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Background: Better upper limb recovery after stroke could be achieved through tailoring
rehabilitation interventions directly at movement deficits.

Aim: To identify potential; targets for therapy by synthesizing findings of differences in
kinematics and muscle activity between stroke survivors and healthy adults performing
reach-to-target tasks.

Methods: A systematic review with identification of studies, data extraction, and
potential risk of bias was completed independently by two reviewers. Online databases
were searched from their inception to November 2017 to find studies of reach-to-target
in people-with-stroke and healthy adults. Potential risk-of-bias was assessed using the
Down’s and Black Tool. Synthesis was undertaken via: (a) meta-analysis of kinematic
characteristics utilizing the standardized mean difference (SMD) [95% confidence
intervals]; and (b), narrative synthesis of muscle activation.

Results: Forty-six studies met the review criteria but 14 had insufficient data for
extraction. Consequently, 32 studies were included in the meta-analysis. Potential
risk-of-bias was low for one study, unclear for 30, and high for one. Reach-to-target
was investigated with 618 people-with-stroke and 429 healthy adults. The meta-analysis
found, in all areas of workspace, that people-with-stroke had: greater movement times
(seconds) e.g., SMD 2.57 [0.89, 4.25]; lower peak velocity (milimeters/second) e.g.,
SMD —1.76 [-2.29, —1.24]; greater trunk displacement (milimeters) e.g. SMD 1.42
[0.90, 1.93]; a more curved reach-path-ratio e.g., SMD 0.77 [0.32, 1.22] and reduced
movement smoothness e.g., SMD 0.92 [0.32, 1.52]. In the ipsilateral and contralateral
workspace, people-with-stroke exhibited: larger errors in target accuracy e.g., SMD
0.70 [0.39, 1.01]. In contralateral workspace, stroke survivors had: reduced elbow
extension and shoulder flexion (degrees) e.g., elbow extension SMD —1.10 [-1.62,
—0.58] and reduced shoulder flexion SMD —1.91 [-1.96, —0.42]. Narrative synthesis
of muscle activation found that people-with-stroke, compared with healthy adults,
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exhibited: delayed muscle activation; reduced coherence between muscle pairs; and use
of a greater percentage of muscle power.

Conclusions: This first-ever meta-analysis of the kinematic differences between people
with stroke and healthy adults performing reach-to-target found statistically significant
differences for 21 of the 26 comparisons. The differences identified and values provided
are potential foci for tailored rehabilitation interventions to improve upper limb recovery

after stroke.

Keywords: stroke rehabilitation, reaching, upper limb, kinematics, movement performance

INTRODUCTION

Reaching is essential for everyday activities such as drinking,
using a touch screen or operating buttons on an elevator.
Rehabilitation therefore gives emphasis to regaining reaching
ability through evidenced-based task-specific training. Many
people after stroke have upper limb disability, for example:
approximately 48% of a consecutive admissions sample at three
days after stroke(1); and 65% of individuals with severe stroke not
regaining the ability to reach and grasp everyday objects despite
participation in rehabilitation (2).

There are many different therapy approaches available
to clinicians to progress upper limb motor function.
An alternative to best conventional therapy is offered by
impairment-orientated therapy (3). This impairment-orientated
training involves targeting interventions at the movement

TABLE 1 | The search strategy used to search the database MEDLINE as
example of electronic searches.

Upper extremity OR arm OR hand
(upper limb).tw

Stroke.tw

“range of motion, articular”/ph
Movement/ph

Muscle, skeletal/ph

Motor skills/ph

arm/ph

Exp Muscle contraction (includes isotonic contraction, isometric contraction and
excitation contraction coupling)

(muscle activation OR co?contraction OR motor control).tw

(grasp* OR reach* OR grip* OR pinch* OR limb transport).tw

Exp psychomotor performance (includes motor skills and performance analysis)
Electromyograph* OR transcranial magnetic stimulation OR biomechanics

(co?contraction OR EMG OR motor evoked potential OR biomechanic* OR
electromyograph* or kinematic* OR object manipulation).tw

(1WOR(@2)

(15)AND (3)

4)OR(5) ...0R (11)

(12) OR (13) OR (14)

(16) AND (17) AND (18)

Limits: individuals > 18 years of age; human; English Language

Tw, text word; ph, physiology.

control deficits underlying difficulty and inability to perform
everyday functional tasks. Therefore, a precursor to continuing
investigation of impairment-orientated training is to identify
the exact movement control deficits experienced by stroke
survivors.

Movement control deficits can be identified by kinematic
assessment providing sensitive, objective and reliable
measurement (4-9). Therefore, kinematic assessment can
be used to identify movement control deficits as targets
for impairment-orientated training after stroke. Indeed,
reaching kinematics has been studied widely in both healthy
populations (10-12) and in people after stroke (13-16). Even
more information can be gained by combining kinematics
with measurement of muscle activity (17). For example,
electromyography (EMG) provides neurological measures such
as spatial-temporal patterns of muscle activity for enhanced
understanding of the movement control (kinematics and
muscle activity) underlying the performance of everyday
tasks (18).

Knowledge of the kinematics of all forms of reaching (4,
19) and more specifically, coordination of reach and grasp
components (20), has been drawn together in narrative reviews.
These reviews are valuable as they provide an expert overview of
the kinematics of reaching activity. However, narrative reviews
have potential for bias in at least two aspects: identification
of the primary studies included (selection bias); and the
possibility that synthesis is influenced by author opinion
(expert opinion bias). A robust systematic review is required
to minimize the risk of potential bias. In addition, review of
the neural components of reaching is required alongside the
kinematics.

To understand reaching impairment we need to consider
the different forms of reaching required for everyday activity
e.g., reach-to-target (operate elevator buttons), reach-to-release
(put can on shelf); reach-to manipulate (cut paper with
scissors); and reach-to-pull (open cupboard). In addition,
reaching activity takes place in many workspace areas including:
above the head, behind the trunk and to the contralateral side
of the reaching upper limb. Diverse forms of reaching for
performance of everyday tasks require the ability to utilize
different spatial-temporal patterns of muscle activity and limb
segment orientations (4, 19). Indeed, kinematic characteristics
vary depending on the reaching task and goal (21, 22).
A prerequisite for development of impairment-orientated
rehabilitation, therefore, requires knowledge of the movement
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control deficits underlying difficulty performing everyday
reaching tasks to enable therapy to be targeted at what needs to
change.

The aims of this systematic review were to: (1) systematically
synthesise the differences between individuals with stroke and
healthy adults for the kinematics and muscle activations of

Additional records identified through

other sources
(n=74)

Records excluded

(n= 2029)

Articles excluded

(n=146)

Relevant data could not be extracted

(n=14)

Records identified through database
searching MEDLINE: 1203, AMED:
500, EMBASE: 1137
I (n = 2840)
c
—
(4
S
t
£
g v
== Records after duplicates removed
(n=2222)
Y
Records screened
= (n=2222) g
[ =4
(]
Q
7
v
Full-text articles assessed
for eligibility
(n=193) >
2
E
) Studies that met inclusion <
) criteria
(n=47)
Studies included in
synthesis
S (n=33)
=)
z Studies included in meta-
— analysis (n = 29)
Studies included in
narrative synthesis (n=8)
(4 studies are included in
both meta-analysis and
narrative synthesis)
FIGURE 1 | Prisma Diagram detailing the search and processes of identification of studies included in the systematic review.
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reach-to-target; and (2) determine the potential influence of
object location on the differences in kinematics and muscle
activity. Reach-to-target was chosen because it is the precursor
component of most everyday upper limb tasks and is essential
for many daily activities such as a using touch screen (tablet,
computer), turning on/off light switch, and using a doorbell, or
elevator.

