ORIGINAL ARTICLE

1257

Changes in Motoneuron Excitability in Hemiplegic Subjects
After Passive Exercise When Using a Robotic Arm
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ABSTRACT. Patel S, Ho JT, Kumar R, Lai K, Ahangar B,
Burgar CG, Scremin AE. Changes in motoneuron excitability
in hemiplegic subjects after passive exercise when using a
robotic arm. Arch Phys Med Rehabil 2006;87:1257-61.

Objective: To test the hypothesis that motoneuron excitabil-
ity in stroke subjects is influenced by peripheral sensory input
through passive exercise to the hemiplegic upper extremity.

Design: Case-control prospective study.

Setting: Physical medicine and rehabilitation inpatient and
outpatient clinic at a tertiary Veterans Affairs medical center.

Participants: Nineteen hemiplegic adult subjects with a
history of a cerebrovascular event.

Intervention: A standardized passive exercise program was
performed on the right upper extremity by using a robotic arm.
Nerve conduction study of the median nerve was obtained
before and after the exercise. Maximum onset and peak am-
plitudes of the Hoffmann reflex (Hmax) and motor response
(Mmax) wave were recorded.

Main Outcome Measures: Hmax, Mmax, and Hmax/Mmax
ratio.

Results: Immediately after passive exercise, there was no
significant alteration in the Hmax (P=.94), Mmax (P=.60), or
Hmax/Mmax ratio (P=.53) as compared with pre-exercise
evoked responses.

Conclusions: Peripheral proprioceptive input with passive
exercise does not cause appreciable change in the Hmax/Mmax
ratio, suggesting that motoneuron excitability of the affected
upper extremity in stroke subjects is not influenced by passive
robotic intervention.

Key Words: Cerebrovascular accident; H-reflex; Rehabili-
tation; Robotics.
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EREBROVASCULAR ACCIDENTS (CVAs) result in a
variety of neurologic deficits. Immediately after an acute
cerebrovascular event, there is generally a reduction in muscle
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tone and reduced or absent reflexes in the affected extremities.
This period is followed by an increase in tone with various
degrees of motor recovery. If the increase in tone overcomes
the motor function, it is difficult to obtain purposeful move-
ment of the limb. Increased tone can also lead to joint contrac-
tures. Passive range of motion (ROM) is a commonly pre-
scribed therapeutic modality for the affected extremities to
maintain ROM 1in all the joints. The question exists whether
passive exercise alone is adequate to reduce the tone in the
extremities after CVAs.

An increase in muscle tone or spasticity is associated with
hyperactive tendon stretch reflexes. It has been documented in
the past that subjects with spasticity and increased muscle tone
have increased motoneuron excitability as represented by an
enhanced maximal amplitude of the Hoffmann reflex (Hmax)
and motor response (Mmax) ratio (Hmax/Mmax ratio).’

Muscle tone is influenced by a variety of factors. Alpha
motoneurons are under inhibitory influence from the supraspi-
nal input and similar impulses from interneurons, which can
account for 99% of the neurons in the spinal cord.” This
inhibitory control influences the alpha motoneuron excitability
and motoneuron output. When there is an upper motoneuron
lesion, as in CVAs or spinal cord injuries, there is an increase
in motoneuron excitability that is clinically manifested as in-
crease in tone and increased tendon reflexes. Hyperexcitability
implies that increased motoneuron recruitment could result from
lower than normal excitatory inputs via electrical (by excitation of
Ia afferent fibers) or mechanical stimulation (ie, the Hoffmann
reflex [H-reflex] or muscle stretch reflex, respectively).?

Daily ROM exercises are important to prevent contractures
in the extremities with muscle weakness. These exercises help
to prevent contractures in early stages of stroke and to maintain
ROM in later stages. Maintaining ROM is important in stroke
patients in early stages so that functional activities can be
restored when the patients regain motor function. There is
evidence that at later stages of stroke stretching of the joints in
addition to passive exercise results in reduction of hyperactive
stretch reflexes.®* A slow sustained stretch is recommended to
manage painful contractures®* to avoid sudden stretching that
may cause pain and may increase muscle excitability. Although
stretching is important in later stages of stroke, studies have
shown that there are changes in muscle tone with exercise,
which does not involve stretching.”®

Our working hypothesis was that passive exercise performed
by using a robotic arm apparatus would change the motoneuron
excitability in the upper extremity as measured by Hmax/
Mmax ratio. In 1940, Renshaw’ postulated that inhibitory
influences on the motoneurons can be affected by peripheral
stimulus such as massage or icing. Previous studies have noted
that exercises like cycle ergometry and active contraction of
muscles cause changes in the muscle tone and motoneuron
excitability of healthy subjects.®

