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Abstract: Constraint-induced movement therapy (CIMT) and bimanual therapy (BT) are among
the most effective hand therapies for children with unilateral cerebral palsy (uCP). Since they train
different aspects of hand use, they likely have synergistic effects. The aim of this study was to examine
the efficacy of different combinations of mCIMT and BT in an intensive occupational therapy program
for children with uCP. Children (n = 35) participated in intensive modified CIMT (mCIMT) and BT,
6 weeks, 5 days/week, 6 h/day. During the first 2 weeks, children wore a mitt over the less-affected
hand and engaged in functional and play activities with the affected hand. Starting in week 3,
bimanual play and functional activities were added progressively, 1 hour/week. This intervention
was compared to two different schedules of block interventions: (1) 3 weeks of mCIMT followed by
3 weeks of BT, and (2) 3 weeks of BT followed by 3 weeks of mCIMT. Hand function was tested before,
after, and two months after therapy with the Assisting Hand Assessment (AHA), Pediatric Evaluation
of Disability Inventory (PEDI), and Canadian Occupational Performance Measure (COPM). All
three‘groups of children improved in functional independence (PEDI; p < 0.031), goal performance
(COPM Performance; p < 0.0001) and satisfaction (COPM Satisfaction; p < 0.0001), which persisted
two months post-intervention. All groups showed similar amounts of improvement, indicating that
the delivery schedule for mCIMT and BT does not significantly impact the outcomes.

Keywords: hemiplegia; occupational therapy; cerebral palsy; constraint

1. Introduction

Intensive hand therapy is among the most effective, evidence-based therapies for
children with hemiplegia [1]. A key question in hemiplegia therapy is whether the affected
hand should be trained alone or in tandem with the other hand. In constraint-induced
movement therapy (CIMT), a participant’s less-affected upper extremity is restricted with a
sling, cast, or mitt, while the participant actively uses the affected arm and hand in skill-
based therapeutic activities [2]. Bimanual training (BT), in contrast, engages both hands
in therapeutic movement [3]. These two interventions have shown equivalence in most
studies and Cochrane reviews [4–10], though some studies show that BT is more effective
in improving functional use of the affected hand [9,11]. Since most functional activities of
daily living require bimanual coordination, BT is thought to be most effective at improving
performance of these activities [12]. Alternatively, there is evidence that CIMT may be more
effective in home- and school-based environments [13], isolated hand movements [14], and
may produce stronger improvements in head and reach control [15] than BT.

Since CIMT and BT target different aspects of hand use, they likely have synergistic
effects on hand function [16]. By requiring children to use the more-affected arm, CIMT is
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especially useful for overcoming “developmental disuse” [2]. The sensorimotor experience
of CIMT improves function and may “prime” the affected hand by increasing a child’s
awareness and engagement of the affected hand. This may then make subsequent bimanual
therapy more effective. A combined approach of CIMT followed by bimanual therapy has
been found to improve outcomes [17] beyond CIMT alone [18].

While most therapies have directly compared CIMT and BT, either by comparing
one therapy against the other or administering both therapies in a block design, other
combinations have not been well-studied. We developed a six-week occupational therapy
program that combines CIMT and BT over the course of treatment. The goal was to engage
the affected arm and hand using modified constraint-induced movement therapy (mCIMT),
then to focus on functional activities that require both hands. We rationalized that an optimal
therapy would first increase awareness and engagement of the impaired arm and hand, then
train that hand in functional bimanual tasks. We compared this approach to two groups who
received blocks of interventions. One of these groups completed three weeks of mCIMT,
followed by three weeks of BT, following the same rationale of first focusing on improving the
skill of the impaired upper limb and then introducing bimanual training. For a comparison,
one other group completed three weeks of BT, followed by three weeks of mCIMT. This
group was included to control for the order of the types of training. The goal of this study
was to determine if efficacy is impacted by the schedule of delivery of mCIMT versus
BT. We hypothesized that children who received mCIMT before BT would show a greater
improvement in hand function at the end of the intervention, as focusing on strengthening
the more-affected hand first would optimize the efficacy of the subsequent BT.

2. Materials and Methods
2.1. Participants

Thirty-five children participated in the study during the summers of 2011–2018. Five to
eleven children participated each summer. Demographics and clinical characteristics of
participants are shown in Table 1. Children were recruited from the outpatient service at
Blythedale Children’s Hospital and through community outreach.

Table 1. Baseline Participant Characteristics.

Child/Group Sex Age
(Y, M)

Paretic
Side AHA Baseline COPM Baseline PEDI

Baseline

Step01 M 3, 11 R 21 3.2 (P), 2.8 (S) 58

Step02 F 7, 9 R 47 3.8 (P), 4.5 (S) 74.7

Step03 M 9, 1 R 53 3.5 (P), 2.5 (S) 72.6

Step04 F 6, 6 R 38 4.2 (P), 3.6 (S) 57.4

Step05 M 8, 1 R 35 3.4 (P), 2.6 (S) 66

Step06 F 12, 5 L 30 4.0 (P), 3.4 (S) 79

Step07 M 8, 1 R 17 4.8 (P), 4.0 (S) 66

Step08 F 10, 4 R 58 3.4 (P), 3.8 (S) 77.3

Step09 F 10, 7 R 44 1.6 (P), 1.8 (S) 74.7

Step10 M 5, 2 L 44 1.8 (P), 2.6 (S) 55.6

Step11 M 6, 7 L 24 2.0 (P), 1.6 (S) 71.7

Step12 M 5, 8 R 27 3.0 (P), 3.4 (S) 61.2

Step13 M 6, 3 R 58 3.0 (P), 2.4 (S) 58.6

Step14 M 9, 5 L 58 1.6 (P), 1.0 (S) 75.9

BC01 M 12, 0 L 50 4 (P), 7.2 (S) 65.3

BC02 F 5, 8 R 59 2 (P), 5 (S) 53.7
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Table 1. Cont.

