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Brief Communications

Brain Gray Matter Decrease in Chronic Pain Is the
Consequence and Not the Cause of Pain
Rea Rodriguez-Raecke,1 Andreas Niemeier,2 Kristin Ihle,1 Wolfgang Ruether,1 and Arne May1
Departments of 1Systems Neuroscience and 2Orthopaedics, University Medical Center Hamburg Eppendorf, D-20246 Hamburg, Germany

Recently, local morphologic alterations of the brain in areas ascribable to the transmission of pain were reported in patients suffering
from chronic pain. Although some authors discussed these findings as damage or loss of brain gray matter, one of the key questions is
whether these structural alterations in the cerebral pain-transmitting network precede or succeed the chronicity of pain. We investigated
32 patients with chronic pain due to primary hip osteoarthritis and found a characteristic gray matter decrease in patients compared with
controls in the anterior cingulate cortex (ACC), right insular cortex and operculum, dorsolateral prefrontal cortex (DLPFC), amygdala,
and brainstem. We then investigated a subgroup of these patients (n ⫽ 10) 6 weeks and 4 months after total hip replacement surgery,
monitoring whole brain structure. After surgery, all 10 patients were completely pain free and we observed a gray matter increase in the
DLPFC, ACC, amygdala, and brainstem. As gray matter decrease is at least partly reversible when pain is successfully treated, we suggest
that the gray matter abnormalities found in chronic pain do not reflect brain damage but rather are a reversible consequence of chronic
nociceptive transmission, which normalizes when the pain is adequately treated.

Introduction
Structural neuroimaging has begun to provide insights into the
pathophysiology of pain syndromes. Several independent studies
have suggested a decrease in gray matter in pain-transmitting
areas in chronic pain patients (May, 2008). Altered brain morphology in areas related to pain processing are described in patients with phantom pain (Draganski et al., 2006), chronic back
pain (Apkarian et al., 2004; Schmidt-Wilcke et al., 2006), fibromyalgia (Kuchinad et al., 2007; Schmidt-Wilcke et al., 2007; Hsu
et al., 2009), complex regional pain syndrome (Geha et al., 2008),
irritable bowl syndrome (Davis et al., 2008), tension-type headache, and migraine (Schmidt-Wilcke et al., 2005, 2008; Kim et al.,
2008; Valfrè et al., 2008). Some authors discuss these data as
atrophy, reinforcing the idea of damage or loss of brain gray
matter (Apkarian et al., 2004; Rocca et al., 2006; Kuchinad et al.,
2007; Kim et al., 2008). This interpretation is supported by the
fact that most studies found a more or less significant correlation
between brain gray matter changes and duration of pain (Apkarian
et al., 2009). However, the exact process underlying these structural changes remains obscure and cell atrophy or synaptic loss as
well as simple decreases in cell size or blood volume has also been
suggested as possible explanations (Draganski and May, 2008;
May, 2008). Independent of the exact nature of these changes, it is
now generally accepted that chronic pain patients have a decrease
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in gray matter in common, and while the exact loci differ between
groups, there seems to be overlap in the cingulate cortex, insula,
and dorsolateral prefrontal cortex (DLPFC) (Apkarian et al.,
2004; Schmidt-Wilcke et al., 2005, 2006; Draganski et al., 2006;
Kuchinad et al., 2007). These regions function as multi-integrative structures during the experience and the anticipation of
pain. Considering that pain is a universal experience, it is not
understood why only a relatively small proportion of humans develop a chronic pain syndrome. The question arises whether in some
humans a structural difference in central pain-transmitting systems
may act as a diathesis for chronic pain (Teutsch et al., 2008; May,
2009a). In the course of chronification, numerous modulatory
mechanisms, such as effects at the nociceptor level, sympathetically
maintained pain, the “wind-up” phenomenon, central sensitization,
and changes in descending and ascending central modulatory mechanisms for the perception of pain have been postulated and altogether addressed as “neuronal plasticity” (Woolf and Salter, 2000).
Some recent data suggest that structural changes of the brain may be
added to this list (May, 2009b). There are no conclusive data regarding the cause of the different cortical and subcortical morphological changes that have been observed in chronic pain
states, although the appearance of gray matter changes in phantom pain due to amputation (Draganski et al., 2006) and spinal
cord injury (Wrigley et al., 2009) strongly suggests that the morphological changes are, at least in part, secondary to constant
pain. Unfortunately, all available studies compared cohorts of
patients and therefore no statement can be made with regard to
dynamic changes.
Focusing on this aspect, we evaluated changes in brain structure using high-field magnetic resonance imaging (MRI) in 32
patients with unilateral primary hip osteoarthritis (OA) and severe permanent hip pain that were scheduled for total hip replacement (THR) surgery. The pain in hip OA is the only chronic
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Table 1. Demographic details of 10 patients with primary hip osteoarthritis undergoing total hip replacement surgery
V

