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Abstract—After stroke, movement patterns of the upper limb
(UL) during functional arm reaching change to accommodate
altered constraints. These compensatory movement control
strategies do not, however, have a one-to-one mapping with
posttraining outcomes. In this study, we quantify arm move-
ment control strategies in unilateral and bilateral reaching tasks
using induced position analysis. In addition, we assess how
those strategies are associated with UL residual impairments
and with functional improvement after a specific bilateral arm
training intervention. Twelve individuals with chronic stroke
were measured while reaching to a box as part of their pre- and
posttesting assessments. Other measurements included the
Fugl-Meyer Upper Extremity Assessment (FM), Modified
Wolf Motor Function Test (WT), and the University of Mary-
land Arm Questionnaire for Stroke (UMAQS). We identified
arm control strategies that did not differ between unilateral and
bilateral tasks but did differ by FM impairment level and by
predicted gains in WT but not UMAQS. Increased shoulder
relative to elbow moment contribution was associated with less
impairment and greater gains of speed in functional tasks.
These results suggest that one goal of training to achieve better
outcomes may be to decrease the abnormal coupling of the
shoulder and elbow.

Key words: arm reaching, compensatory strategies, couple
dynamics, functional recovery, induced position analysis,
motor function, multijoint control, rehabilitation, stroke, upper
limb.
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INTRODUCTION

Stroke is the leading cause of adult disability in the
United States, with 5.5 million people affected by stroke
and rising [1]. More than 750,000 Americans are affected
by a new or recurrent stroke each year, with 95 percent of
stroke survivors having some upper-limb (UL) dysfunc-
tion in routine daily activities, including dressing, bathing,
self-care, and writing [2]. Twenty percent of those with
stroke regain no functional use of their hemiparetic arm
[3]. Several rehabilitation interventions, such as con-
straint-induced therapy [4], robotics training [5-6], and
bilateral arm training, have demonstrated some recovery
of UL function in chronic stroke survivors [7-8]. Which
stroke survivor can benefit from which training, however,

Abbreviations: 3-D = three-dimensional, BATRAC = Bilateral
Arm Training with Rhythmic Auditory Cueing, CNS = central
nervous system, FM = Fugl-Meyer Upper Extremity Assess-
ment, IAA = induced acceleration analysis, IPA = induced posi-
tion analysis, Pl = principal investigator, UL = upper limb,
UMAQS = University of Maryland Arm Questionnaire for
Stroke, WT = Modified Wolf Motor Function Test.
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is not clear because there is not a one-to-one relationship
between residual movement control strategies and post-
training outcomes [9]. In this study, we initially focused
on determining arm movement control strategies in stroke
for unilateral and bilateral tasks and subsequently on
exploring how those strategies are associated with both
residual impairment levels and with functional improve-
ments after a specific bilateral arm training intervention.

After stroke, movement patterns likely change to
accommodate altered constraints such as hypertonicity,
extensibility limitations, and reduced cortical input in
order to accomplish UL functions such as arm reaching.
This new movement pattern is termed a compensatory
movement control strategy. In early clinical observations,
a qualitative description of compensatory movement
strategies was used to categorize pathological synergies,
which included the flexor synergy (shoulder flexion,
shoulder abduction, elbow flexion, forearm supination)
and the extensor synergy (shoulder extension, shoulder
adduction, elbow extension, forearm pronation) [10].
More recently, a functional quantitative analysis of UL
movement during arm reaching illustrated that patients
with hemiparesis used more trunk flexion and shoulder
abduction to compensate for reduced elbow extension
[11-12] and demonstrated abnormal shoulder abductor
power to compensate for reduced shoulder flexor power
[13]. These compensatory movement strategies are evi-
dent during unilateral UL tasks.

In daily life, however, bimanual actions are common
motor tasks and are arguably more important poststroke
for individuals to recover than unilateral actions alone.
Therefore, it is important to study bilateral as well as uni-
lateral tasks. Moreover, there may be advantages of per-
forming certain tasks bilaterally. For example, when
nondisabled individuals move both arms simultaneously
to targets at different distances, the arms are temporally
and spatially coupled [14-15]. This suggests that the cen-
tral nervous system (CNS) controls bilateral limb coordi-
nation as one unit rather than each limb independently.
This coupling phenomenon may have positive conse-
quences for individuals with stroke and provides a ratio-
nale for exploring such consequences.

Studies investigating the possibility of UL interlimb
coupling in individuals with poststroke hemiparesis have
indicated immediate coupling advantages. For example,
peak acceleration of the paretic arm during bilateral
reaching increases compared with unilateral reaching
alone [16-17]. These studies used an end-point hand tra-

jectory as the dependent variable, but this leaves some
uncertainty as to whether a more proximal joint such as
elbow or shoulder can contribute or play a different role
during a bilateral versus a unilateral reaching task. In this
study, we explore whether movement control strategies
are different between unilateral and bilateral tasks and
whether they can be distinguished using a contemporary
guantitative approach.

