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Abstract

Complex regional pain syndrome (CRPS) develops after limb injury, with persistent pain and
deficits in movement frequently co-occurring. The striatum is critical for mediating multiple
mechanisms that are often aberrant in CRPS, which includes sensory and pain processing, motor
function and goal-directed behaviors associated with movement. Yet much remains unknown with
regards to the morphological and functional properties of the striatum and its sub-regions in this
disease. Thus, we investigated 20, patients (15 female, age 58 + 9 years, right-handed) diagnosed
with chronic (6+ months of pain duration) CRPS in the right hand and 20 matched, healthy
controls with anatomical and resting-state, functional magnetic resonance imaging (fMRI). In
addition, a comprehensive clinical and behavioral evaluation was performed, where each
participant’s pain, motor function and medical history were assessed. CRPS patients harbored
significant abnormalities in hand coordination, dexterity and strength. These clinical pain and
movement-related findings in CRPS patients were concomitant with bilateral decreases in gray
matter density in the putamen as well as functional connectivity increases and decreases amongst
the putamen and pre-/postcentral gyri and cerebellum, respectively. Importantly, higher levels of
clinical pain and motor impairment were associated with increased putamen-pre-/postcentral gyri
functional connectivity strengths. Collectively, these findings suggest that putaminal alterations,
specifically the functional interactions with sensorimotor structures, may underpin clinical pain
and motor impairment in chronic CRPS patients.
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1 Introduction

Complex Regional Pain Syndrome (CRPS) is a pain disease that ensues following injury to
an extremity [8]. The pathophysiological mechanisms that hinder a normal resolution of
limb injury or unfold in CRPS phenotype are poorly understood. However, the symptoms
that patients present are well-characterized, including spontaneous and movement-induced
pain, sensory deficits, trophic abnormalities, and autonomic dysregulation [18]. During acute
stages, soft-tissue edema, disturbed sympathetic function and movement limitation are
observed. In chronic stages, motor deficits may become more defined [43], including
reduced range of motion, joint stiffness, muscle weakness, tremor, dystonia, and irregular
myoclonus jerks [66,67,79,91]. These movement disorders together with the observation that
motor tasks that cannot be performed actively, can be executed when the affected limb is
passively moved, point to a central component underlying movement-related
symptomatology in CRPS [56].

Neuroimaging techniques have been used to study brain alterations in chronic pain

[4,28,62]. Due to methodological and clinical divergence, the findings are difficult to
summarize into consistent results. However, with respect to resting-state functional magnetic
resonance imaging (rsfMRI) there is converging evidence of the disruption of the Default
Mode Network (DMN) across chronic pain diseases such as low back pain [2,10],
fibromyalgia [68], neuropathic diabetic pain [24], knee osteoarthritis [10] and CRPS [10,19].
Components within the DMN that exhibited changes included the medial prefrontal cortex,
precuneus and lateral parietal regions. Areas outside this network such as anterior cingulate
cortex, anterior insula and supramarginal gyrus also presented with alterations. Overall,
changes within the DMN could be interpreted as alterations of brain function related to
chronic pain, but not specific to CRPS.

Previous fMRI studies addressing pain and movement disorders in CRPS showed
morphological and functional alterations localized to the primary somatosensory cortex
[53,74], as well as sensorimotor network regions such as pre-and postcentral gyrus [37,56].
Past research has also focused on the cortical and thalamic contributions to pain and
sensorimotor deficits in CRPS [30]. However, there has been little focus on striatal
structures. This is despite the known function of the striatum in pain and motor control as
well as in related processes such as reward, aversion and goal-directed behaviors [21].
Neuroanatomical evidence shows that the basal ganglia (BG), cerebellum and cerebral
cortex form an integrated and topographically organized network [23]. The motor, cognitive
and affective territories of each node in this network are interconnected. These observations
stress the importance of subcortical contributions to neuroplasticity in chronic pain.

The role of the striatum towards facilitating persistent pain and movement-related
dysfunction in CRPS was recently postulated [6]. To date, structural and functional
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abnormalities in BG structures have not been studied in relation to motor dysfunction in
CRPS. Therefore, in this MRI-based investigation, we aimed to elucidate the morphological
and functional properties of areas within the sensorimotor network with distinct attention to
the striatum in a cohort of adult chronic CRPS patients with pathology unilaterally localized
to the right upper limb. We hypothesize that striatal alterations do not only affect pain
processing but are also implicated in movement disorders in CRPS.

2 Material and Methods

This study was approved by the Ethics Committee of the Ludwig Maximilian University of
Munich (Germany) and met the Helsinki criteria for the study of pain in humans. All
subjects read and signed a written informed consent prior to study participation. Patients
were recruited from the Interdisciplinary Pain Unit at the University Hospital LMU and from
the Department of Rehabilitation Medicine of the City Hospital Bogenhausen in Munich
(Germany). Clinical screening and MRI procedures were carried out on the same day and
took place at the Department of Orthopedics, Physical Medicine and Rehabilitation and at
the Institute for Clinical Radiology of the University Hospital LMU Munich, respectively.
Patient recruitment and screening was carried out from April 2016 to October 2017.

