Authors:

Joel Stein, MD

Hermano Igo Krebs, PhD
Walter R. Frontera, MD, PhD
Susan E. Fasoli, ScD
Richard Hughes, PT, NCS
Neville Hogan, PhD

Affiliations:

From the Department of Physical
Medicine and Rehabilitation,
Spaulding Rehabilitation Hospital and
Harvard Medical School, Boston,
Massachusetts (JS, WRF, RH); and
the Massachusetts Institute of
Technology, Cambridge,
Massachusetts (HIK, SEF, NH).

Disclosures:

Supported, in part, by grants from
the National Institute of Child Health
and Human Development, National
Institutes of Health, grants RO1-HD-
36827 and R01-HD-37397; S. E.
Fasoli was supported, in part, by a
National Research Service Award
from the National Institute of Child
Health and Human Development,
National Institutes of Health, grant
F32 HD41795.

Correspondence:

All correspondence and requests for
reprints should be addressed to Joel
Stein, MD, Department of Physical
Medicine and Rehabilitation,
Spaulding Rehabilitation Hospital,
Boston, MA 02114.

0894-9115/04/8309-0720/0
American Journal of Physical
Medicine & Rehabilitation
Copyright © 2004 by Lippincott
Williams & Wilkins

DOI: 10.1097/01.PHM.0000137313.14480.CE

720

Copyright © Lippincott Williams &

Exercise

Research Article

Comparison of Two Techniques of
Robot-Aided Upper Limb Exercise
Training After Stroke

ABSTRACT

Stein J, Krebs HI, Frontera WR, Fasoli SE, Hughes R, Hogan N: Comparison
of two techniques of robot-aided upper limb exercise training after stroke.
Am J Phys Med Rehabil 2004;83:720-728.

Objective: This study examined whether incorporating progressive resistive training
into robot-aided exercise training provides incremental benefits over active-assisted
robot-aided exercise for the upper limb after stroke.

Design: A total of 47 individuals at least 1 yr poststroke were enrolled in this
6-wk training protocol. Paretic upper limb motor abilities were evaluated using
clinical measures and a robot-based assessment to determine eligibility for robot-
aided progressive resistive training at study entry. Subjects capable of participat-
ing in resistance training were randomized to receive either active-assisted robot-
aided exercises or robot-aided progressive resistance training. Subjects who
were incapable of participating in resistance training underwent active-assisted
robotic therapy and were again screened for eligibility after 3 wks of robotic
therapy. Those subjects capable of participating in resistance training at 3 wks
were then randomized to receive either robot-aided resistance training or to con-
tinue with robot-aided active-assisted training.

Results: One subject withdrew due to unrelated medical issues, and data for the
remaining 46 subjects were analyzed. Subjects in all groups showed improvement in
measures of motor control (mean increase in Fugl-Meyer of 3.3; 95% confidence
interval, 2.2—4.4) and maximal force (mean increase in maximal force of 3.5 N, P =
0.027) over the course of robot-aided exercise training. No differences in outcome
measures were observed between the resistance training groups and the matched
active-assisted training groups. Subjects’ ability to perform the robotic task at the time
of group assignment predicted the magnitude of the gain in motor control.

Conclusion: The incorporation of robot-aided progressive resistance exercises
into a program of robot-aided exercise did not favorably or negatively affect the
gains in motor control or strength associated with this training, though interpreta-
tion of these results is limited by sample size. Individuals with better motor control
at baseline experienced greater increases in motor control with robotic training.
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Upper limb weakness after stroke
is common and results in substantial
disability. Motor outcomes after con-
ventional treatment are poor, with
30-66% of individuals no longer able
to use the paretic arm functionally.'?
It has been found that only 5% of
individuals who receive intensive
therapy for severe upper limb weak-
ness poststroke regain functional use
of the upper limb during the course
of rehabilitation.! The need for effec-
tive rehabilitation for the paretic up-
per limb after stroke remains largely
unmet.

