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a b s t r a c t
This study evaluated movement velocity, frequency, and amplitude, as well as the number of arrests in
three different subject groups, by kinematic analysis of repetitive movements during a ﬁnger tapping
(FT) task. The most affected hands of 80 patients with complex regional pain syndrome (CRPS) were compared with the most affected hands of 60 patients with Parkinson disease (PD) as well as the nondominant hands of 75 healthy control (HC) subjects. Fifteen seconds of FT with thumb and index ﬁnger were
recorded by a 60-Hz camera, which allowed the whole movement cycle to be evaluated and the above
mentioned movement parameters to be calculated. We found that CRPS patients were slower and tapped
with more arrests than the two other groups. Moreover, in comparison with the hands of the HC subjects,
the unaffected hands of the CRPS patients were also impaired in these domains. Impairment was not
related to pain. Dystonic CRPS patients performed less well than CRPS patients without dystonia. In conclusion, this study shows that voluntary motor control in CRPS patients is impaired at both the affected as
well as the unaffected side, pointing at involvement of central motor processing circuits.
Ó 2012 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction
Complex regional pain syndrome (CRPS) may affect motor function, which cannot be attributed to the autonomic or trophic manifestations that occur in this condition [48–50]. In daily practice,
CRPS patients often report difﬁculty with voluntary motor control,
such as initiating movements [42]. Similar motor impairment has
also been reported in other painful limb conditions and has been
ascribed to alterations in central sensorimotor processing [11]. In
CRPS, prominent structural and functional changes of the sensory
[15,20,35,36] and motor cortex [24,26] have been found, the extent
of which was shown to be related to the level of pain and motor
impairment, respectively. It is unknown, however, how the initial
noxious peripheral input in CRPS may lead to these changes.
Impaired motor control is generally characterized by the level of
difﬁculty with movement initiation or by hesitations in ongoing
movements, both of which can be seen as a form of akinesia; by
⇑ Corresponding author. Address: Department of Neurology, Leiden University
Medical Center, P.O. Box 9600, 2300 RC Leiden, The Netherlands. Tel.: +31 71
5262895; fax: +31 71 5248253.
E-mail address: j.c.m.schilder@lumc.nl (J.C.M. Schilder).

slowness of movement performance, or bradykinesia; and by reduction of the movement amplitude, hypokinesia [29]. These abnormal
motor features, which are well-known features of Parkinson’s disease (PD), have occasionally been reported in CRPS [4,12,24,42,47],
but have never been evaluated by objective kinematic analysis.
Analyzing the characteristics of voluntary motor control in CRPS
may contribute to our understanding of how noxious input can affect central motor processing [28]. In this study, we therefore evaluated the different movement characteristics of the affected and
unaffected hands of CRPS patients, and compared the ﬁndings with
those from healthy subjects and PD patients. Additionally, we evaluated whether these movement parameters are related to pain and
dystonia in CRPS.
2. Methods
2.1. Participants
Movement characteristics were evaluated in 80 CRPS type I patients (Table 1) who were recruited from 1 Department of Neurology (Leiden University Medical Center; n = 50) and 3 Departments
of Anaesthesiology (Leiden University Medical Center: n = 13, VU

0304-3959/$36.00 Ó 2012 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.pain.2011.12.018
Ò

Please cite this article in press as: Schilder JCM et al. Motor control in complex regional pain syndrome: A kinematic analysis. PAIN (2012), doi:10.1016/
j.pain.2011.12.018

