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Results on gray matter alterations in complex regional pain syndrome (CRPS) showed

heterogeneous findings. Since CRPS is a rare disease, most studies included only small

and heterogeneous samples resulting in a low reliability of findings between studies. We

investigated 24 CRPS patients with right upper limb affection in the chronic stage of

disease using structural MRI and clinical testing. We focused on gray matter volume

(GMV) alterations of the brain in comparison to 33 age matched healthy controls, their

association to clinical characteristics (duration of pain syndrome and pain intensity

ratings) and sensorimotor performance (finger dexterity and spatiotactile resolution).

When applying an explorative whole brain analysis CRPS patients showed lower GMV in

the bilateral medial thalamus. No other areas showed a relevant GMV difference for the

group comparisons. When applying a region of interest driven approach using anatomical

masks of the thalamus, ACC/mPFC, putamen, and insula we found relevant associations

of clinical and behavioral data in ACC and insula. Whereas, the GMV in ACC showed

negative associations with pain intensity and CRPS duration, the GMV of the left posterior

insula was negatively associated with sensorimotor performance of the affected hand

side. Overall, our results are in accordance to results of others describing a thalamic

reduction of GMV in patients with neuropathic pain and are also in accordance with

associations of pain intensity and duration with reduced ACC in general in patients with

chronic pain syndromes. Sensorimotor performance seems to be related to posterior

insula GMV reduction, which has not been described yet for other patient groups.

Keywords: CRPS, chronic pain, neuropathic pain, gray matter volume, thalamus, ACC, insula

INTRODUCTION

GMV-Alterations in Chronic Pain
Chronic pain has a substantial impact on quality of life of patients and their families.
With a prevalence of 20% (1) it also represents a major socio-economic challenge. By
definition, chronic pain lasts for more than 12 weeks and importantly does not depend
on sustained physical damage, i.e., may be maintained by alterations in the central nervous
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system (2). For structural alterations in patients suffering from
various chronic pain conditions several meta-analyses [e.g., (3,
4)] have consistently described decreased gray matter volume in
the medial prefrontal cortex (mPFC) and the anterior cingulate
cortex (ACC) of the brain. For chronic low back pain (CLBP),
as the most frequently occuring chronic pain syndrome, loss of
gray matter volume (GMV) has been described for the medial
prefrontal cortex, the anterior (ACC) and midcingulate (MCC)
cortex and anterior insula [e.g., (5, 6)], but also for the thalamus
[e.g., (7)].

Besides CLBP, neuropathic facial pain such as trigeminal
neuralgia showed robust effects of GMV decrease in bilateral
ACC (8, 10), insula (8) but also a reduction in thalamic GMV
especially for those areas which are involved in sensorimotor
processing (medial parts of the thalamus) (8, 9). Furthermore,
since less pronounced pain intensity such as temporomandibular
disorder (TMD) showed only marginal effects in ACC/mPFC
GMV an association of GMV loss and pain severity has been
assumed (11).

When using large samples, especially general population-
based cohorts, the inter-individual random noise in the variance
is significantly reduced, resulting in reliable and robust statistical
testing, including correction, for e.g., multiple comparisons (12).

CRPS Epidemiology and Characteristics
Chronic pain can be differentiated into various syndromes.
One of these syndromes, which has been categorized as a
subtype of neuropathic pain [for an overview see (13)], is
complex regional pain syndrome (CRPS) which affects 4–7% of
patients after limb injury (14, 15). After several weeks, patients
develop chronic neuropathic pain in the affected limb that often
includes somatosensory, motor and autonomic dysfunctions
(16). Perceptual symptoms have been described which most
frequently comprise impaired somatosensory discrimination
(17), allodynia (18), neglect like symptoms (19), and a feeling of
swelling of the affected limb [for a latest systematic observation
(20)]. Motor dysfunction may involve dystonic movements (21),
tremor, a reduced motion range and coordination deficits (22).

GMV-Alterations in CRPS
Contradictory findings have been reported for GMV alterations
in CRPS (23–27). Geha et al. (23) included 22 CRPS patients
with upper and lower limb but also trunk affection and 22
healthy controls (HC) in a VBM analysis. Group differences
were based on cluster thresholding after using permutation-
based interference and was performed with FSL-scripts. ROI-
analyses for linear regression were based on group differences.
Overall, the slope of GMV-decrease with age was stronger in
CRPS patients. Circumscribed GMV decrease for patients had
been detected for the ventromedial PFC, anterior insula and the
nucleus accumbens and this decrease was associated with years
of persistence of CRPS (very heterogeneous patient group with 3
months to 13.5 years CRPS persistence) but also for the vmPFC
with pain intensity [VAS (0–10); varied between 1.5 and 9.7].