Child/Group Sex Age
(Y, M)

Paretic
Side AHA Baseline COPM Baseline PEDI

Baseline

BC03 M 5, 3 R 30 2 (P), 4.8 (S) 55.6

BC04 M 4, 9 R 61 1.8 (P), 5 (S) 59.9

BC05 M 5, 2 L 7 1.4 (P), 2.8 (S) 51.7

BC06 F 9, 0 L 52 2.2 (P), 5.8 (S) 61.2

BC07 F 8, 8 R 59 3.2 (P), 3 (S) 75.9

BC08 M 4, 11 L 55 2.4 (P), 1.4 (S) 55.6

BC09 M 5, 9 L 52 1.8 (P), 2.2 (S) 70

BC10 M 5, 5 R 43 2.4 (P), 2.6 (S) 54.9

CB01 M 4, 8 R 87 4.2 (P), 6.8 (S) 63.9

CB02 M 5, 9 R 33 3.4 (P), 6.6 (S) 59.9

CB03 M 10, 2 R 50 1.8 (P), 5.2 (S) 75.9

CB04 F 4, 9 L 65 2 (P), 5.2 (S) 60.5

CB05 F 11, 2 R 50 3.8 (P), 3.4 (S) 60.5

CB06 F 5, 8 R 52 4.6 (P), 4.2 (S) 62.5

CB07 M 11, 0 L 47 2.2 (P), 1.6 (S) 77.3

CB08 M 9, 8 L 52 3 (P), 1.8 (S) 65.3

CB09 F 5, 1 L 66 2 (P), 2 (S) 63.2

CB10 M 7, 6 R 84 4 (P), 2 (S) 56.2

CB11 M 5, 9 R 42 3 (P), 2.2 (S) 53

Summaries Counts Avg ± SD Counts Avg ± SD Avg ± SD Avg ± SD

Step (n = 14) 9M/5F 7.4 ± 2.3 10R/4L 39.6 ± 14.3 3.1 ±1.0 (P), 2.8 ± 1.0 (S) 67.8 ± 8.3

BC (n = 10) 7M/3F 6.8 ± 2.5 5R/5L 46.8 ± 16.7 2.3 ± 0.8 (P), 4.0 ± 1.8 (S) 60.4 ± 7.8

CB (n = 11) 7M/4F 7.5 ± 2.7 7R/4L 57.1 ± 16.8 3.1 ± 1.0 (P), 3.7 ±2.0 (S) 63.5 ± 7.4

Abbreviations: Step, stepwise progression group; BC, bimanual training followed by modified constraint-induced
movement therapy; CB, modified constraint-induced movement therapy followed by bimanual training; M, male;
F, female; R, right; L, left; AHA, Assisting Hand Assessment; COPM, Canadian Occupational Performance
Measure; P, performance; S, satisfaction; PEDI, The Pediatric Evaluation of Disability Inventory; Avg, average;
SD, standard deviation.

Inclusion criteria: (1) unilateral brain injury resulting in impairment of one side of
the body, (2) ability to move all joints of affected upper extremity, (3) age 4–12 years,
and (4) ability to comply with study protocol. Exclusion criteria: health problems or
uncorrected vision that would interfere with study participation. The study was approved
by the Institutional Review Board of Blythedale Children’s Hospital.

The interventions were offered as part of a clinical program in the Department of
Occupational Therapy. IRB approval was obtained to analyze data from the intervention
for the group that received the blended intervention. Children in the crossover groups
were prospectively enrolled and provided written assent. Their caregiver provided written
informed consent. The study was registered on clinicaltrials.gov (NCT02840643) before the
first child was randomized to one of the crossover groups.

2.2. Interventions

All intervention groups used combinations of modified constraint-induced movement
therapy (mCIMT) and bimanual therapy (BT). Therapy was conducted in a large room, such
that all children and occupational therapists had the opportunity to interact throughout the
program. The program was coordinated by an experienced occupational therapist, who

https://clinicaltrials.gov/
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was in the therapy room during the duration of the program. Each intervention took place
for 6 h per day, 5 days per week, for 6 weeks (180 h).

Three different interventions were tested:

1. 3 weeks of mCIMT followed by 3 weeks of BT (group CB);
2. 3 weeks of BT followed by 3 weeks of mCIMT (group BC);
3. 2 weeks of mCIMT followed by stepwise incorporation of BT, increasing the amount

of BT by 1 h per day for each of the next 4 weeks (group Step).

Materials: Both mCIMT and BT used toys, board games, art supplies, craft supplies,
and sports equipment selected and structured by occupational therapists. Children brought
items to the intervention for practicing caregiver/child-identified self-care and functional
goals, such as a shirt with buttons or shoes with laces.

Participants engaged in age-appropriate training 6 h/day for 30 days (180 h).
Providers and Location: Therapy was provided in one room at a pediatric rehabilita-

tion center. Therapy was provided by occupational therapists. The ratio of therapists to
children was approximately 1:4. For 60 min daily, each child received 1:1 training with an
OT. In addition to the OTs, there were 1–2 volunteers and/or OT interns always present in
the therapy room.