Traditional methods to quantify a compensatory move-
ment strategy include kinematic analysis and an inverse
dynamics approach [11-13]. UL functional motor tasks,
including arm reaching, require simultaneous coordination
of wrist, elbow, and shoulder joints, and it is clear that the
CNS must manage Kinetic factors to achieve the kinematics
related to the desired task outcome. Importantly, the net
moment at a single joint can produce accelerations at all
other joints [18]. This raises a computational difficulty for
using inverse dynamics to determine the resulting motion
(kinematics) from the causative moment (kinetics) because
inverse dynamics takes the observed motion as input to esti-
mate the net joint moment separately from distal joint to
proximal joint. Because of this computational difficulty,
Lang and Beebe attempted to examine the UL segment con-
tribution to hand function in stroke by isolating one segment
and keeping other segments still [19]. While this approach
has merit, it does not capture the complete multijoint control
strategy during a dynamic functional reaching task in which
all segments are moving in an unconstrained manner.

Recently, Kepple et al. used induced acceleration
analysis (IAA) [20] based on coupled dynamics princi-
ples to examine the individual available movement con-
trol resources contribution during gait [21]. He found that
ankle plantar-flexor moment provided most of the verti-
cal support during single-limb stance and was the largest
source of forward progression, with significant contribu-
tions from the knee extensor moment as well [20]. Later,
IAA was extended into induced position analysis (IPA) to
determine the contribution of individual muscles from
knee flexion at toe off to peak knee flexion during the
swing phase of gait [22]. The techniques of IAA and IPA
allow us to identify the biomechanical factors contribut-
ing to movement by directly quantifying the relationships
between net joint moment and observed motion. In a pre-
vious study of nondisabled individuals, this approach
illustrated that shoulder and elbow moments acted
together with an “overshoot” and “undershoot” pattern to
move the arm forward into the final position [23]. That
is, there were minimal contributions from the wrist or
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gravity. The shoulder and elbow acted in opposite direc-
tions, with the shoulder acting in a forward direction and
the elbow acting as a braking mechanism counterbalanc-
ing the shoulder to attain the final position.

To our knowledge, this approach has not been used to
quantify compensatory movement control strategies in
individuals with stroke. In this study, we had three aims.
The first aim was to determine the compensatory move-
ment strategies for unilateral and bilateral reaching in
stroke by using IPA. The second aim was to explore
whether the identified compensatory movement strategies
correlate with residual impairment levels. This would pro-
vide evidence that the strategies were meaningful and
related to a behavioral set of observations. According to
the most recent review article [24], the best predictors of
residual UL motor function recovery were initial neuro-
physiologic measures such as motor-evoked potential
amplitude and latency. The most commonly explored pre-
dictors were initial motor function measures such as mus-
cle strength and active range of motion. These predictors
were mainly tested in acute or subacute stroke survivors
because, at the early stage of stroke, these initial measures
would have enough sensitivity to predict natural motor
function recovery. However, it is also important to under-
stand whether we can predict UL recovery after interven-
tion in the chronic phase of stroke. Therefore, the third aim
was to explore whether the compensatory movement strat-
egies correlate with UL recovery response to a specific
training, in this case Bilateral Arm Training with Rhythmic
Auditory Cueing (BATRAC) [7]. Impairment levels, by
themselves, do not always predict either current functional
performance or the functional changes after training.
Movement strategies may be important predictors of resid-
ual or specific intervention outcomes because they give
cumulative information on how stroke survivors accom-
plish the motor task. Cumulative variables that link sub-
components of motor task performance at kinematic (joint
angle, etc.) and kinetic (joint moment, etc.) levels may be
sensitive to UL motor function recovery. For example,
Lang and Beebe found that the active range of motion at
all UL segments can predict the hand function variance,
but there was no unique contribution pattern by proximal,
middle proximal, and distal segments together [19].

The movement strategy that links all segments in a
coordinated manner and in a task context such as reach-
ing would represent a multijoint contribution pattern.
This pattern should provide a better understanding of
how a dynamic functional reaching task is accomplished,
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and movement strategies that are nearer to nondisabled
movement strategies may also be more associated with
functional recovery after training in stroke. Therefore, we
hypothesized that our compensatory strategies defined
through IPA analysis will correlate with residual impair-
ment levels as well as with directional change after a spe-
cific intervention.