Sex

Age
(years)

Pain score
before surgery

Pain duration
(years)

Side of
pain

Pain medication
before surgery

Type of
medication

Pain score
after surgery

Pain medication
after surgery

1
2
3
4
5
6
7
8
9
10

M
F
F
F
M
M
M
F
F
F

66
74
66
60
66
49
80
72
44
69

80
90
80
70
60
90
50
75
60
40

4
1
4
18
1
8
3
1
3
5

R
R
R
R
L
L
L
L
L
R

Yes
No
Yes
Yes
Yes
Yes
No
Yes
No
Yes

Diclofenac
n.a.
Diclofenac
Ibuprofen
Diclofenac
Acemetacin, Sulfasalacin
n.a
Ibuprofen, Verapamil
n.a
Diclofenac

0
0
0
0
0
0
0
0
0
0

No
No
No
No
No
No
No
No
No
No

Pain score is given as values of a numerical rating scale anchored at 0 ⫽ no pain and 100 ⫽ worst pain ever. M, Male; F, female; R, right; L, left; n.a., not applicable.

Table 2. Significant changes in gray matter density in patients with chronic pain due to primary hip osteoarthritis
Patients ⬍ controls
MNI coordinates

Testing periods 1, 2 ⬍3
MNI coordinates

Anatomical location

x

y

z

p

Peak t score

Number of voxels

x

y

z

p

Peak t score

Number of voxels

L anterior cingulate cortex
R amygdala
R DLPFC
L midcingulate cortex
R insular cortex
L insular cortex
Brainstem
L medial temporal gyrus/S2
R anterior cingulate cortex
L midorbital gyrus
R midorbital gyrus
R superior frontal gyrus/area 6
R medial temporal pole
R cerebellum
R superior medial gyrus
R area 2/S1

⫺4
28
23
⫺11
51
⫺41
2
⫺62
12
⫺9
6
21
27
18
9
54

39
1
49
⫺14
17
26
⫺30
⫺17
23
24
62
⫺6
9
⫺43
66
⫺32

3
⫺15
38
35
1
4
⫺48
0
24
⫺22
⫺12
59
⫺42
⫺33
13
53

0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

4.48
3.31
3.79
4.02
5.38
4.02
3.72
4.07
4.19
4.65
5.10
4.13
3.69
4.64
4.17
3.92

3401
4
226
75
4468
287
20
1201
326
1248
776
166
49
1544
244
161

⫺2
28
23
⫺17
36
⫺44
0
⫺58
2

34
0
31
⫺18
9
27
⫺28
⫺5
33

0
⫺13
40
50
1
⫺13
⫺42
⫺10
1

0.007
0.001
0.008
0.007
0.004
0.010
0.008
0.012
0.009

2.75
3.83
2.64
2.75
2.99
2.53
2.68
2.47
2.39

813
11,161
877
219
11,161
712
1063
493
813

The changes are tabulated in terms of the brain region and the corresponding Brodmann’s area. The x, y, z coordinates are according to the Montreal Neurological Institute (MNI) atlas. Each location is the peak within a cluster (defined as
the voxel with the highest z score). The left side of the table (“patients ⬍ controls”) lists significant decreases of gray matter between patients and controls with a statistical threshold set at p ⬍ 0.001 uncorrected. The right side of the table
(“testing periods 1, 2 ⬍3”) lists corresponding areas showing a gray matter increase in 10 pain-free patients at the third scanning period 12–18 weeks after total hip replacement surgery, as compared to the first (preoperative) and second
(6 weeks post surgery) scans ( p ⬍ 0.05 uncorrected). R, Right side; L, left side.

pain syndrome which is principally curable, as 88% of these patients are regularly free of pain following THR (Nikolajsen et al.,
2006). We therefore investigated a subgroup of these patients
(n ⫽ 10) after successful THR and monitored structural brain
changes after ⬃6 weeks and 4 months, focusing on possible increases of gray matter over time.

