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ABSTRACT

To tackle the limits of the literature investigating biofeedback training in children with 
secondary dystonia, the current study employs a wearable and silent EMG-based biofeedback 
device that aims at improving control over the impaired muscle by providing the patient 
with a vibration proportional to muscle activation. The device is tested on two children 
with secondary dystonia due to dyskinetic cerebral palsy in a 5-day training protocol during 
the execution of a figure-eight writing task. Data are compared with 5-day training with no 
intervention. 

Results show a positive effect of EMG-based biofeedback on the writing outcome. Indeed, for 
both subjects, the accuracy error of the figure-eight trace decreases with biofeedback training, 
while it does not present any significant change when children practice without the device. 

The promising results, together with the potential long-term use of the EMG-based vibro-
tactile biofeedback device, address the scarcity of noninvasive therapeutic interventions in 
the rehabilitation of childhood dystonia.
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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]. In terms of etiology, dystonia is classified 
as primary when it is the most important feature 
of an idiopathic or an identified genetic disorder, 
while secondary dystonias are symptomatic 
disorders arising from another underlying disease, 

typically cerebral palsy (CP) [2,3]. In particular, 
the dyskinetic form of CP is the most common 
cause of dystonia in children with a 0.15-0.25 
per 1000 incidence in Western countries [4,5]. 
Physiological phenomena of dystonia include 
the presence of abnormal postures [6], overflow 
of motor activation to muscles different from 
the task-oriented ones [7], and co-contraction 
of antagonist muscles [8]. In addition, although 
dystonia is regarded as a pure motor disorder, 
several sensory phenomena can occur, suggesting 
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a detailed laboratory study to quantitatively 
test the efficacy of electromyographic (EMG)-
based vibro-tactile biofeedback in accelerating 
motor learning and improving motor skill in 
children with secondary dystonia due to CP. 
One of the main innovations with respect to the 
state of the art is represented by the choice of 
the EMG biofeedback device. Indeed, current 
devices for surface EMG biofeedback are not 
appropriate for chronic use in children because 
they make noise, require conscious attention or 
effort, are not battery-operated, or are difficult 
to fit and adjust. In the current protocol, we 
propose the use of a battery-powered wearable 
EMG feedback device that indicates the level 
of muscle activity by proportionate changes 
in the speed of a silent vibration motor with 
a frequency that is proportional to muscle 
activation. These features potentially allow the 
child to wear the device multiple hours a day 
during daily activities. The current device was 
first used by Bloom and colleagues [30] in a 
study where they tested the efficacy of long-term 
biofeedback training in 10 CP children and they 
showed clinical improvement for all participants. 
Notwithstanding the important result, the study 
assessed changes in motor function using a clinical 
scale. Thus, in the current study, to address the 
need for sensitive and quantitative outcome 
measures, improvement in motor learning and 
skill are assessed through quantitative indices 
which were designed and validated in previous 
studies targeting the pediatric population 
affected by dystonia [31,32].

Material and Methods

 � Study protocol

The study protocol tests the efficacy of 
biofeedback on children with secondary 
dystonia due to CP during the execution of a 
figure-eight writing task relevant to daily life. 
Among the possible activities of daily life, we 
chose handwriting because it is considered a very 
important action that occupies a high percentage 
of the child’s time at school [33]. Moreover, 
handwriting skills are considered an essential 
contribution to self-esteem [34,35]. 

For the writing task, subjects were provided 
with a guideline trace (Figure 1) consisting of 
two circumferences with radius equal to 4 cm, 
which shared a point of tangency. This central 
trace was surrounded by a 2 cm wide channel. 
Subjects were instructed to use their index finger 
to follow the guideline trace with the maximum 
accuracy. This specific writing pattern was 

that sensory processing may be impaired [9]. 
Evidence of sensory abnormalities characterizing 
dystonia brings about the hypothesis that incorrect 
sensory assistance to ongoing motor programs 
might result in motor impairments [10].