Duration of therapy and therapy regimen: Therapy was provided 6 h/day for six weeks
(30 days, 180 h total). The CB group received three weeks of mCIMT, followed by three weeks
of BT. The BC group received three weeks of BT, followed by three weeks of mCIMT.

The Step group had a stepwise integration of BT after starting the intervention with
mCIMT. During the first two weeks of the intervention, children received mCIMT. During
the third week of the intervention, children received mCIMT for the first five hours of each
day, then received one hour of BT. In each subsequent week of intervention, the duration
of mCIMT was reduced by one hour per day, while the duration of BT was increased
by one hour per day. Thus, in week four of the intervention, children began each day
with four hours of mCIMT, followed by two hours of BT. In week five of the intervention,
children began each day with three hours of mCIMT, followed by three hours of BT. In
the sixth and final week of the intervention, children began each day with two hours of
mCIMT, followed by four hours of BT (Figure 1).
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Figure 1. Delivery schedule for the Step group. Each clock represents a day’s schedule, with the same
schedule used each day that week. The intervention ran from 9 am to 3 pm, five days per week. During
the first two weeks, children received mCIMT for the entire six hours, represented by a single hand icon
and a shaded region on the clock, corresponding to the time of day. In week 3, children received mCIMT
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for 5 h, 9 am to 2 pm, followed by one hour of bimanual training, represented by two hand icons. In
each subsequent week of intervention, the duration of mCIMT was reduced by one hour per day,
while the duration of BT was increased by one hour per day. Throughout the intervention, mCIMT
was always given first in the day, followed by BT. By week 6, children received two hours per day of
mCIMT (9 am to 11 am) followed by BT (11 am to 3 pm).

During mCIMT, children wore a mitt over their less-affected hand, which restricted
use of that hand. Children engaged in intensive therapy to improve the active range of
motion, strength, motor control, and sensory awareness of the affected hand. Activities
were functional and play-based. Daily structure included: morning gym, fine motor,
gross motor, sensory motor, therapeutic feeding, sports, and self-care activities. During
training, children performed play-based and functional activities with the affected hand.
Example activities included playing card and board games, arts and crafts, and activities
that provided sensory stimulation to the affected hand, such as finger painting. Activities
also included stretching and strengthening, and reciprocal coordination exercises.

During BT, children did not wear a mitt over the less-affected hand. Children were
provided individualized activities that facilitated active use of both hands. Therapists
adapted and graded activities and guided children to problem-solve for success. Bimanual
activities included self-care (tying shoes, zippering, cutting food), sports activities, and
manipulation of classroom tools (cutting with scissors).

Tailoring of therapy: Activities were selected for each participant based on the child’s
preferences, interest, and functional goals. Examples of the children’s preferred interests
include sports, arts and crafts, model construction, music, dancing, and computer games.
Some examples of functional goals include donning and doffing clothing, using eating utensils,
pouring liquid into a cup, carrying a lunch tray, and opening zippered food storage bags.

2.3. Group Allocation

This study began as a clinical program at Blythedale Children’s Hospital, held once
annually during the summer. From 2011 to 2015, the Step protocol was used exclusively. In
2016, we decided to add the CB and BC groups. In 2016–2018, only the CB and BC protocols
were used. During this time, children were randomized to either of the two groups. Thus,
the Step group was not randomized, while the CB and BC groups were randomized.
Each cohort was split into two equally sized, age-matched groups. Then, each group was
randomized to either the CB or BC interventions. Randomization was done off site by a
scientist not otherwise associated with the study.

2.4. Outcome Measures

All study participants were evaluated at three time points: before the first day of
treatment, within two days of the end of treatment, and two months after treatment.
Bimanual performance was tested for in the CB and BC groups after week three of the
intervention, when they switched between mCIMT and BT. Three outcome measures were
chosen to quantify bimanual performance, motor function of the impaired upper extremity,
and functional goal performance.

The Assisting Hand Assessment (AHA) was used to measure how children use the
two hands together. The AHA quantifies how well children with unimanual upper limb
impairments use their impaired hand when performing bimanual activities. The AHA
shows excellent validity, reliability (0.97–0.99) and responsiveness to change [19]. The test
was videotaped and scored by a trained evaluator. Scores were computed as logit-based
AHA units. The functionally meaningful difference in score for the AHA is 4 points [20].

The Canadian Occupational Performance Measure (COPM) was used to measure
performance and satisfaction levels in functional goals in self-care, productivity, and leisure
domains [21]. The COPM is a standardized test in which a child’s caregiver identifies a
child’s functional goals during a structured interview [22]. The caregiver rates satisfaction
and performance on a scale of 1 (poor) to 10 (excellent), on a maximum of five goals.
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The minimal clinically important difference is 2 points. Mean performance and caregiver
satisfaction scores were analyzed.

The Pediatric Evaluation of Disability Inventory (PEDI) was used to assess each child’s
functional independence with activities of daily living. For this study, only the PEDI self-
care domain was used, as evaluated by a caregiver. Scaled performance scores ranging from
0 (poor) to 100 (excellent) were used to assess change over time. The MCID is 11 points [23].
It has very good inter-rater reliability, with an intra-class coefficient of 0.7–0.98 [24].

The AHA was conducted by staff who were not therapists in the intervention. The
AHA was scored by a blinded, trained, certified evaluator who was not involved in any
other aspect of this study. The COPM and PEDI were given by one of the therapists, who
may or may not have worked with a particular child.

