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Objective: Disturbance of goal-directed motor control may cause or exacerbate pathological
pain in patients with complex regional pain syndrome (CRPS). We conducted a single-case
study about motor control involved in reaching with a patient with CRPS in an upper limb.
Methods: Using a three-dimensional measurement system, we recorded reaching movement
trajectories of the intact and affected hand before and after pain alleviation by therapeutic nerve
blockade. We assessed degrees of tremor in the acceleration phase (from start until maximum
peak velocity) and the deceleration phase (from maximum peak velocity until goal). To quantify
the smoothness of reaching movements, we analyzed the curves of the trajectories during the
initial movement phase (from start and maximum peak acceleration).

Results: The results showed that the tremor of the affected hand was greater than that of the
intact hand during the deceleration phase, both before and after pain alleviation. Reaching tra-
jectories of the intact hand smoothly traced curves convexed toward the intact side, while those
of the affected hand represented unnaturally rectilinear functions associated with the loss of
smooth movements. Further, these unnatural trajectories partially recovered after pain alleviation.
Conclusion: Disturbance of sensorimotor integration and pain-related fear might affect goal-
directed motor control in CRPS patients.

Keywords: reaching movement, complex regional pain syndrome, sensorimotor integration,

motor control

Introduction

Goal-directed reaching movements involve representative sensorimotor control, plan-
ning, and execution, both sequentially and cyclically. Throughout these processes,
the trajectory of smooth reaching movement is generally not straight but curved, as
observed in previous studies.* A precise curve trajectory is necessary to minimize
jerk,? torque change,* variance,’ interaction torques,® and combinations of these.’
Movement disorders such as Parkinson’s disease and cerebellar ataxia disturb goal-
directed reaching movement.®® Acute experimental pain in healthy subjects has also
been found to disturb goal-directed reaching movement.!®!' However, few studies have
investigated reaching control in patients with chronic pain in an upper limb. Complex
regional pain syndrome (CRPS) type 1 is one of the strongest examples of chronic
pain in a limb.!> CRPS is usually preceded by a trauma and is characterized not only
by pain but also by sensory dysfunction (i.e., decreased tactile and proprioceptive
sensitivity), motor disturbances such as dystonia and decreased maximal force, and
mental disorders (e.g., fear of movements, depression, and anxiety).'>!* Although
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a previous kinematic analysis of CRPS patients revealed
signs of tremor,'* the degree of smooth or efficient reaching
movement has not been yet analyzed in detail. The lateral
curve of trajectories can modulate the execution of smooth
and efficient goal-directed movements. Thus, in the present
study, we focused on lateral curve trajectories in addition to
tremor in a CRPS patient.

Case report

The patient was a 46-year-old female who had undergone a
partial mastectomy and a sentinel lymph node biopsy for right
breast cancer 1 year prior to the present experiment. After the
surgical wound had healed, she continued to experience pain
and numbness in the right upper limb. One year after surgery,
diffuse muscle weakness and bradykinesia were still observed
in the right upper limb, and edema and decreased range of
joint motion had emerged in her right hand. Her clinical
symptoms met the diagnostic criteria for CRPS' without
neurological deficit, and as she did not exhibit signs of overt
nerve injury in the limb, she was diagnosed with CRPS
type 1. She developed an extreme fear of contact between
the affected hand and any objects owing to hyperalgesia and
allodynia. As a result, she always kept the affected hand in
a guarded position. Although her anxiety and fear regarding
pain aggravation were treated with pregabalin, she clinically
maintained her catastrophic thinking in relation to the present
pain experience. Throughout the study period, motor controls
were assessed under conditions of pregabalin intake. There-
fore, any effects of pregabalin should be canceled out when
comparing the present kinematic data. The Ethical Review
Board of the Faculty of Medicine, the University of Tokyo,
approved this study. We explained the protocol of this study
to the patient and obtained a written informed consent to
publish the case report.