2.1 Study Participants

A total of 32 potentially eligible individuals possessing CRPS were assessed for eligibility
and 22 patients gave consent to participate in the study. Imaging data from two patients were
discarded due to observed brain lesions. Therefore, 20 (15 females; 57.9 + 9 years old),
right-handed, chronic (6+ month of pain duration) CRPS patients unilaterally affected on the
right hand or arm and right-handed, gender and age-matched healthy control subjects (N=20;
15 females; 58.5 + 10 years old) participated in this study. The enrolled patient cohort met
the Budapest clinical diagnostic criteria for CRPS [41] for chronic stage and were examined
by a neurologist (E.K.). Exclusion criteria included suffering from another chronic pain
condition, metabolic disorders (i.e., diabetes or hypertension), severe psychiatric
comorbidities, addiction, or having any contraindications for undergoing MRI procedures.

2.2 Psychophysical Evaluation

All clinical tests were performed by an occupational therapist (C.S.) under minimal
distraction in a silent room, with an ambient temperature of 25-26°C. Subjects were seated
on a comfortable chair and allowed to adapt to the test environment for at least 10 minutes.

2.2.1 Motor Function Evaluation—A battery of motor behavioral tests was
implemented to evaluate bilateral motor function in all chronic CRPS patients and healthy
controls.

9-Hole Peg Test: Finger and hand coordination was assessed with the 9-Hole Peg Test [63],
where after a trial round, participants were instructed to complete the test as fast as possible
and the time needed for completion was recorded.
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Forearm Range of Motion (RoM): The angular velocity (w) in degrees/s of the forearm
RoM was measured with a 3D motion tracker system based on an ultrasound probe CMS-10
(Zebris Medical GmbH, Isny Germany). During this test, patients were instructed to perform
a forearm rotation at their maximum range of movement and velocity during which
pronation and supination movements were recorded across a 30-second period. To account
for intra-subject variability, a symmetry index (RoMg) of the angular velocity that
determines side performance dominance was computed (wright/wieft), where RoMg; > 1
indicates better performance of the dominant/affected hand; RoMg; < 1 corresponds to better
performance of the left hand; and RoMg; = 1 indicates total symmetry or equal performance
between both hands.

Rigidity: The rigidity of the upper limbs was evaluated following the Unified Parkinson’s
Disease Rating System (UPDRS-111) measurement for rigidity [38]. Scores for each
individual limb ranged from 0 — 3. The total rigidity score accounting for both limbs was
calculated by the sum of the two individual scores (range 0 — 6).

Grip Strength: A vigorimeter was utilized to measure grip strength.

Right-Left Laterality Discrimination: The computer-based tool Recognize® (Neuro
Orthopedic Institute, Australia) was used to assess the ability to discriminate right from left
hand images and was administered on a tablet. A symmetry index was computed using the
same method as described for RoMg;.

Dystonia: Arm Dystonia Disability Scale (ADDS) [32] questionnaire was used to assess
reported dystonia.

2.2.2 Somatosensory Evaluation—Monofilament Test: Bilateral hand and finger
threshold sensations were evaluated using the Semmes-Wenstein Monofilaments
Examination (SWME). The monofilaments are applied to different regions of patients’
hands (palmar surface of index finger and thumb, little finger and hypothenar eminence, and
dorsum of the hand) perpendicularly until they bend for approximately one second.
Depending on their diameter, the monofilaments can exert a pressure of 0.07, 0.4, 2, 4 or 300
g/mm?2. Having the eyes closed, patients were instructed to respond when the stimulus was
felt by saying “yes”. Starting with the finest monofilament, if the patients failed to feel the
stimulus, the next monofilament in diameter was used for the tests. The test performance
was given a clinical score of normal (Minimum force perceived = 0.07 g/mm?), diminished
light touch (Minimum force perceived = 0.4 g/mm?), diminished protective sensation
(Minimum force perceived = 2 g/mm?), loss of protective sensation (Minimum force
perceived = 4 g/mm?), deep pressure sensation only (Minimum force perceived = 300 g/
mm?).

Two-Point Discrimination: The static two-point discrimination test was used to gauge the
ability of the patients to identify two close stimulation points on a small area of the skin. The
examiner randomly alternated one-point and two-point stimulation on the finger pads, while
the study participants were asked to say “one” or “two” if they felt one or two points
respectively. The test performance was given the clinical score of normal sensation
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(Identified minimum distance = 6mm), moderately affected sensation (Identified minimum
distance = 10 mm), bad sensation (Identified minimum distance = 16 mm), protective
sensation (Only one point sensed).

2.2.3 Autonomic Function—The degree of autonomic dysfunction was assessed from
six different perspectives. These comprised of abnormal or asymmetrical skin temperature
and coloration, volume, sweat segregation, hair and nail growth. Using infrared
thermometry, the skin temperature was measured three times on the bare skin, between the
third and fourth metacarpal bone while avoiding the veins and hair on the dorsum of the
hand, followed by three measurements on the palm of the hand. The arithmetic mean was
used for further data processing and was considered to be abnormal when the temperature
difference to the healthy hand was higher than 0.5°C [27]. Edema in the affected limb was
assessed by measuring volume differences with the use of a hand-volumeter [64] and was
classified as abnormal when the difference to the healthy limb was higher than 5% [27]. The
therapist assessed sweat segregation, hair and nail growth, as well as the skin coloration
through visual or/and tactile inspection.

2.2.4 Assessment of Pain, Quality of Life and Mental Health—Multiple validated
self-administered questionnaires described below were completed by each participant.

Pain: Patients reported the pain intensity felt right before entering the MRI scan ona 0 — 10
visual analog scale (VAS).

