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ABSTRACT 

Objective

Complex regional pain syndrome (CRPS), which is characterized by persistent pain with 
related sensorimotor symptoms, involves structural and functional changes in the brain 
cortices. Further study on the microstructure of the brain using diffusion kurtosis imaging 
(DKI) is needed in patients with CRPS. This cross-sectional study investigated the neural 
underpinnings of the microstructure of the brains of patients with CRPS. 

Methods

DKI was performed on 25 patients with CRPS and 23 healthy controls. The mean kurtosis was 
determined by voxel-based analyses. 

Results 

Compared with healthy controls, patients had a significantly higher mean kurtosis in the 
bilateral supplementary motor area (SMA), right dorsal premotor area, left precuneus, and 
cerebellar vermis. Higher pain intensity in patients according to the McGill Pain Questionnaire 
was associated with a lower mean kurtosis of the left SMA (r=–0.469, P=0.024). The significant 
association between the mean kurtosis of the left SMA and precuneus observed in healthy 
controls was not observed in patients. 

Conclusion

Our findings suggest that the wide variety of symptoms encompassing the sensory and 
motor systems of patients with CRPS are associated with microstructural impairment of the 
secondary motor area, which receives sensory information and projects motor information. 
This measure could potentially help clinicians to understand microstructural abnormalities of 
the secondary motor area coordinating sensory and motor functions.
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effects of the cellular microstructure and positive 
kurtosis means that the distribution is more 
strongly peaked, a higher mean kurtosis indicates 
a reduction in or loss of cellular microstructures 
such as cell membranes and organelles [19]. For 
instance, an increase in the diffusion parameters 
in DKI is correlated with white and gray matter 
reduction in Alzheimer’s disease [20,21].

Continuous pain in CRPS is associated with 
attenuated motor cortex reactivity, suggesting 
that abnormal motor cortex reactivity may be 
linked with motor dysfunction of the affected 
hand in CRPS [22]. And, a bilateral disinhibition 
of the motor cortex was found in patients with 
complex regional pain syndrome [23]. Altered 
central sensorimotor processing and changes of 
brain structure in prefrontal and motor cortex 
were found in CRPS patients [24,25]. Substantial 
adaptive changes within the central nervous 
system may contribute to motor symptoms in 
CRPS [26], and the presence of pain and other 
CRPS symptoms may induce lasting changes 
in motor cortical plasticity, which could be of 
importance in rehabilitative strategies for the 
sensory motor system in CRPS I patients [27]. 
In addition, repetitive motor cortex stimulation 
can affect pain perception such as decreased pain 
intensities or pain relief as the analgesic efficiency 
[28], and is effective not only to treat pain, but also 
improve the sympathetic changes in CPRS [29].

Along with the supplementary motor area (SMA), 
the premotor cortex constitutes the secondary 
motor cortex [30], and this region is critical 
for goal-directed actions [31]. The secondary 
motor area receives sensory information from 
reciprocal connections with the sensory, parietal, 
and retrosplenial cortices and exerts control on 
actions by projecting to various motor-related 
subcortical regions [32]. Secondary motor cortex 
can be defined by a distinct set of afferent and 
efferent connections, suggested that a major 
function for secondary motor cortex is to flexibly 
map antecedent signals such as sensory cues to 
motor actions, thereby enabling adaptive choice 
behavior [30]. The SMA participates in the 
initiation or coordination of learned, voluntary 
movements [32]. The SMA also appears crucial 
in the temporal organization of movement and 
in the performance of motor tasks that demand 
the retrieval of motor memory [33]. 

The precuneus is part of the anterior sensorimotor 
sub region. As the precuneus is responsible 
for visuomotor learning [34], microstructural 
impairment of this region can play a role in 
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Introduction

