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Abstract
The aim of this review was to evaluate the evidence for nonpharmacological rehabilitation interventions for motor and cognitive
impairment following pediatric stroke. A literature search was conducted using multiple scientific databases. Studies were included if
(1) the study population was > 50% pediatric (< 18 years) stroke, (2) a diagnosis of stroke was explicitly stated, (3) there were ≥ 3
pediatric stroke participants included in the study sample, and (4) motor or cognitive outcome measures were used to assess effect of
treatment. Levels of evidencewere assigned to each study to determine the strength of the evidence for each intervention. A total of 18
articles met inclusion criteria. Most studies (N = 14) examined rehabilitation of the upper limb, with constraint-induced movement
therapy (CIMT) as the most common intervention. Overall, the evidence supports the use of CIMT, forced use therapy, repetitive
transcranial magnetic stimulation, functional electrical stimulation, and robotics, but suggests no beneficial effect of transcranial direct
current stimulation. Very few studies assessed interventions for the lower limb (N = 1) or cognitive impairment (N = 3).

Conclusion: Effective rehabilitation approaches are important for optimizing outcomes in childrenwho have had a stroke. Although
the number of published clinical trials has increased in recent years, little evidence-based guidance exists for this clinical population.

What is Known:
• Pediatric stroke is a significant cause of disability in children that is often associated with long-term motor and cognitive sequelae.
• There is a need to establish a knowledge base regarding available evidence-based rehabilitation therapies for this clinical population.

What is New:
• Most studies examining interventions for motor function focus on upper limb rehabilitation, whereas few studies have investigated interventions for
improving lower limb or cognitive impairment.

• An important gap exists regarding evidence-based rehabilitative treatment approaches for pediatric stroke.
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Abbreviations
AHA Assisting Hand Assessment
BBT Box and Blocks Test
CIMT Constraint-induced movement therapy
COPM Canadian Occupational Performance Measure
FES Functional electrical stimulation
MA Melbourne Assessment
PAFT Pediatric Arm Function Test
PCT Prospective controlled trial
PDMS Peabody Developmental Motor Scale
PEDro Physiotherapy evidence database
PMAL Pediatric Motor Activity Log
PRISMA Preferred Reporting Items for Systematic

Reviews and Meta-Analyses
RCT Randomized controlled trial
rTMS Repetitive transcranial magnetic stimulation
tDCS Transcranial direct current stimulation
W M T B -
C

Working Memory Test Battery for Children

Introduction

Globally, the prevalence of pediatric stroke has increased
by approximately 35% between 1990 and 2013 [29] and
has been observed to occur at a rate as high as 1.6 per
100,000 children [32], placing it among the top ten causes
of childhood mortality [33]. Although there are several
distinct forms of pediatric stroke depending on mechanism
and timing of injury, they can be broadly categorized into
ischemic and hemorrhagic types [2]. While these same
types of strokes are observed in the adult population, their
underlying etiologies differ in the pediatric population.
Traditional risk factors associated with adult stroke are
related to lifestyle (e.g., atherosclerosis, hypertension, obe-
sity) [3, 12], whereas congenital illnesses and cerebrovas-
cular malformations, such as heart diseases and sickle cell
disease, are the primary causes of pediatric stroke [3, 12,
30, 33].

Pediatric stroke often results in complications that lead
to physical, cognitive, and psychosocial disability [19] and
is associated with significant morbidity [44]. The clinical
presentation of pediatric stroke varies based on the age of
the child, with younger children typically presenting with
motor deficits, while older children often demonstrate a
combination of language and motor deficits [20].
Hemiparesis is one of the most common impairments
post-stroke, being present in 50 to 80% of cases [8].
Cognitive impairment is also observed frequently follow-
ing pediatric stroke, with long-term deficits occurring in up
to half of child stroke survivors [18]. Of the various cog-
nitive domains affected, such as intellectual functioning
and memory, executive function (including attention and

processing speed skills) is particularly vulnerable to im-
pairment [18]. Importantly, deficits experienced post-
stroke significantly impact children’s independence, activ-
ities of daily living, and quality of life [31].

Compared to the adult stroke population, there is con-
flicting evidence regarding whether or not outcomes in
children are more favorable and whether or not children
recover better than adults after stroke [15, 23]. However,
it has been suggested that recovery patterns and trajectories
differ between children and adults [23]. Despite this differ-
ence, in addition to differing risk factors underlying stroke,
current therapeutic management for children who have had
a stroke continues to be mostly guided by extrapolation
from the adult stroke literature [44]. Since appropriate
treatment approaches and intervention protocols are in-
formed by the combination of mechanisms underlying
stroke as well as recovery trajectories [7, 25], there is a
need for knowledge regarding pediatric-specific evi-
dence-based interventions. Furthermore, current reviews
and guidelines for pediatric stroke rehabilitation are often
underpinned by studies that include mixed clinical popula-
tions (e.g., stroke, cerebral palsy, acquired brain injury)
[19, 38]. Thus, greater and more accurate insight into pe-
diatric stroke rehabilitation can be gained by limiting stud-
ies and reviews to stroke populations only.

To date, there has been no systematic review which com-
prehensively summarizes the state of the evidence regarding
rehabilitation therapies for children post-stroke; much of the
literature at present pertains to acute management, etiology,
and outcomes. Therefore, the objective of this systematic re-
view was to provide an overview of the evidence regarding
effectiveness of nonpharmacological rehabilitation interven-
tions for motor and cognitive impairment following pediatric
stroke.