In summary, we extended the study of compensatory
movement strategies by using a coupled dynamics
approach of IPA and by comparing these strategies between
unilateral and bilateral reaching tasks. Based on previous
studies [16—-17], we hypothesized that compensatory move-
ment strategies in a bilateral reaching task are different than
in a unilateral reaching task. We also explored the correla-
tion of these strategies with residual impairment levels and
determined whether they correlate with postintervention
changes in motor function when the intervention is
BATRAC. We chose BATRAC as an intervention because
it takes advantage of the interlimb coupling principle
described previously and has shown promise as a viable
intervention for those with chronic stroke [7-8].

METHODS

Participants

Twelve participants with chronic unilateral ischemic
stroke were continuously enrolled from two parent training
studies after providing written informed consent approved
by both the University of Maryland and Baltimore Depart-
ment of Veterans Affairs Medical Center Institutional
Review Boards. Inclusion criteria were (1) unilateral isch-
emic or hemorrhagic stroke, (2) aged 30 to 80 yr, (3) at
least 6 mo poststroke and completion of all conventional
inpatient and outpatient therapy, (4) residual use of the
paretic arm demonstrated by a minimal ability to initiate
antigravity shoulder/elbow movement in flexion and
extension in the transverse-sagittal plane, (5) ability to per-
form 3 in. of forward translation of the hand as a minimum
reaching distance, and (6) ability to complete the testing
protocol as described in the testing procedures. Exclusion
criteria included poorly controlled hypertension (>160/
100), significant orthopedic and/or chronic pain condi-
tions, untreated poststroke depression, and pulmonary or
renal failure. Participants’ characteristics are provided in
the Table. Participants undertook baseline and posttrain-
ing testing of reaching and clinical assessments.
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Table.
Stroke participants’ characteristics.
. Baseline Age Baseline Post Baseline Post
Subject ey (y%) WT (s) WT (s) UMAQS UMAQS CVA Sex
1 6 54 104.6 106.6 10 10 Left Male
2" 12 72 109.7 104.6 13 14 Right Female
3 14 67 106.2 106.9 24 21 Right Female
4" 14 66 76.4 64.9 17 21 Right Male
5 18 36 106.7 109.3 17 14 Left Female
6 21 47 86.5 91.3 12 13 Right Female
7 21 61 58.0 50.2 26 20 Right Female
8 23 53 72.2 75.3 16 17 Right Male
9 23 62 86.7 86.9 20 14 Right Female
10"" 38 53 138 12.4 34 34 Left Male
11"t 53 56 13.2 12.7 30 40 Left Female
121 53 63 35 4.1 60 50 Right Male

*Subject had improvement at WT.
TSubject had FM score >25.

CVA = cerebrovascular accident, FM = Fugl-Meyer Upper Extremity Assessment, UMAQS = University of Maryland Arm Questionnaire for Stroke, WT = Modi-

fied Wolf Motor Function Test.

Reaching Experimental Setup

Arm compensatory strategies were analyzed from
unilateral and bilateral reaching at baseline. Participants
were seated at a table with an 18 x 15 x 9 cm box in front
of them at a distance corresponding to their paretic arm’s
maximum voluntary reach excursion. The goal of the task
was to lift their hand off the table, reach forward with
their arm, and contact the lateral aspect of the box in the
sagittal plane. Padded straps were used to prevent for-
ward trunk lean and to stabilize the trunk against the back
of the chair. The trunk was stabilized to prevent move-
ment because trunk leaning is a typical compensatory
strategy during arm reaching [11] and we wanted to elimi-
nate this confounding factor since the training regimen
also controlled for movement of the trunk. We note that
using this restraint, in fact, means that we were actually
investigating compensatory strategies after inhibiting the
typical trunk compensation strategy [12]. At the starting
position, participants were asked to place their paretic/
nonparetic hand on the surface of the table with palms
facing down, 90° elbow flexion, and shoulder flexion of
0° as a neutral starting condition. Participants were asked
to complete three reaching tasks: unilateral reach with the
paretic and nonparetic arms (from the table to the side of
the box) and bilateral reaching (simultaneously reaching
from the table to the sides of the box with both hands).
The bilateral reaching task setup used the box placed in
the same location as the unilateral tasks but started with

both hands on the table with reaching to the common
goal of each side of the box. Participants performed four
trials for each condition at preferred speed (Figure 1).

Clinical Assessments
Baseline and posttraining measures for impairment,
function, and disability were also collected for each

me.
X

Z Y

Figure 1.

