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Abstract

Chronic pain appears to be associated with brain gray matter reduction in areas ascribable to the transmission of pain. The
morphological processes underlying these structural changes, probably following functional reorganisation and central
plasticity in the brain, remain unclear. The pain in hip osteoarthritis is one of the few chronic pain syndromes which are
principally curable. We investigated 20 patients with chronic pain due to unilateral coxarthrosis (mean age 63.2569.46 (SD)
years, 10 female) before hip joint endoprosthetic surgery (pain state) and monitored brain structural changes up to 1 year
after surgery: 6–8 weeks, 12–18 weeks and 10–14 month when completely pain free. Patients with chronic pain due to
unilateral coxarthrosis had significantly less gray matter compared to controls in the anterior cingulate cortex (ACC), insular
cortex and operculum, dorsolateral prefrontal cortex (DLPFC) and orbitofrontal cortex. These regions function as multi-
integrative structures during the experience and the anticipation of pain. When the patients were pain free after recovery
from endoprosthetic surgery, a gray matter increase in nearly the same areas was found. We also found a progressive
increase of brain gray matter in the premotor cortex and the supplementary motor area (SMA). We conclude that gray
matter abnormalities in chronic pain are not the cause, but secondary to the disease and are at least in part due to changes
in motor function and bodily integration.

Citation: Rodriguez-Raecke R, Niemeier A, Ihle K, Ruether W, May A (2013) Structural Brain Changes in Chronic Pain Reflect Probably Neither Damage Nor
Atrophy. PLoS ONE 8(2): e54475. doi:10.1371/journal.pone.0054475

Editor: Berthold Langguth, University of Regensburg, Germany

Received April 10, 2012; Accepted December 12, 2012; Published February 6, 2013

Copyright: � 2013 Rodriguez-Raecke et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by grants from the DFG (German Research Foundation) (MA 1862/2-3) and BMBF (The Federal Ministry of Education and
Research) (371 57 01 and NeuroImage Nord). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: a.may@uke.uni-hamburg.de

Introduction

Evidence of functional and structural reorganization in chronic

pain patients support the idea that chronic pain should not only be

conceptualized as an altered functional state, but also as a

consequence of functional and structural brain plasticity

[1,2,3,4,5,6]. In the last six years, more than 20 studies were

published demonstrating structural brain changes in 14 chronic

pain syndromes. A striking feature of all of these studies is the fact

that the gray matter changes were not randomly distributed, but

occur in defined and functionally highly specific brain areas –

namely, involvement in supraspinal nociceptive processing. The

most prominent findings were different for each pain syndrome,

but overlapped in the cingulate cortex, the orbitofrontal cortex,

the insula and dorsal pons [4]. Further structures comprise the

thalamus, dorsolateral prefrontal cortex, basal ganglia and

hippocampal area. These findings are often discussed as cellular

atrophy, reinforcing the idea of damage or loss of brain gray

matter [7,8,9]. In fact, researchers found a correlation between

brain gray matter decreases and duration of pain [6,10]. But the

duration of pain is also linked to the patient’s age, and the age

dependent global, but also regionally specific decline of gray

matter is well documented [11]. On the other hand, these

structural changes could also be a decrease in cell size,

extracellular fluids, synaptogenesis, angiogenesis or even due to

blood volume changes [4,12,13]. Whatever the source is, for our

interpretation of such findings it is important to see these

morphometric findings in the light of a wealth of morphometric

studies in exercise dependant plasticity, given that regionally

specific structural brain changes have been repeatedly shown

following cognitive and physical exercise [14].

It is not understood why only a relatively small proportion of

humans develop a chronic pain syndrome, considering that pain is

a universal experience. The question arises whether in some

humans a structural difference in central pain transmitting systems

may act as a diathesis for chronic pain. Gray matter changes in

phantom pain due to amputation [15] and spinal cord injury [3]

indicate that the morphological changes of the brain are, at least in

part, a consequence of chronic pain. However, the pain in hip

osteoarthritis (OA) is one of the few chronic pain syndrome which

is principally curable, as 88% of these patients are regularly free of

pain following total hip replacement (THR) surgery [16]. In a pilot

study we have analysed ten patients with hip OA before and

shortly after surgery. We found decreases of gray matter in the

anterior cingulated cortex (ACC) and insula during chronic pain

before THR surgery and found increases of gray matter in the

corresponding brain areas in the pain free condition after surgery

[17]. Focussing on this result, we now expanded our studies

investigating more patients (n = 20) after successful THR and

monitored structural brain changes in four time intervals, up to

one year following surgery. To control for gray matter changes

due to motor improvement or depression we also administered
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questionnaires targeting improvement of motor function and

mental health.

