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ABSTRACT
Aims: To evaluate the effectiveness and feasibility (i.e. tolerability, adher-
ence) of functional electrical stimulation (FES) for the upper extremity
(UE) in a two-year-old child with perinatal stroke. Methods: Forty hours
of FES over eight weeks was prescribed. FES to the hemiplegic triceps,
extensor carpi radialis longus and brevis, extensor carpi ulnaris and
extensor digitorum was timed with reaching during play. Assessments
were performed before, during, and two months post-intervention.
UE function (Melbourne Assessment 2 (MA2), Assisting Hand Assess-
ment (AHA)) and spasticity (Modified Tardieu with electrogoniometry
and electromyography) were measured. The mother completed a
semi-structured interview post-intervention. Descriptive statistics were
used for adherence and UE measures. A repeated-measures ANOVA
compared Modified Tardieu parameters (e.g. catch angle) over time.
Conventional content analysis was used for the interview data. Results:
The child completed 39.2/40 hours. Immediately post-intervention,
improvements were observed on MA2’s Range of Motion subscale
and catch angle (Modified Tardieu, p < 0.001). Two months post-
intervention, improvements were observed on MA2’s Accuracy and
Fluency subscales. No change in AHA score occurred. Three themes
emerged from the interview: (1) Ingredients for program success; (2)
Information about the FES device; and (3) The child’s response. Conclu-
sions: UE FES was feasible in a two-year-old child with hemiplegia.

One out of every 2,300–5,000 infants suffers an ischemic perinatal stroke, which occurs
between 20 weeks gestation and 28 days after birth (Raju et al., 2007). Over half of these
children are eventually diagnosed with hemiplegic cerebral palsy (Basu, 2014; Golomb et al.,
2008). In the hemiplegic upper limb, muscle weakness, spasticity, limited joint range of motion
(Klingels et al., 2012), and impaired bimanual coordination (Greaves et al., 2010; Hung et al.,
2004) result in inefficient and abnormal movement strategies (Chen et al., 2013). Secondary
complications, such as contractures and osteopenia (Presedo et al., 2007), may also develop,
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limiting movement further. Since upper extremity (UE) function is known to be especially
important for activities of daily living (James et al., 2015; Kuiper et al., 2010), UE hemiplegia
can lead to lifelong dependence in daily activities, reduced function at school, unemployment,
reduced quality of life and decreased self-esteem (Damiano et al., 2006; Riad et al., 2013; Russo
et al., 2008; van der Slot et al., 2007). Thus, facilitating the recovery of UE function is of utmost
importance.

Treatment of UE impairments in children with perinatal stroke is predominantly
symptom-focused, as disease-modifying options are limited (Basu, 2014). There is evidence
that constraint induced movement therapy (CIMT) (Chen et al., 2014; Sakzewski et al., 2014),
intensive bimanual training (Gordon et al., 2011), splinting (Jackman et al., 2014), virtual real-
ity gaming (Chen et al., 2014; James et al., 2015), and standard occupational therapy (James
et al., 2015; Sakzewski et al., 2015) are beneficial for the UE, with the majority of these treat-
ments targeting school-age children or adolescents.

There is, however, a need for an effective, early intervention for the UE of young chil-
dren with perinatal stroke (Basu, 2014; Kirton, 2013). The importance of early intervention
is linked to the occurrence of “maladaptive plasticity,” or atypical development of the corti-
cospinal tracts (Kirton, 2013; McIntyre et al. 2011; Yang et al., 2013), which is associated with
greater impairment and poorer function later in childhood (Eyre et al., 2007; Kirton et al.,
2008; Staudt et al., 2004). Work in young animals has shown that corticospinal tract devel-
opment can be modified through motor or neural activity (Friel et al., 2012; Martin et al.,
2011; Salimi et al., 2008). This has been referred to as a critical period, or window of oppor-
tunity, that is likely present in the first few years of life (Basu, 2014; Kirton, 2013; Yang et al.,
2013). By intervening early after perinatal stroke, physical interventions may facilitate more
normal development of motor pathways (Basu, 2014; Kirton, 2013) and consequently, better
functional outcomes (Eyre et al., 2007; Kirton et al., 2008).

One intervention used in adults, though rarely applied to children, is functional electrical
stimulation (FES). FES involves applying a low-level, electrical current to the skin overlying a
muscle. This induces contractions of weakened or paralyzed muscles and facilitates repetitive
practice of functional movements, such as reaching. In adults with stroke, FES has been shown
to improve UE function (Page et al., 2010; Persch et al., 2012; Thrasher et al., 2008), increase
muscle strength (Glanz et al., 1996), and reduce spasticity (Sahin et al., 2012), with associated
neuroplastic changes (Page et al., 2010). Despite its documented efficacy in adults, there has
been little research examining surface FES in children with stroke (Auchstaetter et al., 2015;
Kapadia et al., 2014) or in children under the age of six years (Karabay et al., 2012; Xu et al.,
2012). Hence, our objectives were to evaluate, in a two year-old-child with perinatal stroke,
the: (1) feasibility of FES treatment of the upper extremity (e.g. tolerability and adherence to
intervention prescription); and (2) effect of FES on this child’s UE function, as measured by
the Melbourne Assessment 2 and the Assisting Hand Assessment.

Methods

Participant

This case report involved a trial of FES intervention in a single child. Ethical approval was
obtained from the Research Ethics Board of the University of Alberta. The participant was
a 2.6-year-old female with a history of a unilateral, arterial-presumed, perinatal ischemic
stroke (focal brain injury on MRI: left posterior frontal, anterior parietal, superior poste-
rior temporal lobes, insular cortex, external capsule and basal ganglia), and resulting right
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hemiplegia. To confirm the child’s appropriateness for FES, the contraindications for surface
electrical stimulation (Houghton et al., 2010) and the training requirements were reviewed
with the mother. Exclusion criteria included presence of an implanted electronic device or
peripheral nerve damage in the affected upper extremity, a history of epilepsy, injection of
botulinum toxin to the affected upper extremity within the past six months, and the parent
being unable to follow instructions in English. The mother’s goal was for her child to be able
to use the hemiplegic arm in everyday activities. The child lived with her two parents and
twin brother in a large city (population >800,000 people). The child’s mother had a Bachelor
of Science degree in Occupational Therapy and worked full-time as an occupational therapist
(OT) with adult populations.

