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Background and Purpose. Three-dimensional kinematic analysis of reaching
has emerged as an evaluative measure of upper-extremity motor performance in
people after stroke. However, the psychometric properties supporting the use of
kinematic data for evaluating longitudinal change in motor performance have not
been established. The objective of this study was to determine, in a test-retest
reliability manner, the reproducibility and minimal detectable change for reaching
kinematics in people after stroke.

Subjects and Methods. Fourteen participants with hemiparesis after stroke
performed forward reaching tasks on 2 occasions 37.3 (SD=9.8) days apart. At each
session, participants performed 4 forward reaching tasks produced by the combina-
tion of 2 target heights (low and high [109 and 153 cm from the floor, respectively])
and 2 instructed movement speeds (self-selected and as fast as possible). Two
analytical methods were used to calculate kinematic parameters.

Results. Relative reliability (intraclass correlation coefficient) ranged from .04 to
.99, and absolute reliability (standard error of measurement) ranged from 2.7% to
76.8%, depending on the kinematic variable, the demands of the motor task (target
height and movement speed), and the analytical method. Bland-Altman analysis, a
statistical method used to assess the repeatability of a method, revealed few system-
atic errors between sessions. The minimal detectable change ranged from 7.4% to
98.9%.

Discussion and Conclusion. Depending on the demands of the motor task
and the analytical method, most kinematic outcome measures (such as peak hand
velocity, endpoint error, reach extent, maximum shoulder flexion range of motion,
and minimum elbow extension range of motion) are reliable measures of motor
performance in people after stroke. However, because of the magnitude of within-
subject measurement error, some variables (such as peak hand velocity, time to peak
hand velocity, and movement time) must change considerably (>50%) to indicate a
real change in individual participants. The results of our reliability analysis, which are
based on our cohort of participants with hemiparesis after stroke and our specific
paradigm, may not be generalizable to different subpopulations of people with
hemiparesis after stroke or to the myriad movement tasks and kinematic variables
used for the assessment of reaching performance in people after stroke.
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troke is the leading cause of dis-

ability in adults in the United

States,! affecting an estimated
730,000 people per year.!:2 Upper-
extremity (UE) function is commonly
impaired after stroke, with approxi-
mately 80% of people experiencing
acute hemiparesis and approximately
40% experiencing chronic hemipare-
sis.3-5 Because of the high incidence
and persistence of UE impairment af-
ter stroke, numerous outcome mea-
sures have been developed to evaluate
UE movement in people with hemi-
paresis after stroke (see Barak and
Duncan® for a review). These out-
come measures are used for 3 general
purposes: to discriminate UE motor
performance of people with stroke
from that of people without stroke
(discriminative measure), to predict
future UE motor performance (predic-
tive measure), and to evaluate longitu-
dinal change in UE motor perfor-
mance (evaluative measure).%7

Three-dimensional (3D) kinematic
analysis of reaching performance has
the potential to serve as both a dis-
criminative measure and an evalua-
tive measure of UE motor perfor-
mance in people with hemiparesis
after stroke. Cross-sectional kinematic
studies have yielded considerable in-
formation about how UE movement
control is altered after stroke38-23
provided insight into compensatory
movement control strategies in people
with hemiparesis after stroke,'®-11.15
and illustrated differences in motor
performance based on the severity of
impairment after stroke.'3-17 Longitu-
dinal kinematic studies have provided
information regarding changes in UE
movement control associated with
motor recovery?4-2¢ and responses to
various therapeutic interventions, in-
cluding strength (force-generating ca-
pacity) training,?” task-specific train-
ing,?7-28 constraint-induced movement
therapy,?® robotic training,3%3! and bi-
lateral UE motor retraining.3>

The ability of kinematic data to func-
tion as a discriminative or evaluative
outcome measure depends on the
presence of sound, purpose-specific
psychometric properties. For use as
a discriminative measure, kinematic
data must demonstrate construct
validity (relationship between out-
come measure and external mea-
sures at a single point in time) and
reliability based on stable between-
subject variations. For use as an eval-
uative measure, kinematic data must
demonstrate longitudinal construct
validity (relationship between changes
in outcome measure and changes in
external measures over time), reli-
ability based on stable within-subject
variations, and responsiveness (the
ability to detect minimal clinically
important change).”33

Surprisingly, the psychometric prop-
erties of kinematic outcome mea-
sures of reaching performance in
people with hemiparesis after stroke
have not been thoroughly investi-
gated. Cross-sectional construct va-
lidity and longitudinal construct va-
lidity have been supported by the
relationship between kinematic mea-
sures of reaching performance and
the degree of sensorimotor impair-
ment®-11,17-19,.23,26,34 or scores from
clinical rating scales.”11.13-16,35 How-
ever, there is limited or no informa-
tion regarding test-retest reliability
(reproducibility)3° or the responsive-
ness of kinematic outcome measures
of reaching performance in people
with hemiparesis after stroke. That
is, there is no detailed report of the
psychometric properties of kine-
matic outcome measures of reaching
performance to support the use of
these measures for evaluating longi-
tudinal change in UE motor perfor-
mance in people with hemiparesis
after stroke.

