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ABSTRACT ARTICLE HISTORY
Background and purpose: To review the methods used to analyze the kinematics of upper limbs Received 24 December 2018
(ULs) of healthy and poststroke adults, namely the motion capture systems and kinematic metrics. Accepted 3 March 2019

Summary of review: A database of articles published in the last decade was compiled using the KEYWORDS
following search terms combinations: (“upper extremity” OR “upper limb” OR arm) AND (kinematic Upper extremity; kinematic
OR motion OR movement) AND (analysis OR assessment OR measurement). The articles included in assessment: stroke;

this review: (1) had the purpose to analyze objectively three-dimension kinematics of ULs, (2) optoelectronic systems;
studied functional movements or activities of daily living involving ULs, and (3) studied healthy markerless systems; joint
and/or poststroke adults. Fourteen articles were included (four studied a healthy sample, three kinematics; end-point
analyzed poststroke patients, and seven examined both poststroke and healthy participants). kinematics
Conclusion: Most articles used optoelectronic systems with markers; however, the presentation of

laboratory and task-specific errors is missing. Markerless systems, used in some studies, seem to be

promising alternatives for implementation of kinematic analysis in hospitals and clinics, but the

literature proving their validity is scarce. Most articles analyzed “joint kinematics” and “end-point

kinematics,” mainly related with reaching. The different stroke locations of the samples were not

considered in their analysis and only three articles described their psychometric properties.

Implication of key findings: Future research should validate portable motion capture systems,

document their specific error at the acquisition place and for the studied task, include grasping and

manipulation analysis, and describe psychometric properties.

1. Introduction deficits and, therefore, cannot differentiate restitution (also
known as true recovery) from compensation.” 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.’

The kinematic analysis allows an accurate and objective
assessment of the ULs motor functions by providing objective
and quantitative parameters."'' However, this requires spe-
cial equipment'' and a more complex identification and
interpretation of kinematic metrics, which has led to its use
mostly in research setting.''

Accuracy, reliability, high signal-to-noise ratio, compactness,
and cost are very important features to the kinematic analysis
acceptance into routine rehabilitation and to the implementa-
tion in clinical setting.® Visual marker-based optoelectronic
systems are often considered the gold standard in the kinematic
analysis because of their high accuracy and reliability,>'>"* and
they are used as reference for comparisons with other
techniques.'*' These systems use retro-reflective markers (pas-
sive or active) which absolute position is detected by multiple

More than 80% of stroke patients experience acute sensori-
motor dysfunction of the contralesional upper limb (UL),
which becomes chronic for more than 40% of the patients.
Although there seem to be promising approaches to promote
ULs recovery after stroke, the quantification of the interven-
tions effectiveness remains limited by the available assessment
measures.” Recently, the Stroke Recovery and Rehabilitation
Roundtable (SRRR) strongly recommended the inclusion of
both core clinical measures and kinematics in poststroke
recovery trials.” In clinical setting, UL motor impairment is
mainly evaluated by clinical tools such as the Fugl-Meyer
Assessment for Upper Extremity® and the Action Research
Arm Test,” which are based on the examiner’s observation.®
Though they are both valid instruments,” these clinical mea-
sures are strongly influenced by the observer’s experience.”
Moreover, since they focus on task achievement rather than
on how tasks are performed,® these tools cannot describe the
underlying biomechanical characteristics of motor function
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video cameras in relation to a reference position.'> However, the
difficulty in transportation, large set-up volume, and high cost
make them impractical and unaffordable to implement in clin-
ical setting.>® Markerless approaches with few cameras, namely
Microsoft Kinect, are emerging techniques to study human
motion.'® Nevertheless, the exact accuracy of these markerless
systems is still unclear,'”” namely in kinematic analysis of the
poststroke patients ULs. Electromagnetic motion capture sys-
tems are another possible alternative due to their small size, high
sampling rate and precision.'® They consist of a source that
emits an electromagnetic field, which is used to determine the
location and orientation of sensors.'> However, the presence of
metals'® and other electromagnetic sources such as cellphones,
power lines, or other devices affects these systems and their
correction is lengthy and complicated."> Miniature Inertial
Measurement Units are another emerging system'® which
could be another option, due to their small size and
portability."> They can combine accelerometers, gyroscopes,
and magnetometers,'® resulting in increased accuracy.”
Nevertheless, they may undergo electromagnetic interference
as well and the degree of accuracy and reliability is site and
task specific.'”” The variety of available systems triggers the
question: what type of system has been used to kinematically
assess ULs in healthy and poststroke adults, in the last decade?