Methods

Literature search strategy

In accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) [34], a
comprehensive literature search was conducted for articles
published from January 1, 1980, to December 8, 2017, using
the following scientific databases: PubMed, MEDLINE,
CINAHL, and EMBASE. Pediatric stroke-related population
key words were searched in combination with complication
and intervention key words. Medical Subject Headings were
used as available in each database. Variations of key words
were used and were individualized for each database. The
detailed search strategy is presented in Online Resource 1.
Searches were limited to journal articles published in the
English language.
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Selection criteria

Articles which investigated nonpharmacological rehabilita-
tion interventions for cognitive or motor outcomes post-
pediatric stroke were included if they met the following four
a priori inclusion criteria:

(1) The study population was composed of > 50% individ-
uals who sustained a pediatric (28 weeks gestation to
18 years) stroke;

(2) A diagnosis of stroke was explicitly stated;
(3) There were ≥ 3 human pediatric (< 18 years) stroke par-

ticipants included in the study sample;
(4) Motor or cognitive outcome measures were used to as-

sess effect of treatment.

Stroke-induced conditions (i.e., cerebral palsy) were in-
cluded if there was clear and explicit mention of stroke etiol-
ogy. Articles were excluded if they were case studies/reports,
study protocols, reviews, or used a qualitative research design.

Study selection

After removing duplicates, articles were screened for eligibil-
ity based on title and abstract by two independent reviewers
(MM, AMc), according to inclusion criteria. The full text was
retrieved if uncertainty remained or when more information
was required to make a decision. Any discrepancies were re-
solved by a third reviewer (NS). Additionally, the reference
lists of included articles as well as relevant published guide-
lines [19, 38] were screened for other articles which may have
been missed by the computer search.

Methodological quality assessment

The methodological quality of randomized controlled trials
(RCTs) was assessed by two independent reviewers (NS,
MM) using the physiotherapy evidence database (PEDro) tool
[35]. The PEDro tool assesses study quality and consists of 11
criteria that are answered with a Byes^ (score = 1) or Bno^
(score = 0). The first item is not used in calculating the final
score; thus, a maximum score of 10 can be achieved. PEDro
scores were then used to categorize RCTs as poor (< 4), fair
(4–5), good (6–8), or excellent (9–10) quality [11]. Levels of
evidence were assigned to each study using a modified
Sackett scale [40] (Table 1).

Data extraction and synthesis

The following data were extracted from each study by two
independent reviewers (NS, MM): participant characteristics
(age, gender, % stroke in study sample, stroke diagnosis, time
post-stroke, stroke site, stroke side of pathology (as per

reported hemispheric side or affected body side), and clinical
presentation), study characteristics (author name, year and
country of publication, article title, study design, sample size),
treatment characteristics (intervention, comparator, concurrent
therapy), outcome measures, assessment time points, and re-
sults. Extracted information from each study was organized
into two tables whereby similar interventions for motor or
cognitive outcomes, respectively, were grouped together.
Levels of evidence assigned to each study were used to deter-
mine the strength of the evidence for each intervention.

Results

Study selection

The literature search yielded a total of 4602 citations, 16 of
which met inclusion criteria and were suitable for qualitative
analysis. Two additional articles were added after reviewing
the reference lists of the included studies and relevant guide-
lines (Fig. 1).

Participant and study characteristics

Studies examining interventions for motor outcomes Fifteen
studies investigated nonpharmacological rehabilitation inter-
ventions for motor outcomes. Participant and study character-
istics are summarized in Table 3. Seven studies [13, 14,
26–28, 43, 45] were RCTs, two of which included a crossover
component. Methodological quality of RCTs was fair for two
studies [43, 45], good for four studies [13, 14, 26, 27], and
excellent for one study [28] (Table 2). Two studies were con-
ducted as secondary analyses in follow-up to RCTs, with qual-
ity ratings of fair [36] and good [4]. Six studies [10, 16, 21, 22,
37, 47] were pre-post studies. Individual total sample sizes
ranged from 4 to 45 participants, generating a pooled sample
of 200 participants among all studies. Mean ages ranged from
1.5 to 16.9 years, with a pooled mean age of 9.8 years. Most
studies recruited pediatric stroke participants who were still
pediatric (< 18 years) patients at the time of enrollment; the

Table 1 Modified Sackett scale

Level Description

1a More than one RCT (PEDro score ≥ 6)
1b One RCT (PEDro score ≥ 6)
2 RCT (PEDro score < 6), prospective controlled trial, cohort

3 Case-control

4 Case series, pre-post test, post-test

5 Observational, case report, clinical consensus

PEDro Physiotherapy evidence database, RCT randomized controlled
trial
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remaining seven studies [4, 14, 21, 26–28, 36] recruited pedi-
atric stroke participants of which a subset had become adults
(> 18 years) by the time of enrollment. There were 91 male
and 84 female participants overall across studies with the ex-
ception of one study [45] which did not report on gender. The
majority of study populations were all stroke; the remaining
studies [10, 13, 45] ranged from 52 to 95% stroke overall, and
the percentage of stroke in one study [36] could only be iden-
tified as > 50%. Stroke diagnoses included arterial ischemic
stroke, periventricular venous infarction, childhood, prenatal,
perinatal, or very early antenatal stroke, or stroke without fur-
ther description. Six studies [10, 16, 22, 26, 45, 47] reported
on time post-stroke, which ranged from > 0.5 years to a mean
of 8.1 years; the remaining studies did not report on time post-
stroke. The location of stroke varied and included regions of
the cerebral cortex, middle cerebral artery territory, basal gan-
glia, internal capsule, corona radiata, periventricular area, and
other undefined subcortical areas; however, this information
was not reported by the majority of studies. There were 63

right-sided and 100 left-sided strokes across the majority of
studies; two studies [10, 45] did not report on stroke side. All
but one study focused on exclusively upper extremity motor
impairment; the majority of participants (N = 140) had
hemiparesis, and smaller subsets of participants had
hemiparesis with spasticity or dystonia, hemiparetic cerebral
palsy, or hemiplegia. The remaining study [47] targeted lower
extremity motor impairment in the form of hemiparesis
(Table 3).

