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Abstract

Objective: To investigate the relationships between an extensive set of objective movement execution kinematics of the
upper extremity and clinical outcome measures in chronic stroke patients: at baseline and after technology-supported
training at home.

Methods: Twenty mildly to severely affected chronic stroke patients participated in the baseline evaluation, 15 were
re-evaluated after six weeks of intensive technology-supported or conventional arm/hand training at home. Grip
strength, 3D motion analysis of a reach and grasp task, and clinical scales (Fugl-Meyer assessment (FM), Action
Research Arm Test (ARAT) and Motor Activity Log (MAL)) were assessed pre- and post-training.

Results: Most movement execution parameters showed moderate-to-strong relationships with FM and ARAT, and to a
smaller degree with MAL. Elbow excursion explained the largest amount of variance in FM and ARAT, together with grip
strength. The only strong association after training was found between changes in ARAT and improvements in hand
opening (conventional) or grip strength (technology-supported).

Conclusions: Elbow excursion and grip strength showed strongest association with post-stroke arm function and
activities. Improved functional ability after training at home was associated with increased hand function. Addressing
both reaching and hand function are indicated as valuable targets for (technological) treatment applications to stimulate
functional improvements after stroke.
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Upper extremity hemiparesis is a major problem in
patients with stroke, affecting their independence in
performance of daily life activities.' Therefore, optimal
recovery of arm and hand function is an important goal
in stroke rehabilitation. Essential treatment aspects for

neurorchabilitation are intensive practice with active
engagement of the patient, performing meaningful
task-specific exercises in a high dose.”* Technology-
supported treatment can facilitate independent, self-
administered training with many repetitions and
enhance the dosage of treatment, especially when
applied in a (partly) therapist-independent setting, for
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instance, at home. Although several studies have shown
that technology-supported interventions are effective to
improve upper extremity motor function after stroke,
their influence on activity level is less understood.””’
This might be explained by the fact that many of
those technology-supported interventions are focused
on body function level, even though ultimately its
impact is desired on activity level.®

Another factor which might contribute to the limited
understanding of how technology-supported interven-
tions can influence performance on activity level is
an inappropriate choice of outcome measures.® '°
Inclusion of outcome measures covering all domains
of the International Classification of Functioning,
Disability and Health (ICF) is recommended.!!
However, when clinical outcome measures are applied
to quantify those domains, improvements in, for
instance, activity level cannot be attributed to either
recovery or compensation. “Recovery” is used in this
paper to describe improvements resulting from restitu-
tion or repair of structures and functions, “‘compensa-
tion” is defined as the appearance of alternative
movement patterns or the use of alternate joints or
end effectors during the accomplishment of a task.'?
In order to differentiate between recovery and compen-
sation, more detailed information of movement pat-
terns and strategies is needed, collected in an
objective and reliable way.'>'* This is usually not
part of standardized clinical outcome measures since
they mainly focus on task accomplishment. However,
kinematic movement analysis can provide valuable
information on the quality of functional task perform-
ance, at least when assessed in a research setting.

With a better understanding of the relation between
objective movement execution parameters of the
affected arm and hand after stroke (as assessed via kine-
matics and grip strength) and sensorimotor function or
activity limitations (as assessed via clinical outcome
measures), we gain more insight into underlying mech-
anisms and may be able to specify areas of attention for
(design of) upper extremity interventions.'*'>!6
Moreover, the effect of an intervention on restoration
of function by recovery or compensation might be dis-
tinguished, in order to better understand how the inter-
vention affects the restoration capacity of a patient.

Previous research in stroke patients showed signifi-
cant relations between kinematic outcomes measured
during a reach and grasp task and sensorimotor func-
tion and activity limitation of the upper extremity.'”'
Movement smoothness (MS) and total movement time
(MT), together with compensatory trunk displacement
were associated with activity capacity (assessed by the
Action Research Arm Test (ARAT)).!” Another study
found trunk displacement alone explaining the majority
of variance in sensorimotor function (assessed by the

Fugl-Meyer assessment (FM)).'"® Kinematic variables
assessed during a reaching task (including endpoint
variables, trunk involvement, joint recruitment, and
interjoint coordination) were significant predictors for
improvement in self-perceived activity performance in
daily life, as measured with the Motor Activity Log
(MAL) in mild to moderate chronic stroke.'” These
studies show partly overlapping results on one hand,
but on the other hand tend to differ, with various kine-
matic outcome measures used in different tasks.
A study with a comprehensive set of movement execu-
tion parameters is desired in order to provide a more
complete picture.

Therefore, we determined the relationships between
an extensive set of movement execution parameters
(measured via kinematics) during a functional reach
and grasp task and grip strength and outcomes on sen-
sorimotor function, activity capacity, and self-perceived
activity performance (measured via clinical outcome
measures) in mildly to severely affected chronic stroke
patients. To obtain a more in-depth insight into the role
of recovery versus compensation, we examined whether
and how training-induced changes in movement execu-
tion parameters were related to training-induced
changes in clinical outcome measures after technol-
ogy-supported or conventional arm and hand training
at home.

