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Abstract

Background Assessment of bimanual movements, which are frequently impaired in children with cerebral palsy, is
highly challenging in clinical practice. Instrumented measures have been developed to evaluate and help to under-
stand impaired upper limb movement during bimanual tasks in these children. The aim of this review was to report
instrumented measurement tools (3D motion analysis, sensors, etc.) used for bimanual task movement analysis, and
the metrological properties of the measures in children with cerebral palsy.

Methods A systematic review was conducted (Prospero CRD42022308517). PubMed, Web of Science, Cochrane and
Scopus databases were searched with relevant keywords and inclusion/exclusion criteria. Article quality and biome-
chanical methods were evaluated with a customized scale and metrological properties with the COSMIN checklist.

Results In total, 452 children, mostly with unilateral cerebral palsy, mean age 10.9 (SD 3.2) years, underwent quantita-
tive bimanual assessments in the 31 included studies (mean quality score 22/32 points [SD 4.7]). The tools used were
3D motion analysis (n = 26), accelerometers (n=2), and other instruments (cube, digitizer, etc.) (n=3). Children per-
formed 1-5 bimanual tasks in laboratory settings, mostly activities of daily living or game scenarios. Analyses focused
mostly on spatiotemporal variables, 6 of which were specifically developed for bilateral measures (task completion
time, goal synchronization, movement overlap time, interlimb coupling, continuous relative phase and asynchrony).
These instrumented measurements had moderate to good discriminant and convergent validity, but reliability and
responsiveness assessments were lacking.

Conclusions A large number of quantitative bimanual assessments involving different tools, bimanual tasks and
specific variables developed to evaluate bimanual function were found. Development of other relevant variables and
validation of these tools are needed to further determine their usefulness, both as research outcomes and to guide
therapies in clinical practice. Future research, involving younger children and real-life assessments, will improve our
understanding of bimanual function in children with cerebral palsy.
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Background

Most daily activities require both hands (e.g., buttoning a
shirt, tying laces and opening a bottle). For children with
cerebral palsy (CP), accomplishing these daily activities
can be challenging because of the motor deficit, limited
range of motion, lack of motor control and spasticity of
their impaired upper limb (UL) [1-3]. Bimanual move-
ments are defined as both hands working together to
achieve a goal. They are more complex than unimanual
movements since they involve coordination of both ULs,
with coupling of the movement amplitude and direction
of both hands (spatial and temporal constraints) [4, 5].
Difficulty executing bimanual tasks is one of the great-
est causes of functional impairment for these children
because it impacts their participation and quality of life
[6-8]. Furthermore, since new, innovative therapies focus
on developing and training bimanual performance to
improve participation in daily life activities [9], validated
evaluation of bimanual movements has become crucial.

Instrumented measurements of UL movements are
being developed [10]. 3D movement analysis (3DMA),
which is now used routinely for gait analysis [11], is
becoming increasingly used for UL analysis, and typical
measures include spatiotemporal and kinematic varia-
bles. However, 3DMA is mostly used to assess unimanual
movements that do not reflect real life since most every-
day tasks require the cooperative use of both hands [12].
Few protocols have been developed to assess spontane-
ous use of the impaired UL in bimanual conditions. The
main challenge relating to such protocols performed in
a laboratory setting is choosing appropriate bimanual
movements that capture how children really move in
their daily environment and that are representative of the
large number of possible UL movements. Other, child-
friendly tools are being increasingly developed to evalu-
ate spontaneous and representative UL use. For example,
accelerometers have many advantages (low cost, small
size, accurate measurement, etc.), in particular, they can
be used out with the laboratory setting in the child’s own
environment [13].

Bimanual movement assessment with these quantita-
tive tools is promising, increasingly used and required by
both the research and clinical communities. However, a
review of available tools, protocols, variables and metro-
logical validation is lacking. Such a review would improve
the understanding of impaired movements and would
help to more accurately tailor interventions in children
with CP. Moreover, few measures have been validated,
although this is necessary to determine what is really
measured.

The purpose of this systematic review was therefore to
report instrumented tools (3DMA, sensors, etc.) and the
metrological properties of the measures used to evaluate
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bimanual movements in children with CP. This system-
atic review aimed to (1) describe the types of instru-
mented tools used; (2) identify how data were collected
and analyzed (protocols and variables); and (3) report
the available evidence of validation of these measures
(convergent and discriminant validity, within/between
reliability and responsiveness) and (4) identify relevant
outcomes for research and clinical application. Based on
this review, we wished to draft a set of reccommendations
for the instrumented measurement of bimanual move-
ments for future clinical development and research.

Methods

Reglementary issues

This systematic review is reported according to the
PRISMA guidelines. A PRISMA checklist was com-
pleted and the review protocol was published in Prospero
(CRD42022308517).