Studies examining interventions for cognitive outcomes
Three studies investigated nonpharmacological rehabilitation
interventions for cognitive outcomes. Participant and study
characteristics are summarized in Table 4. One study [24]
was a RCT of poor quality (Table 2). One study was a pro-
spective controlled trial (PCT) [48], and one was a pre-post
study [9]. Individual total sample sizes ranged from 6 to 9
participants, generating a pooled sample of 22 of which there
were 10males and 12 females. Mean ages ranged from 11.3 to

Records identified through database 
searching 
(n = 4602) 

Sc
re
en

in
g

In
clu

de
d

El
ig
ib
ili
ty

Id
en

�fi
ca
�o

n

Additional records identified 
through other sources 

(n = 2) 

Records after duplicates removed 
(n = 3500) 

Records screened by title 
or abstract 
(n = 3500)

Records excluded 
(n = 3437) 

Full-text articles assessed 
for eligibility 

(n = 63) 

Full-text articles excluded, 
with reasons 

(n = 45) 

< 50% pediatric stroke in study 
sample (n=3) 
< 3 pediatric stroke participants 
in study sample (n=3) 
Adult (non-pediatric) stroke 
study sample (n=18) 
Unclear if stroke (n=12) 
Assessing safety rather than 
effectiveness/efficacy of 
intervention (n=1) 
Brain injury other than stroke 
(n=1) 
Abstract only (n=1) 
Study protocol (n=1) 
Intervention targeted outcomes 
other than motor or cognitive 
(n=2) 
Intervention development & 
design only (n=1) 
Full article unavailable in 
English (n=1) 
Review (n=1) 

Studies included in 
qualitative synthesis 

(n = 18) 

Fig. 1 PRISMA flow diagram
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14.3 years, with a pooled mean age of 12.7 years. All three
studies recruited pediatric stroke participants who were still
pediatric (< 18 years) patients at the time of enrollment, and all
had study populations that were 100% stroke, comprising var-
ious stroke diagnoses including silent and/or overt infarcts,
sickle cell disease-related infarcts, and childhood arterial is-
chemic stroke. Only one study [9] reported on time post-
stroke, with a mean of 7.3 years. Stroke site or side was not
reported by one study [24]; the location of stroke across the
remaining two studies was not described in detail, but includ-
ed the frontal lobe and related areas, as well as subcortical
involvement or lack thereof. There were two right-sided, four
left-sided, and seven bilateral strokes. The cognitive clinical
presentation of participants differed and included memory im-
pairment, learning disabilities, dysarthria, attention deficits, or
unremarkable deficits.

Interventions for motor outcomes

Constraint-induced movement therapy, forced use therapy
Five studies examined the effect of constraint-induced move-
ment therapy (CIMT), and one study examined the effect of
forced use therapy, on upper limb motor impairment, includ-
ing three RCTs and three pre-post studies.

One RCT [27] compared CIMT combined with motor
learning therapy to motor learning therapy alone in a subset
of 23 children with hemiparesis due to stroke. Treatment was
delivered over 10 consecutive weekdays. Children receiving
CIMT improved on the Assisting Hand Assessment (AHA) at
1 week (p = 0.0003) and 2 months (p = 0.0004) following
treatment compared to the control group, but this effect was
not maintained at 6-month follow-up. Improvement was also
noted for the Melbourne Assessment (MA) at 1-week follow-
up; however, this did not reach statistical significance com-
pared to the control group and was unchanged at 6-month

follow-up. ABILHAND-Kids scores did not change follow-
ing treatment.

One RCT [43] examined the effect of CIMT compared to
usual care (occupational and physical therapy) in 20 children
with hemiparesis due to stroke over 15 consecutive weekdays.
Immediately following treatment and at 6-month follow-up,
children who received CIMT demonstrated significant im-
provement on the Pediatric Motor Activity Log (PMAL),
Inventory of New Motor Activities and Patterns, and Pediatric
Arm Function Test (PAFT) and showed significantly improved
active range of motion, compared to the control group (p < 0.05
for all). Nine children who were randomized to the control
group initially were treated with CIMT after a period of
6 months and performed significantly better on all measures
(p < 0.005 for all) after crossover compared to baseline.

Three studies utilized a pre-post design [16, 21, 37]. Among
these studies, the effect of CIMTwas examined in children with
hemiparetic cerebral palsy, or hemiparesis with or without spas-
ticity or dystonia, due to stroke. CIMT duration ranged from
12 days to 4 weeks. Assessment scores before and after inter-
vention demonstrated improved upper limb function as per the
PMAL (p < 0.001), PAFT (p < 0.001) [37], and Wolf Motor
Function Test time (p = 0.052) and quality (p = 0.005) scores
[21]. The remaining study [16] reported improved motor func-
tion in one of six participants and no improvement in quality of
movement among any participants following intervention, al-
though the results of statistical analyses were not provided.

One RCT [45] compared forced use therapy to no interven-
tion in 25 children with hemiparesis over the course of
1 month. Of the total study sample, 13 of 25 (52%) children
had a stroke, while the other participants had cerebral
malformations, trauma, or unknown diagnoses. All children
continued to receive routine occupational and physical thera-
py throughout the duration of the study. Compared to the
control group, the children receiving forced use therapy

Table 2 Methodological quality
assessment of included
randomized controlled trials using
the physiotherapy evidence
database tool

Study C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 Total

Carlson et al. 2018 Y Y Y N Y Y Y N N Y Y 7

Gillick et al. 2014 Y Y N Y Y N Y Y N Y Y 7

Gillick et al. 2015 Y Y Y Y Y N Y N Y N Y 7

King et al. 2007 Y Y N N N N N N N Y N 2

Kirton et al. 2008 Y Y N Y Y N Y N N Y Y 6

Kirton et al. 2016 Y Y Y Y N N Y Y Y Y Y 8

Kirton et al. 2017 Y Y Y Y Y Y Y Y Y Y Y 10

Rich et al. 2016 Y Y N Y Y N Y N N N N 4

Taub et al. 2011 Y Y N Y N N N Y N Y Y 5

Willis et al. 2002 Y Y N N N N N Y N Y Y 4

C criterion,C1 eligibility criteria, C2 random allocation, C3 concealed allocation,C4 group similarity at baseline,
C5 blinding of subjects, C6 blinding of therapists, C7 blinding of assessors, C8 measures of key outcome(s)
obtained from ≥ 85% of subjects, C9 intention to treat analysis, C10 between-group statistical comparisons, C11
point measures and measures of variability, N no, Y yes
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improved significantly on the Peabody Developmental Motor
Scale (PDMS) following 1 month of treatment (p < 0.0001),
and this effect was maintained 6 months later. Ten children
who were randomized to the control group initially were treat-
ed with forced use therapy 6 months after the initial treatment
course and demonstrated improved PDMS scores following
treatment compared to baseline (p = 0.005).