Spontaneous recovery of motor
function is very common after stroke,
though recovery is often incomplete.
Evidence that cortical reorganization
underlies this recovery is now avail-
able through a variety of experimen-
tal techniques.>® Exercise therapy
has increasingly been recognized as
an important and partially effective
treatment for motor impairments af-
ter stroke. Studies of exercise to stim-
ulate motor recovery have demon-
strated changes in both metabolic
activity and excitability in several ar-
eas of the cortex.”° Based on this
research, it seems that exercise can
influence cortical reorganization.

Several approaches to providing
upper limb exercise after stroke have
been studied, including constraint-
induced movement therapy''™*® and
robot-aided rehabilitation. Although
constraint-induced movement ther-
apy seems to be a promising therapy,
it requires a significant level of resid-
ual motor function and is not feasible
for individuals with more severe
weakness after stroke. Alternative ap-
proaches are needed for this large
population of individuals who are un-
able to achieve this threshold level of
motor function at the initiation of
therapy. Robotic exercise training has
the capability to provide assisted ex-
ercises for individuals with severe
weakness and resistive exercises for
stroke survivors with greater motor
abilities. Robotic therapy is capable of
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providing therapeutic exercise to
stroke survivors with a broad range of
motor impairments.

Robot-aided rehabilitation has
been demonstrated to reduce upper
limb motor impairment when pro-
vided early after stroke.'®~*® More re-
cently, improved motor function in
the limb segments exercised after ro-
bot-aided exercise has been shown in
individuals with chronic stable defi-
cits after stroke.'®?° Robot-aided ex-
ercise can be provided using a variety
of treatment paradigms, including
passive movements, active assistive
exercises, resistive exercises, and bi-
manual  mirror-image  exercises.
Some robot-aided exercise protocols
have incorporated resistive exercises
as a component of a program consist-
ing of several different types of exer-
cise,?’ whereas others have not in-
cluded any resistive component.'’
Previous robot-aided exercise studies
have not attempted to determine
which aspect of these treatment ap-
proaches is most effective.

Generally, the optimal exercise
regimen to improve motor function
after stroke remains to be deter-
mined. The highly structured robot-
aided exercise program provides an
opportunity to test specific exercise
strategies. Some previous evi-
dence?"?? suggests that progressive
resistance (strength) training of the
lower limbs may provide functional
benefits, though there is little data on
its effect on motor impairment per
se. Data regarding the efficacy of up-
per limb resistive exercises after
stroke are very limited and have ex-
amined finger strengthening rather
than more proximal upper limb resis-
tance training.>>?* Our primary hy-
pothesis was that incorporating pro-
gressive  resistive exercises into
robotic training would provide a
greater improvement in motor con-
trol than robotic active-assisted
training. A secondary hypothesis was
that improvements in motor control
associated with robot-aided training
would be greatest in subjects with

Robot-Aided Exercise After Stroke

less severe motor impairments at base-
line. This study was designed to evalu-
ate the effects of incorporating resistive
exercises into robotic training. Results
of the overall effects of robotic training
in a portion of these subjects has pre-
viously been reported.'®%>

METHODS

A total of 47 subjects with a sin-
gle previous stroke (either infarction
or cerebral hemorrhage) between 1
and 5 yrs before study entry were
enrolled. Subjects were required to
have a residual hemiparesis, with av-
erage strength in the upper limb
(measured at the shoulder and elbow
flexors and extensors) between 2 and
4 on the Medical Research Council
grading system.?® All subjects were
required to have concluded any con-
ventional physical or occupational
therapy before enrollment in this
study and were instructed not to be-
gin any new exercise treatments dur-
ing their participation in the study.
Subjects who were judged by the in-
vestigators to have severe cognitive,
linguistic, or perceptual impairments
that would prevent successful partic-
ipation in the protocol were excluded,
as were subjects with medical comor-
bidities likely to interfere with suc-
cessful completion of the study (e.g.,
metastatic cancer). Subjects were re-
cruited from a variety of sources, in-
cluding advertisements, and outpa-
tients at a rehabilitation hospital.
One subject withdrew from the study
due to unrelated medical issues. The
results of the remaining 46 subjects
who completed the training protocol
are reported here. Table 1 provides
demographic and clinical informa-
tion for the study population.

