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Abstract
One factor, which may contribute to slowed movement in dystonia, is impairment in controlling the
voluntary rate of motor output. This study examined the ability of patients with focal hand dystonia
to rapidly turn force on and off at the wrist and elbow joints. Dystonic patients were slower than
controls in rapidly turning on force from rest at both joints, passively relaxing force and rapidly
reversing force output from a steady-state flexion contraction. Adding a preload did not improve the
ability of dystonic subjects to rapidly turn on force. These results support the idea that dystonia is a
disorder of impaired motor cortical activation, possibly due to basal ganglia dysfunction.
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1. Introduction
Dystonia is classically defined as a movement disorder characterized by involuntary sustained
muscle contractions that cause twisting movements or abnormal postures of affected body parts
[1]. It is thought to involve dysfunction of the basal ganglia [2,3]. Patients with dystonia also
have deficits in voluntary movement control, including movements that do not evoke dystonic
muscle spasms and at joints that are clinically asymptomatic. For example, patients with
writer’s cramp have been shown to have an average strength deficit of approximately 20% at
the wrist and elbow joints of the clinically involved arm compared to healthy subjects [4].
Dystonic patients have also been shown to be slow at the wrist [5] and elbow joints [6] during
single degree of freedom movement and during whole arm movement [7-10]. These deficits
have been shown to be associated with decreased muscle activity and could not be explained
by co-contraction of antagonist muscles [4,5]. These reported behavioral deficits are similar
to those observed for patients with Parkinson’s disease (PD), a movement disorder caused by
dysfunction of the basal ganglia [11-13]. It is possible that, much like patients with PD, one
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of the factors contributing to slowed movement in dystonia is an impairment in controlling the
voluntary rate of motor output, specifically the ability to turn force on and off rapidly.

Neuroimaging studies have shown that voluntary movements that do not induce dystonic
muscle spasms in patients with dystonia are associated with decreased activity in regions of
the frontal cortex that are considered to be involved in the generation of a motor command,
specifically the supplementary motor area (SMA) and primary motor cortex [14,15]. These
same regions have also been implicated in the control of voluntary muscle relaxation [16,17].
These findings suggest that the control of muscle contraction during force generation and
muscle relaxation may be impaired in dystonia. The purpose of this paper is to examine the
ability of patients with dystonia to control their motor output when asked to rapidly turn force
on and also to turn it off.

We performed two experiments testing four hypotheses. Although patients with dystonia have
previously been shown to be slow when performing discrete movement, it is not clear whether
this deficit extends to include the control of isometric force. The first hypothesis was that
patients with dystonia would have deficits in their ability to turn on isometric force production
quickly from a state of rest. In order to examine whether this dysfunction was unique to the
dystonic joint, we examined torque production at two joints. We chose the wrist joint since it
was a clinically involved joint in our patient group with focal hand dystonia (FHD), and also
the elbow joint, which did not show evidence of dystonic symptoms. Examination of the elbow
joint therefore allowed us to examine the spread of motor deficits in muscles of the same limb,
which were not yet manifesting clinical symptoms.

Based on previous studies, which examined slowness of movement in patients with dystonia
when movements are initiated from a resting state [5-7,9,10], we expected that hypothesis one
would be supported and that patients would be slower than controls turning on force quickly
from rest. It is not known however if this impairment remains or is exacerbated when the
requirement for increased force output is superimposed on pre-activated muscle. Our second
hypothesis explored whether dystonic patients could improve their ability to turn on force
quickly with pre-activation of force output. Slowness in turning force on in the dystonic group
could be due to reduced excitability of spinal or descending motor pathways leading to
increased threshold for initiation of action potentials, a reduced size of the descending
corticospinal volley (decreased drive), or perhaps poor spatial and temporal summation of the
volleys. Pre-activating force output provides a method to examine the rate of rise of force when
the motor unit and corticospinal thresholds have been lowered. Any slowness due to a higher
threshold should be reduced in the presence of pre-activation. However, if the behavioral
deficits in dystonia were instead due to reduced motor drive then we would not expect pre-
activation to affect rise time in the patient group. Reduced motor drive in the dystonic group
would then be consistent with global basal ganglia dysfunction since it is similar to findings
in patients with PD [11-13], a disorder of basal ganglia origin.