Transcranial direct current stimulation One RCT [14] exam-
ined the effect of 1 session of transcranial direct current stim-
ulation (tDCS) compared to sham tDCS in 11 children with
upper limb hemiparesis due to stroke. Participants in both
groups demonstrated stability or slight improvement on the
Box and Blocks Test (BBT) for the affected hand following
treatment, although there were no significant differences be-
tween groups for any outcomes.

One RCT [28] compared the combined effect of tDCS and
motor learning therapy to sham tDCS combined with motor
learning therapy for 2 weeks in 23 children with hemiparetic
cerebral palsy due to stroke. Motor learning therapy included
both CIMT and bimanual training. Although there was a sig-
nificant increase in AHA scores (p = 0.002) across all partic-
ipants at 1 week following intervention, there were no
between-group differences at 2-month follow-up. No treat-
ment effects were found for other motor outcome measures,
including the MA, BBT, ABILHAND-Kids, or for grip or
pinch strength. A follow-up study [4] was conducted using a
subset of 15 children primarily to investigate metabolic chang-
es in the motor cortex associated with the intervention.
Clinical outcomes were also reported, although between-
group analyses were not performed. All children improved
in terms of motor function, but there was no effect of tDCS
treatment on AHA scores.

Repetitive transcranial magnetic stimulation One RCT [26]
examined the effect of repetitive transcranial magnetic stimu-
lation (rTMS) compared to sham rTMS over the course of
8 days in 10 children with hand weakness due to stroke.
Children who received rTMS demonstrated significant im-
provements in MA scores 24 h following treatment comple-
tion (p = 0.002) compared to those receiving sham rTMS, but
the difference was not maintained at 1-week follow-up.
Significant between-group differences were noted for grip
strength for both time points in favor of rTMS (p = 0.009
and p = 0.01, respectively).

Three studies examined the effect of rTMS in combina-
tion with a form of motor learning therapy. One RCT [27]
assessed multiple treatment pairings, comparing rTMS
plus motor learning therapy, or rTMS plus CIMT and mo-
tor learning therapy, to sham rTMS in combination with
motor learning therapy without CIMT. Subsets of 22 and
24 children, respectively, who had upper limb hemiparesis
due to stroke, were studied. Treatment was delivered over
10 consecutive weekdays. The former treatment compari-
son resulted in improvement on the AHA at 1 week (p =
0.005) but not at 6 months (p = 0.09) post-intervention for
children receiving rTMS with motor learning therapy.
Improvement was also noted for the MA at 1-week fol-
low-up compared to the control group (p = 0.003). The lat-
ter treatment comparison resulted in improvement on the
AHA at 1 week (p = 0.02), 2 months (p = 0.0002), and
6 months (p = 0.0004) following intervention for children
receiving rTMS with CIMT and motor learning therapy.
Improvement was also noted for the MA at 1-week fol-
low-up; however, this did not reach statistical significance
when compared to the control group. For both treatment
comparisons, there were no changes in ABILHAND-Kids
scores, and both treatment groups had unchanged AHA
scores from baseline to 6-month follow-up.

One RCT [13] compared the combined effect of
rTMS and CIMT to sham rTMS in combination with
CIMT over the course of 2 weeks in children with upper
limb hemiparesis. Of the total study sample, 18 of 19
children (95%) had a stroke. Two days following treat-
ment completion, children receiving rTMS demonstrated
significantly better improvement on the AHA compared
to the control group (p = 0.008), although there were no
significant between-group differences for finger-
extension force. A follow-up study [36] was conducted
to assess long-term treatment effects using a subset of
14 children. More than half of these children had a
stroke, although the exact percentage could not be de-
termined. Eighty-six percent of the total follow-up study
sample demonstrated improved or maintained treatment
effects on the AHA, including children from both treat-
ment groups, at a median of 47.5 months following
intervention.

Levels of Evidence:

There is level 1b evidence that CIMT in combination with motor learning
therapy may improve upper limb function compared to motor learning
therapy alone in children with hemiparesis following pediatric stroke.

There is level 2 evidence that CIMT improves upper limb function
compared to usual care in children with hemiparesis following
pediatric stroke.

There is level 2 evidence that forced use therapy improves upper limb
function compared to no intervention in children with hemiparesis
following pediatric stroke.

Levels of Evidence:

There is level 1b evidence that tDCS does not improve upper limb
function compared to sham tDCS in children with hemiparesis
following pediatric stroke.

There is level 1b evidence that tDCS in combination with motor learning
therapy does not improve upper limb function compared to sham tDCS
in combination with motor learning therapy in children with
hemiparetic cerebral palsy following pediatric stroke.
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Functional electrical stimulationOne pre-post study [22] ex-
amined the effect of 48 1-h sessions of functional electrical
stimulation (FES) in 4 children with upper limb hemiplegia
due to stroke over the course of 16 weeks and found a
statistically significant improvement (p = 0.042) on the
itemized objects subtest of the Rehabilitation Engineering
Laboratory Hand Function Test upon treatment comple-
tion. No other significant improvements were found for
the other subtests or for other outcome measures, although
all participants demonstrated improved motor function fol-
lowing intervention.