Ò

2

J.C.M. Schilder et al. / PAIN xxx (2012) xxx–xxx

University Medical Center: n = 9, Erasmus Medical University Center: n = 8). All patients fulﬁlled the International Association for the
Study of Pain criteria for CRPS [30].
We also examined a convenience sample of 60 PD patients (Table 1) who were recruited from the Department of Neurology of
the Leiden University Medical Center and who fulﬁlled the United
Kingdom Parkinson’s Disease Society Brain Bank criteria for idiopathic PD [16]. Additionally, 75 healthy control (HC) subjects with
normal function of both hands were evaluated. These control subjects were volunteers from the hospital staff or were partners,
friends, or relatives of CRPS or PD patients.
Overall, patients were excluded if they had conditions other
than PD or CRPS that could limit the function of their hands or if
the maximum distance between thumb and index ﬁnger was
63 cm. CRPS patients with mild dystonia were included.
2.2. Data collection and measurement instruments
Demographic data and information on hand dominance were
obtained from all participants. CRPS and PD patients rated the pain
severity of their affected arm (or, if both arms were affected, of the
most affected one) on a 0 to 10 numerical rating scale; CRPS patients additionally completed the McGill Pain Questionnaire to obtain more detailed information on pain experience. Furthermore,
information on the presence of dystonia in the upper extremities
of each CRPS patient was recorded by an independent clinician.
In PD patients, motor impairments of the upper extremities were
evaluated with the Short Parkinson Evaluation Scale/Scales for
Outcomes in Parkinson’s Disease scale [27], the motor section of
which evaluates 10 items (among which are tremor, rigidity, rapid
alternating movements) with a maximum score of 42. PD patients’
disease severity was evaluated with the Hoehn and Yahr scale [18].
We used data from the nondominant hand of control subjects,
because in general it is more difﬁcult to perform rapid accurate

Table 1
Demographic and clinical information.

N
Men (%)
Mean age, y (SD)
Mean disease duration, y (SD)
Hand dominance
Right, N (%)
Left, N (%)
Ambidextrous, N (%)
NRS pain, mean (SD)a

2.3. Evaluation of movement characteristics
Movement characteristics were assessed by means of a ﬁnger
tapping (FT) task in which participants were instructed and encouraged to oppose the thumb and index ﬁnger as fast as possible and
with the widest possible amplitude. All participants were able to
watch their active hand. The movements were recorded with a
digital color video camera that had a sampling rate of 60 Hz (Basler
A601fc, Basler, AG, Ahrensburg, Germany). The camera was
mounted on a stand above the area where the task was performed
and was connected to a computer equipped with video tracking
software (EthoVision Color-Pro 3.0, Noldus Information Technology,
Wageningen, The Netherlands) (Fig. 1). For each hand, 15 s of data
were recorded. The software was calibrated to convert the pixels
to distance in the approximated plane of the ﬁnger movement. A
small strip of 1-cm-wide adhesive green tape was attached around
the tip of the thumb; blue tape was used for the tip of the index ﬁnger. The video tracking software program calculated the X, Y coordinates of the centers of the colored tape at both ﬁngertips and the
distance between them as a function of time. From the distance between the ﬁngertips, the following parameters were calculated to
characterize bradykinesia, hypokinesia, and akinesia using custom-made scripts in Matlab 7.5 (The MathWorks Inc., Natick, MA).
2.3.1. Bradykinesia

HC

PD

CRPS

75
34 (45)
47.5 (14.6)
NA

60
39 (65)
61.7 (10.4)
8.1 (6.0)

80
9 (11)
<.001
42.8 (11.6) <.001
5.7 (6.0)
.018

67 (89)
7 (9)
1 (1)
NA

50 (83)
4 (7)
6 (10)
0.9 (2.3)

74 (93)
5 (6)
1 (1)
6.4 (2.0)

CRPS
Arms affected by CRPS
Right, N (%)
Left, N (%)
Both, N (%)
Observed dystonia most affected
hand, N (%)b
Pain rating index of McGill
pain questionnaire, mean (SD)
PD
Hoehn and Yahr, N (%)c
1
2
3
4
5

movements with the nondominant hand, and these data may thus
be considered to reﬂect the lower end of the spectrum of normal
motor behavior. From PD patients, data from the most affected side
were used, based on the highest Short Parkinson Evaluation Scale/
Scales for Outcomes in Parkinson’s Disease scores of the arms.
From CRPS patients, depending on the comparison of interest, data
from the affected or unaffected side were used. From the 21 CRPS
patients with both arms affected, data from the most (or, if equal,
earliest) affected hand were used. Because CRPS patients with 2 affected arms could not be included in analyses in which a comparison with the unaffected side was made, 59 patients remained for
these research questions.