A researcher (PM), who is also a physical therapist (PT), then completed a physical exam
and a single-session of FES to assess the child’s appropriateness for and tolerance of, respec-
tively, the proposed intervention. The researcher confirmed that the child did not have UE
contractures and was capable of producing some active movement in the affected wrist. It was
noted that the child had reduced active finger extension range of motion (AROM), especially
in digits 3 and 4, and reduced wrist and elbow extensor AROM in the right arm. Increased
tone in the right elbow, wrist and finger flexors was also noted, with greater severity distally.
The researcher applied motor-level electrical stimulation to the child’s triceps, extensor carpi
radialis longus and brevis, extensor carpi ulnaris and extensor digitorum of the affected arm to
ensure a motor contraction could be produced and that the child could tolerate the sensation.

FES Intervention

FES was delivered as a home program under the supervision of a PT with FES experience
(KM). The first three sessions occurred at the University of Alberta with the researchers (KM
and PM). At these initial sessions the mother was instructed on how and where to apply the
self-adhesive electrodes. She was provided with photographs of the proper electrode place-
ment on her child’s arm. The safety precautions for FES were reviewed with the mother, such
as frequent skin inspection and what warrants discontinuation. Subsequent sessions occurred
in the child’s home, led by the mother. A researcher (KM) observed and assisted with a mini-
mum of one FES session/week via a video chat application. FES was administered as a home
program in order to facilitate compliance with the targeted training dosage (outlined below).
A home program was deemed feasible in this case, given the mother’s OT background and
her demonstrated ability to apply the intervention safely.

FES was delivered to the hemiplegic elbow, wrist and finger extensors using a 2-channel FES
device (Empi 300PV, Empi, St. Paul, Minnesota). Stimulation was elicited with a hand switch
(controlled by the mother) and timed to occur during the performance of functional tasks
in sitting, standing and walking. The functional task targeted was reaching for toys, stickers,
etc. with the affected arm (see Table 1). During the first week of FES intervention, weight-
bearing through the hemiplegic UE, while manipulating crayons and food with the unaffected
arm, was also practiced to encourage the child to use the hemiplegic upper extremity as a
support when performing tasks typically performed by the unaffected or dominant upper
extremity. The child preferred to practice open chain activities with the hemiplegic arm. Thus,
the amount of time spent with the hemiplegic arm in a weight-bearing position was gradually
reduced over the first week of the intervention. The targeted dosage of FES was 40 hours, or 2
sessions of 30 minutes per day, 5 days/week for 8 weeks. The prescribed dosage was based on
that shown to be effective in adolescents (Kapadia et al., 2014). It also exceeds the minimum
dosage recommended for UE training in children (Sakzewski et al., 2015). We aimed to elicit
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Table . Example activities performed during the FES intervention.

Unilateral Activities Bimanual Activities

• Reaching and grasping toys or food
• Weight-bearing through affected arm while

coloring/eating with unaffected UE
• Reaching and touching screen of tablet
• Turning door knobs during scavenger hunt
• Manipulating small toys, stickers and food with pinch

grasp

• Pushing a toy grocery cart or doll stroller
• Stabilizing a piece of paper with the affected UE

while the unaffected UE colors
• Grasping a cup or large toy with both hands
• Rolling play dough with a rolling pin

30 repetitions of wrist/finger extension and 30 repetitions of elbow extension per session with
FES. These two movements were often performed simultaneously during reaching, resulting
in about one repetition per minute (30 reps over 30 minutes).

The stimulation parameters were set by a researcher (KM), who reviewed them weekly
and assisted the mother in making any modifications, as needed. One channel of stimulation
targeted the wrist and finger extensors. The cathode was placed over the motor point of the
wrist extensors, and the anode was placed more distally to also target the finger extensors.
A second channel targeted the triceps muscle (cathode on triceps motor point, anode placed
just proximal to elbow joint). An asymmetric, biphasic waveform was used for both channels
of stimulation. Frequency was set at 30 pulses/second, and the pulse duration ranged 200–
300 μs. Ramp up and down times ranged 1–3 seconds. Longer (i.e. 3 seconds) ramp up times
were used initially to decrease the likelihood of increasing spasticity in the antagonists (i.e.
wrist and elbow flexors). The mother was taught how to gradually increase the amplitude
and set it to an appropriate level (i.e. comfortable and elicited the desired range of motion).
During the two months following the intervention period, the participant did not receive any
UE intervention.

Measures

To evaluate adherence to the FES intervention, the mother was asked to maintain a daily
training log. In the log, the number of sessions/day and the number of wrist and elbow exten-
sions performed/session were recorded. Adherence to the FES prescription was expressed
as a percentage (e.g. (total number of repetitions performed/total number of repetitions
prescribed) × 100%)). Performance on semi-quantitative clinical scales was assessed at
multiple time points throughout the study: (1) two baseline assessments (before training),
spaced two weeks apart, (2) after 2 and 4 weeks of FES (during training), (3) after eight
weeks of FES (end of training), and (4) at two months post-training (follow-up). The assess-
ments were administered by an OT who was blind to the intervention being applied. The
OT had been formally trained in the administration and scoring of the clinical scales (i.e.
Melbourne Assessment 2 and Assisting Hand Assessment). The following clinical scales were
used:

Melbourne Assessment 2 (MA2) assesses the quality of affected arm movements in children
as young as two years of age (Randall et al., 2001, 2008). It consists of four subscales (range
of motion, dexterity, accuracy, and fluency) and involves performing 14 tasks, such as reach-
ing, grasping and manipulating objects. The MA2 is valid (Randall et al., 2008, 2012), and
has high interrater reliability and good test-retest reliability (Randall et al., 2001) in children
with neurological conditions. Published standard error of measurement (SEM) values for the
raw Melbourne scores (Randall et al., 2014) were used to calculate the minimally important
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difference (MID = 2 × SEM) for each subscale. Calculated MID values were as follows: range
of motion = 4, accuracy = 4, dexterity = 2, and fluency = 4.