Materials and Methods
Volunteers
Thirty-two patients with unilateral primary hip OA (18 with pain on the
right side, 14 with pain on the left side) were recruited (mean age 66.8 ⫾
9.0 years, 19 female) and compared with an age- and gender-matched
healthy control group (mean age 63.9 ⫾ 8.8 years, 19 female). All patients
with primary hip OA had a pain history of longer than 12 months, ranging from 1 to 33 years (mean 7.35 years). We also assessed any occurrence
of minor pain events, including toothache, earache, and headache up to
4 weeks before the study. None of the patients or volunteers had any
neurological or internal medical history, and three patients showed mild
to moderate depressive symptoms according to Beck’s Depression Inventory (BDI), but none qualified for major depression or other psychiatric diseases according to the Diagnostic and Statistic Manual of Mental
Disorder IV. None of the controls reported any acute or chronic pain and
none showed any depressive symptoms according to BDI. A subgroup of
10 patients (n ⫽ 10, mean age 64.6 years, mean duration of pain 4.8 years;
for demographic details, see Table 1) was again investigated 6 and 16
weeks after THR, when the patients in this subgroup were completely

pain free. The study was given approval by the local ethics committee and
written informed consent was obtained from all study participants before
examination.

Voxel-based morphometry: data acquisition
Image acquisition. High-resolution MR scanning was performed on a 3T
MRI system (Siemens Trio) with a standard head coil. For each time
point, day 1 (before surgery), as well as 6 – 8 weeks and 16 –18 weeks after
surgery, a T1 weighted structural MRI was acquired for each patient by
using a 3D-FLASH sequence (TR 15 ms, TE 4.9 ms, flip angle 25°, 1 mm
slices, FOV 256 ⫻ 256; 240 slices).
Image processing and statistical analysis. Data preprocessing and analysis were performed with SPM2 (Welcome Department of Cognitive
Neurology, London, UK) running under Matlab (Mathworks) and containing a voxel-based morphometry (VBM) toolbox for longitudinal
data (http://dbm.neuro.uni-jena.de/) that is based on high-resolution
structural 3D MR images and allows for applying voxelwise statistics to
detect regional differences in gray matter volumes (Ashburner and Friston,
2000; Good et al., 2001). In summary, preprocessing involved spatial
normalization, gray matter segmentation, and 10 mm spatial smoothing
with a Gaussian kernel. For the preprocessing steps, we used an optimized protocol (Ashburner and Friston, 2000; Good et al., 2001) and a
scanner- and study-specific gray matter template. A voxel-by-voxel
repeated-measures ANOVA was used to detect regional differences in
gray matter between cohorts and over all three scans in the operated
patient group. We tested for any regions that showed an increase or
decrease in brain structure between groups [patients (n ⫽ 32) and con-
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trols (n ⫽ 32)] and in the longitudinal group
(n ⫽ 10) between the first two scans (before the
operation and 6 – 8 weeks after the operation)
with the third scan (pain free 16 –18 weeks after
the operation). We applied a threshold of p ⬍
0.001 (uncorrected) across the whole brain.
The groups were closely matched for age and
sex with no significant differences between the
groups, and, therefore, no age or sex confounds
were included. To address possible differences
between patients with right- and left-sided
pain, we flipped the datasets of patients with
left sided osteoarthritis (n ⫽ 13). In the cohort
analysis but not in the longitudinal analysis we
performed a correction for volume changes
(modulation) by modulating each voxel with
the Jacobian determinants derived from the
spatial normalization, allowing us to also test
for regional differences in the absolute amount
of gray matter. Because any brain changes due
to chronic pain will need some time to recede
following operation and cessation of pain, we
compared in the longitudinal analysis scans 1
and 2 with scan 3. Only for regions which
showed a significant gray matter decrease in
the patient group compared with the control
group (i.e., the DLPFC, ACC, amygdala, insula, and brainstem), we accepted an uncorrected threshold of 0.05 across the whole brain.