33
26
21
29

P

? Mean velocity (velocity; cm/s), which is the total path
length divided by the total time (15 s).
? E/F ratio, deﬁned as the mean positive velocity, i.e., the
mean velocity over the time segments with a positive
velocity, divided by the mean negative velocity, reﬂecting
the extension and ﬂexion phase of the FT movement,
respectively.

<.001

(41)
(33)
(26)
(38)

28.2 (11.6)

1 (1.6)
35 (57.4)
18 (30.0)
3 (4.9)
1 (1.6)

CRPS = complex regional pain syndrome; HC = healthy control subjects;
NRS = numerical rating scale; NA = not applicable; PD = Parkinson disease;
PQ = pain questionnaire.
a
Obtained from 47 CRPS patients, 59 PD patients.
b
Obtained from 77 patients.
c
Obtained from 58 patients.

Fig. 1. The experimental setup.
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? Median frequency (frequency; Hz), which is derived from
the power spectral density of the distance signal [44]. By
deﬁnition, the signal power above and below the median
frequency is equal.
? Change in frequency over time (Dfreq; Hz/s); the time–frequency characteristics of the signal are calculated using the
wavelet transform [45]. At each time instant, the median
frequency is calculated and the change in median frequency with time is obtained with linear regression
between 1 and 14 s.
2.3.2. Hypokinesia
? Mean maximum amplitude (amplitude; cm); the average
distance between thumb and index ﬁnger when the velocity crosses zero and the ﬁngers are open, calculated
between 1 and 14 s.
? Change in amplitude over time (Dampl; cm/s); the change
in distance between the ﬁngers as a function of time,
obtained by linear regression between 1 and 14 s.
2.3.3. Akinesia/irregularity
? Surplus in the number of times when the velocity changes
sign (surplusnull; in counts [N]); there should be 2
moments where the velocity is null and changes sign per
movement cycle: when thumb and index ﬁnger touch
and at the moment the widest amplitude is reached. Based
on the median frequency, the number of velocity sign
changes is calculated; a surplus in this number reﬂects
holds or reversals in movement direction, thus indicating
hesitations as a measure of akinesia.
? The variability in amplitude, CVampl (CV = coefﬁcient of
variation); the standard deviation of the amplitude (i.e.,
the SD of the distances between thumb and index ﬁnger
when the velocity crosses zero and the ﬁngers are open),
normalized with the mean maximum amplitude, giving
CVampl.
If the number of missing samples per series was P10% (i.e., if
digit identiﬁcation failure occurred in P90 of the 900 frames),
the parameters were considered to be estimated inaccurately and
data from that hand of the participant were removed from the
analysis. The study was approved by the medical ethics committees of the involved hospitals, and all participants gave their
written consent.
2.4. Statistical analysis
Sociodemographic and clinical variables were compared
between groups as appropriate. For the comparison of the FT
parameters between groups, a one-way analysis of covariance
was used, with the separate parameters as dependent variables,
group as factor (based on subject group, i.e., comparison of HC,
PD, and CRPS, and comparison of CRPS patients with and without
dystonia), and age and gender as covariates, because these factors
are known to inﬂuence FT rate [3]. The Least Signiﬁcant Difference
method was used for post hoc analysis to compare between
groups. Differences between the two hands of CRPS patients were
assessed with the paired samples t test. None of the parameters of
interest were normally distributed, as was revealed by inspection
of the normality curves and the Kolmogorov–Smirnov test. Nevertheless, parametric testing by 1/-way analysis of covariance and t
test was considered appropriate because it is shown to be reasonably robust to type I errors in case of large and approximately
equal sample sizes, 2-sided testing, and acceptable homogeneity