Identification and selection of studies
Searches were conducted in English in the following
databases: PubMed (1996 to March 2022), Scopus (2004
to March 2022), Cochrane Library (1995 to March 2022)
and Web of Science (2004 to March 2022). To ensure
the search was exhaustive, the following combinations
of keywords were used: (1) keywords relative to chil-
dren and adolescents: “child’, “adolescent’; “teen’, “infant’,
“baby’, “newborn”; (2) “upper limb’, “upper extremities’,
“upper body’, “arm’, “hand’, “bimanual’;, “interlimb”; (3)
“movement’;motion”, “motor’, “biomechanical’; “kin-
ematic’, “instrumented measurement’, “inertial’; “sen-
sors’, “accelerometer’, “technologies’, “spatiotemporal’,
“temporo-spatial’; “smoothness’; “fluidity’; “trajectory”; 4)
“Cerebral Palsy’, “hemiplegia’, “hemiparesis’, “quadriple-
gia’, “tetraplegia’, “stroke’, “cerebrovascular accident” (the
detailed equation is provided in Additional file 1). Search
strings were formulated and tailored to the search syntax
of each database to ensure a common search strategy.
Inclusion criteria were: (1) Design: full papers; (2) Par-
ticipants: children and adolescents 0-18 years old with
uni- or bilateral cerebral palsy; (3) Construct: exploration
of bimanual movements (i.e. both hands used to achieve a
goal) during symmetrical or asymmetrical tasks; (4) Type
of instruments: quantitative instruments (3DMA, accel-
erometers, etc.); (5) Outcome measures: quantitative/
instrumental measures of UL characteristics (spatiotem-
poral and/or kinematics and/or quality of movement
variables and/or accelerometry) (see Additional file 2).
Exclusion criteria were: (1) studies that evaluated sponta-
neous UL use (either unimanual or bimanual; no specific
task) with no information on bimanual movements in the
results section; (2) studies out of scope or not relating
to motion analysis (e.g., electromyography or only force
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assessment); (3) conference papers; and (4) studies not
published in English. Studies that included participants
older than 18 years were also included, even if it was not
possible to dissociate the results of the adults from those
of the children and adolescents. Studies that included
both typically developing children (TDC) and children
with CP (unilateral or bilateral) were included, but the
data from the TDC were not analyzed.

Two independent reviewers screened the titles and
abstracts of the selected papers for inclusion. In case
of disagreement, the full article was read and discussed
until a consensus was reached.

Assessment of characteristics of studies
The two reviewers extracted all the data independently.

Quality assessment

Intrinsic quality of articles and biomechanical methods
(Q-score)  Study quality was assessed using a customized
quality assessment scale developed from other scales in
the literature used in the field of biomechanics or radiol-
ogy [14—16]. The aim of the scale was to assess the intrin-
sic quality of each article and the quality of the biome-
chanical method using a Q score from 0 to 32 (Additional
file 3). The first part of the scale was based on previously
published quality checklists for systematic reviews as
well as scales for the assessment of the quality of studies
included in systematic reviews [17-19]. It included ques-
tions relating to study design and the quality of the report-
ing of methodologies and results, for example, “were the
aims clearly stated?” The second part of the scale related
to the quality of the biomechanical protocol description,
data acquisition and analysis, based on a previous scale
used in this field [20] and other fields [14—16]. The qual-
ity rating was carried out independently by two reviewers
(MC and AL) and disagreements were resolved by con-
sensus.

Quality of metrological properties (COSMIN score) For
studies that specifically evaluated metrological proper-
ties, the Consensus based Standards for the selection of
health Measurement Instruments (COSMIN) score risk
of bias checklist 2017 [21, 22] was used to calculate a qual-
ity score for each metrological property. In this checklist,
3 boxes (“Hypotheses testing for construct validity’; “Reli-
ability” and “Responsiveness”) were used. Each item in
the boxes was rated as “very good” (3 points), “adequate”
(2 points), “doubtful” (1 point) or “inadequate” (0 points).
Convergent validity was assessed with Box 9.a (4 items,
score/12), discriminant validity with Box 9.b (3 items,
score/9), reliability with Box 6 (3 items, score/9) and
responsiveness with Box 10.a (3 items, score/9).
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Participants

Number of children and adolescents and demograph-
ics (age, sex, type of CP, topography of motor disorders,
Manual Ability Classification System [MACS], etc.) were
extracted.