In most cases, dystonia cannot be completely 
eliminated; treatment is merely symptomatic and 
the available interventions are either invasive, as 
for the case of deep brain stimulation, or only 
partially successful in controlling symptoms, as 
for pharmacological, physical and occupational 
therapies [11]. For this reason, new noninvasive 
options for treating dystonia in children are 
strongly needed [12]. Rather than a reduction 
of the dystonic symptoms, new therapeutic 
paradigms should address learning of the impaired 
motor function. In this framework, a possible 
solution may be represented by biofeedback 
techniques, which provide the patient with 
augmented information about physiological 
processes, thus increasing awareness and helping 
to gain increased voluntary control [13]. Since 
sensory deficits have been shown to play a role 
in dystonia [9,14-16], using biofeedback to 
increase the awareness of muscle activity and 
direct attention to those muscles that are most 
responsible for movement errors might improve 
motor control and accelerate motor learning in 
children with dystonia.

Since the 1970s, fairly intensive research has 
been investigating the effects of biofeedback 
therapy in children with motor disorders, such 
as CP and dystonia [17-24]. However, although 
most of these studies report a positive effect in 
motor rehabilitation, with improvements in motor 
control [25,26], mobility [27], and an increase 
in motivation to practice [28], the state of the art 
regarding the effectiveness of biofeedback training 
in children with movement disorders suffers two 
main limitations. In the first place, the proposed 
rehabilitation tools were not designed to be used 
outside clinical or laboratory settings; indeed, the 
encumbrance of the apparatus and the noisy and 
distracting type of cue used to convey information 
to the subjects did not allow for their use in 
domestic or social environments, such as school. 
Secondly, in terms of assessment of the effectiveness 
of this technique, there is the need for more 
sensitive outcome measures that have the capacity 
to capture small motor changes. Indeed, in most of 
these studies, the evaluation is based on qualitative 
interviews or questionnaires [29].

To overcome the current limits of the literature 
investigating the efficacy of biofeedback training 
in children with CP and dystonia, we designed 
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selected because it had already been successfully 
adopted by previous studies in the field [32,36] 
and, most importantly, because its peculiar 
frequency features the horizontal and vertical 
components present a 2:1 ratio) allow to run 
a specific spectral analysis able to quantify the 
extent of task-irrelevant components of muscle 
activity during task execution [32]. 

The experiment is divided into two 5-day blocks. 
Each 5-day block is composed by two testing 
sessions (D1 and D5), and five training sessions 
(D1, D2, D3, D4 and D5). During testing 
sessions, the figure-eight pattern was traced at 
three different speeds, selected by the user at the 
beginning of the study. To select the appropriate 
speed levels, the subject was asked to execute the 
task at different velocities and the intermediate 
speed was chosen as the speed at which the subject 
reported to be able to achieve the task more 
comfortably. Maximum and minimum speed 
levels were selected within the subject’s range of 
achievable speeds at 5 bpm respectively above 
and below the intermediate level. The subjects 
performed three sequences of 10 continuous 
figure-eight movements, one for each speed 
level (Figure 1). The speed-accuracy trade-off 
(the faster the task, the lower the accuracy) was 
evaluated at each time point. The testing sessions 
were always performed without the biofeedback 
device. During training sessions, subjects were 
asked to practice by repeating multiple sequences 
of 10 continuous figure-eight movements under 
only one condition (intermediate speed). In 
D2, D3 and D4, the training session lasted 1 
hour, while in D1 and D5 subjects underwent 
a shorter training of 30 minutes. The training of 
one block was performed with the biofeedback 
device (BF+), while the training of the other 
block was achieved without wearing the 
device (BF-) and the order of the two blocks 
was randomized across subjects. Our starting 
hypothesis predicts that the goal of biofeedback 
is awareness of muscle activity; for this reason, in 
the BF+ condition, we did not require subjects to 
match a specific level of activity

For both the training and testing sessions, before 
the execution of each 10-movement sequence, 
the subject was asked to practice the required 
speed using a metronome. Once the subject was 
able to follow the correct pace, the metronome 
was switched off and the recording started.