of variance ratios for all parameters checked, all of which applied
to our study [6,40]. The signiﬁcance threshold was set at 0.05. All
analyses were performed with PASW Statistics 17.0 (SPSS Inc., Chicago, IL).
3. Results
Age was not evenly distributed between the groups, with PD patients being signiﬁcantly older than HC subjects and CRPS patients
(P < .001) (Table 1). Gender was also unevenly distributed between
diagnostic categories, with women being overrepresented in the
CRPS group (P < .001).
3.1. Comparison between the most affected side of patients with CRPS
and PD and the nondominant hand of HC subjects
Data from 69 HC subjects, 55 PD patients, and 73 CRPS patients
remained for analysis, because the color tracking software could
not track the ﬁngertips in P10% of the frames in 6 HC subjects, 5
PD patients, and 7 CRPS patients (Table 2, Fig. 2). In 1 CRPS patient,
the E/F ratio markedly exceeded all other E/F ratios, but because it
involved an unlikely but not necessarily impossible value, we
decided to adjust this value to the highest observed score, rather
than to exclude it (the E/F ratio of 1.95 was adjusted to 1.31,
1/100th higher than 1.30, the second highest value).
Overall, there was a signiﬁcant effect of group on all parameters
measured, except for E/F ratio and amplitude.
3.1.1. Bradykinesia
CRPS patients performed the FT task more slowly (P < .001) and
at a lower rate (P < .001) than PD patients and HC subjects,
whereas PD patients were in turn slower than HC subjects
(P < .001). In all groups, the velocity in the ﬂexion phase exceeded
the velocity in the extension phase, resulting in an E/F ratio < 1.
Post hoc analysis showed that change in frequency over time only
differed between the HC and the PD group (P = .006), the latter

Table 2
Comparison between nondominant hand of HC subjects and (most) affected hand of
PD and CRPS patients.
HC
(n = 69)

PD
(n = 55)

CPRS
(n = 73)

F
P
(2,192)

Bradykinesia
Velocity
50.5
(cm/s)
(12.0)
a
0.88
E/F ratio
(0.11)
Frequency
4.17
(Hz)
(0.65)
Dfreq (Hz/s) 0.013
(0.068)

31.8
(14.8)
0.86
(0.15)
3.09
(1.03)
0.011
(0.080)

22.3
(14.4)
0.84
(0.19)
1.99
(1.19)
0.004
(0.049)

65.0

Hypokinesia
Amplitude 8.19
(cm)
(1.55)
Dampl
0.005
(cm/s)
(0.043)

7.15
(2.51)
0.049
(0.080)

Akinesia/irregularity
Surplus
12.9
null (n) (13.5)
CVampl
0.119
(0.038)

33.5
(25.3)
0.171
(0.073)

2.4
73.3

Post hoc

<.001 All
.097
<.001 All

4.9

.008

PD > HC

7.31
(2.72)
0.006
(0.079)

2.9

.060

4.7

.010

57.2
(49.1)
0.119
(0.061)

25.4

<.001 All

14.2

<.001 PD > HC/
CRPS

PD > HC/
CRPS

Parameters are expressed as mean (±SD). P values are uncorrected for multiple
testing (between analyses).
D = change over time (changes in frequency or amplitude per second);
CRPS = complex regional pain syndrome; CVampl = coefﬁcient of variation of
amplitude (calculated as SD divided by mean); E/F ratio = extension/ﬂexion velocity
ratio; HC = healthy control subjects; PD = Parkinson’s disease.
a
Adjusted value in 1 case.
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Fig. 2. The 15-s ﬁnger tapping cycle of 1 exemplary subject from each group. (A) The amplitude, i.e., distance between the thumb and index ﬁnger, as a function of time. Note
the decrement in amplitude over time in the PD patient and the decreased frequency in the CRPS patient. (B) The velocity, i.e., the ﬁrst derivative of distance, against
amplitude. Each line represents 1 FT cycle. A subject starts with open ﬁngers, i.e., high amplitude and no velocity. During the closing of the ﬁngers, the amplitude decreases
and consequently the velocity is negative, until the ﬁngers are closed and velocity is zero. With opening of the ﬁngers, the (positive) velocity increases and decreases until the
ﬁngers are open maximally and velocity is zero again.