All subjects underwent a battery
of assessment tools performed by a
single physical therapist not other-
wise involved in the study and who
was blinded to the patient’s group
assignment. Intrarater reliability
testing was performed for the Fugl-
Meyer ratings by the assessing thera-
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pist, with an intrarater correlation
3 coefficient of 0.99. Serial assessments
2| & were performed before initiating the
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2l ¢ s =& . _ actual robot-aided exercise program.
P = S
; 283 = s N These were performed at study en-
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.2 2 i 2 rollment, after 2 wks, and after 4 wks
e« - a@ to establish a reliable and stable base-
3 line for motor function. Robotic ther-
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sl & = . . these assessments and continued for
2 P2 5 = S ;
3| 283 & < s = 6 wks, as detailed below. No conven-
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&) = D~ n 0 =} . qe .
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_ the minimal clinically important dif-
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. SN Te} S © . .
'§ LN ™ — gl previous studies. Manual muscle test-
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9 2 Saa @ ) s = due to its familiarity to clinicians and
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@ -.g ey 552556258 - 2 bOth. measurements of maximal iso
- RN = = s Z metric force were performed for four
shoulder movements: Shoulder flex-
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ion, extension, abduction, and adduc-
tion. Subjects were seated and their
arms were positioned during testing
within the robot as shown in Figure
1. They were instructed to push (or
pull) in the indicated direction as
hard as possible for a brief interval
(2-3 secs). Subjects were placed in
approximately 30 degrees of forward
flexion at the shoulder, 45 degrees of
shoulder abduction, neutral shoulder
rotation, and 45 degrees of elbow
flexion for testing of abduction and
adduction. Flexion and extension
were tested with the shoulder in 30
degrees of forward flexion and neu-
tral rotation and abduction, with the
elbow at approximately 45 degrees of
flexion. Rest periods of 10 secs were
provided between each isometric ef-
fort. The maximum isometric force
generated during the course of five
trials was recorded and analyzed; sub-
maximal force generated on the other
trials was not included in the
analysis.

All subjects received 6 wks of ro-
bot-aided exercise. Training was con-
ducted three times each week for
1-hr sessions, for a total of 18 hrs of
robot-aided exercise training per sub-
ject. During therapy, the subjects’ pa-
retic arm was supported by a molded
wrist/hand orthosis that was attached
to end-effector (handle) of the robot
arm. All evaluation and training ex-
ercises consisted of reaching tasks in
the horizontal plane that involved
shoulder and elbow movements. Spe-
cifically, subjects were asked to move
between a center target and eight pe-
ripheral targets arranged in a circular
display. As they attempted to move
the robot’s handle toward designated
targets, the computer screen in front
of them provided visual feedback of
the target location and movement of
the robot handle (Fig. 1). Sixty repe-
titions of each “round” of moving to
the set of eight targets were per-
formed during each training session,
and three rounds were performed
with the robot inactive for the pur-
poses of assessment. A total of 1,024
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individual target-oriented move-
ments were completed by subjects
during each training session. A total
of approximately 40 mins of each
1-hr session was spent performing
robot-aided exercises, with the re-
mainder of the session used for
set-up and for several brief rest peri-
ods between training exercises. The
therapist supervising the robotic
therapy provided instructions and
some general encouragement but no
feedback regarding specific perfor-
mance. Robot training was per-
formed using the InMotion2 robot
(Interactive Motion Technologies,
Cambridge MA), a commercial ver-
sion of the MIT-Manus robot that has
been used in previous studies of upper
limb rehabilitation after stroke.'®~1°

A robotic assessment of motor
abilities was administered to all sub-
jects at study entry. This assessment
task, like the training task, consisted
of reaching for each of eight virtual
targets circumferentially surround-
ing the center target (Fig. 1). Sub-
jects were eligible to engage in the
resistance training protocol if they
were capable of reaching each of the

peripheral targets without robot as-
sistance. These subjects were ran-
domized to receive either robot-aided
progressive resistance training (group
A) or robot-aided active-assisted train-
ing (group B). Randomization in
blocks of four was performed using a
randomization table. Randomization
for these subjects was performed after
initial assessments were completed but
before initiating therapy. Subjects who
were ineligible for resistance training
at study entry (i.e., unable to indepen-
dently reach each peripheral target)
were provided active-assisted training
for 3 wks, with the expectation that
some of these subjects would gain the
ability to reach all targets. These sub-
jects were reassessed after 3 wks of
training, and those who were capable
of reaching each of the targets at the
3-wk assessment were randomized to
receive either robot-aided progressive
resistance training for the final 3 wks
of robotic training (group C) or contin-
ued robot-aided active-assisted training
(group D). These subjects were simi-
larly randomized in blocks of four us-
ing a randomization table. Subjects
who remained incapable of reaching all

Figure 1: InMotion2 robot: a subject is shown performing robot-aided exer-
cises. A cursor on the display corresponds to the position of the hand, and
each target is highlighted sequentially as a goal for the subject to reach toward.

