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ABSTRACT
Background and Purpose: The purpose of this study was to review the methods used to analyze
the kinematics of upper limbs (ULs) of healthy and poststroke adults, namely specificities of
sampling and motor tasks.
Summary of review: A database of articles published in the last decade was compiled using the
following search terms combinations: (“upper extremity” OR “upper limb” OR arm) AND (kinematics
OR motion OR movement) AND (analysis OR assessment OR measurement). The articles included in
this review (1) had the purpose to analyze objectively a three-dimension kinematics of ULs, (2)
studied functional movements or activities of daily living (ADL) involving uppers limbs, and (3)
studied healthy and/or poststroke adults. Fourteen articles were included (four studied a healthy
sample, three analyzed poststroke patients, and seven examined both poststroke and healthy
participants).
Conclusion: Most of the recommended demographic and stroke information, such as some pre-
existing conditions to stroke, initial stroke severity, and stroke location, were not collected by all or
most of the articles. Time poststroke onset was presented in all articles but showed great variability.
Few articles identified anthropometric characteristics and adjusted task environment to them. Most
of the samples were composed mainly by males and had a low mean age, which does not represent
poststroke population. Most articles analyzed “functional movements”, namely simulations of ADL.
Implication of key findings: Future research should identify the recommended information to
allow an adequate stratification. Acute phase after stroke, real ADL with different complexities, and
ipsilesional UL should be studied.
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1. Introduction

Recovery and a return to a full life following stroke are the main
goals for stroke survivors, their families and caregivers, and
health professionals.1 However, more than 80% of stroke
patients experience acute sensorimotor dysfunction of the con-
tralesional upper limb (UL), which becomes chronic for more
than 40% of the patients.2 According to the Stroke Recovery and
Rehabilitation Roundtable (SRRR), the ability to understand the
recovery mechanisms and to devise better treatments is ham-
pered by the lack of a standardized approach to measurement in
stroke recovery research.3 Insufficient attention has also been
paid to patient’s recruitment and stratification.4 The magnitude
of change and likelihood of achieving clinically meaningful
improvement in response to specific therapies will depend on
age, stroke severity, physical, and other factors including preex-
isting comorbid conditions.3 The respective contributions of
these factors have yet to be fully understood.3

Recently, the SRRR presented the results of a consensus
meeting about measurement standards and information they
suggest should be collected in all future stroke recovery trials.3

Recommendations for demographic and stroke information
include age, sex, medical history, stroke severity, type and loca-
tion, among others.3 Moreover, recovery trials should start early
poststroke and include both core clinical measures (e.g. the
National Institute of Health Stroke Scale [NIHSS] and the Fugl-
Meyer Assessment [FMA]) and kinematics assessed serially at
standard intervals poststroke.3 While clinical measures can
detect change, they cannot differentiate restitution from com-
pensation. Kinematics’ parameters are presented as one of the
best ways for this purpose and to improve the understanding
about the mechanisms that drive motor recovery.3 However,
a core set of kinematic outcomes needs to be established.3

In fact, in the last decade, three-dimensional (3D) kinematics
of ULs of healthy adults and neurological patients, mostly after
stroke, were studied in order to quantify movement objectively
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and accurately.5 The 3D systems have been shown to be highly
accurate and able to capture simultaneousmulti-segmentalmove-
ment characteristics of humanmotion, providing detailed knowl-
edge not available through conventional two-dimensional and
observational analyses.6 Can the mentioned studies be used as
reliable references? Have they complied with the recent recom-
mendations regarding the collection of demographic and stroke
information? In parallel, were the analyzed healthy individuals’
characteristics matching the poststroke individuals to provide
a database that could be used as a reference? Similarly to post-
stroke adults, it is necessary to analyze the information that was
collected about healthy/control participants, and its characteris-
tics, to check if they can be used as a reference for stroke rehabi-
litation and research. Therefore, in this review, we explore the
collected information about the samples including healthy parti-
cipants (isolated and/or as a control) and poststroke adults.