showing a decrease over time, whereas HC subjects showed an
increase over time.
3.1.2. Hypokinesia
The mean maximum amplitude was lower in PD and CRPS patients than in HC subjects, but the difference only just failed to
reach signiﬁcance (P = .06). PD patients showed a larger decrease
in amplitude over time than both the HC and the CRPS groups
(P = .01).
3.1.3. Akinesia/irregularity
CRPS patients showed more arrests during the FT task than HC
subjects and PD patients (P < .001), whereas PD patients performed
worse than HC subjects (P = .029). Amplitude for the PD patients was
more irregular than in both the HC and the CRPS groups (P < .001).
3.2. Comparison between the affected and the unaffected sides of
patients with CRPS
Of 59 CRPS patients with one unaffected hand, data from 11
patients could not be used because at least at one side the ﬁngers
could not be tracked in P10% of the frames, leaving 48 patients for
analysis (Table 3).
3.2.1. Bradykinesia
The FT task with the affected hand was performed more slowly
(P < .001) and at a lower rate (P < .001) than with the unaffected
hand. E/F ratio and Dfreq did not differ between the 2 sides.
3.2.2. Hypokinesia
Amplitude was smaller at the affected side (P = .035), whereas
the change in amplitude over time did not differ between the
two sides.

Table 3
Comparison between CRPS patients’ affected and unaffected hands.
Affected (n = 48)

Unaffected (n = 48)

P

Bradykinesia
Velocity (cm/s)
E/F ratio
Frequency (Hz)
Dfreq (Hz/s)

24.2 (15.3)
0.82 (0.19)
2.16 (1.24)
0.004 (0.058)

35.2 (18.9)
0.81 (0.15)
2.98 (1.21)
0.010 (0.051)

<.001
.582
<.001
.166

Hypokinesia
Amplitude (cm)
Dampl (cm/s)

7.46 (2.90)
0.002 (0.088)

8.11 (3.36)
0.020 (0.077)

.035
.253

Akinesia/irregularity
Surplus null (n)
CVampl

43.6 (33.1)
0.116 (0.065)

32.4 (31.9)
0.116 (0.056)

.066
.997

Parameters are expressed as mean (±SD). P values are uncorrected for multiple
testing (between analyses).
E/F ratio = extension/ﬂexion velocity ratio; D = change over time (changes in frequency or amplitude per second); CRPS = complex regional pain syndrome;
CVampl = coefﬁcient of variation of amplitude (calculated as SD divided by mean).

3.2.3. Akinesia/irregularity
With their affected hand, CRPS patients tapped with more arrests, but this difference only just failed to reach signiﬁcance
(P = .066). The variability in amplitude was equal at both sides.
3.3. Comparison between the unaffected side in patients with CRPS and
the nondominant hand of HC subjects
Due to ﬁnger tracking failures in P10% of the frames, 5 of a total
of 59 CRPS patients with one unaffected side and 6 of 75 HC
subjects were excluded (Table 4).
3.3.1. Bradykinesia
The unaffected CRPS patients’ hands performed the task more
bradykinetically than the nondominant hands of HC subjects,
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Table 4
Comparison between nondominant hand of HC subjects and unaffected hand of CRPS
patients.
HC (n = 69)

CRPS (n = 54)

F (1,119)

P

Bradykinesia
Velocity (cm/s)
E/F ratio
Frequency (Hz)
Dfreq (Hz/s)

50.5 (12.0)
0.88 (0.11)
4.17 (0.65)
0.013 (0.068)

35.8 (18.2)
0.81 (0.14)
3.03 (1.22)
0.009 (0.053)

18.2
10.8
33.3
0.4

<.001
<.001
<.001
.551

Hypokinesia
Amplitude (cm)
Dampl (cm/s)

8.19 (1.55)
0.005 (0.043)

8.15 (3.32)
0.016 (0.076)

0.4
0.3

.548
.561

13.5
0.1

<.001
.708

Akinesia/irregularity
Surplus null (n)
12.9 (13.5)
CVampl
0.119 (0.038)