Health-related quality-of-life: Health-related quality of life and disease burden was
assessed with the Veterans RAND 12-item Health Survey [47]. The twelve items are
summarized into two scores, a physical health (Physical Component Score, PCS) and a
mental health summary measure (Mental Component Score, MCS). The PCS score ranges
from 21.05 — 55.74 points, and the MCS score ranges from 12.66 — 62.88 points. For both
subscales, higher scores denote better quality of life.

Depression and anxiety: Depression and anxiety status were evaluated with the German
version of the Hospital Anxiety and Depression Scale (HADS-D). This 14-item self-report
questionnaire comprises of two subscales (depression and anxiety) with seven items each,
rated with a Likert-scale (0 — 3). The total subscale scores range from 0 — 21. The clinical
cut-off score to meet the screening criteria for depression and anxiety is 8 points [17].

Kinesiophobia: Kinesiophaobia or pain-related fear of movement was assessed with the 11-
items Tampa Scale for Kinesiophobia (TKS-11) [92]. Items on the TSK-11 are scored from
1 (strongly disagree) to 4 (strongly agree). The total score ranges from 11 — 44 points, with
higher scores indicating greater fear of pain, movement and injury. Patients with a score
greater than the cut-off score of 24 are considered to have high levels of fear of movement.

2.3 Statistical Analysis (Non-imaging data)

Fulfilment of conditions of normality and homogeneity of variance of metric for
psychophysical data was tested using Shapiro Wilk Test. After rejection of such fulfilment,
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the Mann-Whitney U test was used to study group differences. In the case of nominal data,
Fishefs exact test was used. The significant level was set to a = 0.05.

2.4 Functional and Structural MRI Data Acquisition

All MRI data acquisition was performed on a 3T Siemens Magnetom Skyra MRI scanner
using a 32-channel head coil (Erlangen, Germany). Anatomical MRI images were acquired
using a magnetization prepared rapid gradient echo (MPRAGE) sequence. Images were
obtained in a sagittal plane with a field of view of 256 mm?2 [160 1 mm-thick slices with an
in-plane resolution of 1 mm (256 x 248 voxels)]. Resting-state fMRI images were acquired
utilizing an echo-planar imaging (EPI) gradient echo sequence with isotropic voxels of 3.5
mm3. Thirty-nine slices (64 x 64 in-plane resolution) were acquired per volume with
TR/TE/Flip Angle = 2.5 secs/30 msecs/90° with 250 volumes.

2.5 Rationale for ROI selection

To elucidate the possible neurological pathologies underlying pain and motor deficits in
CRPS, we chose to restrict our analysis to a priori selected anatomical regions of interest
(ROI). We chose these regions following the rationale provided by prior publications from
imaging studies in pain, CRPS and sensorimotor behavior.

Putamen is engaged in sensory-discriminative aspects of pain [21] and presents with
decreased activation after treatment/symptomatic reduction in CRPS [14]. The putamen
plays a crucial role in motor control and sensory integration [42].

Caudate Nucleus is part of the modulatory system of pain [33]. It presents with higher
activation with nociceptive stimulation [34] and reduction after treatment [14] in CRPS. It is
involved in the smooth orchestration of motor actions [82].

Nucleus Accumbens is a key component in the reward-aversion aspects of pain [60]. It is
also involved in the cognitive processing of motor function related to reward and
reinforcement [81].

Globus Pallidus has been demonstrated to play a role in normal motor behavior and presents
with somatotopic characteristics [9]. Deep brain stimulation of this area has been reported to
improve pain [55].

Thalamus is involved in the sensory discriminative and affective-motivational components of
pain [1]. In pediatric CRPS, the thalamic nuclei exhibit volumetric differences in
comparison with healthy controls that improve after treatment [31]. The thalamus is
implicated in movement control and motor learning because it is an essential input and
output node between motor areas of the cerebral cortex and motor-related subcortical
structures [22].

Postcentral Gyrus has been proposed to play a significant role in the localization and
discrimination of pain [26,50]. Consistent CRPS findings are alleging to reduced anatomical
representation of the affected hand in this region [73] as disease progresses [58].
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Insular Cortex is part of the affective circuits in pain processing [60] and, in CRPS, has been
linked to higher activation during nociceptive stimulation in contrast to unaffected limb [57],
as well as in comparison to healthy controls [34]. Moreover it plays a crucial role in
sensorimotor integration [36].

2.6 Subcortical Gray Matter (GM) Volumetric Analysis

Using SPM12 (Wellcome Department of Imaging Neuroscience, London, UK; http://
www.fil.ion.ucl.ac.uk/spm/), image pre-processing and gray matter volume probability maps
were created with the Computational Anatomy Toolbox (CAT12, dbm.neuro.uni-jena.de/
cat). All T1-weighted images were denoised combining Markov Random Field (MRF)
method with Spatially Adaptive Non-Local Means (SALNM) filter [59,78]. The denoised
images were then segmented into gray matter (GM), white matter (WM) and cerebrospinal
fluid (CSF) probability maps using the Adaptive Maximum A-posterior (AMAP) technique
[78], which accounts for intensity inhomogeneities, followed by the Partial Volume
Estimation (PVE) [88], allowing for more precise segmentation. Linear affine transformation
followed by a non-linear deformation calculated with the Diffeomorphic Anatomical
Registration Through Exponentiated Lie Algebra (DARTEL) tool was used [5] to register
the segmented images into the Montreal Institute Neurological (MNI-152) space. Expansion
(or contraction) occurring during the spatial transformation, was corrected or “modulated”
by multiplying each voxel by the Jacobian determinant derived from the spatial
normalization procedure. The normalized, modulated GM images were then smoothed using
an isotropic 5 mm full-width-half-maximum (FWHM) Gaussian kernel. We subsequently
obtained the segmentation maps of dorsal and ventral striatum regions of interest, namely
caudate nucleus, putamen, nucleus accumbens and the globus pallidus. These isolated maps
were used for subsequent analysis. Both intracranial volume and age were modelled as
nuisance variables in the analysis. Following an a priori primary threshold of p < 0.001, we
applied a family-wise error rate (FWE) cluster-level extent threshold to correct for multiple
comparisons. Comparisons between study group (chronic stage CRPS and matched, healthy
controls) and sides (left and right) for striatal volume were conducted using group x side
repeated measures ANOVA. Significant linear relationships between striatal, GM densities
and psychophysical measures were determined using Pearson’s correlation analysis (p <
0.05).