Methods
Participants

Kinematic data obtained during two previous studies on
chronic stroke patients within the Supervised Care and
Rehabilitation  Involving  Personal  Telerobotics
(SCRIPT) project®® were combined in the current work
for additional analysis: a cross-sectional measurement in
which direct effects of a passive dynamic wrist and hand
orthosis on hand and arm movement kinematics were
assessed’’ and a randomized controlled trial (RCT)
with six weeks of intensive, self-administered arm and
hand training at home.”> All participants signed
informed consent forms before inclusion into either
study, approved by the medical ethical committee
Twente, Enschede, the Netherlands and registered at
the Netherlands Trial Registry (NTR3669). Both studies
had the same inclusion criteria: > 6 months post-stroke,
age between 18 and 80, movement limitations in the arm
and/or hand, but with at least 15° active elbow flexion
and able to actively flex the finger(s) by at least 25% of
the passive range of motion, live at home with internet
access, and able to understand and follow instructions.
Exclusion criteria were orthopedic or neurological dis-
ease and/or pain restricting active range of motion of the
upper extremity.
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Procedures

During a cross-sectional measurement (pre), 20 partici-
pants underwent clinical measurements to evaluate
status of arm and hand function and dexterity, hand
grip dynamometry to measure maximal grip strength
and a functional reach and grasp task to determine
movement execution. All outcome measures were eval-
uated at the affected body side. A subset of 15 partici-
pants repeated the same measurements after six weeks
of intensive training for the arm and hand at home
(post). These participants used either a technology-sup-
ported training system (experimental group) or per-
formed conventional exercises from an exercise book
(control group). This exercise book contained several
arm and hand exercises with varying complexity. The
technology-supported training system consisted of a
passive orthosis providing extension forces to the
wrist and fingers to support wrist extension and hand
opening (HO), an arm support device, and computer
containing gaming exercises for training of the arm and
hand. The details of both interventions are described
elsewhere.?

Clinical outcome measures. The sensorimotor function
of the arm was measured with the upper extremity
part of the FM. The FM assesses the ability to perform
isolated movements of the arm, wrist, hand, and
coordination within and out of synergy. The maximal
score is 66.>2* Activity capacity was evaluated by
the ARAT. The ARAT evaluates dexterity on the
subtests grasp, grip, pinch, and gross arm movements,
with a maximal score of 57.%°2° The MAL was used to
assess self-perceived activity performance, in terms of
amount of use (AOU) and quality of movement (QOM)
of the paretic arm and hand during activities of daily
life. The MAL is a semi-structured interview with
26 items and has a maximal score of 5 for both
subsections.?’

Grip strength. The maximal grip strength of the affected
hand was measured using a hand-held dynamometer,
while the participants sat on a chair, with the shoulder
adducted, the elbow flexed 90° and neutral position of
the forearm and wrist. Participants were verbally
encouraged to squeeze the dynamometer with maximal
strength. The best result from three repetitions, sepa-
rated by 15s of rest, was used for analysis.”®

Reach and grasp task. A standardized reach and grasp
task was performed to measure upper extremity move-
ment execution during a functional task, related to
activities of daily living. Each participant sat on a
chair, with the shoulder adducted, the elbow in 90°
flexion, with the palm of the hand resting on the table
in front of the participant (Point A in Figure 1). The

Figure |. Measurement setup during reach and grasp task.

reach and grasp task involved four phases: forward
reaching to a bottle with diameter of 6cm placed on
the table and grasping it (Point B in Figure 1), holding
the bottle while moving the arm to the start position
(Point A), bringing it back to the original position
(Point B) on the table and releasing the bottle, and
returning the hand to the start position. The distance
of the start position to the bottle was determined by
near-maximal (approximately 80%) active forward
reach at the start of the task. The participant was
instructed to perform the reach and grasp task with
the affected arm and hand, at a comfortable, self-
selected speed for about 10 repetitions. The trunk was
not constrained during the reach and grasp task, and
compensatory trunk movements were allowed and
measured.

Kinematic data analysis

Upper extremity movement kinematics were recorded
during the reach and grasp task using a 3D motion
analysis system (VICON MXI13+ motion capture
system, Oxford Metrics, Oxford, UK). Six infrared
cameras captured movements of the arm and hand by
recording of reflective markers. These markers were
placed on predefined points of the thorax and upper
extremity according to the guidelines of the
International Society of Biomechanics for the arm?®
and an adapted version of a validated marker model
for the hand (Figure 3).%

The captured VICON data were analyzed using
VICON Nexus 1.8.2 and transferred to MATLAB
(R2013b, MathWorks Inc., Natick, Massachusetts,
USA) for custom, offline analysis. The data were
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filtered with a second-order low-pass Butterworth
filter of 20Hz and zero phase shift. For each partici-
pant, the average of the seven repetitions with largest
HO was used for further analysis. For participants
with fewer useful repetitions available, for example,
in case of a poor data sample, the average of at
least three useful repetitions was used. For partici-
pants without useful data on HO, for example, in
case of problems grasping the bottle, the average of
the seven middle trials was used in statistical analysis.
No data on HO are available for these participants in

the results. Data were recorded from all four phases in
the reach and grasp task, but only data from the first
phase (the reach to grasp phase) were used for analysis
(Figure 2). This first phase of the task is most com-
parable to many activities performed in daily life, and
this phase is most relevant for parameters related to
the hand. Participants completed the whole task in
order to not interfere fluent performance of the
reach to grasp task.

