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ABSTRACT

International Journal of Exercise Science 17(3): 831-851, 2024. To couple or not to couple is a dilemma
for the CNS when performing bimanual goal-directed actions. Numerous interacting individual and task-related
constraints contribute to the issue of effective movement coordination, and their impact on the emerging actions
must be inferred from valid methodologies. This is particularly important when examining coordination in
individuals with stroke undergoing rehabilitation. The purpose of this review was to identify the different
constraints that may impact inter-limb coupling, and the rehabilitation approaches implemented to enhance those
actions. Also, the measures incorporated to examine the effects of rehabilitation methods were reviewed. A
literature search was conducted using CINAHL, PubMed and PsycINFO. Following the PRISMA 2020 guidelines,
789 relevant studies were identified, with 20 articles fulfilling the established criteria. Results showed that the
impact of sex, time after stroke, type of stroke, and age were not examined in any studies reviewed. In terms of
task constraints, most did not examine bimanual coordination explicitly. Bimanual movement training was the
most prevalent. Regarding the dependent variables, clinician-reported and performance based scales were
frequently used, while only eight studies implemented kinematic analysis, and only three examined inter-limb
organization. None made explicit inferences to the existing theories of inter-limb coordination. In conclusion,
important individual and task constraints on inter-limb coordination were scarcely examined. Also, majority of the
studies did not involve bimanual tasks, or any measures of inter-limb coupling, thus the inferences should be
treated with caution. Conceptually, all studies were data driven.
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INTRODUCTION

Across the world, stroke has become the leading cause of death and the main cause of long-term
adult disability and dysfunction. In North America, over 1 million of stroke survivors are living
with long-term disability that requires assistance with the performance of daily activities. In
Canada alone, more than 62,000 stroke cases are reported annually, and 700,000 people who are
20 years of age or older are living with the consequences of stroke. On average a stroke occurs
every 30 minutes (4).
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A stroke is an injury that results from lack of adequate blood supply to the brain, which is also
known as a “brain attack”, or a cerebrovascular infarction. An ischemic stroke is most prevalent
as it occurs in 87% of all patients, and it results from obstruction of one or more vessel supplying
blood to the brain. A hemorrhagic stroke occurs when a weakened blood vessel ruptures,
whereas the transient ischemic attack is a brief episode of an ischemic stroke, with clinical
symptoms lasting less than one hour, and without evidence of acute infarction. The incidence of
stroke increases with age, with the number doubling for each decade after 55 years of age (4).
Another factor that affects incidence of strokes is sex, where females have an overall higher
lifetime risk of stroke than males because of longer life expectancy.

Motor deficits that are induced by stroke vary but often include partial loss of voluntary control
over muscles on the contralateral side of the body from where the stroke occurred in the brain.
This condition is often referred to as hemiparesis, which occurs in approximate 80-90% of all
stroke survivors. Hemiparesis presents as reduced muscle strength, slower movement speed,
and overall difficulties in coordinating and controlling multi-joint actions, including bimanual
symmetrical and asymmetrical actions.

Due to the motor deficits resulting from stroke, regaining the capability to coordinate and
control both arms has been emphasized. Many different clinical rehabilitation programs have
been available, such as bilateral arm training, the use of end-effector robots and exoskeleton
robots, as well constraint-induced movement training (CIMT). The effectiveness of these
programs varies, and often the nature of the emerging inferences depends on the type of
measures incorporated. In the existing literature these measures ranged from outcome focused
clinical scales to more precise and accurate kinematic descriptors of the emerging movement
patterns. In the context of motor control, the conceptual and methodological approaches
implemented to examine issues of inter-limb coordination depended largely on the nature of the
tasks being examined. In discrete bimanual actions, the concept of synergy or coordinative
structure (24) has been primarily applied to tasks such as bimanual reaching in typically (21)
and atypically functioning individuals including stroke patients (18). The status of spatial and
temporal coupling between the arms can be examined via qualitative (angle-angle plots) and
quantitative (correlational approach) measures derived from the behaviour of end effectors via
forward kinematics or measures describing joint actions via inverse kinematics. In terms of
rhythmical (continuous) actions the Haken-Kelso-Bunz (HKB) has been implemented in order
to examine the elementary rules that underlie the organization of bimanual action (14). In this
context, measures such as relative phase have been implemented to examine primarily the
stability of temporal coupling between the effectors (22). Collectively, there have been numerous
studies that provided an overview of the research focusing on the rehabilitation of bimanual
coordination after stroke. However, many of them did not consider the degree to which different
individual constraints impact the nature of inter-limb coordination explicitly. And, those that
did, often implemented clinical measures exclusively.

Therefore, the first purpose of this project was to systematically review bimanual coordination
interventions for stroke patients for the nature of individual and task constraints examined, and
the respective interventions implemented. The second purpose was to review dependent
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variables used to derive inferences about the effectiveness of the respective treatments. The third
purpose was to delineate if the rehabilitation studies reviewed were based on explicit conceptual
frameworks.

METHODS

Protocol

To extract articles, electronic searches included Cumulative Index within Nursing and Allied
Health Literature (CINAHL), PubMed, PsycINFO, and Web of Science databases were used.
Google Scholar was used as a secondary search tool. A search string across all databases
included the key text words “stroke”, “bimanual”, “coordination”, and “intervention”, along
with their synonyms, such as “cerebrovascular accident”, “brain infarction”, “transient ischemic
attack”, “brain hemorrhage”, “brain ischemia”, “interlimb”, “bilateral”, “coupled”,
“rehabilitation”, “therapy”, “functional training”, “neurorehabilitation”, and “training”, to

retrieve the appropriate articles.