METHODS

The systematic review methodology was based on guidelines
by the Cochrane Collaboration (23). Two reviewers worked
independently at each stage: title and abstract screening, full
text screening, assessment of potential risk of bias, and data
extraction. Each reviewer recorded their assessment on a pre-
agreed proforma. If there were disagreements the two reviewers
referred to the original document in question. If agreement could
not be reached then a third researcher was consulted.

Searching for Studies

The search strategy was developed in collaboration with a
research librarian. The search was limited to studies published in
the English language. The search terms used included: reaching,
upper limb, kinematics, biomechanics, movement analysis,
electromyography, and stroke. The terms were a combination of
MeSH and non-MeSH terms used as text words. Three online
databases were searched: MEDLINE, AMED, and EMBASE; the
databases were searched from their inception to November 2017.
Due to the differences between databases the search strategy
was modified for each individual database; an example of the
search strategy used for MEDLINE is in Table 1. In addition, the
reference lists of relevant papers were hand searched for potential
articles that were not retrieved in the electronic search.

Study Eligibility Criteria

Types of Studies

All study designs were included except for single case studies, and
reviews. Included studies of people after stroke also needed to
investigate healthy adults (control) completing identical reach-
to-target tasks.

Types of Participants

The participants in eligible studies had to be at least 18 years of
age. For people after stroke there were no limitations placed on
lesion location, time since ictus, or number of strokes. Healthy
adult participants needed to have no diagnosis of a neurological
or musculoskeletal disorder that could potentially influence
movement control or reaching.

Types of Reaching Tasks

Studies were eligible if reaching to a target was assessed with the
paretic upper limb of the people after stroke and either upper
limb of the healthy adult participants. Specific exclusion criteria
were: reach-to-grasp of an object, tapping, tracing, drawing tasks,
or reaching with the non-paretic limb (stroke survivors).

Types of Measures

Eligible studies employed kinematic assessment (motion
analysis); muscle activity (electromyography, EMG); and/or
corticospinal pathway excitability (transcranial magnetic
stimulation, TMS) during the reach-to-target task.

Identification of Studies

Studies were assessed as not relevant, probably relevant, or
relevant. Title and abstract were screened together. For those
studies deemed as either relevant or probably relevant their full
texts were then screened (23, 24). Those studies which met the
eligibility criteria were included in this review.

Potential Risk of Bias

The majority of included studies used observational designs,
therefore, the Downs and Black tool was used to assess potential
risk of bias (25). The tool was modified by using just the criteria
pertinent to potential risk of bias of observational study designs
(23, 26). For example: the removal of questions relating to
randomization, group allocation, and group concealment (26—
28).

Data Extraction

The data extracted were: number of participants, participants’
age, time since stroke, reach-to-target task description, use
of trunk restraint, upper limb motor ability, kinematic
characteristics (e.g., velocity), EMG data (e.g., muscle activity).
Some included studies evaluated the effect of an intervention. For
these, only the baseline data (pre-intervention) were extracted.
For studies in which the published data were unclear or missing
then the authors were emailed to request clarification/more
details.

Synthesis

A meta-analysis was undertaken for measures where two or
more included studies reported measurement values of the same
movement characteristic. A narrative synthesis was performed if
there was insufficient similarity across included studies.

If a study included data for multiple reach-to-target tasks one
task was selected to be included in the meta-analysis. The task
selected was the one most similar to the rest of the studies in the
meta-analysis. For example, reaching at a self-paced speed versus
fast speeds, tasks in which reaching distances were most similar,
and most similar grip (23).

The meta-analysis used the Cochrane Statistical package,
RevMan 5.2, to compare the group means and standard
deviations of the kinematic characteristics of people after stroke
and healthy adult participants. The heterogeneity of data was
assessed using the I? statistic and interpreted as low for a value
< 25%, high for a value of > 75% and moderate for all values in
between (23, 29, 30). If heterogeneity was low a fixed effect model
was used; if heterogeneity was moderate or high a random effects
model was used (23, 30). The standardized mean difference
(SMD) was calculated (23).
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trajectory

Arm support: no

Movement speed: fast
Trunk restraint: yes

s, individuals with stroke and c, control participants.

RESULTS

Identification of Studies

The flowchart describing the results of the search is provided
the PRISMA diagram Figure 1. In summary, 2,222 records were
identified after duplicates were removed. Following title, abstract,
and full text screening 46 studies met the inclusion criteria,
however, 14 were subsequently excluded because the relevant
data could not be extracted (9, 31-43). Therefore, there are 33
studies included in the synthesis (5, 7, 13, 14, 16, 44-71). There
were two pairs of studies that reported two reaching tasks in the
same cohort (16, 63, 67, 68) so participants were only counted
once in any particular meta-analysis.

Included Studies

Observational designs were used by 27 of the 32 studies and
five studies used experimental designs (5, 45, 47, 48, 61, 69).
The included studies investigated reach-to-target with 618 people
after stroke and 429 healthy adult participants. The mean number
(standard deviation, SD) of individuals per included study was
17.2 & 9.9 people after stroke and 11.9 = 9.3 control participants.

Participants

The mean age (SD) of: people after stroke was 58.4 & 9.3 years
whilst healthy adult participants were a mean (SD) of 54.0 £+
10.0 years. The mean time after stroke, calculated from the data
reported, was 25.6 & 23.1 months. Full details of participants are
provided in Tables 2-5 according to the placement of the target
in the workspace.

Reach-To-Target Task

The reach-to-target task varied across studies. Heterogeneity
was present in: the target distance; target size; target location;
reaching speed; trunk restraint; and use of vision for reaching. A
description of the reaching tasks, grouped by the location of the
target in the workspace, is provided in Tables 2-5. Location of the
target in the workspace was considered the pertinent grouping
variable because of the expectation of related differences in joint
angles, joint trajectories and spatial-temporal patterns of muscle
activity.

Outcome Measures

The methods of data collection, kinematic, and EMG outcomes
assessed across all studies were diverse. The kinematic
characteristics most frequently assessed were: movement
time; peak velocity; reach-path-ratio/trajectory; movement
smoothness; target accuracy; joint range of motion; and trunk
contribution to movement. The EMG-derived assessments most
frequently made were: muscle coupling; muscle onset time; and
the percentage of muscle used.

Risk of Potential Bias

The detailed assessment of risk of potential bias is provided in
Table 6. In summary, one study (45) had a low risk of bias across
all 13 items of the modified Downs and Black tool (Table 6).
There was only one study that was judged to have a high risk
of bias for one item (52). This was for participant description.
Most of the risk of potential bias was due to unclear reporting of
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TABLE 6 | Potential risk of bias of included studies assessed using the modified Down’s and Black Tool.
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(a) adverse events during the studies and (b) the use of assessors
blinded to the intervention/task being investigated.

There were seven studies in which the experimental protocol
differed for people after stroke and healthy adult participants
(9, 61, 63, 69, 72, 73). This was primarily because people after
stroke were receiving some rehabilitation and thus had pre/post
assessments whereas the healthy adult participants had one
assessment only. The reach-to-target task protocols did not differ,
thus as the review is utilizing baseline data only this difference in
protocol does not impact on the findings and does not contribute
to potential bias.

Synthesis
The synthesis is grouped by workspace location of the target
for reach-to-target: central, ipsilateral, contralateral and multiple.

Data from 27 of the 32 studies were included in the meta-
analysis. The narrative synthesis included data from 8 of the 32
studies.