Robotics One pre-post study [10] examined the effect of
16 1-h sessions of robotic therapy in 12 children with
upper limb hemiplegia and spasticity over the course of
8 weeks. Of the total study sample, 11 children (92%) had
a stroke, and 8 children continued to receive community-
based concurrent occupational therapy. After 8 weeks of
treatment, total scores on the Fugl-Meyer Assessment and
Quality of Upper Extremity Skills Test improved signifi-
cantly (p < 0.0005 and p = 0.001, respectively) and were
maintained at 1 month post-intervention. Significant im-
provements were also noted on the Modified Ashworth
Scale as well as for isometric elbow strength, although
inconsistently at 8 and 12 weeks.

Walking training One pre-post study [47] examined the ef-
fect of an exercise training program on walking ability in
five children with hemiparesis due to stroke over the

course of 2–3 months. Large effect sizes were demonstrat-
ed by four of five children for the total score (1.09) and two
subscores (0.91 and 1.21, respectively) of the Gross Motor
Function Measure following intervention, although no sta-
tistical analyses were reported. Additionally, during the
course of treatment, step length and weight-bearing asym-
metry improved in all children who showed these impair-
ments at baseline.

Levels of Evidence:

There is level 4 evidence that walking training may improve walking
ability in children with hemiparesis following pediatric stroke.

Interventions for cognitive outcomes

Memory training Three studies examined the effect of mem-
ory training on cognitive outcomes.

One RCT [24] and one PCT [48] compared the combined
effect of memory training with academic tutoring to academic
tutoring alone in children with memory impairment, learning
disabilities, dysarthria, or unremarkable deficits. Children re-
ceiving memory training and tutoring for 2 years demonstrat-
ed significantly improved memory function compared to the
control group in terms of the California Verbal Learning Test
delayed cue recall (p = 0.02) and the Children’sMemory Scale
backward recall digit span subtest (p = 0.04). There were no
between-group differences on the forwards test of the digit
span subtest. The PCT [48] reported improved short- and
long-term memory function in children receiving memory
training and tutoring for 6 weeks, compared to little change
in the control group; however, the results of statistical analyses
were not provided.

One pre-post study [9] examined the effect of a comput-
erized working memory training program in seven children
with attention deficits and average or below average work-
ing memory over the course of 5–7 weeks. At 1–2 weeks
following treatment, there was a significant improvement
on the phonological loop subtest of the Working Memory
Test Battery for Children (WMTB-C); however, this effect
was not maintained at 12-month follow-up. No other
WMTB-C or Wide Range Achievement Test-4 subtest
scores changed significantly from baseline at either time
point. Mean scores on attention tasks also did not change
following intervention.

Levels of Evidence:

There is level 2 evidence that memory training in combination with
academic tutoring may improve memory compared to academic
tutoring alone in children following pediatric stroke.

There is level 4 evidence that computerized memory training may
improve working memory but not attention in children following
pediatric stroke.

Levels of Evidence:

There is level 1b evidence that rTMS may improve upper limb function
compared to sham rTMS in children with hand weakness following
pediatric stroke.

There is level 1b evidence that rTMS in combination with either motor
learning therapy or both CIMT and motor learning therapy may
improve upper limb function compared to sham rTMS in combination
with motor learning therapy without CIMT in children with
hemiparesis following pediatric stroke.

There is level 1b evidence that rTMS in combination with CIMT may
improve upper limb function compared to sham rTMS in combination
with CIMT in children with hemiparesis following pediatric stroke.

Levels of Evidence:

There is level 4 evidence that FES may improve upper limb function in
children with hemiplegia following pediatric stroke.

Levels of Evidence:

There is level 4 evidence that robotics may improve upper limb function
in children with hemiplegia and spasticity following pediatric stroke.
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Discussion

This systematic review aimed to summarize and assess the
available evidence for nonpharmacological motor and cogni-
tive rehabilitation interventions in the pediatric stroke popula-
tion. This review is unique in that it used a narrowly defined
clinical population such that the evidence statements are spe-
cifically relevant to both clinical and non-clinical settings. The
authors were able to identify just 18 studies that met inclusion
criteria.

It is important to consider the relative dearth of studies in
this field as reflective of the low incidence of pediatric stroke
relative to its occurrence among adults. While there is a large
discrepancy in incidence rates between these populations, it
does not diminish the importance or necessity of conducting
interventional trials specifically within the pediatric popula-
tion. The extrapolation of treatment recommendations from
the adult literature has limitations due to developmental dif-
ferences between coagulation, cerebrovascular, and neurolog-
ical systems in adults and children [7, 33], and potential dif-
ferences in eventual outcomes as well. There are also signifi-
cant differences between the adult and pediatric populations in
terms of the type of stroke sustained, underlying risk factors
[30], and the long-term sequelae experienced. Mortality and
long-term morbidity following pediatric stroke are highly var-
iable and are influenced by many factors, including lesion
location [42], age, developmental level, family environment,
and resource acquisition [17]. It has been reported that chil-
dren will experience a spectrum of difficulties across several
domains of the International Classification of Function [46]
and that the extent and severity of these problems may not
present themselves right away but rather they may Bgrow
into^ their problems as they gain new skills [17] and attempt
new developmental milestones. As was demonstrated by the
current review, few studies are available to guide clinical prac-
tice for the rehabilitation or habilitation of these deficits, de-
spite the high prevalence of disability incurred by children
post-stroke. Although the increase in the number of clinical
trials and published protocols in recent years is encouraging,
there remains an important gap in the literature pertaining to
pediatric stroke rehabilitation.