Pleger et al. (24) applied VBM in 20 CRPS patients with
unilateral upper limb affection and 1–63 months of CRPS
duration (current pain intensity on a NRS from 1.5 to 8) and

20 age and gender matched controls. Group comparisons were
based on cluster thresholding (FWE) after peak thresholding
with p = 0.001. In addition, the authors applied a ROI-analysis
for the pre- and postcentral gyrus. The results of this study
were surprising since they found higher GMV for CRPS patients
compared to HCs in dmPFC and M1 contralateral to the affected
hand side. However, it is unknown how generalizable these
findings are since some of the methods used in this study were
older (1.5 T MRI, SPM/VBM8 used for GMV quantification,
no total intracranial volume included as covariate for statistical
analysis) and most patients (with 2 exclusions) were in the
subacute stage of the disease.

Barad et al. (25) applied VBM in 15 right upper limb CRPS
female patients and 15 matched HCs. Pain duration ranged from
2 months to 17 years and pain intensity was 7.5 of 10 (VAS)
on average. The study used a 3 T MRI and non-isometric voxel
size with unusual poor spatial resolution (28 slices; 4mm slice
thickness; 1mm gap; in plane resolution 1.5mm). The authors
applied a FDR corrected threshold with p < 0.005; resulting in
t = 3.71 threshold but only reported clusters with at least 30
voxels (both for group comparisons and linear regression with
clinical data). The study found decreased GMV in the posterior
insula, left OFC and CC (posterior ACC, posterior medial CC).
However, an increase in GMV in bilateral putamen and right
hypothalamus was also found. Higher pain intensity resulted in
lower GMV in the dlPFC.

van Velzen et al. (26) did not observe any significant
differences when comparing GMV in 19 upper limb patients
(with right and left hand affection) and 19 matched HCs.
The latest VBM-investigations on CRPS-patients (27)
investigated 20 CRPS patients with affected right upper
limbs. They performed elaborate sensorimotor testing
with a focus on rigidity and dystonic symptoms, but also
performed somatosensory testing, testing of autonomic
function, and psychological testing. They applied state of
the art MRI and VBM methods (3T imaging, SPM12 and
CAT12, DARTEL based normalization, 5mm smoothing)
but performed a ROI-analysis restricted on basal ganglia,
thalamus, insula, and postcentral gyrus. When compared to
HCs only bilateral putamen showed relevant decrease in GMV.
GMV reduction in the basal ganglia were associated with
dystonic symptoms.

These divergent results of the aforementioned studies
might well be caused by small sample sizes, inhomogeneous
patient groups (lateralization/localization of the affected area,
severity and/or duration of disease, type of CRPS), and
differing or non-optimized evaluation strategies focusing on
structural gray matter alterations. Overall, small sample sizes
and large variances often prevent exploratory whole brain
volume analyses and the necessary correction for multiple
comparisons over said volume, favoring less conservative
statistical approaches which are one cause of the reproducibility
crisis in psychology [for the field of brain imaging see
(28)]. By using a region of interest (ROI) driven approach
any statistical effects detected are dependent on the ROIs
defined. However, this definition is statistically only justified
if based on previous investigations utilizing an exploratory
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whole brain approach, corrected for multiple comparisons over
all measurements.

Hypothesis and Methodological Approach
We here investigated common and specific GMV alterations in
patients with CRPS from two study samples in an explorative
(multiple comparison correction for the whole brain volume) and
a hypothesis-driven approach (multiple comparison correction
for regions of interest comprising mPFC/ACC, thalamus, and
insula). The following hypotheses were tested:

(A) Explorative approach with correction over the whole
brain volume and a ROI approach for those areas which
already showed effects in previous investigations surviving a
correction for multiple comparisons over the measurement
volume: Are there GMV alterations in CRPS patients
compared to healthy controls?