Study Selection

The PICO selection criteria was used, which focused on the population of interest, type of
intervention, nature of comparison and type of quantitative outcomes observed. It is a
commonly used tool to identify components of systematic reviews in evidence-based medicine,
and it is endorsed by the Cochrane Collaboration. Thus, the eligible studies for review included
participants who were both adult males and females, over 19 years of age, and who have
experienced either ischemic, hemorrhagic, or transient ischemic stroke. Regardless of the type
of stroke experienced, the participants had to be involved in a bimanual rehabilitation program.
The combination of bilateral movement training and supplementary assistive protocols such as
auditory or rhythmic cues and active neuromuscular stimulation were accepted if the research
met other inclusion criteria outlined previously. Studies involving randomized controlled trials
(RCTs) were primarily considered, however pilot studies and cohort studies were also included
if they met the inclusion criteria. Studies that were single-case reports without empirical data
were excluded. All commentaries, systematic reviews, meta-analyses, studies that were not
published in English, and those with non-human subjects were also excluded. To ensure
accuracy and reproducibility in the review approach, a Preferred Reporting Items for Systematic
and Meta-Analysis (PRISMA) flowchart was used (31).

Quality Assessment for Selected Studies

A quality assessment was carried out using the Downs and Black tool (12). This assessment tool
was designed to examine the quality of study reporting, external validity, internal validity, as
well as statistical power. The Downs & Black scale has been ranked in the top six quality
assessment scales that are suitable for use in systematic reviews (12). Downs and Black score
ranges were grouped into good (>19), fair (15-19), and poor (<15).

Quality Assessment for Review
A quality assessment tool for the current review was also included. The tool was the upgraded
version of the “A MeaSurement Tool to Assess Systematic Reviews (AMSTAR) scale (AMATAR-
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2) (34). AMSTAR-2 was a 16-item assessment tool that evaluated systematic reviews of both
randomized and non-randomized studies of healthcare interventions (34). The use of AMSTAR-
2 ensures the methodological quality of the review.

RESULTS

Characteristics of Included Studies

The search yielded 789 titles/abstracts across the four databases. After the elimination of
duplicates, 652 titles/abstracts remained for analysis. These abstracts were obtained and
assessed based on the inclusion criteria. Among the 652 abstracts, 622 records were excluded.

[ Identification of studies via databases J
g Records identified from sR;c;zr;:lii;moved el
= . (n:789):_ Duplicates removed (n = 137)
g - Pubmed (n=164) N Records marked as ineligible
= - Web of Science (n=493) b ° I 19
= - CINAHL (n=75) y automation tools (n = 0)
- R d d for oth
£ _ ecords removed for other
= - PsycINFO (n=57) _
reasons (n = 0)
e/
Records screened for title / Records excluded based on the
abstract —»| title and abstract
(n =652) (n =622)
i Reports not retrieved:
- no full-text (n =2)
Reports sought for full-text - dissertation (n =1)
= retﬂeval »| - not rehabilitation study (n =2)
g (n=30) - conference proceedings (n=2)
}
[T}
n
Reports assessed for eligibility
(n=23) » | Reports excluded
focused on unimanual task (n=3)
—

Studies included in review
(n=20)

Figure 1. PRISMA flowchart for identification and inclusion of studies.

International Journal of Exercise Science

(
\

http:/ /www.intjexersci.com

]
834 J



Int ] Exerc Sci 17(3): 831-851, 2024

After the initial screening, 30 possibly relevant abstracts were retrieved for full-text screening.
Two reviewers (Y.L.) and (T.K.) independently screened the full text of 30 articles and 10
additional studies were excluded. At the end of the screening, 20 eligible articles were included
in this review. Collectively, fifteen randomized controlled trials (RCTs), four pilot studies and
one cohort study were included, and all were published between 2000 and 2022.The screening
and selection process is presented in a PRISMA flowchart (Figure 1).

Also, the overview of the included studies is presented in Table 1, whereas the author’s
assessment of risk for bias is presented in Table 2. Across the different categories, the primary
concerns were detected in regards to allocation concealment, also there was higher risk of bias
in blinding of participants and personnel, as well as in the blinding of outcome assessment.

Table 1. Characteristics of the studies selected in the review.

Authors/ Purpose Sample Rehabilitation Primary Primary
Year Description Approach Measures Results

Ambreen To compare N=19 Bilateral arm Fugl- FMA-UE:

etal, the effects of training (BAT)  Meyer LHS:

(2021) Bilateral Arm  Age: 53.6 yr Assessmen  Distal arm function did not
Training 9F, 10M, t for Upper improve.
(BAT) Extremity =~ Overall performance score (p <
between left ~ Time post (FMA-UE)  .008), coordination (p < .02),
(LHS) and stroke >3 and speed (p < .01) improved
right mos significantly.
hemispheric RHS:
(RHS) stroke  Stroke type: Distal arm function improved
patients Ischemic in the wrist (p < .02) and hand

(p <.007) as did the overall
score (p <.02).

Aryaetal, Todevelop EGN =26 Bilateral arm Fugl- FMA-UE:

(2019) aninterlimb CGN=24 training (BAT)  Meyer EG improved in overall score (p
coupling Assessmen  <.001)
rehabilitation =~ Age =52.0yrs  Conventional tfor Upper mRS:
protocoland  10F, 40M therapy (not Extremity ~ No significant difference was
examine its specified) (FMA-UE) found between groups.
effect on Time post 15% of EG reached mRS-2
motor stroke >6 mRS: (slight disability)
recovery in mos modified
stroke Rankin
patients Stroke type: Scale

ischemic,
hemorrhagic

Burgar et To examine Low-dose Robot-assisted  Fugl- FMA-UE:

al., (2011) effectiveness  EG: N=19 (RA) upper- Meyer No significant differences
of different High-dose limb therapy Assessmen  between the groups were
doses of EG: M=17 t for Upper evident.
robot- CG:N=18 Conventional Extremity =~ Moderate correlations between
assisted therapy (not (FMA-UE) FMA-UE and the dose (r = .34,
upper-limb Age=63.1yr  specified) p <.04) and intensity (r =45, p <
therapy in Gender: NA Wolf Motor .005) at post-intervention, as
acute stroke Function well as at follow-up (r = .37, p <
rehabilitation Test .04). Intensity correlated
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Time post (WMFT) strongly with FMA after 6
stroke: 9-20 months (r = .66, p <.001).
days WMFT:
No significant differences
Type of between groups were evident.
stroke:
Ischemic
stroke
Cauraugh  To evaluate Bimanual Bilateral Box and Box and block test:
& Kim, effectiveness EMG: N =10 coordination block test Bimanual and Unimanual
(2002) of the Unimanual training with groups with EMG improved
bilateral EMG:N =10 EMG triggered Reaction significantly vs control group
coordination = Control: N =5 stimulation. time test (p <.04).
training, Reaction Time
coupled with ~ Age: =63.7yr Bimanual group improved in
EMG 4F, 21M RT compared to two other
stimulation groups (p <.001).
on chronic Time post Unimanual improved in RT
stroke stroke >1 yr compared to control group (p <
patients .001).
Stroke type:
NA
Cauraugh  To evaluate Bload N =10 Bilateral Box and Box and block test:
etal, the effect of Bnoload coordination block test BAT groups with and without
(2009) bilateral N=10 training with load improved (p < .05)
movement BAT N =10. EMG triggered  Force Force production:
training stimulation production BAT with and without load
(BAT) Age=672yr test exhibited better muscle
coupled with  10F, 19M contraction (p < .04).
EMG Reaction Reaction Time Test
stimulation, ~ Time post time test BAT load group had faster RT
on chronic stroke >6 than BAT no load group and
stroke mos control group (p <.004).
patients
Stroke type:
NA
Changet  To analyze N=20 Conventional Fugl- FMA-UE
al., (2007)  the effect of training Meyer Significant improvement in
conventional ~Age=>57.1yr combined with Assessmen FMA score (p <.001).
rehabilitation 8F, 12F robot-aided, t for Upper MAS:
therapy, bilateral force-  Extremity = No significant changes were
combined Time post induced (FMA-UE) noted.
with bilateral stroke: >6 isokinetic Kinematics:
force- mos training Motor Improvements in movement
induced Assessmen  time (p < .01), peak velocity (p
isokinetic Stroke type: t Scale <.03), and jerk score (p < .008)
arm NA (MAS) at post-test only.
movement on
stroke Kinematics
patients (paretic
arm only)
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Doostet  To compare EGN=23 Robot-assisted  Speed- SAT
al,, (2021)  the effect of CG: N=26 training accuracy Both groups learned and
robotic (bilateral) trade-off retained bimanual cooperative
active- Age =548 yr (SAT) tasks.
assisted 30M, 19F Box and block test:
training Box and No significant differences in the
mode versus  Time post block test number of blocks transferred
robotic active  stroke >6 across both arms in stroke
mode on mos patients.
bimanual
motor skill Stroke type:
learning Ischemic;
Hemorrhagic
Gerardin et To examine EGMN =14, Robotic- Bimanual BiSAT
al., (2022) the effectsof EGMil N=10 assisted speed- Stroke patients with moderate
robotic arm CGN =10, training accuracy (p <.001) and mild (p < .01)
training (bilateral) trade-off impairment improved.
among Age =486 yr (BiSAT) FMA-UE
chronic 17F, 17M All three groups improved, but
stroke Fugl- inter-group differences were
patientsand  Time post Meyer not statistically significant
healthy stroke >6 Assessmen
individuals mos t for Upper
Extremity
Stroke type:
NA
Jungetal, Toexamine N=15 Bilateral arm Canadian COPM and MAL: Significant
(2013) the effects of training (BAT)  Occupation improvement in amount and
Bilateral arm  Age =50.6 yr al quality of the use of paretic
training 4F, 11IM Performanc arm.
(BAT) on e Measure  Kinematics
unilateral Time post (COPM) Average velocity and peak
and bilateral ~ stroke >6 velocity of the paretic arm
reaching mos Motor showed significant
performance Activity improvement (p <.05) in
in Stroke type: Log (MAL) bimanual and unimanual
individuals ischemic; reaching.
with stroke hemorrhagic Kinematics
of paretic
arm only
Kaleetal,  Tocompare CIMT: N=15 Constraint- Action ARAT & NHPT
(2019) the effect of BAT:N =15 induced Research BAT and CIMT groups both
constraint- movement Arm Test showed significant differences
induced Age=578yr therapy (CIMT) (ARAT) between pre- and post test (p <
movement 20F; 10M .001), however the differences
therapy Bimanualarm  Nine Hole  between the two programs
(CIMT) to Time post task training Peg Test were minimal.
bimanual stroke: >3 (BAT) (NHPT)
arm task mos
training
(BAT) in Stroke Type:
stroke NA
patients
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Kim & To examine Sample: Occupational Canadian COPM:
Park, the effect of EG:N=10 Bimanual arm  Occupation Significant improvement in
(2019) occupational- CG: N =10 task training al both performance (p <.01) and
based (BAT) Performanc satisfaction (p < 0.001).
bilateral arm  Age =59.5 yr e Measure  SIS:
training in 12F, 8M Task-based (COPM) Significant improvement in
the recovery Bimanual arm strength (p <.01) and ADL (p
of arm Time post task training <.02)
function in stroke >6 (BAT) Stroke ARAT:
stroke mos Impact Gross movement (p <.001)
patients Scale (SIS)  improved significantly;
Type of however, grasp, grip and pinch
stroke: Action did not improve.
ischemic & Research
hemorrhagic Arm Test
(ARAT)
Liaoetal., Tocompare  EG:N =10 Robot- Fugl-Meyer FMA-UE
(2011) the effectsof CGN =10 assisted Assessment  Significant improvements in EG
robot- therapy for Upper group (p <.002)
assisted Age=552yr followed by  Extremity ABILHAND Significant
therapy on 7F, 13M performance improvement in EG group (p <
real-world of functional ~ Functional .05).
arm activity =~ Time post activities Independenc  FIM
and daily stroke >6 e Measure No significant difference
function in mos (FIM) between groups (p = .80).
stroke
patients Stroke Type: ABILHAND
NA questionnaire
Linetal.,, To examine EG N =16 Bilateral Fugl-Meyer FMA-UE
(2015) the effectsof CGN =17 isometric Assessment Significant improvement in EG
interlimb handgrip for Upper vs CG (p <.001)
force Age=55.1yr forcetraining Extremity WMFT & MAS
coupling 5F, 28M Significant improvements in EG
training on Wolf Motor compared to CG (p <.001; p <
paretic arm Time post Function Test .004), BI (p <. 037), respectively
in patients stroke >6 (WMEF) across the three measures
with chronic  mos
stroke Motor
Stroke type: Assessment
ischemic; Scale (MAS)
hemorrhagic
Pandianet To evaluate EGN =17 Motor Brunnstrom  BRS & FMA
al,, (2015) theeffectsof CGN=18 trainingand  Recovery Affected side showed
motor dose- Stage (BRS) significant improvement in
training Age=431yr matched both measures (p < .001)
involving the  16F, 19M conventional = Fugl-Meyer
less-affected therapy Assessment
side (MTLA)  Time post for Upper
in stroke stroke >4 Extremity
subjects mos (FMA)
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Stroke type:
ischemic;
hemorrhagic
Van To examine mCMT N=22  Unilateral Kinematics Kinematics
Deldenet  the degree of mBATRAC training: (Pareticarm  No significant differences from
al., (2015) interlimb N=19 modified only) pre to post intervention & post
couplingasa CG=19 (mCIMT) to follow-up.
result of Movement Movement harmonicity
bilateral Age=598yr Bilateral harmonicity =~ mBATRAC group had greater
versus 19F, 41M training movement harmonicity with
unilateral (mBATRA) the paretic arm than control
trainingand  Time post & dose- group and also had larger
control stroke >10w  matched amplitudes with the paretic
treatment control group arm than mCIMT group (p <
Stroke type: .004).
NA
Whitall et To examine N=14 Bilateral arm  FMA-UE, FMA-UE; WMFT;
al., (2000) the effects of training with WMFT Significant changes across the
bilateralarm  Age =63.8yr rhythmic measures (p <.0004; p <.02)
training with ~ 8F, 8M auditory Isometric respectively.
rhythmic cueing strength Isomeric strength
auditory Time post (BATRACQ) Improvement in elbow (p <.05)
cueing stroke >1 yr ROM paretic  and wrist flexion (p <.02)
(BATRACQC) arm ROM
hemiparetic ~ Stroke type: Improvement in shoulder
arm actions NA extension (p <.004) & wrist
of stroke flexion (p <.03)
patients
Whitallet  To examine EGN =42 Bilateralarm  FMA-UE FMA-UE
al., (2011) the effectof =~ CG N =50 training with Significant changes in BATRAC
bilateral arm rhythmic Isokinetic group (p <.03)
training with  Age=058.7 yr auditory strength of Isokinetic Strength
rhythmic 42F, 50M cueing elbow action  Elbow extension strength
auditory (BARTACQ) increased in BATRAC (p <.05),
cueing Time post ROM of but not DMTE. DMTE
(BARTACQC) stroke >6 Dose- joints of the improved strength of shoulder
versus dose-  mos matched paretic arm and wrist extension and elbow
matched therapeutic flexion in paretic arm (p <.05)
therapeutic Stroke type: exercises ROM
exercises NA (DMTE) No significant changes across
(DMTE) on the joints & training types
upper-limb
interlimb
function in
stroke
patients
Wuetal, Toexamine CIMT N =22 Constrained Kinematics Kinematics
(2011) the effect of BAT N =22 Induced CIMT and BAT groups had
Constrained @ CGN =22 Movement Wolf Motor smoother reaching trajectories
Induced Therapy Function Test in unilateral (p <.03) and
Movement Age=531yr (CIMT) (WMEFT) bilateral tasks (p <.03) than the
Therapy 17F, 45M control group.
(CIMT), and WMFT & MAL
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Bilateral Arm  Time post Bilateral Arm  Motor CIMT group had improved
Training stroke >6 Training Activity Log~ WMFT score (p <.04) and
(BAT) on mos (BAT) (MAL) higher functional ability scores
upper limb (p<.02)
functioning Stroke type: CIMT group also had higher
in stroke NA gains in MAL-(p < .005) than
patients BAT and control groups.