There are also four major factors on which kinematic
analysis of ULs depends, which should not be overlooked:
(a) motion capture systems, (b) movement category, i.e.
motor tasks, (c) kinematic metrics extracted, (d) and inter-
pretation of these kinematic metrics.7 Considering the man-
ifested urgency in presenting additional recommendations for
the use of kinematic measures in stroke recovery and rehabi-
litation research,3 we have also reviewed these factors. To
make reading easier, we split this review into two parts. So,
in this first part, besides sampling characteristics, we review
the motor tasks used to analyze the ULs kinematics.

The motor tasks generally used to study the function of ULs
can be categorized into functional movements (reaching move-
ments and path drawing) and activities of daily living
(ADL).5,7,8 Several authors5,9–11 defend that the analysis of goal-
oriented tasks, such as performing an ADL, increases the valid-
ity of studies. However, this may complicate the kinematic
analysis of ULs since, unlike lower limbs, they are involved in
several important ADL.12 Furthermore, most stroke survivors
are far from performing any ADL due to impairments in pre-
hensile function.13 Therefore, what kind of movement category
is being studied and what is its complexity level?

Based on these questions, the aim of this study was to
review and discuss the methods used to analyze the kine-
matics of ULs of healthy and poststroke adults, namely the
specificities of sampling and performed motor tasks.

2. Methods

The study was conducted using the “PRISMA guidelines for
a Systematic Review” (“Preferred Reporting Items for
Systematic Reviews and Meta-Analysis”).14

2.1 Research questions

The two major research questions of this review were:
(1) What was the collected information, and its character-

istics, about stroke and healthy/control samples found
in literature that analyzed the ULs kinematics?

(2) What were the motor tasks performed in these same
studies and in which movement category are they
included?

2.2 Search strategy

Two reviewers performed an electronic search on PubMed
database and the resource aggregator B-on, namely using the
EBSCO EDS interface, to find all the articles published
between 1 January 2007 and 31 December 2017 on the topic
of UL kinematic analysis in healthy and poststroke adults.
The following search terms combinations were used: (“upper
extremity” OR “upper limb” OR arm) AND (kinematics OR
motion OR movement) AND (analysis OR assessment OR
measurement). The search terms were limited to titles of
available full scientific papers, published in academic journals,
and written in English. The reference lists of all articles were
also scanned to identify other potential eligible articles.

2.3 Inclusion and exclusion criteria

The articles included in this review (1) had the purpose to
analyze objectively 3D kinematics of ULs; (2) studied func-
tional movements of ULs, or ADL involving ULs (according
to van Tuijl et al.8), clearly described; and (3) studied healthy
living adult (>19 years old) humans and/or adult humans
with stroke sequelae. The articles excluded from this review
(1) analyzed a single UL joint rather the UL itself, since the
recommendations3 suggest UL assessment rather than iso-
lated joints; (2) studied athletes, to eliminate the sport gesture
influence on the UL movement; (3) used robots, exoskeletons,
or virtual realities, to study more realistic contexts; (4) were
meta-analyses, reviews, case reports, pilot studies, technical
notes, or studies published as conference proceedings.

2.4 Assessment of methodologic quality

The articles included in this systematic review were evaluated
using a quality index proposed by Downs and Black.15 West
et al.16 identified the Downs and Black checklist as being
consistent with 18 other recommended quality assessment
systems. Studies meeting <60% criteria were considered low
quality, ≥60% to <75% moderate quality, and ≥75% high
quality. The two searching reviewers independently per-
formed the quality assessment for each of the included arti-
cles. Consensus regarding the quality index score for each
article was achieved by both authors.

2.5 Data extraction

Data from the included articles were extracted by one
reviewer and then checked by a second reviewer using
a data extraction table (Table 1) which identified author
identification, year of publication, sample used, motor tasks,
and quality index score.

3. Results

3.1 Search yield

The search strategy revealed 471 results and 3 other articles
were identified through the reference lists (Table 2). After an
initial examination, 329 were rejected as copies of the same
paper; the remaining 145 articles were then reviewed by the 2
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independent reviewers. From these, 86 were not included
since they (1) studied sport gestures, passive movements,
purposeless, or unclear movements; (2) and/or examined
children, animals, corpses, or other pathologic conditions.
From the 59 included articles, 45 were excluded as they (1)
analyzed only one joint of the UL; (2) were in athletes; (3)
used robots, exoskeletons, or virtual realities; (4) and/or were
meta-analyses, reviews, case reports, pilot studies, technical
notes, or studies published as conference proceedings.