Materials and Methods

Volunteers
The patients reported here are a subgroup of 20 patients out of

32 patients published recently who were compared to an age- and

gender-matched healthy control group [17] but participated in an

additional one year follow-up investigation. After surgery 12

patients dropped out because of a second endoprosthetic surgery

(n = 2), severe illness (n = 2) and withdrawal of consent (n = 8). This

left a group of twenty patients with unilateral primary hip OA

(mean age 63.2569.46 (SD) years, 10 female) who were

investigated four times: before surgery (pain state) and again 6–8

and 12–18 weeks and 10–14 months after endoprosthetic surgery,

when completely pain free. All patients with primary hip OA had

a pain history longer than 12 months, ranging from 1 to 33 years

(mean 7.35 years) and a mean pain score of 65.5 (ranging from 40

to 90) on a visual analogue scale (VAS) ranging from 0 (no pain) to

100 (worst imaginable pain). We assessed any occurrence of minor

pain events, including tooth-, ear- and headache up to 4 weeks

prior to the study. We also randomly selected the data from 20

sex- and age matched healthy controls (mean age 60,9568,52 (SD)

years, 10 female) of the 32 of the above mentioned pilot study [17].

None of the 20 patients or of the 20 sex- and age matched healthy

volunteers had any neurological or internal medical history. The

study was given ethical approval by the local Ethics committee and

written informed consent was obtained from all study participants

prior to examination.

Behavioural Data
We collected data on depression, somatization, anxiety, pain

and physical and mental health in all patients and all four time

points using the following standardized questionnaires: Beck

Depression Inventory (BDI) [18], Brief Symptom Inventory (BSI)

[19], Schmerzempfindungs-Skala (SES = pain unpleasantness

scale) [20] and Health Survey 36-Item Short Form (SF-36) [21]

and the Nottingham Health Profile (NHP). We conducted

repeated measures ANOVA and paired two-tailed t-Tests to

analyse the longitudinal behavioural data using SPSS 13.0 for

Windows (SPSS Inc., Chicago, IL), and used Greenhouse Geisser

correction if the assumption for sphericity was violated. The

significance level was set at p,0.05.

VBM - Data Acquisition
Image acquisition. High-resolution MR scanning was per-

formed on a 3T MRI system (Siemens Trio) with a standard 12-

channel head coil. For each of the four time points, scan I

(between 1 day and 3 month before endoprosthetic surgery), scan

II (6 to 8 weeks after surgery), scan III (12 to 18 weeks after

surgery) and scan IV (10–14 months after surgery), a T1 weighted

structural MRI was acquired for each patient using a 3D-FLASH

sequence (TR 15 ms, TE 4.9 ms, flip angle 25u, 1 mm slices, FOV

2566256, voxel size 16161 mm).

Image Processing and Statistical Analysis
Data pre-processing and analysis were performed with SPM2

(Wellcome Department of Cognitive Neurology, London, UK)

running under Matlab (Mathworks, Sherborn, MA, USA) and

containing a voxel-based morphometry (VBM)-toolbox for longi-

tudinal data, that is based on high resolution structural 3D MR

images and allows for applying voxel-wise statistics to detect

regional differences in gray matter density or volumes [22,23]. In

summary, pre-processing involved spatial normalization, gray

matter segmentation and 10 mm spatial smoothing with a

Gaussian kernel. For the pre-processing steps, we used an

optimized protocol [22,23] and a scanner- and study-specific gray

matter template [17]. We used SPM2 rather than SPM5 or SPM8

to make this analysis comparable to our pilot study [17]. as it

allows an excellent normalisation and segmentation of longitudinal

data. However, as a more recent update of VBM (VBM8) became

available recently (http://dbm.neuro.uni-jena.de/vbm/), we also

used VBM8.

