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Abstract

Complex regional pain syndrome (CRPS) is a chronic condition that involves significant
hyperalgesia of the affected limb, typically accompanied by localized autonomic abnormalities,
and frequently motor dysfunction. Although central brain systems are thought to play a role in the
development and maintenance of CRPS, these systems have not been well characterized. In this
study, we used structural magnetic resonance imaging (SMRI) to characterize differences in gray
matter volume between patients with right upper extremity CRPS and matched controls . Analyses
were carried out using a whole brain voxel-based morphometry (VBM) approach. The CRPS
group showed decreased gray matter volume in several pain-affect regions, including the dorsal
insula, left orbitofrontal cortex, and several aspects of the cingulate cortex. Greater gray matter
volume in CRPS patients was seen in the bilateral dorsal putamen and right hypothalamus.
Correlation analyses with self-reported pain were then performed on the CRPS group. Pain
duration was associated with decreased gray matter in the left dorsolateral prefrontal cortex. Pain
intensity was positively correlated with volume in the left posterior hippocampus and left
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amygdala, and negatively correlated with the bilateral dorsolateral prefrontal cortex. Our findings
demonstrate that CRPS is associated with abnormal brain system morphology, particularly pain-
related sensory, affect, motor, and autonomic systems.

Keywords

Voxel-based morphometry; VBM; Complex Regional Pain Syndrome; CRPS; neuroimaging;
chronic pain

1.1 Introduction

Complex Regional Pain Syndrome (CRPS) is a neurologic illness characterized by
spontaneous pain that is out of proportion to the inciting event, and that extends beyond the
sensory distribution of any one nerve. Swelling (edema), temperature changes, and excess
sweating are commonly observed, distinguishing CRPS from other neuropathic pain
disorders. Motor dysfunction is observed in 80% of patients.*13 The majority of patients are
female with upper extremity pain.*

CRPS may involve abnormalities in the central nervous system. Magntoencephalographyl4
and somatosensory evoked potentials 27 have shown reorganization of the contralateral
primary somatosensory cortex. Functional magnetic resonance imaging (fMRI) has
identified widespread somatotopic alterations during mechanical stimulation 1819 in several
areas of the brain, including the primary motor and sensory cortex, the bilateral secondary
sensory cortex, cingulate cortex, and parietal association cortex. FMRI of a finger tapping
task of the affected limb has also demonstrated reorganization of the motor circuits and
increased activation in the bilateral primary motor cortices and the contralateral
supplementary motor cortex.1’

In this study, we characterized gray matter abnormalities in CRPS patients, using structural
MRI (sMRI). A previous sSMRI study of CRPS patients identified less gray matter in a
single, large cluster encompassing the right insula, ventromedial prefrontal cortex, and
nucleus accumbens.1! The previous study, however, used a heterogeneous population. We
therefore recruited only females all of whom were right-handed and had right upper
extremity CRPS. We hypothesized that these patients would demonstrate gray matter
volume abnormalities in areas of the brain commonly seen in chronic pain patients,
including the somatosensory cortex, anterior cingulate cortex, and insula.3%:37 We also
hypothesized that we would observe gray matter volume abnormalities in the motor system
of these patients as previously non-structural imaging studies and clinical examination
criteria have suggested that would help differentiate CRPS from other pain syndromes