(B) ROI-approach for those areas which already showed effects
in previous investigations surviving a correction for multiple
comparisons over the measurement volume: Are there
associations betweenGMVdecrease in CRPS patients and pain
severity, chronicity, and relevant performance impairment
alterations in GMV?

METHODS

Participants
Participants were recruited via support groups in Northern
Germany and via the hand surgery and Anesthesiology of the
University of Greifswald. Twenty-four right hand affected CRPS-
patients have been included which have been characterized in
detail in Table 1.

Twenty-four patients had been diagnosed based on the
Budapest criteria (31) were on average 50.75 ± 14 years old,
with 4 male, 17 right handed (assessed using the Edinburgh
Handedness score) (32), CRPS-severity with CSS (CRPS severity
score) (33) was 11.78± 3.23 on average, duration of symptoms on
average for 48.12± 37 months, average rest pain was 4.80± 2.82
(VAS 0–100). Thirty-three healthy controls (25 right handed)
were recruited by advertising from the University Medicine
faculty with 54.42± 13.49 years old on average (sex not matched
since these were 14 male participants). All participants were free
from other neurological and psychiatric problems as assessed by
a neurologist (ML). All participants gave their written informed
consent. The two study samples have been approved by the
local ethics committee of the UniversityMedicine Greifswald (BB
45/09, BB 055/18).

Sample Size Estimation
Sample size calculation was based on the first study published on
GMV changes in CRPS patients (23). They included 22 CRPS
patients and 22 HCs and described a cluster volume p < 0.05
effect for GMV decrease in the medial prefrontal cortex (mPFC).
The mPFC appeared to be a robust finding in a number of
different studies on associations of GMV decrease with pain
chronicity; see also Kang et al. (34). Since the methods of
determining GMV differences between samples were performed
with other software packages we increased group size for both

samples and included more homogeneous patients with respect
to pain locations (upper limb, only dominant side). In a ROI-
based approach for thalamus, ACC, mPFC, putamen, and insula
we had to correct for false positive results within 39 resels
(smoothed spatial units as the basis for the GLM). Therefore, we
can expect a significant GMV-effect, based on results in other
chronic pain groups, with a t-value of ≥4.1. Therefore, group
sizes of our samples should be sufficient to test the aims as
defined above.

Assessments and Scores
Behavioral testing for the CRPS patients was performed in
the same way as described before in previous investigations
from our group [in healthy (35) in CRPS-patients (36)].
Two-point-discrimination (TPD) was tested using a wheel-
discriminator (Sensidisk, Hannover, Germany) on fingertip of
D1 in a pseudorandomized order of space intervals from 15 to
1mm. Finger dexterity of the affected hand was assessed using
the Roeder Manipulative Aptitude Test (Lafayette Instrument
Company, Lafayette, IN, USA). In this test, the time needed to
screw small rods into a row with ten holes was measured. Patients
were asked for their current medication at the day when the
imaging was performed (see Table 1).

MRI-Measurements
MRI was performed with a 3 T Magnetom Verio (Siemens,
Erlangen, Germany) using a 32-channel head coil. T1-weighted
structural scans were acquired using the following characteristics:
MP-RAGE, TR 1,690, TE 2.52ms, flip angle 9◦, matrix size 256×
256, voxel size 1× 1× 1 mm3.

MRI Evaluations
GMV alterations between all patients and controls were
compared using CAT12/SPM12 packages. Statistical
thresholding had been obtained in a generalized procedure
for all comparisons: We will apply p < 0.05 (voxel height)
using a family wise error (FWE) correction over (1) the whole
brain, and (2) in an additional ROI-correction (FWE voxel
height) comprising mPFC (one medial region), ACC (one
medial region), and bilateral ROIs (anterior insula, thalamus,
putamen). ROIs for GMV analyses were tested on the basis of
prior investigations (23–27) and reports on GMV alterations in
patients with neuropathic pain [e.g., (37)].

We aimed to identify differences in GMV between CRPS
patients and age matched HCs. Furthermore, we investigated
whether clinical symptoms (pain intensity and duration of CRPS)
or sensorimotor performance (Roeder and TPD) were associated
with GMV.

RESULTS

CRPS patients showed decreased motor performance with their
affected right hand than HCs (Roeder test; t = 3.24; p = 0.001).
In addition, CRPS patients showed a decrease in spatiotactile
discrimination as tested with the two-point discrimination (TPD;
t = 2.91; p= 0.012; see Figure 1).
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TABLE 1 | Characteristics of CRPS patients.