There are two main types, complex regional pain 
syndrome (CRPS) I with no definite nerve lesion 
and CRPS II with an identified nerve lesion. 
CRPS type I which is formerly known as reflex 
sympathetic dystrophy (RSD) is a disorder of a 
portion of the body, usually starting in a limb, 
which manifests as extreme pain, swelling, 
limited range of motion, and changes to the 
skin [1]. Currently, the disease is understood 
as result of a complex interplay between 
altered somatosensory, motor, autonomic and 
inflammatory systems, and peripheral and 
central sensitization [2]. Complex regional pain 
syndrome (CRPS), which involves multi-system 
dysfunction and severe, chronic pain, has a 
complex pathogenesis that is characterized by 
the involvement of both the peripheral nervous 
system and the central nervous system (CNS) [3,4]. 
The clinical features of CRPS involve neurogenic 
inflammation, nociceptive sensitization, vasomotor 
dysfunction, and maladaptive neuroplasticity, such 
as allodynia and hyperalgesia [1,5,6]. The CNS 
undergoes functional and structural changes in 
individuals with persistent pain, and the altered 
brain structure and function of patients with CRPS 
have been studied extensively [7-9]. However, 
because of the limits of conventional magnetic 
resonance imaging (MRI) technology, far too 
little attention has focused on the microstructural 
changes associated with the pathophysiology of 
CRPS.

Diffusion kurtosis imaging (DKI), a relatively 
new diffusion technique, has been used to 
elucidate brain microstructural impairment 
in neurological and systemic diseases [10-13]. 
Compared with the traditional diffusion tensor 
imaging (DTI) technique, DKI characterizes 
the non-Gaussian water distribution, whereas 
conventional DTI characterizes the Gaussian 
diffusion in neural tissue [14-16]. DKI can provide 
more information about the microstructural 
abnormalities of brain tissue than traditional 
DTI [17,18]. Given that the water diffusion 
in biological tissues is non-Gaussian due to the 
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the motor impairment of patients with CRPS, 
which is consistent with the altered integration 
of visual and proprioceptive inputs in the posterior 
parietal cortex [35]. Moreover, this sensorimotor 
subregion of the precuneus has strong connections 
with medial sensorimotor regions, including the 
SMA, premotor cortex, and superior parietal cortex 
[36]. CRPS patients had experienced physical 
trauma such as traffic accidents, physical injury 
or bad fall. The effect of traumatic experience was 
associated with precuneus region in altered resting-
state brain function of healthy adults and PTSD 
patients [37,38].

We investigated whole brain including primary 
somatosensory area, primary motor area, 
secondary somatosensory area, secondary 
motor area, and SMA in both CRPS patients 
and healthy controls using DKI. This was an 
exploratory study. Thus, the aim of the present 
study was to find out microstructural features 
and abnormality of brain in patients with CRPS 
comparing with healthy controls using DKI.

Materials and Methods

�� Participants

Twenty-five patients with CRPS diagnosed 
by Budapest criteria from a board-certified 
anesthesiologist were recruited from the Pain 
Clinic. Patients were asked not to change 
their medications before undergoing MRI. 
Additionally, 25 healthy control subjects with 
no lifetime history of psychiatric disorders or 
hospitalization who were not taking any medications 
were recruited via Internet advertisements. 
However, two of the control subjects were excluded 
due to technical problems during DKI acquisition, 
and data from 23 controls were analyzed. The 
exclusion criteria included a history of substance 
abuse or dependence or neurological disease or 
brain injury or evidence of a medical illness that 
could cause psychiatric symptoms. Our study 
was approved by the Institutional Review Board, 
and written informed consent was obtained 
from all participants. This study was conducted 
in accordance with the Declaration of the World 
Medical Association.

Pain severity was assessed using the short-form 
McGill Pain Questionnaire (MPQ), including 
the MPQ-Present Pain Intensity scale (PPI, 0=no 
pain, 5=excruciating pain) [39]. The MPQ consists 
of 15-word descriptors of pain (11 sensory and 4 
affective), which are rated on an intensity scale of 
0–3. The pain scores are derived from the sum of 
the sensory and affective intensity ratings.

�� Image acquisition

All data were acquired using a 3.0-Tesla MRI 
scanner (Siemens Magnetom Trio, Erlangen, 
Germany). A spin-echo echo-planar imaging 
sequence was used to acquire DKI images, with 
six b values (0, 500, 1000, 1500, 2000, and 
2500 s/mm2) and diffusion-encoding vectors 
along 30 nonparallel directions for each nonzero 
b value. Other parameters were as follows: TR/
TE=5900/109 ms; number of averages=1; slice 
thickness=3.5 mm; FOV=240 × 240 mm2; 
matrix=128 × 128; parallel imaging factor=2; 
number of axial slices=40. A high-resolution 
sagittal T1-weighted anatomical image was 
acquired using a three-dimensional MPRAGE 
sequence (TR/TE=1670/1.89 ms; flip angle=9°; 
FOV=240 × 240 mm2; acquisition voxel 
size=0.98 × 0.98 × 1.0 mm3; 208 slices).