2.7 Resting-state Functional Connectivity Analysis

2.7.1 Putaminal seed-based connectivity analysis—Seed-based rsfMRI analyses
of the putamen were done using FSL Software version 5.0 (FMRIB’s Software Library,
www.fmrib.oc.ac.uk/fsl). All T-1 weighted images underwent brain extraction using Brain
Extraction tool (BET) [84]. WM, GM, and CSF spatial maps were segmented using the
FMRIB’s Automated Segmentation Tool (FAST) [94].

rsfMRI data underwent removal of the first four volumes; motion correction using the
FMRIB’s Linear Motion Correction Tool (MCFLIRT) [45]; high pass filtered (0.01 Hz) to
reduce low-frequency drift and noise effects.; spatial smoothing using a Gaussian kernel size
of FWHM 5 mm, appropriate for striatal structures [25,61,86]; and grand-mean intensity
normalization of the entire 4D dataset. Registration to anatomical MRI was carried out using
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FMRIB’s Linear Image Registration Tool (FLIRT) [46], and subsequently, registration to
MNI-152 standard space was performed with FMRIB’s Nonlinear Image Registration Tool
(FNIRT) [3]. For further removal of motion-related artifacts, an Independent Component
Analysis based strategy for Automatic Removal of Motion Artifacts (ICA-AROMA) was
applied [77].

Using the normalized and smoothed images, regions where significant GM volume
differences had been observed, namely left and right putamen, were used as seeds in the
subsequent rsfMRI functional connectivity (rsFC) analyses. The seeds were transformed into
the functional space of each subject using FLIRT. The single-subject time-series of the seeds
were extracted and standardized (mean = 0; standard deviation = 1) to be used as
explanatory variables (EV) in GLM analyses with the FMRIB’s Improved Linear Model tool
(FILM). Several confounding factors were included in the model to control for physiological
noise and motion, since it is well documented that motion affects functional connectivity
results [76]. These factors included WM and CSF time series, six motion parameters
generated by motion correction during pre-processing (three rotation and three translation
parameters) and a set of vectors identifying the time points when large motion displacements
or spikes in the signal occurred. Comparisons of the connectivity maps between patients and
controls were performed using Bayesian estimation for samples larger than 10 and robust
outlier detection (FMRIB’s Local Analysis of Mixed Effects, FLAME-1). Gender and age
were included as nuisance factors in the model. Resulting group-level statistical maps were
thresholded at z-value > 2.3 and a cluster significance threshold of p = 0.05. In statistical
maps corrected for multiple comparisons, we looked for positive and negative differences.

A further general linear model was carried out to investigate possible modulatory effects of
disease duration, pain levels, motor function, dystonia scores and kinesiophobia scores on
putamen rsFC. The different scores of these variables were demeaned and introduced as
regressors of interest in group-level analyses. All results were corrected for multiple
comparisons using false discovery rate (FDR) and a cluster-size correction using a z-value >
2.3 and p-value < 0.05 statistical threshold.

2.7.2 ROI-to-ROI connectivity analysis—Given previous literature on neurological
changes in chronic pain and motor deficits [2,7,11,48,72], we also explored functional
connectivity properties in CRPS patients using a wider selection of seed regions involved in
sensory perception and motor control. Namely: pre- and postcentral gyrus, insula, and
thalamus. A ROI-to-ROI (region of interest) connectivity analysis was performed with the
Functional Connectivity Toolbox (CONN-fMRI) v18.b [75] in conjunction with SPM 12.
Here, preprocessed rsfMRI data underwent a component-based noise correction method [15]
to reduce physiological and extraneous noise, providing interpretative information on
positively and negatively correlated functional brain networks. Blood-oxygen-level-
dependent (BOLD) signals from the cerebral WM and ventricles were removed using
principal component analysis (PCA) of the multivariate BOLD signal within each of these
masks obtained from the segmented T1-weighted MPRAGE scans. BOLD data were high
pass filtered (0.01 Hz)
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Seed ROIs were 10-mm-diameter spheres available from the CONN toolbox. They
reproducibly represent core topological nodes within resting-state networks. Individual
correlation maps were generated by extracting the mean BOLD time series from each seed
ROI. Correlation coefficients with the BOLD time course of each target ROI throughout the
whole brain were calculated. The resulting coefficients were converted to normally
distributed scores using Fisher’s transformation to obtain maps of voxel-wise functional
connectivity for each seed ROI for each subject. The value of each voxel throughout the
whole brain represents the relative degree of functional connectivity with each seed. These
maps were subsequently used for second-level analysis of relative functional connectivity
using a two-sided independent t-test to investigate differences in ROI-to-ROI connectivity
between groups with a significance threshold of p=0.01.