Meta-Analysis of Kinematic Data

Meta-analysis was possible for the kinematic characteristics of:
peak velocity; movement time; reach-path-ratio; smoothness
of movement; elbow range of motion (extension); shoulder
range of motion (flexion); accuracy; trunk contribution during
reaching; and trunk rotation during reaching. Two or more
included studies investigated these characteristics. Twenty-six
meta-analyses were undertaken. The heterogeneity of the meta-
analyses, as measured by the I? statistic, was low (I = < 25%)
for 10, moderate (I = 26-74%) for 13, and high (I > 75%) for
three (Figures 2-8).

Stroke Survivor Healthy Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

13.1.1 Ipsilateral

Archambault 1999 H 829 383 8 1963 951 6 3.4% -1.56 [-2.82,-0.30]

Knaut 2009 H 1,305 438 15 2,242 804 12 4.0% -1.45[-2.32,-0.58] —

Merdler 2013 863 249 16 994 150 8  40% -0.57 [-1.44,0.30] =T

Pereira 2014 881 164 8 1,654 240 10 29% -3.50[-5.10,-1.91]

Robertson 2008 D, F 576 176 8 1595 189 5 1.7% -5.24 [-7.90,-2.58]

Robertson 2009 E, F 880 300 8 1595 189 5 29% -2.51 [-4.12,-0.90]

Shaikh 2013 834 451 1 1,317 22 11 3.8% -1.46 [-2.42,-0.49] —

Stewart 2014 J, L, M 9031 469.1 14 1,4986 509.2 6 37% -1.19[-2.23,-0.15] . |

Wagner 2006 H 621 353 46 1,309 394 10 41% -1.88 [-2.66,-1.11] ..

Wagner 2007 H 630 331 29 1,261 385 9  40% -1.80 [-2.66,-0.94] 33

Subtotal (95% CI) 163 82 34.5% -1.76 [-2.29, 1.24] &

Heterogeneity: Tau®= 0.38; Chi*= 20.85, df=9 (P =0.01); F=57%

Test for overall effect: Z= 6.54 (P < 0.00001)

13.1.2 Central

Gilliaux 2013 | 159 77 25 104 25 25 43% 0.95 [0.36, 1.53] = =

Knaut 2009 H 1,222 444 15 1,928 682 12 4.0% -1.22 [-2.06,-0.38] b

Merdler 2013 1,020 250 16 1,091 165 8  40% -0.30 [-1.16, 0.55] =

Patterson 2011 590 180 18 890 130 9  39% -1.76 [-2.70,-0.81] .

Reisman 2007 686 65 7 673 37 7 37% 0.23[-0.82,1.28] b |

Robertson 2008 D, F 728 256 8 1,249 127 5  3.0% -2.22[-3.74,-0.71]

Robertson 2009 E, F 740 238 8 1,249 127 5  3.0% -2.31[-3.86,-0.77]

Robertson 2012 D, F 334 48 9 505 72 5 28% -2.80[-4.44,-1.16]

Robertson 2012 E, F 380 57 9 505 72 4 31% -1.89[-3.36,-0.43]

Rose 2005 H 1,560 330 30 1,920 320 30 4.4% -1.09 [-1.64,-0.55] =

Subtotal (95% CI) 145 110  36.2% -1.12 [-1.89, -0.35] ‘

Heterogeneity: Tau®=1.22; Chi*= 59.18, df= 9 (P < 0.00001); F= 85%

Test for overall effect: Z= 2.85 (P = 0.004)

13.1.3 Contralateral

Archambault 1999 H 587 205 8 1,422 421 6 3.0% -2.49[-4.01,-0.97]

Cirstea B 2003 A H 1,760 432 9 2645 165 5  31% -2.27 [-3.74,-0.79]

Cirstea B 2003 B, H 1,149 315 9 2645 165 5  1.9% -5.11[-7.59,-2.62]

Cistera 2000 J 1,650.3 519.5 9 27991 1904 9  32% -2.80[-4.18,-1.41] —

Knaut 2009 H 1,091 390 15 1,724 573 12 4.0% -1.28[-2.13,-0.44] W

Merdler 2013 989 220 16 996 141 8  40% -0.03 [-0.88, 0.81] ==

Robertson 2008 D, F 576 176 g 861 100 5 32% -1.74 [-3.11,-0.36] —x

Robertson 2009 E, F 590 150 g 861 100 5 32% -1.88[-3.30,-0.47]

Stewart 2014 J, L, M 1,365.3 4439 14 11941 4431 6 38% 0.37 [[0.60, 1.33] S

Subtotal (95% CI) 96 61 29.3% -1.69 [-2.59, -0.79] e

Heterogeneity: Tau*=1.43; Chi*= 38.31, df= 8 (P < 0.00001); F=79%

Test for overall effect: Z= 3.66 (P = 0.0003)

Total (95% CI) 404 253 100.0% -1.53 [-1.96, -1.09] &

Heterogeneity: Tau®= 1.05; Chi*= 136.91, df= 28 (P =< 0.00001); F= 80% =_1 5 5 ) 5 1[]!

Testfor overall eﬁeq: Z=686(F < 0.00001) Stroke Survivor PV Lower Healthy Control PV Higher

Testfor subgroup differences: Chi*=1.89, df= 2 (P =0.39), F= 0%
FIGURE 2 | The standardized mean difference (SMD) of peak velocity (mm/s) during reach-to-target in the: ipsilateral, central, and contralateral workspace. D, right
hemisphere stroke; E, left hemisphere stroke; F, target placed 90% of arm’s length; H, fast speed; I, robotics; J, reaches without vision; L, 24 cm target distance; M,
virtual environment.
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Stroke Survivor Healthy Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

12.1.1 Ipsilateral

Archambault 1999 H 113 054 8 039 012 6 50% 1.65[0.37,2.93]

Caimmi 2008 1.49 023 8 0893 014 g 46% 2.781[1.30, 4.26) —

Frisoli 2012 525 284 9 164 104 7 5.3% 1.52[0.36, 2.67] —

Rose 2013 C, H 367 014 30 259 014 30 4.6% 761[6.12,9.11] —

Stewart 2014 J, L, M 0.587 0.161 14 0.418 0.091 6 5.6% 1.12[0.09, 2.15] =

Wagner 2007 H 2095 1.79 29 0.347 0058 9 6.1% 1.08[0.29,1.87] ——

Subtotal (95% CI) 98 66 31.2% 2.57 [0.89, 4.25] e

Heterogeneity: Tau®= 4.04; Chi*= 63.99, df=5 (P < 0.00001); F=92%

Test for overall effect: Z= 2.99 (P = 0.003)

12.1.2 Central

Frisoli 2012 41 21 9 132 0.72 7 5.3% 1.59[0.41, 2.76] -

Gera 2016 C,H 1.76 018 10 113 019 9  46% 3.26[1.79,4.73] —=

Kisiel-Sajewicz 2011 | 153 D3 11 125 044 8  58% 0.73[-0.21,1.68] T

Patterson 2011 117 037 18 075 014 9 5.9% 1.29[0.41,2.17) =

Platz 2001 925 368 14 613 1.01 14 6.1% 1.12[0.32,1.93] T

Rose 2005 H 5.26 15 30 352 05 30 6.5% 1.54[0.96,2.12] T

Subtotal (95% CI) 92 77 341% 1.44[0.95, 1.94] k-3

Heterogeneity: Tau*=0.16; Chi*=8.83,df=5(P=0.12); F= 43%

Test for overall effect: Z= 5.71 (P < 0.00001)