Muscle tone is commonly tested by subjective methods, such
as passively ranging the extremity through the range of the
joint and eliciting tendon reflexes on examination. A com-
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monly used quantitative measurement of tone is the H-reflex
and Hmax/Mmax ratio. The H-reflex is the electrical equivalent
of the tendon stretch reflex and bypasses the muscle spindle
complex. Although some controversy exists between correlat-
ing muscle tone, spasticity, and the H-reflex, it is a commonly
used method to document changes in transmission of the spinal
pathways.” Little and Halar' noted an increase in H/M ratio and
H-reflex amplitude in spinal cord—injured patients with hyper-
reflexia. Funase'® and Higashi'' and colleagues noted that
motoneuron pool excitability could be documented by the ratio
of maximum amplitude of the H wave to the maximum ampli-
tude of the M wave (Hmax/Mmax).

Previous studies'"'? have used the Hmax/Mmax ratio to
document spinal motoneuron pool excitability in hemiplegic
subjects. Other studies'>'> have documented changes in
Hmax/Mmax after electric stimulation and after intense bouts
of active exercise. Even though passive movement of joints
through the normal ROM is a common modality of exercise
that is prescribed in stroke patients with hemiplegia, no previ-
ous studies have documented changes in Hmax/Mmax, and
thus changes in motoneuron excitability, in stroke patients as a
result. A previous study'® reported no change in motoneuron
excitability, as measured by the H-reflex, after sustained pas-
sive stretching in hemiparetic arms. Our study included re-
peated movement of the arm through a defined ROM by the
robotic arm.'” The exercise protocol did not include sustained
stretching of muscles or isolated movement of a person’s joint;
thus, the effect of passive exercise on specific muscles or joints
could not be determined. Our objective was to study the effect
of a set of passive exercises on the motoneuron excitability.
The upper extremity was chosen because increased tone occurs
more commonly in the upper extremity than the lower extrem-
ity in this population.

METHODS

Subjects were recruited from the VA Greater Los Angeles
Healthcare System inpatient rehabilitation ward, Nursing
Home Care Unit, and the outpatient rehabilitation clinics. A
convenience sample of patients who had a stroke documented
by magnetic resonance imaging and computed tomography
scans were included. All subjects underwent a physical exam-
ination by the same investigator. Subjects enrolled in this study
represent patients seen in acute, subacute, and outpatient reha-
bilitation settings. No persons with flaccid hemiplegia, com-
plete hemisensory loss, or severe dysphasia were included,
however. Overall, the study population is believed to represent
patients generally regarded as appropriate, at their stage of
recovery, for continued upper-limb rehabilitation. The passive
motion performed by the robotic arm targeted shoulder and
elbow movements. We therefore assessed the more proximal
(shoulder abduction and elbow flexion, collectively) and distal
(wrist extensors and finger flexion) strength by manual mus-
cle testing by using a 0 to 5 scale.'® Severity of spasticity was
quantified by using the Modified Ashworth Scale (MAS).
However, to ease the statistical analysis, the 1+ on the scale
was replaced by 2 and each higher score increased by 1
resulting in a 0 to 5 range of scores. Subjects with normal
muscle tone and normal strength (5/5) in the affected upper
extremity were excluded from the study. All participant sub-
jects had residual weakness in the upper extremity, as de-
scribed in the Results section. All subjects gave informed
consent. The study was approved by the institutional review
board. Medical records were reviewed to rule out any other
neurologic conditions. In addition, patients with symptoms
suggestive of cervical radiculopathy were excluded. All pa-
tients underwent cognitive evaluation by Folstein Mini-Mental

Arch Phys Med Rehabil Vol 87, September 2006

MOTONEURON EXCITABILITY CHANGES WITH PASSIVE ROBOT EXERCISE, Patel

Table 1: Mean Amplitude Difference (in mV) Between Paired
Values of H-Reflex, M Response, and H/M Ratio

Measures Mean Difference 95% ClI
H-reflex .0136 —.36 to .39
M response 142 —.28 to .56
H/M ratio .037 —.11 to .05

NOTE. None of the differences were statistically significant.
Abbreviation: Cl, confidence interval.

Status Examination,'® and those with scores less than 24/30
were excluded. Similarly, patients with previous trauma or
surgery to the elbow were also excluded. Patients were also
excluded, regardless of the cause, if the elbow could not be
fully extended passively or the shoulder MAS score was
greater than 4. Patients with severe upper-extremity edema
were also excluded because of the difficulty in placement of the
electrodes. Twenty-three adults with a history of stroke who met
the inclusion criteria were initially enrolled in our study. All
patients had residual weakness and spasticity.