A total of 14 articles were considered in the current review
as shown in Figure 1, of which 4 included a healthy
sample,12,17–19 3 studied poststroke patients,10,20,21 and 7
comprised both a stroke group and a healthy/control
group.7,9,11,22–25

3.2 Collected information about samples

3.2.1 Samples including healthy participants (isolated
and/or as a control)
From the articles comprising healthy participants, both sin-
gly and as a control group for poststroke patients, only one7

did not present demographic or any other information
about these participants. All other 10 articles presented
information about sex and 9 of them about
age9,11,12,17,18,22–25 and handedness.9,11,12,17–19,22–24 Presence
or clinical history of orthopedic or neurologic disorders
that would affect UL performance were collected by authors
of six articles.17–19,23–25 Few articles presented anthropo-
metric information, namely height,11,17,18 weight,11,17,18 and
body mass index (BMI),18 and even less checked UL range
of motion,17 active shoulder elevation,24 visual acuity,24 and
ability to follow verbal instructions.24

Males were the most studied in six studies.9,11,12,19,22,24

A comparison of the kinematic metrics between both sexes
was not found.

Five articles11,12,17,18,25 were performed with young adults,
whose mean age ranged from 23.0 to 32.5 years old, and four
articles9,22–24 included older participants, whose mean age
ranged from 57.2 to 60.3 years old. A comparison of the
kinematic metrics between age groups was not found.

The majority of the articles9,17–19,22–24 studied only right-
handed subjects, and another two11,12 included mainly right-
handed subjects. The latter did not analyze the kinematic
metrics according to the handedness.

Of the studies that collected anthropometric data, only
one11 used this information to adjust and normalize the
experimental set.

3.2.2 Samples including poststroke patients
A high variety of information had been collected by the
authors of articles including poststroke patients. However,

just the age and the time poststroke onset were collected by
all of them. The mean age ranged from 49.811 to 66.723 years
old and most articles9,11,20,22–24 were carried out during the
chronic phase (time after stroke onset ranging from 0.5 to
14.5 years). Two21,25 other articles analyze patients during the
acute phase, one7 considered both subacute and chronic
phases, and another one10 was performed during the subacute
phase.

Other information gathered by most articles were
sex,7,10,11,20–25 the “hemiparetic side,”7,10,11,21–25 the body
function and structure through the Fugl-Meyer Assessment-
Upper Extremity (FMA-UE),9–11,20,21,23–25 and previous his-
tory of stroke.9,10,20,21,24,25 Eight7,11,20–25 articles evaluated
mostly males and the left side of body was the most “affected”
in four articles10,21,23,24 (“hemiplegia side,” “hemiparetic side,”
or “impaired arm function,” according to the authors).
According to the FMA-UE, most authors included subjects
with mild9–11,21,23–25 motor impairment. Nevertheless, five
articles included also participants with severe,10,20,23–25 and
moderate9,10,23–25 motor impairment. Only subjects with
a single stroke were included in the studies that accounted
this information.

In addition to FMA-UE, other clinical scales were used by
some authors, namely the Ashworth Scale22 and its modified
version,10,20,21 the Action Research Arm Test,10,21 the
ABILHAND,10 the Motricity Index,22 the Brunnstrom
Motor Recovery Stages,11 and the Wolf Motor Function Test.7

Presence of problems that could affect the UL function or
performance was checked by some authors, namely cognitive
decline,11,20,23–25 sensory deficits,9,10,20–22 pain,9,10,20,21 other
musculoskeletal or neurological conditions,9,10,21 visuospatial
problems,22,24 and neglect.25

Active20,23,24 and passive9,20,25 range of motion of UL
joints as well as the ability to reach forward,23 open the
hand,22 grasp,22 and drink9,10 with the contralesional UL, at
the assessment moment, were also gathered by some authors.

Kim et al.11 were the only ones presenting information on
height and weight, being the mean height 168 cm, and the
mean weight 67.9 kg.