12.1.3 Contralateral

Archambault 1993 H 1.58 094 8 052 0413 6 5.2% 1.37[0.16, 2.59] .o

Cirstea B 2003 A H 1.06 0.1 9 067 007 5 4.7% 2.07 [0.65, 3.49] —

Cirstea B 2003 B, H 152 0.27 9 067 007 5 3.8% 3.55[1.65, 5.45] —n

Cistera 2000 J 127 029 9 062 005 9 47% 2.97 [1.54, 4.41] —

Cistera 2006 H, J 3.3 0.3 28 0.7 0.1 9 5.8% 219[1.27,3.11] =%

Frisoli 2012 402 1.74 9 141 072 7 5.2% 1.77[0.55, 2.98] —

Stewart 2014 J, L, M 0.74 0.144 14 0516 0035 B 5.4% 1.73[0.60, 2.86] —

Subtotal (95% CI) 86 47 34.7% 2.08 [1.61, 2.55] >

Heterogeneity: Tau®*= 0.00; Chi*=5.77, df=6 (P = 0.45), F= 0%

Test for overall effect: Z=8.74 (P < 0.00001)

Total (95% Cl) 276 190 100.0% 2.04 [1.50, 2.58] B>

Heterogeneity: Tau®=1.08; Chi*= 85.24, df=18 (P < 0.00001), F=79% ?_1 0 55 é 10:

Test for overall effect: Z=7.40 (P < 0.00001) Stroke Survivor Slower Healthy Control Faster

Testfor subgroup differences: Chi*=4.22, df=2(P=012), F=52.6%
FIGURE 3 | The standardized mean difference (SDM) of movement time (s) during reach-to-target in the: ipsilateral, central, and contralateral workspace. A, mild
motor impairment; B, moderate motor impairment; C, bilateral task; F, target placed 90% of arm’s length; C, bimanual task; H, fast speed; |, robotics; J, reaches
without vision; L, 24 cm target distance; M, virtual environment.

An overview of the meta-analyses is provided in Table 7
and details in Figures 2-8. In summary, 21 of the 26 meta-
analyses found significant differences in kinematics between
stroke survivors and control participants.

The SMD (95% CIs) for the significant differences in
kinematic characteristics between people after stroke and healthy
adult participants ranged from: —1.76 (—2.29, —1.24) for peak
velocity in the ipsilateral workspace to 2.57 (0.89, 4.25) for
movement time in the ipsilateral workspace. Individuals with
stroke demonstrated lower peak velocities and longer movement
times in all areas of the workspace (Figures2, 3). A more
curved reach-path-ratio associated with less efficient reaching
was demonstrated by individuals with stroke (Figure4) as well
as less smooth more segmented movement due to a greater
number of velocity peaks in all areas of the workspace (Figure 6).
Individuals with stroke demonstrated greater trunk displacement
during reaching (Figure 5), less upper limb range of motion in all
areas of the workspace (Figure 7) and reduced reaching accuracy
(Figure 8).

The non-significant differences between people after stroke
and healthy adults for kinematics during reaching were: elbow
extension in the central workspace SMD = —0.41 [—1.10, 0.28];

target accuracy in the central workspace SMD = 0.52 [—0.30,
1.34]; trunk rotation in the contralateral workspace SMD =
0.74 [—0.17, 1.54], trunk rotation in the ipsilateral workspace
SMD = —0.07 [—0.50, 0.36]; and shoulder flexion in the central
workspace SMD = —0.95 [—2.08, 0.19].

Narrative Synthesis of Muscle Activity Data

The muscles most frequently investigated were the: triceps,
biceps, deltoid (anterior, posterior, and middle), trapezius,
pectoralis, and latissimus dorsi. Six studies investigated
interaction between muscle pairs (48, 53, 69, 70, 72, 74). Also
investigated were muscle activation patterns (58, 60), muscle
timing (57, 60), and the percentage of muscle activity used
in relation to the maximal voluntary contraction (MVC)
(55, 58, 69, 70).

There were comparable findings across studies. For example,
compared to healthy adult participants the people after
stroke used a greater percentage of MVC (58, 70), higher
background muscle activity (55, 69), a reduced level of
coherence between antagonistic muscle pairs (48, 53, 74), and
prolonged co-contraction between muscles after achieving the
task (55).
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Test for overall effect Z= 3.70 (P = 0.0002)
Test for subgroup differences: Chi*= 0.09, df= 2 (P = 0.95), F= 0%

Chedoke-McMaster Stroke Assessment Scale; and corresponding stage (2-6).

Stroke Survivor Healthy Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, dom, 95% CI IV, R 95% CI
19.1.1 Ipsilateral
Knaut 2009 H 1.3 001 15 12 0.1 12 51% 1.45(0.59, 2.32)
Merdler 2013 09 01 16 092 0.06 8 51% -0.20 [-1.05, 0.65] ]
Robertson 2009D,F  1.112 0.085 8 1.036 0.021 5 43% 1.02[-0.19,2.24] N
Robertson 2009 E, F 1.066 0.041 8 1.036 0.021 5 4.3% 0.80 [-0.38,1.97) T =
Wagner 2006 H 146 059 46 1.02 003 10 55% 0.81[0.10,1.51) ==
Wagner 2007 H 143 056 29 1.01 001 9 53% 0.83 [0.06,1.61) =t
Subtotal (95% CI) 122 49 29.7% 0.77 [0.32,1.22] <P
Heterogeneity: Tau*=0.11; Chi*=7.57,df=5 (P=0.18), F= 34%
Test for overall effect: Z= 3.34 (P = 0.0008)
19.1.2 Central
Gilliaux 2012 088 011 25 098 003 25 57% -1.22-1.83,-0.61] =
Kamper 2002 CM2 1.85 49 4 108 006 1 24% 0.01 [-2.18, 2.20]
Kamper 2002 CM3 132 026 4 1.08 006 1 2.2% 0.67 [-1.70, 3.04] —
Kamper 2002 CM4 1.3 019 4 108 006 1 21% 0.84 [-1.63,3.31) ——
Kamper 2002 CM5/6 123 013 4 108 006 1 21% 0.84 [-1.63, 3.30] —
Knaut 2009 H 14 02 15 12 0.1 12 52% 1.18(0.35, 2.02) —_
Merdler 2013 09 011 16 095 0.03 8 51% -0.52-1.39,0.34] L
Patterson 2011 113 0.08 18 1.06 0.03 9 51% 1.00[0.15,1.85) =
Robertson 2009 D, F 113 0103 8 1.024 0.009 8, 4.2% 1.20 [-0.05, 2.44) 1
Robertson 2009 E,F  1.074 0.052 8 1.024 0.009 5 42% 1.11[0.12,2.34) 1
Robertson 2012D, F 1.21 0.048 9 1.022 0.006 5 23% 447(223,6.71)
Robertson 2012E,F  1.227 0.075 9 1.022 0.006 4  30% 298[1.17,4.79]
Subtotal (95% CI) 124 77 43.6% 0.92[0.06,1.77] ‘
Heterogeneity: Tau®= 1.63; Chi*= 60.42, df= 11 (P < 0.00001); F= 82%
Test for overall effect Z=2.10 (P = 0.04)
19.1.3 Contralateral
Cirstea B 2003 A, H 134 011 9 127 004 5 44% 0.71[0.43,1.84) -
Cirstea B 2003B,H 1.37 01 9 127 004 5 43% 1.10[-0.09, 2.30]
Cistera 2000 J 135 008 9 127 004 9 47% 1.20(0.18,2.23]
Knaut 2009 H 14 02 15 1:2 0 12 Not estimable
Merdler 2013 09 009 16 094 005 8 51% -0.49 [-1.35,0.38] 1
Robertson 2009D,F  1.164 0.108 8 1.025 001 5 4.0% 1.50[0.18, 2.81]
Robertson 2009 E,F  1.101 0.069 8 1.025 001 5 41% 1.28 [0.01, 2.54] =
Subtotal (95% CI) 74 49 26.7% 0.81[0.14, 1.48] <P
Heterogeneity: Tau®= 0.37; Chi*= 10.86, df= 5 (P = 0.05), F= 54%
Test for overall effect: Z= 2.37 (P = 0.02)
Total (95% CI) 320 175 100.0% 0.81[0.38, 1.24] <
Heterogeneity: Tau®= 0.75; Chi*= 82.93, df= 23 (P < 0.00001); F= 72% 0 ‘5 é 101