All subjects started with documentation of pre-exercise H-reflex
studies of the median nerve in the supine position. Subjects
were transported in a wheelchair to participate in the robotic
arm study. The postexercise H-reflex study was done again in
the supine position.

Exercise Intervention

Robot-assisted exercise was provided by a Mirror Image
Movement Enabler (MIME) system provided by the Palo Alto
Veterans Affairs Rehabilitation Research and Development
Center. It allows the application of force, via the robotic arm,
to the hemiparetic upper limb during goal directed movements,
much as a therapist would apply. Subjects sat in a wheelchair,
at a height adjustable table, with their affected forearm and
hand placed on a splint that was attached to the robotic arm.
The forearm was secured in the splint with self-adhesive (Vel-
cro) straps. Sensors measured interaction forces between the
robot and the subject’s limb and motion during assisted arm
movement. Subjects performed a series of standardized, pre-
programmed movements in the passive mode for 20 minutes.
The exercises included a set of 3 reaching tasks, including
forward reaching (shoulder flexion, elbow extension), outward
diagonal (shoulder external rotation, flexion, abduction, elbow
extension), and diagonal crossing midline reaching (shoulder
internal rotation, flexion, adduction, elbow extension) (fig 1)."”
Of note, each of the 3 tasks was performed both at the tabletop
level and from tabletop to shoulder level, with 15 repetitions
each. These continuous exercises passively placed the shoulder
and elbow through a functional ROM, without sustained
stretch. The starting position for forward-reaching movements
was with the shoulder at 40° to 45° of flexion, neutral rotation,
and approximately 20° of abduction. Elbow extension was
—60° to 40°. During the forward-reaching exercise at the
tabletop level, the shoulder increased in forward flexion an
average of 18° and the elbow increased in extension by an
average of 12°. The resulting forward translation of the hand
was approximately 25cm.

The starting position for outward diagonal movements was
with shoulder at approximately 35° of flexion, 40° of internal
rotation, and 20° of abduction. Elbow extension was —94° to 81°.
During outward diagonal movement to shoulder level, the
shoulder increased in forward flexion by an average of 9.6°,
external rotation increased by 62.3°, and elbow extension in-
creased an average of 18.4°. All movements were of 10-second
duration.
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Fig 1. Exercise intervention on the MIME robotic arm. Exercise was performed in each of the above trajectories, with 15 repetitions each,
both at the tabletop level and from tabletop to shoulder level height for a total of 20 minutes.

Subjects and the examiner had visual feedback to eliminate
the active contraction of the muscle. The interaction forces
between the robot and the subject’s forearm were measured
with a 6-axis force/torque transducer and displayed on a com-
puter screen. The magnitude and direction of the forces in 2
planes were represented by the length and orientation, respec-
tively, of a series of lines drawn in real time. Subjects were
encouraged to remain relaxed during movements. Increased
effort on the part of the robot, reflecting either volitional or
involuntary muscle contraction, was visually detected and used
to modify instructions to the subject.

Unlike previous studies, the exercise modality used included
slow passive ROM. Stretching of a particular joint or muscle
group was not included in the exercise protocol.

Electrodiagnostic Studies

All subjects underwent a baseline H-reflex study of the
involved upper extremity before starting the exercise interven-
tion and again within 10 minutes after the exercise interven-
tion. All electrodiagnostic tests were performed with subjects
in the supine position as described by Zehr’ by using an
electrodiagnostic system.” Subjects were studied in a climate-
controlled environment (32°-34°C). The upper limb was
placed on the examination table in a supine position. An active

electrode was placed over the muscle belly of the flexor carpi
radialis muscle at a fixed and standardized distance approxi-
mately one third of the distance from the medial epicondyle to
the radial styloid. The reference electrode was placed 4cm
distal to the active electrode, and the ground electrode was
placed between the active electrode and the stimulation site of
the median nerve at the cubital fossa, medial to the brachial
artery. The active, ground, and reference self-adhesive elec-
trodes were of equivalent size in all subjects. The median nerve
was stimulated at the elbow at a rate of 0.5Hz. A rectangular
pulse of 0.5 to 1 millisecond duration was used.?® The intensity
of the stimulus was increased incrementally to obtain the
H-reflex, and the waveform with the maximum onset-to-peak
amplitude (Hmax) was recorded. The stimulus intensity re-
quired to obtain the Hmax ranged from 8 to 49mA. Then, the
intensity was increased until the H-reflex completely attenu-
ated, and the maximum motor response (Mmax) was obtained.
The intensity required to obtain the Mmax ranged from 30 to
100mA. From this, an Hmax/Mmax ratio was calculated.