Participants Age CSSa BDIb Pain rest (VAS) Duration (months) Roeder_affc Two point discrimination (TPD) Medicationd

Subject 1 56 17 7 2.5 14 250 8.0 A, B, D

Subject 2 48 15 35 5.0 14 117 3.0 A, B, C, D

Subject 3 65 – 3 8.0 104 250 3.0 –

Subject 4 60 9 14 5.5 72 80 3.2 D

Subject 5 24 11 22 4.5 84 48 3.7 A, B, D

Subject 6 47 10 11 4.5 22 51 1.7 B, D

Subject 7 19 13 6 0.0 12 76 1.9 B, C, D

Subject 8 53 14 14 7.0 26 250 10.0 B, D

Subject 9 58 13 3 4.5 61 104 1.5 B, C, D

Subject 10 64 8 20 2.5 13 65 1.8 B, C, D

Subject 11 44 9 6 9.5 77 81 3.5 B

Subject 12 79 5 17 10.0 50 106 3.3 –

Subject 13 57 12 7 3.0 84 95 3.7 A, B, D

Subject 14 19 13 32 2.0 48 74 2.7 B, C, D

Subject 15 33 11 13 5.0 51 109 3.00 A, B, C

Subject 16 56 13 22 10.0 106 50 3.3 A, B, D

Subject 17 59 16 16 3.0 95 84 3.7 B, C, D

Subject 18 64 13 10 2.0 74 48 2.7 A, B, C, D

Subject 19 54 13 10 5.0 109 51 3.0 A

Subject 20 61 13 – 1.5 4 38 4.4 A

Subject 21 40 16 – 2.4 8 84 7.0 A, C

Subject 22 58 7 – 8.1 5 63 4.0 A

Subject 23 45 14 – 7.9 15 250 10.0 A

Subject 24 55 6 – 2.7 7 51 4.6 –

Average ± SD 50.8 ± 14 11.8 ± 3.2 14.0 ± 8.9 4.8 ± 2.9 48 ± 37 103 ± 70 4.0 ± 2.4

aCSS, CRPS severity score (29).
bBDI, Beck-Depression-Inventory (30).
cRoeder_aff, Roeder test for the affected hand side.
dA: NSAID, non-steroidal anti-inflammatory drugs; B: opioid; C: amitriptyline; D: pregabalin.

Pain intensity at rest, duration of CRPS symptoms, and
performance were not relevantly associated with GMV
alterations (for rest pain associations: duration: r = 0.32;
n.s.; Roeder: r = 0.28; n.s.; TPD: r = 0.15; n.s.).

For the exploratory GMV analyses (corrected for the whole
brain volume) CRPS patients showed lower GMV in the bilateral
thalamus (cluster level whole brain correction: t = 4.42; 1,227
voxels; pFWE = 0.015) than HCs (Figure 2). In particular,
the strongest effects were detected in the thalamus proper
(Neuromorphometrics brain atlas) for both hemispheres (left: t
= 4.42; coordinates: −2, −10, 17; right: t = 4.03; coordinates:
9, −4, 11). For the ANATOMY/Oxford atlas differentiation
(based on connectivity information) the temporal (right: t =

4.32; coordinates: 3, −10, 14) and the prefrontal (left: t = 3.67;
coordinates: −6, −9, 6) parts of the thalamus showed highest
effects. Effects remained largely unchanged when only including
patents with more than 12 months of disease persistence for the
group comparisons (CRPS: n = 20; left thalamus (coordinates:
−5,−7, 8); t = 4.26; cluster level p= 0.008).

When using ROI-analysis (bilateral thalamus mask) we again
only observed bilateral anterior-medial thalamus GMV decrease
for CRPS (ri: coordinates: 3, −11, 16; t = 4.26; pFWE = 0.008; le:

coordinates:−3,−14, 14; t = 4.14; pFWE = 0.011) but not for the
other ROIs selected.

Linear regression analyses for duration of CRPS revealed a
decrease in GMV for the ACC (coordinates:−6, 31, 18; t = 4.07,
pFWE = 0.033; one sided). Pain intensity was negatively associated
with GMV in the same Area (ACC; coordinates: 3, 34, 15; t =
4.23, pFWE = 0.026; one sided; see Figure 3).

