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Abstract
Childhood dystonia is a disorder that involves inappropriate muscle activation during attempts at
voluntary movement. Few studies have investigated the muscle activity associated with dystonia
in children, and none have done so in the hands. In this study, we measured surface
electromyographic activity in four intrinsic hand muscles while participants attempted to perform
an isometric tracking task using one of the muscles. Children with dystonia had greater tracking
error with the task-related muscle and greater overflow to non-task muscles. Both tracking error
and overflow correlated with the Barry-Albright Dystonia scale of the respective upper limb.
Overflow also decreased when participants received visual feedback of non-task muscle activity.
We conclude that two of the motor deficits in childhood dystonia—motor overflow and difficulties
in actively controlling muscles—can be seen in the surface electromyographic activity of
individual muscles during an isometric task. As expected from results in adults, overflow is an
important feature of childhood dystonia. However, overflow may be at least partially dependent on
an individual’s level of awareness of their muscle activity. Most importantly, poor single-muscle
tracking shows that children with dystonia have deficits of individual muscle control in addition to
overflow or co-contraction. These results provide the first quantitative measures of the muscle
activity associated with hand dystonia in children, and they suggest possible directions for control
of dystonic symptoms.
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INTRODUCTION
Childhood dystonia is defined as “a movement disorder in which involuntary sustained or
intermittent muscle contractions cause twisting and repetitive movements, abnormal
postures, or both”.1 Dystonia can result from a number of causes, and its symptoms can be
present in various parts of the body, including the hands and arms. In addition to postures
and impediments to task-oriented movements, dystonia can also involve extra muscle
activity in muscles that are not directly related to the task at hand, a phenomenon called
overflow.2,3 There are a number of rating scales for gauging the level of dystonia, such as
the Barry-Albright Dystonia (BAD) scale4 and Burke-Fahn-Marsden scale5, but little
research has investigated the relation between physiological measures of muscle control and
the severity of childhood dystonia, and none of this research has focused on dystonia in the
hands.

Two studies have suggested that quantitative physiological measures may hold promise for
more clearly defining dystonia in children. Lebiedowska et al.6 showed that strength,
walking speed, and resistance to passive movement could differentiate participants with
dystonia from those with spasticity. Gordon et al.7 showed that a measure of overflow
correlated with participants’ ratings on the BAD scale and aspects of the participants’
performance in a reaching task.

Overflow has also been investigated in a number of other populations. Overflow is common
in children and the elderly, but absent in young adults except under conditions of high
exertion or fatigue. Overflow can also persist in older children with ADHD and be present in
adults with focal hand dystonia, Parkinson’s Disease, and other neurological disorders.8–13

In addition to characterizing the existence of overflow, studies have shown that individuals
can reduce overflow when provided knowledge of it through visual or auditory feedback.14–
16 It is currently not known whether biofeedback approaches can help children with dystonia
to reduce overflow, but promising results have previously been reported for children with
dystonia and related disorders.17–20

In the present study, we measure surface electromyography (EMG) of muscles on both
hands while individuals perform an isometric tracking task with a single muscle. This
approach allows us to monitor (a) the ability of participants to modulate their muscle activity
on command, as well as (b) the overflow occurring in other muscles on the same and
opposite hand. Additionally, by providing visual feedback of the activity of all non-task
muscles, we can determine whether children with dystonia can reduce overflow through
biofeedback.

METHODS
Participants

Participants consisted of 16 children with dystonia (7 female; ages 9–18 years, mean 13.5
years, standard deviation 2.6 years), and 36 healthy children (14 female; ages 6–17, mean
10.5 years, standard deviation 3.1 years, 4 left-handed). Individuals in the dystonic group
were recruited from the Stanford Medical Center and diagnosis was established by a
pediatric neurologist based on history and clinical examination according to standard
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definitions.1 All participants with dystonia were rated on the Barry-Albright dystonia scale.4
To check for adequate intelligence for the task, we tested all participants in the dystonic
group with the TONI-3 scale21 to ensure that they had a cognitive level equivalent to, or
greater than, 6 years of age. Table 1 provides individual information on all participants in
the dystonic group. Participants in the control group were recruited using advertisements in
the local community and university, as well as through the families of the participants in the
dystonic group. Control participants were excluded if they had any known neurological
conditions or motor disorders, and if they had participated in any other experiments
involving active control of EMG.

Stanford University’s Institutional Review Board approved the study protocol, and the study
was registered with clinicaltrials.gov (NCT00285870). All participants or their parents gave
informed written consent for participation and authorization for use of protected health
information.