RESULTS

Of the 23 subjects, a total of 19 completed the study. Two
were unable to tolerate the electrodiagnostic portion, and H-
reflexes were not reliably obtained in 2 other subjects. All 19
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subjects were men. The average age was 61.8+10.7 years. The
time from the onset of the stroke to the H-reflex study ranged
from 1 month to 72 months (median, Smo). Thirteen subjects
had 3/5 or less strength for both shoulder abduction and elbow
flexion, and 6 had 4/5 strength for both (collective mean
shoulder and elbow scores, 2.73£1.2). Testing the strength of
more distal muscle groups responsible for wrist extension and
finger flexion revealed 16 subjects with 3/5 or less muscle
strength, and 3 subjects had 4/5 strength for each muscle group
(collective mean wrist and fingers scores, 1.94*+1.4). The MAS
score obtained during elbow extension and shoulder flexion
averaged 1.6*+1.3 collectively (range, 0—4; scale range, 0—35).

Findings of the pre- and postexercise H-reflex average values,
and standard deviations were 1.74+1.28mV and 1.73+1.33mV,
respectively. The pre- and postexercise M-response average val-
ues were 4.25+1.70mV and 4.11£1.69mV, respectively. The
average pre-exercise Hmax/Mmax ratio was .39%.24, and the
postexercise Hmax/Mmax ratio was .42=+.28. Because most of
the variability observed was because of between-subject variation,
to enhance the power of the tests, values before and after the
intervention were paired for every subject and the differences
compared by paired ¢ test and Wilcoxon rank-sum test.

The data analyses did not show a statistically significant
difference in the average amplitude of the H-reflex when mea-
sured before and after exercise testing (paired ¢ test, P=.94;
Wilcoxon test, P=.77). The mean baseline amplitude of the
H-reflex was within the normative range reported by DeLisa.*
There was no statistical difference in the M response (paired ¢
test, P=.49; Wilcoxon test, P=.60) or Hmax/Mmax ratio
(paired ¢ test, P=.40; Wilcoxon test, P=.53) before and after
exercising with the robotic arm. Because of the small sample
size, it was difficult to evaluate subsets of subjects. Neverthe-
less, we conducted an analysis of data by using analysis of
covariance, controlling for age and sex. There was no change
in the finding. Because of the small sample size, we used a
nonparametric procedure (Wilcoxon signed-rank test), which
does not require the assumption of normality. Furthermore,
with a small sample size, there is potentially little loss of power
if the underlying distribution of data were normal.

DISCUSSION

Increase in muscle tone is common sequelae of CVAs. In
addition to medications, passive movement is commonly used
to maintain ROM of an extremity. There have been no previous
studies available to determine changes in motoneuron excit-
ability after passive movement exercise that do not include
sustained stretching, despite the common use of passive exer-
cise in stroke rehabilitation. Passive exercise, after stroke, is
commonly done to the entire extremity rather than to any
particular joint. The goal of these exercises has been 2-fold in
most cases: first, to decrease muscle tone that would otherwise
limit functional use of the extremity and, second, to maintain
full joint range, thereby preventing the common complication
of contractures.

The objective of this study was to determine the changes, if any,
in motoneuron excitability with passive exercise of the upper
extremity in patients with history of stroke. Despite the common
use of passive exercise in stroke rehabilitation, there have been a
limited number of previous studies describing the effect on mo-
toneuron excitability of passive ROM in hemiplegic patients.

In the relative absence of a cortical inhibitory influence in
stroke patients, there is increase in tone. One of the clinical
manifestations is hyperactive tendon reflexes. Pisano et al*'
studied 53 stroke patients to examine the correlation between
H/M ratio, muscle tone via the MAS, and total stiffness index
as measured with a torque meter. The results indicated that
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there was linear distribution of these values, suggesting these
measures may correlate well with motoneuron excitability as
documented by Hmax/Mmax ratio.

There are several studies in the literature regarding influences of
active exercise on H-reflex in healthy subjects. Active exercise in
the lower extremities of healthy subjects causes an immediate
attenuation followed by potentiation of the H-reflex. Trimble and
Harp'? studied 10 college students who underwent a vigorous set
of concentric-eccentric triceps surae exercises. Immediately after
exercise, they noted an initial depression in the H-reflex, followed
by statistically significant potentiation in half of the subjects.