In terms of motor studies, most have focused on the reha-
bilitation of upper limb motor deficits, with CIMT being the
most commonly investigated intervention, and forced use
therapy, FES, and robotics being the least commonly investi-
gated interventions. CIMT, forced use therapy, rTMS, FES,
and robotics generally demonstrated improvements on all or
some motor outcomes among children with hemiparesis or
hemiplegia post-stroke, supported by varying levels of evi-
dence (Online Resource 2). In contrast, the application of
tDCS was not shown to result in improvements in upper limb
hemiparesis among children post-stroke. Studies investigating
therapies for upper limb motor impairment which utilized the

Canadian Occupational Performance Measure (COPM) [5] in
addition to motor outcomes generally reported improved
COPM scores alongside improved motor function, indicating
self-perceived improvement with performance on everyday
living tasks. Interestingly, although tDCS did not demonstrate
favorable outcomes for motor function, tDCS treatment was
associated with improvement in COPM scores, signifying the
importance of appropriate outcome measure selection and use
to detect improved function. Only walking training has been
studied for lower limb rehabilitation, demonstrating potential
therapeutic benefit for walking ability. Finally, among the cog-
nitive studies, memory training with or without academic
tutoring, as well as computerized memory training, demon-
strated improvements on some memory and attention mea-
sures among study participants, but not all.

The evidence identified and presented here is partly in line
with published Canadian Best Practice Guidelines for Stroke
Care [19]. The evidence statements reported by Hebert et al.
[19] indicate strong support (level A) for CIMT or modified
CIMT but not any other type of intervention. It is important to
note that the pediatric guidelines mentioned above were often
based on research studies with heterogeneous stroke popula-
tions inclusive of cerebral palsy or clinical presentations
where diagnosis of stroke was not specified. The advantage
of the current systematic review is that it offers both pediatric-
specific and stroke-specific implications for rehabilitation. It is
possible that combining various aetiologies within a single-
study sample may lead to large variances in results which can
mask the magnitude of the treatment effect, potentially leading
to incorrect conclusions or conclusions that are not generaliz-
able to all diagnoses [43]. Therefore, it is imperative that ef-
fectiveness of interventions for various neurological popula-
tions should be established separately. Future studies should,
at the very least, specifically identify the etiology of stroke-
induced conditions or recruit a homogenous population such
that treatment effectiveness can be comprehensively evaluated
for the pediatric stroke clinical population.

It should be noted that the studies included in this review
varied in terms of reporting on the chronicity of stroke.
Overall, seven studies reported the time post-stroke onset of
their participant sample, which ranged from greater than
6 months to a mean of 8.1 years. Although the remaining
studies did not provide this information, most presumably also
had chronic stroke participant samples based on ages at the
time of study enrollment along with the fact that the strokes
occurred prenatally or perinatally or resulted in congenital
effects (i.e., hemiparesis), or that the study was investigating
long-term outcomes in follow-up to another included study.
Three studies were of unknown stroke chronicity. Taken to-
gether, the majority of studies were conducted during the
chronic phase of pediatric stroke, highlighting the need for
future studies to examine the effect of rehabilitation interven-
tions during the acute phase.
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It is important to recognize the unique situation presented
by pediatric stroke in terms of overall rehabilitation. The term
habilitation is often used in lieu of rehabilitation because chil-
dren must often relearn previously developed skills and abil-
ities, as well as learn to develop new skills and cope with
missing ones. Regardless of the interventions applied, rehabil-
itation as a whole occurs within the context of a family and the
child’s parents and/or caregivers; as such, the needs of not
only the child, but also the child’s family should be prioritized.
The delivery of care in terms of methods of rehabilitation,
intensity, duration, and environment should be individualized
to the child and family and tailored to meet their unique needs
[38] and provided by a multidisciplinary team given the com-
plex and diverse types, and number, of issues a child may
experience [1].

There is substantial heterogeneity in the pediatric stroke
population and the diversity of issues experienced by these
individuals; therefore, identification of the most useful trials
for interventional study is imperative. A recent study by
Steinlin et al. [41] has shown how the use of a Delphi process,
which seeks to obtain consensus among clinicians on a spe-
cific topic of interest in health care [6, 39], can identify critical
areas for interventional study in pediatric stroke. Given the
considerable difficulty in designing and recruiting patients
for pediatric stroke rehabilitation trials, the Delphi method
should be considered as a foundation for the development of
these trials as well. This may assist in designing a highly
feasible study with equally high clinical utility.

Limitations

A limitation of this review is that a number of relevant studies
may have been excluded, such as studies evaluating the effects
of various motor and cognitive treatments on children with
cerebral palsy or congenital hemiparesis/hemiplegia, due to a
lack of explicit description or mention of stroke etiology.
Additionally, as our search criteria were limited to English
publications, this review is not representative of findings from
studies published in other languages.

Conclusion

Pediatric stroke is a significant contributor to childhood mor-
tality, morbidity, and disability. Although effective rehabilita-
tive treatment approaches for pediatric stroke are important,
little evidence-based guidance exists. Of the available studies
to date, most have focused on the rehabilitation of upper limb
motor deficits. There is still a lack of evidence at present for
interventions for improving lower limb or cognitive impair-
ment in children who have had a stroke. Although the increase
in the number of clinical trials and published protocols in

recent years is encouraging, there remains an important gap
in the literature pertaining specifically to pediatric stroke re-
habilitation. There is a need to address this gap in order to
effectively guide rehabilitative management and meet the on-
going needs of the pediatric stroke population.

Authors’ contributions MMwas responsible for manuscript conceptual-
ization, literature search, article selection, quality assessment, data extrac-
tion, table and figure creation, manuscript drafting and editing, and prep-
aration of the final manuscript for submission; MM wrote the abstract,
methods, and results, and contributed to the introduction and discussion.
AMc assisted with article selection and wrote the discussion. PF contrib-
uted to writing the introduction. NS assisted with article selection, quality
assessment, and data extraction. CC and RT provided clinical expertise
about stroke rehabilitation throughout the manuscript. AMc, PF, NS, CC,
and RT all contributed to manuscript editing.

Funding This project was funded by the Heart and Stroke Foundation of
Canada and the Canadian Partnership for Stroke Recovery.

Compliance with ethical statements

Conflict of interest The authors declare that they have no conflict of
interest.