31.1 (30.8)
0.118 (0.056)

Parameters are expressed as mean (±SD). P values are uncorrected for multiple
testing (between analyses).
CRPS = complex regional pain syndrome; E/F ratio = extension/ﬂexion velocity
ratio; D = change over time (changes in frequency or amplitude per second);
CVampl = coefﬁcient of variation of amplitude (calculated as SD divided by mean);
HC = healthy control subjects.

illustrated by a lower velocity (P < .001) and frequency (P < .001).
The E/F ratio was smaller in the CRPS group (P < .001).
3.3.2. Hypokinesia
No signiﬁcant differences were found in amplitude or Dampl
between the two groups.
3.3.3. Akinesia/irregularity
The unaffected side in CRPS patients showed more arrests than
the nondominant hands of the HC group (P < .001), whereas the
CVampl was similar in both groups.
3.4. Comparison between CRPS patients with and without observed
dystonia
Twenty-nine of the 80 CRPS patients had dystonia in their most
affected hand. Because of missing dystonia scores for three patients and ﬁnger tracking failure of P10% in 2 nondystonic and 4
dystonic CRPS patients, data from 25 CRPS patients with observed
dystonia and 46 CRPS patients without dystonia remained for
analysis (Table 5).

Table 5
Comparison between CRPS patients with and without observed dystonia of their most
affected hand.
Dystonia (n = 25)

No dystonia (n = 46)

F (1, 67)

P

Bradykinesia
Velocity (cm/s)
E/F ratioa
Frequency (Hz)
Dfreq (Hz/s)

16.2 (11.7)
0.88 (0.19)
1.59 (0.80)
0.007 (0.050)

25.6 (14.7)
0.82 (0.18)
2.23 (1.31)
0.004 (0.057)

7.1
1.1
5.1
0.1

.010
.304
.027
.782

Hypokinesia
Amplitude (cm)
Dampl (cm/s)

6.40 (2.44)
0.011 (0.057)

7.84 (2.78)
0.005 (0.090)

4.0
0.1

.051
.782

50.1 (47.9)
0.117 (0.061)

1.9
0.0

.176
.905

Akinesia/irregularity
Surplus null (n) 67.1 (47.4)
CVampl
0.121 (0.064)

Parameters are expressed as mean (±SD). P values are uncorrected for multiple
testing (between analyses).
CRPS = complex regional pain syndrome; E/F ratio = extension/ﬂexion velocity
ratio; D = change over time (changes in frequency or amplitude per second);
CVampl = coefﬁcient of variation of amplitude (calculated as SD divided by mean).
a
Adjusted value in 1 case.