Assisting Hand Assessment (AHA) was designed for use in children with a hemiplegic arm,
aged 18 months – 5 years (Krumlinde-Sundholm & Eliasson, 2003). It measures how well
children use their affected arm in bimanual activities, such as spontaneous handling of toys
during play. The validity, reliability and responsiveness of the AHA have been demonstrated in
children with hemiplegic cerebral palsy (Krimlinde-Sundholm et al., 2007). Raw AHA scores
were converted to a logit-based 0–100 scale in AHA units (Krumlinde-Sundholm, 2012). Five
AHA units represent the smallest detectable change (Krumlinde-Sundholm, 2012).

Modified Tardieu Scale (Instrumented): Biceps Spasticity

An instrumented assessment of biceps spasticity was administered at the same time points as
the clinical scales with the exception that only one baseline assessment was performed due to
the length of this measurement. This spasticity assessment was based on the Modified Tardieu
Scale (Ansari et al., 2008). This scale has been used in children with cerebral palsy as young
as 3 years old (Yam & Leung, 2006), with adequate interrater reliability (Fosang et al., 2003).
A researcher moved the child’s affected elbow through the available range of motion at slow
and fast speeds. Multiple trials were performed at each speed. A twin-axis electrogoniometer
(Penny and Giles, Biometrics, Blackwood Gwent, UK) recorded the joint angle of the affected
elbow and electromyography (EMG) (AMT-8, Bortec Biomedical, Calgary, Alberta) was used
to record biceps muscle activity, all A/D converted on-line (Axoscope, Molecular Devices,
Sunnyvale, CA). These assessments were videotaped.

The video was reviewed offline to identify trials in which the child was actively moving.
These trials were excluded as the Tardieu test requires passive movement of the arm. Data
from included trials were analyzed with custom-written programs (Matlab, The Mathworks,
Inc.). The angle of “catch” (i.e. R1 in Tardieu Scale) was manually digitized from the goniome-
ter data; it was identified as the first peak in the joint velocity trace. The magnitude of biceps
EMG was calculated by subtracting the rectified background EMG (i.e. mean EMG magni-
tude over the 500 ms preceding the onset of stretch) from the EMG magnitude averaged over
the 500 ms following stretch onset). The trials were matched across study time points for
speed. Trials in which the stretch velocity was between 150–200 degrees/second were chosen
for analysis. This speed corresponds with the V2 speed (i.e. the speed of the arm falling under
the influence of gravity) on the Modified Tardieu Scale (Mackey et al., 2004). A repeated-
measures (RM) ANOVA was used to compare the stretch velocity, catch angle and the mag-
nitude of biceps EMG across time points. Alpha was set to 0.05 and the Bonferroni correction
was used for post-hoc comparisons.

Parent-Completed Questionnaire and Interview
Following the 8-week FES intervention, the mother completed a questionnaire rating her
experience using FES with her child (Table 2). It was based on a pre-existing questionnaire
assessing parental satisfaction with CIMT for children with hemiplegic cerebral palsy (Wallen
et al., 2008). At this time, the mother also participated in a semi-structured phone interview
with a researcher (Table 3). The interview was digitally recorded and transcribed verbatim
off-line. A conventional content analysis (Hsieh & Shannon, 2005) was used to interpret the
interview data. Two researchers independently coded the transcript and through discussion
reached a consensus about the themes.
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Table . Parent questionnaire completed post-intervention.

Question Response

) How worthwhile was FES treatment? �Very worthwhile � Worthwhile � Unsure
� Not worthwhile

) Would you participate in home-based FES treatment for
your child again?

�Yes � Unsure � No

) How did your child tolerate the electrical stimulation? � Tolerated very well � Tolerated � Disliked
) How easy was it to apply the electrodes to your child’s

skin?
� Very easy � Easy � Neither easy or hard � Difficult
� Very difficult

) How easy was it to carry out the FES treatment? � Very easy � Easy � Neither easy or hard � Difficult
� Very difficult

) How easy was it to complete  sessions/day,
 days/week?

� Very easy � Easy � Neither easy or hard � Difficult
� Very difficult

) How is your child’s arm now compared with before FES
treatment?

�Much better � Better � Neither better or worse
� Worse � Much worse

Results

Adherence to FES Prescription

Adherence to the training prescription was high. The child completed 39.2 hours of the pre-
scribed 40 hours. The mean number of weekly sessions completed was 9.8 ± 1.8 (range of
8–12) out of a targeted 10 sessions/week. The mean number of wrist extension repetitions
performed per session was 33.3 ± 6.2 (range of 15–60) out of a targeted 30 repetitions/session.
Similarly, the mean number of elbow extension repetitions performed per session was 31.9 ±
8.4 (range of 15–60) out of a targeted 30 repetitions/session.

Melbourne Assessment 2

Baseline scores on the four subscales of the MA2 were mostly consistent over the baseline
period (Figure 1). After the first four weeks of FES intervention, there was no change in score
on the Range of Motion subscale; however, at the end of the eight-week intervention, this
score increased by four points, which is the MID. Performance on this subscale subsequently
dropped by one point at the follow-up assessment. Performance on the Dexterity subscale
decreased by two points after two weeks of FES intervention, but returned to baseline per-
formance at the end of the eight-week intervention. Improvement in dexterity was seen only
at the follow-up assessment. Like the Dexterity subscale, improvements in the Accuracy and

Table . Semi-structured interview guide.

Interview with Mother

We would like to hear about your/your child’s experience with FES.
. What went well? (INTERVIEWER PROBES as necessary for details—for information related to schedule, results, level of

assistance from therapist as appropriate.)
. What was challenging?
. Did you notice changes in your/your child’s abilities or play habits over the FES trial? If yes, please describe. (INTERVIEWER

PROBE as necessary for details—what changes occurred, about when they occurred etc.)
. What was your/your child’s reaction to using FES? Did your/his/her reaction change over the length of the trial?
. How do you feel your child tolerated the FES intervention?
. What were your goals for participation? Do you think you reached those goals?
. Do you have suggestions for things we could do differently, if we were to do this program again with another child? (If

suggestions have been provided already, INTERVIEWER acknowledges those suggestions and asks if there is anything
further.)
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Figure . Melbourne assessment of unilateral upper limb function. Each plot shows the raw score over time
on  of the  Melbourne subscales: A. range of motion (total possible score ), B. Dexterity (total possible
score ), C. Accuracy (total possible score ), D. Fluency (total possible score ). The  baseline tests were
performed at weeks − and . The FES intervention was initiated at week , and lasted for  weeks (grey
shaded region). The vertical space between the  dashed lines on each plot represents the minimally impor-
tant difference (MID) for that subscale.