It has previously been shown that the response time of muscle relaxation is impaired in patients
with dystonia [18]. However, the response time reported in that study included both the reaction
time and the time to shut the muscle off, therefore it was not clear if both parts of the response
time were impaired. Our third hypothesis was that patients with dystonia would take longer
than control subjects to shut off their force output when asked to relax. This slowness would
extend across both flexor and extensor muscle force production, and both joints tested.

As well as being slow during discrete movement, patients with FHD have been shown to be
slow when performing sequential arm movements and when switching from one movement to
another [7]. We examined the ability of patients with FHD to rapidly reverse force output from
a steady-state contraction, which is the isometric equivalent of switching movement direction.
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Our fourth hypothesis was that patients with FHD would be slow when actively reversing
torque output.

2. Methods
2.1. Subjects

Eighteen patients with writer’s cramp participated in the first experiment (S1-18), and fifteen
patients participated in the second experiment (S2-5, S7, S9, S11-13, S15-20). Table 1 shows
a summary of the characteristics of dystonic subjects. A corresponding number of age, height,
weight, and gender matched neurologically healthy subjects also participated in each study.
Two-tailed t-tests showed no significant differences between patients and controls in age,
height or weight in each experiment (p’s>.05). Patients were recruited from two surrounding
medical centers. Eighteen of these patients (S1-S18) had previously participated in a separate
study conducted in our lab that demonstrated muscle weakness in the patient group [4].
Inclusion criteria for participation included a diagnosis of writer’s cramp, an age range between
20 and 65 years, no history of other neurological problems or injury involving the arms, and
at least a 4 month time period since receiving any botulinum toxin injection treatment for
dystonia. The most clinically affected hand was tested, which for all patients, except S19 was
the dominant side. Dominance and hand tested were matched across control subjects. Informed
consent was obtained from each subject prior to testing, and the Institutional Review Board of
the University of Illinois at Chicago approved the protocol for use. It is important to note that
this task did not induce dystonic posturing in any of the patients except for patient S16 who
was the most impaired subject. Results from this patient, however, were similar to the other
patients.

2.2. Experimental tasks
Manipulanda devices were used for testing at the wrist and elbow joints (Fig. 1a). The wrist
joint was held in a neutral position in regards to flexion or extension, and the elbow joint was
fixed at 90° of elbow flexion (0° = full elbow extension). Subjects grasped a vertical handle.
Joint torque is the rotary effect of force, and was measured by a torque transducer mounted on
a shaft at the axis of rotation.

In order to determine the appropriate target torque for each subject, maximum voluntary
contraction (MVC) at each joint was first measured. Maximum torque obtained during the
steady-state phase of each trial was identified as the peak torque at each joint. The average of
three 6 s trials at the wrist and elbow joints was used to calculate the 50% MVC target at each
of the joints used in the subsequent experiments. During the force control experiments, torque
was displayed on a computer screen in front of the subject as a vertical marker. A second
stationary marker bar on the screen represented target location. Target location was always set
to 50% of each subject’s wrist or elbow flexion or extension MVC. The width of the target
always corresponded to 0.1 N m of torque. A computer generated preparatory tone alerted the
subject to prepare for a trial. A second “go” tone served as a signal to the subject to begin the
trial under the instruction to move the torque marker as fast as possible to the target, and to
hold it there for 7 s until they heard the final tone which signaled the subject to end the trial.

In the first experiment, we examined the ability of subjects to rapidly turn on force output from
rest to either a flexion or extension target at each joint (hypothesis 1), and then to relax this
force output (hypothesis 3) (Fig. 1b). Subjects were required to reach the target as quickly as
possible, hold the torque at the target, then to simply relax at the final tone. We will refer to
the relaxation phase of this task as the passive return condition since the subject was required
to passively return the torque to baseline. Eight trials were collected for flexion and extension
at each joint. The testing order of joint (wrist or elbow) and direction (flexion or extension)
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was randomized across subjects in each experiment, but was the same between each dystonic
patient and their matched control. There was a 20 s inter-trial interval between all trials.

In the second experiment, we examined the effect of adding a preload on the ability of subjects
to rapidly turn on force to a flexion target (hypothesis 2), and their ability to rapidly reverse
force output to baseline (hypothesis 4). For the low pre-load, the subject was asked to produce
a 5% MVC torque steady-state contraction at the preparation tone and to hold it at the prescribed
level until the go tone (Fig. 1c). This was repeated for the high preload, which was set at 25%
MVC torque level (Fig. 1d). At the go tone, subjects were instructed to reach the target as
quickly as possible and to hold it there until the final tone. The instruction for the final tone
across all preload levels was to return the torque to baseline as quickly as possible (Figs. 1c
and d). We will refer to this as the active return condition since the torque is returned actively
at the end of the trial. When returning to baseline, torque overshoots were encouraged in this
condition so that subjects would generate force as quickly as possible and not be constrained
by a speed-accuracy trade off. Active return was also tested under a no preload condition to
allow comparison with torque onset times from the first experiment. Ten trials were collected
in each preload condition at each joint.