Robot-Aided Exercise After Stroke
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targets after 3 wks of active-assisted
training were deemed incapable of par-
ticipating in the resistance training
protocol and were provided with active-
assisted training for the remainder of
the study (group E). The subject as-
signment algorithm is shown in the
diagram in Figure 2. The intent of the
design was to maximize the number of
subjects randomized to receive robot-
aided resistance training vs. active-as-
sisted training. Due to the expected
number of subjects who were not ex-
pected to meet the requirements for
randomization at study entry (i.e., sub-
jects incapable of reaching all targets),
we designed the study with a second
opportunity for testing and randomiza-
tion after provision of 3 wks of active-
assisted training. This design was in-
tended to simulate a clinical approach,
whereby a patient’s exercise program is
typically adjusted as his or her motor
abilities improve. The design was also
intended to result in comparable base-
line motor abilities between the two
primary treatment groups (A+C uvs.
B+D).

During active-assisted training,
the robot provided assistance in
reaching each target if the subject
was unable to reach it independently.
For subjects able to reach the target
independently, the robot assisted
with guidance to the target to im-
prove the quality and efficiency of the
movement and provided a tactile cue
by nudging the arm toward the
target.

The resistance training task was
of the same form as the active-as-
sisted task but with the robot pro-
grammed to provide resistance to the
desired movement. The amount of re-
sistance was determined and modi-
fied by a control algorithm that used
robotic measures of the subject’s
muscle strength to increase or de-
crease the effort required to reach the
targets. These measures were ob-
tained at the end of each treatment
session to determine the amount of
force to be delivered by the robot
during the next session. A maximum
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47 Subjects enrolled.
Able to reach all targets?

Withdrew (n=1)

Yes
(n=18)

Randomized:
Resistance Training
or Active Assisted
Robatic Training

No. (n=28)
Treat with Active
Assisted Robotic
Therapy for three weeks.

Reassess at midpoint.
Able to reach all targets?

Resistance Training
or continued Active

Yes. (n=10})
Randomized:

Assisted Robotic

Training
Resistance . ! No.
Resistance Active Assisted training for 20".“’:“5‘:,{’\?‘.’9 Continue Active
Training Robotic Therapy second 1/2 of ssn%e]-; obotic Assisted Robotic
(Group A) {Group B) study G eraps/) Therapy
(n=9) (n=9) (Group C) (’r‘::g) (Group E)
(n=5) (n=18)

Figure 2: Subject treatment assignment algorithm and group definitions.

force of 28 N was provided by the
robot as resistance during training
exercises. The number of repetitions
of the training task was the same in
subjects receiving active-assisted
training and those receiving resis-
tance training. Over the course of
therapy, subjects in each treatment
group performed approximately
18,000 repetitive reaching move-
ments with their paretic arm.

This study was approved by the
institutional review boards at the par-
ticipating institutions and conducted
in accordance with their ethical
standards.

Statistical Analysis. Student’s ¢ tests
were used for pair-wise comparisons
of Fugl-Meyer, Ashworth, and Motor
Status Scale change scores between
groups and for maximal isometric
force generated. Simple linear regres-
sion was used to analyze differences
in Fugl-Meyer change scores be-
tween different treatment assign-
ment groups. Simple regression anal-
ysis was used to analyze the relation-
ship between baseline Fugl-Meyer
scores and change scores.