�� Image processing

The DKI data were corrected for eddy current 
distortion and for head motion with the B0 image 
using the fMRIB software library (FSL) (www.
fmrib.ox.ac.uk). Mean kurtosis was calculated 
using the Diffusional Kurtosis Estimator tool 
(ver. 2.6.0, Neuroimaging Informatics Tools 
and Resources Clearinghouse) [40]. For 
voxel-based analysis, a fractional anisotropy 
(FA) map was created from the DKI data. 
Each subject’s FA image was spatially 
registered into the standard FA template in 
FSL (FMRIB58_FA_1mii.gz) using affine 
transformation. For spatial normalization, the 
obtained transformation matrix was applied 
to the mean kurtosis map of each subject. The 
spatially normalized parametric maps were 
smoothed with a 6-mm full-width at half-
maximum (FWHM) Gaussian kernel and used 
for within- and between-group analyses. The 
statistical threshold was set at P<0.001, with 
a spatial extent threshold of a cluster size 50 
mm3 (about four voxels in the original space).

�� Statistical analysis

The statistical analyses were performed using SPSS 
Statistics 21.0 (Chicago, IL, USA). Two-sample 
t- and Chi-square tests were used to compare 
between-group differences in demographic and 
clinical characteristics. Pearson’s correlation 
coefficients were used to investigate relationships 
between the mean kurtosis and pain severity, and 
to examine associations of mean kurtosis values 
between regions that showed significant group 
differences. The statistical analyses were two-
tailed, with a significance level of 0.05. 
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Results

Table 1 shows the demographic and clinical 
data of all study participants. There were no 
significant differences between the groups in age, 
gender, or handedness.

Compared with healthy controls, the CRPS 
patients had significantly higher mean kurtosis 
in the SMA bilaterally (Figure 1A and 1B), right 
dorsal premotor area (Figure 1C), left precuneus 

(Figure 1D), and cerebellar vermis (Figure 1E 
and Table 2). There was a negative correlation 
between the mean kurtosis of the left SMA and 
the pain severity of the patients (measured on the 
MPQ-PPI; r=–0.469, P=0.024), indicating that 
higher pain intensity was associated with lower 
mean kurtosis of the left SMA.

Among the means of kurtosis in the brain regions 
showing group differences, there were significant 
positive correlations in between the right SMA 

Table 1: Demographic and clinical characteristics of the study participants.
Patients with CRPS
(N=25)

Healthy controls
(N=23) χ2 or t P

N % N %
Male 12 48.0 13 56.5 0.349 .555
Handedness, right 23 92.0 20 87.0 0.327 .568
Initial pain location
Upper limb 6 24
Lower limb 6 24
Multiple sites 13 52
Psychiatric comorbidity
Depressive disorder 11 44
Anxiety disorder 1 4
Other mood disorders 7 28

Mean SD Mean SD
Age 36.1 11.4 31.3 6.8 1.814 .077
McGill Pain Questionnaire
Present pain intensity 3.2 1.3
Sensory 19.4 9.9
Affect 6.8 3.7
Duration of illness (years) 2.8 3.0
ABB: CRPS: Complex Regional Pain Syndrome

Figure 1: Brain regions showing significant group differences in mean kurtosis.

(A) Right superior frontal gyrus, (B) Right supplementary motor area, (C) Left supplementary motor area, (D) Left precuneus, (E) Cerebellar vermis.
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and the left precuneus (r=0.875, P<0.001), 
between right SMA and right premotor area 
(r=0.513, P=0.12), between the left SMA and the 
left precuneus (r=0.506, P=0.014) and between 
left SMA and cerebellar vermis (r=0.835, 
P<0.001) in healthy controls (Figure 2). On 
the other hand, there were significant positive 
correlations in CRPS patients between the right 
SMA and the left precuneus (r=0.896, P<0.001), 
between right SMA and right premotor area 
(r=0.454, P=0.023), between the left SMA and 

cerebellar vermis (r=0.823, P<0.001). However, 
the any significant correlation between the mean 
kurtosis of the left SMA and the left precuneus 
was not found (r=-0.099, P=0.630) in patients 
with CRPS (Figure 2).

Discussion

This is the first study to investigate the 
microstructure of the brain using DKI in patients 
with CRPS. Patients with CRPS mainly showed 

Table 2: Brain regions showing significant group differences in mean kurtosis.