The following kinematic variables were calculated
from the 3D position data during this first reach to

Tangential velocity of MCP3 marker (Participant A10, PRE, Trial 4, Task 1)
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Figure 2. Four phases of the reach and grasp task. Shown is the velocity profile (mm/s) of the hand marker. The blue dot and square
represent the start and end of the reach to grasp phase, respectively.

MCP3: metacarpophalangeal 3.

Figure 3. Joint angles of the shoulder and marker positions.
Source: adapted from Krabben et al.33

EP: elevation plane, EA: elevation angle, AR: axial rotation; PX: processus xiphoideus; C7: 7th cervical vertebra; T8: 8th thoracal
vertebra; Th: thorax markers on a triangular frame with Thl = upper marker on incisura jugularis, Th2 = middle marker on sternum,

Th3 =lower marker on sternum; AC: acromioclavicular joint; EL:

lateral epicondyle; EM2: medial epicondyle (proximal marker on

pointer); EMI: medial epicondyle (distal marker on pointer); US: ulnar styloid; RS: radial styloid; MCP3: metacarpophalangeal 3; FT1:

distal phalanx of the thumb; FT3: distal phalanx of the third finger.
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grasp phase. The maximal velocity (mm/s) was
defined as the maximal of the tangential velocity pro-
file of the hand marker (metacarpophalangeal 3 in
Figure 3). The MT was defined as the time (s) par-
ticipants needed to perform the first phase of the
reach and grasp task. Movement onset and offset
were defined as the moment at which the tangential
velocity of the hand marker exceeded and dropped
below 2% of the maximal velocity, respectively.’!
MS was defined as the number of movement units
(nmu) in the tangential velocity profile of the hand
marker, which was searched for local minima and
maxima. According to Alt Murphy et al., a difference
between a minimum and next maximum value
exceeding the amplitude limit of 20mm/s indicated
a velocity peak, if the time between two subsequent
peaks was at least 150 ms.>' The maximal HO was
determined as the maximal Euclidean distance (mm)
between the tip of the thumb and the tip of the
middle finger. Although the transport and grasp com-
ponents predominantly occur simultaneously (in par-
allel) in most healthy people, stroke patients often
prefer serial processing of movements.”> The
moment of maximal HO relative to the moment of
maximal hand speed was used as a measure of tem-
poral pattern using the formula'*

Moment maximal hand opening

100%
Moment maximal velocity x ’

Temporal pattern =

Forward trunk displacement was defined as the
difference between the maximal and minimal
forward displacement (mm) of the trunk marker
(Th2) in the sagittal plane. Thoracohumeral joint
angles were calculated according to the recommenda-
tions of the International Society of Biomechanics.>
Joint excursions of the elbow, wrist, and shoulder
were calculated as the difference between maximal
and minimal joint angles (degrees) during the first
phase of the reach and grasp task. Elbow flexion and
extension excursion was defined as the joint angle
between the forearm and the humerus. Wrist flexion
and extension excursion was calculated by the angle
between the vectors joining the wrist and forearm mar-
kers and wrist and hand markers. The shoulder joint
orientation (Figure 3) was represented by the elevation
plane (EP), clevation angle (EA), and axial rotation
(AR). The EP was defined as the angle between the
humerus and a virtual line through the shoulders,
viewed in the transversal plane. The EA represented
the angle between the humerus and thorax, in the
plane of elevation. The AR was defined as the rotation
around a virtual line from the glenohumeral joint to the
elbow joint.

Statistical analyses

Statistical analyses were performed using IBM SPSS
Statistics 22 for Windows with level of significance
set at o <0.05. All outcome measures were inspected
for normal distribution using histogram plots including
normal curves and normal probability plots,
and Shapiro-Wilk tests, prior to selection of appropri-
ate statistical tests. Descriptive statistics (mean with
standard deviation) were used for all outcome
measures.

We consulted a statistician for advice on statistical
analysis of relationships. We inspected normal curves
before choosing the appropriate test, especially consid-
ering the small sample size. Relationships between clin-
ical outcome measures (FM, ARAT, and MAL), grip
strength and kinematic variables at pre were evaluated
using Pearson’s or Spearman’s correlation coefficient,
based on distribution of the data. To examine which
predictor or combination of predictors explained the
greatest amount of variance in clinical outcome meas-
ures, multiple linear regression with forward deletion
was used. Only kinematic variables which showed
strong significant correlations (r>0.70)*** with the
clinical assessments were entered into the regression
model, in addition to known kinematic variables
which show correlations with clinical outcome meas-
ures after stroke.!”"'® Probability for entry in forward
regression was set at 0.05 and removal at 0.10. Prior to
these analyses, tests were done to ensure no violation of
assumptions of normality, linearity, and homoscedasti-
city by checking histogram plots including normal
curves and normal probability plots of the residuals
and the scatterplot of standardized residuals against
standardized predicted values. Multicollinearity
among the predictors was checked by inspecting the
individual correlations among predictors and tested
by the criterion of a variance inflation factor greater
than 10. In cases of very strong correlations (>0.80)*
between predictors, one predictor is substituted for
another.

Since training-related outcomes are described else-
where,”> no statistics on training-induced changes
between sessions and between groups are performed
and reported here. However, correlation analyses
were performed for training-induced changes on clin-
ical outcome measures (FM, ARAT, and MAL) and
changes in grip strength and kinematic variables using
Pearson’s or Spearman’s correlation coefficient.