When testing possible associations between decrease in
GMV with sensorimotor performance we used those parameters
which were impaired in our patients compared to healthy
controls. For the motor testing with the Roeder test we found
a negative association with GMV in the left posterior insula
[MNI coordinates: −42, −12, 9; t = 4.49; pFWE (insula ROI) =
0.038]. For the somatosensory testing with TPD we observed a
negative association with GMV in the left posterior insula [MNI
coordinates:−44,−13, 6; t = 4.40; pFWE (insula ROI)= 0.047].

DISCUSSION

By using voxel-based morphometry to compare gray matter
volume of a highly homogeneous CRPS patient sample with
those of healthy age matched controls we found a decrease
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FIGURE 1 | Comparison of motor (Roeder Test) and somatosensory (two point discrimination TPD) tests between CRPS patients and healthy controls (HC); stars

indicate p-value of differences; ***0.001; *0.05. Larger values indicate lower performance.

FIGURE 2 | (Left) Design matrix of the t-test comparison CRPS (−1) against HC (+1) with the three covariates age, total intracranial volume, and a quality score/IQR

derived from CAT12 preprocessing. (Middle) Bilateral decreased GMV (pFWE < 0.05; cluster level) in the medio-anterior thalamus for the CRPS patients indicated in

green. (Right) bars indicate averages together with SDs (lines) for the GMV-effect in the highest significant voxel of the medio-anterior thalamus for CRPS patients and

HCs.

for the patients GMV in the medial parts of the thalamus.
This finding is analogous to other studies comparing GMV in
neuropathic pain patients with those of healthy volunteers (9).
It also matches well to reports on altered functional thalamo-
cortical interaction in patients with neuropathic pain (38) and
to models describing interactions of thalamic GMV decrease, a
decrease of thalamic inhibitory neurotransmitters, and increased
cortical excitability (37). Furthermore, anterior cingulate cortex
GMV was negatively associated with duration of CRPS and pain
intensity. This finding supports the results of others who showed
associations of persistence of CRPS and GMV (23), and showed
a decrease in ACC GMV in patients with other neuropathic
pain syndromes [trigeminal neuralgia (8, 10)], or patients with

milder non-neuropathic pain syndromes (11, 12). In addition,
somatosensory performance impairment in CRPS patients was
associated with lower GMV in the posterior left insula cortex.
Although many studies already observed insula GMV decrease
in patients with chronic neuropathic pain [trigeminal neuralgia
(8, 10); herpes zoster (39); burning mouth syndrome (40)] and
non-neuropathic pain [e.g., CBP (12)] no such associations with
sensorimotor performance have yet been described.

Thalamus Effect
In the present VBM investigation in a group of carefully selected
patients with upper limb affection of the dominant right hand
we found decreased GMV in comparison to matched healthy
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FIGURE 3 | (Left) Design of regression analysis in the CRPS patient group for the factor pain intensity during rest using age, total intracranial volume (TIV), and quality

of T1-images for segmentation (IQR) as covariates. (Middle) Association of pain during rest with GMV decrease in the cingulate cortex- indicated green. (Right) Plot

of the association of decreased GMV in the highest significant voxel with pain intensity showed an r2 of 0.388.

controls in the bilateral thalamus proper. This effect remained
largely unchanged after excluding all patients with <1 year
of disease persistence, underlining the observation that GMV
decrease is related to persistence of chronic pain [e.g., (23)].
Compared to a connectivity-based atlas this resembles the areas
connected to the prefrontal and temporal cortex. Especially for
the prefrontal interactions these parts of the thalamus might be
related to both pain modulation [discussion see (41)] or effects of
the ACC [e.g., (11)] which had been described to be vulnerable
to both chronic pain but also stressors in animal research before
(42, 43). Especially the thalamo-prefrontal axis is an important
hub which shows changes in cholinergic neurotransmitters in
chronic pain patients (41) and specifically a decrease connectivity
for CRPS patients (38). At least with respect to the ACC GMV
decrease it seems to be highly associated with the duration of
CRPS. For the temporal areas this might well be related also
to parts of the limbic system known to be involved in the
modulation of pain intensity [for animal literature (44)].

An overlapping area in the ventroposterior thalamus has
been described to be reduced in GMV before, showing reduced
connectivity and reduced GABA for patients with neuropathic
pain [for trigeminal neuralgia (9, 37)].