Fluency subscales were not seen until two months post-training. At this time point the gains
achieved on both subscales either met or exceeded the MID.

Assisting Hand Assessment

Overall there was no improvement in the child’s AHA score throughout the study (Figure 2).
Baseline scores on the AHA were not stable. The AHA score dropped during the first two
weeks of training, and then returned to baseline values by the end of the eight-week training
period. No change was seen during the follow-up period.

Modified Tardieu Scale (Instrumented): Biceps Spasticity

There were a sufficient number of stretch trials at 150–200 deg/s for comparison at the
baseline, two week and eight week (i.e. end of intervention) time points. No significant
difference was found between the mean stretch velocities of the trials across time points (F =
0.223, p = 0.81). A significant main effect was found for catch angle (RM ANOVA: F = 9.08,
p = 0.33), but not for biceps response (F = 0.75, p = 0.53) (Figure 3). Post-hoc tests revealed
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Figure . Assisting hand assessment (AHA). The AHA score, plotted in logit-based AHA units, recorded dur-
ing baseline, intervention and follow-up phases. The  baseline tests were performed at weeks − and .
The FES intervention was initiated at week , and lasted for  weeks (grey shaded region). The vertical space
between the  dashed lines on each plot represents the minimally important difference (MID) for the AHA.

a significant reduction in catch angle between baseline and the end of FES (i.e. 8 weeks)
(t = 6.13, p < 0.001), indicating that the catch occurred at a more extended elbow position.

The Parent’s Experience with FES

The questionnaire responses from the mother are shown in Table 2. The mother felt that
her child tolerated the FES treatment and she rated the intervention as ‘very worthwhile’;
however, she did report some difficulty with adhering to the schedule of two sessions/day
for 5 days/week. The mother rated her daughter’s arm as “much better” following the FES
intervention. Analysis of the interview data identified three themes: (1) Ingredients for
program success; (2) Information about the FES device; and (3) The child’s response.

Ingredients for Program Success

The mother provided insight into factors that influenced the success of the intervention.
These factors were grouped into three sub-categories. First, scheduling influences success. The
mother felt that acknowledgement and acceptance of the program’s intensity was required by
all involved. She stated that adhering to the intervention schedule was challenging at times

Figure . Mean (± SD) catch angle plotted over time (left plot). There was a significant decrease in the catch
angle from baseline to the end of training ( weeks). Note: the SD of the -week data point is . deg. There
was no significant change in the response of the biceps muscle over the training period (right plot). Grey
shaded regions indicate the period of FES intervention.
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due to her child’s young age and “moods”: “So keeping up with …five-times-a-week kind of
scenario is challenging sometimes. It was pretty intense.” Likewise, flexibility in the sched-
ule is also required. For example, the mother’s adherence to the dosage became easier once
she changed the schedule to include two 30-minute evening sessions (with at least one hour
between sessions) rather than one 30-minute session in the morning and one 30-minute ses-
sion in the evening. This eliminated the need to set up the electrodes and training activities
twice/day. The mother felt that two sessions per day were feasible if “ …flexible to work within
the family schedule.”

Second, certain parent characteristics can facilitate FES success. The mother felt it impor-
tant to be adaptable and a good problem-solver. She discovered ways to increase her child’s
participation and interest during a training session: “I did find that having a list of activities
that I could go to, and not having a set activity I wanted to do, but having a group of things that
I could pick from and being able to change …if something wasn’t working and wasn’t moti-
vating her to participate, I’d have to kind of change things quickly and move to something
else.” The mother also felt that “with some patience and some discipline [FES is] something
that would be easy to incorporate into a child’s routine and that it’s easy to incorporate into
whatever kind of play or home activities you do with them anyways.”

Third, the clinician plays a role in the program success. The mother spoke of the impor-
tance of providing the parents with sufficient information: “ …providing written information
beforehand about …what FES is, things that they could expect, …pros and cons of doing it,
and then what are some things that might be easy, and what things might be hard, just to
kind of prepare people in advance,” as well as “ …being able to teach parents or give them
resources of like ideas of things that they can do and how to adapt an activity. There might be
some teaching involved …” The mother also stated that it would be very helpful if the clini-
cian helped parents with land-marking, to ensure appropriate placement of electrodes on the
child.

Information About the FES Device

The mother provided feedback on using a FES device with a young child. The set-up and oper-
ation of the device was not difficult for her. “Once I got …the placement of electrodes down it
was easy to put on, easy to use.” In order to keep her daughter engaged during the sessions, the
mother changed activities frequently and allowed her daughter to move around the home. In
this respect, there were some challenges with the FES device; for example, “ …the leads them-
selves were a bit too short.” She also reported difficulty with the timing of stimulation: “I tried
to be as accurate as possible …But it’s so quick like you know she’s reaching for something and
grabbing and it’s just so quick … I felt like sometimes I was working against her.”

The Child’s Response

The discussion of the child’s response can be grouped into two sub-categories: reaction to the
FES and the perceived effects of FES. First, the mother described how the child’s reaction to
FES changed over the course of the trial: “ …she was more into it in the first three weeks I
would say. And then at the midway point I started to notice that it was maybe getting to be
more of like a tedious task for her.” In addition, the mother reported that one brand of elec-
trodes was sticky and caused some discomfort for the child upon removal. The mother stated
that FES was more acceptable to her daughter than CIMT, which had caused her daughter
“emotional distress.”