Results
Participants

Cross-sectional baseline data from 20 participants were
analyzed. From 15 of those participants, post-training
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data were available as well, divided randomly between
a control group (N=8) and experimental group
(N=7). Participants showed a large variation of
stroke severity, ranging from severely to mildly
impaired patients, based on baseline FM score.*®
Considering participant characteristics at baseline
(Table 1), there were no differences between the two
training groups.

Cross-sectional measurement pre training

Correlations. Sensorimotor function (FM) correlated
strongly (r > 0.70) with grip strength, maximal velocity,
and elbow excursion. FM correlated moderately
(r>0.40) with MT (negatively), maximal HO, trunk
displacement (negatively), and shoulder excursion AR
(Table 2). The same kinematic variables correlated with

Table I. Participant characteristics at baseline (absolute numbers or mean (standard deviation)).

Cross-sectional

measurement PRE

Training data PRE (N = I5)

All participants N

=20 Control N=8 Experimental N=7

Gender 12 male/8 female
Age in years 60 (11)
Months post-stroke 21 (18)

16 infarction/
3 hemorrhage/

Type of stroke

| unknown
Affected body side 12 left/8 right
Dominant arm 3 left/17 right
Fugl-Meyer score (maximal 66 points) 40 (15)
Action Research Arm Test score 28 (18)

(maximal 57 points)

Stroke severity
5 severe

7 mild/8 moderate/

6 male/l female
57 (12)
16 (10)
7 infarction/
0 hemorrhage

3 male/5 female
61 (10)
27 (26)
6 infarction/
2 hemorrhage

4 left/4 right 5 left/2 right

2 left/é right I left/é right
38 (12) 40 (18)
26 (16) 33 (21)

2 mild/3 moderate/
2 severe

2 mild/4 moderate/
2 severe

Table 2. Correlation coefficients between clinical outcome measures and kinematic variables.

FM score (max 66)*

ARAT score (max 57)

MAL AOU (0-5) MAL QOM (0-5)

Grip strength (kg)* 0.85 (N=17) 0.84 (N=17) 0.70 (N=17) 0.82 (N=17)
Movement time (s)* —0.50 (N=20) —0.51 (N=20) —034 (N=17) —030 (N=17)
Smoothness (nmu)® —0.16 (N=20) —0.21 (N=20) —0.06 (N=17) —0.02 (N=17)
Maximal hand opening (mm) 0.51 (N=16) 0.54 (N=16)" 0.57 (N=13) 0.56 (N=13)
Maximal velocity (mm/s) 0.75 (N=20) 0.63 (N=20) 0.30 (N=17) 041 (N=17)
Temporal pattern (%) 0.07 (N=16) 0.19 (N=16)* —0.07 (N=13) —0.13 (N=13)
Trunk displacement (mm) —0.65 (N=20) —0.57 (N=20) —0.38 (N=17) —039 (N=17)
Elbow excursion (degrees) 0.81 (N=20) 0.80 (N =20)" 0.56 (N=17) 0.68 (N=17)
Wrist excursion (degrees) 0.23 (N=20) 0.09 (N=20) 0.09 (N=17) 0.12 (N=17)
Shoulder excursion—elevation 0.26 (N=20) 0.32 (N=20) 0.45 (N=17) 048 (N=17)
plane (degrees)
Shoulder excursion—elevation —0.15 (N=20) —0.16 (N=20) 0.09 (N=17) 0.10 (N=17)
angle (degrees)
Shoulder excursion—axial 0.57 (N=20) 0.64 (N =20) 0.58N=17) 0.62 (N=17)

rotation (degrees)

Note: Significant correlations in boldface.

FM: Fugl-Meyer assessment; ARAT: Action Research Arm Test; MAL AOU: Motor Activity Log Amount of Use; MAL QOM: Motor Activity Log Quality

of Movement; nmu: number of movement units.
*Spearman’s rho (otherwise Pearson Correlation).
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activity capacity (ARAT), with comparably strong
associations (Table 2). Self-perceived activity perform-
ance (MAL) correlated with grip strength, maximal
HO, and elbow excursion and shoulder excursion AR,
but the associations were slightly weaker for elbow
excursion (Table 2). Examples of relations between a
clinical outcome measure (FM, ARAT) and kinematic
variable (elbow excursion, grip strength) are displayed
in Figure 4.

Multiple linear regression analyses. Forward multiple
regression revealed that one kinematic variable, elbow

Fugl Meyer Assessment score at PRE

p=0.81

P =0.000
0= T T T
0 20 40 60

Elbow excursion (degrees) at PRE

excursion, explained the largest amount of variance in
the assessment of sensorimotor function, explaining
60.3% of the total variance in FM score. Elbow excur-
sion and grip strength together explained 68.4% of the
total variance in the assessment of activity capacity
(ARAT), with a unique contribution of 12.0%
(P=0.027) and 10.2% (P =0.039), respectively. In the
models of MAL AOU and MAL QOM, grip strength
was the only predictor that explained variance in self-
perceived activity performance for both models,
explaining 33.9% and 40.5% of the variance, respect-
ively (Table 3).
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Figure 4. Scatterplots of Fugl-Meyer score with elbow excursion (left) and Action Research Arm Test with Grip strength (right).