It is evident that a comprehensive
assessment of the psychometric prop-
erties of kinematic outcome mea-
sures of reaching performance is

needed to support or refute the con-
tinued use of these measures for
evaluative purposes. Specifically, the
reproducibility of kinematic out-
come measures must be established
in order to determine how much dif-
ference is needed to detect a real
change in reaching performance,
considering random variation or
measurement error. Reproducibility
is assessed in terms of both relative
reliability and absolute reliability.
Relative reliability, which examines
the relationship between 2 or more
sets of repeated measures, can be
obtained by calculating the intraclass
correlation coefficient (ICC). Abso-
lute reliability, which describes the
within-subject variability attributable
to repeated measures, is obtained by
calculating the standard error of
measurement (SEM). The SEM then
can be used to estimate the minimal
detectable change (MDC), defined as
the minimal amount of change that is
not likely to be attributable to a
chance variation in measurement.3”
Estimates of SEM and MDC enable
clinicians and scientists to determine
whether the change observed in mo-
tor performance, as indicated by ki-
nematic measures, represents real
improvement.

The purposes of this study were to
determine the reproducibility of 3D
kinematic analysis of reaching tasks
and to define the MDC for kinematic
outcome measures of reaching per-
formance in people with hemipare-
sis after stroke. These data were re-
ported previously in abstract form.38

Method

Participants

Fourteen people with hemiparesis
resulting from stroke participated in
this study. The study sample in-
cluded the first group of subjects
participating in “Mechanisms of
Upper-Extremity Motor Recovery in
Post-stroke Hemiparesis” (MOR), a
single-center, randomized controlled
trial conducted at the Rehabilitation
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R&D Center at the VA Palo Alto
Health Care System (VAPAHCS) to
investigate physiologic mechanisms
of motor recovery in the hemiparetic
UE. Participants were recruited from
community referral sources in addi-
tion to the VAPAHCS and Stanford
Medical Center clinics. All partici-
pants provided informed consent in
accordance with the Declaration of
Helsinki.

Participants with the following char-
acteristics were included: a single,
unilateral stroke within 6 to 26
months of admission into the study
(with confirmatory neuroimaging);
the ability to move the UE in the
horizontal plane in a manner corre-
sponding to a “poor” (2/5) manual
muscle test grade3® in the major
shoulder and elbow musculature; at
least 10 degrees of active wrist ex-
tension, 10 degrees of active abduc-
tion of the thumb, and 10 degrees of
active extension of any 2 digits, 3
times within 1 minutei®; and free-
dom from any significant UE joint
pain, limitations in passive range of
motion (ROM), or marked sensory
deficits, as evidenced by absent pro-
prioception at the elbow or shoulder
joint. Participants were excluded if
they had experienced multiple or
bilateral cerebrovascular accidents,
lesions involving the brain stem or
cerebellum, upper-limb pain, or cog-
nitive deficits affecting their ability
to follow 3-step commands. Partici-
pant characteristics are shown in
Table 1.

Protocol

The MOR study design involves a
preintervention, repeated-baseline
assessment of all clinical and kine-
matic outcome measures. The nom-
inal design projected a 4-week inter-
val between the first (session 1) and
second (session 2) baseline assess-
ments. This interval was selected to
monitor any spontaneous motor re-
covery, the magnitude and rate of
which would be used as a covariate

in an analysis of the intervention
data, and to provide balance to the
study by use of an appropriate pe-
riod of no treatment without com-
promising the opportunity to induce
motor recovery or participant moti-
vation. The mean intervals between
session 1 and session 2 were 33
(SD=8.9) and 37.3 (SD=9.8) days
for clinical and kinematic assess-
ments, respectively. For each base-
line session, the clinical battery and
kinematic testing were conducted
on 2 separate days, with averages of
6.4 (SD=5.1) days between the clin-
ical battery and kinematic testing for
session 1 and 4.7 (SD=4.1) days for
session 2. Efforts were made to pro-
vide stability of test conditions
across sessions (such as using identi-
cal instructions and data collection
protocols and having the same phys-
ical therapist perform all clinical as-
sessments in the same location);
however, because of the schedules
of the participants, the kinematic
data were collected by 2 equally
trained people, and the timing of the
assessments varied from session to
session.

Clinical Assessment

The upper-limb sections of the Fugl-
Meyer Assessment Scaled! and the
Modified Ashworth Scale (MAS)%2
were administered to characterize
the severity of sensorimotor impair-
ment of the hemiparetic UE. The
Fugl-Meyer Assessment Scale motor
section scores and MAS scores are
shown in Table 1. The MAS scores
shown in Table 1 represent the
range (minimum to maximum) and
average of scores from 7 muscle
groups (shoulder flexor, abductor,
and external rotator muscles; elbow
flexor and extensor muscles; and
wrist flexor and extensor muscles).

Measurement of

Reaching Performance
Participants  performed forward
reaching tasks while seated in a
straight-back chair. The trunk was

stabilized to the back of the chair to
minimize compensatory trunk move-
ments.!! The start position for each
task was with the tested UE resting
on the ipsilateral thigh, such that
the shoulder was in approximately
0 degrees of flexion/extension and
0 degrees of internal rotation, the
elbow was in 75 to 90 degrees of
flexion, and the wrist rested palm
down, with the finger joints in slight
flexion. Minor modifications (such as
increased shoulder internal rotation)
were allowed for some participants
to minimize any positional discomfort.