Interestingly, Fukumato et al. used radioactive labeled
iodoamphetamine in a SPECT study in 10 patients with CRPS
to investigate perfusion differences between the hemispheres
contra- and ipsilateral to the affected upper limb. When
compared to ipsilateral, contralateral thalamus showed a
reduction in perfusion and this reduction index was related to
time of onset of the disease (6–36 months). In contrast, healthy
controls showed symmetric thalamic perfusion. They discussed
their results with the finding that chronic neuropathic pain
results in a long-term thalamic inhibition whereas acute pain

increases its activity. In contrast to Fukumoto, we observed a
bilateral reduction in thalamic GMV. However, the effect for
the contralateral hemisphere to the affected hand was stronger—
especially when investigating only patients who had more than
12 months duration of CRPS.

ACC Effect
Here, the anterior cingulate cortex GMV was negatively
associated with the duration of CRPS and pain intensity. This
finding supports finding of others who showed associations
of persistence of CRPS and GMV (23), showed a decrease in
ACC GMV in patients with other neuropathic pain syndromes
[trigeminal neuralgia (8, 10)], or patients with milder non-
neuropathic pain syndromes (11, 12). In a monkey model the
anterior cingulate cortex and the medial PFC showed that
reduced GMV was associated with stress (42). In addition,
cognitive deficit, e.g., for attention, was associated with a decrease
in ACC/mPFC GMV in fibromyalgia (45). Neuropathic pain,
increased stress, sleeplessness, attention deficits, and decrease
in prefrontal pain suppression might well contribute to the
maladaptive chronification circle into sustained pain.

Insula Effect
In the rodent neuropathic pain model using nerve compression
induced by surgical intervention S1, ACC, and insula GMV
loss was associated with somatosensory impairment (43). The
insula serves as an internal monitor adjusting all incoming
input into a current body state. The anterior insula is densely
interconnected with the prefrontal cortex and the limbic system
(46), it is therefore part of the emotional/anticipation pain
system. In contrast, the posterior insula is highly interconnected
with the thalamus and the somatosensory cortices (S1 and S2)
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and is therefore part of the somatosensory discriminative pain
processing system. Hence, it is not surprising that a reduction in
gray matter volume in this area is associated with somatosensory
performance such as spatiotactile resolution (as tested with the
TPD) but also with pinch grip performance (as tested with
the Roeder test). Prior studies have demonstrated associations
between pinch grip, motor and TPD testing in CRPS patients
(17). Several studies already observed insula GMV decrease in
patients with chronic neuropathic pain [trigeminal neuralgia
(8, 10); herpes zoster (39); burning mouth syndrome (40)] and
non-neuropathic pain [e.g., CBP (12)]. In contrast to Geha et
al., who found an association of GMV-decrease with duration of
CRPS for the anterior insula, we here observed effects for the
posterior insula. Overall, the anterior insula activity had been
identified to be associated with catastrophizing pain and trait
anxiety in other groups of chronic pain patients (TMD) (47),
and its increased activation in chronic pain patients decreases
following interventions successfully reducing pain intensity (48).
When considering its connections to the prefrontal lobe an
association of persistence of the pain syndrome in the Geha
et al. (23) study and our finding of an association of posterior
insula GMV with a somatosensory performance is in a good
concordance with anatomical connectivity of this area.

What Else Could Be the Basis of
GMV-Alterations in Chronic Pain?
There is an ongoing debate concerning the fundamental neural
substrates of GMV alterations. Underlyingmechanisms for GMV
decrease in patients with chronic pain have been discussed
recently on the basis of ACC/mPFC GMV (34). One of the
rare longitudinal studies examined patients who underwent hip
surgery suffering chronic pain due to hip osteoarthritis. After the
intervention the patients were pain free and the study authors
suggested that VBM changes are a consequence but not the
cause of pain (49). Research in chronic pain models in animals
have provided insight into the underlying mechanisms of GMV
decrease in the presence of chronic pain [e.g., (42)]. Neuropathic
pain, using nerve compression models in rodents, revealed a
loss of GMV after surgery in the primary somatosensory cortex
(S1), ACC and insula that was associated with a decrease in
somatosensory performance (43). Taken together, animal studies
showed that (1) prefrontal GMV loss is causally related to
surgical intervention resulting in chronic neuropathic pain in
rodents, and (2) S1, ACC, and insula GMV loss is associated
with somatosensory impairment induced by neuropathic pain as
a result of a surgical intervention.