1.2 Materials and Methods

1.2.1 Subjects

After IRB approval was received, 15 right-handed females with right upper extremity CRPS
were recruited from the Stanford University Pain Clinic and surrounding community (see
Supplementary Table A.1 for demographic information). Fifteen aged-matched, right-
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handed female controls were also recruited via community outreach and advertisements.
Written consent was obtained from all study participants. The CRPS group had an age range
from 20 to 68, with a mean age of 44.0. Controls were matched to within 2 years, with an
age range of 20 to 68, and a mean age of 44.1. All individuals were examined and had their
CRPS diagnosis confirmed by a board-certified pain specialist at Stanford using the standard
IASP diagnostic criteria. All patients also met the clinical criteria as outlined by the
Budapest Research Criteria. 13 Pain duration ranged from 2 to 206 months. A total of 27
patients were recruited, but 12 were excluded owing to handedness, sex, and affected limb.
Subjects were not asked to change their treatment regimen during their participation in the
study. The inclusionary criteria for the CRPS group were: (1) at least 18 years of age, (2) a
diagnosis of CRPS with an examination by a Stanford pain specialist. The exclusionary
criteria were: (1) pregnancy, (2) claustrophobia, (3) MRI incompatibility, (4) psychiatric
disorders that would interfere with the participants’ ability to complete study tasks.

1.2.2 Procedures

After signing informed consent, disease severity was assessed using the McGill Pain
Questionnaire. 22 The average McGill questionnaire score for patients was 24.2, with the
average VAS score reported for 14/15 patients at 7.25. The average McGill score for 11/15
controls was 6 and average VAS was 0.7. Due to the severity of their pain, CRPS patients
were not asked to stop their medications which are listed on Supplementary Table A.1. Only
2 controls were on medication, birth control and anti-hypertensive medication. Following
the pain questionnaire, participants completed the structural imaging protocol. As the
protocol involved only structural imaging, participants were instructed simply to keep their
head still for the duration of the scanning which totaled approximately 60 minutes

1.2.3 MR data acquisition and processing

High resolution T1-weighted anatomical images were acquired using a 3D IR-FSPGR
sequence, 28 slices, and 4 mm slice thickness withl mm skip, voxel size was 1.5 x 1.5 x 1.5
mm. Scans were conducted at Stanford University using a GE 3.0 Tesla MRI system, and a
transmit-receive, end-cap, single channel head coil. All image analysis and processing was
performed using SPM8 (Wellcome Trust Centre).

Anatomical images from all subjects were first segmented into gray matter, white matter,
and cerebrospinal fluid images. Next, the DARTEL toolbox was used to normalize the
anatomical images into a common stereotactic space. DARTEL was chosen because it has
been shown to provide improved image normalization relative to many other common
algorithms .15 Finally, each gray matter image was spatially smoothed with an 8-mm
Gaussian kernel.

1.3 Statistical analysis

Whole brain statistics were computed using an independent Student’s t-test with healthy
controls in one group and CRPS patients in the other group. Participant age and total gray
matter volume were regressed out, to remove effects of non-interest. A gray matter mask
was applied to eliminate voxels not containing gray matter, thus reducing the number of
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statistical tests being conducted. To control for the incidence of false positives, two
corrections for multiple comparisons were applied. First, a false discovery rate (FDR)-
controlled, voxel-level height threshold was calculated, yielding a corrected p-value of
0.0005 (t = 3.71). Second, a cluster-level extent-threshold of 30 contiguous voxels was
applied, using a priori information regarding our smallest structure of interest. The cluster
threshold of 30 contiguous voxels yields a volume of 45mm3 and was based on the
approximate size of the caudate nucleus — as well as of the nucleus accumbens region that is
commonly reported in imaging studies, and was the seed region used in the Geha 2008
paper 11

Secondary analyses were performed on the patient group only, to determine if there was
relationship between gray matter volume and disease severity. Using a one-sample t-test,
gray matter volume values were tested for correlations with (a) disease duration (N=15) and
(b) pain severity (N=14). The p-value was set to 0.001 for these analyses to maintain a t-
value threshold of 3.71 (comparable to the main analysis threshold). The 30 consecutive
voxel-extent threshold was retained.

1.4 Results

Total gray matter volume (GMV) was computed for all individuals. Patients had a mean
GMV volume of 0.66 (SD 0.06). The mean GMV for the control group was 0.71, SD 0.06.
The T test of the GMV differences between groups was t(28)= -2.58, p= 0.015. The
correlation patients with age —0.37 p=0.172, and for controls —0.76 p= 0.001 and the
combined group total — 0.57 p=0.001.