2.3. Data analysis
Data were initially processed in Labview (National Instruments) using custom written
software. Each trial record was visually inspected prior to data analysis. Trials were rejected
if subjects failed to complete the task as instructed (range 0-3 trials per condition). A custom
written algorithm (Matlab, The MathWorks, Inc.) was run on the data to identify torque onset
and offset during the rising and falling phases of the torque signal using the absolute value of
the first derivative of torque. The following measures were calculated: (1) Torque rise time:
the duration of time between the onset and offset of the rising phase of the torque signal, (2)
passive torque relaxation time: the duration of time between the onset and offset of the falling
phase of the torque signal under the passive return instruction and (3) active torque return time:
the duration of time between the onset and offset of the falling phase of the torque signal under
the active return condition instruction [19].

To calculate torque rise time, we first identified torque onset and offset times during the rising
phase of the torque signal. Torque onset was identified by searching backwards from the time
of the peak of the first derivative during the rise phase. The onset time is equal to the first time
point when the absolute value of the first derivative of torque fell below 1% of the peak value.
Torque offset was identified by searching forward from the time of the peak of the absolute
value of the first derivative of torque during the rise phase. The offset time is equal to the first
time point to fall below 0.01% of peak value of the first derivative. A conditional statement
was used to ensure that this offset time point was within 10% of the target force.

To calculate active return time and passive relaxation time we first identified the onset and
offset times of the falling phase of the torque signal, which is the phase where torque is returned
to zero. The onset of the falling phase of the torque signal was identified by searching backward
from the peak of the absolute value of the first derivative during the fall phase. The return onset
time is equal to the first time point when the absolute value of the first derivative of torque fell
below 1% of the peak value of the first derivative. Return offset was determined by searching
forward from the peak of the absolute value of the first derivative during the fall phase. The
return offset time is equal to the first time point when the absolute value of the first derivative
of torque fell below 1% of the peak value of the first derivative.

The dependent variables described above were analyzed using repeated measures analysis of
variance (ANOVA) with one between-subjects factor for group in each experiment and two
within subject factors (joint and direction) in the first experiment and one within factor for joint
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in the second experiment using a Statistica statistical package (version 6.1, StatSoft Inc.). Each
ANOVA was interpreted as being significant when there was less than a 5% chance of making
a Type I error (i.e. p<0:05).

3. Results
3.1. Turning torque on quickly from a state of rest

Patients with dystonia took significantly longer to achieve the target torque level than healthy
control subjects (Fig. 2, Table 2). Across joint and direction, dystonic subjects took an average
of 62 ms longer than controls to produce torque to the target. None of the other main effects
were significant, and neither were any of the other interactions.

3.2. Effect of preload on turning torque on quickly
Addition of a preload did not eliminate the difference in rise time between groups (Table 3,
Fig. 3 left panel). With a 5% preload, dystonic subjects were slower than controls. On average
dystonic subjects took 71 ms longer at the wrist and 75 ms longer than controls at the elbow
to reach the target. The joint by group interaction was not significant. Similarly, a 25% preload
did not eliminate the difference between dystonic and control groups (Fig. 3 right panel).
Dystonics took 41 ms longer at the wrist and 32 ms longer than controls at the elbow to reach
the target. The joint by group interaction was not significant. There were significant main
effects for joint at both 5% and 25% preload with longer torque rise times at the wrist compared
to the elbow joint.

3.3. Passive relaxation of torque output
Under the instruction to simply “just relax” at the third tone, patients with dystonia showed
significantly longer relaxation times than healthy control subjects (Table 4). On average,
dystonic subjects took 68 ms longer than controls to shut off their torque output at the wrist
and 67 ms longer at the elbow (Fig. 4). There was also a significant main effect for joint with
increased relaxation time at the elbow compared to the wrist. None of the interactions were
significant.