Methodological Considerations
When reviewing the literature on GMV alterations in CRPS it
is very difficult to summarize common findings. One important
reason might be the inhomogeneous patient cohorts investigated
before. Geha et al. (23) included upper limb, lower limb
and trunk localization of CRPS. Inhomogeneity in CRPS-
affection and symptoms increase noise and more recent studies
(27) focused on patients with right upper limb affection. In
addition, the stage of CRPS is crucial since persistence of
the pain syndrome has been associated with GMV loss [for

non-neuropathic pain see for instance (11)]. Pleger et al. (24)
predominantly included CRPS patients in the subacute stage and
tested them against healthy controls. Their surprising finding of
an increase in GMV in areas which show a clear GMV decrease
in most other studies might well be related to that inclusion
criteria. Furthermore, most samples were clearly underpowered
when considering effect sizes resulting from larger samples of
chronic pain patients [e.g., (11, 12)]. On the measurement
side, a high resolution isotropic spatial resolution (at least 1
mm3) should be standard nowadays. Resampling 4mm slice
thickness with 1mm spacing between slices (gap) into a voxel-
based morphometry is not even justifiable when considering
technical deficits of past decades (25). It is also essential on
the measurement side, that only data derived from the same
MRI should be included in the group analysis or advanced
harmonization approaches are used prior to analysis. In addition,
the latest data processing tools for GMV-analysis provide state-
of-the art approaches regarding preparation, artifact reduction,
segmentation, advanced normalization procedures and quality
assessment (e.g., CAT—A computational anatomy toolbox for
the analysis of structural MRI data; C Gaser, R Dahnke; OHBM
2016, 4057) which is extremely important for accuracy of the
VBM method. Last, but not least, a reliable statistical approach
is essential: a severe problem in the field is the restriction of
analysis on regions of interest, especially if these have not stood
the proof of an exploratory whole brain corrected analysis before
as performed by Azqueta-Gavaldon et al. (27). It has also to be
mentioned that for the highly important longitudinal studies on
chronic pain and GMV alterations the current software packages
do not offer reliable and comparable solutions leaving some
necessary methodological work on standardized procedures for
trustworthily detecting longitudinal changes in GMV.

Limitations
Studies on diseases with fortunately rare occurrence always
lack from low statistical power. However, this study currently
is based on the largest and most homogeneous sample of
CRPS patients and healthy controls. However, we did not
equally balance control participants for gender but controlled
for TIV as a nuisance variable in our statistical design.
However, we did not lodge and lock our protocol and statistical
analysis plan prior to commencing data collection. It was not
commonplace to do so when we started this study, but now
it is recommended (50). Failure to do this clearly represents a
shortcoming in transparency and reporting. We here decided
to follow a voxel-wise GMV estimation to detect local changes
within the brain between groups which also enabled a whole-
brain statistical analyses approach. We admit that ROI-based
comparisons between groups for the whole thalamus might show
different effects since they are not testing local changes within
the structure. Although we carefully documented the current
medication at the time point of MRI-investigation (see Table 1)
patients had a long-lasting history of all kind of interventions
and these might well have an impact on our findings. In
addition, we did not score mood disorders over all patients
and therefore cannot exclude that depression might have had
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an impact on our findings. However, in a new ALE meta-
analysis comprising 46 VBM studies on mood disorders the
anterior insula predominantly showed a reduction in GMV (51).
Therefore, GMV reduction of the bilateral thalamus induced by
mood disorder, which is more frequent for patients with chronic
pain syndromes than in healthy subjects, might be improbable.

CONCLUSION

In conclusion, we here present a VBM analysis on a considerable
sample of CRPS patients in the chronic stage of the disease.
In contrast to studies of non-neuropathic chronic pain, which
primarily report a loss of GMV in ACC and the insula,
our patients predominantly showed medial thalamic GMV
loss. Additionally, regression analyses with pain intensity and
duration identified a negative association with ACC GMV.
Furthermore, somatosensory impairment was associated with
GMV loss in the insula, until now a finding in rodent neuropathic
pain models, here for the first time shown in a human sample of
patients with chronic neuropathic pain.
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