Cross-sectional Analysis
We used a two-sample t-test in order to detect regional

differences in brain gray matter between groups (patients at time

point scan I (chronic pain) and healthy controls). We applied a

threshold of p,0.001 (uncorrected) across the whole brain because

of our strong a priory hypothesis, which is based on 9 independent

studies and cohorts showing decreases in gray matter in chronic

pain patients [7,8,9,15,24,25,26,27,28], that gray matter increases

will appear in the same (for pain processing relevant) regions as in

our pilot study (17). The groups were matched for age and sex with

no significant differences between the groups. To investigate

whether the differences between groups changed after one year,

we also compared patients at time point scan IV (pain free, one

year follow-up) to our healthy control group.

Longitudinal Analysis
To detect differences between time points (Scan I–IV) we

compared the scans before surgery (pain state) and again 6–8 and

12–18 weeks and 10–14 months after endoprosthetic surgery (pain

free) as repeated measure ANOVA. Because any brain changes

due to chronic pain may need some time to recede following

operation and cessation of pain and because of the post surgery

pain the patients reported, we compared in the longitudinal

analysis scan I and II with scan III and IV. For detecting changes

that are not closely linked to pain, we also looked for progressive

changes over all time intervals. We flipped the brains of patients

with OA of the left hip (n = 7) in order to normalize for the side of

the pain for both, the group comparison and the longitudinal

analysis, but primarily analysed the unflipped data. We used the

BDI score as a covariate in the model.

Results

Behavioral Data
All patients reported chronic hip pain before surgery and were

pain free (regarding this chronic pain) immediately after surgery,

but reported rather acute post-surgery pain on scan II which was

different from the pain due to osteoarthritis. The mental health

score of the SF-36 (F(1.925/17.322) = 0.352, p = 0.7) and the BSI

global score GSI (F(1.706/27.302) = 3.189, p = 0.064) showed no

changes over the time course and no mental co-morbidity. None

of the controls reported any acute or chronic pain and none

showed any symptoms of depression or physical/mental disability.

Before surgery, some patients showed mild to moderate

depressive symptoms in BDI scores that significantly decreased

on scan III (t(17) = 2.317, p = 0.033) and IV (t(16) = 2.132,

p = 0.049). Additionally, the SES scores (pain unpleasantness) of

all patients improved significantly from scan I (before the surgery)

to scan II (t(16) = 4.676, p,0.001), scan III (t(14) = 4.760,

p,0.001) and scan IV (t(14) = 4.981, p,0.001, 1 year after

surgery) as pain unpleasantness decreased with pain intensity. The

pain rating on scan 1 and 2 were positive, the same rating on day 3

and 4 negative. The SES only describes the quality of perceived
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pain. It was therefore positive on day 1 and 2 (mean 19.6 on day 1

and 13.5 on day 2) and negative (n.a.) on day 3 & 4. However,

some patients did not understand this procedure and used the SES

as a global ‘‘quality of life’’ measure. This is why all patients were

asked on the same day individually and by the same person

regarding pain occurrence.

In the short form health survey (SF-36), which consists of the

summary measures of a Physical Health Score and a Mental Health

Score [29], the patients improved significantly in the Physical Health

score from scan I to scan II (t(17) = 24.266, p = 0.001), scan III

(t(16) = 28.584, p,0.001) and IV (t(12) = 27.148, p,0.001), but

not in the Mental Health Score. The results of the NHP were similar,

in the subscale ‘‘pain’’ (reversed polarity) we observed a significant

change from scan I to scan II (t(14) = 25.674, p,0.001, scan III

(t(12) = 27.040, p,0.001 and scan IV (t(10) = 23.258, p = 0.009).

We also found a significant increase in the subscale ‘‘physical

mobility’’ from scan I to scan III (t(12) = 23.974, p = 0.002) and

scan IV (t(10) = 22.511, p = 0.031). There was no significant

change between scan I and scan II (six weeks after surgery).

Structural Data
Cross-sectional analysis. We included age as a covariate in

the general linear model and found no age confounds. Compared

to sex and age matched controls, patients with primary hip OA

(n = 20) showed pre-operatively (Scan I) reduced gray matter in the

anterior cingulate cortex (ACC), the insular cortex, operculum,

dorsolateral prefrontal cortex (DLPFC), right temporal pole and

cerebellum (Table 1 and Figure 1). Except for the right putamen

(x = 31, y = 214, z = 21; p,0.001, t = 3.32) no significant increase

in gray matter density was found in patients with OA compared to

healthy controls. Comparing patients at time point scan IV with

matched controls, the same results were found as in the cross-

sectional analysis using scan I compared to controls.