3.4.1. Bradykinesia
Dystonic patients were slower (P < .001) and tapped at a lower
rate (P < .001) than did CRPS patients without dystonia, whereas
the E/F ratio did not differ.
3.4.2. Hypokinesia
There was a trend toward a smaller amplitude in dystonic patients, but this difference did not reach statistical signiﬁcance
(P = .051). Change in amplitude over time did not differ signiﬁcantly.
3.4.3. Akinesia/irregularity
There were no differences in the number of arrests and amplitude variability during FT between dystonic and nondystonic
patients.
An overview of all FT parameter (sub) group means is represented in Fig. 3
3.5. Relationships between movement performance parameters and
pain scores in CRPS
Exploring correlations between the various kinematic parameters and pain measured by the numerical rating scale and the pain
rating index score derived from the McGill Pain Questionnaire
showed only a signiﬁcant correlation for pain rating index with
surplusnull (r = .353, P = .003).
4. Discussion
This is the ﬁrst study to describe various kinematic characteristics of FT movements in CRPS. A strong point of our kinematic evaluation method is the visualization and quantiﬁcation of the full
movement cycle during FT; most previous studies extracted data
from the contact phase only. To verify the parameters acquired
through this novel setup, an additional control group of PD patients
was included because bradykinesia, hypokinesia, and akinesia have
been extensively studied in these subjects. The most prominent
kinematic ﬁndings in PD, namely slowness of movement with
declining velocity and amplitude over time, as well as hesitations
in ongoing movements, were all replicated quantitatively in our
study, conﬁrming the validity of this method in assessing FT movement characteristics.
We found a strikingly reduced velocity and frequency of FT
movements performed with more arrests in CRPS patients compared with both control groups. A reduced FT frequency of the affected hand has also been described previously in a small group of
CRPS patients by Maihöfner et al. [24]. Furthermore, our analysis
showed that CRPS patients with dystonia are more bradykinetic
and hypokinetic than those without dystonia, indicating a more severely impaired voluntary motor control in this subgroup of CRPS
patients. Because it was recently shown that the duration of the
extension phase exceeds the ﬂexion phase during FT [1,7], we veriﬁed these ﬁndings in our study. All groups tapped with a lower
velocity during the extension than during the ﬂexion phase,
although we found no differences in E/F ratios between groups.
Interestingly, our ﬁndings point at a signiﬁcantly impaired motor
performance of CRPS patients’ unaffected hands when compared
with the nondominant side of HC subjects. These ﬁndings corroborate those of another study that compared kinematic characteristics
of writing in CRPS patients with HC subjects [37]. On the affected,
nondominant upper extremity, patients showed movement disorders including akinesia, muscle spasms, and dystonia, whereas the
dominant extremity was free of any symptoms and signs. However,
when performing a drawing task with the unaffected dominant
extremity, the CRPS patients were slower and showed greater variability of segment length and of movement time per segment than
Ò

Please cite this article in press as: Schilder JCM et al. Motor control in complex regional pain syndrome: A kinematic analysis. PAIN (2012), doi:10.1016/
j.pain.2011.12.018

6

Ò

J.C.M. Schilder et al. / PAIN xxx (2012) xxx–xxx

Fig. 3. Histograms showing the mean (±1 SD) of all parameters for the 3 subject groups, reﬂecting the data in Table 2 through Table 5. The last 2 bars in each plot represent
the most affected side of 2 subgroups of the CRPS patients: with and without dystonia.

control subjects, whereas motor preprogramming was normal.
Collectively, both studies show impaired motor processing not
being limited to the affected side, an indication for underlying
changes in the central nervous system in CRPS.
Based on ﬁndings from studies that mostly used experimentally
induced pain paradigms, several theories have been proposed on
the role of pain in motor processing ([2,19,23,31,38] see [17] for review). However, except for a signiﬁcant but low correlation with
the excess in number of arrests (surplus null), we found no relation
between pain and the various kinematic parameters. Previous
studies also failed to demonstrate a relation between pain and disturbances of movement in CRPS patients [4,24,42]. These ﬁndings
may be explained in terms of long-term maladaptive changes of
the central nervous system that may accompany pain ([31,46,51]
see [17] for review). The question remains, however, at which level
or levels of the central nervous system these maladaptive changes
are mediated, because in CRPS central nervous system changes
may involve both the spinal cord and cortical areas.
Central sensitization, an important mechanism underlying the
chroniﬁcation of pain in disorders such as CRPS, is associated with
an increased excitability of spinal neurons [39,53]. The molecular
and physiological changes that underpin central sensitization may
occur within hours after peripheral inﬂammation or nerve injury
on the ipsilateral side and within 24 h on the contralateral side of
the spinal cord [39,53]. Because central sensitization has been
shown to inﬂuence spinally mediated motor programs such as nociceptive withdrawal reﬂexes and simple motor learning tasks, it is
conceivable that it also affects voluntary motor control [8,9,34,52].
Additionally, an increasing number of studies have found prominent supraspinal changes in CRPS. In motor cortical areas, a functional imaging study showed a reorganization of central motor
circuits corresponding with the affected side in CRPS [24], whereas
during FT with the affected arm, an increased activation at the ipsilateral side was found. This has been suggested to result from dysfunction of transcallosal connections between primary motor
cortices of hemispheres [41] and may contribute to the motor disturbances in the contralateral unaffected upper extremity in CRPS
patients, as found both in the study by Ribbers et al. [37] and in our