Schematic diagram of arm reaching in space with orientation of
global coordinate systems. x-axis is directed laterally to right
(flexion/extension axis), y-axis is directed anteriorly (abduction/
adduction axis), and z-axis is directed superiorly (internal/exter-
nal rotation axis).
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participant using the Fugl-Meyer Upper Extremity
Assessment (FM) [25], the Modified Wolf Motor Func-
tion Test (WT) [26], and the University of Maryland Arm
Questionnaire for Stroke (UMAQS) [27]. FM measures
motor impairment on a 66-point scale. This test has been
shown to be valid and reliable in several studies for acute
and chronic stroke. WT measures aspects of functional
ability while performing 15 UL tasks [28-29]. These
measures include performance time, quality of move-
ment, grip strength, and ability to hold a weight. The
administration of the test was modified such that use of
the nonparetic arm to assist was prohibited in order to
assess paretic function alone. This modified test has been
reported to have high test-retest reliability and good con-
current validity with FM when used with patients who
had mild and moderate hemiparesis [26]. Only the perfor-
mance time is used in this study. UMAQS measures daily
use of the paretic arm. The questionnaire is based on a 5-
point scale that assesses the degree of independence and
use of the paretic limb. It includes unilateral and bilateral
tasks as well as considering handedness. This scale is
moderately reliable but has not been validated concurrent
with other scales [27].

Training

Each of the 12 participants received 6 weeks of pro-
gressive BATRAC training with 3 sessions a week for a
total of 18 sessions, each lasting approximately 35 min.
Training consisted of four 5 min bouts interspersed with
5 min rest periods. The training device had bilateral handles
for grasping, and these were moved along two relatively
friction-free tracks that were not connected to one another.
The tracks could be adjusted to incline so that arms could
move against gravity. Bilateral repetitive arm movements
were timed to an auditory metronome set at the partici-
pant’s preferred speed. There was a stop placed at the maxi-
mum excursion of each arm. Participants were encouraged
to prioritize keeping to the beat as well as reaching the stop.
The stop was progressed for the paretic arm on a session-
by-session basis according to the trainer’s perception of
patient progress. Unlike the original nonprogressive
BATRAC [7-8], in the two parent studies, the speed and
incline (arm trajectory increased against gravity) were pro-
gressed as well, on a daily basis, based on participant’s tol-
erance and the trainer’s judgment.
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Data Collection and Reduction for Induced Position
Analysis

A magnetic motion tracking system (Ascension Tech-
nology; Burlington, Vermont) was used to record multi-
joint reaching tasks with a sampling frequency at 50 Hz.
Sensors were attached on the dorsum of the right hand,
forearm, upper arm, and trunk. Three-dimensional (3-D)
sensor data were collected by Motion Monitor Software
(Innsport Training, Inc; Chicago, lllinois) and filtered with
a fourth-order Butterworth low pass filter (10 Hz cutoff).
Each segment’s bony landmarks were digitized by stylus
to create a local coordinate system. Right-handed coordi-
nate systems were constructed following the convention,
with anatomical position being the neutral position. It fol-
lows that the x-axis is directed laterally to the right, the
y-axis is directed anteriorly, and the z-axis directed superi-
orly. A customized MATLAB (MathWorks; Natick, Mas-
sachusetts) program was used to identify reaching
movement onset and offset. Onset of the reaching motion
was defined as the time point when position data for the
anterior-posterior direction exceeded the mean baseline
position (determined over at least 50 samples) plus 5 stan-
dard deviations. Reaching movement offset was defined as
the time point when the velocity profile fell within the
“zero velocity zone,” which was defined as the mean base-
line velocity (determined over at least 50 samples) plus
5 standard deviations. Dependent variables included the
contribution of shoulder moment, elbow moment, wrist
moment, and gravity on the hand position trajectory.

Induced Position Analysis

Liu et al. applied IPA to the same multijoint reaching
task described previously [23] in nondisabled adults to
determine the hand end-point trajectory contributed by net
individual joint moment and gravity. The mathematical
details of IPA and the theoretical coupled dynamics prin-
ciple are explained in detail in the method section of Liu
et al. [23]. Briefly, the customized IPA included three
major determination steps: (1) 3-D kinematics, (2) 3-D
kinetics, and (3) coupled dynamics.

The 3-D segmental Euler kinematics angles (x-y-z
order) were computed based on the rotation matrix
between global and local coordinate systems of each seg-
ment. Consequently, joint angular displacement, velocity,
acceleration, and segmental angular velocity were calcu-
lated [30]. A traditional inverse dynamics model was
used to compute net joint moments. The effect of gravity
on the hand was an external force to drive the model.
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Wrist joint force and moment were computed based on
the Newton-Euler equations. Following the same princi-
ple, elbow force, elbow moment, shoulder force, and
shoulder moment were derived. The joint forces and
moments were expressed in the local segmental coordi-
nate system.