In addition, the identification of the most relevant kinematic
metrics reflecting ULs motor impairment and functional defi-
cits, as well as their interpretation and translation to clinically
interpretable measures, requires clarification.>'"***' Many
kinematic metrics have been used in the evaluation of UL move-
ments in poststroke patients.”* Based on the theories of UL
movement planning,> these metrics can be classified into two
categories: end-point (hand or wrist) kinematic metrics and
joint kinematic metrics.'>*> End-point kinematic metrics are
widely calculated by 3D Cartesian coordinates of only one
marker on the wrist (or hand) and include linear metrics like
peak velocity, movement smoothness, and movement straight-
ness of the end-point displacement.? Joint kinematic metrics
include joint range of motion and inter-joint correlation (coor-
dination). Trunk displacement has also been used to quantify
compensatory strategies and may also be considered within joint
kinematics.® Subramanian et al** suggested the association
between the end-point kinematics and the motor performance,
as well as between the joint kinematics and the movement
quality. However, this association and its meaning to stroke
rehabilitation and research are not well established.
Subramanian et al,>* and other authors,® suggested also that
movement quality kinematics are more sensitive in identifying
UL deficits, while others®'' have argued that motor perfor-
mance kinematics are sensitive to change over time and discri-
minate healthy subjects from those with stroke, as well as
subjects with moderate impairment from those with mild
impairment. Murphy et al.> speculate also that some metrics,
like trunk displacement, reflect primarily the component of
compensation, and others, like movement smoothness, the res-
titution. This type of association may be important to evaluate
the intervention effect: compensation or restitution.

Based on the presented problems, the aim of this second
part was to review and discuss the methods used to analyze the
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kinematics of ULs of healthy and poststroke adults, namely
motion capture systems and kinematic extracted metrics.

2. Methods

The study was conducted using the systematic review method
proposed by the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis.>®

2.1. Research questions

The two major research questions of this review were:

(1) What are the motion capture systems used in literature
that analyzed the kinematics of ULs in healthy and
poststroke adults?

(2) What are the kinematic metrics extracted in these
same articles?

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 (kinematic 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 kinematic of ULs; (2) studied clearly
described functional movements of ULs, or ADL involving
ULs (according to van Tuijl et al.?®); 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 than the UL itself,
according to the SRRR recommendations;> (2) studied ath-
letes, 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.”” West
et al.”® identified the Downs and Black checklist as being
consistent with 18 other recommended quality assessment
systems. Studies meeting <60% criteria were considered low
quality, 260-<75% moderate quality, and >75% high quality.
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The two searching reviewers independently performed the
quality assessment for each of the included articles.
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, motion capture systems,
kinematic metrics, 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
two independent reviewers. From these, 86 were not included
since they: (1) studied sport gestures, passive movements,
purposeless or unclear movements and/or (2) examined chil-
dren, animals, corpses, or other pathologic conditions. From
the 59 included articles, 45 were excluded as they: (1) ana-
lyzed only one joint of the UL; (2) were in athletes; (3) used
robots, exoskeletons, or virtual realities; and/or (4) 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 four included a healthy sample,>"*~'
three studied poststroke patients*>*>** and seven comprised both
a stroke group and a healthy/control group.>*™"!

3.2. Motion capture systems

The most widely used type of motion capture system, either
in articles with healthy participants or in articles with post-
stroke participants, was the optoelectronic with passive
markers,”>!?972%?132 ith a number of cameras ranging
from 5'?**? to 12.” Chen et al.*' were the only ones who
did not identified the number of cameras used. Other two
articles used other optoelectronic systems variations: one
selected active LED-markers with three cameras® and the
other chose the Microsoft Kinect v2 with one camera.®

Other three articles®'** used electromagnetic systems and
only one article’ used an inertial system.

3.3. Kinematic metrics

Most articles analyzed both “joint kinematics” and “end-point
kinematics;””~'12%223132 two,>® involving poststroke adults,
analyzed only “end-point kinematics;” and two,”>*° involving
just healthy adults, analyzed only “joint kinematics.” Chen
et al.*' analyzed two variables related to robotic applications,
which do not fit the above categorization: “dexterity measure”
and “manipulability ellipsoid.”

In descending order of use frequency, the analyzed “end-
point kinematics” were: movement duration;>®7~1203132
peak velocity;*™*'*!"*?> number of movement units (or velo-
city peaks);®'"*****? index of curvature (or reach path
ratio);*®*? reach extent (or trajectory length);é’zz’31 absolute
and relative times for each phase;”'' time and percentage of
time to peak velocity;>'' mean/peak velocity;>' end-point
error;* first velocity peak, time and percentage of time to
first peak;'' and mean velocity.'