Informed consent Not applicable.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

1. Bernson-Leung ME, Rivkin MJ (2016) Stroke in neonates and
children. Pediatr Rev 37:463–477

2. Calgary Pediatric Stroke Program (2018) Pediatric stroke:
Definitions and terminology. https://ucalgary.ca/perinatalstroke/
definitions_terminology

3. Cardenas JF, Rho JM, Kirton A (2011) Pediatric stroke. Childs
Nerv Syst 27:1375–1390

4. Carlson HL, Ciechanski P, Harris AD, MacMaster FP, Kirton A
(2018) Changes in spectroscopic biomarkers after transcranial di-
rect current stimulation in children with perinatal stroke. Brain
Stimul 11:94–103

5. Carswell A, McColl MA, Baptiste S, Law M, Polatajko H, Pollock
N (2004) The Canadian occupational performance measure: a re-
search and clinical literature review. Can J Occup Ther 71:210–222

6. Dalkey N, Helmer O (1963) An experimental application of the
DELPHI method to the use of experts. Manag Sci 9:458–467

7. DeVeber G (2005) In pursuit of evidence-based treatments for paedi-
atric stroke: the UK and chest guidelines. Lancet Neurol 4:432–436

8. deVeber G, Roach ES, Riela AR, Wiznitzer M (2000) Stroke in
children: recognition, treatment, and future directions. Semin
Pediatr Neurol 7:309–317

9. Eve M, O'Keeffe F, Jhuty S, Ganesan V, Brown G, Murphy T
(2016) Computerized working memory training for children fol-
lowing arterial ischemic stroke: a pilot study with long-term fol-
low-up. Appl Neuropsychol 5:273–282

10. Fasoli SE, Fragala-Pinkham M, Hughes R, Hogan N, Krebs HI,
Stein J (2008) Upper limb robotic therapy for children with hemi-
plegia. Am J Phys Med Rehabil 87:929–936

452 Eur J Pediatr (2019) 178:433–454

https://ucalgary.ca/perinatalstroke/definitions_terminology
https://ucalgary.ca/perinatalstroke/definitions_terminology


11. Foley NC, Bhogal SK, Teasell RW, Bureau Y, SpeechleyMR (2006)
Estimates of quality and reliability with the physiotherapy evidence-
based database scale to assess the methodology of randomized con-
trolled trials of pharmacological and nonpharmacological interven-
tions. Phys Ther 86:817–824

12. Friedman N (2009) Pediatric stroke: past, present and future. Adv
Pediatr Infect Dis 56:271–299

13. Gillick BT, Krach LE, Feyma T, Rich TL, Moberg K, Thomas W,
Cassidy JM, Menk J, Carey JR (2014) Primed low-frequency re-
petitive transcranial magnetic stimulation and constraint-induced
movement therapy in pediatric hemiparesis: a randomized con-
trolled trial. Dev Med Child Neurol 56:44–52

14. Gillick BT, Feyma T, Menk J, Usset M, Vaith A, Wood TJ,
Worthington R, Krach LE (2015) Safety and feasibility of transcra-
nial direct current stimulation in pediatric hemiparesis: randomized
controlled preliminary study. Phys Ther 95:337–349

15. Goeggel Simonetti B, Cavelti A, Arnold M, Bigi S, Regenyi M,
Mattle HP, Gralla J, Fluss J, Weber P, Hackenberg A, Steinlin M,
Fischer U (2015) Long-term outcome after arterial ischemic stroke
in children and young adults. Neurology 84:1941–1947

16. Gordon A, Connelly A, Neville B, Vargha-Khadem F, Jessop N,
Murphy T, Ganesan V (2007) Modified constraint-induced move-
ment therapy after childhood stroke. DevMed Child Neurol 49:23–
27

17. Greenham M, Gordon A, Anderson V, Mackay MT (2016)
Outcome in childhood stroke. Stroke 47:1159–1164

18. Greenham M, Anderson V, Mackay MT (2017) Improving cogni-
tive outcomes for pediatric stroke. Curr Opin Neurol 30:127–132

19. Hebert D, Lindsay MP, McIntyre A, Kirton A, Rumney PG, Bagg
S, Bayley M, Dowlatshahi D, Dukelow S, Garnhum M, Glasser E,
Halabi ML, Kang E, MacKay-Lyons M, Martino R, Rochette A,
Rowe S, Salbach N, Semenko B, Stack B, Swinton L, Weber V,
Mayer M, Verrilli S, DeVeber G, Andersen J, BarlowK, Cassidy C,
Dilenge ME, Fehlings D, Hung R, Iruthayarajah J, Lenz L,
Majnemer A, Purtzki J, Rafay M, Sonnenberg LK, Townley A,
Janzen S, Foley N, Teasell R (2016) Canadian stroke best practice
recommendations: stroke rehabilitation practice guidelines, update
2015. Int J Stroke 11:459–484

20. Jeong JW, Lee J, Kamson DO, Chugani HT, Juhasz C (2015)
Detection of hand and leg motor tract injury using novel diffusion
tensor MRI tractography in children with central motor dysfunc-
tion. Magn Reson Imaging 33:895–902

21. Juenger H, Linder-Lucht M,Walther M, Berweck S, Mall V, Staudt
M (2007) Cortical neuromodulation by constraint-induced move-
ment therapy in congenital hemiparesis: an FMRI study.
Neuropediatrics 38:130–136

22. Kapadia NM, Nagai MK, Zivanovic V, Bernstein J, Woodhouse J,
Rumney P, Popovic MR (2014) Functional electrical stimulation
therapy for recovery of reaching and grasping in severe chronic
pediatric stroke patients. J Child Neurol 29:493–499

23. Kim CT, Han J, Kim H (2009) Pediatric stroke recovery: a descrip-
tive analysis. Arch Phys Med Rehabil 90:657–662

24. King AA, White DA, McKinstry RC, Noetzel M, Debaun MR
(2007) A pilot randomized education rehabilitation trial is feasible
in sickle cell and strokes. Neurology 68:2008–2011