 � Experimental apparatus

A 3-dimensional motion-tracking system 
(OEPSystem, BTS Bioengineering, Milan, 

Italy) consisting of eight infrared digital 
cameras working at 60 Hz was used for upper 
limb movement recording. A total of 13 semi-
spherical 10-mm retroreflective markers were 
used to identify the position and the orientation 
of the trunk and the upper limb (arm, forearm, 
and hand), and the centers of the two circles that 
composed the figure-eight (Figure 2). For the 
current work, we analyzed data recorded from 
the marker placed on the index fingernail of 
the limb used to perform the task. The motion-
tracking system was synchronized to a wireless 
electromyography system (BTS FreeEMG 300, 
BTS Bioengineering, Milan, Italy (1000 Hz 
sample frequency). The bipolar surface EMG 
electrodes were positioned on eight muscles of 
the upper limb (Flexor Carpi Ulnaris (FCU), 
Extensor Carpi Radialis (ECR), Biceps Brachii 
(BIC), Triceps Brachii (TRIC), Anterior Deltoid 
(AD), Lateral Deltoid (LD), Posterior Deltoid 
(PD), and Supraspinatus (SS)). Kinematics 
and muscle activity were acquired during task 
execution in days of testing. The actual testing 
was also videotaped.

During the days of training in the BF+ block, 
the subject was asked to wear the EMG-based 
vibro-tactile biofeedback device, which consists 

Figure 1: Figure-eight traces 
The figure reports the sequences of figure-eight traces executed by s002 at 30 bpm during the 
first (D1 – upper row) and last (D5 – lower row) days of testing, for BF+ (right column) and BF- (left 
column) blocks.
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For each patient independently, based on clinical 
examination, the target muscle was selected by 
the principal investigator, or study clinician 
as the most significant contributor to poor 
performance during upper limb motor tasks. 
More specifically, LD was selected as the target 
muscle for biofeedback training for s001, while 
ECR was picked for s002.

For both subjects, the metronome was set at 
20 (SP1), 25 (SP2), and 30 bpm (SP3) for the 
execution of half of the figure-eight pattern, 
corresponding to 6, 4.8, and 4 s, respectively, to 
complete one entire-figure-eight movement.

The Medea Institute Ethical Committee 
approved the study protocol. Parents gave 
informed written consent for participation 
and authorization for use of protected health 
information. The participant gave written assent. 
The study was performed in accordance with the 
Declaration of Helsinki.

 � Data analysis and statistics

Data analysis was executed with Matlab R2013b 
(Mathworks, Natick, MA). Statistical analysis 
was performed using RStudio, version 0.98.981 
(RStudio Inc., Boston, MA).

The main outcome measure for this task is the 
accuracy error (AccErr) of the figure-eight trace. 
AccErr was computed as the average, over time 
frames, of the absolute value of the difference 
between the distance of the fingertip (index 
fingernail marker) from the center of either the 
upper or lower circle, and the radius of the circle, 
normalized by the radius. Possible differences 
in AccErr were studied across Speed (3 levels), 
Day (2 levels: D1, D5), and Block (2 levels: BF-, 
BF+) using 3-way ANOVA. 

In terms of EMG parameters, we computed the 
Task-correlation Index (TCI) as an indication 
of the relative contribution of muscle activity 
correlated with the task. The index was specifically 
designed for children with dystonia in a previous 
study from our group [32] and is a measure 
to objectively distinguish and quantify task-
correlated and task-uncorrelated components 
of muscle activity during the performance of 
continuous movements. The more noise that 
characterizes the EMGs, the more we expect 
TCI to decrease. Here, TCI is computed for each 
of the eight muscles. Using repeated measures 
ANOVA, possible differences in TCI are studied 
across Speed (3 levels), Day (2 levels: D1, D5), 
and Block (2 levels: BF-, BF+).

of an electrode head connected to a belt pack. 
The electrode head contains an active differential 
surface electrode to record the EMG activity 
of the target muscle. In addition, the vibration 
motor is mounted on the electrode, so that 
feedback occurs at the site of the active muscle, 
making the stimulus more salient and relevant 
and improving the ability to learn control. The 
control unit computes the force underlying the 
EMG signal through Bayesian estimation [37] 
and drives the vibrating motor with a vibration 
frequency proportional to the estimated force. 
The fast processor and the use of a nonlinear 
filter [37] allow the device to implement online 
proportional biofeedback. Finally, the belt pack 
contains a lithium-ion battery and the related 
battery charging circuit.

 � Participants

Inclusion criteria for this study were: i) secondary 
dystonia due to dyskinetic CP affecting at 
least one upper limb; ii) pediatric age (6-18 
years); iii) upper limb control impairment that 
does not prevent the writing task execution; 
iv) no cognitive impairment that prevents 
understanding of instructions. The current work 
presents the preliminary results obtained from 
two children (s001 and s002) recruited at the 
Medea Institute of Bosisio Parini (LC, Italy) 
(Table 1). 