Next, region-specific differences in GMV were assessed using the whole brain analysis (see
Table A.1). As compared with the healthy controls, the CRPS patients exhibited increased
gray matter volume in the left dorsal putamen and the hypothalamus (Figure 1a) at p =
0.0005. Conversely, the patients had less gray matter volume than controls in the cingulate,
primarily the posterior mid-cingulate cortex, but also in the bilateral anterior cingulate
(Figure 1b), in the orbital frontal cortex (Figure 1a, 1c), and the left posterior insula (Figure
1d).

Finally, secondary correlation analyses were then performed on the patient group (see Table
A.2). These analyses were designed to determine if any regional GMV differences were
associated with disease severity. Duration was associated with decreased gray matter in the
left DLPFC (Figure 2a). The VAS score correlated negatively with the right and left DLPFC
(Figure 2b), and positively with the left posterior hippocampus and the left amygdala
(Figure 2c and 2d), and the left post-central gyrus.

1.5 Discussion

1.5.1 Differences between CRPS patients and healthy controls

We identified a number of morphologic differences between CRPS patients and the matched
healthy controls. Areas where patients showed lesser gray matter than controls included the
posterior mid-cingulate cortex (pMCC), bilateral pregenual anterior cingulate cortex
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(pACC), orbitofrontal cortex (OFC), and left posterior insula. Three of these regions are
included in the classic limbic system (the cingulate and the orbitofrontal cortex). We note
several overlaps between our results and results seen in the literature. For example,
decreased gray matter volume was observed in a more general pain population suffering
from lower back pain, headache, and lower extremity joint pain3° as well as in a population
of patients suffering from functional somatic syndromes such as fibromyalgia or irritable
bowel syndrome. 33

Volumetric abnormalities in the limbic system suggest dysregulated emotional processing of
pain information in CRPS. The pACC is chiefly involved in the components of pain having
to do with unpleasantness and suffering.2? It is also involved in conditioned emotional
learning and assigning emotional valence to external and internal stimuli .3° The OFC shows
increased activation during certain expectation of pain and decreased activation in uncertain
expectation.? The OFC was also persistently hypoactive after long-term medication overuse
headache patients discontinued chronic opiates, suggesting that the region plays a role in the
persistence of chronic pain.10 Valet et al., also noted this volumetric abnormality in a group
of patients with chronic pain and hypothesized that the pACC and OFC drive top-down
regulation of pain, suggesting that CRPS patients may have an impaired ability to modulate
pain supraspinally.33 The pMCC represents motor processing in the cingulate.3* Inputs to
the pMCC include the inferior parietal lobe, motor cortex, and supplementary motor
cortex.36 Dysregulation in this area may mediate motor dysfunction commonly observed in
CRPS patients. The pMCC may mediate sensory, rather than affective, aspects of pain
processing, given that it does not demonstrate emotional activations, but does demonstrate
robust nociceptive response.3% 36 While the insula is typically thought to be part of the
extended limbic system, the posterior aspect, observed in this study, is typically associated
with somatosensory processing of both painful and nonpainful sensation.26 The dorsal
posterior insula is thought to be activated predominantly contralaterally in response to
nociceptive input.3 In addition, the dorsal posterior insula is thought to have a temperature-
encoding ability8 and to be somatotopically organized.” Using coordinates from a previous
study mapping the somatotopy of the posterior insula to noxious heat stimuli,” we found that
the area of atrophy we identified corresponds well to the expected contralateral side,
representing approximately the area between the face and hand.