From the start position, participants
were instructed to reach forward to-
ward a 2.2-cm-wide piece of tape lo-
cated at the superior end of a 0.5-cm-
diameter vertical rod attached to a
solid circular base. The target was
positioned directly in front of the
affected (contralateral to lesion)
shoulder at 110% of arm’s length.
This distance was selected to pro-
mote maximal excursion of the
hemiparetic arm during the reaching
task. Each participant performed 4
different reaching tasks produced by
the combination of 2 target heights
(low and high [109 and 153 cm from
the floor, respectively]) and 2 in-
structed speeds of movement (self-
selected and as fast as possible). The
resulting tasks were as follows: low
self-selected speed (LSR), low fast
speed (LFR), high self-selected speed
(HSR), and high fast speed (HFR).
Participants were given the follow-
ing instructions for the self-selected
speed reaching tasks: “Look at the
target. When I say ‘go,’ reach toward
the target at your own pace. When
you have reached as close to the tar-
get as you can, hold your position
until I ask you to return to the start
position.” Participants were given
similar instructions for the reaching
tasks performed at the fast speed,
except that they were instructed to
“reach toward the target as fast as
you can.” No further instructions
were given. The reaching tasks were
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Table 1.
Subject Demographics and Fugl-Meyer Assessment Scale Scores for 14 Subjects With Kinematic Data“
Subject | Age | Sex | Time Fugl-Meyer Assessment Scale Score MAS
No. ) After U Ext ity (UE
stroke pper Extremity (UE)
(mo) Total Motor Shoulder/Elbow
<, €, H z <, H ‘I <€, H 2 <, ‘I <€ H 2 <€, H ‘I <, H 2
1 61 F 25.2 79 81 24 24 9 10 1-2(1.8) 1.5-2.0(1.7)
2 70 M 24.4 90 94 39 39 15 14 0-1.5(0.9) 1-1.5(0.9)
3 63 M 18.5 83 81 29 29 14 18 0-3(1.3) 1-3(1.4)
4 66 M 19.8 82 83 26 26 9 10 0-2(1.2) 0-1.5(1.1)
5 73 M 20.2 86 92 26 34 16 21 0-3(0.7) 0-1.5(0.6)
6 50 M 11.1 104 100 45 44 22 20 0-1.5 (0.6) 0-1.5(0.7)
7 47 M 13.2 79 81 27 29 15 17 0-2 (0.4) 0-1.5(0.2)
8 62 M 13.6 84 87 31 33 16 17 0-1.5(0.8) 0-1.5(0.7)
9 72 M 6.8 90 94 42 44 25 28 0-0 (0) 0-0 (0)
10 55 M 7.2 107 105 50 49 29 29 0-1(0.1) 0-1(0.1)
11 22 M 6.8 107 108 48 48 27 27 0-2(0.3) 0-1.5(0.2)
12 82 F 10.6 96 87 40 38 15 14 0-0 (0) 0-0 (0)
13 52 M 12.6 82 86 30 34 10 12 0-1.5(0.9) 0-1.5(0.9)
14 63 F 6.5 82 81 29 29 13 13 0-1(0.4) 0-1(0.4)
Group 59.9 14.0 89.4 90.0 34.7 35.7 16.8 17.9 0.67 0.64
mean
Group 14.6 6.5 10.2 9.2 9.0 8.1 6.5 6.4 0.53 0.53
SD

4 MAS=minimum and maximum (mean) modified Ashworth score calculated for 7 muscle groups (shoulder flexor, shoulder abductor, shoulder external
rotator, elbow flexor, elbow extensor, wrist flexor, and wrist extensor muscles), F=female, M=male. Mean MAS value represents average MAS scores for all
7 muscle groups. Maximum scores: Fugl-Meyer UE total=126 points; Fugl-Meyer UE motor=66 points; Fugl-Meyer shoulder/elbow=30 points; MAS=5

points.

performed sequentially in blocks of
2 in the following order: LSR, LFR,
HSR, and HFR. For each reaching
task, participants were provided 1 or
2 practice trials prior to recording to
familiarize themselves with the tasks
and the instructions. In an attempt to
minimize fatigue, data collection was
limited to 2 trials for each task. This
measure was taken because the par-
ticipants were undergoing additional
clinical and kinematic assessments in
conjunction with their participation
in this study.

Three-dimensional movements were
recorded at 120 Hz with a 7-camera
Qualisys Motion Capture System.*
Prior to data collection, the motion

* Qualisys North America Inc, 9301 Monroe
Ave, Suite B, Charlotte, NC 28270.

capture system was calibrated in ac-
cordance with manufacturer guide-
lines, with system calibration being ac-
cepted only when the average residual
for each camera was =1.6 mm. The
manufacturer estimates the accuracy
of our Qualisys system to be 1.5 to 3.0
mm. A total of sixteen 1.5-cm reflec-
tive markers were placed on the trunk
(n=4), upper arm (n=4), forearm
(n=5), and hand and fingers (n=3) for
reaching tasks. Movements were re-
corded simultaneously with each cam-
era and stored on a computer disk for
further analysis.

Kinematic Analysis of

Reaching Performance

Kinematic data were analyzed off-
line with Qualisys Track Manager*

and Visual3D software’ to extract
position, velocity, and angular data
during the reaching tasks. Specifically,
righthand coordinate systems (x=
mediallateral, y=anterior-posterior, and
z=inferior-superior) were embedded
into 3 segments (trunk, upper arm,
and forearm). Joint center locations
and joint axes were defined by use of
previously reported methods,* ex-
cept that the location of the shoulder
joint was assumed to be 5 cm inferior
to the acromion marker. The position
of the joint center served as the origin
for the local coordinate system of each
segment. A series of Euler rotations,
sequenced x-y-z, were used to express
the joint angles of the distal segment
with respect to the proximal segment.

* C-Motion Inc, 15821-A Crabbs Branch Way,
Rockville, MD 20855.
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Figure 1.

Sample tangential hand velocity profile for a self-selected reach to the high target for
a subject with hemiparesis. Data shown are from the initiation of data collection to the
end of data collection at the time of maximum shoulder flexion range of motion (ROM).
1stPhase EOM=end-of-movement definition for first-phase analysis, %PHV=percent
peak hand velocity, %PHV EOM=end-of-movement definition for %PHV analysis,

SOM=start of movement.