In descending order of use frequency, the analyzed “joint
kinematics” were: joint angles of shoulder and elbow;”"**~!
trunk displacement;”*'"*%* joint angles of wrist;”**>' range
of motion of shoulder, elbow,”****! and wrist; inter-
joint coordination between shoulder and elbow; peak
angular velocity of elbow;'">* angular joint motion for
shoulder and elbow;'' angular velocities of shoulder and
elbow;” and maximum aperture and percentage of movement

. 7
cycle where maximum aperture occurs.

9,29,31
8,11,22

4. Discussion

In this second part of systematic review, we analyzed the
same literature of the first one™ in order to identify which
were (1) the motion capture systems that were being used in
healthy and poststroke adults and (2) the kinematic metrics
extracted in these same articles. In addition, this systematic
review triggers a reflection on relevant elements to be con-
sidered in future studies.

4.1. Motion capture systems

First, most of the articles used optoelectronic systems (with
passive markers), possibly because this type of system is more
widespread, is accurate, and presents the best relation
between the advantages and the limitations regarding its
use, when comparing with other systems'*'” However, the
laboratory and task-specific error assessments to guarantee
the control of whole measurement process* are missing in
most of the reviewed studies, which can compromise their
validity and comparison between them. Actually, the data of
optoelectronic systems could suffer from a number of inac-
curacy sources, collectively termed instrumental errors,'® due
to the use of a camera-based approach which has been found
to be dependent on: the number and position of the
cameras,”>*° their lens distortion,”” the dimension of the
capture volume,”® and the algorithms used for the reconstruc-
tion of a marker’s 3D position.”® The number of cameras was
the only referred factor to be mentioned by most authors,
with the exception of the study of Chen et al.>' Position of the
cameras was only referred in the study of Murphy et al.''
Eichelberger et al.>* advocated that instrumental errors
should also be determined and documented relative to var-
ious task-specific movement protocols to guarantee a high-
quality  research.  Therefore, according to these
recommendations,’**>>® future research should evaluate the
system-specific error in the laboratory and for the task per-
formed, presenting that data.

Because of the difficulty in transportation, large set-up
volume, and high cost, optoelectronic systems hamper
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Table 2. Number of papers collected from PubMed and B-on.
PubMed

Search terms B-on References

“upper extremity” OR

“upper limb” OR arm

AND

kinematics OR

motion OR movement 20
AND

analysis OR

assessment OR

measurement

451 3

evaluation of poststroke patients in acute and sub-acute
phases, during hospitalization or at rehabilitation centers.®
In fact, only two articles (of Murphy et al.) involving this type
of systems evaluated subjects in the acute phase®® and sub-
acute” phases after stroke, respectively (please see the first part
of the review”> for more details regarding sample characteris-
tics). Other two articles analyzed poststroke adults in the acute
and sub-acute phases using an electromagnetic system® and the
Microsoft Kinect,® respectively. Just one study,” which ana-
lyzed the chronic phase, used an inertial system. Although
these portable systems appear to be promising alternatives for
the kinematic analysis of the ULs in stroke patients, the litera-
ture proving its validity for this purpose is scarce'>'*** and it is
likely to benefit from reproducibility of outcome measures.
Therefore, in the coming years, it is emergent to focus on
the development of accurate and reliable motion acquisition
systems which do not encumber the performer or influence
their natural movement and that can be easily transported

and used in a hospital or other clinical context. These systems
will allow the evaluation of more subjects in the different
stages of poststroke rehabilitation and, consequently, they
will contribute to a deeper understanding of the mechanisms
underlying the motor recovery of the ULs after stroke.

4.2. Kinematic metrics

The authors of the articles under review analyzed several
different linear and angular kinematic variables which may
be related to the lack of clarity regarding the ULs motor
planning,” i.e. are ULs movements planned by joint angle
and/or by end-point coordinates? Most authors analyzed
“joint kinematics” and “end-point kinematics,” of which
“movement time,” “peak velocity,” “number of movement
units (velocity peaks),” “joint angles of shoulder and elbow,”
and “trunk displacement” were the most studied. According
to Reyes-Guzmén et al.,'” these kinematic metrics quantify
different characteristics of the UL movements: “movement
time” and “peak velocity” are related with the speed; the
“number of velocity peaks” measure the smoothness; the
“joint angles of shoulder and elbow” translate the functional
range of motion; and the “trunk displacement” shows com-
pensation. Despite this, we should question if their analysis is
sufficient to improve the understanding about the mechan-
isms driving motor recovery and to differentiate restitution
from compensation. Furthermore, UL function includes
reaching, grasping, moving, and manipulating objects in
a great number of activities of daily living®> The