The articles that stated handedness of participants9,22,24

included only right-handed subjects.
About the stroke, five studies9,10,21,23,25 presented informa-

tion about its type and only two about its side9,25 and
location.23,25 Infarct (ischemic stroke) was the predominant
stroke type.9,10,21,25 Murphy et al.9 studied subjects whose
stroke side was mostly the right hemisphere and van
Dokkum et al.25 whose stroke side was mostly the left. The
articles reporting stroke location used different categories:
Patterson et al.23 categorized according to the vascular territory
and most of the participants had a stroke involving the middle
cerebral artery; and van Dokkum et al.25 grouped into “super-
ficial/cortical,” “deep/subcortical,” and “superficial + deep”
location categories and most of participants had a “deep/sub-
cortical” or “superficial + deep” stroke. No articles have com-
pared kinematic metrics according to stroke location.

Thrombolysis21 and imaging to confirm stroke20 were only
referred by one article. No study presented information about
stroke severity or subtype, as well as about active hand move-
ment and ability to walk independently at stroke onset.

Table 2. Number of papers collected from PubMed and B-on.

Search terms PubMed B-on References

“upper extremity” OR “upper limb” OR arm 20 451 3
AND
Kinematics OR motion OR movement
AND
Analysis OR assessment OR measurement
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3.3 Motor tasks

Reviewers included only real ADL in the “ADL” category.
Simulations of ADL were considered “functional movements”
since they consist of reaching and touching body parts.
“Achieving a puzzle presented on the touch screen device”19

was included in the “ADL” category, since interaction with
technological devices is increasingly common in daily life.

Eight articles7,12,17,18,20,23–25 analyzed “functional move-
ments,” being reach and touch a body part, namely the own
mouth and forehead, the most accomplished.12,17,18

Seven articles9–11,18,19,21,22 analyzed “ADL,” specifically
tasks related to feeding9–11,18,21,22 and handling, transporting,
and dropping objects of everyday life.18,19,22 Within these sub-
categories, the most performed task was drinking.9–11,18,21,22

Motor tasks were performed by only one UL in most
articles7,11,12,17,19–23 (the “affected arm”7,20–22 in stroke parti-
cipants, and the “corresponding”22 or the right7,12,19 UL in
healthy/control participants); six articles9,10,18,22,24,25 evalu-
ated both ULs. Only Thies et al.22 analyzed a bilateral motor
task (“moving a plate”).

4. Discussion

In this systematic review, we gathered literature that analyzed
the kinematics of ULs in order to identify which were (1) the
information, and its characteristics, about stroke and healthy/
control samples that was being collected, and (2) the motor

tasks/movement categories performed in these same articles.
In fact, this information is extremely important as it guides
the evidence serving as a basis for stroke rehabilitation and
research. Beyond the answers found, this systematic review
triggers a reflection on relevant elements to be considered in
future studies.

4.1 Collected information about samples

Recently, SRRR recommendations for demographic and stroke
information collection were published.3 Better knowledge of
patients’ profiles not only will help to design better trials in
terms of adequate stratification but also will generate new and
better hypotheses about how therapies work and the underlying
mechanisms of recovery.3 Age, sex, ethnicity, medical history,
premorbid function, education, premorbid walking status, and
premorbid living arrangements are the recommended demo-
graphic information.3 “Baseline” stroke severity (through the
NIHSS), active hand movement and ability to walk indepen-
dently at stroke onset, stroke type, subtype (lacunar/large artery/
carotid dissection/undetermined) and location, as well as
thrombolysis/reperfusion therapy and imaging are the recom-
mended stroke information.3

About demographic information, only age and sex were
accounted by almost all articles included in this review.
Some of them also collected medical history. No further
recommended demographic information was collected.
With respect to their characteristics, most articles with

Figure 1. Review selection and exclusion criteria.
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healthy participants presented subjects generally younger
than those belonging to poststroke groups. For example,
Kim et al.11 excluded elderly from their healthy-control
group “because they showed many neurological problems”
(although they did not describe which) and because their
study “aimed to build a database of more conventional
motions of fine hand movements (…) and to compare
differences from the hemiplegic group more accurately.”
Considering the mean age found in this review for post-
stroke human adults (ranging from 49.811 to 66.723 years
old) and the findings of another systematic review26 (mean
age of 68.6 years old among men, and 72.9 years among
women), should we be using data from healthy young
subjects as a reference/control of poststroke subjects, who
are substantially older? Evidence shows that there are
changes in postural control and mobility skills, namely in
reaching movement time27,28 and coordination,29–32 with
aging.33 Is it reasonable that the reference for the rehabili-
tation of poststroke subjects comes from healthy young
subjects? Do poststroke patients and health professionals
intend to achieve a younger adult movement pattern?
Taking this as a limitation, we state that studies are needed
with healthy older adults analyzing differences between
aging subgroups, to build an accurate database of more
conventional UL movements and to study the best refer-
ence for the rehabilitation of poststroke patients.