The customized biomechanical model of a paretic arm
was created in SD FAST software (Symbolic Dynamics,
Inc; Mountain View, California). The customized biome-
chanical model of the UL was created in SD FAST soft-
ware. The model consisted of seven segments: a combined
trunk segment and upper arm, forearm, and hand of both
limbs with a total of 12 degrees of freedom (2 limbs x 6
degrees of freedom). The wrist joint was modeled as a pin
joint (flexion-extension only), the elbow as a universal joint
(flexion-extension and radial-ulnar pronation-supination),
the shoulder joint as a gimbal joint (flexion-extension, ab-
adduction, and medial-lateral rotation), and the trunk as a
ground.

The advantage of IPA is that it can overcome two
main limitations of the traditional inverse dynamics
method of quantifying arm control strategies. The inverse
dynamic approach (1) assumes that the relative contribu-
tion of muscular effort is proportional only to the magni-
tude of the effort and is independent of the position of the
body segments, whereas the IPA method is dependent on
the position of the body segments, and (2) the inverse
dynamics method does not account for the fact that the
net moment at a joint will act to accelerate all of the other
joints of the body and not just the immediately adjacent
joint. IPA quantifies the contribution of multiple-linked
joints [18].

Subsequent processing for IPA was computed with
customized MATLAB programs. The positions of the
model segments were configured on a frame-by-frame
basis using data obtained from experimental motion cap-
ture trials. The model inputs of IPA were Kkinetics vari-
ables of gravity and all joint moments, which were
calculated from inverse dynamics. After the model was
configured, gravity and all joint moments were set to
zero. One joint moment was then entered into the com-
piled MATLAB function that allowed calculation of the
accelerations at all joints due solely to the input moment.
The joint moment was then reset to zero, the model was
reset to the initial configuration, and another joint
moment or gravity (from the same frame of the motion
capture data) was sequentially fed into this compiled
MATLAB function. This process was repeated for each

frame of data collected during the reaching phase. The
model output provided the accelerations at all joints that
were generated by each input joint moment or gravity. In
order to get IPA output, the double integrator was created
as a MATLAB function to integrate induced accelera-
tions, then integrated with induced velocity to reconstruct
induced position.

Statistical Analysis

The Kolmogorov-Smirnov test was used to examine
the normality of the dependent variables. The statistical
significance level for all comparisons was set at p < 0.05.
One-way repeated measures analysis of variance (para-
metric statistics) or Wilcoxon signed ranks test (two
related samples, nonparametric statistics) were used to
analyze the dependent variables in the paretic arm
between bilateral reaching task and unilateral reaching
task depending on the results of the Kolmogorov-
Smirnov test. The relationships between the compensa-
tory movement control strategy (predictors) and func-
tional measures (outcome measures) were determined
using Pearson correlations with baseline FM scores and
postbaseline change scores for WT and UMAQS. For
these analyses, the contribution of shoulder moment and
elbow moment on hand position trajectory were used as
predictors.

RESULTS

Compensatory Movement Strategies

There were no significant differences between unilat-
eral and bilateral reaching tasks in contributions of shoul-
der, elbow, wrist moment, and gravity (Wilcoxon test, p >
0.05), although contribution of the shoulder moment and
elbow moment to hand position were both slightly
reduced in the unilateral task (Figure 2(a)). Therefore,
the tasks were combined in Figure 2(b) for all 12 partici-
pants. Shoulder moment was the largest contributor to the
hand forward reaching trajectory (1.221 = 0.081 m).
Elbow moment was the largest contributor to the hand
backward (or slowing of the) reaching trajectory (-1.31 +
0.078 m). These results differ from nondisabled adults, in
whom the shoulder moment was larger than the elbow
moment [23]. In both sets of results, the pattern of hand
position induced by the net moment indicated that the
shoulder moment was a major mover of the arm, which
“intended” to move the hand beyond the target, called an



i

“overshooting” effect. Similarly, the elbow moment was a
prime mover of the arm, which “intended” to move the
hand short of the target, called an “undershooting” effect
because the elbow has to make the dual effort to flex the
elbow and extend the shoulder, which drives the arm to
undershoot the target. The shoulder and elbow essentially
work against each other to make sure the hand can reach the
target. This control synergy between shoulder and elbow
has been termed a “directional control principle” [23]. This
relative reduction of shoulder moment in the individuals
with stroke was compensated for by small contributions
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Figure 2.
(a) Bar graph of final induced hand position from net moment

acting on shoulder, elbow, wrist, and gravity in unilateral and
bilateral reaching tasks. (b) Bar graph of final induced hand
position from net moment acting on shoulder, elbow, wrist, and
gravity across unilateral and bilateral reaching tasks.
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from the wrist moment and gravity. A large variability of
wrist and gravity contributors between subjects was
observed (wrist: 0.143 + 0.037 m, range: 0.216~0.071 m;
gravity: 0.015 = 0.043 m, range: 0.099~0.069 m), indicat-
ing that as a group the results do not reflect a common com-
pensatory control strategy.