0
Stroke curved path  Control straight path

FIGURE 4 | The standardized mean difference (SDM) of reach-path ratio in the: ipsilateral, central, and contralateral workspace. A, mild motor impairment; B,
moderate motor impairment; D, right hemisphere stroke; E, left hemisphere stroke; F, target placed 90% of arm’s length; H, fast speed; J, reaches without vision; CM,

There were also differences between studies. For example,
delayed onset of muscle activation in stroke survivors compared
to healthy adult participants (57, 60, 74), contrasts with
findings of no significant difference between the two groups
(53).

The synthesis also suggests that just examining one aspect
of muscle activity might not be sufficient for identification of
potential therapy targets after stroke. For example, people after
stroke and healthy adult participants were found to utilize a
similar number of muscle synergies during reaching (69, 72). But,
a notable difference was that healthy adult participants during
arm abduction and flexion recruited the anterior deltoid and
pectoralis major whereas people after stroke recruited additional
muscle of the brachioradialis and brachial (69).

DISCUSSION

The meta-analysis reported here found that people after
stroke, compared with healthy adult participants, demonstrate:
longer movement time, decreased peak velocity, greater trunk
contribution, less smooth movement, and a more curved
reach path when performing reach-to-target in all areas of

the workspace. Furthermore, people after stroke exhibit less
accurate reaches and decreased elbow extension reaching to
objects in the ipsilateral and contralateral workspace; and
less shoulder flexion when reaching in the contralateral and
ipsilateral workspace. Object location in the workspace influenced
joint range of motion and target accuracy such that there
were no differences between individuals with and without
stroke in the central workspace. These kinematic elements
of movement skill are potential targets for rehabilitation
therapy.

The narrative analysis reported here suggests that compared
with healthy adult participants, people after stroke performing
reach-to-target: use a greater percentage of MVC, have higher
background muscle activity, and decreased coherence between
muscle pairs. Meta-analysis was precluded by heterogeneity
between included studies therefore caution needs to be used in
considering these elements of movement skill as potential targets
for rehabilitation therapy.

The meta-analysis finding reported here are applicable to
individuals with stroke that exhibit similar levels of motor function
to those individuals within the studies e.g., have the motor control
to reach and point (mild to moderate upper limb deficits).
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Stroke Survivor Healthy Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
15.1.1 Ipsilateral
Knaut 2009 H 53 38 15 26 12 12 10.5% 0.89 [0.09, 1.69] E-
Pereira 2014 1:98: 135 8 084 09 8 6.1% 0.94 [-0.11,1.99]
Robertson 2011 D,F  97.51 73.31 8 2076 1018 5 43% 1.21 [-0.04, 2.46] =
Robertson 2011 E,F  76.77 60.02 8 2076 1018 5 45% 1.08 [[0.14, 2.30] T o=
Shaikh 2013 2.7 54 11 214 47 11 9.6% 0.06 [-0.78, 0.89] - (o7
Subtotal (95% CI) 50 41 35.0% 0.73 [0.29, 1.17] @

Heterogeneity: Chi*= 3.68, df=4 (P=0.45); F=0%
Test for averall effect: Z= 3.28 (P = 0.001)

15.1.2 Central

Knaut 2009 H 7 34 15 34 9 12 9.2% 1.37[0.52,2.23] .
Patterson 2011 81.87 27.39 18 3012 849 9 65% 217[1.16,3.19] =
Robertson 2011 D, F  77.91 5589 8 1373 64 5 46% 1.01 [-0.20, 2.22] T
Robertson 2011 E,F  70.52 60.83 8“3 64 5 48% 0.85 [-0.33, 2.04] i
Subtotal (95% CI) 49 31 25.1% 1.42[0.90, 1.93] &

Heterogeneity: Chi*= 3.44, df=3(P=0.33); F=13%
Test for averall effect: Z=5.35 (P < 0.00001)

15.1.3 Contralateral

Cirstea 2003 A, J 85 41 10 38 13 5 47% 1.27 [0.07, 2.47] [—=

Cirstea 2003 B, J 181 94 10 38 13 5 4.0% 1.71[0.42,3.00] =

Cirstea B 2003 A, H 79 44 9 36 13 5 47% 1.10[-0.10, 2.29] T 5.

Cirstea B 2003 B, H 177 89 9 36 13 5 37% 1.81 [0.46, 3.16) =T

Cistera 2000J 110.2 597 9 375 141 9 56% 1.60[0.50, 2.69] ==

Knaut 2009 H 103 39 15 62 18 12 9.5% 1.26[0.42,2.10] .

Robertson 2011 D, F  51.96 22.94 8 1559 8.28 5 35% 1.78[0.40,317)

Robertson 2011 E,F 97.51 73.31 8 1559 8.28 5 42% 1.30[0.03, 2.57) T

Subtotal (95% CI) 78 51  39.9% 1.44 [1.03,1.85] 3

Heterogeneity: Chi*=1.39, df=7 (P = 0.99), F= 0%

Test for overall effect: Z= 6.86 (P < 0.00001)

Total (95% CI) 177 123 100.0% 1.18 [0.92, 1.44] ¢

Heterogeneity: Chi*=14.79, df= 16 (P = 0.54), F= 0% 2_10 _?5 ) é 105
Test for overall effect. Z= 8.95 (P < 0.00001) Stroke less tunk movt Health less trunk mowt
Test for subgroup differences: Chi*=6.29, df= 2 (P =0.04), F=68.2%
B Trunk Rotation

Stroke Survivor Healthy Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI

20.1.1 Ipsilateral

Knaut 2008 H 8.1 35 15 99 46 12 16.2% -0.43[-1.20,0.34] -

Ma 2017 F 056 2.85 18 0.06 061 18 17.9% 0.24 [-0.42,0.89] =

Shaikh 2013 9.3 35 11 98 38 11 15.2% -013[-0.97,0.71] .

Subtotal (95% CI) 44 41 49.3% -0.07 [-0.50, 0.36] Q

Heterogeneity: Tau®*=0.00; Chi*=1.72, df=2 (P=0.42), F=0%

Test for overall effect. Z=0.31 (P=0.76)

20.1.3 Contralateral

Cirstea B 2003 A, H 15.4 54 10 99 B 5 11.3% 0.93[0.21,2.07] T=

Cirstea B 2003 B, H 195 105 10 99 6 5 11.3% 097 [0.18,2.11] .

Cistera 2006 H, J 243 8.5 9 127 47 9 11.8% 1.61[0.51,2.71] —

Knaut 2009 H 17.9 6.6 15 199 58 12 16.3% -0.31 [-1.07, 0.45) R

Subtotal (95% CI) 44 31 50.7% 0.74[-0.17,1.64] =

Heterogeneity: Tau®*= 0.57; Chi*= 9.35, df= 3 (P=0.02); F=68%

Test for overall effect Z=1.60 (P=0.11)

Total (95% CI) 88 72 100.0% 0.31[-0.21, 0.83] ?