Type of instruments

The following motion analysis data were extracted: type
of instruments used, model; number, size and position
of markers or sensors; sampling frequency (Hz); biome-
chanical model; specific algorithms and data analysis;
protocols performed; starting position of the child; num-
ber of trials/sessions; velocity; duration of the protocol.
The metrological properties (reliability, validity, respon-
siveness) were collected for each study. Construct validity
was evaluated, including convergent validity (correlation
with a gold standard measure or comparison with other
outcome measurement instruments), and discriminant
validity (ability to discriminate children with CP from
another population). Articles in which children with CP
were compared to TDC were considered to assess discri-
minant validity. Within/between rater/session reliability
(ability of a test to provide the same measurement twice,
e.g., intra-trial, inter-trial, test-retest) was evaluated
with the measurement error and responsiveness (abil-
ity to detect a change before and after therapy). Studies
that determined pre- and post-therapy effects and did
not specifically assess the responsiveness of the measure
were not considered to assess responsiveness.

Outcome measures

The following outcome measures were explored: spa-
tiotemporal (velocity, duration, acceleration, distance,
etc.), kinematic (angular values for the trunk, shoulder,
elbow and wrist), quality of movement (smoothness,
straightness, etc.) and actimetry (intensity and time).
Variables measuring unilateral movement (only the
affected UL during bimanual movements) and bilateral
measures (both UL during bimanual movements) were
distinguished.

Data analysis

A descriptive analysis of samples, type of instruments
and outcome measures was performed. Quantitative
results are expressed as mean (standard deviation [SD])
and categorical results as number (%). We did not con-
duct a meta-analysis because of the large number of
protocols, heterogeneity of samples and varied outcome
measures that prevented such an analysis.
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Results

Flow of studies

The initial search identified 2015 papers published since
1995 after removal of duplicates. Following screening of
titles and abstracts, 285 articles were deemed appropriate
for full text screening. Of the 285 articles reviewed, 254
were excluded. The remaining 31 were included in the
review (Fig. 1).

Characteristics of included studies

The aim of the studies was mostly to increase under-
standing of bimanual movement in different conditions
(Fig. 2).

Quality assessment

The mean Q-score of the articles included was 22/32 (SD
4.7). Seven articles had a score above 80% [23—29], nine-
teen articles had a score between 60 and 80% [30-47]
and six articles had a score between 60 and 40% [48-53].
Details of the Q-scores of each article are provided in
Additional file 4.
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Participants

In total, 452 children and young adults with CP, aged
from 2 to 25 years (mean age 10.9 years [SD 3.2]) per-
formed bimanual movements in the 31 studies and were
included (Table 1). The majority had unilateral CP (uCP),
only 3 children had bilateral CP [32, 41]. They were
mainly female (318 females/241 males), with right-side
impairment (161 left/181 right) and MACS level from
I to III. Children under 5 years of age were included in
5/32 studies [23, 26, 35, 38, 49]). Children with uCP and
TDC of same ages were included in 14 studies [23-25,
31, 33, 34, 36, 37, 39, 41-43, 47, 48]. One study compared
children with uCP to an adult group [39].

Type of instruments

The 31 studies used 3 different types of measurement
systems: (1) 3DMA, including optoelectronic sys-
tems (Optotrack®, VICON®, Qualisis®, MIE Medical
Research®) [24, 25, 27, 28, 30-36, 38—42, 44-46, 49—
53] and electromagnetic systems (Polhemus®) [26, 29]),
(2) accelerometers (ActiGraph®) [23, 26] and (3) other
instruments (bespoke instrumented cube [43], Kinect
device [48] or digitizer with two pens [47]) (Table 2).

[ Identification of studies via databases and registers ]

Records identified from:
Pubmed (n = 2209)
Scopus (n = 1923)

Web of Science (n = 1753)
Cochrane Library (n = 929)

Identification

4

Records screened

(n = 2015)

Reports assessed for eligibility
(n =285)

Screening

[

A4

)

Studies included in review
(n=31)

Included

—

Fig. 1 Flow diagram

Records removed before
screening:
Duplicate records removed
(n =4799)

Records excluded
(n = 1730) (title and abstract)

Reports excluded (n = 254)
- Not bimanual movements analysed (n = 193)
- Out with the scope (n = 25)
- Not motion analysis (n = 15)
- Full-article not accessible (n = 8)
- Only adults or not CP (n = 6)
- Type of article (n = 5)

- Language (n = 2)
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Main objectives of included studies

Protocol validation

Pre post-test study

Instrument validation

Experimental study (research
question)

Correlation with other
measures

Fig. 2 Main objectives of the 31 included studies

The 3DMA studies used models with 2 to 41 markers
positioned on both ULs. Markers were always posi-
tioned on the wrists, they were also positioned on the
trunk in 9 studies and on the hips in 1 study [44]. They
used between 3 and 13 infrared cameras with a sam-
pling frequency of 50—200 Hz. Few studies reported the
biomechanical model used for the data analysis. The
studies that used actimetry all used two accelerometers:
one on each wrist and none on the trunk [23, 26].