10 K. E. MUSSELMAN ET AL.

Second, the mother reported numerous positive effects of FES on her child’s function. For
example, spontaneous use of her hemiplegic (i.e. right) arm in situations where protective
reactions were needed: “ …sometimes she’d be running at something and she’d lose her bal-
ance and her right arm would come out …she would brace her arm against the wall or against
the couch or the floor or whatever and like use [the right arm] to push herself up. And she
wasn’t doing that before at all. She would just totally switch over to the left or just crash into a
wall with her body.” The mother also reported increased use of the child’s right hand during
bimanual activities, like clapping her hands together for the first time and feeding: “ …eating
is one of the things where I noticed a big change in her in terms of how much she’s using
her right hand …she’ll hold onto a bowl for example with her right hand and use her utensils
with the left and she wasn’t doing that before.” The mother also stated that the child showed
more awareness of movement following FES. The mother used holding a cup as an example,
and reported that after FES“ …she’ll figure out that she’s not holding it well enough and she’ll
actually let go, open her hand, and place it on the cup. That was one of the huge things that
I saw.” The mother also noticed an increase in ROM of elbow extension and supination, and
reduced spasticity in the hemiplegic arm following FES.

Discussion

The case report described here demonstrates the feasibility of UE FES in a child with perinatal
stroke aged two years. Adherence to the prescribed number of hours and repetitions of FES
was high, and the child tolerated the intervention. After eight weeks of FES, ROM increased
and spasticity decreased in the child’s hemiplegic arm. Increases in the accuracy and fluency
of movement in the affected arm, as measured with the MA2, did not emerge until the follow-
up assessment. In contrast, function of the affected UE during bimanual tasks, as measured
with the AHA, did not improve during the intervention or follow-up period. Through a semi-
structured interview, the mother reported functional gains achieved by her child that were not
reflected in standardized measures of UE function, such as clapping the hands and using the
hemiplegic UE for eating and during protective reactions when balance was lost. The FES
intervention was completed at home by the child’s mother, who as an OT had above average
therapeutic knowledge. Hence, the generalizability of the findings is limited. Yet the positive
results suggest that FES in young children warrant further investigation.

UE Interventions for Young Children with Hemiplegia

Research concerning UE interventions for children with perinatal stroke is described as
“extremely limited” (Kirton, 2013). Two methods previously investigated in children as young
as two years old are bimanual intensive training (Gordon et al., 2011) and CIMT (Taub et al.,
2007). Both methods have been shown to improve UE function (Chen et al., 2014; Gordon
et al., 2011; Sakzewski et al., 2014), and induce neuroplasticity in the affected motor cortex
(Bleyenheuft et al., 2015; Inguaggiato et al., 2013; Walther et al., 2009). CIMT, however, has
been criticized for not promoting the acquisition of bimanual tasks (Charles & Gordon, 2006;
Kirton, 2013), and for not facilitating normal movement patterns (Taub et al., 2007). Further-
more, children may feel frustration with CIMT, and as a result, compliance with the protocol
can be a challenge (Brady & Garcia, 2009; Martin et al., 2008).

Compared with CIMT, FES may cause less frustration for the child, and result in greater
compliance with the protocol and prescription, as observed in this case example. FES also
enables the practice of bimanual tasks; another potential advantage over CIMT. We intended
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to target both unimanual and bimanual activities during the FES intervention; however, we
did not record the amount of training time engaged in these two types of activities. It is pos-
sible that there was less focus on bimanual function. This may explain why score on the AHA
did not improve over the course of training or follow-up. In addition, the baseline scores
of the AHA were variable (Figure 2). The difference between the two baseline scores (six
units) exceeded the magnitude considered attributable to measurement error by one unit
(Krumlinde-Sundholm, 2012). This baseline variability may have masked any true change in
AHA score (Lang et al., 2008). It would have been preferable to collect data from more than
two baseline sessions. Despite the lack of improvement in AHA score, the mother reported
gains in bimanual function during the interview (e.g. eating, clapping hands).

To our knowledge, this is the first report of the application of surface FES to the hemi-
plegic UE of a young child. Kapadia and colleagues (2014) studied the effect of FES for the
affected arm in four children with chronic stroke, all aged 13 years. The participants completed
48 one-hour sessions of FES therapy over 16 weeks, and showed improvement on several mea-
sures of UE function (Kapadia et al., 2014). Similarly, our study participant showed improved
function of the affected UE, as measured with the MA2. Other FES application have been used
in pediatric populations; for example, FES for gait (Damiano et al., 2013; Prosser et al., 2012)
and cycling (Johnston et al., 2011; McRae et al., 2009). Neuromuscular electrical stimulation
(NMES), which is the application of stimulation in an exercise or non-functional context, has
also been used in children with cerebral palsy (reviewed in Merrill, 2009). Despite this grow-
ing body of literature, it was recently reported that some physical therapists believe FES is
not appropriate or feasible in children (Auchstaetter et al., 2015). The research presented here
may help to dispel this belief.

Delayed Benefit of FES Intervention

Scores on the Accuracy and Fluency subscales of the MA2 did not increase until after the com-
pletion of the FES intervention (i.e. at the follow-up assessment). The child did not participate
in any UE rehabilitation during the two-month follow-up period. This finding may suggest
a delayed benefit of FES. Perhaps the improved tone and ROM in the affected UE enabled
improved function in the hemiplegic UE; however, practice was needed to achieve functional
improvement. A similar phenomenon was observed in adults with stroke who received a trial
of UE NMES (Hsu et al., 2012). A delayed benefit of therapy has also been reported in another
pediatric case report examining CIMT in a three year old child (Martin et al., 2008). In this
case, improvements in grip strength did not appear until the follow-up assessment.

Limitations and Future Directions

This study has a number of limitations given that it is a case report involving a single partic-
ipant. It is not possible to generalize the study findings to other children with hemiplegia. In
particular, this study found that FES could be successfully administered at home by a parent;
however, the mother’s experience as an OT likely contributed greatly to this success. Further-
more, having two parents in the home was likely an advantage as the father was able to care for
the sibling during the FES intervention and/or assist with the intervention as needed. Con-
siderably more training and education would be required for other parents. Only two baseline
assessments were completed despite variable performance on one of the outcome measures.
Baseline assessments could have been repeated until performance stabilized; however, this
practice is often impractical, especially when working with young children.
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Given the positive outcomes of this study, a larger feasibility study investigating UE FES
in young children is warranted. Future work could include more than one follow-up assess-
ment, and a measure of hemiplegic UE use in daily life (e.g. the Pediatric Motor Activity Log
(Uswatte et al., 2012) or accelerometry (Sokal et al., 2015). In conclusion, UE FES was effective
and feasible in a young child with hemiplegia.