Materials and methods

Apparatus and procedure

We collected kinematic data from both the intact hand (left
hand) and the affected hand (right hand). The participant was
comfortably seated in front of a table. Two columnar bars
(with a diameter of 5 cm and height of 10 cm and 30 cm,
respectively) were placed on the table. The tips of the bars
represented the start and goal points, respectively. The start
bar was placed 20 cm away from the participant and the goal
bar was located 30 cm further from the start bar (i.e., 50 cm
away from the participant). Both bars were aligned with the
sagittal body-midline axis. The participant was required to
first pinch the tip of the start bar with her thumb and index

finger, which was oriented in an anteroposterior direction
(starting position), and then moved her hand from the start
position to reach and pinch the tip of the goal bar (goal
position). The participant was asked to repeat this sequential-
movement process 10 times at a comfortable pace. We first
obtained kinematic data for both the intact and affected hands
and then repeated the measurement of kinematic data from
the affected hand after inducing a regional intravenous nerve
blockade (Bier block: 1% lidocaine at 20 mL for the affected
forearm) that alleviated pain. Creating an intravenous nerve
blockade using lidocaine is known to be an effective treat-
ment for severe pain, allodynia, and edema.'® This treatment
had an immediate analgesic effect on the patient. Using the
nerve blockade enabled us to compare motor control between
pain and painless conditions and thus ascertain whether
pain contributed to abnormal motor control in the affected
limb. In order to minimalize the effect of hemostasis during
intravenous nerve blockade, kinematic data in pain allevia-
tion condition were measured in about half an hour after the
release of tourniquet. The kinematic data comprised reaching
trajectories that were captured using a magnetic measurement
system with six degrees of freedom (3 SPACE FASTRAK;
Polhemus Inc.). This system generated a hemispherical elec-
tromagnetic field with a radius of 76 cm, which is sufficiently
large to measure upper limb movement. The system measured
the three-dimensional position and orientation of sensors that
were attached to the tips of the index fingers and thumb and
to the lateral epicondylus of the wrist. The location of the
sensors in the field was collected at a sampling rate of 40 Hz
and the data were stored on a personal computer.

Kinematic analysis

The recorded data were visualized and analyzed using
Matlab® (MathWorks, Natick, MA, USA). To analyze the
tremor of the limb, we divided the reaching trajectory into
two phases: the acceleration phase and the deceleration phase.
According to a previous report,'* we defined the acceleration
phase as the period starting when the forward velocity of the
wrist exceeded 5 cm/s and ending when the velocity of the
limb reached a maximum value. The acceleration phase is
considered to reflect the feedforward (FF) control of goal-
directed limb movement.!”!* The deceleration phase was
defined as starting immediately after the acceleration phase
and lasting until the velocity fell below 5 cm/s. The decelera-
tion phase is considered to reflect the feedback (FB) control of
limb movement.'$2*2! To quantify the degree of tremor in each
phase, we generated an arbitrary tremor index by calculating
the difference between the length of straight lines connecting
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successive landmarks (i.e., the three-dimensional start and
goal positions) and the real movement trajectory of the hand.

To distinguish efficient limb movements from tremor, we
set another time frame, termed the initial movement phase,
which started at the first motion and ended at the maximum
peak acceleration. In this phase, the smooth circular curve
of the trajectory was considered to reflect the simple FF
control.”” To analyze this, we measured the area under the
curve (AUC) of each trajectory by calculating the root mean
square value in the initial movement phase. Further, we
measured the angle between the sagittal body-midline axis
and the initial direction of the trajectory as a reflection of
the naturally curved smoothness of each trajectory. These
parameters were averaged in the respective conditions (i.e.,
the intact limb, and the affected limb before and after pain
alleviation).

Statistical analysis

We analyzed the maximum velocity of reaching movements
among three conditions and analyzed the tremor index
during the acceleration and deceleration phases across the
three conditions using the Friedman test. We also used the
Friedman test to analyze the averaged AUC and trajectory
angle during the initial movement phase. Subsequently, we
used the Wilcoxon signed-rank test to compare differences
in the maximum velocity, the tremor index, and the effi-
cient limb movement analyses among the three conditions.
Bonferroni correction was used for the three conditions and
the significance level was set at p < 0.0167. We used SPSS
version 20.0 (IBM Corporation, Armonk, NY, USA) for all
statistical processes.

Results
Visual inspection of the data indicated that two trials with
the affected hand under the pain alleviation condition were

not recorded correctly. These two trials were removed from
the data set.

Maximum velocity of reaching movement

The time series of the reaching velocity in each condition is
demonstrated in Figure 1. The Friedman test demonstrated
a significant difference in the maximum velocity among
the conditions (x> = 14.25, p = 0.001) and the Wilcoxon
signed-rank test revealed significant differences between the
intact limb (mean 51.89%1.91 cm/s standard deviation) and
the affected limb before and after pain alleviation (before:
14.58+1.53 cm/s; after: 17.64%3.72 cm/s, p < 0.02). Further,
the maximum velocity of the affected limb after pain allevia-
tion tended to improve compared with that before pain alle-
viation, but this result did not reach significance (p = 0.069).