Flipping the data of patients with left hip OA (n = 7) and

comparing them with healthy controls did not change the results

significantly, but for a decrease in the thalamus (x = 10, y = 220,

z = 3, p,0.001, t = 3.44) and an increase in the right cerebellum

(x = 25, y = 237, z = 250, p,0.001, t = 5.12) that did not reach

significance in the unflipped data of the patients compared to

controls.

Longitudinal analysis. In the longitudinal analysis, a

significant increase (p,.001 uncorrected) of gray matter was

detected by comparing the first and second scan (chronic pain/

post-surgery pain) with the third and fourth scan (pain free) in the

ACC, insular cortex, cerebellum and pars orbitalis in the patients

with OA (Table 2 and Figure 1). Gray matter decreased over time

(p,.001 whole brain analysis uncorrected) in the secondary

somatosensory cortex, hippocampus, midcingulate cortex, thala-

mus and caudate nucleus in patients with OA (Figure 2).

Flipping the data of patients with left hip OA (n = 7) did not

change the results significantly, but for a decrease of brain gray

matter in the Heschl’s Gyrus (x = 241, y = 221, z = 10, p,0.001,

t = 3.69) and Precuneus (x = 15, y = 236, z = 3, p,0.001, t = 4.60).

By contrasting the first scan (presurgery) with scans 3+4

(postsurgery), we found an increase of gray matter in the frontal

cortex and motor cortex (p,0.001 uncorrected). We note that this

contrast is less stringent as we have now less scans per condition

(pain vs. non-pain). When we lower the threshold we repeat what

we have found using contrast of 1+2 vs. 3+4.

By looking for areas that increase over all time intervals, we

found changes of brain gray matter in motor areas (area 6) in

patients with coxarthrosis following total hip replacement (scan

I,scan II,scan III,scan IV)). Adding the BDI scores as a

covariate did not change the results. Using the recently available

software tool VBM8 including DARTEL normalisation (http://

dbm.neuro.uni-jena.de/vbm/) we could replicate this finding in

the anterior and mid-cingulate cortex and both anterior insulae.

We calculated the effect sizes and the cross-sectional analysis

(patients vs. controls) yielded a Cohen’s d of 1.78751 in the peak

voxel of the ACC (x = 212, y = 25, z = 216). We also calculated

Cohen’s d for the longitudinal analysis (contrasting scan 1+2 vs.

scan 3+4). This resulted in a Cohen’s d of 1.1158 in the ACC

(x = 23, y = 50, z = 2). Regarding the insula (x = 233, y = 21,

z = 13) and related to the same contrast, Cohen’s d is 1.0949.

Additionally, we calculated the mean of the non-zero voxel values

of the Cohen’s d map within the ROI (comprised of the anterior

Figure 1. Statistical parametric maps demonstrating the
structural differences in gray matter in patients with chronic
pain due to primary hip OA compared to controls and
longitudinally compared to themselves over time. Significant
gray matter changes are shown superimposed in color, cross-sectional
data is depicted in red and longitudinal data in yellow. Axial plane: the
left side of the picture is the left side of the brain. top: Areas of
significant decrease of gray matter between patients with chronic pain
due to primary hip OA and unaffected control subjects. p,0.001
uncorrected bottom: Gray matter increase in 20 pain free patients at the
third and fourth scanning period after total hip replacement surgery, as
compared to the first (preoperative) and second (6–8 weeks post
surgery) scan. p,0.001 uncorrected Plots: Contrast estimates and 90%
Confidence interval, effects of interest, arbitrary units. x-axis: contrasts
for the 4 timepoints, y-axis: contrast estimate at 23, 50, 2 for ACC and
contrast estimate at 36, 39, 3 for insula.
doi:10.1371/journal.pone.0054475.g001
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division of the cingulate gyrus and the subcallosal cortex, derived

from the Harvard-Oxford Cortical Structural Atlas): 1.251223.

Discussion

Monitoring whole brain structure over time, we confirm and

expand our pilot data published recently [17]. We found changes

in brain gray matter in patients with primary hip osteoarthritis in

the chronic pain state, which reverse partly when these patients are

pain free, following hip joint endoprosthetic surgery. The partial

increase in gray matter after surgery is nearly in the same areas

where a decrease of gray matter has been seen before surgery.