Joint flexion-extension was measured
about the x-axis, joint abduction-
adduction was measured about the
y-axis, and joint internal-external rota-
tion was measured about the z-axis.
Marker dropout was infrequent be-
cause of the redundant camera sys-
tem; however, when markers were
obscured, they were interpolated by
use of a cubic spline. Tracked data
were filtered with a low-pass filter at
6 Hz by use of a second-order bidirec-
tional Butterworth filter.

Two methods commonly used to
analyze reaching trajectories were
compared. For both methods, start
of movement (SOM) was defined as
the time at which the tangential
wrist velocity exceeded 5% of maxi-
mum velocity. The first-phase method
defines end of movement (EOM) as
the time at which the tangential wrist
velocity drops to a minimum prior to
subsequent corrective movements
(submovements) (Fig. 1); this method
was used to analyze kinematic data
from the first phase of reach prior
to submovements.!9:21.23.2526  The
percentage of peak hand velocity

(%PHV) method defines EOM as the
time at which the tangential wrist ve-
locity drops below 5% of maximum
(Fig. 1); this method was used to ana-
lyze the performance of the entire
reaching task, including submove-
ments.®11.16.22.44  A]l Kkinematic vari-
ables were calculated from SOM to
EOM, regardless of which method was
used to calculate EOM.

Variables that characterize speed, ef-
ficiency, smoothness, interjoint co-
ordination (IJC), reach extent, and
ROM during reaching were calcu-
lated from the kinematic trajectories.
Peak hand velocity, reach path ratio,
trajectory smoothness, and end-
point error were used to quantify
speed, efficiency, smoothness, and
accuracy of reaching, respective-
ly.21.23,2526,45  We considered an
efficient movement to be direct
movement to the target without ex-
traneous or abnormally circuitous
movements. Peak hand velocity rep-
resented the maximum tangential
linear velocity of the hand attained
between SOM and EOM. Reach
path ratio was calculated as the ratio

of the actual wrist path traveled to an
ideal straight line between the start
position and the end position. A
reach path ratio of 1 represents a
straight path (normal), whereas a
reach path ratio of greater than 1
represents either an abnormally
curved path or multiple attempts to
reach for the target. Trajectory
smoothness was calculated by count-
ing the number of peaks in the ve-
locity profile.?7-4445 Endpoint error
was calculated as the 3D distance
from the third metacarpal marker to
the target at EOM.

The temporal IJC of shoulder flexion
ROM and elbow extension ROM was
quantified by use of cross-correlation
analysis at zero time lag.4%%7 The
cross-correlation coefficient ranges
from —1 to 1. A high positive corre-
lation occurs when joint motion is
tightly coupled and in the same di-
rection. A correlation coefficient of
zero occurs when the motion of
the 2 joints is entirely independent.
A high negative correlation indicates
that joint motion is tightly coupled
but that the movement occurs in
opposite directions.i® Age-matched
participants without disability pro-
duced JJC values ranging from 0.48
to 0.78 during performance of the
reaching tasks described above
(Joanne M Wagner and Christine A
Dairaghi, unpublished data, February-
March 2007). Reach extent, which
represents the overall extent of UE
movement during a reaching task,
was calculated as the length of the
straight line joining the initial and
final endpoint positions.3° Maximum
shoulder flexion and abduction and
minimum elbow extension (where O
degrees represents full elbow exten-
sion) ROM values were calculated
from angular data.

Data Analysis

Descriptive statistics were calculated
for the kinematic variables in the 2
test sessions by both analytical tech-
niques. Reliability statistics and MDC
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scores were derived from the mean
of 2 individual reaching trials for
each task (LSR, LFR, HSR, and HFR).
Statistica software (version 6):t was
used for all statistical analyses.

Relative reliability. Relative reli-
ability was estimated by calculation
of the ICC (2,2). Repeated-measures
analysis of variance, with test session
as the independent variable, was
used to partition the total variance
for each variable into effects attrib-
utable to differences between par-
ticipants, test sessions, and error
variance. If BMS represents the
between-participants mean square,
EMS represents the error mean
square, RMS represents the between-
sessions mean square, and n repre-
sents the number of participants,
thens:

@®

BMS — EMS
BMS + ((RMS — EMS)/n)

ICC2,2) =

Absolute reliability. Bland-Altman
plots were constructed by plotting
the between-session difference for
each variable versus the test-retest
mean for each kinematic variable.%®
From the Bland-Altman plots, the
data were examined for their magni-
tude, range, and distribution around
the zero line. The 95% confidence
intervals (CIs) were calculated to
identify any systematic trends or out-
liers. The 95% CIs were derived as:

2) Cl=d*2179(SE),

where d is the mean difference be-
tween test and retest scores, 2.179 is
the value obtained from the t-table
with 12 (n—1) degrees of freedom,
and SE is the standard error of d. The
standard error of d was calculated as:

3 SEofd = SDdtff/N@ ,

* StatSoft Inc, 2300 East 14th St, Tulsa, OK
74104.

where SD,,, is the standard devia-
tion of the differences between the 2
test sessions.

Measurement error indicates the
within-subject variability across re-
peated trials. Such variability may re-
sult from performance differences or
nonspecific sources of error (such as
the instrument or the experimental
paradigm). Measurement error was
evaluated by use of the SEM, which
was calculated as:

@ SEM=SD, X /A —Ry,

where SD, is the standard deviation
for all observations from test ses-
sions 1 and 2 and R, is the test-retest
reliability coefficient (ICC). Measure-
ment error also was expressed as
the SEM%, the within-subject stan-
dard deviation as a percentage of the
mean, which was defined as:

(BG) SEM% = (SEM/mean) X 100.