A previous study by Suzuki et al'® involved 10 stroke
subjects who had their affected arms continuously stretched for
1 minute. They found a decrease in H-reflex and H/M ratio
only during stretching in those subjects with moderately in-
creased tone. No changes persisted after stretch was discontin-
ued. Unlike our study, Suzuki’s group used continuous stretch-
ing of 1 particular joint in the upper extremity.

Nuyens et al® studied 10 stroke and healthy subjects and
concluded that torque measurements, electromyographic activ-
ity, and H-reflexes changed after passive repetitive isokinetic
knee movements. These studies reflect differences in the effect
on motoneuron excitability of various exercises in subjects
with increased tone because of stroke and in normal controls.
This can be measured quantitatively with an electrically elic-
ited monosynaptic stretch reflex via the H-reflex.

In our study, the passive exercise involved the shoulder and
elbow joints of the upper extremity. We tried to simulate common
passive exercises that were performed in a clinical setting. Our
study differs from these studies in that we used a set of standard-
ized passive exercises involving the upper extremity to determine
possible changes in motoneuron excitability with exercise.

We found that there is no significant difference in the am-
plitude of H-reflex and Hmax/Mmax ratio before and after
passive exercise, which suggests that the passive ROM does
not change motoneuron excitability. This may suggest that
peripheral input via passive exercise may not be sufficient to
change the altered central input to muscle tone.

During the robotic arm exercise, the wrist joint was immobi-
lized within the splint. One may question whether the absence of
changes in the H-reflex from the flexor carpi radialis muscle was
because of this immobilization. Many previous studies have
shown changes in H-reflexes in muscles not directly involved in
exercise. For instance, Motl et al*? studied 12 healthy subjects and
found that changes in soleus H-reflex were documented after cycle
ergometry during which the ankle was immobilized in a cast. This
is thought to be because of central inhibition.'*

Throughout the study, the variability caused by environmen-
tal factors was minimized to the best of our abilities. In addi-
tion, the computer-controlled arm movements, ROM, and an-
gular joint velocities were kept constant to minimize the
exercise variability between subjects. However, it should be
noted that the timeframe from completion of the passive exer-
cises to obtaining the postexercise nerve conduction study was
within 10 minutes. The variability in timing may have affected
the Hmax/Mmax ratio outcome measure.

One possible reason for a lack of appreciable change in H/M
ratio after exercise may be because of the fact that the velocity
of the robotic arm’s passive movement was purposefully slow
to minimize tone and enhance safety. There are several possi-
bilities for the lack of statistical significance of our results. Per-
haps, the low statistical power of the nonparametric Wilcoxon
rank-sum test was because of a low sample size, low effective
size, and/or variable responses to exercise. It should also be noted
that our robotic arm exercise protocol was not designed to
include end ranges of joint motion, only passive exercise
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within the functional ROM. Inclusion of end ranges of joint
motion may have been more comparable to stretching that is
also included in most physical and occupational therapy pre-
scriptions for stroke patients.

A longstanding debate in upper-limb stroke therapy is whether
the goal is to increase voluntary muscle contraction (strength)® or
to reduce abnormal tone in antagonistic muscles.** In either case,
avoidance of velocity-dependent, stretch-induced activity im-
proves the desired joint torques. It is common, during passive
motion performed by a therapist, to use resistance that is sensed
to modify the applied force. The MIME robot only changes its
velocity (stops) if a safety threshold is exceeded.'” There-
fore, passive movements in this study were performed at ve-
locities used successfully in previous studies conducted with
the MIME system. It was programmed to execute the move-
ments over 10-second intervals to minimize the effects of
velocity-dependent increases in muscle tone. Although it is
difficult for a therapist to perform such movements smoothly,
accurately, and with multiple repetitions, robots excel at such
tasks. The results support such a role.

In the absence of spinal changes, 1 possible mechanism for
improvement in motor control previously reported by using
MIME and other robotic systems could be cortical plasticity.
Additional studies focusing on cortical activity changes appear
to be warranted. In our study, peripheral input via passive
exercise may not have been sufficient to change the altered
central input to muscle tone.

Future studies may gain further insight by comparing spe-
cific subsets of the stroke population by age, size, location, or
type and duration of stroke.

CONCLUSIONS

Passive ROM, when standardized on a robotic arm, does not
appear to affect the motoneuron excitability, as measured by
the Hmax/Mmax ratio, in the affected upper extremities of our
population of hemiparetic stroke subjects. The type of exercise
delivered by MIME does not appear to alter the excitability of
the motoneuron pool in the spinal cord.
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