Tremor index in the acceleration and

deceleration phases

During the acceleration phase, the Friedman test demon-
strated no significant differences in the tremor indexes
among the three conditions (> = 1.00, p = 0.61; Figure 2).
However, during the deceleration phase, the Friedman test
reached significance (y? = 12.25, p = 0.002) and the tremor
index of the intact limb was significantly lower than that of
the affected hand before and after pain alleviation (Wilcoxon,
p <0.0167; Figure 2).

Smoothness of trajectories in the initial
movement phase

The Friedman test revealed significant differences in the AUC
of trajectories among the conditions (y? = 12.25, p =0.002).
Additionally, the AUC of the intact limb was significantly
larger than that of the affected limb both before and after
pain alleviation (p < 0.016; Figure 3, lower left section).
The averaged trajectory direction was significantly different

Intact limb Affected limb Affected limb
(before alleviation) (after alleviation)
55 55 55
—~ 45 45 45
Q)
E 35 35 35
>
S 25 25 25
= 15 15 15
5 5 5
0 2 4 0 2 4 0 2 4
Time (sec) Time (sec) Time (sec)

Figure | Time series of goal-directed movement velocity in the intact upper limb (left) and in the affected limb before pain alleviation (middle) and after pain alleviation (right).
Bradykinesia was observed in the affected limb (p < 0.017). However, slow reaching movements tended to improve after pain alleviation.
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Figure 2 Examples of goal-directed movement trajectories in the intact upper limb (upper left) and in the affected limb before pain alleviation (lower left) and after pain
alleviation (lower right). In the upper right bar graph, light-black, light-blue, and light-orange bars indicate tremor indexes during the acceleration phase in the intact limb
and in the affected limb before and after pain alleviation, respectively. Respective dark-colored bars indicate the tremor indexes during the deceleration phase of these
three conditions. The tremor indexes during the deceleration phase in the affected limb before and after alleviation were significantly higher than that in the intact limb

(*p < 0.017).

among the conditions (y* = 7.75, p = 0.021). The Wilcoxon
signed-rank test demonstrated that the trajectory direction of
the intact limb was consistently larger than that of the affected
limb before pain alleviation (p = 0.0001) but not after pain
alleviation (p = 0.119; Figure 3, lower right section).

Discussion

In case of our CRPS patient, the velocity of reaching move-
ments performed using the affected limb was slower than that
with the intact limb. This reflects bradykinesia in individuals
with CRPS, which was reported in a previous study.?’ In
the present study, we expected that pain or pain-related fear
would affect such bradykinesia given the tendency for the
velocity to increase after pain alleviation. We mainly used
these velocity data to divide reaching movements into those
that occurred in the FF versus FB control phases. As a result,
visualization of goal-directed movement trajectories of the
affected and intact upper limbs revealed that tremor was not
prominent in the affected limb during the FF control period
compared to the intact limb. However, the trajectory observed
during initial movement of the affected limb was rectilinear,

unlike the smooth circular-curved trajectory of the intact
limb. Immediately after pain alleviation by a neural blockade,
the rectilinear initial movement trajectory seemed to partially
improve. Further, during FB control of goal-directed move-
ment, tremor of the affected limb was prominent. This did
not improve after pain alleviation.

The FF control of goal-directed movement in the affected
limb was similar to that in the intact limb. This is compatible
with previous reports.!* However, in the more precise initial
time frame, the FF control in the affected limb impaired
smooth circular-curved trajectories, making them rectilin-
ear instead. Two potential mechanisms may underlie this
impairment. First, excessive motor adjustments during FF
control would be required to compensate tremor during FB
control. Motor control during the FB period might thus be
substantially influenced by somatosensory FB context.!820:21
Capsaicin-induced tonic pain has been found to disrupt
proper FB motor controls. Additionally, pain stimulants
have been found to interfere with FF control in preparation
for movement. This minimizes trajectory corrections in the
FB control period.!! Considering that we observed impaired
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Figure 3 Examples of goal-directed movement trajectories in the intact upper limb and in the affected limb before and after pain alleviation during the initial movement phase
(upper column). The results of area under the curve (AUC) and trajectory direction during the initial movement phase are also shown (lower column). Upper column: The
dotted line represents a straight trajectory between the start and goal positions in line with the sagittal body-midline axis. Positive values indicate rightward side (the affected
side) and negative values indicate leftward side (the intact side). Lower column: Gray, blue, and orange bars indicate the results for the respective conditions. The AUC of
each trajectory was measured by calculating the root mean square value. Trajectory directions in the three conditions are defined as angles between the body-midline axis
and the initial movement direction of the intact and affected limbs. *p < 0.017; **p = 0.0001.