Apparatus
Participants sat on a chair and placed both hands flat on the surface of a table with palms
down in a comfortable position. The table was adjusted to a comfortable height for each
participant. The second and fifth fingers of both hands were constrained to prevent
abduction, using plastic blocks that adhered to the surface of the table (see Fig. 1A). A small
number of participants could not maintain their hands flat on the table, so a bandage was
wrapped around their fingers to prevent abduction (From Table 1, both hands bandaged:
D12, D13, D16; right hand bandaged: D11). Surface EMG electrodes (DE-2.3, Delsys Inc.,
USA) with a band-pass filter of 20–450 Hz and an amplification of 1,000 times were placed
over the bellies of the first dorsal interosseous (FDI) and abductor digiti minimi (ADM)
muscles on both hands. The EMG electrode signals were sampled at 1 kHz with an analog to
digital interface (Power 1401, CED Technologies Inc., UK) and custom data acquisition
software.

We obtained isometric muscle activation signals for the experimental task by filtering the
EMG signal from each electrode through three steps. Each signal was processed with a high-
pass Butterworth filter (4th-order, 1 Hz cutoff), then a Bayesian filter, and finally a low-pass
Butterworth filter (2nd-order, 5 Hz cutoff). The Bayesian filter produces a smooth output
that estimates the drive underlying the EMG signal, while also allowing fast low-latency
changes in the filtered signal.22

Prior to the start of the experiment, we measured the isometric maximal voluntary
contraction (MVC) for each muscle. The EMG signal from each electrode was displayed as
visual feedback for the participant. The participant performed three attempts of 5 s of
maximum contraction for each muscle with encouragement and feedback. MVC was
quantified by the data acquisition software as the maximum mean EMG activation measured
over a 200 ms period. Following this measurement, all muscle activation levels for the
experiment were expressed as normalized EMG, defined as the ratio of the EMG value of
each muscle to its MVC.

Procedure
Each participant attended a single experimental session of approximately 1-hour duration.
The session started with seating at the table, placement of the EMG electrodes, and
measurement of MVC values. The participant then completed a series of trials during which
they tracked a target on a computer screen by activating one of their measured muscles to
move a cursor.
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During each trial, participants watched a computer monitor displaying a target and cursor, as
shown in Fig. 1. The target moved vertically in a randomly distorted smooth sinusoidal
motion with an average period of 7–10 s. Participants tracked the target with the cursor by
isometrically activating one of their ADM or FDI muscles. Gain was adjusted so that when
the tracking muscle was at rest, the cursor remained at the bottom of the screen, and the
cursor reached the top of the screen at 20% of MVC. The mean target position during the
trial was equivalent to approximately 10% of MVC. In some trials, participants were also
provided with a visual display of the activity of the muscles that were not being used to
control the cursor, as shown in Fig. 1C. The height of each of these additional cursors was
normalized to the individual muscle MVC values so that the top of the screen always
represented 20% MVC and the bottom always represented rest.

Prior to the start of testing, participants were allowed to practice moving the cursor on the
screen for 60 s using each of the four muscles. During this time, the experimenter monitored
the participant’s performance and made adjustments or suggestions to ensure that the
participant was able to control the cursor adequately. All four cursors were shown during
practice.

Following the practice trial, each participant performed 8 test trials, arranged in 2 blocks of
4 trials. In each block, participants performed the tracking task once with each muscle. All
trials had a duration of 60 s. Participants were given a 30 s rest between trials, and a 60 s rest
between blocks. Participants were also able to indicate if they were tired and desired a
longer rest.

During the first block of trials, the monitor showed only the target and the cursor for the
active muscle, and there was no indication of the activity of non-task muscles, as shown in
Fig. 1A. Participants were instructed to track the target while keeping their hands as relaxed
as possible. During the second block, the monitor showed the target, cursor, and the activity
of the non-task muscles, as shown in Fig. 1B. Participants were instructed to track the target
as the first priority while also trying to keep the activation of non-task muscles as low as
possible.

Analysis
For each trial, we measured two aspects of performance: tracking error and overflow. We
defined tracking error as the mean absolute difference between the target position and the
cursor position, expressed in units of normalized EMG. Tracking error allowed us to
measure how well individuals could modulate muscle activity on demand, as well as
determine whether any reduction of overflow in block 2 occurred at the expense of tracking
performance. Overflow for each non-task muscle was defined as the mean of the normalized
activation of that muscle over the entire trial. For each trial, we used the mean of all samples
in the trial to obtain a single measure of tracking error for the task muscle and a measure of
overflow for each of the three non-task muscles.