2.5. Statistical Analyses

A group × time repeated-measured analysis of variance (ANOVA) was used to evalu-
ate differences in outcome measures after the intervention and a two-month follow-up, for
each intervention group, using SPSS Software (IBM, version 21). Missing data were inter-
polated based on average changes in measures from pre- and immediate post-intervention
to 2 months follow-up. Two-month AHA follow-up data were missing for two children in
the Step group, one child in the BT group, and two children in the CB group. Two-month
COPM follow-up data were missing for one child in the Step group, one child in the BC
group, and two children in the CB group. Two-month PEDI follow-up data were missing
for seven children in the Step group, one child in the BC group, and two children in the CB
group. Analyses were done with and without the inclusion of the missing data estimates,
and the statistical outcomes were not different between these methods. The findings pre-
sented below include the missing data estimates. When main ANOVA effects were found,
post-hoc analyses were performed, using Bonferroni corrections to correct for multiple
comparisons. The Fisher’s exact test was used to compare baseline categorical variables,
sex, and side of lesion, among the groups. A p-value of less than 0.05 was considered
statistically significant.

3. Results

Thirty-five children with unilateral CP participated in a six-week intensive occupa-
tional therapy program that combined unimanual and bimanual training. Participant
demographics and baseline clinical measures are presented in Table 1. We examined differ-
ences among baseline characteristics of the groups. There were no significant differences
in sex (Fisher’s Exact, p = 1.0), lesion side (Fisher’s Exact, p = 0.61), age (F(2,32) = 0.48,
p = 0.63), COPM-Performance (F(2,32) = 2.4, p = 0.11), COPM-Satisfaction (F(2,32) = 1.75,
p = 0.19), or the PEDI (F(2,32) = 2.6, p = 0.087). There was a difference in baseline AHA
among groups (F(2,31) = 3.7, p = 0.037)), which was a limitation of this study. The AHA for
the CB group was significantly higher than the AHA for the Step group (p = 0.033). The BC
group AHA scores were not significantly different from the other groups (p > 0.45).

3.1. Improvements in Bimanual Hand Function after Intervention

Bimanual hand function was measured before, after, and two months after intervention
with the Assisting Hand Assessment (AHA; Figure 2A). There was no main effect of the
intervention on AHA scores (F(2,39) = 1.03, p = 0.37). We assessed how many children per
group met the functionally meaningful difference for the AHA, which is 4 points. In the
Step group, 71.4% children improved by 4 or more points, while 70% of children in the BC
group and 36% of children in the CB group reached the functionally meaningful difference.
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Figure 2. Outcome measures assessed before, immediately after, and two months after the inter-
vention. (A). There were no statistically significant differences in the AHA between the time points
or groups. (B). There was an overall improvement in the PEDI (p < 0.031), with the Step group
improving more than the BC group (p = 0.0022). There was an overall improvement in the COPM
Performance (p < 0.0001, (C)) and in the COPM Satisfaction (p < 0.0001, (D)). For COPM Performance,
the CB group improved more than the BC group (p = 0.034).

3.2. Improvements in Self-Care Skills Independence after Intervention

Changes in self-care skills performance were measured before, after, and two months
after intervention with the Pediatric Evaluation of Disability Inventory (PEDI). Caregiver
reports of self-care skills performance were obtained. There was a significant improvement
in skill performance (Figure 2B) outcomes after intervention (F(2,39) = 4.2, p < 0.031). For
COPM Performance, the CB group improved slightly more than the BC group (p = 0.034),
while the Step group did not differ from the CB (p = 0.89) or BC (p = 0.24) groups. For COPM
Satisfaction, there were no significant differences in improvement among the groups (p > 0.1).

3.3. Improvements in Functional Goal Performance and Satisfaction after Intervention

Changes in functional goal performance and satisfaction were measured before, after,
and two months after intervention with the Canadian Occupational Performance Measure
(COPM). Caregiver reports of goal performance and satisfaction with performance were
obtained. There was a significant improvement in both performance (Figure 2C) and
caregiver satisfaction (Figure 2D) outcomes after intervention (Performance: F(2,39) = 19.1,
p < 0.0001; Satisfaction: F(2,39) = 35.2, p < 0.0001) that was retained two months after
intervention. These represent clinically meaningful improvements in both functional goal
performance and satisfaction.

3.4. Midpoint Analysis of Bimanual Function in BC and CB Groups

In the BC and CB groups, we measured bimanual function using the AHA after
three weeks of the intervention. We examined whether bimanual function changed differ-
ently if children received mCIMT or BT in the first block of the intervention (Figure 3). The
AHA significantly improved for both groups after three weeks (F(3,57) = 3.49, p = 0.034).
There were no significant differences between groups (F(3,57) = 1.31, p = 0.28), meaning
that the order of mCIMT or BT delivery did not impact efficacy.
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Figure 3. Comparison of bimanual function for the BC and CB groups, including a midpoint measure
done at the end of week 3 of the intervention. There was an overall improvement in AHA scores across
all time points (p = 0.034), with no difference in AHA scores between the groups (p = 0.28). * p < 0.05.

4. Discussion

This study compared the efficacy of different combinations of mCIMT and BT for
improving hand function in children with uCP. The intervention improved self-care skills
independence and performance and satisfaction in caregiver-rated functional goals. Im-
provements were maintained two months after therapy.

While many clinical trials have shown that CIMT and bimanual therapy have equiv-
alent efficacy in children with hemiplegia [6–10], a recent focus has been to select the
hypothesized key ingredients from each therapy and combine these two approaches. CIMT
provides focused training of the impaired hand, which may be optimal for improving
strength of that hand [13,14]. Bimanual therapy has been shown to be slightly better than
CIMT at improving functional, bimanual hand use [25].