Flipping the data of patients with left hip OA (and therefore

normalizing for the side of the pain) had only little impact on the

results but additionally showed a decrease of gray matter in the

Heschl’s gyrus and Precuneus that we cannot easily explain and, as

no a priori hypothesis exists, regard with great caution. However,

the difference seen between patients and healthy controls at scan I

was still observable in the cross-sectional analysis at scan IV. The

relative increase of gray matter over time is therefore subtle, i.e.

not sufficiently distinct to have an effect on the cross sectional

analysis, a finding that has already been shown in studies

investigating experience dependant plasticity [30,31]. We note

that the fact that we show some parts of brain-changes due to

chronic pain to be reversible does not exclude that some other

parts of these changes are irreversible.

Interestingly, we observed that the gray matter decrease in the

ACC in chronic pain patients before surgery seems to continue 6

weeks after surgery (scan II) and only increases towards scan III

and IV, possibly due to post-surgery pain, or decrease in motor

Table 1. Cross-sectional data (not flipped, patients with
OA,healthy controls), gray matter decrease in OA (p,0.001
uncorrected).

MNI

Anatomical locations x y z
Peak t-
scores

number of
voxels

anterior cingulate cortex 212 25 216 5.51 2678

insular cortex/operculum 54 22 5 5.00 1527

Cerebellum 26 242 227 4.16 1913

pars orbitalis/orbital gyrus 48 47 29 3.77 1080

superior frontal gyrus 214 68 2 3.97 96

mid temporal gyrus 263 229 27 4.15 1961

superior medial gyrus 10 67 13 4.35 222

pars opercularis 48 18 0 4.25 1527

DLPFC 45 35 29 4.69 1332

superior temporal gyrus/S2 64 25 4 4.37 324

doi:10.1371/journal.pone.0054475.t001

Figure 2. Significant increases in brain gray matter following successful operation. a) Axial view of significant decrease of gray matter in
patients with chronic pain due to primary hip OA compared to control subjects. p,0.001 uncorrected (cross-sectional analysis), b) Longitudinal
increase of gray matter over time in yellow comparing scan I&II,scan III,scan IV) and longitudinal decrease of gray matter over time in blue/green
comparing scan I&II.scan III.scan IV) in patients with OA. p,0.001 uncorrected (longitudinal analysis). The left side of the picture is the left side of
the brain.
doi:10.1371/journal.pone.0054475.g002
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function. This is in line with the behavioural data of the physical

mobility score included in the NHP, which post-operatively did

not show any significant change at time point II but significantly

increased towards scan III and IV. Of note, our patients reported

no pain in the hip after surgery, but experienced post-surgery pain

in surrounding muscles and skin which was perceived very

differently by patients. However, as patients still reported some

pain at scan II, we also contrasted the first scan (pre-surgery) with

scans III+IV (post-surgery), revealing an increase of gray matter in

the frontal cortex and motor cortex. We note that this contrast is

less stringent because of less scans per condition (pain vs. non-

pain). When we lowered the threshold we repeat what we have

found using contrast of I+II vs. III+IV.

Our data strongly suggest that gray matter alterations in chronic

pain patients, which are usually found in areas involved in

supraspinal nociceptive processing [4] are neither due to neuronal

atrophy nor brain damage. The fact that these changes seen in the

chronic pain state do not reverse completely could be explained

with the relatively short period of observation (one year after

operation versus a mean of seven years of chronic pain before the

operation). Neuroplastic brain changes that may have developed

over several years (as a consequence of constant nociceptive input)

need probably more time to reverse completely. Another

possibility why the increase of gray matter can only be detected

in the longitudinal data but not in the cross-sectional data (i.e.

between cohorts at time point IV) is that the number of patients

(n = 20) is too small. It needs to be pointed out that the variance

between brains of several individuals is quite large and that

longitudinal data have the advantage that the variance is relatively

small as the same brains are scanned several times. Consequently,

subtle changes will only be detectable in longitudinal data

[30,31,32]. Of course we cannot exclude that these changes are

at least partly irreversible although that is unlikely, given the

findings of exercise specific structural plasticity and reorganisation

[4,12,30,33,34]. To answer this question, future studies need to

investigate patients repeatedly over longer time frames, possibly

years.