3 Results

3.1 Pain levels and spectrum of movement-related abnormalities observed in CRPS

patients.

Individual subject characteristics, disease duration, pain intensity and pain medication use
are reported in Table 1. The enrolled patient population suffered from CRPS for
approximately four years and possessed an average pain intensity of 5.15 + 0.48 (mean +
standard error). Pain was distributed primarily on the distal hand and forearm. In comparison
to healthy controls, CRPS patients showed significant motor impairment in the affected hand
(Table 2 and Figure 1). Specifically, patients required a longer time to complete the 9-Hole
Peg Test with the right hand than with the left, with 45% of the cohort at more than two
standard deviations slower than the normal population. Forearm RoM results indicated that
on average, patients moved their dominant forearm at a slower speed than the contralateral
side. Interestingly, CRPS patients were characterized with an overall higher degree of
rigidity in both the affected and unaffected hand. A little over half of the patients (55%)
reported signs of dystonia. Although a number of movement-related deficits were identified
in the CRPS cohort, only 30% reported high levels of kinesiophobia.

Patients did not perform worse than healthy controls in the right/left laterality discrimination
task with Recognize® tool (Figure 1). However, somatosensory evaluation during
monofilament stimulation revealed a significantly decreased sensitivity in the right hand of
CRPS patients when compared to healthy controls (Table 2). Hyperhidrosis (95%), edema
(60%) and vasomotor (70%) changes were present in most of the patients. CRPS diagnosis
was also associated with symptoms resulting from trophic changes such as nail growth
atrophy and less than half of the individuals showed skin temperature differences or
abnormal hair growth patterns. CRPS patients reported significantly lower quality-of-life
scores than healthy controls, in both physical and mental status. Results of the depression
and anxiety scales indicated that the percentage of CRPS patients meeting the criteria for
depression and anxiety was higher than in healthy controls (depression, CRPS: 45%,
controls: 0%; anxiety, CRPS: 35%, healthy controls: 10%). The enrolled patients reported
low levels of fear of movement, and only 30% reported high levels of kinesiophobia.
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3.2 Decreases in putaminal GM volume observed in CRPS.

In comparison to healthy controls, a significant, bilateral decrease in putaminal GM volume
in chronic CRPS patients was measured (Figure 2, Table 3). A negative association
(Pearsons correlation) was quantified between GM densities of the left putamen
(contralateral to the affected hand in CRPS patients) and forearm mobility measured with
the RoM test (r = — 0.46, p = 0.043). Additionally, greater left compared to right hemisphere
volumes were detected for caudate nucleus and globus pallidus across the two study cohorts.

3.3 Putamen-based functional connectivity strength associated with motor impairment in

CRPS.

Following the observed decreased GM density of the putamen in CRPS patients, single-
subject time series were extracted from this striatal sub-region (separately for left and right
hemisphere) for subsequent seed-region, functional connectivity analyses. Head motion for
all study participants during rsfMRI was first analyzed. Subjects (N=40) did not display an
absolute head motion greater than 2 mm, and therefore, no imaging dataset was omitted in
the analysis. Moreover, a t-test comparing mean displacement between groups showed no
group-level differences (mean * standard error, CRPS: 0.36 + 0.037 mm; controls: 0.29 +
0.049 mm, p = 0.25). The CRPS cohort compared to matched controls demonstrated
significantly greater functional connectivity strength amongst the right (ipsilateral to the
affected limb) putamen and sensorimotor (pre-/postcentral gyri) and superior parietal
cortices, while decreased connectivity was quantified within crus I region of the cerebellum;
a cerebellar node implicated in pain processing (Figure 3, Table 4) [65].

Interaction analyses involving parameters informing on motor impairment, revealed a
significant profound effect between the putamen and areas involved in information
processing and motor fine-tuning. Specifically, patients with poorer finger and hand
coordination performance, as determined by the 9-Hole Peg Test, showed decreased
functional connectivity between the left putamen and both the cerebellum (crus I and Il) and
precuneus, the latter of which connects to supplementary motor, premotor cortex and
somatosensory cortices (Figure 4, Table 4). Patients with diminished forearm RoM
presented with decreased connectivity between the left putamen and primary sensorimotor
areas (Table 4, Supplemental Figure 1A), while connectivity strengths of the left putamen to
the supramarginal gyrus were positively correlated with a higher degree of dystonia (Table 4,
Supplemental Figure 1B). Patient specific, pain intensity ratings acquired just prior to the
scan session were used in secondary regression analysis. Here, higher clinical pain levels
showed greater putamen (left hemisphere)-based connectivity along the length of the left
pre-/postcentral gyrus (Supplemental Figure 1C). This cortical region topologically
corresponded to the hand and arm representation within the primary sensorimotor cortex.
However, when further correcting these results for multiple comparisons with false
discovery rate (FDR), only the correlations with the 9-Hole Peg Test were significant.

3.4 Decreased functional connectivity in motor networks

Results of the exploratory ROI-to-ROI connectivity analysis are depicted in supplementary
material (Supplemental Table 1, Supplemental Figure 2). The CRPS cohort compared to
matched, healthy controls demonstrated decreased functional connectivity strength amongst
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the left postcentral gyrus and the precuneus and the ipsilateral hippocampus. On the other
hand, the left postcentral gyrus showed increased connectivity with the contralateral frontal
operculum. Decreased functional connectivity was quantified between the right and left
insular cortex and vermis IX and crus Il of the cerebellum, respectively. Left thalamus also
exhibited decreased functional connectivity with the cerebellar vermis VII and VIII.