In our study, we did not find clinically meaningful differences in outcomes among the
three groups. We had hypothesized that children receiving mCIMT before BT would have the
greatest improvements. In our comparison of pre, post, and two-month follow-up time points
for all three groups, we found some group differences, but these did not differ by a clinically
meaningful amount. Children in the CB group improved in COPM Performance more than the
BC group, by a difference on 0.8 points, whereas the clinically meaningful difference is 2 points.
Children in the Step group improved in the PEDI more than the BC group, by a difference of
7.3 points, while the clinically meaningful difference is 11 points. Thus, we conclude that the
three interventions are not meaningfully different in their efficacy. This could indicate that at
the intensity delivered, either type of training was sufficient to drive change.

Despite the abundance of research into the optimal therapies for children with uCP,
all available therapies remain unable to ameliorate impairments. Children, and their
families, invest a massive amount of time, effort, and hope in the best available therapies.
Nevertheless, these children spend a lifetime with movement impairments. Much more
work is needed to develop effective therapies that enable children to sustain long-term
improvements in function.

Further study is needed to better understand the optimal combination, schedule, and
intensity of therapeutic strategies. There are a wide variety of factors that contribute to
movement, and even the best available therapies do not address all factors. For example,
many children with uCP have impairments in motor planning and motor imagery [26–29].
Adding action-observation training to CIMT can improve the efficacy of CIMT [30]. The
role of sensory impairments in improvement of movement needs to be further studied, as
the sensory system plays an essential role in accurate voluntary movement [31].

Moreover, a better understanding of individual differences in responsiveness to therapy
is needed. There is a high variability in responses among children in the studies cited in
this manuscript. Efficacy can depend on how engaged a child is in the intervention [32], the
intensity of training [33], and a myriad of other factors. One study suggests, for example,
that a child may be more responsive to CIMT or bimanual therapy based on whether their
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impaired hand is controlled via contralateral connections from the injured motor cortex, or
via ipsilateral connections from the uninjured motor cortex [34], while others did not find
a difference in efficacy based on motor system connectivity [35]. Gender may also affect
efficacy, though the key ingredient may be the active engagement of each child in the training.
When conducting group interventions, it is important to have a variety of fun activities that
will be appealing to children of varied genders, ages, ability levels, and interests.

There were several limitations to this study that pertain to how the study was done, and
how the findings can be interpreted. First, we will discuss limitations regarding how the
study was done. The study is underpowered to be an efficacy study or a non-inferiority study.
However, our results are consistent with prior studies comparing unimanual and bimanual
training [6,9,10,36,37]. A limitation is that the Step group was completed before the CB and
BC groups were developed. Ideally, all three interventions would have been tested at the
same time, and children would have been randomized to each of the groups. The length of
time between the delivery of the three intervention types may have affected the outcomes.
Another limitation is the large number of children in the Step group who did not complete the
two-month follow-up PEDI evaluation. The PEDI and COPM findings also have a limitation,
since therapists associated with the intervention conducted these surveys. Finally, a limitation
is that the CB group had a higher baseline AHA score than the Step group.

There are also limitations regarding how our findings can be interpreted. The children
in this study were school aged between 4 and 12 years old. We chose this age group because
they are capable of remaining engaged in training tasks for 6 h/day, but it is possible
that younger children may show greater improvements in a similar intervention, since
neuroplasticity is greater in young children [38]. Our findings cannot be generalized to
younger children, teens, or adults with uCP.

Moreover, our conclusions are limited by the length of follow-up of this study. We
included a two-month follow-up evaluation, but ideally the effects would be sustained long-
term. In the future, longer follow-ups, such as six months later, would provide important
information about the longevity of improvements. It is possible that our three schedules of
the intervention led to different rates of long-term retention of improved function.

In this study, we hypothesized that children who received unimanual training before
bimanual training would improve more than children who did not receive unimanual
training first. Our findings indicate, however, that the order of training strategies does not
significantly affect outcomes. The optimal schedule of training approaches is likely to be
specific to an individual’s impairments and other unknown factors. More work is needed
to better understand how to optimize a child’s improvements.

5. Conclusions

This study compared the efficacy of blocks of mCIMT and BT or progressive shift from
mCIMT to BT for improving hand function in children ages 4–12 with uCP. All groups
improved equally in self-care skills independence and performance and satisfaction in
caregiver-rated functional goals. This interpretation is limited by a small sample size, lack of
long-term follow up, and differences in baseline bimanual function among the three groups.

Author Contributions: Conceptualization, K.L.K.A., J.L.K., S.M.-M., J.B.C. and K.M.F.; methodology,
K.L.K.A., J.L.K., S.M.-M., T.C.C., J.B.C. and K.M.F.; formal analysis, T.C.C. and K.M.F.; investigation,
K.L.K.A., J.L.K. and S.M.-M.; writing—original draft preparation, K.M.F.; writing—review and editing,
K.L.K.A., J.L.K., S.M.-M., T.C.C., J.B.C. and K.M.F.; visualization, K.M.F.; supervision, K.L.K.A., J.L.K.
and S.M.-M.; project administration, K.L.K.A., J.L.K. and S.M.-M.; funding acquisition, K.L.K.A., J.L.K.,
S.M.-M., J.B.C. and K.M.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Blythedale Children’s Hospital, NIH R01 HD076436 (K.M.F.),
NIH K08 NS073796 (J.B.C.), Thomas and Agnes Carvel Foundation (K.M.F. and J.B.C.). The National
Institutes of Health and the Thomas and Agnes Carvel Foundation provided funding to J.B.C. and
K.M.F. that paid for a portion of the time these authors spent working on this manuscript. These
grantors were not involved in study design, data collection, analysis, manuscript preparation, and
publication decisions.