Wu et al., To examine EGN =15 Modified Kinematics Kinematics

(2007) the effect of CGN =15 Induced (paretic arm)  Significant changes in MT (p <
Constrained Movement .01), total displacement (p < .01)
Induced Age=54.0yr  Therapy Motor and time to peak velocity (p
Movement 13F, 17M (CIMT) Activity Log ~ <.009)
Therapy (MAL) FIM/MAL
(CIMT), and  Time post Traditional In bimanual task CIMT group
traditional stroke 1-3 yr  therapy (not  Functional showed greater gains in FIM (p
therapy on specified) Independenc < .004) and MAL-AOU (p
upper limb Stroke type: e Measure <.0001) and MAL-QOM (p <
functioning NA (FIM) .01)
in stroke
patients

Table 2. Author’s risk of bias assessment for the respective studies

Domains Random Allocation Blinding of Blinding of Incomplete Selective
sequence concealment participants & outcome outcome data  reporting
generation personnel assessment
Ambreen et al., 2021 x x x x v N
Arya et al., 2020 N v v v v v
Burgar et al., 2011 N4 x x v v v
Cauraugh & Kim, 2002 v x x x ? v
Cauraugh et al., 2009 V4 x x v ? v
Chang et al., 2007 x x x x v v
Doost et al., 2021 N4 x v x v N
Gerardin et al., 2022 N4 x x x v N
Jung et al., 2013 X x x x v N
Kale et al., 2019 v x x v v N
Kim & Park, 2019 N4 N4 N4 x v N4
Liao et al., 2012 v x x v v N
Lin et al., 2015 N4 v N4 v v N
Pandian et al., 2015 N4 v v v v N4
Van Delden et al., 2015 N4 v v x v N
Waller et al., 2008 Vv x x v v N
Whitall et al., 2000 x x x x ? v
Whitall et al., 2011 v x v v v N
Wu et al., 2007 V4 ? v x v N
Wu et al., 2011 v ? N4 N4 ? v

Methodological Considerations

In terms of sample characteristics, the mean age ranged from M = 43.1 years old (32), to M = 67.2
years old (7). All the studies involved heterogeneous samples comprised of both males and
females. The size of the sample ranged from 14 participants (36) to 111 participants (37).
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However, only three studies included more than 50 participants (6), (37), (39). Only seven
studies incorporated a power-analysis calculation (7), (23), (25), (27), (36), (39), (40).

In regards to the stroke type, participants with ischemic stroke were exclusively included in
three studies (1), (6), (29), while six studies recruited participants with hemorrhagic and ischemic
stroke(2), (11), (16), (23), (27), (32). The remaining 11 studies did not identify the type of stroke
that the participants were diagnosed with (7), (8), (9), (13), (17), (25), (36), (37), (38), (39), (40).
Also, the majority of the studies included participants who were in at chronic stage of stroke (<6
months post-stroke). One study included participants at the sub-acute stage of recovery, in
which the mean time after stroke was 9.4 weeks (36). Three studies included both subacute and
chronic stages of stroke participants (1), (17), (32).

The review identified three main types of interventions. Bimanual movement training was
implemented in 14 studies (1), (2), (7), (8), (16), (17), (23), (27), (29), (32), (36), (37), (38), (40),
bimanual robot-assisted training was used in five studies (6), (9), (11), (13), (25), and constraint-
induced movement training was implemented in four studies (17), (36), (39), (40). Also, in the 14
studies that examined bimanual movement training, six studies combined supplementary
protocols, including a bimanual training and an EMG-triggered neuromuscular stimulation
approach (7), (8) and a bilateral arm training with rhythmic auditory cueing approach (29), (36),
(37), (38).

Task Constraints

The methodologies of 12 studies did not include measures of bimanual coordination explicitly,
before or after the intervention (1), (2), (7), (8), (9), (17), (23), (25), (27), (32), (36), (37). Five studies
did however implement discrete tasks (6) Among those, bimanual symmetrical reaching was
implemented in three studies (6), (16) where the participants were asked to move two arms
simultaneously in the forward direction from the side of the table to a target. An asymmetrical
bimanual task, which involved opening a drawer with the affected arm and retrieving an object
with the unaffected arm, was used in the other two studies (39), (40). In addition, three studies
implemented bimanual continuous tasks (11), (13), (36). In the first, participants needed to rotate
two handles of robotic devices by circular mirror bilateral movements in order to lift a tray on
the screen (11). In the second, i participants were asked to control a cursor on the screen via two
robotic handles, in which each hand moved in a single axis via either right-left or front-back
motions (13). And in the third, bimanual rhythmic wrist flexions and extensions in an in-phase
and anti-phase pattern were incorporated (36).

Dependent Measures

Clinical Scales

In terms of the dependent measures used, nine studies implemented clinical scales as the only
outcome measure of interest (2),(7),(8),(17),(23),(25), (27), (32), (39) whereas the remaining
studies implemented clinical scales as well as kinematic analysis. Among the studies which used
clinically-derived outcomes measures, 20 scales were identified. The overall motor function in
upper extremity was examined in seven scales, which can be further subdivided as clinician-
reported and performance-based measures. The most frequently used clinician-reported scale
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was the Fugl-Meyer Assessment-Upper Limb (1),(2),(6),(9),(13),(25),(26), (29), (32), (36),(37), and
Wolf Motor Function Test (1),(6),(27),(29),(36),(37),(39). The remaining measures such as
Ashworth scale (6), (9), Brunnstrom Recovery Stages (32), the Action Research Arm Test (17),
(23), and Motor Assessment Scale (27) were used less frequently. Gross motor function was
investigated via performance-based scales including the Box and Block Test (7), (8), (11), (13),
and two clinician-reported measures included Manual Muscle Testing (32) and Minnesota
Manual Dexterity Test (32). In regards to fine motor function, the Nine Hole Peg Test specifically
measured finger dexterity and was used in one study (17). In addition, the Purdue Pegboard
Test, which evaluated gross motor function of the arms, hands and fingers as well as fine

fingertip dexterity according to the performance of a pin-placing test, was used in one study
(26).

Kinematic Analysis

Out of the 20 studies examined, eight implemented kinematic analysis (9),(16),(29),
(36),(37),(38),(39),(40). However, only two studies evaluated the nature of movement
coordination between the arms via product (29) and process (36) measures. In the present
review none of the studies examined implemented angle-angle plots in order to infer the
qualitative nature of bimanual coupling. From the quantitative standpoint, only one study
calculated the cross-correlation coefficient as the measure of the strength of temporal coupling
between two arms (36).

The remaining studies examined the nature of movement control of the paretic arm only in
either unimanual tasks (9),(16),(36),(37),(38),(39) or bimanual tasks (1),(38),(39). In the spatial
domain, the nature of control was investigated in 5 out of 20 studies (16),(29),(36),(37),(38). Of
those five, two studies examined movement straightness of the paretic arm in terms of end-
effector space and trajectory (16), (29),whereas the total displacement of the paretic hand was
examined in only one study (38). In terms of joint space analysis, two studies measured the range
of motion of the shoulder, elbow, wrist, and thumb on the paretic side of the body only (36),(37).
The temporal control of the paretic arm was measured in 5 out of 20 studies (9),(16),(29),(39),(40).
This included measures in end effector space of temporal control that was inferred from
movement time (9),(29),(39),(40), peak velocity (9),(16),(29), the percentage of time to peak
velocity (9),(39),(40) mean velocity (16) and peak acceleration (29). Movement smoothness,
representing the discontinuity and segmentation of the movements, was evaluated in two
studies by the jerk score (9) and the number of movement units (29),(39). None of the studies
examined the issues of temporal control in joint space.