Males were the most studied among both healthy and/or
poststroke human adults. This finding is in agreement with
the fact that stroke is more common among men, although
the difference tends to decrease with age.26 Nevertheless,
stroke is usually more severe in women26 and both genders
have distinct morphological and functional features, which
often determine the execution of different personal and pro-
fessional activities. Therefore, we consider that future studies
should compare their ULs kinematic metrics.

It is noteworthy that Murphy et al.10 were the only ones
analyzing the influence of age and sex variables in regression
models, but no significant influence was found.

Presence of chronic diseases, social and lifestyle factors, psy-
chological, cognitive, and physical factors may impact post-
stroke recovery trajectories,3 as well as affect the reliability of
“healthy”/control groups. For example, from the standing posi-
tion, subjects with distinct BMI are expected to show variability
of muscle activations of the trunk, namely in the core stability,34

and ULs, influencing the performance of these segments.35

However, few articles included in this review gave importance
to anthropometric information. Only in the study of Kim et al.,11

the sitting and table heights were adapted to obtain the same
starting position for all participants, whereas other articles10,20,21

considered the UL’s length to adjust target location. Few articles
described also poststroke human adults’ handedness and the
articles including right- and left-handed subjects did not analyze
the kinematic metrics according to it. Nevertheless, differences
in the functional organization of motor areas in right- and left-
handed people are known, specifically in sequential
movements.36 Therefore, although the impact of BMI, handed-
ness, and other factors is not yet entirely clear, it is recom-
mended that all studies collect this type of information to
optimize stratification.3

Concerning the stroke information, no study presented
information about initial stroke severity or subtype, as well as
about active hand movement and ability to walk independently
at stroke onset. According to SRRR recommendations,3 initial
stroke severity (through the NIHSS) is one of the core measures
to include in all trials, regardless of when the trial starts.
Actually, initial stroke severity and age are the strongest pre-
dictors of outcome after acute stroke,3 which makes them an
indispensable information to patients’ stratification and also to
obtain valid results and conclusions. Individual item and total
NIHSS scores should be reported in future studies.3 Active
hand movement and walking at admission are recommended
particularly in trials that begin later poststroke where NIHSS at
stroke onset could not be gathered.3

Another recommended core measure is the FMA.3 Most
authors used the FMA-UE to measure UL motor impairment
and included subjects with mild-to-severe motor impairment.
Murphy et al.9 found significant differences between post-
stroke participants with moderate versus mild UL impairment
in the measures of compensatory trunk and UL movements,
which is in accordance with other literature.37,38 van Dokkum
et al.25 also found a significant association between the FMA
score and the number of velocity peaks of the “paretic” hand.
Therefore, future studies should consider the severity level of
motor impairment as an important factor for stratification.

Surprisingly, only two articles23,25 indicated the stroke
location, whereas the stroke type was reported by several
articles.9,10,21,23,25 The lesion location is generally assumed
to be associated with the specificity of deficits.39

Furthermore, recent data suggest that the site of ischemic
penumbra could predict outcome or treatment response and
affect motor recovery.40 Therefore, future studies should ana-
lyze kinematically the impact of stroke location on UL motor
function. To report stroke location and make easier compar-
isons between studies, the SRRR recommended the following
categorization: cortical (internal capsule/middle cerebral
artery/frontal lobe), subcortical (thalamus/basal ganglia),
midbrain (pons/medulla/cerebellum), and brainstem.3

Curiously, many more articles have gathered information
about the “hemiparetic” (“hemiplegic,” “affected,” or
“impaired”) side (of the body), rather than the stroke side.
Nevertheless, considering the commitment of both ULs after
stroke and the recommendations for a bilateral (or global)
intervention,24,41,42 the terms “contralesional” and “ipsile-
sional” should be adopted and the ipsilesional UL should be
included in kinematic analysis. Only Finley et al.24 considered
the ipsilesional UL as “less affected.”