4 Discussion

4.1 Sensorimotor Changes in CRPS

This investigation characterized the clinical profile along with morphological and functional
properties of sensorimotor network nodes with particular emphasis on the putamen in a
cohort of chronic CRPS patients. In addition to a moderate level of pain, CRPS patients,
relative to healthy controls, displayed multiple motor, somatosensory and autonomic
abnormalities localized to the affected limb. The most prominent motor impairments
observed, namely weakness, reduced distal arm mobility and limited coordination are in
agreement to what has been previously reported [43]. Dystonia, which was reported by over
half of the CRPS cohort, has been related to neuropathological defects in the basal ganglia
[69], and is a common symptom for CRPS [66]. The symptomatic presentation of the
enrolled patient population is comparable to that which is typically observed [16]. In
contrast to previous studies with rsfMRI methodology on CRPS, our patients were carefully
selected for unilateral distribution of ongoing pain and existing motor impairment of the
dominant hand.

4.2 Putaminal and Sensorimotor Cortical Changes in CRPS

Neuroimaging data revealed bilateral decreases in putaminal volume in CRPS patients,
which is in accord with recent meta-analysis findings of different chronic pain cohorts [83],
and with findings specific to CRPS [11]. Decreased volume in the putamen might have a
negative impact in motor function, as it is the case in Parkinson’s Disease [70]. Volumetric
decreased in nucleus accumbens in CRPS previously reported [35], was not replicated in our
structural MRI results. Nevertheless, a parallel trend in ventral striatum across the two
investigations of nearly equal sample sizes (N~20) was observed.

Putamen-based, functional connectivity differences between the two cohorts were
unilaterally observed in the right cerebral hemisphere (ipsilateral to the affected hand),
implicating the ipsilateral somatosensory and association cortices, as well as cerebellar
cortices. Though ipsilateral hemispheric changes might seem counterintuitive, such
reorganization of components of the cortical pain connectome has been observed in multiple
chronic pain studies [39,71]. These observations might be the result of extensive use of the
non-dominant but healthy limb. However, the specific relevance of this ipsilateral functional
connectivity change of the putamen to pre-/postcentral gyrus needs to be further elucidated.
Previous studies using task-dependent fMRI for investigating motor behavior in CRPS have
not frequently reported changed activity in the putamen or other parts of the striatum.
However, a recent study noted reduced neural responses within the putamen and nucleus
accumbens in CRPS patients performing a mental rotation task, which incorporates motor
and goal-directed processes to CRPS neuropathology [51]. Given the specific motor
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disorders displayed in CRPS patients including hypokinesia and dystonia, it is conceivable
that a more in-depth comparison between a motor and a sensory task may clarify whether
altered functional connectivity of the putamen is explained by the motor-related
abnormalities or pain-related processing.

From regression analyses of neuroimaging data, the relationships between properties of the
putamen (contralateral to the affected limb) with clinical pain and measures of motor
function were realized and showed similar involvement of structures, namely pre-/
postcentral gyrus. Changes involving the cortical sensorimotor network are in line with
earlier works and seem to be related to motor impairment or a maintained fear of pain and
movement avoidance in children [13]. It is also worth discussing the conflicting results of
decreased putaminal volume in conjunction with altered functional connectivity with
sensorimotor regions. This phenomenon is also observed in motor disorders related to
neurodegeneration of the nigrostriatal pathways [44]. This result could represent a (relative)
overactivity of residual neurons in the putamen yielding either increases or decreases in
functional connectivity with cortical regions.

The most robust finding when titrated down was finger coordination associated with
decreased connectivity between the contralateral putamen and precuneus as well as parietal
association areas in CRPS. The precuneus is involved in integration of information and
perception of the environment. It is an important hub of the DMN with a role in self-
consciousness. Alterations in the precuneus and greater DMN have been shown to contribute
significantly to pain miss-processing in migraine [20], motor dysfunction in Parkinson’s
disease [87], as well as in CRPS [10].

Interestingly, in healthy volunteers undergoing sustained pressure pain, connectivity between
the putamen and pre-/postcentral gyrus was negatively correlated with pain intensity [49],
which is in contrast to our observations. This disparity potentially suggests differences in
processing of pain in healthy volunteers and CRPS patients, but perhaps it may also a
distinction between experimental versus clinical pain. Moreover, hypersensitivity to cold and
brush stimuli applied to the affected CRPS limb have been reported to implicate the caudate
as well as the putamen [52,54]. Yet, recent data solely involving healthy volunteers suggests
that this may not be specific to CRPS, but rather a feature that extends to the general
population, as well as to transiently evoked pain or hyperalgesic states [40].

Our findings localized to the putamen likely suggest an involvement of the reward-aversion
system in CRPS, which is expected considering that persistent pain is a robust, aversive
stimuli [93]. Moreover, the putamen is an integral component of both the dopamine and
opioid receptor systems, which play a role in reward processes such as analgesia [21,90].
Thus, functional and structural modulation of the putamen may not only underpin enhanced
aversion-related processes, but the same alterations may pose barriers to experiencing
reward or analgesia.