Conceptual Considerations

None of the studies reviewed were deductive in nature as they did not implement or design the
intervention or measures to test any explicit motor control theories or models. One study
explicitly framed its training protocol within the dynamic system approach (8). However, the
methodology of this study was not aligned with the dynamic system approach since the order
parameter (relative phase) and interlimb coupling were not examined. Thus, this study was not
classified as theory-driven research. In addition, some studies implicitly referred to motor
control concepts such as interlimb coupling (7), (16), (27),(3),(36),(40) coordinative structures (8),
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(32),(37),(38) and Fitts" law as applied to bimanual discrete actions (29). However, the
methodological considerations and results of these studies were not explicitly discussed in the
context of the related theory. The rest of the studies were data-driven research, in which the

authors did not explicitly or implicitly mention any related theoretical frameworks or concepts
of motor control (1), (6),(9),(16),(17), (23), (25),(40).

DISCUSSION

From a systematic review of the literature, twenty studies were extracted and used to make
inferences on constraints, rehabilitation approaches and measures of bimanual coordination in
individuals” post-stroke. Collectively, important individual and task constraints on inter-limb
coordination were scarcely examined as independent variables. Although the majority of studies
included did use bilateral arm training as the most prevalent rehabilitation approach, most
studies did not involve bimanual tasks, or any measures of inter-limb coupling as outcome
measures limiting the validity of the emerging inferences as related to bimanual actions. Despite
the richness of theories and models in the field of inter-limb movement organization, all studies
were data-driven research.

Individual and Task Constraints

In terms of the age of the participants, sexes, and stages post stroke, these factors were not
considered as independent variables in the designs of the reviewed studies. This is an important
issue as often the age of the participants spanned more than 20 years, on average. Considering
that the prevalence of stroke is rising among younger adults, the effect of different rehabilitation
approaches may be age specific. In a similar context, sex of the participants was also not included
in the designs as an independent variable. Stroke could have a greater impact on females than
males since females have poorer functional recovery and lower quality of life after stroke. In
regards to the stage of post-stroke recovery, 15 studies recruited individuals who were
characterized as chronic, while three studies included patients who were classified as both
chronic and sub-acute, or in acute and sub-acute stroke stage. From the motor functioning
standpoint, the perceptual-motor status of chronic stroke patients is relatively stable. On the
other hand, when an individual is considered to be in the acute or subacute stage of recovery,
the motor performance may be more variable. Hatem and colleagues (15) reported that a greater
time since stroke onset was associated with more bimanual coordination impairments, thus
suggesting that the nature of gains resulting from a rehabilitation may also vary by time since
stroke. The noted heterogeneous nature of the samples is an important issue to consider in
regard to the internal validity of the emerging inferences. Given the different trajectories of
recovery, the implemented approaches may have different effects on participants resulting in
potential false positive and false negative inferences. The potential presence of such person-by-
treatment interaction, and its consequences need to be considered. Thus, making inferences
about the effectiveness of the approach based on aggregated data, without consideration of the
effect at the individual level of analysis, warrants caution. An alternative research approach,
broadly classified as small-N designs, involves serial observations of single persons or small
groups before, during, and after an intervention period. This may represent a foundation for
evidence-based rehabilitation at the level of the individual patient which would enable
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researchers to provide clinicians with practical information for making decisions to improve the
care of a specific patient.

In addition to the individual constraints, the nature of the emerging behavior is affected by the
characteristics of the tasks being performed. In the context of bimanual coordination research,
the primary factors to consider are the desired degree of symmetry, as well whether the task is
of discrete or rhythmical nature. In symmetrical actions tight interlimb coupling, in both the
spatial and temporal domains, is an indication of effective coordination. On the other hand, in
asymmetrical actions the coupling strength between two arms varies depending on the degree
of asymmetry required to perform the task effectively. In this case, often other outcome
measures such as time to completion, or the functional outcome of the activity may serve as the
primary indices of effectiveness. In the current review three studies implemented bimanual
symmetrical task where the participants were required to reach forward with two arms
simultaneously (7), (29). However, among those only one study examined the nature of
symmetry between the arms (29). The results showed that following the intervention, the
symmetry between the hands improved as both the affected and unaffected hands exhibited
mirror-liked straight trajectories. In motor control, this type of spatial superimposition is
referred as “enslaving”. Aside from the subjective “eyeballing” of the emerging paths,
researchers have also used straightness of endpoint trajectory variable confirming the
qualitative inferences as the paths of both wrists were in fact spatially coupled. In two studies,
bimanual asymmetrical tasks were implemented where the participants needed to open the
drawer with the affected arm and retrieve an object with the unaffected arm (39),(40). Compared
to symmetrical reaching, this asymmetrical task requires the ability to decouple two arms since
the affected arm needs to reach and pull the drawer, while the unaffected arm is reaching,
grasping, and transporting an object. In these studies, only performance of the paretic arm was
examined. The results revealed that the velocity as well as percentage of time to peak velocity,
and peak velocity were enhanced after training (39), (40). However, given that the nature of the
emerging (dec)coupling was not measured, this study provided insight into the nature of
movement control of the paretic arm, rather than coordination between both arms.

In terms of continuous tasks, one study examined interlimb coupling in bimanual actions (6).
Individuals with stroke were assigned to three experimental groups, including BATRAC, CIMT,
and dose-matched control treatment, and all subjects were required to perform rhythmic wrist
extensions and flexions. Cross-correlations were calculated for both the in-phase and anti-phase
modes, before and after the interventions. As expected, results showed that interlimb coupling
was significantly stronger during the in-phase mode than during the anti-phase mode across all
measurements (39). This is consistent with the predictions of the HKB model (20).