Table 3. Results of multiple linear regression analyses (based on N =17).

Unstandardized coefficients

Extracted predictors in Model

Model Dependent variable forward regression B Standard error Adjusted R? P value

| FM Constant 17.209 4.472 0.603 0.000
Elbow excursion 0.620 0.123

2 ARAT Constant 1.682 5.773 0.597 0.000
Elbow excursion 0.790 0.159

3 Constant 0.695 5.124 0.684 0.000
Elbow excursion 0.482 0.195
Grip strength 0.723 0.318

4 MAL AOU Constant 0.833 0.376 0.339 0.008
Grip strength 0.062 0.020

5 MAL QOM Constant 0.618 0.330 0.405 0.004
Grip strength 0.062 0.018

FM: Fugl-Meyer assessment; ARAT: Action Research Arm Test; MAL AOU: Motor Activity Log Amount of Use; MAL QOM: Motor Activity Log Quality

of Movement.
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Correlations training-induced changes

In contrast with the correlations found at the pre evalu-
ation measurement, only a few significant correlations
were observed in both groups when examining associ-
ations between training-induced changes in clinical and
kinematic outcome measures on individual level via
correlation analysis (Table 4). For the control group,
improvements in activity capacity (ARAT) were
strongly associated with improvements in maximal
HO (p=0.89, P=0.041). For the experimental group,
changes in activity capacity (ARAT) were associated
with increased grip strength (p=0.94, P=0.001).
Remarkably, a change in self-perceived activity per-
formance (MAL QOM) was associated negatively
with changes in grip strength (p=-0.77, P=0.044),
and MAL AOU was associated negatively with changes
in wrist excursion (r = —0.94, P =0.002) and changes in
increased shoulder excursion EA (r=—0.91, P=0.004).

Discussion

The current study investigated the relationships
between an extensive set of objective movement execu-
tion kinematics, obtained from 20 chronic stroke
patients during a functional reach and grasp task,
grip strength and clinical outcome measures on

sensorimotor function, activity capacity, and self-per-
ceived activity performance. This evaluation was
repeated in 15 stroke patients after six weeks of arm
and hand training at home, aimed at obtaining a more
in-depth insight into the role of recovery versus com-
pensation in technology-supported training. Almost all
movement execution parameters showed strong or
moderate relationships with sensorimotor function
and activity capacity at the pre measurement, with
strongest correlations for grip strength and elbow
excursion. The strong relationships seen during the
pre measurement were not transferable to relationships
considering training-induced changes on individual
level.

Cross-sectional measurement pre training

Previous studies demonstrated high associations among
clinical outcome measures such as FM and ARAT.?" "
Associations of kinematic outcomes with clinical out-
come measures have also been examined'’'? but with a
limited set of movement execution parameters. In the
current study, strong relationships were found for
movement execution parameters and grip strength
with sensorimotor function and activity capacity. The
relationships with self-perceived activity performance
in daily life were weaker, which is comparable to

Table 4. Correlation coefficients training induced changes clinical outcomes measures and kinematic outcomes for the control

group (left) and experimental group (right).

Control group (N =38)

Experimental group (N=7)

FM score ARAT score MAL AOU MAL QOM FM score ARAT score MAL AOU MAL QOM

(max 66) (max 57)* (0-5) (0-5) (max 66) (max 57) (0-5) (0-5)
Grip strength (kg) —-0.42 0.66 0.33 —0.37 0.75 0.94 0.45 -0.77
MT (s)* 0.05 —0.57 —-0.29 0.02 0.30 0.32 —0.28 —-0.32
MS (nmu) 0.47 —0.20 0.22 0.56 0.07 0.07 0.10 0.10
Maximal HO (mm)b 0.14 0.89 0.42 0.59 —-0.79 —0.75 0.23 0.80
Maximal velocity (mm/s) 0.02 0.68 0.43 0.25 0.6l 0.27 —0.27 —0.40
Temporal pattern (%)b —0.17 0.11 —0.35 —0.09 —-0.39 —0.11 0.26 0.30
TD (mm)? 0.11 —0.43 0.24 —0.14 —0.08 0.00 —0.52 —0.26
EE (degrees) —0.03 0.15 0.32 0.12 —0.57 —0.59 041 0.72
WE (degrees) 0.25 0.16 0.11 0.10 0.31 0.11 —0.94 —0.55
EP (degrees) 0.0l 0.15 —0.39 —0.09 0.42 0.40 0.56 —0.13
EA (degrees) —0.25 0.09 —0.21 —0.10 0.42 0.26 —-0.91 —0.61
AR (degrees) —0.22 0.11 0.10 0.09 0.66 0.54 0.29 —0.31

Note: Significant correlations in boldface.

FM: Fugl-Meyer assessment; ARAT: Action Research Arm Test; MAL AOU: Motor Activity Log Amount of Use; MAL QOM: Motor Activity Log Quality
of Movement; MT: movement time; MS: movement smoothness; nmu: number of movement units; HO: hand opening; TD: forward trunk displacement;
EE: elbow flexion and extension excursion; WE: wrist flexion and extension excursion; EP: elevation plane; EA: elevation angle; AR: axial rotation.