Most of the protocols assessed functional tasks
(Table 3). This included daily tasks (ex: placing a hat
on the head, opening a drawer, picking up a box, food
preparation, playing, etc.) performed in a laboratory
setting (n=13), that were mainly recorded with 3DMA
systems [26-30, 33-38, 42, 48]. Child-friendly proto-
cols were used, including game scenarios (n=>5), such
as 3D virtual environment [48], videogames (Kinect
[48], Nintendo Wii [32]) or projection of a scene on a
screen [24, 25, 53]. The drawer opening task was the
most frequently used (n=7) [26-28, 33-35, 38], fol-
lowed by bimanual reach to grasp tasks (n=5) [36,
43, 48-52], a box pick-up task (n=3) [29, 36, 37] and
bimanual circular movements (n=3) [31, 44, 47]. The
studies that used actimetry recorded the Assisting hand
assessment (AHA) test session, rating the effectiveness
of affected hand use during semi-structured, bimanual
play activities [23, 26]. No studies evaluated sponta-
neous bimanual movement during free play or activi-
ties of daily living and none evaluated movement in
the child’s home environment. Ten studies explored a
combination of bimanual tasks (2-5 different tasks). In
5 studies, data from the bimanual tasks were only ana-
lysed for the impaired UL and not both ULs [24, 25, 30,
42, 48].

Number of articles

In most studies, the starting position was almost the
same: sitting on a chair at a table with the knees and
elbows flexed at 90° [24-29, 31, 33-35, 37-40, 42-53].
The tasks were performed under different conditions:
object size, height and grasp-type [34, 39, 51, 53], tar-
get position [40, 41, 45, 46, 52], environmental feed-
back (ex: mirror or opaque screen) [31, 44—46], each
hand performance of asymmetrical bimanual tasks [26,
29, 33, 35, 47], or increasing difficulty [32]. Participants
performed tasks at their self-selected speed, and 3 stud-
ies analysed maximum speed [33, 34, 53]. One to 5 trials
were recorded, with at least 1 practice trial, except for the
accelerometery measures that were recorded directly [23,
26]. The children and adolescents performed between
1 and 4 sessions of each protocol (most often 1 session
[23, 25, 28, 29, 32-34, 36, 37, 39, 42—45, 47-53]. Protocol
durations were from a few minutes to 1 h.

Outcome measures

Instrumented measurements were mainly used to cal-
culate spatiotemporal variables during bimanual move-
ments (26/32 studies) [27-35, 37-44, 48] (Table 4).
Movement time, mean and peak velocity were the most
frequently measured. Trunk and upper limb joint (mostly
elbow and wrist) kinematics were evaluated in 15 stud-
ies [24, 25, 27, 27, 28, 30, 32, 34, 38, 39, 42, 48, 51-53].
One study focused on hand movements [36]. Studies that
evaluated movement quality analysed smoothness, tra-
jectory (Index of Curvature (IOC) [24], accuracy [29] and
circularity [47]. Smoothness was analysed by the num-
ber of movement units [30, 40, 41], spectral arc length
(SPARC) [24, 43], number of velocity peaks [47, 48],
normalized jerk [31], relative phase [45], and dysfluency
of hand movement [53]. Four variables were calculated
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from accelerometery: mean activity count [23], asym-
metry index [23], duration of limb use [26] and goal syn-
chronization [26]. Bilateral movements were analysed
with 6 specifically developed spatiotemporal variables:
task completion time, goal synchronization of the hands,
movement overlap time [27, 28, 33-35, 38], interlimb
coupling [29, 31, 49-52], continuous relative phase [31,
44, 47] and asynchrony [53]. Task completion time, goal
synchronization of the hands and movement overlap
time were only analysed in the drawer-opening task [27,
28, 33-35, 38].

Validation of metrological properties

In total, 22 studies evaluated one or more metrological
properties of their instrumented measures [23-31, 33—
43, 46, 48] (Table 5).

Convergent validity
The mean COSMIN score of the studies that assessed
convergent validity was 10/12 points.

Seven of the 31 studies evaluated correlations between
the variables calculated from the instrumented assess-
ments and scores on clinical assessments. Of these 7
studies, 3 used unimanual clinical assessments (MACS,
Jebsen—Taylor Hand Function Test (JTHFT), [23, 26, 29,
42, 48]) and 5 used bimanual assessments (AHA, Abil-
hand-Kids, Children’s Hand-use Experience Question-
naire (CHEQ) [24, 25, 28, 29, 35, 42]).