The SEM% indicates measurement er-
ror independent of the units of mea-
surement. The SEM% represents the
limit for the smallest change that in-
dicates a real improvement for a
group of subjects.

MDC. The MDC, which represents
the magnitude of change necessary
to exceed the measurement error of
2 repeated measures at a specified
CI,37:50 was calculated for the 95% CI
(MDC,s) as:

©) MDCys = SEM X 1.96 X 2,

where 1.96 is the 2-sided tabled z
value for the 95% CI and V2 is used
to account for the variance of 2
measurements.

So that the MDC could be indepen-
dent of the units of measurement,
it was expressed as a percentage
(MDC%), which was defined as:

@7  MDC»% = (MDCys/mean) X 100,

where mean is the mean for all of the
observations for test sessions 1 and
2. The MDC% represents the smallest
change that indicates a real change
in a single individual.

Results

Assessment of UE Motor Stability
in Participants With Hemiparesis

For the establishment of test-retest
reliability, 2 measurements are re-
quired from a stable population.
Test-retest scores on the UE motor
section of the Fugl-Meyer Assess-
ment Scale were used to determine
the stability of motor function in our
cohort of participants with hemipa-
resis after stroke. Specifically, the
MDC,s for the UE motor section of
the Fugl-Meyer Assessment Scale was
calculated to determine the magni-
tude of change over and above mea-
surement error that would constitute
real change attributable to motor re-
covery. The MDCgys for the UE motor
section of the Fugl-Meyer Assess-
ment Scale was 5.2 points. Partici-
pants with a session-to-session differ-
ence of greater than 5.2 points on
the UE motor section of the Fugl-
Meyer Assessment Scale were con-
sidered to have demonstrated un-
stable motor performance across
sessions and were removed from the
subsequent reliability analysis. One
subject (subject 5) showed a differ-
ence of 8 points on the UE motor
section of the Fugl-Meyer Assess-
ment Scale and was thus removed
from the reliability analysis, resulting
in a total of 13 participants for the
reliability analysis.

Reaching Performance

Visual inspection revealed that ki-
nematic data varied depending on
the analysis method used to quantify
reaching performance, confirming
that different aspects of the reaching
task were analyzed with the 2 differ-
ent analysis methods. Specifically,
the %PHV method yielded higher val-
ues for movement time, reach path
ratio, shoulder flexion and abduction

May 2008

Volume 88 Number 5 Physical Therapy B 657

¥202 Iudy 01 uo1senb Aq L2z /2/259/S/88/81o1ne/Nd/woo dno-olwepeoe)/:sdyy wouy papeojumoq



Kinematic Analysis of Reaching Tasks After Stroke

Table 2.

Minimum and Maximum Intraclass Correlation Coefficients (ICCs), Standard Error of
Measurement (%SEM), and Minimal Detectable Change (%0MDC) Calculated for
Kinematic Variables by First-Phase and Percent Peak Hand Velocity (%PHV)

Analysis Methods®

Analysis Method Variable Range (Minimum-Maximum) for:
IcC SEM% MDC%
First phase Movement time (s) .04-.82 15.8-35.6 43.8-98.9
Peak hand velocity (m/s) .74-95 8.8-22.1 24.4-61.3
Time to peak hand velocity (s) .11-.83 16.5-29.5 45.8-81.8
RPR .08-.90 2.9-7.6 7.9-20.9
EE (m) .65-.87 7.2-11.44 | 19.9-27.5
Reach extent (m) .66-.95 9.6-25.1 26.6-69.7
Maximum SF range of motion .78-.95 8.8-19.4 24.3-53.7
(ROM) ()
Maximum SAb ROM (°) .57-91 9.8-20.4 27.2-56.6
Min EExt ROM (°) .83-.91 8.4-11.6 23.2-30.4
I)C .60-.79 4.5-7.0 12.4-19.4
%PHV Movement time (s) 11-.82 14.0-28.2 38.9-70.0
Peak hand velocity (m/s) .74-95 8.8-22.1 24.4-61.3
Time to peak hand velocity (s) .11-.83 16.5-29.5 45.8-81.8
RPR .33-.95 2.7-10.4 7.4-28.9
EE (m) .68-.85 9.2-12.1 25.5-33.5
Reach extent (m) .93-.99 4.3-9.3 12.0-25.8
Maximum SF ROM (°) .93-.95 8.8-11.9 24.4-33.1
Maximum SAb ROM (°) .58-.77 13.8-19.4 38.3-53.9
Minimum EExt ROM (°) .86-.91 11.0-14.0 30.5-38.8
I|C .66-.92 3.7-6.6 10.2-18.2
Trajectory smoothness 43-.84 20.9-76.8 24.4-67.6

? RPR=reach path ratio, EE=endpoint error, SF=shoulder flexion, SAb=shoulder abduction,

EExt=elbow extension, ||C=interjoint coordination.

ROM, and reach extent and lower
values for endpoint error and elbow
extension ROM; however, it yielded
IJC values similar to those obtained
with the first-phase method. There
were no differences in peak hand
velocity and time to peak hand ve-
locity because the first-phase and
%PHV methods used identical calcu-
lations for these variables. Trajectory
smoothness was calculated only for
the %PHV method because the first-
phase method truncates data after
the first velocity peak.