A more widespread functional connectivity analysis (ROI-to-ROIl) involving critical areas
for motor control and pain showed a generalized decreased connectivity to the sensorimotor
cerebellum (Crus I, Il and vermis VI1I) and to the cognitive network of the cerebellum
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(vermis IX) [85]. The cerebellum plays an essential role in pain modulation and cognitive
control [29]. Changes in connectivity involving the cerebellum with the insula and putamen
may further point to deficits in integrating sensorimotor information with affective
processing in CRPS. Alterations within motor regions in relation to changes within the
cerebellum have also been reported in chronic pain conditions and may add to the known
function of the cerebellum and how it coordinates with altered sensory-motor and emotional
processing in the presence of chronic pain [62]. Moreover, decreased connectivity between
postcentral gyrus and precuneus was revealed. These two regions are densely interconnected
[89], and the observed connectivity changes may be related to alterations within the DMN or
salience networks in response to chronic pain in CRPS patients. This is in agreement with
findings in other chronic pain conditions. The functional relevance of the connectivity
between postcentral gyrus and hippocampus has been related to perceptual cues [80].
Therefore, the observed decreased connectivity between these two regions may suggest
impaired perceptual processing of sensory information in CRPS patients.

Altered activity within the primary somatosensory cortex and posterior insular cortex has
been observed across several chronic pain diseases in presence of noxious stimuli, which
suggests aberrant intensity processing of pain in chronic pain states [62]. Thus, our results
involving these cortical areas might be related to chronic pain in general and not specific to
CRPS. Alterations within the basal ganglia, particularly in the putamen, have been suggested
to pertain to altered motor and general connectivity of the brain in chronic pain [12]. In our
study, we were able to show that changes in the putamen correlated with diminished motor
control, corroborating this suggestion.

4.3 Caveats

There are several caveats to consider: Study Design. Given the nature of this cross-sectional
study, it remains difficult to confirm if the current putamen based functional changes are
reflective of pathophysiological changes or adaptive processes in CRPS. To disentangle
these two intertwined phenomena, future studies may involve a task-based paradigm as well
as longitudinal study designs. Such approaches may help to differentiate CNS findings that
are pathologic versus those that are perhaps compensatory mechanisms by which *healthy’
CNS pathways are recruited to maintain some level of normal function. Medication Effects.
Efforts in future investigations in acute or chronic CRPS patients should better control the
amount or type of medication consumed. A washout period prior to a clinical imaging
examination may be valuable to implement. Putaminal Changes in other pain conditions. A
limitation of the present study is that the findings might not be specific to CRPS [21].
Therefore, comparison with other chronic pain population, preferably such with chronic
hand pain of other origin such as carpal tunnel syndrome might be more appropriate than
healthy controls.

4.4 Conclusions

Undisputable, the central nervous system (CNS) contributes to pain and motor impairments
in CRPS. To date, past investigations have predominately alluded to and focused upon a
significant cortical network involvement in the pain processing aspects of CRPS [34,48].
Our most robust findings implicate changes in the putamen, suggesting that the striatum
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might be also an essential component in motor network differences previously shown
[19,56] and is a crucial component in the chronic CRPS phenotype. This is especially
evident when viewing both the structural and functional neuroimaging results in the context
of well-known clinical and motor function profiles of this chronic pain condition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Functional motor tests performance.
CRPS patients presented with significantly (**p < 0.01) substantial motor deficits in the

affected hand relative to healthy controls. The functional motor metrics reflect the
performance of the affected (dominant, in case of healthy controls) hand in relation to the
healthy (non-dominant) hand to account for intragroup variability.
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Figure 2. Box plots to show group differences in gray matter density.
Out of all of the striatal ROIs analyzed (A), only the putamen showed a significant bilateral

reduction in GMD in chronic CRPS patients when compared to healthy controls. Black dots
indicate singe-subjects data. Outlier observations (e.g: outside 1.5 times the interquartile
range above the upper quartile and bellow the lower quartile) are denoted with a rhombis
symbol. Statistical results stemming from group x side repeated measures ANOVA are given

in Table 3.
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Figure 3. Group differences in resting state functional connectivity of the putamen.
Compared to matched controls, CRPS patients demonstrated greater functional connectivity

strength (warm colors) amongst the right (ipsilateral to the affected limb) putamen and
sensorimotor and superior parietal cortices, while decreased connectivity (cold colors) was
quantified with the crus | region of the cerebellum. Statistical maps were thresholded at p-
value < 0.05, corrected for multiple comparisons. Color bars show z-values.
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Figure 4. Correlation of resting state functional connectivity of the putamen with behavioral
measures.

Patients reporting higher spontaneous pain intensity on the day of the scan showed greater
functional connectivity of the left putamen with spread motor and sensory discriminative
areas. The pain intensity was reported on a visual scale of 0 = “no pain” to 10 = “worse
imaginable pain” (A). Interaction analysis (diseaseXmotor dysfunction) showed that patients
with poorer hand and finger coordination, as evaluated with the 9-Hole Peg Test, presented
increased functional connectivity strengths (warm colors) amongst the left putamen and
motor and discriminative/association areas, as well as decreased functional connectivity
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(cold colors) between the left putamen and both the cerebellum (crus I and 11) and precuneus
(B). Statistical maps were thresholded at p-value < 0.05. Color bars show z-values. Further
Correction for multiple comparison using false discovery rate (FDR) showed that only
decreases of functional connectivity of putamen with precuneus in the context of poor hand
and finger coordination were significant — highlighted with a yellow circle in the figure.
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Group comparison of somatosensory evaluation, autonomic function and psychometrics.

Table 2.