We found two exceptions to the general pattern of atrophy in the CRPS patients. These two
regions are uncommonly seen in chronic pain and may represent a finding more unique to
CRPS. Two regions, the left dorsal putamen and the hypothalamus, showed gray matter
increase in these patients. The putamen is known to be involved in the processing of pain in
humans.” The putamen contains a somatotopic representation of bodily pain,2 and the
posterior aspect has demonstrated gray matter volume increase in other chronic pain
disorders, such as myofascial temporomandibular pain.38 The contralateral putamen has also
demonstrated somatotopically arranged activation during pain. The hand representation is
posterior to the foot and corresponds closely with our noted area of activity.? Interestingly
Starr et al, recently described decreased pain intensity and thermal thresholds in patients
with contralateral putaminal lesions, and we might suggest the converse to be true.32
Activation of dopaminergic neurons in this region is associated with lower pain
sensitivity,3! perhaps suggesting that increased gray matter volume is a compensatory action
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against sustained nociceptive input. In particular, the anatomical connectivity between the
posterior putamen and the primary motor cortex (M1),25 which shows active reorganization
during CRPS,20 suggests that M1 inputs due to CRPS pathology may be driving putamen
reorganization.

The hypothalamus also showed increased gray matter in the CRPS patients. The
hypothalamus has been previously shown to demonstrate abnormal processing to stimuli in
CRPS patients, and altered function in that region has been posited to perhaps drive the
autonomic symptoms of CRPS.16 Gray matter increase in the hypothalamus has also been
shown in irritable bowel syndrome,® another condition with supposed sympathetic and
autonomic nervous system attributes. Functional activation of the hypothalamus has also
been demonstrated with cluster headaches, which may also involve autonomic
components.22 Martenson et al. recently put forward the hypothesis that the dorsal medial
nuclei of the hypothalamus may be responsible for promoting hyperaglesia. 21

1.5.2 Correlation with pain duration and intensity

CRPS pain duration and intensity were associated with morphologic abnormalities in several
limbic regions linked to the processing of affective stimuli. Interestingly, gray matter
atrophy in the left DLPFC was associated both with longer duration of illness and increased
pain intensity. It is possible that the decreased gray matter in that region is associated with
sustained abnormal nociceptive input to the brain, rather than CRPS-specific pathology,
because the same region has been found to be involved in other types of pain conditions.!
Also, whereas the left DLPFC was associated with both pain duration and intensity in
patients, there was no significant difference in volume in that region between patients and
matched controls. The combination of those findings suggests that left DLPFC abnormalities
are not central to CRPS pathophysiology, but are instead either adaptations to increased
nociceptive input, or that they represent a pre-existing vulnerability to experience greater
pain. The role of this region in the processing of pain is exciting, because it is well
positioned for non-invasive neuromodulatory techniques, such as transcranial magnetic
stimulation (TMS). In fact, preliminary results have already demonstrated the potential
analgesic benefit of left DLPFC modulation with TMS in a capsaicin model of pain.®

Greater CRPS pain was also associated with gray matter hypertrophy in the left posterior
hippocampus and left amygdala. These two regions, which are classically associated with
limbic reward processing and emotional intensity encoding, are also involved in the
experience of pain. Both the amygdala and hippocampus have been implicated in individual
differences in pain sensitivity, and they may be particularly involved in heightened pain
expectancy and pain anticipation.%:28 The importance of the amygdala and hippocampus in
mediating pain sensitivity has been further supported by studies of pain processing
differences in war veterans with posttraumatic stress disorder.12

1.5.3 Reconciliation with previous results

We noted a general lack of agreement between our results and the results of the only other
reported study of VBM and CRPS.1! In that study, only one cluster was identified, and that
region encompassed the VMPFC and nucleus accumbens. Even with relaxed thresholds, we
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were unable to see overlap between their regions of interest and ours. However, there are
several differences between the studies that make direct comparison difficult. First, Geha
and colleagues recruited CRPS patients with all affected limbs (arms and legs, left and right
side), while our sample was limited to right upper extremity CRPS. Second, they included
left and right handed individuals, while we recruited only right handed individuals. Third,
the study recruited men and women, while we recruited only women. For these reason, the
present study was more homogenous, and perhaps better able to detect differences than the
previous Geha study.