Independent of the analytical ap-
proach, kinematic data varied de-

pending on the specific demands
(target height and instructed speed
of movement) of the reaching task.
Temporal variables were scaled to
the demands of the motor task, such
that shorter movement times and
higher peak hand velocities were
observed during fast movements
than during self-paced movements.
Higher endpoint error, shoulder flex-
ion and abduction ROM, and reach
extent values were revealed for
movements to the high target than
for movements to the low target.
However, reach path ratio, elbow
extension ROM, and IJC values did
not differ systematically between

movements to the low target and
movements to the high target, re-
gardless of the instructed movement
speed.

Relative Reliability

Intraclass correlation coefficients in
the range of .5 to .6 are fair, those in
the range of .6 to .7 are good, and
those above .75 are excellent.>! On
the basis of these criteria, relative
(test-retest) reliability was found to
be good to excellent (.57-.99) for
most of the kinematic variables but
was found to be low (<.50) for the
kinematic variables movement time,
time to peak hand velocity, reach
path ratio, and trajectory smooth-
ness, depending on the analytical
technique and the motor demands of
the reaching task (speed of move-
ment and target height) (Tab. 2).
With few exceptions, namely, move-
ment time and reach path ratio, the 2
analysis methods yielded similar
ranges of ICCs (.57-.99) for the same
variable during performance of the
same motor task.

Absolute Reliability

Bland-Altman statistics revealed no
systematic variance (ie, zero was in-
cluded in the 95% CI of d) (Figs. 2A,
2C, and 2D) in group performance
from session to session for most of
the variables, regardless of the anal-
ysis method or demands of the mo-
tor task. However, session-to-session
systematic group variance (ie, zero
was not included in the 95% CI of d)
(Fig. 2B) was noted for endpoint er-
ror during fast movements and min-
imum elbow extension ROM during
HFR when data were analyzed with
the first-phase method and for trajec-
tory smoothness during LSR and IJC
during HSR when data were ana-
lyzed with the %PHV method. That
is, our participants were less accu-
rate (higher endpoint error values)
during LFR and had less elbow ex-
tension ROM during HFR at the sec-
ond session than at the first session
when data were analyzed with the
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Kinematic Analysis of Reaching Tasks After Stroke

first-phase method. In contrast, our
participants had smoother move-
ments (fewer velocity peaks) during
LSR and more coordinated move-
ments (as evidenced by lower IJC
values) during HSR at the second ses-
sion than at the first session when
data were analyzed with the %PHV
method.

Visual inspection of all Bland-Altman
graphs revealed uniform variability
across mean performance for the ma-
jority of kinematic variables (Figs. 2A,
2B, and 2C). However, there were a
few examples of nonuniform rela-
tionships between the difference from
session to session and the magnitude
of the mean (heteroscedasticity)
(Fig. 2D). Greater differences in mean
performance were observed for IJC
for people with lower IJC scores than
for those with higher IJC scores for
both analytical methods during LSR.
During LFR, greater differences in
mean performance were observed for
reach path ratio for people with
higher reach path ratio values than for
those with lower values (first-phase
method), shoulder flexion ROM for
people with lower ROM values than
for those with higher values (%PHV
method), and trajectory smoothness
for people with a larger number of
peaks in the velocity trace than for
those with fewer peaks (%PHV
method). No heteroscedasticity was
observed in the graphs of HSR and
HEFR tasks for either analytical method.

Lower SEM% values reflect lower
measurement error than do higher
SEM% values. Measurement error
(SEM%) ranged from 2.7% to 76.8%;
however, the majority of kinematic
variables had SEM% values of less
than 35% (Tab. 2). With few ex-
ceptions, namely, movement time,
reach extent, and maximum shoul-
der flexion ROM, the 2 analytical
methods yielded similar SEM% values
for the same variable during perfor-
mance of the same motor task. The
SEM% values changed systematically

A HFR Movement Time
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Bland-Altman plots for selected kinematic variables demonstrating no systematic vari-
ance in group performance from session to session (A, C, and D), systematic variance
in group performance from session to session (B), uniform relationships between the
difference from session to session (ordinate) and the mean performance from session to
session (abscissa) (A-C), and nonuniform relationships (heteroscedasticity) between the
difference from session to session (ordinate) and the mean performance from session to
session (abscissa) (D). Data in panels A, B, and D were calculated with the first-phase
(1stPhase) method. Data in panel C were calculated with the percent peak hand velocity
(%PHV) method. HFR=high target, fast speed; LFR=low target, fast speed; ROM=
range of motion. Dashed line represents 95% confidence interval for d. Solid line is drawn

at zero.

for a few variables as the speed of
movement and the target height in-
creased. Specifically, measurement
error increased for endpoint error
and shoulder flexion active ROM but
decreased for movement time (first-
phase method), time to peak hand
velocity, and reach extent as the
speed of movement and the target
height increased. No other system-
atic changes in the SEM% values
were observed for the remaining
variables. No particular movement
task (LSR, LFR, HSR, or HFR) or anal-
ysis method consistently produced
the lowest SEM% values for all
variables.

MDC
Lower MDC% values reflect greater
responsiveness than do higher

MDC% values. The MDC% values
ranged from 7.4% to 98.9% (Tab. 2).
With a few exceptions, namely,
movement time, reach extent, and
maximum shoulder flexion ROM, the
2 analytical methods yielded similar
MDC% values for the same variable
during performance of the same mo-
tor task. The MDC% values changed
systematically for a few variables as
the speed of movement and the tar-
get height increased. Specifically,
the MDC% values decreased for end-
point error and shoulder flexion ac-
tive ROM but increased for move-
ment time (first-phase method), time
to peak hand velocity, and reach ex-
tent (%PHV method) as the speed of
movement and the target height in-
creased. Regardless of the target
height, the MDC% values for trajec-
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tory smoothness were higher during
fast movements than during self-
selected speed movements. No other
systematic changes in the MDC% val-
ues were observed for the remaining
variables. No particular movement
task (LSR, LFR, HSR, or HFR) or anal-
ysis method consistently produced
the lowest MDC% values for all
variables.