Region, Brodmann area
Talairach coordinates

Voxels, n Mean
kurtosisx y Z

R Supplementary motor area, 6 2 -13 55 158
Patients with CRPS 0.692 ± 0.041
Healthy controls 0.633 ± 0.048
P-value < 0.001
L Supplementary motor area, 6 -8 -15 54 33
Patients with CRPS 0.972 ± 0.031
Healthy controls 0.925 ± 0.031
P-value < 0.001
R Dorsal premotor area, 6 23 -9 57 205
Patients with CRPS 0.801 ± 0.041
Healthy controls 0.732 ± 0.040
P-value < 0.001
L Precuneus, 7 -11 -57 64 92
Patients with CRPS 0.770 ± 0.026
Healthy controls 0.714 ± 0.033
P-value < 0.001
Cerebellar vermis -1 -56 -23 63
Patients with CRPS 1.002 ± 0.033
Healthy controls 0.960 ± 0.045
P-value < 0.001
ABB: CRPS: Complex Regional Pain Syndrome; R: Right; L: Left

Figure 2: Correlations of the mean kurtosis of brain regions showing significant group differences.

ABB: CRPS: Complex Regional Pain Syndrome; SMA: Supplementary Motor Area; Cbll: Cerebellum; R: Right; L: Left.
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microstructural impairment in the secondary 
motor area in this study, where the sensory and 
motor systems meet [30]. Specifically, the mean 
kurtosis of the left SMA was associated with pain 
severity and showed a pattern of association with 
the other regions in patients that differed from 
the pattern observed in the controls. Given the 
mixed results regarding altered brain structure 
and function in patients with CRPS [41], 
the new DKI imaging method can add new, 
beneficial findings that will help to understand 
the pathological microstructure of the brain in 
CRPS.

Previously, CRPS was found to be associated 
with altered brain structures in the prefrontal and 
motor cortices [42] as well as altered function in 
pain-related motor systems [35]. Patients with 
CRPS showed significant reorganization of the 
central motor circuits, with increased activation 
of the primary and secondary (e.g., the SMA) 
motor areas, correlated with the extent of motor 
dysfunction [35]. Our results indicate that the 
impaired microstructure of the sensorimotor 
system requires reorganization of this area. 
Interestingly, our results also indicate that the 
structural impairment is located mainly in 
the medial aspect of the secondary motor area 
rather than in the sensory system. Thus, the wide 
variety of symptoms in CRPS may stem from 
microstructural changes in the secondary motor 
system such as SMA and premotor cortex. 

Supplementary motor complex and motor cortex 
stimulation in patients with phantom limb pain 
or chronic central pain significantly reduced the 
intensity of pain [43]. Thus, microstructural 
impairment in the SMA of CRPS patients could 
mediate dysfunction in pain processing and may 
affect the intensity of pain. Central sensitization 
from sensory pain signals [7] and dysfunctional 
coordination in sensory to motor pain signals 
related to the SMA may cause pathologically 
chronic pain symptoms in CRPS. Along with 
the SMA, the premotor cortex constitutes the 
secondary motor cortex [30], and this region 
is critical for goal-directed actions [31]. This 
secondary motor system is responsible for flexibly 
mapping antecedent signals, such as sensory 
cues to motor actions [30]. As neurons in these 
regions are associated with direct projection to 
the spinal cord and control of movement [44,45], 
dysfunction in the control of movement to the 
spinal cord may result from the microstructural 
abnormalities in these regions.

On the other hand, traumatic accident 
experience in CRPS patients may be associated 

with impairments in left precuneus. Brain of 
adult rats exposed to traumatic brain injury 
showed long-term upregulation of inflammation 
and suppression of cell proliferation [46]. As 
a result, trauma-related CNS sensitization, 
NMDA receptor-mediated neurotoxicity 
[47], neuroinflammation [6] and hyperalgesia 
in cerebral pain processing may contribute 
to neuronal cell death and gray matter 
reduction, which may mediate microstructural 
abnormalities in cortical pain processing area 
from sensory-motor system to pain regulation in 
CRPS patients.

