.
Next, region-speciﬁc differences in GMV were assessed. The MTMD group demonstrated several regions of greater GMV compared to healthy controls (Table 2). In cortical and limbic regions,
M-TMD patients showed greater GMV (Fig. 1) in the right inferior
frontal gyrus (IFG), right anterior insula, right posterior putamen,
left ventral posterior (VP) nucleus of the thalamus, right ventral
lateral (VL) nucleus of the thalamus, and right globus pallidus. In
the brainstem (pons), we found several additional regions of increased gray matter in M-TMD patients. First, on the level of the
trigeminal nuclei, we observed bilateral clusters of increased gray
matter approximately 7 mm anterior and lateral to the outside corners of the fourth ventricle, situated in regions consistent with the
trigeminal sensory and/or motor nuclei (Fig. 2). An additional signiﬁcant cluster, located anterior and medial to the right trigeminal
nuclei, was not consistent with known neuron body clusters, and
instead was situated in the areas of white matter tracks (the medial lemniscus and or spinothalamic tract). More rostral in the pons,
just caudal to the pons/midbrain junction, were two additional re-

4. Discussion
We observed several regions of neural volume abnormality in
the brain and brainstem of M-TMD individuals. The regions were
found in areas associated with the sensory and affective components of pain processing, and comprise part of the trigeminothalamocortical and limbic systems.
4.1. Trigeminothalamocortical sensory system
Because M-TMD pain occurs in an area innervated by the trigeminal nervous system, supraspinal targets of that system are

Table 2
Areas of signiﬁcant gray matter volume differences between chronic myofascial temporomandibular pain patients and matched healthy controls. All regions survived a voxellevel, whole-brain, false discovery rate (FDR)-corrected threshold of 0.05 and a FDR-corrected cluster-extent threshold of 0.05. For smaller brainstem regions, a voxel-level FDRcorrected 0.05 was used, and a minimal contiguous voxel count of 30. Regions of lesser gray matter volume in the chronic pain group are listed ﬁrst, followed by the regions of
greater gray matter volume.
Region

R inferior frontal gyrus
R anterior insula
R posterior putamen
L ventral posterior thalamus
R ventral lateral thalamus
R globus pallidus
L trigeminal sensory/motor nucleus
R trigeminal sensory/motor nucleus
R medial lemniscus
L middle cerebellar peduncle
R middle cerebellar peduncle
R primary somatosensory cortex

MNI coordinates (mm)

T score

x

y

z

+44
+43
+28
20
+13
+19
12
+14
+9
9
+7
+38

+38
+14
12
16
12
8
35
35
30
17
17
27

+4
2
+10
+3
+2
+2
34
35
34
28
25
+59

5.54
4.72
4.53
4.91
4.24
5.36
6.14
5.91
5.91
6.57
6.29
4.77

Voxel count

Direction of difference

(1  1  1 mm)

(M-TMD versus control)

487
347
253
379
367
166
40
36
182
63
76
162

Greater
Greater
Greater
Greater
Greater
Greater
Greater
Greater
Greater
Greater
Greater
Lesser

Ò

J.W. Younger et al. / PAIN 149 (2010) 222–228

225

Fig. 1. Regions of greater gray matter volume in the brains of individuals with chronic myofascial temporomandibular pain contrasted with controls. Regions of greater gray
matter volume (orange) are displayed on an MNI-normalized average of all student participant’s brain images (N = 29). All slices are axial; anterior is at top. Signiﬁcant areas
include (left pane, anterior to posterior) the right inferior frontal gyrus, right anterior insula, right globus pallidus, right thalamus, left thalamus, and (right pane) right
posterior putamen.

of special interest when exploring CNS substrates of M-TMD. The
trigeminothalamocortical system involves inputs from spinal trigeminal nuclei, which then project through brainstem sensory nuclei, to the VP nucleus of the thalamus, and ﬁnally to the primary

somatosensory cortex [31]. Human studies have conﬁrmed the
importance of these regions during the processing of acute facial
pain in humans [13]. We observed gray matter abnormalities in
several levels of the trigeminothalamocortical system.

Fig. 2. Regions of greater gray matter volume in the pons of individuals with chronic myofascial temporomandibular pain. On the top pane, regions of greater gray matter
volume (yellow) are displayed on an MNI-normalized average of all study participant’s brainstem images (N = 29). A single axial slice is shown at the level of the trigeminal
nuclei (MNI plane 25 mm from the AC/PC line). The image has been rotated 180° to match the reference image (bottom pane), with the anterior (ventral) aspects of the pons
at the bottom. Signiﬁcant clusters are seen in the bilateral sensory or motor trigeminal nuclei. A third, unilateral cluster is seen, approximately in the area of the medial
lemniscus. On the bottom pane, a reference image of the same slice and orientation is provided, with locations of major structures. Image reprinted from Rubin and Safdieh
(2007, p. 122) [38]. Reprinted with permission from the Netter Image Collection, Copyright 2007, Elsevier, Inc. All rights reserved.
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Table 3
Regional gray matter volume associations with M-TMD disease severity. Gray matter volume was regressed against (a) self-reported jaw pain, (b) pressure algometry of face pain
tolerance, and c) illness duration. All regions survived a voxel-level and cluster-level, whole-brain, false discovery rate (FDR)-corrected threshold of 0.05 (except for brainstem
structures that used a spatial extent threshold of 30 contiguous voxels).
Region