Behav. Sci. 2023, 13, 490 10 of 11

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Blythedale Children’s Hospital
(IRB #15-0309KF).

Informed Consent Statement: Written informed consent was obtained from a parent/caregiver
for each participant involved in the BC and CB groups. Written assent was obtained from each
participant involved in the BC and CB groups. The Step group was done as a clinical program,
therefore informed consent was not obtained. We received IRB approval to analyze and include data
from the Step group for this study.

Data Availability Statement: Requests for data can be made to Kathleen Friel, kaf3001@med.cornell.edu.

Acknowledgments: We thank the OTs at Blythedale, especially Tara Sullivan, Fran Sotirhos, Diana
Ryan who provided interventions, and the OT volunteers who supported the program. We thank
Linda Monterroso for assistance with data tabulation. We thank the participants and their families.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Novak, I.; Morgan, C.; Fahey, M.; Finch-Edmondson, M.; Galea, C.; Hines, A.; Langdon, K.; Mc Namara, M.; Paton, M.C.;

Popat, H.; et al. State of the Evidence Traffic Lights 2019: Systematic Review of Interventions for Preventing and Treating Children
with Cerebral Palsy. Curr. Neurol. Neurosci. Rep. 2020, 20, 3. [CrossRef] [PubMed]

2. Charles, J.R.; Wolf, S.L.; Schneider, J.A.; Gordon, A. Efficacy of a child-friendly form of constraint-induced movement therapy in
hemiplegic cerebral palsy: A randomized control trial. Dev. Med. Child Neurol. 2006, 48, 635–642. [CrossRef] [PubMed]

3. Charles, J.; Gordon, A.M. Development of hand–arm bimanual intensive training (HABIT) for improving bimanual coordination
in children with hemiplegic cerebral palsy. Dev. Med. Child Neurol. 2006, 48, 931–936. [CrossRef] [PubMed]

4. Hoare, B.; Imms, C.; Carey, L.; Wasiak, J. Constraint-induced movement therapy in the treatment of the upper limb in children
with hemiplegic cerebral palsy: A Cochrane systematic review. Clin. Rehabil. 2007, 21, 675–685. [CrossRef]

5. Hoare, B.J.; Wasiak, J.; Imms, C.; Carey, L. Constraint-induced movement therapy in the treatment of the upper limb in children
with hemiplegic cerebral palsy. Cochrane Database Syst. Rev. 2007, CD004149. [CrossRef]

6. Sakzewski, L.; Ziviani, J.; Abbott, D.F.; MacDonell, R.A.L.; Jackson, G.; Boyd, R.N. Equivalent Retention of Gains at 1 Year After
Training with Constraint-Induced or Bimanual Therapy in Children with Unilateral Cerebral Palsy. Neurorehabilit. Neural Repair
2011, 25, 664–671. [CrossRef]

7. Sakzewski, L.; Ziviani, J.; Abbott, D.; MacDonell, R.A.L.; Jackson, G.D.; Boyd, R.N. Randomized trial of constraint-induced
movement therapy and bimanual training on activity outcomes for children with congenital hemiplegia. Dev. Med. Child Neurol.
2011, 53, 313–320. [CrossRef]

8. Dong, V.A.-Q.; Tung, I.H.-H.; Siu, H.W.-Y.; Fong, K.N.-K. Studies comparing the efficacy of constraint-induced movement therapy and
bimanual training in children with unilateral cerebral palsy: A systematic review. Dev. Neurorehabilit. 2012, 16, 133–143. [CrossRef]

9. Gordon, A.M.; Hung, Y.-C.; Brandao, M.; Ferre, C.L.; Kuo, H.-C.; Friel, K.; Petra, E.; Chinnan, A.; Charles, J.R. Bimanual Training and
Constraint-Induced Movement Therapy in Children with Hemiplegic Cerebral Palsy. Neurorehabilit. Neural Repair 2011, 25, 692–702.
[CrossRef]

10. Friel, K.M.; Ferre, C.L.; Brandao, M.; Kuo, H.-C.; Chin, K.; Hung, Y.-C.; Robert, M.T.; Flamand, V.H.; Smorenburg, A.;
Bleyenheuft, Y.; et al. Improvements in Upper Extremity Function Following Intensive Training Are Independent of Corti-
cospinal Tract Organization in Children with Unilateral Spastic Cerebral Palsy: A Clinical Randomized Trial. Front. Neurol. 2021,
12, 660780. [CrossRef]

11. Brandão, M.D.B.; Gordon, A.M.; Mancini, M.C. Functional Impact of Constraint Therapy and Bimanual Training in Children with
Cerebral Palsy: A Randomized Controlled Trial. Am. J. Occup. Ther. 2012, 66, 672–681. [CrossRef]

12. Gordon, A. Two hands are better than one: Bimanual skill development in children with hemiplegic cerebral palsy. Dev. Med.
Child Neurol. 2010, 52, 315–316. [CrossRef]

13. Bingöl, H.; Günel, M.K. Comparing the effects of modified constraint-induced movement therapy and bimanual training in children
with hemiplegic cerebral palsy mainstreamed in regular school: A randomized controlled study. Arch. Pediatr. 2022, 29, 105–115.
[CrossRef]