Acknowledgments

We thank the child participant, her mother and family for their dedication and effort.

Declaration of Interests

The authors report no declarations of interest.

Funding

Funding for this study came from a Start-up Award to KEM from the College of Medicine, University
of Saskatchewan, and funds from the Canadian Institutes of Health Research (JFY).

About the Authors

Kristin E. Musselman, PT, PhD, is a Scientist at the Toronto Rehabilitation Institute-
University Health Network (TRI-UHN) and an Assistant Professor in the Department of
Physical Therapy at the University of Toronto, in Toronto, Canada. Patricia Manns, PT, PhD,
is a Professor in the Department of Physical Therapy at the University of Alberta in Edmon-
ton, Canada. Jaclyn Dawe, OT, Master’s student, is associated with the Rehabilitation Sciences
Institute, University of Toronto, and the TRI-UHN, in Toronto, Canada. Rhina Delgado is
an occupational therapist who has worked in hospital and community settings in Edmonton,
Canada. Jaynie F. Yang, PT, PhD, is a Professor in the Department of Physical Therapy and the
Neuroscience and Mental Health Institute at the University of Alberta in Edmonton, Canada.

References

Ansari, N. N., Naghdi, S., Hasson, S., Azarsa, M. H., & Azarnia, S. (2008). The modified tardieu scale
for the measurement of elbow flexor spasticity in adult patients with hemiplegia. Brain Injury, 22,
1007–1012.

Auchstaetter, N., Luc, J., Lukey, S., Lynd, S., Schemenauer, S., Whittaker, M., & Musselman, K. E. (2015).
Physical therapists’ use of functional electrical stimulation for clients with stroke: Frequency, bar-
riers and facilitators. Physical Therapy, 96, 995–1005.

Basu, A. P. (2014). Early intervention after perinatal stroke: Opportunities and challenges. Developmen-
tal Medicine and Child Neurology, 56, 516–521.

Bleyenheuft, Y., Dricot, L., Gilis, N., Kuo, H. C., Grandin, C., Bleyenheuft, C., … Friel, K. M. (2015).
Capturing neuroplastic changes after bimanual intensive rehabilitation in children with unilateral
spastic cerebral palsy: A combined DTI, TMS and fMRI pilot study. Research in Developmental
Disabilities, 43–44, 136–149.

Brady, K., & Garcia, T. (2009). Constraint-induced movement therapy (CIMT): Pediatric applications.
Developmental Disabilities Research Reviews, 15, 102–111.

Charles, J., & Gordon, A. (2006). Development of hand-arm bimanual intensive training (HABIT)
for improving bimanual coordination in children with hemiplegic cerebral palsy. Developmental
Medicine and Child Neurology, 48, 931–936.



PHYSICAL & OCCUPATIONAL THERAPY IN PEDIATRICS 13

Chen, C. Y., Lo, W. D., & Heathcock, J. C. (2013). Neonatal stroke causes poor midline motor behaviors
and poor fine and gross motor skills during early infancy. Research in Developmental Disabilities,
34, 1011–1017.

Chen, Y. P., Pope, S., Tyler, D., & Warren, G. L. (2014). Effectiveness of constraint-induced movement
therapy on upper-extremity function in children with cerebral palsy: A systematic review and meta-
analysis of randomized controlled trials. Clinical Rehabilitation, 28, 939–953.

Damiano, D., Abel, M., Romness, M., Oeffinger, D., Tylkowski, C., Gorton, G., … Rogers, S. (2006).
Comparing functional profiles of children with hemiplegic and diplegic cerebral palsy in GMFCS
levels I and II: Are separate classifications needed? Developmental Medicine and Child Neurology,
48, 797–803.

Damiano, D. L., Prosser, L. A., Curatalo, L. A., & Alter, K. E. (2013). Muscle plasticity and ankle con-
trol after repetitive use of a functional electrical stimulation device for foot drop in cerebral palsy.
Neurorehabilitation and Neural Repair, 27, 200–207.

Eyre, J. A., Smith, M., Dabydeen, L., Clowry, G. J., Petacchi, E., Battini, R., … Cioni, G. (2007). Is
hemiplegic cerebral palsy equivalent to amblyopia of the corticospinal system? Annals of Neurology,
62, 493–503.

Fosang, A. L., Galea, M. P., McCoy, A. T., Reddihough, D. S., & Story, I. (2003). Measures of muscle and
joint performance in the lower limb of children with cerebral palsy. Developmental Medicine and
Child Neurology, 45, 664–670.

Friel, K., Chakrabarty, S., Kuo, H. C., & Martin, J. (2012). Using motor behavior during an early critical
period to restore skilled limb movement after damage to the corticospinal system during develop-
ment. Journal of Neuroscience, 32, 9265–9276.

Glanz, M., Klawansky, S., Stason, W., Berkey, C., & Chalmers, T. C. (1996). Functional electrostimula-
tion in poststroke rehabilitation: A meta-analysis of the randomized controlled trials. Archives of
Physical Medicine and Rehabilitation, 77, 549–553.

Golomb, M. R., Garg, B. P., Saha, C., Azzouz, F., & Williams, L. S. (2008). Cerebral palsy after perinatal
arterial ischemic stroke. Journal of Child Neurology, 23, 279–286.

Gordon, A. M., Hung, Y. C., Brandao, M., Ferre, C. L., KuoH. C., Friel, K., … Charles, J. R. (2011).
Bimanual training and constraint-induced movement therapy in children with hemiplegic cerebral
palsy: A randomized trial. Neurorehabilitation and Neural Repair, 25, 692–702.

Greaves, S., Imms, C., Dodd, K., & Krumlinde-Sundholm, L. (2010). Assessing bimanual performance
in young children with hemiplegic cerebral palsy: A systematic review. Developmental Medicine and
Child Neurology, 52, 413–421.

Houghton, P. E., Nussbaum, E. L., & Hoens, A. M. (2010). Electrophysicalagents contraindications and
precautions: An evidence-based approach to clinical decision making in physical therapy. Physio-
therapy Canada, 62(5), 26–38.

Hsieh, H. F., & Shannon, S. E. (2005). Three approaches to qualitative content analysis. Qualitative
Health Research, 15, 1277–1288.