We note that we can only make limited conclusions regarding

the dynamics of morphological brain changes over time. The

reason is that when we designed this study in 2007 and scanned in

2008 and 2009, it was not known whether structural changes

would occur at all and for reasons of feasibility we chose the scan

dates and time frames as described here. One could argue that the

gray matter changes in time, which we describe for the patient

group, might have happened in the control group as well (time

effect). However, any changes due to aging, if at all, would be

expected to be a decrease in volume. Given our a priori

hypothesis, based on 9 independent studies and cohorts showing

decreases in gray matter in chronic pain patients

[7,8,9,15,24,25,26,27,28], we focussed on regional increases over

time and therefore believe our finding not to be a simple time

effect. Of note, we cannot rule out that the gray matter decrease

over time that we found in our patient group could be due to a

time effect, as we have not scanned our control group in the same

time frame. Given the findings, future studies should aim at more

and shorter time intervals, given that exercise dependant

morphometric brain changes may occur as fast as after 1 week

[32,33].

In addition to the impact of the nociceptive aspect of pain on

brain gray matter [17,34] we observed that changes in motor

function probably also contribute to the structural changes. We

found motor and premotor areas (area 6) to increase over all time

intervals (Figure 3). Intuitively this may be due to improvement of

motor function over time as the patients were no more restricted in

living a normal life. Notably we did not focus on motor function

but an improvement in pain experience, given our original quest

to investigate whether the well-known reduction in brain gray

matter in chronic pain patients is in principle reversible.

Consequently, we did not use specific instruments to investigate

motor function. Nevertheless, (functional) motor cortex reorgani-

zation in patients with pain syndromes is well documented

[35,36,37,38]. Moreover, the motor cortex is one target in

therapeutic approaches in medically intractable chronic pain

patients using direct brain stimulation [39,40], transcranial direct

current stimulation [41], and repetitive transcranial magnetic

Table 2. Longitudinal data, significant changes in gray matter in patients with chronic pain due to primary hip osteoarthritis.

MNI

Anatomical locations x y z Peak t-scores number of voxels Increase/decrease

anterior cingulate cortex 23 50 2 4.21 674 increase

insular cortex 233 21 13 4.13 420 increase

pars orbitalis 4 39 10 3.77 77 increase

Cerebellum 47 271 222 5.00 5139 increase

mid cingulate cortex 11 226 43 5.04 1713 decrease

caudate nucleus 11 9 8 4.14 791 decrease

pars opercularis 258 16 2 4.53 445 decrease

Area 44 64 9 8 4.59 1155 decrease

Thalamus 3 217 6 4.17 1540 decrease

operculum/S2 266 226 17 5.66 2935 decrease

Operculum 41 226 11 4.41 283 decrease

Hippocampus 218 237 7 4.50 1662 decrease

The changes are tabulated in terms of the brain region and the corresponding Brodmann’s area (BA). The x, y, z co-ordinates are according to the MNI atlas. Each
location is the peak within a cluster (defined as the voxel with the highest T-score). (Patients with OA, not flipped) Increase = increase in gray matter scan I/scan II.scan
III.scan IV. Decrease = decrease in gray matter scan I/scan II,scan III,scan IV; p,0.001 uncorrected).
doi:10.1371/journal.pone.0054475.t002
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stimulation [42,43]. The exact mechanisms of such modulation

(facilitation vs. inhibition, or simply interference in the pain-

related networks) are not yet elucidated [40]. A recent study

demonstrated that a specific motor experience can alter the

structure of the brain [13]. Synaptogenesis, reorganisation of

movement representations and angiogenesis in motor cortex may

occur with special demands of a motor task. Tsao et al. showed

reorganisation in the motor cortex of patients with chronic low

back pain that seem to be back pain-specific [44] and Puri et al.

observed a reduction in left supplemental motor area gray matter

in fibromyalgia sufferers [45]. Our study was not designed to

disentangle the different factors that may change the brain in

chronic pain but we interpret our data concerning the gray matter

changes that they do not exclusively mirror the consequences of

constant nociceptive input. In fact, a recent study in neuropathic

pain patients pointed out abnormalities in brain regions that

encompass emotional, autonomic, and pain perception, implying

that they play a critical role in the global clinical picture of chronic

pain [28].

Two recent pilot studies focussed on hip replacement therapy in

osteoarthritis patients, the only chronic pain syndrome which is

principally curable with total hip replacement [17,46] and these

data are flanked by a very recent study in chronic low back pain

patients [47]. These studies need to be seen in the light of several

longitudinal studies investigating experience-dependent neuronal

plasticity in humans on a structural level [30,31] and a recent

study on structural brain changes in healthy volunteers experi-

encing repeated painful stimulation [34]. The key message of all

these studies is that the main difference in the brain structure

between pain patients and controls may recede when the pain is

cured. However, it must be taken into account that it is simply not

clear whether the changes in chronic pain patients are solely due

to nociceptive input or due to the consequences of pain or both. It

is more than likely that behavioural changes, such as deprivation

or enhancement of social contacts, agility, physical training and

life style changes are sufficient to shape the brain [6,12,28,48].