Thrombolysis21 and imaging to confirm stroke20 were
accounted by one article. Other recent SRRR consensus
about biomarkers of stroke recovery43 highlights the ascen-
dant role that neuroimaging measures need to play in clinical
decision-making for poststroke rehabilitation, namely as
a measure of molecular/cellular processes that may be diffi-
cult to measure directly in humans. Consequently, future
studies should collect information about stroke confirmation
on imaging and obtainment of computed tomography and
magnetic resonance imaging, as recommended.3

Contrariwise, all articles presented the time poststroke
onset. Most of the articles analyzed poststroke human adults
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in the chronic phase, however, with an unequal evolution
time (from 0.5 up to 14.5 years). Although most poststroke
changes occur until the chronic phase,39 neuromuscular
adaptations and modifications of the movement pattern may
continue to happen, according to the sensorimotor experi-
ences. Therefore, subjects with distinct evolution times after
stroke should not be studied as similar. It is also
recommended3 that future studies should also analyze UL
movement in the acute phase, since at this time motor deficits
result mainly from injury instead of possible compensatory
control by alternative neural paths.44,45 This knowledge could
provide a theoretical framework to create valid and advanced
guidelines for the UL neurorehabilitation,45,46 implemented
as soon as possible during the acute phase, empowering
recovery of the affected function.

4.2 Motor tasks

Most articles7,12,17,18,20,23–25 analyzed “functional move-
ments,” being reach and touch a body part, the most
accomplished.12,17,18 According to their authors, these move-
ments simulate ADL, related, for example, to personal care
and hygiene.18 In addition, in two articles,12,17 “subjects were
asked to copy12 or to follow17 the movements of the instruc-
tor standing in front of them,” which may affect the execution
of participants’ natural movement and the validity of these
studies. Since movement varies according to the purpose and
constraints of the task,33 simulations of ADL or excessive
instructions related to movement performance should be
avoided. For this reason, we did not consider these simula-
tions real “ADL.” To increase their validity, future studies
should focus on real and daily life purpose tasks. Half of the
articles included in this review do so, and most of them
analyzed the “drinking” task. This seems to be a rich task
for kinematic analysis of the UL as it includes subtasks such
as reaching, grasping, transporting, and manipulating an
object,33 which makes possible the study of these different
motor skills. However, it may become too complex for indi-
viduals with moderate or severe impairment, which could
decrease the amount of participants in these studies.
Therefore, simpler ADL are needed to include also subjects
with more severe impairment and increase samples. We sug-
gest a task involving just reaching without grasping, e.g. turn-
ing on the light.

In summary, the present systematic review identified the
collected information and its characteristics about poststroke
and healthy/control human adults that are being studied for
ULs’ kinematics analysis, and the motor tasks performed in
those same studies: age and sex were accounted by almost all
articles and some of them also collected medical history; most
samples were composed mainly by males, had a low mean age
and their anthropometric characteristics were unknown; no
study presented information about initial stroke severity or
subtype, as well as about active hand movement and ability to
walk independently at stroke onset; most authors used the
FMA-UE to measure UL motor impairment and included
subjects with different levels of motor impairment; few arti-
cles identified handedness of poststroke adults and stroke

location, whereas the stroke type was reported by several
articles; more articles have gathered information about the
“hemiparetic” side, rather than the stroke side; thrombolysis
and imaging were accounted by one article; all articles pre-
sented the time poststroke onset and most of them analyzed
poststroke adults in the chronic phase, whose time interval
varied greatly; most articles analyzed just one UL and “func-
tional movements,” namely ADL simulations. Some gaps
were identified in most of the articles reviewed, which may
compromise the creation of valid databases of the kinematics
of ULs. Therefore, we suggest that future research (1) analyze
the influence of sex and age on the kinematics of ULs; (2)
identify anthropometric characteristics and adjust task envir-
onment to them; (3) report initial stroke severity, location,
and side and consider these factors to patients’ stratification;
(4) study poststroke human adults in the acute phase; (5)
include ipsilesional UL in the analysis; and finally (6) select
real ADL with greater and lesser complexity.
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