RESULTS

No significant difference in Fugl-
Meyer change was found between
subjects receiving resistance training
for all or part of their training pro-
gram (groups A and C, n = 14) and
those qualifying for resistance train-
ing but randomized to receive stan-
dard robot-aided therapy (groups B
and D, n = 14) (P = 0.79; 95% con-
fidence interval, —3.7 to 2.86). Sim-
ilarly, among subjects who qualified
for resistance training at study entry,
there was no significant difference in
Fugl-Meyer change scores between
those receiving resistance training
(group A, n = 9) and those receiving
standard active-assisted robotic ther-
apy (group B,n = 9) (P = 0.84; 95%
confidence interval, —4.1 to 4.9).
Secondary outcomes measures did
not reveal any significant differences
between subjects receiving robot-
aided resistance training and those
receiving active-assisted training (Ta-
ble 2).

Robotic treatment resulted in
statistically significant reductions in
motor impairment for the entire

Am. J. Phys. Med. Rehabil. « Vol. 83, No. 9
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TABLE 2
Comparison of progressive resistance training to active-assisted robotic training
Group A, Group B, Groups A + C,  Groups B + D,
n=9 n=9 P Value n=14 n=14 P Value

Change in modified Ashworth scale, —-1.5(2.1) —0.5 (1.8) 0.31 —-1.4(2.2) 0.0 (2.0) 0.09
mean (SD)

Increase in Fugl-Meyer (upper limb) 5.2 (4.8) 4.8 (4.2) 0.84 4.0 (4.8) 4.4 (3.4) 0.79
score, mean (SD)

Increase in Motor Status Scale 1.6 (2.9) 1.7 (0.9) 0.93 2.4 (2.6) 1.6 (1.1) 0.32
(shoulder/elbow) score, mean (SD)

Increase in Motor Status Scale 1.2 (1.3) 1.3(1.5) 0.91 1.6 (1.1) 1.3(2.0) 0.62
(wrist/hand) score, mean (SD)

Increase in manual muscle testing 2.4 (1.9) 2.1(2.1) 0.73 2.2 (1.6) 1.6 (2.3) 0.63
(Medical Research Council Scale)
score, mean (SD)

Increase in peak force generated, 2.01 (2.8) 6.51 (2.8) 0.10 6.4 (2.3) 4.2 (2.2) 0.47
Mean (SE)

study population (groups A-E), with
a mean increase on the Fugl-Meyer
Scale of 3.3 points (95% confidence
interval, 2.2—-4.4). Fugl-Meyer scores
at the interim assessment after 3 wks
of training were intermediate be-
tween admission and discharge
scores (mean increase in Fugl-Meyer
at interim assessment = 1.56).

Subject groups were similar at
baseline when compared with
matched groups (A vs. B, C vs. D)
(Table 1). Baseline motor perfor-
mance as measured by the Fugl-
Meyer was significantly greater in
groups A and B when compared with
groups C and D (36.7 vs. 25.1, P =
0.003). Groups C and D were simi-
larly less impaired on the Fugl-Meyer
than group E (25.1 ws. 20.7, P =
0.017). Compliance with the training
protocol was very good, with one sub-
ject who did not complete the study
and one subject who missed one ro-
bot training session.

Maximum force generation anal-
ysis revealed similar results for flex-
ion, extension, abduction, and adduc-
tion. Accordingly, these four values
were collapsed into an average score
for further analysis. Maximum force
generation increased significantly for
all subjects from admission (mean =
25.0 N, SE = 1.2) to the interim
measurement after 3 wks of training

September 2004

(27.6 N, SE = 1.3) (P = 0.0004) and
from admission to the completion of
the training (279 N, SE = 1.4) (P =
0.0077). No significant differences
were seen between the interim as-
sessment and the completion of
training. All treatment groups expe-
rienced comparable changes in
strength, and no significant differ-
ence in maximum force was seen for
groups receiving robot-aided progres-
sive resistive training when compared
with control groups receiving robot-
aided active-assisted training. A possi-
ble trend is present (P = 0.10) suggest-
ing that group B (who received active-
assisted training throughout) had a
greater improvement in strength than
group A (resistance training through-
out), though no comparable trend was
seen in manual muscle testing. This
trend is in contrast with a nonsignifi-
cant trend in the opposite direction
when comparing groups C and D.
These apparent trends are no longer
evident when combining all subjects
receiving resistance training (A+C) to
those receiving active-assisted training
(B+D), consistent with no overall dif-
ference between resistance and active-
assisted training. This observed “trend”
seems due to variation present because
of the small sample size in the individ-
ual groups rather than because of a

Robot-Aided Exercise After Stroke

meaningful difference between the
groups.