Particularly depression as a co-morbidity or consequence of pain is

a key candidate to explain the differences between patients and

controls. A small group of our patients with OA showed mild to

moderate depressive symptoms that changed with time. We did

not find the structural alterations to covary significantly with the

BDI-score but the question arises how many other behavioural

changes due to the absence of pain and motor improvement may

contribute to the results and to what extent they do. These

behavioural changes can possibly influence a gray matter decrease

in chronic pain as well as a gray matter increase when pain is gone.

Another important factor which may bias our interpretation of

the results is the fact that nearly all patients with chronic pain took

medications against pain, which they stopped when they were pain

free. One could argue that NSAIDs such as diclofenac or

ibuprofen have some effects on neural systems and the same

holds true for opioids, antiepileptics and antidepressants, medica-

tions which are frequently used in chronic pain therapy. The

impact of pain killers and other medications on morphometric

findings may well be important (48). No study so far has shown

effects of pain medication on brain morphology but several papers

found that changes in brain structure in chronic pain patients are

neither solely explained by pain related inactivity [15], nor by pain

medication [7,9,49]. However, specific studies are lacking. Further

research should focus the experience-dependent changes in

cortical plasticity, which may have vast clinical implications for

the treatment of chronic pain.

We also found decreases of gray matter in the longitudinal

analysis, possibly due to reorganisation processes that accompany

changes in motor function and pain perception. There is little

information available about longitudinal changes in brain gray

matter in pain conditions, for this reason we have no hypothesis

for a gray matter decrease in these areas after the operation.

Teutsch et al. [25] found an increase of brain gray matter in the

somatosensory and midcingulate cortex in healthy volunteers that

experienced painful stimulation in a daily protocol for eight

consecutive days. The finding of gray matter increase following

experimental nociceptive input overlapped anatomically to some

degree with the decrease of brain gray matter in this study in

patients that were cured of long-lasting chronic pain. This implies

that nociceptive input in healthy volunteers leads to exercise

dependant structural changes, as it possibly does in patients with

chronic pain, and that these changes reverse in healthy volunteers

when nociceptive input stops. Consequently, the decrease of gray

matter in these areas seen in patients with OA could be interpreted

to follow the same fundamental process: exercise dependant

changes brain changes [50]. As a non-invasive procedure, MR

Morphometry is the ideal tool for the quest to find the

morphological substrates of diseases, deepening our understanding

of the relationship between brain structure and function, and even

to monitor therapeutic interventions. One of the great challenges

in the future is to adapt this powerful tool for multicentre and

therapeutic trials of chronic pain.

Figure 3. Statistical parametric maps demonstrating a significant increase of brain gray matter in motor areas (area 6) in patients
with coxarthrosis before compared to after THR (longitudinal analysis, scan I,scan II,scan III,scan IV). Contrast estimates at x = 19,
y = 212, z = 70.
doi:10.1371/journal.pone.0054475.g003
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Limitations of this Study
Although this study is an extension of our previous study

expanding the follow-up data to 12 months and investigating more

patients, our principle finding that morphometric brain changes in

chronic pain are reversible is rather subtle. The effect sizes are

small (see above) and the effects are partly driven by a further

reduction of regional brain gray matter volume at the time-point

of scan 2. When we exclude the data from scan 2 (directly after the

operation) only significant increases in brain gray matter for motor

cortex and frontal cortex survive a threshold of p,0.001

uncorrected (Table 3).

Conclusion
It is not possible to distinguish to what extent the structural

alterations we observed are due to changes in nociceptive input,

changes in motor function or medication consumption or changes

in well-being as such. Masking the group contrasts of the first and

last scan with each other revealed much less differences than

expected. Presumably, brain alterations due to chronic pain with

all consequences are developing over quite a long time course and

may also need some time to revert. Nevertheless, these results

reveal processes of reorganisation, strongly suggesting that chronic

nociceptive input and motor impairment in these patients leads to

altered processing in cortical regions and consequently structural

brain changes which are in principle reversible.
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