» o«

EE—
X . 471 articles were identified 3 articles were identified through
Identification [ through database searching} [ reference lists. ]
_ J
I v v
Screening [ 145 articles, after removing duplicates.
_—
e N
86 abstracts were not included given that they:
- studied sport gestures, passive movements, purposeless or
—»| unclear movements;
- examined children, animals, corpses or other pathologic
conditions.
J
( .
Elegibility 59 full-text 45 full-text articles were excluded as they:
articles were - analyzed only one joint of the UL;
assessed - were in athletes;
of elegibility - used robots, exoskeletons or virtual
realities;
- were meta-analyzes, reviews, case reports,
pilot studies, technical notes and studies
published as conference proceedings.
\ J
N
s N
14 articles were included in the systematic review:
: - 4 articles studied healthy participants;
LD LT - 3 articles analyzed post-stroke participants;
) - 7 articles comprised both healthy/control and post-stroke participants.
A\ J

Figure 1. Review selection and exclusion criteria.



abovementioned measurements are mainly associated with
reaching, but they do not measure the abilities to open the
hand, to grasp, to hold, and to move objects. Although many
authors have defined as an inclusion criterion the ability to
perform tasks involving these skills, such as drinking, they did
not evaluate them in their studies. Patterson et al.” were the
only ones who analyzed index finger and thumb movements,
namely maximum aperture and percentage of movement
cycle where maximum aperture occurs. Without linear and
angular data characterizing the ability to open and close the
hand, the clinical utility of the current data appears to be very
limited. Further studies should examine grasping and manip-
ulation to ensure appropriate assessment, intervention, and
patients’ integration into the daily life.

In addition to the lack of clarity regarding the ULs motor
planning, the variability in stroke extension and location
increases the difficulty in the definition of the variables set to
analyze. Depending on the injured area, the deficits may
result from problems in target location, eye-hand coordina-
tion, temporal coordination, postural control, motor units
recruitment, among others.”> Therefore, should kinematic
variables set be defined without considering the stroke loca-
tion and respective affected functions? Stroke describes a very
heterogeneous group of clinical conditions that are unified by
a vascular injury, but not by size, location, or impact of
injury.*' Despite this, clinical trials are often designed with
a “one size fits all” point of view.*' The articles included in
this review analyzed the variables without considering the
different stroke locations and studied the participants as
a homogeneous sample, which can make them vulnerable to
patient heterogeneity. Thus, to improve specific and effective
neurorehabilitation strategies, it is crucial that future studies
direct their attention to the influence of the stroke location on
ULs” movement to allow a better understanding of the pro-
duced deficits. If the establishment of homogeneous groups
regarding stroke location is not conceivable, case series and/
or case-control series should be considered as more appro-
priate studies to understand this question.

One last important issue is the paucity of information
describing the psychometric properties (e.g. reliability, valid-
ity, and sensitivity to change) of kinematic metrics of UL.*>**
Only three articles”*>** described psychometric properties of
kinematic assessment, namely the reliability”** and the
responsiveness to external change.”® To establish a core set
of kinematic outcomes, it is important that future studies
describe their psychometric properties, either when they use
kinematic variables as discriminative measures (to discrimi-
nate UL motor performance of people with stroke from that
of people without stroke) or when they use them as evaluative
measures (to evaluate longitudinal change in UL motor
performance).”” For use as a discriminative measure, kine-
matic data must demonstrate construct validity and reliability
based on stable between-subject variations.”” For use as an
evaluative measure, kinematic data must demonstrate long-
itudinal construct validity, reliability based on stable within-
subject variations, and responsiveness (the ability to detect
minimal clinically important change).*

In summary, the present systematic review identified the
motion capture systems used and kinematic metrics extracted

TOPICS IN STROKE REHABILITATION 471

for ULs’ kinematic analysis: most articles used optoelectronic
systems, however, without presentation of laboratory-or task-
specific errors; and most authors analyzed “joint kinematics”
and “end-point kinematics,” mainly related with reaching.
Markerless systems, used in some studies, seem to be promising
alternatives for implementation of kinematic analysis in hospi-
tals and clinics, but the literature proving their validity is scarce.
The different stroke locations of participants were not consid-
ered in the analysis of kinematic metrics and only three articles
described their psychometric properties. Therefore, some gaps
were identified in most of the articles analyzed, which may
compromise the creation of valid databases of ULs kinematics.
To avoid these problems, future research should: (1) validate the
emergent portable motion capture systems to kinematic assess-
ment of ULs; (2) document the specific error of the motion
capture systems at the acquisition place and for the studied task;
(3) include grasping and manipulation analysis; (4) study the
influence of the stroke location on ULs kinematic metrics; and
(5) describe their psychometric properties.
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