14. Deppe, W.; Thuemmler, K.; Fleischer, J.; Berger, C.; Meyer, S.; Wiedemann, B. Modified constraint-induced movement therapy versus
intensive bimanual training for children with hemiplegia—A randomized controlled trial. Clin. Rehabil. 2013, 27, 909–920. [CrossRef]

15. Hung, Y.-C.; Spingarn, A.; Friel, K.M.; Gordon, A.M. Intensive Unimanual Training Leads to Better Reaching and Head Control
than Bimanual Training in Children with Unilateral Cerebral Palsy. Phys. Occup. Ther. Pediatr. 2020, 40, 491–505. [CrossRef]

16. Hoare, B.; Greaves, S. Unimanual versus bimanual therapy in children with unilateral cerebral palsy: Same, same, but different.
J. Pediatr. Rehabil. Med. 2017, 10, 47–59. [CrossRef]

17. de Brito Brandao, M.; Mancini, M.C.; Vaz, D.V.; de Melo, A.P.P.; Fonseca, S.T. Adapted version of constraint-induced movement therapy
promotes functioning in children with cerebral palsy: A randomized controlled trial. Clin. Rehabil. 2010, 24, 639–647. [CrossRef]

https://doi.org/10.1007/s11910-020-1022-z
https://www.ncbi.nlm.nih.gov/pubmed/32086598
https://doi.org/10.1017/S0012162206001356
https://www.ncbi.nlm.nih.gov/pubmed/16836774
https://doi.org/10.1017/S0012162206002039
https://www.ncbi.nlm.nih.gov/pubmed/17044964
https://doi.org/10.1177/0269215507080783
https://doi.org/10.1002/14651858.CD004149.pub2
https://doi.org/10.1177/1545968311400093
https://doi.org/10.1111/j.1469-8749.2010.03859.x
https://doi.org/10.3109/17518423.2012.702136
https://doi.org/10.1177/1545968311402508
https://doi.org/10.3389/fneur.2021.660780
https://doi.org/10.5014/ajot.2012.004622
https://doi.org/10.1111/j.1469-8749.2009.03390.x
https://doi.org/10.1016/j.arcped.2021.11.017
https://doi.org/10.1177/0269215513483764
https://doi.org/10.1080/01942638.2020.1712513
https://doi.org/10.3233/PRM-170410
https://doi.org/10.1177/0269215510367974


Behav. Sci. 2023, 13, 490 11 of 11

18. Klingels, K.; Feys, H.; Molenaers, G.; Verbeke, G.; Van Daele, S.; Hoskens, J.; Desloovere, K.; De Cock, P. Randomized Trial of
Modified Constraint-Induced Movement Therapy with and Without an Intensive Therapy Program in Children with Unilateral
Cerebral Palsy. Neurorehabilit. Neural Repair 2013, 27, 799–807. [CrossRef]

19. Krumlinde-Sundholm, L.; Holmefur, M.; Kottorp, A.; Eliasson, A.-C. The Assisting Hand Assessment: Current evidence of
validity, reliability, and responsiveness to change. Dev. Med. Child Neurol. 2007, 49, 259–264. [CrossRef]

20. Holmefur, M.; Krumlinde-Sundholm, L.; Eliasson, A.-C. Interrater and Intrarater Reliability of the Assisting Hand Assessment.
Am. J. Occup. Ther. 2007, 61, 79–84. [CrossRef]

21. Verkerk, G.J.Q.; Wolf, M.J.M.A.G.; Louwers, A.M.; Meester-Delver, A.; Nollet, F. The reproducibility and validity of the Canadian
Occupational Performance Measure in parents of children with disabilities. Clin. Rehabil. 2006, 20, 980–988. [CrossRef] [PubMed]

22. Law, M.; Baptiste, S.; McColl, M.; Opzoomer, A.; Polatajko, H.; Pollock, N. The Canadian Occupational Performance Measure: An
Outcome Measure for Occupational Therapy. Can. J. Occup. Ther. 1990, 57, 82–87. [CrossRef] [PubMed]

23. Iyer, L.V.; Haley, S.M.; Watkins, M.P.; Dumas, H.M. Establishing minimal clinically important differences for scores on the
pediatric evaluation of disability inventory for inpatient rehabilitation. Phys. Ther. 2003, 83, 888–898. [CrossRef] [PubMed]

24. Berg, M.; Jahnsen, R.; Frøslie, K.F.; Hussain, A. Reliability of the Pediatric Evaluation of Disability Inventory (PEDI). Phys. Occup.
Ther. Pediatr. 2004, 24, 61–67. [CrossRef]

25. Gordon, A.M.; Schneider, J.A.; Chinnan, A.; Charles, J.R. Efficacy of a hand–arm bimanual intensive therapy (HABIT) in children
with hemiplegic cerebral palsy: A randomized control trial. Dev. Med. Child Neurol. 2007, 49, 830–838. [CrossRef]

26. Mutsaarts, M.; Steenbergen, B.; Bekkering, H. Anticipatory planning deficits and task context effects in hemiparetic cerebral palsy.
Exp. Brain Res. 2006, 172, 151–162. [CrossRef]

27. Steenbergen, B.; Jongbloed-Pereboom, M.; Spruijt, S.; Gordon, A. Impaired motor planning and motor imagery in children with
unilateral spastic cerebral palsy: Challenges for the future of pediatric rehabilitation. Dev. Med. Child Neurol. 2013, 55 (Suppl. S4), 43–46.
[CrossRef]

28. Martinie, O.; Mercier, C.; Gordon, A.M.; Robert, M.T. Upper Limb Motor Planning in Individuals with Cerebral Palsy Aged
between 3 and 21 Years Old: A Systematic Review. Brain Sci. 2021, 11, 920. [CrossRef]