study. Interestingly, in CRPS patients, FT is associated with an increased activation of parts of the frontal cortex (mainly brain areas
8, 9, 10, and 46) corresponding with the affected side [24]. These
cortical regions are involved in the planning and execution of motor behavior, and their increased activation during FT may indicate
a compensatory mechanism for the failing motor control and/or
motor planning associated with CRPS.
Aside from changes in motor and premotor areas, myriad studies have shown prominent changes of sensory processing in the
brain in CRPS. These changes predominantly involve disturbances
in body-related cortical maps of the affected body part (see [33]
for review). Objective studies using brain imaging and neurophysiological methods have shown a decreased hand representation at
the primary somatosensory cortex [10,20,25,36], whereas other
more subjective studies have shown attention deﬁcits and body
perception disturbances of the affected and, in a few cases, of the
unaffected limb in those with CRPS [13,21,32]. Studies by Schwoebel et al. and Moseley et al. found increased response times for
imagery movements in patients with chronic unilateral arm pain
and CRPS, respectively, illustrating that the presence of pain is
associated with alterations in the body schema [32,43]. This indicates that our ﬁndings are probably explained not only by changes
in efferent motor control, but also by changes in sensory input,
higher-order sensory processing, and sensorimotor integration.
Interestingly, both studies reported improvement of response
times with motor imagery-based interventions, such as mirror
feedback and training of hand laterality recognition. It would
therefore be interesting to evaluate whether these methods could
also be used to achieve similar improvements in FT. Lewis et al. recently showed the importance of vision in updating the body schema, thereby improving position accuracy in CRPS affected
extremities [22]. Interestingly, in agreement with our ﬁndings
and supporting the notion of problems in central processing, the
unaffected side of CRPS patients also showed impairments in limb
position accuracy in comparison with healthy control subjects.
Recently, the concept of body space matrix was forwarded and it
was demonstrated that the positioning of an extremity in this
matrix inﬂuences central body regulation processes as swelling,
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temperature, and pain level [14,33]. It is conceivable that this may
inﬂuence motor control as well. In the context of the present study,
it is therefore relevant to consider that the position of the hands under the camera led to the execution of the motor tasks near the midline, which may have affected the performance to some extent.
Our study had some potential limitations. First, although there
is no uniform, generally accepted deﬁnition of akinesia, the most
commonly used description comprises, aside from hesitations in
ongoing movements, difﬁculty in initiating movements. Unfortunately, we were unable to measure this feature of voluntary motor
control in a valid manner with this setup; it may, however, add
valuable information and should therefore be included in future
studies. Second, the performance of the FT task may be affected
by the attention problems that have been described in CRPS,
although we encouraged each subject to perform the FT task fully
focused, with close attention of the researcher, and decided to limit
the total time of the FT task to 15 s, thereby reducing potential
problems with attention and fatigue as much as possible. However,
we cannot completely rule out that differences in motor performance between groups could in part be explained by differences
in attention, although we consider this unlikely, because it could,
in our opinion, explain differences in frequency and velocity but
not hesitations. Third, the duration of the FT task in our study
may have been too short to measure decrement of the movement
parameters [5]. Nevertheless, a signiﬁcant decrement in amplitude
and frequency was detected in PD patients within this period,
showing that 15 s is long enough to capture changes over time in
PD, although it cannot be ruled out that this may have been too
short to detect decrements in the two other groups. Finally,
because it was an explorative study, only the presence or absence
of dystonia was recorded in our study and we were therefore
unable to relate the severity of dystonia to the severity of
impaired motor function, an issue that should be addressed in a
future study.
In conclusion, our results show prominent bradykinesia and
akinesia at both the affected and the unaffected side in CRPS patients, suggesting impaired central processing of ﬁne movements.
Motor impairment was unrelated to pain, which may reﬂect
long-term maladaptive changes of the central nervous system that
can accompany pain. CRPS patients with dystonia performed less
well than those without dystonia, indicating a more pronounced
central motor processing deﬁcit in these patients.
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