3.4. Active reversal of torque output
In the no preload condition (Fig. 5), active torque return time was significantly longer in the
dystonic group compared to the control group (Table 5). Adding either a 5% preload or a 25%
preload did not alter the finding that dystonic subjects were slower to actively return torque
from a steady-state flexion contraction compared to controls (Fig. 5). There was no significant
main effect for joint, and none of the interactions were significant at any of the preload levels.
Across all preload levels, dystonic subjects were on average 22 ms slower at the wrist and 28
ms slower at the elbow than control subjects.

4. Discussion
There are three main findings from this study. The first is that the ability to rapidly turn on
force was impaired in the patients with FHD and that this deficit extended to include force
output in a proximal joint that was not manifesting dystonic symptoms. This was despite the
fact that dystonic subjects produced less force than controls, and therefore had a lower target
force [4]. Furthermore, pre-activating force output did not improve the ability to rapidly
produce force in dystonia. Second, the ability to voluntarily relax force output was impaired
in the patients with dystonia at both a clinically involved and a clinically uninvolved joint
within the dystonic limb. Third, the ability to actively return force from a steady-state flexion
contraction to zero was longer in the dystonic subjects compared to controls.

Prodoehl et al. Page 5

Parkinsonism Relat Disord. Author manuscript; available in PMC 2007 November 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Previous work has identified that dystonic patients are slow when performing voluntary
movements [5-10]. We have extended this finding to include slowness in isometric force
production at the wrist (a clinically involved joint) and the elbow (a joint that did not present
with overt clinical symptoms of dystonia). The fact that we saw comparable deficits at the
elbow joint suggests a more widespread dysfunction of movement control in FHD than just
the hand. This finding is consistent with our previous study showing that maximal force output
was decreased at both these joints [4]. In that study, decreased force output could not be
explained by excessive co-contraction. Similarly, co-contraction did not account for movement
slowing during ballistic movements of the wrist [5]. For this reason, co-contraction of
antagonist muscles was unlikely to contribute to the reduced torque rise times we observed.

Pre-activating force output did not improve the ability of dystonic patients to rapidly reach the
target force. Therefore, it is unlikely that reduced excitability of spinal or descending motor
pathways was the mechanism of dysfunction in the dystonic group. Instead, we suggest that
the movement slowness seen in patients with dystonia is mediated by dysfunction of cortical
drive to the motorneuron pool. Oga et al. [17] have shown using fMRI that there is
underactivation of the primary sensorimotor cortex and SMA during an isometric wrist
contraction task in dystonic patients compared to controls. They interpreted this
underactivation as reflective of dysfunction in the motor circuitry connecting the basal ganglia
to cortical areas. Abnormal firing patterns have previously been found in the internal segment
of the globus pallidus of the basal ganglia of patients with dystonia [20,21], and it is interference
from this abnormal firing pattern which could disrupt cortical activation and lead to slowness
in rapid force production. The behavioral deficits seen at the elbow joint in our patient group
suggests a more widespread disorder of motor control than just control of the body part
displaying dystonic symptoms (i.e. the hand). This is consistent with what is seen in movement
disorders of basal ganglia origin such as PD, which show dysfunction across multiple limb
segments. Alternatively, deficits in the production and control of force could arise from
dysfunction of brainstem nuclei that control motor output and have been implicated in the
pathophysiology of DYT1 primary dystonia [22].

Our findings are also consistent with previous studies showing that the control of voluntary
muscle relaxation is impaired in patients with dystonia. Buccolieri et al. [18] showed that the
time to relax a muscle was impaired in patients with dystonia, although the time to relax as
used by that group included the reaction time from an auditory signal to the cessation of muscle
activity. It was not clear from their work whether the deficit in dystonia was attributable to the
reaction time or to the time it actually took to turn off the muscle. In the present study we have
shown that the time to actually relax force output is impaired in dystonia. Consistent with these
difficulties in force relaxation in dystonia are findings of abnormal cortical mechanisms
associated with voluntary muscle relaxation. This has been shown using a variety of methods
including movement-related potentials [16], transcranial magnetic stimulation applied to the
motor cortex [23], and event-related fMRI [17]. Our results are similar to those found in patients
with PD, another disorder associated with basal ganglia dysfunction [11,19,24].