Among those that used unimanual clinical assess-
ments, no correlation was found between MACS level
and movement time or kinematic values [42]. Moderate
correlations were found between JTHFT and goal syn-
chronisation (r=0.634, p<0.05), and total task duration
(r=0.39, p<0.05) [29].

Among those that used bimanual clinical assessments,
the highest correlation was found between the AHA
score and Arm Profile Score (APS) (a kinematic index)
(r=— 0.84, P<0.001) [24]. Low to moderate correlations
were found between AHA score and bilateral movement
measures (total movement time and goal synchronisa-
tion) (r=-0.3 p<0.05) [28] and no correlation was found
for normalized movement overlap [28, 35]. The AHA
“smoothness of movement” item was moderately and
significantly correlated with the SPARC and IOC quality
of movement parameters [23]. Poor to good significant
correlations were found between Abilhand-Kids and the
maximum angular value (MAX) and range of motion
(ROM) (r=0.36-0.58, p<0.03) [25, 42], and movement
time (r=0.769, p=0.001) [42]. CHEQ sub-scores for
the affected hand were significantly correlated with total
task duration (r=0.41-51, p<0.05), temporal coupling
(r=0.36, p<0.05) and spatial accuracy (r=0.41-0.59;
p<0.05) [29].
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Discriminant validity
The mean COSMIN score of the studies that assessed
discriminant validity was 8/9 points.

Twelve studies compared children and adolescents
with uCP and TDC [23-25, 31, 33, 34, 36, 37, 39, 42, 43,
48]. The main results were that children with uCP had
restricted ROM of shoulder elevation, plane of eleva-
tion, elbow extension, supination, wrist extension and
wrist adduction/abduction, and vertical and lateral hand
movements compared to TDC during bimanual tasks
[24, 25, 36, 37, 39, 42, 48].

Children and adolescents with uCP had altered spati-
otemporal variable values, with longer movement dura-
tions [31, 37, 42, 48] and lower peak velocities [39, 48]
compared to TDC. Children and adolescents with uCP
used their hands less often at the same time (less goal-
synchronized), with less interlimb coupling [33, 34] than
TDC. Hand trajectories were less smooth [24, 31, 43,
48] and also less straight [24] in children and adoles-
cents with uCP. The duration of use of each UL was more
asymmetrical in children with uCP because the affected
UL was underused as compared with TDC [23].

Reliability
The mean COSMIN score of the studies that assessed
reliability was 14/15 points.

Reliability was evaluated in 2 studies, either within-ses-
sion [24] or both within and between sessions [25]. These
studies explored 2 different versions of a protocol (‘Be An
Airplane Pilot’ (BE API) and BE API 2.0). Within session
reliability was assessed during 3 or 4 movement cycles
for each task. Between-session reliability was assessed
at an interval of 2 and 4 weeks. Reliability was assessed
with correlated multiple correlations (CMC), intraclass
correlation coefficients (ICC) and measurement errors
(minimum detectable change [MDC] and standard error
of measurement [SEM]). Within- and between-session
reliability were high for kinematic variables: CMC >0.82;
ICC>0.85, SEM 4.78° and moderate for smoothness and
trajectory (ICC>0.53).

Responsiveness
The mean COSMIN score of the studies that assessed
responsiveness was 8/12 points.

The main objective of the studies was to evaluate the
effect of an intervention but not specifically the respon-
siveness of the measures. Seven studies performed
assessments pre- and post-intervention: Constraint-
Induced Movement Therapy (CIMT) [30, 35], Hand and
Arm Bimanual Intensive Therapy (HABIT) [26, 35, 38],
structured practice [27] and synchronized metronome
training [40, 41]. All outcome measures changed signifi-
cantly post-intervention except after CIMT [30]. After
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Table 4 Outcome measures evaluated in bimanual assessments
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Outcome measures

Spatio temporal

Kinematics

Quality

Actimetry

Others

Unilateral
variables
(=one hand
analysed)

Bilateral vari-
ables (=both
hands ana-
lysed)

Total

Spatial

- 3D Distance (mm) [40, 41]
- Location of peak velocity
(frames) [49]

Temporal

- Movement time / dura-
tion of movement (sec)
[29-31,37,40,42,43,47,
49-51, 53]

- Time to peak velocity
(sec) [48]

- Two hands offset/ onset
difference (sec) [37]

- Timing differences at
offset (sec) [39]

- Intralimb coupling
[50-52]

Velocity

- Peak velocity (mm/sec or
m/sec) [30,39,

48,49-52]

- Angular velocities (°/sec)
[32]

- Accelerations (°/sec2) [32]
- Tangential velocity (mm/
sec) [33, 34]

- Peak velocity difference
(mm/sec) 33, 35]