From the neurological standpoint the nature of the tasks involved in the training as well as in
the baseline and retention / transfer tests is an important one. When considering highly skilled
bimanual tasks, an enormous degree of cooperativity on a kinematic and kinetic level between
the hands, can be observed. As each limb is however controlled separately in opposing
hemispheres of the CNS, the exchange of information between the hemispheres is necessary in
order to warrant this cooperative behaviour. Various electrophysiological, lesion and imaging
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studies have shown that the execution of bimanual movements involves a complicated
interaction between a variety of motor areas within the cortex, including the supplementary
motor area, the primary and premotor cortex, the sensory cortices, the cingulate motor area and
the cerebellum. For example, Ullen et al. (35) showed that brain activation differs during in- and
anti-phase movements, as well as the polyrhythmic tapping patterns of the index fingers. The
right anterior cerebellum and the CMA seem to be more active during symmetrical in-phase
actions, whereas the SMA is active during the anti-phase movements. Collectively, it is evident
that neurologically the planning and execution of bimanual tasks is highly dependent on the
nature of the tasks examined. Thus, the presence of methodological differences across the
studies warrants caution when making broad inferences about the nature of the emerging
actions and their underlying neurol mechanisms in the context of inter-limb organization.

Bimanual Training and Approaches to Rehabilitation

Despite the existence of various rehabilitation approaches only less than 15% of stroke survivors
regained full recovery of the upper limbs (33). In the case of bimanual actions, the importance
of coordination between the two arms for self care, home, work, and leisure activities is self-
evident. The control of the arms is interactive and coordinated, involving a varying degree of
coupling or symmetry between them. At the neural level, it has been shown that bilateral
movement control entails specific processes that are not shared with unilateral movements.
Hence, practicing bimanual movements is expected to evoke the bilateral neural networks,
which presumably are absent in unilateral arm movement. Thus, from clinical standpoint it
appears that unilateral training, of the affected arm alone, does not transfer to the performance
of bilateral tasks. However, it should be pointed out that other researchers hypothesized that
unilateral training may be just as beneficial (10).

The current review revealed that majority of the studies did in fact address bimanual
coordination explicitly. The bilateral arm training was most prevalent. This approach is based
on the premise that movement of the non-paretic upper limb supports movement of the paretic
upper limb when performed simultaneously. Thus, the participants are trained to perform a
“default mode” of bimanual coupling with either symmetric (e.g., arms moving together in the
same direction) or asymmetric (e.g., one arm pushes away while the other is pulling towards)
patterns to stimulate informational exchanges between both hemispheres, and then to improve
the motor function of the paretic arm (30). Another type of bimanual training that was used,
although not as frequently as the previously discussed approach, was training involving
external devices. In the context of bimanual rehabilitation, a functional brain imaging study on
robot-assisted task-oriented bimanual training (RBMT) reported that, compared with unilateral
hand movement, robot-assisted bilateral hand movement induced greater excitatory responses
in the motor cortex (28) suggesting the clinical effectiveness of RBMT. In recent research,
Keeling and colleagues (19) showed that the use of the bimanual robotic tasks for rehabilitation
in subacute stroke is also feasible and suggested that the use of robotic devices added to
standard of care therapy could augment recovery. This is due to the fact that robotic devices
offer the possibility of providing intensive task-specific training while regulating different task
parameters in order to make the constraints more or less complex given the individual
capabilities of the patient. Also, from the measurement standpoint they allow to quantify the
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nature of the emerging outcomes such as mean and maximum end-effector velocity or spatial
trajectory (2). This represents an important advantage over other approaches which use
predominantly clinical scales which focus on movement outcome alone, rather than the process
unfolding during the trajectory formation.

The third most frequently implemented approach was constraint-induced movement training
(CIMT), which is considered as specialized task-oriented training approach. CIMT focuses
mainly on the control of one limb rather than the coordination between them. The implicit
assumption of CIMT, for improving bimanual coordination function, is that as soon as the basic
aspects of unimanual control are relearned, they can be more easily integrated into more
complex bimanual movement patterns (15). It has been suggested that motor recovery after
CIMT may occur due to the exploitation of the existing less active motor pathways. The
activation of the undamaged hemisphere contra-lateral to the lesion(s) can counteract adverse
brain functions and enhance neuroplastic modifications relating to motor recovery (1).
Although the use of this technique is currently considered the gold-standard intervention for
treating the paretic upper limb (5), (38). it is effectiveness in enhancing bimanual coordination
still remains equivocal.

Dependent Measures

Adequate reliability and validity are essential for any behavioural scales in order to render
clinically relevant inferences. In relation to the clinical tools incorporated to assess the nature of
upper limb coordination, the key issue is that of sensitivity and responsiveness of the scores to
change in behaviour. An instrument that measures what it is supposed to measure is expected
to be responsive to a clinical intervention and should detect real change whether the change is
induced experimentally or naturally. Thus, sensitivity to change is an important dimension of
test construct validity. An important limitation of the existing scales here is the fact that the
construct of “coordination”, and more specifically “inter-limb coordination” is not assessed. In
fact, more often than not the construct of coordination was only implicitly operationalized. The
process of “coordination” regardless of the level of organization or measurement is intimately
related to the nature of the relationship between components being coupled, in time and/or
space. In the current review none of the scales identified examined explicitly this process. As a
result the measures used, by default can not be sensitive to the changes in the construct of
interest, if they fail to measure the key concept within the domain of the construct.