Figure 2: 13 retroreflective markers were used to record the subject’s movement during 
the execution of the figure-eight writing task.
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Results

 � Subject s001

S001 first achieved BF+, followed by BF-.

Statistics reported a significant effect of Speed 
(p<0.001) on AccErr. Data showed that, as 
expected, AccErr tended to increase with 
increasing Speed (20bpm: 0.083 ± 0.019; 
25bpm: 0.102 ± 0.032; 30bpm: 0.107 ± 0.027). 
Pairwise comparisons through post-hoc Tukey 
HSD test across the 3 speed levels highlighted 
significant differences between the AccErr at 
20bpm and 25bpm (p<0.001), and between 
the AccErr at 20bpm and 30bpm (p<0.001). A 
significant effect of Day (p=0.025) was observed, 
with AccErr decreasing from D1 (0.101 ± 0.031) 
to D5 (0.093 ± 0.024). A significant effect of 
Block (p<0.001) was observed, unveiling a larger 
AccErr for BF- (0.106 ± 0.019), than for BF+ 
(0.090 ± 0.032). More importantly, a significant 
interaction between the two independent 
variables Block and Day was reported (p<0.001), 
showing that, for BF+, AccErr decreased from 
D1 to D5, while it did not present the same 
trend for BF (Figure 3).

Statistics reported a significant effect of 
Speed (p=0.031) on TCI. However, pairwise 
comparisons through Bonferroni adjustment 
across the 3 speed levels did not highlight 
significant results. Overall, data showed that 
TCI tended to decrease with increasing Speed 
(20bpm: 0.44; 25bpm: 0.39; 30bpm: 0.35). A 
significant effect of Day (p=0.002) was observed, 
with TCI increasing from D1 (0.35) to D5 
(0.44), while no effect of Block was found.

 � Subject s002

S002 first achieved BF-, followed by BF+. 

Statistics reported a significant effect of Speed 
(p<0.001) on AccErr. Pairwise comparisons 
through post-hoc Tukey HSD test across the 3 
speed levels highlighted significant differences 
between the AccErr at 20bpm and 30bpm 

(p<0.001), and between the AccErr at 25bpm 
and 30bpm (p<0.001). As expected, because 
of the speed-accuracy trade-off, data showed 
that AccErr tended to increase with increasing 
Speed (20bpm: 0.134 ± 0.040; 25bpm: 0.146 ± 
0.033; 30bpm: 0.214 ± 0.056). No significant 
effect was reported for Day or Block. Significant 
interaction was found between Speed and Block 
(p<0.001) and, more importantly, a significant 
interaction between the two independent 
variables Block and Day was reported (p<0.001). 
As for s001, in BF+, AccErr decreased from D1 
to D5, while it did not present the same trend for 
BF (Figure 3).

For TCI, statistics reported a significant effect 
of Speed (p<0.001). Overall, data showed that 
TCI tended to decrease with increasing Speed 
(20bpm: 0.53; 25bpm: 0.51; 20bpm: 0.40). 
Pairwise comparisons through Bonferroni 
adjustment across the 3 speed levels highlighted 
significant differences in TCI between 20 and 30 
bpm (p=0.004), and between 25 and 30 bpm 
(p<0.001). For s002, no effect of Day or Block 
on TCI was reported.

Discussion and Conclusion

The current work presents the successful 
preliminary results on the use of EMG-based 
vibro-tactile biofeedback training in two children 
with secondary dystonia due to dyskinetic CP. 
The key finding emerged from both our subjects 
is that biofeedback training has a positive effect 
on the writing outcome. Indeed, the accuracy 
error of the figure-eight trace decreased even 
with non-intensive biofeedback training for 
5 consecutive days. Instead, when children 
practiced for the same amount of time without 
wearing the biofeedback device, our data did not 
report any significant improvement in the quality 
of the writing outcome. It is worth noting that 
the same result emerged for both subjects, even 
if they accomplished the experimental blocks in 
opposite order.

Table 1: Preliminary results obtained from two children with secondary dystonia (s001 and s002) due to dyskinetic CP, recruited 
at the Medea Institute of Bosisio Parini (LC, Italy).