?Spearman’s rho (otherwise Pearson Correlation).
PCorrelations based on N=5.
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previous research.!” In the current study, elbow excur-
sion was the most significant contributor to the vari-
ance in FM score (60.3%), and a combination of elbow
excursion and grip strength explained the majority of
variance (68.4%) in ARAT score.

Other studies indicated that MS and total MT,
together with compensatory trunk displacement, asso-
ciated best with ARAT'” and trunk displacement with
FM.'"® However, outcomes involving hand grip
strength!”'® and elbow excursion (range of motion)'’
were not included in these above-mentioned studies.
We also found moderate correlations for FM and
ARAT with MT and trunk displacement, but elbow
excursion and grip strength showed stronger associ-
ations in the regression models when all of these par-
ameters were considered. It can be argued that
compensatory trunk displacement might be reflected
in decreased elbow excursion. Indeed, initial inspection
of the data for multicollinearity showed a moderate
negative correlation between trunk displacement and
elbow excursion, which supports these findings in the
context of previous research.

The present findings on pre correlations and corres-
ponding determinants strongly suggest that it is valu-
able for treatment applications in neurorehabilitation
after stroke to consider targeting at least elbow excur-
sion and hand grip strength, i.e. both reaching and
grasping. This is in agreement with studies indicating
that task-specific, functional exercises have a high
potential to stimulate functional improvements.*’

Correlations training-induced changes

It is recognized that individual data display large vari-
ations between stroke patients, also in terms of amount
of change after a (technology-supported) interven-
tion.*! Therefore, correlation analysis of change
scores, considering individual cases, might reveal a
more realistic picture in understanding which factors
may contribute to functional improvements and in
which patients. In this regard, the findings in the cur-
rent sample suggest that improvements in activity cap-
acity after training were most associated with
improvements in hand function (either in terms of
range of motion or strength). However, the absolute
differences were small. This makes it difficult to fully
address the aim of whether mechanisms of recovery
and/or compensation were involved.

Surprisingly, the self-perceived performance measure
showed different results than the capacity measure.
A change in MAL after training was negatively corre-
lated with changes in grip strength, wrist excursion, and
shoulder excursion EA in the experimental group, which
is difficult to interpret in context of the current study.
This is possibly because of the subjective nature of the

MAL or the MAL measuring other constructs than
actual performance. Potentially, participants could
relate this to other qualities of movement. Further,
improvements on function, capacity, and self-perceived
performance might not occur simultaneously.*?

In general, chronic stroke patients are thought to
benefit most from task-specific interventions,** invol-
ving both reaching and grasping, which was the
approach for both training interventions.””> The fact
that changes in activity capacity were associated with
predominantly hand function improvements, whereas
no substantial hand function improvements were evi-
dent on group level after technology-supported train-
ing, suggests that this intervention apparently did not
sufficiently target hand function. Although the inter-
vention with the current sample did not provide the
desired information, we expect that the current analysis
approach is useful to give more insight into the under-
lying mechanisms of recovery and compensation after
stroke. In addition, it provides more specific directions
for design of (technology-supported) interventions
for arm and hand function. We recommend targeted
interventions, particularly addressing functional
movements involving both reaching (elbow excursion)
and hand function (grip strength or HO) after stroke.
Moreover, evaluation measurements should be
included that address these particular endpoints. This
is in line with expert consensus gained for guidelines
facilitating standardized assessment of such interven-
tions, which proposed inclusion of technologies as
assessment tools besides clinical scales.'® This consen-
sus approach highlighted the need for more informa-
tion about useful data derived from such technological
methods, for which the current findings provide a first
indication.

Limitations

A limitation of our study concerns the relatively small
sample size (N =20) for the correlations and multiple
linear regression analyses pre-training and for the data
on correlations of training-induced changes (N =15).
Elbow excursion and grip strength together were the
most important predictors in the model of ARAT.
For multiple linear regression models, a minimum of
10 observations per predictor variable will generally
allow good estimates.** Since the model of ARAT
was based on only 17 participants, there is a possibility
of overfitting of the model, which should be taken into
account when interpreting the results. A higher number
of participants will increase the power of the study. The
risk with our number of participants might result in a
slight overestimation of the effect size and slightly
decrease in reproducibility of the results. However,
our results give a first indication of tailored treatment
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applications to stimulate functional improvements
after stroke.

Further, the current training intervention was
performed with chronic stroke patients at home,
with somewhat more impaired participants than previ-
ous studies measuring correlations between kinematic
and clinical outcomes,'” which limits the generalizabil-
ity of the results to other patient groups in other set-
tings. In practice, these interventions should be
considered at an earlier stage after stroke, where
larger treatment effects would be expected in the sub-
acute phase.*

Conclusion

Moderate to strong relationships of movement execu-
tion parameters and grip strength with FM and ARAT
were found, with strongest contributions for grip
strength and elbow excursion. The findings imply that
the inclusion of both reaching (elbow excursion) with
hand function (grip strength or HO) might be valuable
targets for (technology-supported) treatment applica-
tions to stimulate functional improvements after
stroke. To which extent this was successful in the
current technology-supported intervention remains
unclear due to limited training-induced changes, but it
does provide directions for design of (technology-
supported) interventions for arm and hand function.
We recommend targeted interventions addressing func-
tional movements involving both arm and hand move-
ments simultaneously and including objective measures
of elbow excursion and hand function (grip strength
and HO) to evaluate their effects.