Discussion

In the present study, we investigated
the reproducibility and MDC% of ki-
nematic variables used to evaluate
reaching performance in people with
hemiparesis after stroke. In our sample
of participants, the relative test-retest
reliability (ICC) was good to excellent
for the majority of variables; system-
atic variance in group performance
from session to session was minimal
(Bland-Altman plots); estimates of
measurement error (%SEM) were
low to moderate (<35%) for most
variables; and the minimal difference
necessary to infer a meaningful change
in reaching performance (MDC%) var-
ied depending on the specific variable
of interest, the analysis method, and
the demands of the motor task. Over-
all, our results suggest that select kine-
matic outcome measures are reliable
measures of motor performance in
people with hemiparesis after stroke.
However, because of the magnitude of
within-subject measurement error
(SEM%), some variables must change
considerably (>50%) to indicate a real
change (ie, over and above measure-
ment error) in individual participants.

Relative Reliability

The ICC is the commonly used test-
retest correlation coefficient.>253 In
the present study, the ICCs ranged
from .04 to .99 but were good to
excellent for the majority of kine-
matic variables.>! These values are
comparable to those reported for a
forward reaching task in adults
without disability (.45-.92)2° and
people with chronic hemiparesis af-
ter stroke (.74 -.96)3%; for a hand-to-

mouth task in children with cerebral
palsy (.42-.68)>%; and for other in-
strumented measures of UE motor
performance in people with hemipa-
resis after stroke, including grip
strength (.86),55 an upperlimb tra-
jectory tracking task (.51-.80),5¢ and
UE muscle performance during iso-
kinetic testing (.64 -.98).57 Similar to
our data, the ICCs reported in those
studies varied depending on the spe-
cific motor demands of the task
(speed of movement) and the vari-
able used to quantify performance
(torque versus power).

Absolute Reliability

We used the SEM and the SEM% to
assess the measurement error of the
kinematic variables. The SEM and the
SEM% represent the limit for the
smallest change that indicates a real
improvement for a group of sub-
jects.>® The SEM% is independent of
the units of measurement and there-
fore is more easily interpreted. The
SEM% values in the present study
ranged from 2.7% to 76.8%, and
SEM% values were less than 35% for
10 of the 11 kinematic variables. Our
estimates of SEM% values are similar
to those reported in people with
hemiparesis after stroke for a for-
ward reaching task (1.1%-31.6%),3¢
grip strength (20%),5> an upper-limb
trajectory tracking task (19%-36%),5¢
and UE muscle performance during
isokinetic testing (0.36%-33.9%).57
These results indicated that most of
the kinematic variables demonstrated
levels of measurement error similar
to those of other instrumented mea-
sures of UE motor performance. Im-
portantly, our data revealed that
moderate (measurement error of
<35%) changes were needed to in-
dicate a real change in reaching per-
formance for a group of subjects
with hemiparesis after stroke.

Bland-Altman analysis was used to
evaluate systematic variance in mean
group performance from session to
session. Our data revealed stable

group performance on repeated test-
ing for most variables. There were a
few examples of systematic differ-
ences from session to session, but
there were no consistent changes
in performance, revealing that both
improvement in performance and
degradation in performance were oc-
curring. These data suggest that ex-
perience or practice in performing
the reaching tasks in session 1 did
not lead to improvement in perfor-
mance in session 2; that is, there was
no learning effect.

The Bland-Altman graphs revealed
nonuniform changes (heteroscedas-
ticity) in mean reaching perfor-
mance from session to session for a
few kinematic variables. For these va-
riables, greater differences in mean
performance were consistently ob-
served for participants with poor ki-
nematic performance than for par-
ticipants with better performance.
These data suggest that the severity of
motor impairment, as assessed by ki-
nematic outcome measures, may have
influenced the stability of reaching
performance from session to session.

MDC

The results of our reliability assess-
ment were used to calculate the
MDC and the MDC%. The MDC and
the MDC% represent the limit for the
smallest change that indicates a real
improvement in reaching perfor-
mance in a single individual (in the
present study, an individual who had
survived stroke). The MDC is synon-
ymous with the smallest real differ-
ence> and the reliable change in-
dex.®® The MDC% is independent of
the units of measurement and there-
fore, like the SEM%, is more easily
interpreted. The MDC% estimates for
the kinematic variables ranged from
7.4% to 98.9%, indicating that certain
kinematic variables required changes
of a larger magnitude (MDC%) than
other variables to indicate a real
change in reaching performance for
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an individual who had survived
stroke.

Estimates of MDC have not been
published for kinematic measures of
UE motor performance in people
with hemiparesis after stroke. There
are very few reports regarding the
limits of the MDC for instruments
used to assess UE motor perfor-
mance in people with hemiparesis
after stroke.>>>7 Our estimates of the
MDC% for kinematic variables were
lower than or similar to those re-
ported for an upperlimb trajectory
tracking task (55%-97%)>¢ and UE
muscle performance during isoki-
netic testing (37%-86%).57 Like our
data, the percent smallest real differ-
ence values reported in those pub-
lications differed depending on the
specific variable and the motor de-
mands of the task (speed of move-
ment and muscle group). These data
suggest that certain kinematic mea-
sures of reaching performance (reach
path ratio, endpoint error, and IJC)
are better suited to detecting real
changes in UE motor performance in
people with hemiparesis after stroke
than are other kinematic measures
(movement time, time to peak hand
velocity, and maximum shoulder ab-
duction ROM).