For tracking error and mean overflow across all muscles, we used a linear mixed-effects
model to test for fixed effects of group (dystonia vs. control) and block (1 vs. 2) while
considering participant as a random factor (i.e., Fixed effects: group + block +
group×block). Analysis was performed using the lme function from the nlme package23,24

of the R statistical computing environment25 [i.e., R statement: lme(error ~ group * block,
random = ~ 1 | participant)]. For the dystonic group, we also calculated the correlation of
tracking error and overflow in all trials of block 1 with the BAD scale of participants’ arms
using the Pearson correlation coefficient. In order to correct the positive skew and
heterogeneity of variance seen in the data, we logarithmically transformed the tracking error
and overflow values prior to performing all tests.
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RESULTS
Raw signals and distribution of measures

To provide an indication of the nature and relation of the signals analyzed, Fig. 2 shows the
raw EMG from block 1, measured from a typical participant in each group. For most
participants in the control group, almost all muscle activity occurred in the task muscle of
each trial, and there was little activity in the non-task muscles. For many participants in the
dystonic group, however, there was considerable activity in the non-task muscles, consistent
with overflow. Overflow was also typically greatest for the muscle ipsilateral to the task
muscle, followed by the contralateral homologous muscle, and finally the contralateral non-
homologous muscle.

We also checked for differences in the MVC values between groups. Both groups had
similar values in the left hand, but the dystonic group had a lower mean MVC in the right
hand (1.17 mV vs. 1.63 mV, p = 0.001). These differences are likely due to the
characteristics of the individuals in the groups: the dystonic group had a much higher
proportion of left-handedness than the control group, as well as more dystonia in the right
arm than the left (see BAD scores in Table 1).

To provide a sense of the distribution of task results for both groups, Fig. 3 shows Kaplan-
Meier plots of tracking error and mean overflow from all muscles in block 1. These plots
show that both groups had a skewed distribution of results, with most participants having
low values of tracking error and overflow, while a smaller number of participants had larger
values. It is also evident that the degree of this skew differs between groups. As expected, a
much higher proportion of participants in the control group are closer to the lower limit of
each measure, and the dystonic group has a higher upper bound for tracking error and
overflow than the control group. Nevertheless, many of the dystonic participants have values
of tracking error and overflow that are well within the range of the control participants.

Group and condition comparisons
Figure 4A shows the mean tracking error across feedback and no-feedback blocks for each
group. Testing for the effects of group and block showed no significant interaction between
the factors (F(1,362) = 0.940, p = 0.333). Group was a significant factor (F(1,50) = 11.4, p =
0.001), indicating that the dystonic group had significantly more tracking error than the
control group. Block was not a significant factor (F(1,362) = 0.0126, p = 0.911), even
though there was a trend for the dystonic group to have greater tracking error in block 2
(post-hoc regression of dystonic group: F(1,111) = 0.900, p = 0.345). Tracking error also
correlated positively with the BAD score of individual arms in the dystonic group (r =0.725,
p < 0.001, Fig. 5A).

Figure 4B shows the mean overflow across all conditions for each group. Testing for the
effects of group and block showed no significant interaction between the factors (F(1,362) =
0.020, p = 0.966). Group was a significant factor (F(1,50) = 12.7, p < 0.008), indicating that
the dystonic group had significantly more overflow than the control group. Block was also a
significant factor (F(1,362) = 17.7, p < 0.001), indicated that participants had less overflow
in block 2 (with feedback) than block 1 (without feedback). Overflow also correlated
positively with the BAD score of individual arms in the dystonic group (r =0.560, p < 0.001,
Fig. 5B).

DISCUSSION
Using surface EMG, we measured the activity of four hand muscles while children with and
without dystonia performed an isometric tracking task with each muscle. The dystonic group
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had greater overflow and tracking error than the control group. Tracking error and overflow
also correlated with the severity of dystonia, as measured with the BAD scale. Additionally,
individuals in both groups were able to reduce their levels of motor overflow when provided
with visual feedback, and they did so without significantly increasing their error in the
tracking task.

While the dystonic group on average had greater difficulty modulating muscle activity and
maintaining non-task muscles at rest, the range of measured values for overflow and
tracking error overlapped with that of typically developing children. There are several
possible reasons for this. First, several of the children with dystonic symptoms had one or
two arms with low or zero ratings of dystonia, and these individual arms generally had lower
levels of error and overflow (Fig. 5). Second, as we have seen in other studies of co-
contraction in antagonist muscles16,26, the muscle activity of children with dystonia can
often be comparable to what is seen in children without dystonia. Other research has made
similar observations: individuals with dystonia can often perform as well those without
dystonia, but certain constraints—using a particular finger or hand, muscle activation at a
particular pace, or movement in a specified direction—can bring out the impairments that
can limit their abilities.27 Finally, it is also possible that our measures do not measure only
the aspects of muscle activity that define dystonia. In this experiment, we were attempting to
quantify the muscle activity underlying the observed difficulties that children with dystonia
have in actively controlling muscles and keeping muscles at rest.2,3 At the same time, it is
likely that a measure that clearly delineates individuals with dystonia from those without
will be a more complex combination of these, and possibly other, measures.