Declaration of conflicting interests

The author(s) declare no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: Part of this work was performed in association with
the SCRIPT project, partially funded by the European
Commission Seventh Framework Program under grant agree-
ment no. FP7-ICT-288698.

Guarantor
JSR

Contributorship

SMN contributed in researching literature, developing the
experimental protocol, gaining ethical approval, performing
experiments and data analysis and writing the manuscript.
GBPL, JHB, JSR contributed in developing the experimental

protocol, provided feedback and expert guidance throughout
the study. SMN, JFMF and JW supported in participant
recruitment. All authors reviewed and edited the manuscript
and approved the final version of the manuscript.

Acknowledgements

The authors would like to thank Leendert Schaake for his
contribution to software programming for kinematic data
analysis, and all participants for their participation in the
study.

ORCID iD
Sharon M Nijenhuis @ http://orcid.org/0000-0003-4960-5919

References

1. Nichols-Larsen DS, Clark PC, Zeringue A, et al. Factors
influencing stroke survivors’ quality of life during sub-
acute recovery. Stroke 2005; 36: 1480—1484.

2. Kitago T and Krakauer JW. Chapter 8 — motor learning
principles for neurorehabilitation. In: Michael PB and
David CG (eds) Handbook of clinical neurology. New
York: Elsevier, 2013, pp.93—-103.

3. Schaechter JD. Motor rehabilitation and brain plasticity
after hemiparetic stroke. Progr Neurobiol 2004; 73: 61-72.

4. Kwakkel G. Impact of intensity of practice after stroke:
issues for consideration. Disabil Rehabil 2006; 28:
823-830.

5. Mehrholz J, Pohl M, Platz T, et al. Electromechanical
and robot-assisted arm training for improving activities
of daily living, arm function, and arm muscle strength
after stroke. Cochrane Database Syst Rev 2015; 11:
CD006876.

6. Maciejasz P, Eschweiler J, Gerlach-Hahn K, et al.
A survey on robotic devices for upper limb rehabilitation.
J Neuroeng Rehabil 2014; 11: 3.

7. Kwakkel G, Kollen BJ and Krebs HI. Effects of robot-
assisted therapy on upper limb recovery after stroke: a
systematic review. Neurorehabil Neural Repair 2008; 22:
111-121.

8. Sivan M, O’Connor RJ, Makower S, et al. Systematic
review of outcome measures used in the evaluation of
robot-assisted upper limb exercise in stroke. J Rehabil
Med 2011; 43: 181-189.

9. Alt Murphy M, Resteghini C, Feys P, et al. An overview
of systematic reviews on upper extremity outcome meas-
ures after stroke. BMC Neurol 2015; 15: 29.

10. Hughes AM, Boucas SB, Burridge JH, et al. Evaluation
of upper extremity neurorchabilitation using technology:
a European Delphi consensus study within the EU COST
Action Network on Robotics for Neurorehabilitation.
J Neuroeng Rehabil 2016; 13: 86.

11. World Health Organization. International Classification
of Functioning, Disability and Health (ICF). Geneva:
World Health Organization, 2001.

12. Levin MF, Kleim JA and Wolf SL. What do
motor “recovery” and “‘compensation” mean in patients
following stroke? Neurorehabil Neural Repair 2009; 23:
313-319.


http://orcid.org/0000-0003-4960-5919
http://orcid.org/0000-0003-4960-5919

Nijenhuis et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Cirstea MC and Levin MF. Compensatory strategies for
reaching in stroke. Brain 2000; 123: 940-953.

van Kordelaar J, van Wegen EE, Nijland RH, et al.
Assessing longitudinal change in coordination of the par-
etic upper limb using on-site 3-dimensional kinematic
measurements. Phys Ther 2012; 92: 142-151.

Kwakkel G, Kollen B and Lindeman E. Understanding
the pattern of functional recovery after stroke: facts and
theories. Restor Neurol Neurosci 2004; 22: 281-299.
Langhorne P, Bernhardt J and Kwakkel G. Stroke
rehabilitation. Lancet 2011; 377: 1693-1702.

Alt Murphy M, Willen C and Sunnerhagen KS.
Movement kinematics during a drinking task are asso-
ciated with the activity capacity level after stroke.
Neurorehabil Neural Repair 2012; 26: 1106-1115.
Subramanian SK, Yamanaka J, Chilingaryan G, et al.
Validity of movement pattern kinematics as measures of
arm motor impairment poststroke. Stroke 2010; 41:
2303-2308.

Chen HL, Lin KC, Liing RJ, et al. Kinematic measures of
Arm-trunk movements during unilateral and bilateral
reaching predict clinically important change in perceived
arm use in daily activities after intensive stroke rehabili-
tation. J Neuroeng Rehabil 2015; 12: 84.
Amirabdollahian F, Ates S, Basteris A, et al. Design,
development and deployment of a hand/wrist exoskeleton
for home-based rehabilitation after stroke — SCRIPT pro-
ject. Robotica 2014; 32: 1331-1346.

Nijenhuis SM, Prange GB, Stienen AHA, et al. Direct
effect of a dynamic wrist and hand orthosis on reach
and grasp kinematics in chronic stroke. In: 2015 IEEE
international  conference on  rehabilitation  robotics
(ICORR), Singapore, Singapore, August 11-14 2015,
pp. 404-409. Piscataway, NJ: IEEE.