Slowness in dystonia also extended to slowness in reversing force output from a steady-state
contraction. This finding is consistent with the work by Agostino et al. [7] who have previously
shown longer movement times when switching from one movement to another as part of a
movement sequence in patients with dystonia. It is of interest however that there was less of a
difference between dystonics and controls in rapidly reversing force output than the difference
between them in rapidly producing force from rest (Fig. 5 compared to Fig. 2). It is not clear
what underlies this difference, but several possibilities might be considered. First, it is possible
that a different goal in the two tasks was responsible for the disparity of findings. Torque rise
time was to a target, but during the active torque return condition, torque overshoots were
encouraged. It is possible that the difficulty in rapidly generating force from rest in the dystonic
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group was related to the presence of a target, which interfered with the motor plan in some
way. In contrast, actively returning force to zero from a steady-state contraction did not require
moving to a target. When force is rising to a target, sensory feedback must be used and
compared to the visual signal. There is a significant body of work to suggest a role of
dysfunctional sensorimotor integration in the pathogenesis of dystonia (for reviews see
Abbruzzese and Berardelli [25] and Tinazzi et al. [26]). If sensory feedback is abnormally
processed in dystonia, then the patient will either miss the target, or must slow down to acquire
a target.

Another possibility to explain why the difference between groups was more pronounced for
rapid torque rise time compared to active return time may lie in a dysfunction of reciprocal
inhibition in the dystonic group. It has previously been shown that the second phase of
reciprocal inhibition reflecting presynaptic inhibition is reduced in patients with dystonia
[27]. This has been attributed to reduced reciprocal spinal inhibition possibly from defective
descending control of the excitability of the presynaptic inhibitory pathway [27-30].
Paradoxically, abnormal reciprocal inhibition in dystonia may make it easier to switch
recruitment from an agonist to an antagonist muscle to reverse the direction of force output.

In conclusion, patients with primary FHD show deficits in both the rate of production and
relaxation of force output. These findings are consistent with deficits observed in other
neurological diseases affecting the basal ganglia. These deficits extend to include force
production at joints that do not yet show clinical evidence of dystonic symptoms suggesting a
global dysfunction in dystonia. Further study of regions not directly related to the clinically
involved limb (e.g. the opposite hand or foot) is required to investigate how widespread the
deficits are.
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Fig. 1.
(a) Experimental setup at the wrist (left) and elbow (right). Torque records of a single trial from
one dystonic subject (D18, dotted line) and one matched control subject (solid line) under the
passive return condition (b), and the active return conditions at 5% MVC preload (c) and 25%
preload (d) at the wrist joint.
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Fig. 2.
Torque rise time for targets requiring a steady-state flexor torque production and a steady-state
extensor torque production at the wrist (left panel) and elbow (right panel) in healthy control
subjects (black bars) and dystonic subjects (gray bars). Data are the mean and standard error.
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Fig. 3.
Effect of adding a 5% preload (left panel) and a 25% preload (right panel) on torque rise time
in healthy control subjects (black bars) and dystonic subjects (gray bars) at the wrist and elbow
joints. Data are the mean and standard error.
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Fig. 4.
Passive torque relaxation time for targets requiring a steady-state flexor torque production and
a steady-state extensor torque production at the wrist (left panel) and elbow (right panel) in
healthy control subjects (black bars) and dystonic subjects (gray bars). Data are the mean and
standard error.
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Fig. 5.
Effect of no preload, a 5% preload, and a 25% preload on active torque return times in healthy
control subjects (black bars) and dystonic subjects (gray bars) at the wrist (left panel) and elbow
(right panel). Data are the mean and standard error.
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Table 2
Statistical results from the three-way ANOVA on torque rise time

F p

Group 7.60 0.009*
Joint 0.58 0.450
Muscle 0.03 0.869
Joint × Group 2.12 0.155
Muscle × Group 0.47 0.498
Joint × Muscle 3.32 0.078
Joint × Muscle × Group 1.49 0.231

Degrees of freedom are 1,34.

*
p<0.05.
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Table 3
Statistical results from the two-way ANOVA of the effect of preload on torque rise time

5% preload 25% preload

F p F p

Group 14.71 <0.001* 7.56 0.010*
Joint 7.95 0.009* 14.95 <0.001*
Joint × Group 0.07 0.791 0.71 0.406

Degrees of freedom are 1,28.

*
p<0.05.
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Table 4
Statistical results from the three-way ANOVA on torque relaxation time

F p

Group 4.53 0.041*
Joint 24.61 <0.001*
Muscle 0.06 0.801
Joint × Group 0.00 0.996
Muscle × Group 1.91 0.176
Joint × Muscle 2.47 0.125
Joint × Muscle × Group 0.07 0.797

Degrees of freedom are 1,34.

*
p<0.05.
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