MNI coordinates (mm)

T score

Relationship with greater disease severity/duration

+15
+21
+48
+7

8.00
5.02
6.91
6.90

Decreased
Decreased
Decreased
Decreased

39
38

35
35

5.58
5.93

Decreased GMV
Decreased GMV

47
47
11
18
20
11

+15
+15
22
15
15
22

4.83
5.25
5.01
4.78
5.63
5.01

Increased
Increased
Increased
Increased
Increased
Increased

x

y

z

Jaw pain
R dorsal posterior cingulate
R rostral anterior cingulate
R superior frontal gyrus
L superior temporal gyrus

+10
+1
+1
56

68
+34
+27
44

Pressure algometry
L trigeminal nucleus
R trigeminal nucleus

14
+14

Illness duration
L ventral posterior cingulate
R ventral posterior cingulate
R hippocampus
L midbrain
R midbrain
R middle cerebellar peduncle

11
+6
+35
10
+15
+35

First, we found bilateral GMV increases in the pons, corresponding to the chief sensory nucleus of the trigeminal system. The presence of neural abnormalities in the early trigeminal system is an
important ﬁnding, as it may indicate spinal and/or peripheral nervous system dysregulations in M-TMD. Results from the pons must
be viewed cautiously, however, given the compact nature of the region, small size of the structures, and need to normalize multiple
individuals into a common space. To help mitigate some of the
problems inherent to VBM of the pons, we utilized improved normalization algorithms under DARTEL, and maintained a higher
spatial resolution.
Once leaving brainstem trigeminal nuclei, second-order projections continue to the VP thalamus, a chief relay in the trigeminal
sensory pathway [36]. The VP distributes nociceptive and other
sensory messages originating from the body and the trigeminal
system, and has been identiﬁed as a site of greater GMV in pain patients [40]. We found the M-TMD group to have signiﬁcantly greater GMV than controls in the VP thalamus, perhaps suggesting
enhanced facilitation of trigeminal sensory messages. We note,
however, that the speciﬁc aspect of the VP identiﬁed in our analyses may be lateral to the region commonly innervated with facial
sensory inputs. Research in nonhuman primates shows that the
VP demonstrates somatotopic reorganization following experimentally induced pain [9]. On the right side of the brain, the VL
thalamus demonstrated increased GMV. The location of the bilater-

GMV
GMV
GMV
GMV

GMV
GMV
GMV
GMV
GMV
GMV

ally increased thalamic GMV may indicate somatotopic adaptation
and reorganization associated with increased nociceptive signaling
from trigeminal nerves.
Once leaving the thalamus, third-order neurons project to the
primary somatosensory cortex. We found the M-TMD group to
have less GMV than controls in the primary somatosensory cortex.
Given the direct relationship between the thalamus and primary
somatosensory cortex in processing facial pain, less GMV in this region is intriguing. However, we note that the primary somatosensory cortex is only rarely reported in pain VBM studies [40], and
the region observed in our study seems to be located superior to
the expected somatotopic region of the face [21,29].
4.2. Limbic system
Chronic pain involves not only sensory, but also affective systems. We noted several limbic abnormalities in the M-TMD group,
including the basal ganglia, as well as limbic-related cortical areas
such as the anterior insula and inferior frontal gyrus.
First, GMV increases were observed in two basal ganglia nuclei:
the right putamen and right globus pallidus. Both regions contain
neurons responsive to nociceptive input, and serve the function
of preparing behavioral responses to noxious stimuli [8]. The putamen, in particular, has been found to be an important structure in
the processing of pain, and is somatotopically organized for noci-

Fig. 3. Self-reported jaw pain severity in M-TMD patients is associated with reduced regional gray matter volume. The left pane shows a region of the rostral anterior
cingulate cortex (inferior cluster) where gray matter volume is negatively associated with jaw pain (e.g., greater jaw pain associated with less gray matter volume). A single
sagittal slice is shown (x = +2). Reduced volume is also seen in the superior frontal gyrus (superior cluster). In the right pane, a scatter plot shows the relationship between jaw
pain, and gray matter volume in the rostral anterior cingulate of patients.