Nijenhuis SM, Prange-Lasonder GB, Stienen AH, et al.
Effects of training with a passive hand orthosis and
games at home in chronic stroke: a pilot randomised con-
trolled trial. Clin Rehabil 2017; 31: 207-216.
Fugl-Meyer AR, Jaasko L, Leyman I, et al. The post-
stroke hemiplegic patient. 1. A method for evaluation
of physical performance. Scand J Rehabil Med 1975; 7:
13-31.

Deakin A, Hill H and Pomeroy VM. Rough guide to
the Fugl-Meyer assessment: upper limb section.
Physiotherapy 2003; 89: 751-763.

Lyle RC. A performance test for assessment of upper
limb function in physical rehabilitation treatment and
research. Int J Rehabil Res 1981; 4: 483-492.
Yozbatiran N, Der-Yeghiaian L and Cramer SC. A
standardized approach to performing the Action
Research Arm Test. Neurorehabil Neural Repair 2008;
22: 78-90.

van der Lee JH, Beckerman H, Knol DL, et al.
Clinimetric properties of the motor activity log for the
assessment of arm use in hemiparetic patients. Stroke
2004; 35: 1410-1414.

Mathiowetz V, Kashman N, Volland G, et al. Grip and
pinch strength: normative data for adults. Arch Phys Med
Rehabil 1985; 66: 69-74.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Jor

Wu G, van der Helm FC, Veeger HE, et al. ISB recom-
mendation on definitions of joint coordinate systems of
various joints for the reporting of human joint motion —
part II: shoulder, elbow, wrist and hand. J Biomech 2005;
38: 981-992.

Metcalf CD, Notley SV, Chappell PH, et al. Validation
and application of a computational model for wrist and
hand movements using surface markers. IEEE Trans
Biomed Eng 2008; 55: 1199—1210.

Alt Murphy M, Willen C and Sunnerhagen KS.
Kinematic  variables  quantifying upper-extremity
performance after stroke during reaching and
drinking from a glass. Neurorehabil Neural Repair 2011;
25: 71-80.

Doeringer JA and Hogan N. Serial processing in human
movement production. Neural Netw 1998; 11: 1345-1356.
Krabben T, Prange GB, Molier BI, et al. Influence of
gravity compensation training on synergistic movement
patterns of the upper extremity after stroke, a pilot study.
J Neuroeng Rehabil 2012; 9: 44.

Field AP. Discovering statistics using SPSS: (and sex and
drugs and rock ‘n’ roll). London: SAGE, 2009.

Hinkle DE, Wiersma W and Jurs SG. Applied statistics
the behavioral sciences. Boston, MA: Houghton
Mifflin, 2003.

Luft AR, McCombe-Waller S, Whitall J, et al. Repetitive
bilateral arm training and motor cortex activation in
chronic stroke: a randomized controlled trial. JAMA
2004; 292: 1853-1861.

Hoonhorst MH, Nijland RH, van den Berg JS, et al. How
do Fugl-Meyer arm motor scores relate to dexterity
according to the Action Research Arm Test at
6 months poststroke? Arch Phys Med Rehabil 2015; 96:
1845-1849.

Rabadi MH and Rabadi FM. Comparison of the action
research arm test and the Fugl-Meyer assessment as
measures of upper-extremity motor weakness after
stroke. Arch Phys Med Rehabil 2006; 87: 962-966.

Wei XJ, Tong KY and Hu XL. The responsiveness and
correlation between Fugl-Meyer assessment, Motor
Status Scale, and the Action Research Arm Test in
chronic stroke with upper-extremity rehabilitation
robotic training. Int J Rehabil Res 2011; 34: 349-356.
Timmermans AAA, Geers RPJ, Franck JA, et al.
T-TOAT: A method of task-oriented arm training for
stroke patients suitable for implementation of exercises in
rehabilitation technology. In: 2009 IEEE 11th international
conference on rehabilitation robotics, Vols 1 and 2, June
23-26 2009, Kyoto, Japan, pp. 114-118. Piscataway, NJ:
IEEE.

Nijenhuis SM, Prange GB, Amirabdollahian F, et al.
Feasibility study into self-administered training at home
using an arm and hand device with motivational gaming
environment in chronic stroke. J Neuroeng Rehabil 2015;
12: 89.

Michielsen ME, de Niet M, Ribbers GM, et al. Evidence
of a logarithmic relationship between motor capacity and
actual performance in daily life of the paretic arm follow-
ing stroke. J Rehabil Med 2009; 41: 327-331.



12 Journal of Rehabilitation and Assistive Technologies Engineering

43. Kwakkel G, Veerbeek JM, van Wegen EE, et al. 45. Kwakkel G, Kollen BJ and Wagenaar RC. Long term

Constraint-induced movement therapy after stroke. effects of intensity of upper and lower limb training
Lancet Neurol 2015; 14: 224-234. after stroke: a randomised trial. J Neurol Neurosurg
44. Babyak MA. What you see may not be what you get: Psychiatry 2002; 72: 473-479.

a brief, nontechnical introduction to overfitting in regres-
sion-type models. Psychosom Med 2004; 66: 411-421.