29. Gutterman, J.; Lee-Miller, T.; Friel, K.M.; Dimitropoulou, K.; Gordon, A.M. Anticipatory Motor Planning and Control of Grasp in
Children with Unilateral Spastic Cerebral Palsy. Brain Sci. 2021, 11, 1161. [CrossRef]

30. Simon-Martinez, C.; Mailleux, L.; Hoskens, J.; Ortibus, E.; Jaspers, E.; Wenderoth, N.; Sgandurra, G.; Cioni, G.; Molenaers, G.;
Klingels, K.; et al. Randomized controlled trial combining constraint-induced movement therapy and action-observation training
in unilateral cerebral palsy: Clinical effects and influencing factors of treatment response. Ther. Adv. Neurol. Disord. 2020, 13,
1756286419898065. [CrossRef]

31. Gupta, D.; Barachant, A.; Gordon, A.; Ferre, C.; Kuo, H.-C.; Carmel, J.B.; Friel, K.M. Effect of sensory and motor connectivity on
hand function in pediatric hemiplegia. Ann. Neurol. 2017, 82, 766–780. [CrossRef]

32. Delfing, D.; Chin, K.; Hentrich, L.; Rachwani, J.; Friel, K.M.; Santamaria, V.; Imms, C.; Gordon, A.M. Assessing engagement in
rehabilitation: Development, validity, reliability, and responsiveness to change of the Rehabilitation Observation Measure of
Engagement (ROME). Disabil. Rehabil. 2023, 10, 1–10. [CrossRef]

33. Friel, K.M.; Kuo, H.-C.; Fuller, J.; Ferre, C.L.; Brandão, M.; Carmel, J.B.; Bleyenheuft, Y.; Gowatsky, J.L.; Stanford, A.D.; Rowny, S.B.;
et al. Skilled Bimanual Training Drives Motor Cortex Plasticity in Children with Unilateral Cerebral Palsy. Neurorehabilit. Neural
Repair 2016, 30, 834–844. [CrossRef]

34. Kuhnke, N.; Juenger, H.; Walther, M.; Berweck, S.; Mall, V.; Staudt, M. Do patients with congenital hemiparesis and ipsilateral
corticospinal projections respond differently to constraint-induced movement therapy? Dev. Med. Child Neurol. 2008, 50, 898–903.
[CrossRef]

35. Smorenburg, A.R.P.; Gordon, A.M.; Kuo, H.-C.; Ferre, C.L.; Brandao, M.; Bleyenheuft, Y.; Carmel, J.B.; Friel, K.M. Does
Corticospinal Tract Connectivity Influence the Response to Intensive Bimanual Therapy in Children with Unilateral Cerebral
Palsy? Neurorehabilit. Neural Repair 2016, 31, 250–260. [CrossRef]

36. Gelkop, N.; Burshtein, D.G.; Lahav, A.; Brezner, A.; Al-Oraibi, S.; Ferre, C.L.; Gordon, A. Efficacy of Constraint-Induced Movement
Therapy and Bimanual Training in Children with Hemiplegic Cerebral Palsy in an Educational Setting. Phys. Occup. Ther. Pediatr.
2014, 35, 24–39. [CrossRef]

37. Klepper, S.E.; Krasinski, D.C.; Gilb, M.C.; Khalil, N. Comparing Unimanual and Bimanual Training in Upper Extremity Function
in Children with Unilateral Cerebral Palsy. Pediatr. Phys. Ther. 2017, 29, 288–306. [CrossRef]

38. Rice, D.; Barone, S., Jr. Critical periods of vulnerability for the developing nervous system: Evidence from humans and animal
models. Environ. Health Perspect. 2000, 108 (Suppl. S3), 511–533. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/1545968313496322
https://doi.org/10.1111/j.1469-8749.2007.00259.x
https://doi.org/10.5014/ajot.61.1.79
https://doi.org/10.1177/0269215506070703
https://www.ncbi.nlm.nih.gov/pubmed/17065541
https://doi.org/10.1177/000841749005700207
https://www.ncbi.nlm.nih.gov/pubmed/10104738
https://doi.org/10.1093/ptj/83.10.888
https://www.ncbi.nlm.nih.gov/pubmed/14519060
https://doi.org/10.1300/J006v24n03_05
https://doi.org/10.1111/j.1469-8749.2007.00830.x
https://doi.org/10.1007/s00221-005-0327-0
https://doi.org/10.1111/dmcn.12306
https://doi.org/10.3390/brainsci11070920
https://doi.org/10.3390/brainsci11091161
https://doi.org/10.1177/1756286419898065
https://doi.org/10.1002/ana.25080
https://doi.org/10.1080/09638288.2023.2208379
https://doi.org/10.1177/1545968315625838
https://doi.org/10.1111/j.1469-8749.2008.03119.x
https://doi.org/10.1177/1545968316675427
https://doi.org/10.3109/01942638.2014.925027
https://doi.org/10.1097/PEP.0000000000000438
https://doi.org/10.1289/ehp.00108s3511

	Introduction 
	Materials and Methods 
	Participants 
	Interventions 
	Group Allocation 
	Outcome Measures 
	Statistical Analyses 

	Results 
	Improvements in Bimanual Hand Function after Intervention 
	Improvements in Self-Care Skills Independence after Intervention 
	Improvements in Functional Goal Performance and Satisfaction after Intervention 
	Midpoint Analysis of Bimanual Function in BC and CB Groups 

	Discussion 
	Conclusions 
	References