Heterogeneity: Tau®= 0.28; Chi*= 14.52, df= 6 (P = 0.02); F= 59% I { 1 } {
Test for overall effect Z=1.16 (P = 0.25) =10 'gt D 2 19

roke less rotation Control greater rotation

Test for subgroup differences: Chi*=2.48, df=1 (P=0.12), F=59.7%

FIGURE 5 | The standardized mean difference (SDM) of trunk displacement (mm) during reach-to-target in the ipsilateral, central, and contralateral workspace. A, mild
motor impairment; B, moderate motor impairment; C, bilateral task; D, right hemisphere stroke; E, left hemisphere stroke; F, target placed 90% of arm’s length; H, fast
speed; LK robotics; J, reaches without vision.
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Stroke Survivor Healthy Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean  SD Total Mean SD_Total Weight IV, Random, 95% CI v, 95% CI

17.1.1 Ipsilateral

Archambault 1999 H 5 3 8 1 0.00001 6 57% 1.63[0.36, 2.91]

Frisoli 2012 7 669 9 062 0.74 777% 1.19[0.09, 2.28]

Merdler 2013 241 12 16 1.38 0.38 8 11.4% 0.98[0.08, 1.88] —

Subtotal (95% CI) 33 21 24.8% 1.19[0.58, 1.81] AR

Heterogeneity: Tau®= 0.00; Chi*= 0.67, df= 2 (P=0.71); F= 0%

Test for overall effect: Z=3.83 (P = 0.0001)

17.1.2 Central

Frisoli 2012 515 4.76 9 024 054 775% 1.28[0.17, 2.40] ——

Kamper 2002 CM2 97 103 4 2 0.2 1 1.7% 054 [1.77,2.85) —

Kamper 2002 CM3 7.7 43 4 2 0.2 1 1.4% 0.96 [-1.58, 3.51] —

Kamper 2002 CM4 56 33 4 2 0.2 1 16% 0.79[1.64,3.23) —

Kamper 2002 CM5/6 34 16 4 2 0.2 1 17% 0.64 [1.72,2.99) —

Merdler 2013 199 118 16 117 0.34 8 11.9% 0.80 [-0.09, 1.68] ——

Subtotal (95% CI) 4 19 25.8% 0.92[0.32,1.52] o

Heterogeneity: Tau®*= 0.00; Chi*= 0.65, df=5 (P =0.99), F= 0%

Test for overall effect: Z=3.01 (P = 0.003)

17.1.3 Contralateral

Archambault 1999 H 5 2 8 1 0 6 Not estimable

Cirstea B 2003 A, H 23 15 9 12 03 5 7.0% 0.83[-0.32,1.98) e . T

Cirstea B 2003 B, H 41 18 9 12 03 5 51% 1.83[0.48,3.19]

Cistera 2000 J 33 09 9 12 03 9 45% 2.98[1.54, 442)

Cistera 2006 H, J 36 24 28 1.2 03 9 146% 1.11[0.31,1.91] N

Frisoli 2012 419 317 9 019 0.4 7 68% 1.57 [0.40,2.74] ——

Merdler 2013 196 094 16 1.16 032 8 11.5% 0.97 [0.07,1.87] e

Subtotal (95% CI) 88 49  49.4% 1.40 [0.86, 1.94] E 2

Heterogeneity: Tau®= 0.15; Chi*= 7.38, df= 5 (P = 0.19); F= 32%

Test for overall effect: Z= 5.09 (P < 0.00001)

Total (95% CI) 162 89 100.0% 1.20 [0.89, 1.50] £

Heterogeneity: Tau®= 0.00; Chi*= 9.97, df= 14 (P = 0.76); F= 0% ?_10 55 B é 101

Testfor overall effect. Z=7.71 (P < 0.00001) Stroke smoother movt Healthy smoother movt

Testfor subgroup differences: Chi*=1.38, df= 2 (P = 0.50), F= 0%
FIGURE 6 | The standardized mean difference (SDM) of movement smoothness during reach-to-target in the ipsilateral, central, and contralateral workspace. A, mild
motor impairment; B, moderate motor impairment; H, fast speed; |, robotics; J, reaches without vision; M, virtual environment; CM, Chedoke-McMaster Stroke
Assessment Scale; and corresponding stage (2-6).

Comparison With Earlier Published
Findings

Interpretation of the present findings needs to be made
considering the risk of potential bias of included studies. Most
items were assessed as low risk; however, there was one area
of one study assessed as high risk. Overall there was unclear
reporting of both adverse events and blinded assessment for
most included studies. The influence of these indications of
risk of potential bias is debatable. It is reasonable to propose
that reporting adverse events is irrelevant to this review because
most included studies did not investigate an intervention and
for those that did, only the baseline measures were included.
It is also possible that unclear reporting of blinded assessment
is not directly relevant to the results of this systematic review
as measures derived from kinematic assessment and EMG are
objective. However, the risk of potential bias from unclear
reporting of blinded assessment remains if the same researcher
conducted the assessments and those conducting processing and
statistical analysis of the movement data. So, caution remains in
respect of unclear reporting of blinded assessment. Otherwise,
there is mostly low risk of potential bias and therefore the
meta-analysis results are considered to be strong.

The identified kinematic differences during reach-to-target
are mostly in accordance with previous narrative reviews (4,
19, 20). However, the study reported here is the first-ever
meta-analysis of reach-to-target, using a systematic literature

search unlike two of the earlier reviews (4, 20) and employed
a systematic approach for reviewers to identify relevant studies
and extract data unlike any of the earlier reviews (4, 19, 20). The
results therefore are less likely to be confounded by reviewer bias
than the earlier reviews. The results reported here provide the
kinematic differences, and their variances, during reach-to-target
performed by people after stroke and healthy adult participants.
Objective reference values that could be used for target setting for
upper limb rehabilitation after stroke can also be derived from
this review. Consequently, the review reported here has provided
additional knowledge to that provided in the earlier narrative
reviews. Especially as the earlier reviews examined a variety of
tasks involving reaching (19); reach-to-grasp rather than reach-
to-target; and did not specify the aspects of reaching that were
reviewed. This difference between reviews is important as it has
been known for some time that kinematic characteristics differ
between different reaching tasks (21, 22, 75).

Unlike the earlier narrative reviews (4, 19, 20) the review
has examined EMG-derived measures of reach-to-target. It is
possible that reduced coherence between muscles contributes to
the kinematic differences between individuals with and without
stroke such as reduced peak velocity and decreased movement
smoothness. Suchc an association has been found between a
reduced number of muscle synergies and reduced gait speed
after stroke which was subsequently correlated with walking
dysfunction (76).

Frontiers in Neurology | www.frontiersin.org

17

June 2018 | Volume 9 | Article 472


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Collins et al.