25. Kirton A, deVeber G (2015) Paediatric stroke: pressing issues and
promising directions. Lancet Neurol 14:92–102

26. Kirton A, Chen R, Friefeld S, Gunraj C, Pontigon AM, deVeber G
(2008) Contralesional repetitive transcranial magnetic stimulation
for chronic hemiparesis in subcortical paediatric stroke: a
randomised trial. Lancet Neurol 7:507–513

27. Kirton A, Andersen J, Herrero M, Nettel-Aguirre A, Carsolio L,
Damji O, Keess J, Mineyko A, Hodge J, Hill MD (2016) Brain
stimulation and constraint for perinatal stroke hemiparesis: the
PLASTIC CHAMPS trial. Neurology 86:1659–1667

28. Kirton A, Ciechanski P, Zewdie E, Andersen J, Nettel-Aguirre A,
Carlson H, Carsolio L, HerreroM, Quigley J, Mineyko A, Hodge J,
Hill M (2017) Transcranial direct current stimulation for children
with perinatal stroke and hemiparesis. Neurology 88:259–267

29. Krishnamurthi RV, deVeber G, Feigin VL et al (2015) Stroke prev-
alence, mortality and disability-adjusted life years in children and
youth aged 0–19 years: Data from the global and regional burden of
stroke 2013. Neuroepidemiology 45:177–189

30. Mackay MT, Wiznitzer M, Benedict SL, Lee KJ, Deveber GA,
Ganesan V, International Pediatric Stroke Study Group (2011)
Arterial ischemic stroke risk factors: the international pediatric
stroke study. Ann Neurol 69:130–140

31. Mallick AA, O'Callaghan FJ (2010) Risk factors and treatment
outcomes of childhood stroke. Expert Rev Neurother 10:1331–
1346

32. Mallick AA, Ganesan V, Kirkham FJ, Fallon P, Hedderly T,
McShane T, Parker AP, Wassmer E, Wraige E, Amin S, Edwards
HB, Tilling K, O'Callaghan FJ (2014) Childhood arterial ischaemic
stroke incidence, presenting features, and risk factors: a prospective
population-based study. Lancet Neurol 13:35–43

33. Mittal SO, ThatiGanganna S, Kuhns B, Strbian D, Sundararajan S
(2015) Acute ischemic stroke in pediatric patients. Stroke 46:e32–
e34

34. Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group
(2009) Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement. J Clin Epidemiol 62:1006–1012

35. Moseley AM, Herbert RD, Sherrington C, Maher CG (2002)
Evidence for physiotherapy practice: a survey of the physiotherapy
evidence database (PEDro). Aust J Physiother 48:43–49

36. Rich TL,Menk J, Krach LE, Feyma T, Gillick BT (2016) Repetitive
transcranial magnetic stimulation/behavioral intervention clinical
trial: long-term follow-up of outcomes in congenital hemiparesis.
J Child Adolesc Psychopharmacol 26:598–605

37. Rickards T, Sterling C, Taub E, Perkins-Hu C, Gauthier L, Graham
M, Griffin A, Davis D, Mark VW, Uswatte G (2014) Diffusion
tensor imaging study of the response to constraint-induced move-
ment therapy of children with hemiparetic cerebral palsy and adults
with chronic stroke. Arch Phys Med Rehabil 95:506–514.e1

38. Royal College of Paediatrics and Child Health (2017) Stroke in
childhood: clinical guideline for diagnosis, Management and
rehabilitation

39. Rudolph S, Hiscock H, Price A, Efron D, Sewell J, South M, Wake
M (2009) What research questions matter to Australian paediatri-
cians? National Delphi Study. J Paediatr Child Health 45:704–710

40. Sackett D, Straus S, RichardsonW, RosenbergW, Haynes R (2000)
Evidence-based medicine: how to practice and teach EBM.
Churchill Livingstone, Toronto, ON

41. Steinlin M, O'Callaghan F, Mackay MT (2017) Planning interven-
tional trials in childhood arterial ischaemic stroke using a Delphi
consensus process. Dev Med Child Neurol 59:713–718

42. Studer M, Boltshauser E, CaponeMori A, Datta A, Fluss J, Mercati
D, Hackenberg A, Keller E, Maier O, Marcoz JP, Ramelli GP,
Poloni C, Schmid R, Schmitt-Mechelke T, Wehrli E, Heinks T,
Steinlin M (2014) Factors affecting cognitive outcome in early pe-
diatric stroke. Neurology 82:784–792

43. Taub E, Griffin A, Uswatte G, Gammons K, Nick J, Law CR (2011)
Treatment of congenital hemiparesis with pediatric constraint-
induced movement therapy. J Child Neurol 26:1163–1173

44. Tsze DS, Valente JH (2011) Pediatric stroke: a review. Emerg Med
Int.

45. Willis JK, Morello A, Davie A, Rice JC, Bennett JT (2002) Forced
use treatment of childhood hemiparesis. Pediatrics 110:94–96

46. World Health Organization (2007) International classification of
functioning, disability and health (ICF). World Health
Organization, Geneva

Eur J Pediatr (2019) 178:433–454 453



47. Yang JF, Livingstone D, Brunton K, Kim D, Lopetinsky B, Roy F,
Zewdie E, Patrick SK, Andersen J, Kirton A, Watt JM, Yager J,
Gorassini M (2013) Training to enhance walking in children with
cerebral palsy: are we missing the window of opportunity? Semin
Pediatr Neurol 20:106–115

48. Yerys BE, White DA, Salorio CF, McKinstry R, Moinuddin A,
DeBaun M (2003) Memory strategy training in children with cere-
bral infarcts related to sickle cell disease. J Pediatr Hematol Oncol
25:495–498

454 Eur J Pediatr (2019) 178:433–454


	Nonpharmacological...
	Abstract
	Introduction
	Methods
	Literature search strategy
	Selection criteria
	Study selection
	Methodological quality assessment
	Data extraction and synthesis

	Results
	Study selection
	Participant and study characteristics
	Interventions for motor outcomes
	Interventions for cognitive outcomes

	Discussion
	Limitations
	Conclusion
	References