motor control during the FF and FB periods in our participant,
pathological pain might first disrupt precise goal-directed
movements during the FB control period. The majority of
previous reports suggest that CRPS patients have impaired
multimodal sensory integration (especially with respect to
visual and somatosensory inputs), and movement disorders
are also common.?2¢ Thus, our participant might have
compensated for impaired FB motor control by executing
excessive motor adjustments during the FF control period.
This notion is supported by a recent pivotal review stated
that CRPS patients exhibit a disruption in the sensorimotor
loop associated with the affected hand and that visuo-motor
rehabilitation strategies can be successful in ameliorating
pain and associated movement disorders.?’

The other potential mechanism that may explain our
results is illustrated by the finding that pain-related fear
induces abnormal rectilinear trajectories associated with
avoidance of movement-related pain and minimization of
the trajectory lengths of goal-directed movements. CRPS
patients, like our participant, usually adopt a guarded position
with respect to the affected limb and keep it immobilized.
When such avoidant behavior is based on fear, a lack of pain

increase may reinforce this behavior (classically known as
the fear-avoidance model).”® In fact, an anxious personality
is considered to be a potential risk factor for developing
CRPS.? Further, operant pain-related fear conditioning can
modulate the trajectory pattern of goal-directed movements.*
Therefore, the psychological circumstance of our participant
might have contributed to the initial unnatural rectilinear
movements. When the neural blockade ameliorated the pain
and the related fear, the natural smooth circular-curved move-
ments tended to be restored. This restorative tendency might
represent collateral evidence for the effect of pain-related fear
on the FF control, but this did not reach statistical signifi-
cance. We considered not only pain-related fear but also the
sensorimotor incongruence of the affected FF control. Our
general discussion on this instance of disturbed FF motor
control is as follows.

We discussed two explanatory mechanisms for our
results: sensorimotor incongruence in the CRPS-affected
limb and fear-related abnormal motor control. Following the
pain (and fear) alleviation by neural blockade, tremor during
the FB control period did not improve. It is possible that deaf-
ferentation by local anesthetics disturbs precise FB motor
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control. An alternative contributing factor might be related to
our previous finding that pain alleviation by neural blockade
did not normalize but led to over adjustments with respect
to visual and somatosensory integration.'s From this view,
disturbance of sensorimotor incongruence in the affected
limb is still sustained, at least partly, after pain alleviation.
Thus, this incomplete sensorimotor integration could subse-
quently affect FF motor control. Loss of the smooth circular-
curved trajectory is a sign of disrupted FF motor control.!?
This notion could explain why the FF motor control did not
recover statistical significance after pain alleviation in our
participant. Our present findings indicate that disturbances
in both FF and FB motor control in CRPS patients could be
explained simply by sensorimotor incongruence. However,
the reliability of our conclusion, which was derived from a
single patient, should be verified in future studies with larger
sample sizes. Overall, taken together with previous studies,
our data indicate that visuo-motor rehabilitation strategies
should focus on the reestablishment of sensorimotor integra-
tion in the affected limb.?"3!:32

Limitations and Conclusion

This study has some limitations. First, we sought to clarify
the cause of motor abnormality by dividing goal-directed
movement into two components (i.e., acceleration and
deceleration phase). However, we did clarify the mechanism
on the basis of the distorted sensorimotor integration or the
pain-related fear. Second, we did not record kinematic data
from the intact limb after the nerve block. In the future, we
plan to investigate the effect of a nerve block on the intact
limb to further clarify the mechanisms of disturbed senso-
rimotor integration. Despite these limitations, we visualized
the distorted sensorimotor integration and pain-related fear in
CRPS patients using specific kinematic measures. Thus, our
kinematic evaluation strategies might be useful in clarifying
these factors in further CRPS patients.
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