- Average velocity (mm/
sec) [45,49-52]

- Task completion time
(sec) [27, 28, 33-35, 38]

- Goal synchronization (sec)
[27,28,33-35, 38]

- Movement overlap
(%time) [27, 28, 33-35, 37]
- Interlimb coupling [29, 31,
50-53]

- Continuous relative phase
(i.e. synchronicity) (°) [31,
44, 47]

- Onset asynchrony (sec)
[53]

- Variability of onset asyn-
chrony (sec) [53]

- Peak asynchrony (sec) [53]
- Variability of peak asyn-
chrony (sec) [53]

22

- Range of Motion
Upperarm (°) [27, 38, 39,
48]

Trunk (°) [25, 26, 42]
Shoulder (°) [24, 25, 32,
37,53]

Elbow (°) [24, 25, 27, 30, 32,
36-39,42]

Wrist [24, 25, 30, 32]
Vertical hand (mm) [36]
Lateral hand (mm) [36]
C7 displacement (mm) [27,
37-39]

- Maximum angular value
(°) [24, 25, 52]

- Arm Profile Score (°) [24]
- Angular waveforms (°)
[25]

- Difference in vertical
position between hands
(m) [36]

- Grasp aperture (cm) [51]

6

Smoothness

- SPARC [24, 43]

- Number of movement
units [30, 40, 41]

- Normalized jerk [31]

- Number of velocity peaks
[47, 48]

- Relative movement
smoothness (peaks/cm)
[45]

- Dysfluency of the hand
movement (velocity inver-
sions/sec) [53]

- Index of curvature [24]

- Spatial accuracy (m) [29]
- Amplitude (cm) and
circularity [47]

- Mean activity count
(activity count/sec)
[23]

- Asymmetry index
[23]

- Time of use (sec) [26]
- Goal synchronization
(sec) [26]

- Root Mean Square
Error [49]

- Absolute error [45,
46]

- Hand height posi-
tion differences (mm)
[39]

10C: Index of curvature; SPARC: Spectral Arc length

Outcome measures with no specified units are unitless measures

HABIT, goal synchronization time (p<0.05) [26, 35],
movement overlap (p=20.005) [35] and % time of biman-
ual movements (p=0.001) increased [38], and kinematic
variables improved (trunk displacement decreased [26%,

p<0.05] and UL joint excursion [30%, p<0.01] and elbow
extension increased [25%, p<0.05] on the affected side)
[38]. Similar findings were reported for structured/
unstructured practice although kinematic variables
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only improved for structured practice [27]. Two stud-
ies reported significant changes in smoothness, distance
and ROM of elbow, wrist and shoulder after metronome
training [40, 41].

Synthesis of outcome measures evaluated for clinical

and research purposes

Spatiotemporal variables were evaluated both for
research and clinical practice. Bilateral variables were
used for research [28, 38, 44, 47, 49-52] and clinical
practice (pre-post intervention [27, 35, 37]) but only one
study evaluated convergent validity: goal synchronization
was correlated with the unimanual JTHFT assessment
(33]).

The outcome measures that underwent the most valid-
ity assessments were ROM, MAX, APS, SPARC and IOC
(convergent, discriminative validity and reliability) for
research purposes [24, 25]. Accelerometery variables
(mean activity count and asymmetry index) were used
for convergent, discriminative validity and pre-post ther-
apy, both in research and clinical settings [23, 26]. Kin-
ematic (ROM), spatiotemporal variables (peak velocity,
movement time, number of movement units and move-
ment duration) [27, 30, 35, 37, 40, 41, 48] and quality of
movement variables (smoothness) were used to assess
the effect of therapy.

Discussion

This systematic review of studies that used instrumented
assessments of bimanual movements, most often 3DMA,
in children and young adults with uCP aged from 2 to
25 years, found that the majority of studies were of good
to very good quality (mean Q score 22/32). The protocols
evaluated were varied, involving 1 to 5 bimanual tasks
that mostly represented activities of daily living or were
part of a game scenario. Spatiotemporal variables were
most often evaluated, including 6 variables specifically
developed for the assessment of bimanual movement:
task completion time, goal synchronization, move-
ment overlap time, interlimb coupling, continuous rela-
tive phase and asynchrony. The instrumented measures
demonstrated moderate to good discriminant and con-
vergent validity, but reliability and responsiveness assess-
ments were lacking. All types of variables discriminated
between children and adolescents with CP and TDC and
were used to assess UL therapy efficacy with relevant
results, therefore demonstrating their potential for clini-
cal and research purposes.