Kinematics Reach-to-Target

A Elbow Extension

Stroke Survivor Healthy Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
16.1.1 Ipsilateral
Archambault 1999 H 105 10 g 97 10 B 54% 0.75 [-0.36, 1.86] o B
Knaut 2009 H 81.8 221 15 967 96 12 73% -0.82 [-1.61,-0.02) =
Ma 2017 F 12,05 1028 18 28.03 1082 18 76% -1.48 [-2.23,-0.73] T 5
Merdler 2013 139 21 16 157 5 8 6.6% -0.99 [-1.89,-0.09] T
Shaikh 2013 1282 159 11 1456 139 11 B5% -1.12[-2.03,-0.21] =%
Subtotal (95% CI) 68 55 33.4% -0.80 [-1.46, -0.14] B
Heterogeneity: Tau®= 0.36; Chi*=11.13, df=4 (P=0.03); F=64%
Test for overall effect: Z=2.38 (P=0.02)
16.1.2 Central
Knaut 2009 H 804 225 15 971 9 12 72% -0.91 [-1.71,-0.10] o e
Merdler 2013 132 21 16 150 7 8 6.6% -0.98 [-1.88,-0.08] T
Robertson 20120, F 779 426 9 7642 506 5 54% 0.31 [-0.80,1.41] 1 1, T
Robertson 2012E,F  77.86 4.1 9 76.42 506 4 50% 0.31 [-0.88, 1.49] L
Subtotal (95% CI) 49 9  24.2% -0.41 [-1.10, 0.28] k4
Heterogeneity: Tau®*= 0.24; Chi*=5.89,df=3 (P=0.12); F= 49%
Test for overall effect: Z=1.17 (P=0.24)
16.1.3 Contralateral
Archambault 1999 H 110 13 8 118 16 B 55% -0.52 [-1.61, 0.56] il
Cirstea 2003 A, J 17.7 127 10 339 128 5 50% -1.20 [-2.39,-0.02) —Z
Cirstea 2003 B, J 34 32 10 339 1286 5 55% 0.00 [-1.07,1.08] s
Cirstea B 2003 A, H 195 127 9 332 125 5 50% -1.02[2.19,0.16) T
Cirstea B 2003 B, H 33 30 9 332 125 5 25% -3.66 [-5.60,-1.72)
Cistera 2000 J 124 138 9 344 133 9 55% -1.55 [-2.63,-0.46] T
Knaut 2009 H 793 211 15 989 71 12 71% -1.15[-1.98,-0.32] =
Merdler 2013 131 20 16 150 6 8 B65% -1.09 [-2.00,-0.18] =
Subtotal (95% CI) 86 55 425% -1.10 [-1.62, -0.58] k3
Heterogeneity: Tau®= 0.24;, Chi*=12.52, df=7 (P=0.08); F= 44%
Test for overall effect: Z=4.13 (P < 0.0001)
Total (95% CI) 203 139 100.0% -0.84[-1.18, -0.49] P
Heterogeneity: Tau®= 0.26; Chi*= 32.77, df= 16 (P = 0.008); F=51% ?_10 '5 s é 10:

Test for overall effect: Z=4.74 (P < 0.00001)

2 S Stroke less elbow ext Healthy greater elbow ext
Testfor subgroup differences: Chi*=2.44, df=2 (P=0.29), F=181%

B Shoulder Flexion

Stroke Survivor Healthy Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, 95% CI IV, Rand 95% Cl
18.1.1 Ipsilateral
Archambault 1999 H -5 7 g -3 3 6 75% -0.33[-1.40,0.74] =T
Knaut 2009 H 632 179 15 833 1 12 10.0% -1.28212,-0.43] .
Ma 2017 F 2448 925 18 3252 1097 18 124% -0.77 [-1.46,-0.09] =
Merdler 2013 77 12 16 79 g 8 99% -0.18 [-1.03, 0.67] —ah
Shaikh 2013 325 224 11 586 9.3 1" 8.6% -1.46 [-2.43,-0.50] =
Subtotal (95% CI) 68 55 48.3% -0.81 [-1.28, -0.34] &>
Heterogeneity: Tau®*= 0.09; Chi*=5.87, df= 4 (P=0.21), F=32%
Test for overall effect: Z= 3.39 (P = 0.0007)
18.1.2 Central
Knaut 2009 H 652 156 15 863 99 12 9.5% -1.53 [2.41,-0.65) —=%
Merdler 2013 82 1 16 86 9 8 9.8% -0.37 [1.23,0.49] —
Subtotal (95% CI) 31 20 19.4% -0.95 [-2.08, 0.19] -~
Heterogeneity: Tau®= 0.47; Chi*= 3.42, df=1 (P = 0.06); F=71%
Test for overall effect: Z=1.63 (P=0.10)
18.1.3 Contralateral
Archambault 1999 H 29 8 g 47 1 6 56% -1.80 [3.12,-0.48) —_—
Cistera 2000 J 60.3 203 9 865 8.1 9 7.2% -1.61 [2.71,-0.51) —
Knaut 2009 H 673 166 15 872 76 12 97% -1.44 [-2.30,-0.57] —
Merdler 2013 73 1 16 75 g 8 99% -0.19 [-1.04, 0.66) =
Subtotal (95% CI) 48 35 32.3% -1.19 [-1.96, -0.42] <
Heterogeneity: Tau®= 0.34; Chi*= 6.90, df= 3 (P = 0.08); F=57%
Test for overall effect: Z= 3.04 (P = 0.002)
Total (95% CI) 147 110 100.0%  -0.95[-1.31,-0.59] L 2
Heterogeneity: Tau*= 0.15; Chi*= 17.06, df= 10 (P = 0.07); F= 41% ?_10 35 3 g 105

Test for overall effect: Z=5.19 (P < 0.00001)

+ 3 Stroke survivor less flex Healthy Control less flex
Test for subgroup differences: Chi*= 069, df=2 (P=0.71), F=0%

FIGURE 7 | The standardized mean difference (SDM) of joint kinematics in the ipsilateral, central, and contralateral workspace. D, right hemisphere stroke; E,
left hemisphere stroke; F, target at 90% of arm’s length; H, fast speed; J, reaches without vision.
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Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI| IV, Random, 95% CI
14.1.1 Ipsilateral
Archambault 1999 H 1 10 8 0 8 6 3.9% 0.10[-0.96,1.16] -
Gilliaux 2012 24 15 10 14 1 10 49% 0.73[-0.18,1.64] =
Knaut 2009 H 268 19 15 260 7 12 6.2% 0.52[-0.26,1.29] i
Stewart 2014 J, L, M 558 225 14 436 109 6 4.4% 0.59 [-0.39, 1.56) ol A
Wagner 2006 H 122 88 46 25 9 10 6.8% 1.19[0.47,1.91] —
Wagner 2007 H 126 86 29 24 8 9 58% 1.32[0.50,2.13] =
Subtotal (95% CI) 122 53 31.8% 0.82[0.47,1.16] 3
Heterogeneity: Tau®= 0.00; Chi*=5.05, df=5 (P=0.41),; F=1%
Test for overall effect Z= 4.56 (P < 0.00001)
14.1.2 Central
Gilliaux 2012 14 19 10 6 3 10 5.0% 0.56 [-0.33, 1.46] i i
Gilliaux 2013 | 26 28 25 10 4 25 8.8% 0.79[0.21,1.36] o
Knaut 2009 H 95 49 15 42 5 12 5.3% 1.40[0.54, 2.26] T
Platz 2001 6 3 14 8 d 14 6.3% -0.65[1.41,012] i
Subtotal (95% CI) 64 61 25.4% 0.52 [-0.30, 1.34] e
Heterogeneity: Tau®= 0.54, Chi*=13.81, df= 3 (P = 0.003); F=78%
Test for overall effect: Z=1.24 (P=0.21)
14.1.3 Contralateral
Archambault 1998 H 9 15 8 4 13 6 38% 0.33[-0.74,1.40] =
Cirstea 2003 A, J g6 32 10 64 16 L) 36% 0.74 [-0.38,1.85] T
Cirstea 2003 B, J 140 74 10 64 16 5 3.3% 1.15[-0.03, 2.33] =
Cirstea B 2003 A, H 86 29 9 65 10 5 3.4% 0.81 [-0.34, 1.96] o e
Cirstea B 2003 B, H 147 72 9 65 10 5 3.0% 1.30[0.07,2.53]
Cistera 2000J 1135 509 9 642 145 9 40% 1.25[0.22,2.29] ——
Cistera 2006 H, J 103 55 28 65 10 9 6.2% 0.77 [-0.01,1.54] -
Gilliaux 2012 24 14 10 27 80 10 52% -0.05[-0.93,0.83) T
Knaut 2009 H 260 23 15 248 10 12 6.1% 0.63[-0.15,1.41] T
Stewart 2014 J, L, M 17 2186 14 571 1586 6 43% 0.70[-0.29, 1.68] T
Subtotal (95% CI) 122 72 42.8% 0.70 [0.39, 1.01] L 2
Heterogeneity: Tau®= 0.00; Chi*=5.95, df=9 (P=0.75); F= 0%
Test for overall effect: Z= 4.45 (P < 0.00001)
Total (95% CI) 308 186 100.0% 0.69 [0.46, 0.92] L
Heterogeneity: Tau®= 0.08; Chi*= 26.08, df=19 (P=0.13); F=27% 4_1 0 15 D é 103
Test for overall effect Z= 5.7 (P < 0.00001) Stroke Curved Path Healthy Control Straigher
Test for subgroup differences: Chi*=0.51, df= 2 (P=0.78), F= 0%
FIGURE 8 | The standardized mean difference (SDM) of accuracy (mm) in the ipsilateral, central, and contralateral workspace. A, mild motor impairment; B, moderate
motor impairment; C, bilateral task; H, fast speed; |, robotics; J, reaches without vision; M, virtual environment.