Ò

J.W. Younger et al. / PAIN 149 (2010) 222–228

ceptive information [5,6,18]. Gray matter increases in the putamen
have been found in chronic back pain patients [40] and chronic
vulvar pain patients [43], and PET research has indicated that
chronic face pain (burning mouth syndrome) may be associated
with decreased dopaminergic function in that region [20]. As in
the thalamus, it is possible that gray matter increases observed
in M-TMD individuals represents somatotopic reorganization associated with sustained, temporomandibular pain.
Second, M-TMD individuals were found to have greater GMV
than controls in the anterior insula. The anterior insula is a limbic-associated structure that receives inputs from the VP [34]
and is involved in the integration of emotional and bodily states.
The region appears to be critical in interoception, or the emotional
awareness of internal states [10,11], as well as the emotional aspects of the pain experience [46] and anticipation of sensation
[26]. Greater GMV in the right anterior insula has been found to
predict interoceptive accuracy of heartbeat, as well as subjective
ratings of visceral awareness [12]. These results raise the intriguing
possibility that greater GMV in M-TMD individuals may be related
to a heightened sensory experience.
Third, we observed M-TMD individuals to have greater GMV in
the right IFG. The IFG is known to demonstrate considerable functional laterality, and the right side produces neural activations
regardless of the location of noxious input [7,48]. The region of
greater volume observed in the M-TMD individuals was most closely aligned with the anterior and inferior aspects of Brodmann
area 46.
4.3. Associations with pain severity and chronicity
Self-reported jaw pain severity was associated with decreased
GMV in affect-processing regions such as the rACC and dPCC region. Reductions of GMV in the rACC are commonly reported in
chronic pain studies [27] and have been found in other chronic,
craniofacial pain disorders such as tension type headache [41]
and migraine headache [50]. The region plays a key role in the
affective aspects of pain sensation [35]. Because the rACC is also
heavily involved in many types of emotional processing [30], it
has been posited as a bridge between chronic pain and often-observed psychological comorbidities [50]. The PCC/precuneus has
also been identiﬁed as an important site in the affective experience
of pain expectation [22], perhaps particularly involved in pain
catastrophizing [44]. Interestingly, while the self-reported measure of disease severity was associated with affect-processing regions such as the rACC and PCC/precuneus, the behavioral
marker of severity (pressure algometry) was instead associated
with GMV variability in a sensory region (trigeminal nuclei in the
pons). These ﬁndings suggest that the sensory and affective components of chronic pain may involve separate neurological substrates. Longer duration of disease was also associated with
greater GMV in the PCC, albeit more ventrally. Individuals with a
longer history of disease also showed greater GMV in the hippocampus and bilateral substantia nigra, perhaps evidencing compensatory analgesic adaptations.
4.4. General comments
Our results add to a small, but growing literature that identiﬁes
speciﬁc morphological differences between individuals with and
without chronic pain conditions. Several reports now point to morphological abnormalities in the brains of individuals with chronic
pain conditions such as migraine [39], chronic back pain [3], ﬁbromyalgia [23], irritable bowel syndrome [14], and chronic tension
headache [41]. Common areas of overlap include the cingulate cortex, thalamus, basal ganglia, insula, orbito-frontal cortex, and
brainstem [27]. It is not known whether these observed brain
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abnormalities are causes or consequences of chronic pain [49].
One hypothesis is that gray matter abnormalities seen in chronic
pain patients represent the neuroplastic ‘‘chroniﬁcation” [51] or
‘‘learning” [2] of pain. It is also possible that the observed brain differences represent pre-existing vulnerabilities to chronic pain. A
third possibility is that the abnormalities are not causal in the pain
experience, and instead are simply CNS adaptations to aberrant
peripheral input. Some studies suggest that changes in peripheral
input can evoke neuroplastic changes in the brain. For example,
human VBM data show that the loss of sensory input following
limb amputation results in supraspinal adaptations in the form of
regional gray matter atrophy in the contralateral posterolateral
thalamus [15]. More relevant are recent results that show 8 days
of painful, thermal stimulation can cause regional gray matter increases in the human brain [49]. Longitudinal studies are needed
to determine what causal role CNS irregularities may play in the
development, maintenance, and experience of chronic pain.
Our results diverge from the previous studies in that we observed mostly GMV increases with chronic pain, instead of GMV decreases. One possible explanation for the different ﬁndings is that
the pain duration of our participants (mean = 4.4 years) was shorter than that commonly reported in the literature. A sampling of
pain durations in other VBM studies yielded averages of 20.6 years
[50], 14.7 years [40], 8.5 years [41], and 14.4 years [42]. Limited
evidence suggests that peripherally induced pain can increase regional GMV in humans over a short duration of time [49], and it
is possible that those regional increases may be followed by compensatory volume decreases over longer periods of time. The GMV
increases we observed may also be a particular feature of TMD
pain, and may identify a peripherally mediated pain condition versus centrally mediated ones. Currently, explanation of VBM ﬁndings is complicated by the uncertainty over what physiological
substrates underlie the observed volumetric changes. VBM technology does not allow us to differentiate changes in neuropil, dendritic and axonal branching, cortical folding, gray matter ribbon
thickness, or glia density [16,28]. Despite these limitations, our results provide evidence for the presence of meaningful CNS abnormalities in individuals with M-TMD.
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