Types of instruments

A wide variety of instruments has been used to quanti-
tatively evaluate bimanual movements, depending on the
objective or variables of interest (ex: accelerometers for
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actimetry). Most studies used 3DMA, probably because
this was the first tool to be developed and because it has
been shown to be consistent and accurate for gait analy-
sis, for which it has become the gold standard [11]. How-
ever, the 3DMA system set-up for UL recordings appears
to lack consensus with regard to the number of cameras,
markers, etc. 3DMA is performed in a laboratory setting
to measure standardized, reliable movements that may
differ from those performed in daily life. We recommend
the use of 3DMA as it provides an objective and accurate
measure, which complements the clinical assessment but
with more technical standardization. The results of this
review also highlighted that other recently developed
technologies, which involve smaller and less constrain-
ing systems, e.g. accelerometers, can be used [23, 26].
However, no studies have yet used these instruments to
provide out-of-laboratory assessments and to investigate
bimanual movements directly in daily situations (e.g. at
home), likely because real-life measures are less stand-
ardized, require greater tolerance for longer record-
ings, and the analysis of bimanual data from the real-life
setting is challenging [13]. Accelerometers or inertial
measurement units should be increasingly used to meas-
ure UL performance in the home setting, i.e., how the
child spontaneously uses their impaired UL in real life.
Another pertinent suggestion is to adapt daily life objects
to perform direct recordings in the child’s usual environ-
ment (e.g., toys, etc.) and to get away from the context of
evaluation [41]. We recommend the development of tools
that allow direct measurement of UL movements in real-
life situations with as few constraints on the child as pos-
sible. This is necessary to improve understanding of the
effects of therapies and to adapt them to the real difficul-
ties encountered in daily life (Additional file 5).

Protocols

The protocols lacked standardization, they involved dif-
ferent data collection procedures and, most importantly,
different bimanual tasks. The choice of tasks for bimanual
movement assessment is a real challenge because of the
large variety of movements that can be performed with
both ULs (symmetrical/asymmetrical, free/constrained,
with/without object, proximal/distal, etc.). Hung et al.
proposed a unique task, ‘the drawer-opening task’ [26—
28, 33-35, 38], mainly to study coordination, however,
most protocols used several tasks to provide a compre-
hensive and global assessment of bimanual movement.
Based on the results of this review, we recommend the
use of a set of 3 to 5 tasks both to provide an overview
of the performance of different bimanual movements and
to ensure precision, while also maintaining the atten-
tion and participation of the child during the assess-
ment. To evaluate spontaneous movements as they are
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performed in daily life, tasks that involve interaction with
objects should be evaluated: bimanual UL movement is
often induced by the need to grasp, manipulate or hold
objects. Some studies particularly focused on interaction
with objects (size and shape) [34, 39, 51, 53] and factors
that interfered with interaction and how information was
processed (visual disturbance) [31, 44—46] to evaluate all
the situations that the child may face in daily life and to
contribute to the understanding of bimanual function.
In laboratory conditions, we recommend the assessment
of simple daily movements (e.g., dressing, drinking and
holding) or tasks within a game scenario [24, 25, 32, 48,
53] to better reflect spontaneous bimanual movements,
whilst still being reproducible. The environment could
be enhanced by video games or virtual reality [47]. The
results of the review also support the need to directly
assess bimanual movement in real-life situations (at
home or school) (Additional file 5).

Outcome measures

Spatiotemporal variables were the most often analysed.
They were mainly used to describe the characteristics of
bimanual movements and to evaluate the effect of thera-
pies. Six bilateral variables were specifically developed
to assess bilateral movements. Most bilateral variables
were spatiotemporal and were designed for the ‘drawer-
opening task’ [26-28, 33—35, 38] whereas other bilateral
variables explored coordination between both hands
[31, 44, 47, 53]. These variables may constitute impor-
tant indicators since children and adolescents with CP
use different motor coordination patterns during daily
bimanual activities. Moreover, understanding coordina-
tion patterns could guide researchers and clinicians in
the development of intervention programs that aim to
improve bimanual hand coordination performance [6].
However, these variables have only been partially vali-
dated; reliability and responsiveness have yet to be deter-
mined. With regards to UL kinematics, similar variables
to those used in unimanual assessments have been used
to assess each UL separately, often to compare the ULs,
however, no variables have been specifically developed to
evaluate joint angles during bimanual movements. Qual-
ity of movement variables, i.e., smoothness or straight-
ness, provide information that is difficult to obtain
precisely with clinical assessments; this is a real advan-
tage of motion analysis. However, there is also no con-
sensus on the best way to measure some of these quality
of movement variables (e.g. smoothness was measured
using 6 different methods [24, 30, 31, 40, 41, 43, 45, 47,
48, 53]) and none have been completely validated. This
finding highlights the difficulty of determining relevant
UL variables that could be assessed across all types of
bimanual tasks. According to the results of this review,
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we recommend that a comprehensive assessment of UL
impairment should include spatiotemporal, kinematic
and quality of movement parameters, including spe-
cific bilateral variables (goal synchronization, movement
overlap time, etc.). This would help to better characterize
pathological movements and to further determine those
that are most relevant to guide the focus of therapies in
clinical practice (Additional file 5).