Subset Analysis: Compensatory Movement Strategy
Based on Impairment Level

The 12 participants fall into two clusters based on
baseline FM score. Of the 12 participants, 9 fell into an
FM score range between 6 and 23, and 3 of 12 participants
fell into an FM score range between 38 and 53. These
groups can be classified as <25 (severe) or >25 (mild to
moderate). In addition to the observed natural clustering, a
score of 25 has previously been used as a delimitation
mark for severe impairment [8]. A Mann-Whitney U-test
(two independent samples, nonparametric statistics) was
used to analyze the dependent variables of shoulder and
elbow moment contributions in the paretic arm between
the severe and mild to moderate impairment groups.

Across tasks, contributions of shoulder, elbow, wrist
moment, and gravity to the hand trajectory in forward-
backward direction in severe and mild to moderate
impaired groups are shown in Figure 3. The two groups
illustrated different movement control strategies. Elbow
moment contribution in the severe impaired group (-1.41 +
0.098 m) was significantly higher than in the mild to
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=3 Wist
D Gravity
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-0.5 1
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Distance in Forward-Backward Direction (m)
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Inpainrent Levels

Figure 3.
Bar graph of final induced hand position from net moment acting

on shoulder, elbow, wrist, and gravity in severe and mild to mod-
erate impaired groups. *Significant difference between “severe”
and “mild to moderate” impaired group at elbow moment contri-
bution (p < 0.05).
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moderate impaired group (-1.01 + 0.085 m, Mann-Whit-
ney U-test, p = 0.03). There was no significant difference in
shoulder moment contribution between the two groups (p =
0.75). Gravity contribution was higher in the severe
impaired group (0.064 + 0.055 m), where it contributed to
forward movement, than in the mild to moderate impaired
group (—0.13 £ 0.038 m), where it contributed to backward
slowing movement, but there was no significant difference
between the two subgroups (Mann-Whitney U-test, p =
0.34).

Clinical Correlations

Following progressive BATRAC training, the baseline
shoulder moment contribution (of all subjects) was corre-
lated with an improvement in WT (r = —-0.468, p = 0.001)
using individual trials (Figure 4). EIbow moment contribu-
tion did not correlate with the WT improvement, and nei-
ther shoulder nor elbow moment contributions correlated
with the UMAQS improvement (p > 0.05). Not all partici-
pants improved their WT; therefore, we conducted another
subanalysis to determine whether movement compensatory
strategies were different based on actual improvement in
WT and also whether this was related to their initial impair-
ment level.

Subset Analysis: Compensatory Movement Strategy
Based on WT Outcome

Posttraining results indicated that 5 of the 12 partici-
pants showed improvement in this measure. The partici-
pants were categorized as showing a “good” outcome if
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Figure 1.

Correlation between shoulder moment contribution and improve-
ment in Modified Wolf Motion Function Test (WT) score.

the WT posttraining was shorter than pretraining and a
“poor” outcome if the WT posttraining was longer than
pretraining. A Mann-Whitney U-test (two independent
samples, nonparametric statistics) was used to analyze the
dependent variables in the paretic arm between the poor
and good outcome groups. Contributions of shoulder,
elbow, wrist moment, and gravity to hand trajectory in for-
ward-backward directions in the good and poor outcome
groups are shown in Figure 5. Significant differences
existed in shoulder moment and gravity contributions
between the good (1.638 + 0.136 m) and poor (0.901 +
0.0687 m) outcome groups in the combined bilateral and
unilateral reaching tasks (Mann-Whitney U-test, p < 0.05).
Significant reduction of shoulder moment contribution in
the poor outcome group was compensated for by a signifi-
cant increased “use” of gravity compared with the good
outcome group. Interestingly, the five participants in the
good outcome group were distributed into two different
impairment groups. Three in the severe impaired group
and two in the mild to moderate impaired group showed
improvement in WT, which is in line with the suggestion
that impairment level, by itself, may not predict treatment
outcome.

We found no significant differences for wrist and
elbow moment contributions between the good outcome
and poor outcome groups. Therefore, it is possible that dif-
ferent participants reached the same target location using
different angular motions because the compensatory
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Figure 4.
Bar graph of final induced hand position from net moment act-

ing on shoulder, elbow, wrist, and gravity good and poor out-
come groups. WT = Modified Wolf Motor Function Test.
*Significant difference between “good” and “poor” outcome
group at shoulder moment and gravity contribution (p < 0.05).