Hsu, S. S., Hu, M. H., Luh, J. J., Wang, Y. H., Yip, P. K., & Hsieh, C. L. (2012). Dosage of neuromuscular
electrical stimulation: Is it a determinant of upper limb functional improvement in stroke patients?
Journal of Rehabilitation Medicine, 44, 125–130.

Hung, Y. C., Charles, J., & Gordon, A. M. (2004). Bimanual coordination during a goal directed task in
children with hemiplegic cerebral palsy. Developmental Medicine and Child Neurology, 46, 746–753.

Inguaggiato, E., Sgandurra, G., Perazza, S., Guzzetta, A., & Cioni, G. (2013). Brain reorganization fol-
lowing intervention in children with congenital hemiplegia: A systematic review. Neural Plasticity,
2013, 356275.

Jackman, M., Novak, I., & Lannin, N. (2014). Effectiveness of hand splints in children with cerebral
palsy: A systematic review with meta-analysis. Developmental Medicine and Child Neurology, 56,
138–147.

James, S., Ziviani, J., Ware, R. S., & Boyd, R. N. (2015). Relationships between activities of daily living,
upper limb function, and visual perception in children and adolescents with unilateral cerebral
palsy. Developmental Medicine and Child Neurology, 57, 852–857.

Johnston, T. E., Modlesky, C. M., Betz, R. R., & Lauer, R. T. (2011). Muscle changes following cycling
and/or electrical stimulation in pediatric spinal cord injury. Archives of Physical Medicine and Reha-
bilitation, 92, 1937–1943.



14 K. E. MUSSELMAN ET AL.

Kapadia, N. M., Nagai, M. K., Zivanovic, V., Bernstein, J., Woodhouse, J., Rumney, P. B., & Popovic, M.
R. (2014). Functional electrical stimulation therapy for recovery of reaching and grasping in severe
chronic pediatric stroke patients. Journal of Child Neurology, 29, 493–499.

Karabay, I., Dogan, A., Arslan, M. D., Dost, G., & Ozgirgin, N. (2012). Effects of functional electrical
stimulation on trunk control in children with diplegic cerebral palsy. Disability and Rehabilitation,
34, 965–970.

Kirton, A. (2013). Modeling developmental plasticity after perinatal stroke: Defining central therapeutic
targets in cerebral palsy. Pediatric Neurology, 48, 81–94.

Kirton, A., Chen, R., Friefeld, S., Gunraj, C., Pontigon, A. M., & Deveber, G. (2008). Contrale-
sional repetitive transcranial magnetic stimulation for chronic hemiparesis in subcortical paediatric
stroke: A randomised trial. The Lancet Neurology, 7, 507–513.

Klingels, K., Feys, H., De Wit, L., Jaspers, E., Van de Winckel, A., Verbeke, G., … Mοlenaers, G. (2012).
Arm and hand function in children with unilateral cerebral palsy: A one-year follow-up study. Euro-
pean Journal of Pediatric Neurology, 16, 257–265.

Krumlinde-Sundholm, L. (2012). Reporting outcomes of the assisting hand assessment: What scale
should be used? Developmental Medicine and Child Neurology, 54, 807–808.

Krumlinde-Sundholm, L., & Eliasson, A. C. (2003). Development of the assisting hand assessment: A
rasch-built measure intended for children with unilateral upper limb impairments. Scandinavian
Journal of Occupational Therapy, 10, 16–26.

Krimlinde-Sundholm, L., Holmefur, M., Kottorp, A., & Eliasson, A. C. (2007). The assisting hand
assessment: Current evidence or validity, reliability, and responsiveness to change. Developmental
Medicine and Child Neurology, 49, 259–264.

Kuiper, M. A., Ketelaar, M., & Gorter, J. W. (2010). Manual ability classification system for children with
cerebral palsy in a school setting and its relationship to home self-care activities. American Journal
of Occupational Therapy, 64, 614–620.

Lang, C. E., Edwards, D. F., Birkenmeier, R. L., & Dromerick, A. W. (2008). Estimating minimally clin-
ically important differences of upper extremity measures early after stroke. Archives of Physical
Medicine and Rehabilitation, 89, 1693–1712.

Mackey, A. H., Walt, S. E., Lobb, G., & Stott, N. S. (2004). Intraobserver reliability of the modified
Tardieu scale in the upper limb of children with hemiplegia. Developmental Medicine and Child
Neurology, 46, 267–272.

Martin, A., Burtner, P. A., Poole, J., & Phillips, J. (2008). Case report: ICF-level changes in a preschooler
after constraint-induced movement therapy. American Journal of Occupational Therapy, 62, 282–
288.

Martin, J. H., Chakrabarty, S., & Friel, K. M. (2011). Harnessing activity-dependent plasticity to repair
the damaged corticospinal tract in an animal model of cerebral palsy. Developmental Medicine and
Child Neurology, 53, 9–13.

McIntyre, S., Morgan, C., Walker, K., & Novak, I. (2011). Cerebral palsy—don’t dely. Developmental
Disabilities Research Reviews, 17, 114–129.

McRae, C. G., Johnston, T. E., Lauer, R. T., Tokay, A. M., Lee, S. C., & Hunt, K. J. (2009). Cycling for
children with neuromuscular impairments using electrical stimulation – development of tricycle-
based systems. Medical Engineering & Physics, 31, 650–659.

Merrill, D. R. (2009). Review of electrical stimulation in cerebral palsy and recommendations for future
directions. Developmental Medicine and Child Neurology, 51, 154–165.

Page, S. J., Harnish, S. M., Lamy, M., Eliassen, J. C., & Szaflarski, J. P. (2010). Affected arm use and cor-
tical change in stroke patients exhibiting minimal hand movement. Neurorehabilitation and Neural
Repair, 24, 195–203.

Persch, A. C., Page, S. J., & Murray, C. (2012). Paretic upper extremity movement gains are retained
3 months after training with an electrical stimulation neuroprosthesis. Archives of Physical Medicine
and Rehabilitation, 93, 2122–2125.

Presedo, A., Dabney, K. W., & Miller, F. (2007). Fractures in patients with cerebral palsy. Journal of
Pediatric Orthopaedics, 27, 147–153.