The study design segregated sub-
jects into groups based on ability to
complete a motor task consisting of
reaching each of the virtual targets
using the robot. Subjects with the
highest motor function based on this
task (groups A and B) showed the
greatest increase in Fugl-Meyer
scores with robotic training (mean =
5.0, SD = 4.4), subjects with inter-
mediate motor function (groups C
and D) showed intermediate
creases in Fugl-Meyer scores (mean
= 2.8, SD 3.2), and subjects with the
lowest motor function (group E)
showed the smallest increase in Fugl-
Meyer scores (mean = 1.8, SD 2.9).
The difference between groups A+B
when compared with group E was
statistically significant on regression
analysis (P = 0.01), though the dif-
ference between groups C+D when
compared with groups A+B or group
E did not achieve statistical signifi-
cance. A trend was found suggesting
a relationship between baseline Fugl-
Meyer scores and the Fugl-Meyer
change scores, but this did not
achieve statistical significance (P =
0.18). Linear regression revealed no
relationship between age and Fugl-
Meyer change scores (P = 0.7).

in-
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DISCUSSION

We did not find any differences in
motor function gains between the
two forms of robot-aided exercise
studied. Subjects receiving robot-
aided progressive resistance training
and those receiving active-assisted
robotic treatment showed compara-
ble improvements in motor function
and maximal force generation. Due to
the exploratory nature of this study,
enrollment was limited to 46 sub-
jects. Given the number of statistical
comparisons performed in our analy-
sis, a much larger sample size would
have been required to exclude a type
IT error with certainty. For this rea-
son, these results must be regarded
as preliminary. The possibility that a
larger sample would have resulted in
the identification of a significant ad-
vantage to one treatment or the other
has not been definitively excluded.

The Motor Status score was used
as a secondary outcome measures of
motor function, with results compa-
rable with the Fugl-Meyer—improve-
ment was observed for the entire
study population, but no difference
was observed between groups. The
modified Ashworth scale showed a
nonsignificant trend favoring the re-
sistance training groups, suggesting
that the resistive training protocol
might have some value in reducing
spasticity. Further studies are needed
to further explore this possibility.

Robot-aided exercise training is
feasible for patients with a broad
range of impairment severity and
seems beneficial both early after
stroke'®!8 and for individuals with
late effects of stroke.!®2° Its feasibil-
ity for individuals with more severe
motor deficits represents a unique
feature of this therapeutic approach.
Although robot-aided exercise repre-
sents a promising therapeutic ap-
proach to individuals with weakness
after stroke,'®72° the magnitude of
the increases in motor function, as
measured by the Fugl-Meyer scale,
remain modest overall. The future

726 Stein et al.

development of robots capable of pro-
viding assisted exercise to the wrist
and hand may enhance the magni-
tude of the increases in motor func-
tion seen with this treatment
modality.

We did not formally assess sub-
ject impressions of the robotic train-
ing. Some subjects reported that the
robotic tasks were interesting and
challenging, whereas others found
the training boring. No subjects
withdrew due to any complications or
dissatisfaction with robotic training.

In addition to potential value as a
therapy in its own right, robot-aided
exercises provides a unique platform
for testing specific exercise therapies
in a carefully controlled setting. Due
to its design, the InMotion2 robot
provides a programmable, highly
structured exercise program. This al-
lows the manipulation of individual
variables in the exercise program,
such as intensity and number of rep-
etitions, and provides an opportunity
to define which elements of an exer-
cise program are beneficial and
which are without specific benefit or
may even be harmful.

These results are consistent with
previous studies of upper limb non-
robotic strengthening exercise pro-
grams that have failed to demon-
strate functional benefits*>?*3! and
in contrast to studies showing bene-
fits in the lower limbs with this type
of training.???>3! This may reflect
the very different functional demands
for the upper and lower limbs. The
weight-bearing tasks of the lower
limbs may be more dependent on
strength, and ameliorating the loss of
strength resulting from stroke may
therefore be functionally beneficial.
Studies of the impact of lower limb
progressive resistive training on mo-
tor control are lacking, and thus, it
remains unclear if the benefits ob-
served are due merely to increased
strength or if underlying motor con-
trol has been affected. For the upper
limbs, most functional tasks are
highly dependent on distal fine motor

control and less dependent on
strength. Therapeutic approaches to
improve distal fine motor control are
needed.