79

strategies captured using IPA were based on the summation
of effort across individual joint moments to determine the
contributing factors of hand position during arm reaching.
Furthermore, IPA also does not inform us of the angular
segmental positions at the end of reaching. To address these
potential sources of variance, we determined the forearm
angular kinematics (elbow Euler joint angle in z-direction)
based on the functional outcomes. We found that the good
outcome group (44.71 = 12.96°) did indeed have signifi-
cantly larger forearm supination of the paretic arm com-
pared with the poor outcome group (34.23 + 23.10°)
(Mann-Whitney U-test, p < 0.01).

DISCUSSION

This study quantified compensatory movement strat-
egies of paretic arm reaching in chronic stroke survivors
using the tool of IPA. The overall pattern of arm control
strategy was characterized by a greater contribution of
the elbow moment slowing movement during arm reach-
ing in comparison to the shoulder moment’s contribution
to the forward reach, which included some contributions
of wrist and gravity. There were no differences of strat-
egy between reaching unilaterally and bilaterally, but an
increased shoulder relative to elbow moment contribu-
tion was associated with less impairment and with greater
gains of speed in functional tasks. Level of impairment
did not, by itself, correlate with training gains, and con-
trol strategy differences did not correlate with gains in
activities of daily living.

The predominant movement control strategy for the
individuals with chronic stroke only partially mirrors that
of nondisabled individuals. When the arm reaches out in
the forward direction, the shoulder and elbow contribute
to the hand position in two different directions, moving
the arm forward and counteracting this movement, the
so-called directional control principle [23]. Stroke survi-
vors also showed patterns consistent with the directional
control principle, but the use of contributors was different
because the shoulder moment was less than the elbow
moment compared with nondisabled adults. We demon-
strate that gravity and the wrist are also recruited to com-
pensate for the reduced shoulder moment contribution in
order to satisfy the directional control principle. This
reduction of shoulder moment contribution relative to
elbow moment causes the arm to situate in a flexed posi-
tion during the middle phase of arm reaching as a result
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of a flexor moment about the elbow during the reaching
phase. During the middle phase of arm reaching, the fore-
arm supinates and the elbow flexor moment moves the
hand away from the box vertically. Gravity plays a pas-
sive counterbalance with the elbow moment and makes
the hand drop down to the table as it reaches forward to
touch the box. With reference to other descriptions of
compensatory movement strategies, the IPA analysis
emphasizes not only a relative reduction in contribution
of the shoulder versus the elbow but also the use made of
the wrist moment and gravity in compensation.

Contrary to our expectation, we did not find any sig-
nificant difference in compensatory movement strategies
between unilateral and bilateral reaching tasks. Previous
results on the bilateral benefit of stroke arm reaching
were based on an end-point trajectory while the task was
performed at fast speed [17]; our results were based on a
preferred speed reaching task, which is more consistent
with the nature of a functional task in daily life. It is plau-
sible that a maximum speed task would elicit differences
in the direction of a larger shoulder moment contribution
for bilateral activities. If our speculation were true, this
would support the idea that more intense bilateral train-
ing progressing on speed may be better than bilateral
training at a comfortable speed.

Our subset analysis results based on impairment levels
suggest that compensatory moment strategies are related to
the degree of impairment. This result is consistent with
Levin’s kinematic analysis, which showed recruiting a new
degree of freedom (trunk) is strongly correlated with a
higher impairment level [11-12]. In the present case, the
moderate to mild impairment group had similar contribu-
tion patterns to nondisabled adults [23], in whom the shoul-
der contribution was larger than that of the elbow moment,
while in the severe impairment group the elbow moment
contribution to hand position was larger than that of the
shoulder moment. Therefore, one clinical strategy for
patients with severe impairment levels would be to assess
and concentrate on improving the shoulder moment. An
alternative or complementary strategy would be to try to
reduce the elbow flexor moment such that it contributes
less or at least more equally to the shoulder forward
moments.

Compensatory movement strategies also correlated
with posttraining functional changes, but only on the WT
(Figure 4). Participants who had more shoulder moment
contribution relative to elbow contribution had a greater
benefit to the paretic arm as a result of bilateral arm training
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as measured by improvement of speed during WT. This
result also supports working on strategies for improving the
shoulder moment contribution, particularly if the shoulder
moment is thought to be less than the elbow moment. For
example, Dewald and Beer found that there was abnormal
coupling between shoulder and elbow joint torque in the
unsupported condition (gravity not eliminated) [31].
Increasing the shoulder moment contribution could benefit
the abnormal torque coupling seen after stroke because, if
the shoulder could be flexed more with reduced shoulder
abduction, this may reduce the relatively larger elbow flex-
ion torque.