ID SEX AGE DIAGNOSIS ARM 
tested

SEVERITY
(BAD scale)

PedsQL Target 
musclePatient Parent

R Arm L Arm Trunk Psychosocial Physical Total Psychosocial Physical Total

s001 M 13

Bilateral 
spastic-
dystonic 
cerebral palsy

R 2 3 2 70 62.5 67.4 55 34.4 47.8 LD

s002 M 10 Right dystonic 
cerebral palsy R 3 0 0 70 87.5 76.1 75 90.6 80.4 ECR
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to the children to attain a particular level of 
biofeedback, the primary mechanism in this 
case is due to increased attention to the relevant 
muscle. Attention is a strong modulator of 
learning, and it could potentially focus learning 
on the selective improvement of control over 
a muscle that was clinically determined to be 
causing impairment. We cannot exclude a 
less-specific mechanism, such as maintaining 
general interest in the task due to novelty, 
providing an alerting stimulus, or providing a 
distractor. Therefore while our results provide 
initial support for further clinical testing of 
biofeedback in secondary dystonia, they also 
suggest that future experiments targeted at 
understanding the mechanism of improvement 
could lead to even greater clinical effects. To this 
aim, it would be interesting to evaluate the effect 
of sham biofeedback training and biofeedback 
targeting muscles not directly involved in the 
accomplishment of the task.

Using the Task-correlation Index, we showed 
the effect of training in reducing the extent of 
task-irrelevant components of muscle activity in 
one of the two children with secondary dystonia. 
Interestingly, data showed that, for both subjects, 
the Task-correlation Index tended to decrease 
with increasing speed. The finding is consistent 
with the hypothesis of signal-dependent noise 
[40], since increased speed of movement requires 
larger control signals, whose greater noise is 
captured by a decreased Task-Correlation Index. 
However, in terms or reduction of undesired 
muscle activity, the effect of biofeedback training 
requires more investigation: a larger sample 
size is a necessary requirement to understand 
if the use of biofeedback training represents a 
useful solution to reduce task-irrelevant noisy 
components of muscle activity.

To conclude, these two preliminary case 
reports support the effectiveness of EMG-based 
biofeedback training in improving motor control 
in children with secondary dystonia. Indeed, for 
both subjects, the accuracy of the writing outcome 
increases even after 5-day biofeedback training. The 
promising preliminary results, together with the 
potential long-term use of the EMG-based vibro-
tactile biofeedback device, address the scarcity 
of noninvasive therapeutic interventions in the 
rehabilitation of childhood dystonia.
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Although we presented preliminary data on 
two subjects going through partially intensive 
training, results are promising and show the 
beneficial potential of the EMG-based vibro-
tactile biofeedback device in the rehabilitation of 
children with secondary dystonia. Indeed, since 
the present device was designed to be wearable 
and portable, its use can be easily extended 
to scholastic and/or domestic environments. 
This would allow the possibility to increase the 
training time with significant consequences in 
terms of improvement of motor control and 
acceleration of motor learning. For this reason, 
in terms of future direction, it is advisable to 
continue recruiting subjects for the ongoing 
laboratory-based study to quantitatively test the 
efficacy of EMG-based biofeedback training in 
children with dystonia and, at the same time, 
to test the feasibility of biofeedback training 
in a long-term protocol that requires the use 
of the present device in daily-life scenarios. In 
addition, it would be important to shed light on 
the long-term retention of improved function. 
The current study tests biofeedback training 
during the execution of an important daily life 
activity, such as handwriting. However, the 
device allows its use during multiple different 
tasks relevant to daily life, such as self-feeding 
or self-care. Moreover, we can speculate that 
daily biofeedback training will not just improve 
performance of the specific exercise, but will 
lead to generalization and improvement of other 
important upper-limb tasks [38,39]. Further 
research should be done to shed light on training 
transfer and long-term effect due to biofeedback.

Because this study was not sham-controlled, we 
cannot determine the mechanism by which the 
biofeedback exerted its effects. We conjecture 
that because there was no explicit instruction 

Figure 3: Significant effect of Block*Day interaction on Accuracy Error 
For s001 (left) and s002 (right) whisker plots represent mean and standard deviation values 
of the accuracy error for Day 1 (D1) and Day 5 (D5) for BF+ (black) and BF- (grey) blocks. For 
both subjects, the accuracy error decreases from D1 to D5 in the BF+ block, while it does 
not present the same trend for BF-.
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