CRPS Patients

Healthy Controls

p-value

Number of patients, N
Somatosensory evaluation

Monofilament test right, N (%)
Monofilament test left, N (%)
2-point discrimination test right, N (%)

2-point discrimination test left, N (%)
Autonomic function

Abnormal sweating pattern, N (%)
Abnormal nail growth pattern, N (%)
Abnormal hair growth pattern, N (%)
Abnormal skin color, N (%)
Abnormal hand volume, N (%)
Abnormal hand temperature, N (%)

Quality of life
Veterans RAND 12 PCS, Mean (SE)
Veterans RAND 12 MCS, Mean (SE)
Mental health
HADS depression, Median (IQR) | N(%)
HADS anxiety, Median (IQR) | N(%)
Kinesiophobia
TSK-11, Median (IQR) | N (%)

19

12

14

12

34.52

45.80

6 (6)

5(5)

22 (11)

20

(35%)
(20%)
(15%)

(0%)

(95%)
(60%)
(20%)
(70%)
(60%)

(40%)

(1.80)

(3.39)

| 9 (45%)

| 7 (35%)

| 6 (30%)

20
1 (5%)
1 (5%)
1 (5%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
4 (25%)
3 (15%)

53.47  (0.98)

5535  (L.76)

2(4) |0(0%)

4(3) |2 (10%)

13(4) |1 (5%)

0.010¢
01714

0.302 ¢

<0.001 2
<0.001°
0.053 %
<0.001 2
0.038 7

0.078 ¢

<0.001 2

0.025 6

0.001 4

0.058 ¢

<0001 %

N: Number of participants presenting with abnormal scores

% : Percentage of participants presenting with abnormal scores

SE: Standard Error; IQR: Inter quartile range

PCS: Physical Composite Score; MCS: Mental Composite Score

HADS : Hospital Anxiety and Depression Scale, range: 0-21

TSK-11 Tampa Scale Kinesiophobia, range: 11-44

aOne tail Fisher Test

bMann Whitney Test

Pain. Author manuscript; available in PMC 2021 March 01.

Page 27



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Azqueta-Gavaldon et al.

Table 3.

Page 28

Group (CRPS and healthy controls) x side (left and right hemisphere) comparison of striatal volumes with
mixed-design analysis of variance (ANOVA).

Effect df SS MS F-value p-value
Putamen

Group 1 0.176 0.176 4.717 0.036
Error (Group) 38 1417 0.037

Side 1 0.00415 0.004153 3.842 0.057
Side x Group 1 0.00275 0.00275 2.544 0.119
Error (Side x Group) 38 0.04107  0.001081

Caudate Nucleus

Group 1 0.0147 0.01465 0.615 0.438
Error (Group) 38 0.9055 0.02383

Side 1 0.004476 0.004476  6.332 0.0162
Side x Group 1 0.001145 0.001145 1.619 0.211
Error (Side x Group) 38  0.02686  0.000707

Nucleus Accumbens

Group 1 0.01353 0.013528 2.669 0.111
Error (Group) 38 019262  0.005069

Side 1 0.000094 9.40E-05 0.314 0.579
Side x Group 1 0.000015 1.45E-05 0.049 0.827
Error (Side x Group) 38 0.011378 2.99E-04

Globus Pallidus

Group 1 0.00364 0.003638 2.758 0.105
Error (Group) 38 0.05013  0.001319

Side 1 0.03359 3.36E-02 369.969 <2e-16
Side x Group 1 0.00003 3.00E-05 0.335 0.566
Error (Side x Group) 38 0.00345  9.00E-05

df: degrees of freedom; SS: Sum of Squares; MS: Mean Square
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Table 4.

Page 29

Regions in which seed-based resting functional connectivity strengths were significantly different between
CRPS patients and healthy controls. Note that “seed” clusters were derived from the previous gray matter
volume analyses. Locations are in Montreal Neurological Institute space. Significant clusters were formed

with cluster-extent thresholding (family-wise error rate) to correct for multiple comparisons.

X Y z z-statistic  cluster  cluster size p-value

crps > controls
seed: right putamen
right primary somatosensory cortex 20 -54 64 3.94

1 1545 0.00061
right superior parietal lobe 12 -50 50 3.86
crps < controls
seed: right putamen
right cerebellum crusl 448 40 -52 -32 1 1448 0.00099
pain intensity (positive) correlation
seed: left putamen
right primary somatosensory 34 -32 60 3.15

1 735 0.02720
right primary motor cortex 32 -24 54 3.49
dystonia (positive) correlation
seed: left putamen
left supramarginal gyrus -52 -46 24 3.40 1 892 0.01010
Hand coordination, crps > controls
seed: left putamen
left postcentral gyrus -67 -15 20 4.45

1 992 0.00339
left supramarginal gyrus -64 -40 17 3.83
right premotor cortex 48 2 14 411
right precentral gyrus 58 -8 34 3.64 2 1482 0.00069
right postcentral gyrus 66 -18 20 3.60
Hand coordination, crps < controls
seed: left putamen
left precuneus -10 -84 52 4.27

1 1893 0.00000
left lateral occipital cortex -30 -80 32 5.39
right cerebellum crus | 42 -74 -28 3.39

2 784 0.03320

right cerebellum crus 11

48 -70 -42 324

Forearm range of motion, crps < controls

seed: right putamen
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X Y z z-statistic  cluster  cluster size

p-value

left precentral gyrus

left postcentral gyrus

-60 -4 14 3.80
907
-50 -16 18 434

0.01620
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