Results

Figure 1. Statistical parametric maps demonstrating the structural difference in gray matter in patients with chronic pain due
to primary hip OA (not flipped). Significant gray matter changes are shown superimposed in color (decrease of gray matter) on a
normalized image of a healthy control subject. The left side of the picture is the left side of the brain. A, Significant decrease of gray
matter between patients with chronic pain due to primary hip OA and unaffected control subjects. B, Gray matter increase in 10
pain-free patients at the third scanning period 16 –18 weeks after total hip replacement surgery, compared with the first (preoperative) and second (6 weeks postsurgery) scans.

Patients with primary hip OA (n ⫽ 32)
showed preoperatively reduced gray matter density in anterior cingulate cortex
(ACC), the orbitofrontal cortex, right insular cortex and operculum, right midorbital gyrus, left superior medial gyrus, and brainstem compared
with age- and gender-matched controls (Table 2, Fig. 1). Except for the
left middle frontal gyrus (x⫽ ⫺28; y ⫽ 9; z ⫽ 62; t ⫽ 4.07; p ⬍
0.001 uncorrected), no significant increase in gray matter density
was found in patients with OA. Flipping the datasets of the patients with left-sided osteoarthritis and therefore normalizing for
the side of the pain did not change the results, but improved the
significance for some of the areas (such as the right insular cortex). We did not find any differences between modulated and
nonmodulated data. In the longitudinal analysis, i.e., comparing
the first scan (preoperative) to the second scan (postoperative),
there was no significant increase in gray matter volume, probably
due to the relatively short time period after surgery. A significant
increase of gray matter was detected by comparing the first and
second scans (chronic pain) with the third scan (pain free) in the
ACC, DLPFC, amygdala, brainstem, and right insular cortex in
the patients with OA (Fig. 2).

Discussion
Using VBM we found significant differences in CNS gray matter
in chronic pain patients due to primary hip osteoarthritis (Fig. 1),
which fall into two broad groups: (1) areas showing a decrease in
gray matter comparing the chronic pain state in patients and
pain-free controls mainly involving the ACC, DLPFC, amygdala,
insular cortex, orbital gyrus, and brainstem; and (2) areas showing an increase in gray matter over time after pain relief in a
subgroup of these patients, such as the ACC, DLPFC, amygdala,
brainstem, and insular cortex.
These data suggest that prolonged nociceptive input due to primary hip osteoarthritis leads to an alteration in morphology and/or