Our measures of task error and overflow correlated with the BAD scores of the individual
limbs. This shows that the abilities to modulate individual muscle activity and maintain
groups of muscles at rest may be related to the physical manifestation of dystonia. It is also
important to note that our measure of tracking error had a greater correlation with the BAD
score than our measure of overflow. This may be somewhat surprising, as other researchers
have focused on overflow as a measure of dystonia.7 The difference in this case may be due
to the consistency of the effect. As shown in Fig. 5, individuals more consistently had
difficulty modulating their muscle activation in an arm with a higher BAD rating, resulting
in higher tracking error. Overflow, however, was a more variable occurrence—while
muscles from arms with a high BAD rating often had greater levels of overflow, there were
other trials in which the muscles were not highly active. Similarly, many muscles from arms
with a BAD rating of 0 had large amounts of overflow. The variation of dystonia with time,
position, and other factors has been noted previously.1 These results suggest that measures
of dystonia and dystonia-related symptoms should consider both task-related movements
and non-task related muscle activity.

Another important result from this study is that individuals in both groups had lower
overflow when provided with visual feedback of overflow. This shows that children with
dystonia are able to reduce their overflow to a certain extent, as long as their attention can be
drawn specifically to the muscle activity. This result is similar to observations of two recent
studies from our laboratory16,17, and it suggests that sensory feedback may play a role in
dystonia.

We have presented an approach for measuring the muscle activity from multiple hand
muscles in children with dystonia. While our measures correlate with clinical scales of
dystonia, there remain important questions about how to use and interpret these
measurements. For example, we cannot determine whether the deficits in overflow and
tracking that we measure are a pathognomonic feature of dystonia, or whether they are
additional deficits associated with the causes of dystonia. Additionally, this study does not
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have sufficient discriminatory power to distinguish between possible differences in the form
of dystonic symptoms associated with different etiologies. These are important questions,
but they cannot be answered until definitive and objective characterization of dystonia is
achieved, so that dystonia per se can be distinguished from associated impairments. We
hope that our results will contribute toward the ability to quantify and distinguish between
dystonia and associated motor deficits.
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FIG. 1.
Experimental setup. (A) Hand placement on table. Rectangular blocks prevented abduction
of the second and fifth fingers, and EMG electrodes (labeled E) were placed on the ADM
and FDI muscles. Left hand is shown, and right hand was arranged in the same way. (B and
C) Tracking task: The horizontal gray bar acted as a target, moving vertically with a
randomly distorted sinusoidal motion. Participants tracked the target with one of the dark
horizontal bars (cursor), activating their muscle to move the cursor upward, and relaxing
their muscle to move it downward. The order of bars on the screen corresponded to the order
of muscles with hands lying on table (left to right): LH ADM, LH FDI, RH FDI, and RH
ADM. (B) Display for block 1 contained only the target and cursor (LH FDI shown in this
case). (C) Display for block 2 also included all non-task muscles.
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FIG. 2.
Representative EMG recordings from all trials in the first block (no feedback). For each
participant, EMG recordings of all four muscles during four 60 s trials are organized in a
matrix of trials (rows) and muscles (columns). The tracking muscles for each trial are
located on the diagonal of the matrix, and non-task muscles are located off of the diagonal.
A: Typical participant from the control group shows little muscle activity in non-task
muscles. B: Typical participant from the dystonic group shows substantial muscle activity in
non-task muscles. In particular, this subject showed significant overflow within each hand
and overflow from the left hand to right hand.
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FIG. 3.
Kaplan-Meier plots showing mean tracking error (A) and overflow (B) in block 1 for
individuals in the control (dashed line) and dystonic (solid line) groups. These plots
illustrate the distribution of the measured values for each group, especially the difference
between groups in the tails of the data.
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FIG. 4.
Mean tracking error (A) and overflow (B) in both blocks for the Control (squares with
dashed line) and Dystonic (circles with solid line) groups. Error bars indicate standard errors
of the mean for all participants.

Young et al. Page 12

Mov Disord. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 5.
Relation of tracking error (A) and overflow (B) to the BAD rating of the respective arm for
participants in the dystonic group during block 1. Points are plotted with a log scale and
jittered about their location on the x-axis to illustrate their density. The dotted line is the
best-fitting regression line.
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