Product Measures

The use of kinematic analysis, which is a standard methodological approach in motor behavior
research provides an insight into the nature of trajectory formation of the end effector (forward
kinematics) as well as the changes occurring at the joint level (inverse kinematics). Despite this,
less than half of the studies implemented kinematic analysis as the primary measure of interest.
In order to examine spatial control, linear displacement or distance of the end-effector can be
quantified, as well as the angular displacement of the individual’s joints. Among the reviewed
studies, five investigated the issue of spatial control. The analysis of trajectory confirmed
improvements in the hand trajectory of the paretic arm in a bimanual reaching task (e.g., (29)),
whereas the other analyses failed to confirm such effects which was examined in the unimanual
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domain (e.g., (16)). Kinematic changes in the temporal domain represent another important
aspect of motor performance in the context of manual self-paced tasks such as reaching and
grasping. The relevant measures can be derived from velocity profiles, such as peak velocity,
time to peak velocity, and peak acceleration. In this review, five studies investigated the issue
of temporal controll via measures of velocity and movement smoothness such as jerk scores and
the number of movement units. Across all the intervention programs implemented, significant
improvements were found in the smoothness measures of the paretic arm after rehabilitation.
These findings were robust as they emerged across stroke participants who were involved in
different rehabilitation programs (e.g., BAT, BATRAC, and CIMT) and performed different
tasks (e.g., bimanual symmetrical and asymmetrical reaching). Thus, it appears where the
impact of intervention on spatial control requires further research, the existing studies although
still limited in terms of the number, showed positive impact of the respective interventions on
temporal control.

Process Measures

Kinematic process measures allow making inferences about the nature of the spatial and
temporal coupling between the arms via qualitative (angle-angle plots) and quantitative
(correlations) methodological approaches. Regarding correlations, the nature of the emerging
coupling can be inferred from the degree of the coefficients with smaller values implying
decoupling, whereas larger values indicating a larger degree of synchrony, in time and space.
Among the studies reviewed only one implemented this approach. Van Delden and colleagues
(36) examined interlimb coupling in bimanual continuous actions where the individuals with
stroke were assigned to three experimental groups, including BATRAC, CIMT, and dose-
matched control treatment. The participants were asked to perform rhythmic wrist extensions
and flexions, and cross-correlations were calculated for both the in-phase and anti-phase modes,
before and after the interventions. The results showed that interlimb coupling was significantly
stronger during the in-phase mode as compared to anti-phase mode across all measurements,
which is consistent with the predictions of the HKB model (20). When the respective pre and
post comparisons were examined, improvements in in-phase coupling were evident in the
control group and bimanual arm training group. However, the magnitude of coupling in the
anti-phase mode did not change in any groups. In terms of the qualitative measures of
coordination, such as angle-angle plots, none of the studies reviewed implemented this
approach. Collectively, these findings indicate that although implicitly the studies reviewed
here aimed at examining the nature of the emerging coordination tendencies, the methodologies
implemented failed to address the issue of coordination explicitly. Thus, the conclusions
emerging from these studies, regarding the impact of different interventions on the nature of
the emerging coordination have to be treated with caution, as they may lead to false positive or
negative inferences.

Theoretical Approaches to the Design of Bimanual Rehabilitation after Stroke

In the field of motor control, theories are essential as they afford researchers to postulate the
mechanisms underlying emerging behavior. Also, theoretical models allow for delineation of
the constraints under which motor behavior changes, as well as they allow predictions of the
relationship between different constraints and emerging motor behavior (e.g., reaching and
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grasping). In rehabilitation research, theory can provide a framework to understand the
relationship between intervention inputs, how the intervention is designed and implemented,
and the corresponding outcomes. Based on the current review, none of the studies were
classified as theory driven as they were not explicitly linked to any explicit conceptual
frameworks. One study designed the training protocol in the context of the dynamic system
approach, but the methodologies and results were not explicitly discussed within the
implications of the HKB model and dynamic systems approach (8). In addition, the degree and
stability of interlimb coupling was not examined and control parameters were not manipulated
to make inferences about the stability or flexibility of the emerging temporal adaptations.
Several studies included well known motor control constructs as related to study of
coordination or control, such as bimanual coupling (2),(7), (27),(32),(36),(40), coordinative
structures (8),(32),(37),(38) and Fitts" law in bimanual discrete actions (29). However, these
concepts were only referred to as a justification for implementing bimanual arm training, and
the corresponding conceptual and methodological assumptions were not implemented or
tested. Thus, despite the existence of a plethora of theatrical frameworks regarding formation
and adaptations in inter-limb coordination all the studies in the current review were data driven.
This trend reflects a more global tendency in clinical research to disregard the conceptual
frameworks that underly the emerging actions, rather than simple description of the
phenomena. The fact that data driven research still represents the primary impetus in this
clinical field undermines the validity of the inferences.

In terms of the present work, a few limitations were also identified. The overall quality of the
current review was deemed as moderate. This was inferred from AMSTAR-2 scale which
indicated that there was more than one weakness, however there were no critical flaws, and the
content provided an accurate summary of the results in the included studies. In terms of the
inclusion / exclusion criteria, an important limitation was the fact that the search was only
conducted on English-language articles, thus it is plausible that studies published in other
languages were omitted. Also, the literature search generated a relatively small number of
studies compared to other systematic reviews in this domain. Finally, from the motor control
standpoint, the review only focused on behavioral description of movement via kinematics.
Thus, other types of measures and respective methodologies, such as kinetics and EMG analysis
were not considered. These approaches provide meaningful insights into the underlying
mechanisms of the emerging coordination and control processes at intra- and inter-limb level of
organization.

Stroke can result in significant and chronic functional deficits of upper-extremity function,
especially bimanual coordination, warranting rehabilitation. The review of 20 studies that met
the criteria revealed that although interventions are geared towards bimanual symmetrical or
asymmetrical actions, tasks involving bimanual coordination, measured with kinematic analysis
as outcomes measures, are lacking. Given the richness of theories and models in the field of
inter-limb movement organization, rehabilitation methodologies should be framed and
measured with a theory-driven approach.
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