cytoarchitecture of anterograde projection areas, which partly recede when the patient is pain free after endoprosthetic joint replacement surgery. At least in these patients, it is unlikely that repeated
nociceptive input leading to chronicity of pain over time results in
irreversible “damage” and/or “atrophy” to the brain.
In line with the literature, we found no changes in M1 or SMA
between patients and controls in our cohort study. Of note,
nearly all authors who investigated pain and brain morphometry
noticed changes in pain-transmitting areas but not in motor areas, although chronic pain often hinders physical exercise. Perhaps this is the reason why we did not see any increase in these
areas over time because they were not initially altered. One could
reason that the qualitative change (i.e., pain or no pain) is more
critical for the brain to change its structure than a quantitative
change of day-to-day activity (e.g., more or less exercise). Interestingly, neither performance nor exercise of a visio-motor task
was able to predict structural changes in the brain (Driemeyer et
al., 2008). Recently, it was shown that cognitive behavioral therapy in patients with fatigue syndrome increases gray matter volume in the lateral prefrontal cortex. This structural change was
positively correlated to improvements in cognitive speed in these
patients (de Lange et al., 2008).
Regarding chronic pain, a lot of thought has been devoted to
considering changes in primary afferents, dorsal root ganglia, and
spinal cord dorsal horn (Woolf and Salter, 2000). Very recent
data added functional (Flor et al., 2006) and structural (May,
2008; Apkarian et al., 2009) changes of the brain to the list of
alterations. A striking feature of recently published structural
brain changes in chronic pain syndromes is the fact that the gray
matter changes were not randomly distributed but concerned
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it was demonstrated that repeated painful
stimulation resulted in a substantial increase of gray matter in classical somatosensory areas, including midcingulate and
somatosensory cortex (Teutsch et al.,
2008). This finding follows the previously
described functional pattern (Bingel et al.,
2008) precisely, i.e., a significant change
during the protocol which reverses to prestimulation levels after 1 year. It is an intriguing fact that chronic pain patients
suffer constant pain but seem not to develop an increase in gray matter in somatosensory areas, although several
studies have shown that exercise is accompanied by an increase of gray matter in the
regions which are specific for the respective task (for review, see May, 2009b). One
explanation for this lack of gray matter
increase in somatosensory areas in
chronic pain patients is that they do not
have a significant noxious input (any
more). In that case, the experience of constant pain is mostly driven by the brain
itself and the afferent (peripheral noxious)
input is no longer needed for this experience. However, the present study suggests
that the main difference in the brain structure between pain patients and controls may
recede when the pain is cured. Although we
have controlled for affect and depression
scores, the question arises of how many
other behavioral changes due to the absence
Figure 2. Gray matter changes in the longitudinal group (n ⫽ 10) between the first two scans (before the operation and 6 – 8 of pain, such as enhancement of social conweeks after the operation) with the third scan (pain free 16 –18 weeks after the operation). Each box plot represents relative
tacts, agility, physical training, and ungray matter percentage signal change over time and 90% confidence interval (gray line) averaged over the cluster of the
countable other lifestyle changes may
dorsolateral prefrontal cortex (A), amygdala (B), S2 cortex (C), insular cortex (D), brainstem (E), and anterior cingulate
contribute to the results (decrease of gray
cortex (F ). C.I., Confidence interval.
matter in chronic pain as well as increase of
gray matter when pain is gone).
defined and functionally highly specific brain areas, namely, inAnother factor which may bias our interpretation of the revolvement in supraspinal nociceptive processing. The most
sults is the fact that nearly all patients took medication against
prominent findings were different for each pain syndrome but overpain, which they stopped when they were pain free following
lapped in the cingulate cortex, the DLPFC, the insula, and dorsal
successful surgery and rehabilitation. One could argue that nonpons (May, 2008), regions which we also find to be involved in
steroidal anti-inflammatory drugs (NSAIDs) such as diclofenac
chronic pain due to hip OA. The central question is whether a
or ibuprofen have some effects on neural systems (Vanegas and
population difference between patients and controls arises as a
Tortorici, 2002) and that the impact of pain killers on morphoconsequence of chronic pain, contributes to the neurobiological
metric findings should not be underestimated. However, no
basis of the chronification of pain, or both. This question is not
study so far has shown effects of NSAIDs on brain morphology,
redundant, as a degenerative process is irreversible.
but several papers found that changes in brain structure in chronic
In vivo demonstrations of a change in brain structure could
pain patients are solely explained neither by pain-related inactivity
represent a neuroanatomical substrate for the respective disease
(Draganski et al., 2006) nor by pain medication (Apkarian et al.,
(Reiss et al., 2004) or just an epiphenomenon or even an artifact.
2004; Schmidt-Wilcke et al., 2005; Kuchinad et al., 2007). However,
Given that changes in the periphery, i.e., loss of afferent input due
specific studies are lacking and pain medication may well have a
to unilateral amputation of an extremity (Draganski et al., 2006)
specific impact on our findings.
or phantom pain due to spinal cord injury (Wrigley et al., 2009)
Our data reflect real life, and it is not possible to delineate
and even amblyopia (Mendola et al., 2005) and strabismus (Chan
which of the above-mentioned factors contributes to the genesis
et al., 2004) may change the brain structure of individuals, one
of the change in brain structure. In our patients we found no
has to conclude that these changes are possibly a result of
meaningful changes in the interim scan after the operation, alexperience-dependent neuronal plasticity (Draganski and May,
though one would expect changes following the physiotherapy
2008). Our data provide evidence for activation-dependant
regimen after the operation. Further studies with more patients
brain plasticity in humans on a structural level (Draganski et
and using perhaps an even longer follow-up frame are certainly
al., 2004; Boyke et al., 2008) as the key to structural changes of the
warranted. Nevertheless, central to our findings is that changes in
brain in chronic pain patients. Using voxel-based morphometry,
nociceptive input and transmission lead to intracortical remod-
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elling and that these changes are not irreversible. These data highlight the remarkable potential of the adult brain to undergo
anatomical changes that have a great impact on its functioning.
Improved understanding of experience-dependent changes in
cortical plasticity may have vast clinical implications for the treatment of chronic pain, focusing on use-dependent plasticity to
improve mobility, alleviating pain, and increasing quality of life.
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