Prosser, L. A., Curatalo, L. A., Alter, K. E., & Damiano, D. L. (2012). Acceptability and potential effec-
tiveness of a foot drop stimulator in children and adolescents with cerebral palsy. Developmental
Medicine and Child Neurology, 54, 1044–1049.



PHYSICAL & OCCUPATIONAL THERAPY IN PEDIATRICS 15

Raju, T. N., Nelson, K. B., Ferriero, D., Lynch, J. K., NICHD-NINDS Perinatal Stroke Workshop Partic-
ipants. (2007). Ischemic perinatal stroke: Summary of a workshop sponsored by the national insti-
tute of child health and human development and the national institute of neurological disorders
and stroke. Pediatrics, 120, 609–616.

Randall, M., Carlin, J. B., Chondros, P., & Reddihough, D. (2001). Reliability of the Melbourne assess-
ment of unilateral upper limb function. Developmental Medicine and Child Neurology, 43, 761–
767.

Randall, M., Imms, C., & Carey, L. (2008). Establishing validity of a modified Melbourne Assessment
for children ages 2 to 4 years. American Journal of Occupational Therapy, 62, 373–383.

Randall, M., Imms, C., & Carey, L. (2012). Further evidence of validity of the modified Melbourne
assessment for neurologically impaired children aged 2 to 4. Developmental Medicine and Child
Neurology, 54, 424–428.

Randall, M., Imms, C., Hoare, B., & Wallen, M. (2014). How responsive is the Melbourne assessment 2
for children with neurological impairment? Australasian Academy of Cerebral Palsy and Develop-
mental Medicine 2014, Abstract K3. Developmental Medicine and Child Neurology, 56, 37.

Riad, J., Brostrom, E., & Langius-Eklof, A. (2013). Do movement deviations influence self-esteem and
sense of coherence in mild unilateral cerebral palsy? Journal of Pediatric Orthopaedics, 33, 298–302.

Russo, R. N., Goodwin, E. J., Miller, M. D., Haan, E. A., Connell, T. M., & Crotty, M. (2008). Self-esteem,
self-concept, and quality of life in children with hemiplegic cerebral palsy. Journal of Pediatrics, 153,
473–477.

Sahin, N., Ugurlu, H., & Albayrak, I. (2012). The efficacy of electrical stimulation in reducing the post-
stroke spasticity: A randomized controlled study. Disability and Rehabilitation, 34, 151–156.

Sakzewski, L., Miller, L., Ziviani, J., Abbott, D. F., Rose, S., MacDonell, R. A., & Boyd, R. N. (2015).
Randomized comparison trial of density and context of upper limb intensive group versus individ-
ualized occupational therapy for children with unilateral cerebral palsy. Developmental Medicine
and Child Neurology, 57, 539–547.

Sakzewski, L., Ziviani, J., & Boyd, R. N. (2014). Efficacy of upper limb therapies for unilateral cerebral
palsy: A meta-analysis. Pediatrics, 133, e175–204.

Salimi, I., Firel, K. M., & Martin, J. H. (2008). Pyramidal tract stimulation restores normal corticospinal
tract connections and visuomotor skill after early postnatal motor cortex activity blockade. Journal
of Neuroscience, 28, 7426–7434.

Sokal, B., Uswatte, G., Vogtle, L., Byrom, E., & Barman, J. (2015). Everyday movement and use of the
arms: Relationship in children with hemiparesis differs from adults. Journal of Pediatric Rehabilita-
tion Medicine: An Interdisciplinary Approach, 8, 197–206.

Staudt, M., Gerloff, C., Grodd, W., Holthausen, H., Niemann, G., & Krӓgeloh-Mann, I. (2004). Reorga-
nization in congenital hemiparesis acquired at different gestational ages. Annals of Neurology, 56,
854–863.

Taub, E., Griffin, A., Nick, J., Gammons, K., Uswatte, G., & Law, C. R. (2007). Pediatric CI therapy for
stroke-induced hemiparesis in young children. Developmental Neurorehabilitation, 10, 3–18.

Thrasher, T. A., Zivanovic, V., McIlroy, W., & Popovic, M. R. (2008). Rehabilitation of reaching and
grasping function in severe hemiplegic patients using functional electrical stimulation therapy. Neu-
rorehabilitation and Neural Repair, 22, 706–714.

Uswatte, G., Taub, E., Griffin, A., Vogtle, L., Rowe, J., & Barman, J. (2012). The pediatric motor activity
log-revised: Assessing real-world arm use in children with cerebral palsy. Rehabilitation Psychology,
57, 149–158.

van der Slot, W. M., Roebroeck, M. E., Landkroon, A. P., Terburg, M., Berg-Emons, R. J., & Stam, H. J.
(2007). Everyday physical activity and community participation of adults with hemiplegic cerebral
palsy. Disability and Rehabilitation, 29, 179–189.

Wallen, M., Ziviani, J., Herbert, R., Evans, R., & Noval, I. (2008). Modified constraint-induced therapy
for children with hemiplegic cerebral palsy: A feasibility study. Developmental Neurorehabilitation,
11, 124–133.

Walther, M., Juenger, H., Kuhnke, N., Wilke, M., Brodbeck, V., Berweck, S., … Mall, V. (2009). Motor
cortex plasticity in ischemic perinatal stroke: A transcranial magnetic stimulation and functional
MRI study. Pediatric Neurology, 41, 171–178.



16 K. E. MUSSELMAN ET AL.

Xu, K., Wang, L., Mai, J., & He, L. (2012). Efficacy of constraint-induced movement therapy and electri-
cal stimulation on hand function of children with hemiplegic cerebral palsy: A controlled clinical
trial. Disability and Rehabilitation, 34, 337–346.

Yam, W. K. L., & Leung, M. S. M. (2006). Interrater reliability of modified ash worth scale and modified
tardieu scale in children with spastic cerebral palsy. Journal of Child Neurology, 21, 1031–1035.

Yang, J. F., Livingstone, D., Brunton, K., Kim, D., Lopetinsky, B., Roy, F., … Gorassini, M. (2013). Train-
ing to enhance walking in children with cerebral palsy: Are we missing the window of opportunity?
Seminars in Pediatric Neurology, 20, 106–115.


	Abstract
	Acknowledgments
	Declaration of Interests
	Funding
	References