1.5.4 Caveats

Our findings have the same caveats present with all other pain VBM studies. First, as a
cross-sectional study, it is unknown whether the observed abnormalities represent responses
to pain or causes of pain. Only longitudinal studies will be able to identify causal
relationships between the brain and pain. Second, gray matter volumetric changes are
difficult to interpret, given our inability to know exactly what type of gray matter is
changing. While volumetric change is commonly assumed to represent neuronal growth or
loss, other cell types (e.g., microglia), may also contribute to VBM changes. Current MRI
methods do not allow cell types to be differentiated in this way.

Differences between subjects with CRPS and controls could be due to central changes in the
face of chronic medication use. Brain system changes have been shown for antidepressants
and opioids. 3% We cannot rule out the possibility that medication usage causes the
structural changes seen in our study and in most VBM studies of chronic pain.
Unfortunately, it is challenging to recruit any patients with CRPS who are not taking
medications, owing to the extremely painful nature of this condition.

1.6 Conclusions

Our study has demonstrated a number of discrete volumetric abnormalities in the brains of
individuals with CRPS. The pattern of volumetric abnormalities suggests widespread
dysregulation of pain processing in these patients, with an emphasis on motor, sensory,
affective pain, and autonomic systems. We also found a significant relationship between
gray matter changes and both the duration and intensity of pain. These changes may reflect
both neurobiological preconditions for central sensitization in CRPS and plastic changes as a
consequence of persistent neuropathic afferent input. This study represents an advancement
in our understanding of structural changes in the brain associated with CPRS. As these
studies are costly and time-consuming and CRPS patients few in number, further studies
should aim to add confirm and refine our studies. In addition, further focusing on areas of
uniqueness not commonly noted in other pain conditions such as the hypothalamus and
putamen may lead to a signature imaging finding for CRPS that clearly separates it from
other pain syndromes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary

This study examines a homogeneous CRPS population with voxel based morphometry
and demonstrates volumetric changes in pain-related regions of the human brain.
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Perspective

This paper presents structural changes in the brains of patients with Complex Regional
Pain Syndrome helping us differentiate CRPS from other chronic pain syndromes and
furthering our understanding of this challenging disease.
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Figure A.1. Gray matter differences between CRPS patients and matched controls
A: CRPS participants showed significantly greater GMV (shown in red) in the left dorsal

putamen and right hypothalamus, seen in an axial slice. The hypothalamus is also displayed
in sagittal perspective (inset). Areas of statistically significant difference (threshold t = 3.71,
p = 0.0005) are superimposed on an MNI-normalized average of all participants’ T1-
weighted structural brain images (N = 30). B: CRPS patients showed decreased GMV
(shown in blue) in the left and right posterior mid-cingulate cortex (axial perspective). C: In
addition to mid-cingulate regions, CRPS patients showed significantly less GMV (shown in
blue) in the left orbitalfrontal cortex (also seen in pane a). D: CRPS patients showed
significantly less GMV (shown in blue) in the left posterior insula.
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Figure A.2. Correlation analyses of CRPS patient GMV with symptom duration and pain
severity

A: Duration of CRPS symptoms was associated with decreased GMV (shown in blue) in the
left dorsolateral pre-frontal cortex in the coronal view (axial view in inset) in patients only
(N = 15) with a threshold of t = 3.79, p = 0.001, contiguous voxels = 30.

B: Severity of pain (0-100 visual analog scale) was associated with decreased GMV (shown
in blue) in the bilateral dorsolateral prefrontal cortex seen in the coronal view.

C: Sagittal view of pain severity positively associated with increased volume (shown in red)
in left posterior hippocampus and left amygdala.
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D: Coronal view of increased amygdala volume (shown in red) associated with pain
severity.
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