The fact that high shoulder relative to elbow moment
contribution is related to both low impairment and
improvement after training is significant since low impair-
ment by itself did not predict improvement. This result
suggests that the movement strategies identified here may
be more sensitive than an overall impairment level in pre-
dicting a response after this type of training. On the other
hand, we did not find a significant correlation between
compensatory movement strategies and UMAQS. The
UMAQS is a clinical assessment in the disability domain
that measures daily use of the paretic arm in unilateral and
bilateral tasks. As such, maybe the relationship between
the elements of the fundamental movement strategies iden-
tified here and the regaining of skills used in daily life is
not as compatible as regaining the ability to move an exist-
ing skill faster, as found in the WT result. Certainly, the
present result is consistent with a study that found no cor-
relation between initial grip strength and posttraining
scores on the UMAQS, albeit after a different training
regimen [27]. There must be other factors that influence
the regaining of skills used in daily life. This finding sup-
ports an argument that we should not rely on unidimen-
sional assessments in intervention studies.

One characteristic of the IPA analysis is that it
accounts for only reaching forward in a linear translation
and not for a rotation effect of the forearm as it supinates.
All participants showed some forearm supination during
the middle and terminal parts of the reach. In an ideal,
nondisabled participant, using our experimental task,
there would be 80° to 90° of forearm supination in order
to achieve the reaching goal as requested. In a small sub-
set of participants who were not from this study, we
found that the wrist joint had an abnormal abductor
moment associated with forearm supination [32]. This
abnormal abductor moment made it difficult for the wrist
joint to counterbalance gravity because the forearm supi-

nation had a rotational effect on the wrist joint from the
flexion-extension direction to the abduction direction. In
the present analysis, our results indicate that the partici-
pants who had good functional outcomes not only had
larger relative shoulder moment contributions but also
had a larger range of motion during forearm supination.
In the “poor” outcome group, the effect of gravity to drop
the arm passively was increased to compensate for the
reduction in shoulder moment contribution that moved
the arm forward as well as the lack of ability to supinate
the forearm that would also work against gravity. In other
words, these subjects used gravity to help them accom-
plish the task. Clinically, then, it might also be important
to work on regaining supination of the forearm since this
will allow better stabilization and function by the wrist
and hand in a reaching task.

Overall, the use of the IPA approach in this study has
provided several clinical implications through the biome-
chanical assessment of compensatory movement strategies.
For example, this approach can be incorporated with other
clinical tests for more complete assessment of the effective-
ness of intervention. Functional clinical tests tend to mea-
sure the success of accomplishing the task but do not
quantify the compensatory movement strategy. Similarly,
while current neurorehabilitation interventions are focused
on maximizing the patient’s functional outcome, optimiz-
ing or changing someone’s usage of compensatory move-
ment strategies may be associated with the recovery
process. For example, interventions could focus on reduc-
tion of abnormal coupling between shoulder and elbow by
increasing shoulder moment contribution or decreasing
elbow moment contribution. This would optimize the rela-
tive contribution between shoulder and elbow. Finally, arm
reaching performance relies on multijoint coordination, but
many clinical tests are focusing on a single joint. The IPA
approach provides information on the role of individual
joints during a multijoint movement. This information may
be useful for clinicians to make a better judgment of
patients’ motor performance during multijoint tasks such as
arm reaching.

There are three limitations of this study. One limitation
is the small sample size, particularly for the subset analy-
sis. For the most part, however, we were able to detect dif-
ferences with a small sample size. A second limitation is
that the IPA approach in this article was based on total
effort of net moments from individual joints. It is possible
that summation effects do not detect the contribution of
each mechanical degree of freedom. For example, it is
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plausible that the shoulder flexion-extension moment may
play a different role than shoulder abduction-adduction
moment during arm reaching. However, motion capture
data from this study did not indicate a major role of shoul-
der abduction-adduction moments associated with hand
position. Also, the IPA analysis provided information on
the final ending position determined by all contributors,
but it did not describe differences that occurred at different
time phases of arm reaching. A third limitation is that the
trunk was fixed as a ground in the current model. Given
that we restricted trunk movement, the compensatory
strategies identified should be interpreted within this spe-
cific situation, akin to many training situations, and cannot
be generalized necessarily to unconstrained situations. It
will be important to add the trunk segment into the model
because the two arms are linked with the trunk and there
are potential contributing influences from one limb to the
other across the trunk. Future work will focus on develop-
ing a forward dynamics model that includes the uncon-
strained trunk and identifying contributors from each
degree of freedom. We will also determine whether the
intervention affects the compensatory strategies and assess
the effects of changing speed.

CONCLUSIONS

In conclusion, the IPA analysis demonstrated that the
compensatory movement control strategies after stroke
result in a lower than typical shoulder moment contribution,
along with a higher than typical elbow moment contribu-
tion. The shoulder moment contribution was compensated
for by increasing wrist and gravity contributions. The com-
pensatory strategies are related to impairment level as well
as speed of functional movement outcomes after bilateral
training.
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