Our finding that the ability to
reach each of the targets without ro-
bot assist predicts the magnitude of
the gains in motor control is intrigu-
ing. It suggests that the benefits of
exercise therapy are greater for indi-
viduals with better motor control at
baseline. This finding emphasizes the
need for better therapies for the most
severely impaired individuals. Al-
though robotic therapy is feasible for
a broad range of impairments, it
seems less effective for the most se-
vere impairments. Despite this obser-
vation, assisted exercise, such as ro-
botic therapy, is likely to be the only
practical technique for providing ex-
ercise for patients with severe paresis
because techniques such as con-
straint-induced movement therapy
are not feasible for these individuals.
Further studies are needed to deter-
mine if more intensive or prolonged
robotic therapy can overcome these
baseline differences or if there is a
limit to the amount of motor im-
provement possible based on the se-
verity of the initial motor deficits. It
also suggests that robotic therapy
may be beneficial for individuals with
deficits judged too mild to participate
in this study.

Modest increases in maximum
force generation were seen in sub-
jects undergoing robotic training
(13.7% from baseline to study com-
pletion). The absence of any differ-
ence between groups receiving robot-
aided progressive resistance training
and those receiving active-assisted
training suggests that the resistive
training did not play a significant role
in improving strength or that the
training stimulus was not optimal in
terms of intensity, sets, repetitions,
or duration of training. Our results
suggest that active-assisted exercises
may be as effective as progressive re-
sistive exercises for increasing force

Am. J. Phys. Med. Rehabil. « Vol. 83, No. 9

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



generation in the impaired upper
limb after stroke.

The gains in force generation pri-
marily occurred during the first 3 wks
of training, without further significant
increases during the second 3 wks of
training. This is in contrast to the
Fugl-Meyer scale results for motor im-
pairment, in which the improvements
observed were evenly distributed be-
tween the first and second 3 wks of
training. We speculate that this reflects
differential effects of our training pro-
tocol on distinct neural mechanisms
for motor force and motor control, but
further investigation is required to elu-
cidate this hypothesis.

Measurements of muscle hyper-
tonicity using the Ashworth scale did
not reveal any difference between
subjects receiving robot-aided pro-
gressive resistance training and those
receiving active-assisted training,
though a reduction in spasticity was
seen for study subjects overall. This
provides further support for the ob-
servation that resistance training
does not exacerbate spasticity in
hemiparetic stroke survivors.>?33

Other limitations of this study
include the relatively modest amount
of resistance provided by the robot
due to safety considerations. Limita-
tions in the force and acceleration
provided by the robot are important
safety features that are a unique as-
pect of this robot’s design.>* Due to
the unique nature of robot-assisted
exercise training, we did not use a
percentage of each subject’s maximal
voluntary force generated to establish
a resistance training program. Ac-
cordingly, our results should not be
compared with conventional (nonro-
bot aided) progressive resistance ex-
ercise programs. Although it is pos-
sible that larger resistive forces may
provide significant benefits, it is un-
likely that most stroke patients with
deficits comparable with our patient
population could overcome substan-
tially larger resistive forces.

Another limitation of this study
is that functional use of the impaired
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upper limb for activities of daily liv-
ing was not directly measured, as
change in motor impairment served
as the primary outcome measure in
this study. Subjects informally re-
ported that they thought their func-
tional use of the upper limb was
somewhat improved after robot-aided
training. Better quantitative mea-
sures of actual functional use in the
community setting are needed to ac-
curately measure effects of robotic
exercise therapy on functional use.

Many questions regarding the
optimal robot-assisted exercise regi-
men remain unanswered at this time.
Further studies are needed to deter-
mine the optimal intensity of exercise
poststroke and the optimal duration.
Techniques to enhance the simula-
tion of functional activities during
robotic training may also be of
benefit.
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