This review found conflicting findings for timing of muscle
activation. One study identified no difference in muscle onset
time in comparison to control participants (53). Whereas,
another found that individuals with stroke have delayed muscle
onset/activation (57, 60, 74). Clearly this is an area for future
research.

Interestingly 12 reach-to-target studies included reaching into
the contralateral workspace. Yet healthy adults, when given
the option to use their preferred arm to reach to target in
any area of the workspace, utilize ipsilateral reaches rather
than contralateral reaches during spontaneous activity (left arm
for left targets, and right arm for (77) right targets) (34, 78,
79). Potential explanations for preferred ipsilateral reaches are
that contralateral reaches are less biomechanically efficient thus
require greater energy (79). Workspace location had minimal
influence on the differences in kinematics between individuals
with stroke and control with there being consistent significant
differences in all areas of the workspace. However, in the
central workspace there were no differences in shoulder/elbow
range of motion or accuracy between individuals with and
without stroke. This could be due to the joint combinations
needed to reach to the central workspace (e.g. elbow extension
with shoulder adduction) are part of the flexor synergy in

individuals with stroke, an often used movement pattern
(77).

Strengths and Limitations
The studies included in the systematic
heterogeneous, for example: the reaching task; movement
speed; object location; use of trunk restraint; upper limb motor
ability of individuals with stroke; and varied time since stroke.
The I? statistic demonstrated that of the 26 meta-analyses three
meta-analyses had high heterogeneity (I> > 75%) reach-path-
ratio (central workspace), peak velocity (central workspace),
and movement time in the ipsilateral workspace. The remaining
twenty three meta analyses exhibited low (10/26) and moderate
heterogeneity (13/26) (23, 30). Evaluation of the forest plots
demonstrates that many of the confidence intervals are
overlapping and the mean differences fall on the same side of the
line of no effect (23, 30) suggesting the studies are comparable.
However the possibility remains that combing heterogeneous
studies with in a meta-analysis could be a limitation as the
findings may be biased (23).

There are two additional potential limitations to this review.
First, limitation of the search to articles published in the English
language. However, a strength is that the search strategy was

review were
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TABLE 7 | Summary of the meta-analyses of the kinematic characteristics of reach-to-target.

Kinematic characteristic
and
area of workspace

Number of participants

SMD [95% CI] Stroke participants compared to

control participants

Peak velocity: Central

Peak velocity: Ipsilateral
Peak velocity: contralateral
Movement time: Central
Movement time: Ipsilateral

Movement time:
Contralateral

Reach path tatio: Central
Reach path ratio: Ipsilateral

Reach path ratio:
Contralateral

Trunk contribution: Central

Trunk contribution:
Ipsilateral

Trunk contribution:
Contralateral

Smoothness of movement:
central

Smoothness of movement:
Ipsilateral

Smoothness of movement:
contralateral

Elbow extension: Central
Elbow extension: Ipsilateral

Elbow extension:
Contralateral

Shoulder flexion:Central
Shoulder flexion: Ipsilateral

Shoulder flexion:
Contralateral

Accuracy: Contralateral
Accuracy: Ipsilateral
Accuracy: Central

Trunk rotation: Contralateral
Trunk rotation: Ipsilateral

Stroke = 145, Control =
110

Stroke = 163, Control = 82
Stroke = 96, Control = 61
Stroke = 92, Control = 77
Stroke = 98, Control = 66
Stroke = 86, Control = 47

Stroke = 124, Control = 77
Stroke = 122, Control = 49
Stroke = 74, Control = 49

Stroke = 49, Control = 31
Stroke = 50, Control = 41

Stroke = 78, Control = 51

Stroke = 41, Control = 19

Stroke = 33, Control = 21

Stroke = 88, Control = 49

Stroke = 49, Control = 29
Stroke = 68, Control = 55
Stroke = 86, Control = 55

Stroke = 31, Control = 20
Stroke = 68, Control = 55
Stroke = 48, Control = 35

Stroke= 122, Control = 72
Stroke = 122, Control = 53
Stroke = 64, Control = 61
Stroke = 44, Control = 31
Stroke = 44, Control = 41

~1.12[~1.90, —0.35]* 4
—1.76 [-2.29, —1.24]" !
—1.69 [-2.59, —0.79]" !
1.44 [0.95, 1.94]" 4
2.57 [0.89, 4.25]* 4
2.08 [1.61, 2.55]* 4
0.92 [0.06, 1.77]° 4
0.77 [0.32, 1.22 4
0.81[0.14, 1.48]* 4
1.42 [0.90, 1.93]" 4
0.7310.29, 1.17] *
1.44 [1.03, 1.85]" 4
0.92 [0.32, 1.52* !
1.19[0.58, 1.81]" !
1.40 [0.86, 1.94]" !
~0.41[-1.10, 0.28] <
—0.80 [-1.46, —0.14]* "
—-1.10[-1.62, —0.58]* !
~0.95[-2.08, 0.19] o
—0.81[-1.28, —0.34]" !
—1.19[-1.96, —0.42] !
0.700.39, 1.01]* 4
0.82[0.47, 1.16]* 4
0.52 [~0.30, 1.34] o
0.74[-0.17, 1.64] o
~0.07[-0.50, 0.36] o

A fixed effect model was used if > < 25%, and a random effects model was used if I > 26 %. SMD, standardized mean difference; 95%Cl, 95% confidence intervals; * indicates
significant difference in SMD between individuals with stroke and control participants; 1, significantly greater in individuals with stroke; |, significantly decreased in individuals’ with

stroke; and <>, no differences between individuals’ with stroke and control participants.

robust and carried out in multiple data-bases. The second
limitation is that participants with stroke had to have sufficient
upper limb motor function to complete the reaching task, so, the
findings may not be applicable to those with severe paresis.

CONCLUSION

This first-ever meta-analysis of the kinematics of reach-to-target
by people with stroke and healthy adults performing reach-
to-target found 21 elements that could provide targets for
impairment-orientated therapy for better upper limb recovery.
Of the kinematic characteristics, object location influenced joint

range of motion and target accuracy.The findings also quantify
the differences which should inform measurement of the efficacy
of rehabilitation. Subsequent studies need to investigate whether
tailoring therapy at the identified differences reported here, does
enhance upper limb recovery after stroke.
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