The MDC estimates the limit for the
smallest change that indicates a real
improvement in reaching perfor-
mance for a single individual. Even
though this information is useful for
determining how much change is
required to exceed measurement
error, it does not assist in answer-
ing an essential question for clini-
cians and researchers: how much
change in a kinematic variable is
needed to demonstrate a clinically
important difference in reaching per-
formance? For example, how much
improvement in peak hand velocity
must occur for this measure to be
considered clinically meaningful?
This question can be addressed only
by establishing the limits of the min-

imal clinically important difference
(MCID) for kinematic measures of
UE reaching performance, defined as
the amount of change that is clinically
important to patients.°! There are sev-
eral methods available for establishing
the MCID for kinematic outcome mea-
sures of UE reaching performance, in-
cluding patient self-report,©263 expert
panel consensus,®# and the calculation
of receiver operating characteristic
curves.®® Unfortunately, our data do
not permit an estimation of the MCID,
and there are no reports in the litera-
ture describing the MCID for measures
of UE motor performance in people
with hemiparesis after stroke. Future
research is needed to determine the
MCID of kinematic outcome measures
of UE reaching performance to clarify
the usefulness of kinematic outcome
measures in evaluating longitudinal
change in UE motor performance in
people with hemiparesis after stroke,
as well as to indicate whether a mea-
surement tool has the precision to in-
dicate meaningful clinical change (ie,
the MCID exceeds the MDC).

Influence of Motor Task and
Analysis Method on

Psychometric Properties

We purposefully asked participants
to perform 4 different forward reach-
ing tasks (LSR, LFR, HSR, and HFR)
to determine whether the instructed
movement speed and spatial location
of targets influenced the reproduc-
ibility and MDC of the kinematic vari-
ables. Our results demonstrated that
the ICC, SEM%, and MDC% values of
particular variables varied depending
on the demands of the motor task
but that no particular movement task
consistently produced the most de-
sirable reproducibility or limits of
the MDC%. These findings suggest
that researchers may use their own
discretion when selecting a forward
reaching task. Future research is
needed to determine the influence of
other spatial locations (eg, contralat-
eral and ipsilateral target locations)

on the reproducibility of kinematic
variables of UE reaching performance.

Studies that have used kinematic
variables to evaluate reaching perfor-
mance in people with hemiparesis
after stroke have used 2 analysis
methods that differ in the definition
Of EOM9,11,16,19,21—23,26,35,44; in the
present study, we have termed these
methods the first-phase method and
the %PHV method. We analyzed our
data using these 2 methods in order
to assess how the ICC, SEM%, and
MDC% values differed when calcu-
lated by the first-phase method ver-
sus the %PHV method. For most
variables, the ICC, SEM%, and MDC%
values were comparable for the 2
methods, indicating that kinematic
analyses of reaching performance
were reproducible regardless of
whether the data analyses included
submovements. However, it is im-
portant to note that the reproducibil-
ity of 3 kinematic variables (move-
ment time, reach extent, and
maximum shoulder flexion ROM)
differed depending on the analysis
method used to calculate the vari-
ables. For example, the %PHV
method produced greater repro-
ducibility (lower SEM% values) and
lower MDC% values for reach ex-
tent and maximum shoulder flexion
ROM than did the first-phase method.
One interpretation of these findings
is that our participants were more re-
liable in the completion of the in-
structed task (maximizing reach ex-
tent and shoulder flexion ROM at
EOM) than in the execution of the task
(diminished reproducibility of reach
extent and shoulder flexion ROM at
the time of the first submovement).

Limitations

There are several limitations of our
study. First, as with any reliability
study, the results of our reliability
analysis cannot be generalized to
the multitude of movement tasks
and kinematic variables used to as-
sess reaching performance in peo-
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ple with hemiparesis after stroke.
However, these data are important
because they demonstrate the impor-
tance of establishing the reproduc-
ibility and MDC of kinematic mea-
sures. Second, our results may not be
generalizable to people with more
pronounced motor deficits after
stroke (such as an inability to pro-
duce active wrist extension). Third,
our specific reaching tasks, which
did not allow participants to touch
the target, may have resulted in
greater variability in reaching perfor-
mance than if they were permitted
to touch the target because the ac-
curacy constraints were most likely
less of a factor in the former task
than in the latter task. Fourth, we
calculated the mean of 2 trials for
each variable for each movement
task. It is plausible that the reproduc-
ibility of our kinematic variables may
have differed with a different num-
ber of trials per task. However, there
is no consensus on the optimal num-
ber of reaching trials to use in an
analysis of reaching performance; 2
trials3© to 10 trials** have been re-
ported in the literature. Finally, our
sample was small (n=13 for the reli-
ability analysis), and it is likely that
our results would have differed with
a larger sample size.

Conclusion

To our knowledge, this is the first
study to use a comprehensive set of
statistical methods to assess the re-
producibility and MDC of kinematic
measures of UE reaching perfor-
mance in people with hemiparesis
after stroke. Our data establish a
range of values for absolute reliabil-
ity, relative reliability, and MDC% of
kinematic measures of UE reaching
performance in people with hemipa-
resis after stroke. These data also il-
lustrate the importance of using a
variety of statistical tools to assess
the reproducibility of evaluative out-
come measures.
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