Validation of instrumented measures

The results of this review showed that most measures
have not been fully validated. Reliability and respon-
siveness properties have not been sufficiently assessed,
despite their importance. A representative example is the
“drawer task”: it was used in 7 studies but only convergent
and discriminant validity have been confirmed. Discrimi-
nant validity was the most evaluated: all the tools were
able to differentiate between children with CP and TDC
for all types of variables and bimanual tasks. Moreover,
other types of discriminant validity were also evaluated,
i.e. comparison between uni and bimanual movements
[40, 41, 46, 47, 49-52] and comparison of the affected
and non-affected ULs during asymmetrical tasks [29, 33,
40, 41]. Future studies should include an evaluation of
reliability since we found only 2 studies that assessed this
property [24, 25]. Given the complexity of UL movements
and the use of different instruments/markers, reliabil-
ity must be evaluated because factors such as the child’s
position could impact the accuracy and interpretation of
the measure. In this review, we were unable to properly
report on the responsiveness of the tools as it was not the
main objective of the studies included. However, most
studies demonstrated changes in the values of variables
after different interventions, whatever the protocol and
variables assessed. Therefore, instrumented assessments
appear to be good indicators of therapy efficacy. Regard-
ing convergent validity, the highest correlations were
found for assessments of the impaired UL during biman-
ual tasks, the AHA and APS (a kinematic deviation index
of the impaired UL), whereas bilateral variables were not
correlated, demonstrating the pertinence of evaluating
both ULs to better reflect bimanual function.

Limitations

This review has some limitations. The lack of standardi-
zation of protocols and systems made direct comparisons
of results between studies challenging. The quality of the
articles included ranged widely (from 13 to 30/32): full
descriptions of data acquisition and adherence to biome-
chanical recommendations (e.g., International Society of
Biomechanics) were frequently missing. Furthermore,
no studies reported a priori sample size calculations,
therefore the statistical power is unknown. Among the
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articles included, 8 were from the same team [26-28,
33-36, 38]. The quality scale developed was provided
to help interpretation but has not been previously vali-
dated, therefore, the quality results should be interpreted
with caution. The age range of the children and adoles-
cents who were compared in this review was very wide:
analysis by age is necessary as toddlers and young adults
may have different bimanual function. The results could
not be generalized to all children and adolescents with
CP as there was a lack of assessment in younger chil-
dren and those with bilateral CP. Future research, involv-
ing younger children (pre-schoolers), and taking into
account the different degrees of UL impairment (MACS
3-5) and diversity of CP type (bilateral CP, dyskinetic),
will improve our understanding of bimanual movements
and their development in these children and adolescents
(Additional file 5).

Conclusion

This systematic review reported a large number of instru-
mented measurements of bimanual movements in chil-
dren with CP, in good- to high-quality studies. These
assessments involved different systems (3DMA, accel-
erometers, etc.) and different bimanual tasks (drawer-
opening task, reach to grasp, etc.), and spatiotemporal
parameters were mostly calculated in bimanual condi-
tions. Some specific variables were developed for the
evaluation of bimanual function (ex: goal synchroni-
zation). However, the metrological properties of these
instruments were not fully evaluated, especially reliabil-
ity and responsiveness. The complementary information
provided by instrumented measures in relation to clini-
cal assessments of bimanual function was highlighted.
Development of other relevant variables and validation
of these tools are required before they can be used as
research outcomes or in clinical practice. Studies that
involve younger children and real-life assessments will
improve our understanding of bimanual function in these
children.

Abbreviations

3DMA 3D motion analysis

AHA Assisting hand assessment

APS Arm profile score

BE API Be an airplane pilot

CHEQ Children’'s Hand-use Experience Questionnaire
CIMT Constraint-induced movement therapy

CMC Correlated multiple correlations

COSMIN  Consensus based Standards for the selection of health Measure-
ment Instruments

@3 Cerebral palsy

HABIT Hand and arm bimanual intensive therapy

ICC Intraclass correlation coefficients

10C Index of curvature

JTHFT Jebsen-Taylor hand function test

MACS Manual ability classification system
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MAX Maximum angular value

MDC Minimum detectable change
ROM Range of motion

SEM Standard error of measurement
SPARC Spectral arc length

iIB) Typically developing

uCpP Unilateral cerebral palsy

uL Upper limb
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