Given that SMA was associated with coordination 
of learned, voluntary movements [32] and 
retrieval of motor memory [33], higher intensity 
of pain signals in SMA and dysfunctional 
coordination of internally voluntary pain signals 
in left SMA may increase pain intensity in CRPS 
patients. Considering that neurons in the SMA 
project directly to the spinal cord and may play 
a role in the direct control of movement [44,45], 
relatively less cell death of SMA with internally 
stronger pain signaling in CRPS patients may 
increase the neuronal nociceptive signaling to 
the spinal cord, resulting in higher pain intensity. 
In controls, the mean kurtosis in left precuneus 
showed significant associations with the mean 
kurtosis in left SMA. However, the association 
between the mean kurtosis of left precuneus 
and left SMA was lacking in patients with 
CRPS. This suggests that the microstructural 
covariance of these regions is decreased, which 
might make patients vulnerable to persistent 
regional pain [48,49]. The inverse association 
between the mean kurtosis of the left SMA 
and pain severity in patients can be interpreted 
in a similar context. In patients, the dissimilar 
patterns of the left and right SMAs with regard 
to their association with other regions suggests 
that the pain-related role of the left SMA might 
be distinct from that of the right SMA. A study 
on the heterogeneity of the SMA reported that 
right SMA activation was observed during motor 
and sensory tasks, whereas left SMA activation 
occurred during word-generation and memory 
tasks [50]. Therefore, the left SMA may play a 
role in the cognitive control of pain in CRPS.

Together with the SMA, the cerebellum plays an 
important role in motor control; in particular, 
the cerebellar vermis is included within the 
spinocerebellum and receives somatic sensory 
input from the head and proximal body via 
ascending spinal pathways and is a target 
of projections from the motor areas in the 
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cerebral cortex [51]. The cerebellum, including 
the vermis, is involved in various aspects of 
nociception, reflecting pain perception and 
sensorimotor structures [52]. In addition, 
cerebellum was associated with physical trauma, 
and cerebellar vermis showed particularly 
relative hypermetabolism in traumatic brain 
injured patients [53]. Thus, we speculate that the 
association between impairment of the cerebellar 
vermis and higher mean kurtosis is related to 
a dysfunction in pain perception and motor 
control in CRPS patients.

The recent paper [54] reported that the early 
stage group showed reduced gray matter (GM) 
volume and perfusion in areas associated with 
spatial body perception, somatosensory cortex, 
and the limbic system, whereas the late stage 
group exhibited increased perfusion in the 
motor cortex but no changes in GM volume. 
The late stage group in the paper had suffered 
from chronic pain at least over 2 years with 
average of about 7 years of chronic pain [54]. 
And in our present study CRPS patients had 
suffered from chronic pain during average 3.8 
years. Thus, CRPS patients in our study are fit 
to the late stage of chronic pain. In addition, our 
results seem to be coincide with the results of 
late stage group of CRPS [54], considering that 
late stage group of CRPS showed dysfunction 
in motor cortex [54], while early stage group 
showed dysfunction in spatial body perception, 
and somatosensory cortex [54]. Thus, we can 
infer that early stage of CRPS may be associated 
with afferent and sensory-related impairments 
in pain pathways, while late stage of CRPS 
may be involved in efferent and motor-related 
impairments in pain pathways. In particular, 
late stage of CRPS may be associated with the 
impairment in inhibitory systems of pain signals 
in secondary motor area which can coordinate 
sensory and motor functions and exert control 
on actions by projecting to various motor-related 
subcortical regions [30].

There are several limitations to this study. 
First, as this study was cross-sectional, further 

research must confirm whether the identified 
microstructural brain changes are the cause 
or the result of CRPS. Second, medications 
for CRPS patients may also influence brain 
activity and hence cortical microstructure, 
since most patients in this study were taking 
opioids, antidepressants, and/or anxiolytics. 
Finally, although the patients were diagnosed 
with CRPS, they had experienced different 
accidents or injuries and different parts were 
injured. Consequently, additional studies with 
more patients are needed to classify the effects 
of different kinds of accident and injury in more 
detail.

Conclusions

This study examined the differences in the brain 
microstructure of patients with CRPS and 
healthy controls using DKI. Patients with CRPS 
exhibited microstructural abnormalities in the 
secondary motor area, including the bilateral 
SMA, right dorsal premotor area, left precuneus, 
and cerebellar vermis. Because this secondary 
motor area receives sensory information and 
projects motor information, microstructural 
impairment in these regions could constitute the 
pathophysiology for the persistent experience of 
regional pain that is not confined to a specific 
nerve territory in CRPS. DKI studies should be 
useful and play a beneficial role in baseline and 
follow-up evaluations of CRPS patients.
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