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Abstract—Previous attempts to investigate the effects of anti-
spastic medications are limited to clinical studies using that use
clinical evaluations to assess. Since these measures are neither
objective nor quantitative, the therapeutic effects of such
medications on neuromuscular properties have not been fully
evaluated. In this study, as a first attempt, we examined the
effect of tizanidine, an anti-spastic medication, on modification
of the neuromuscular properties of patients with chronic
incomplete spinal cord injury (SCI). Each patient was
administered 2 mg of tizanidine four times per day for four
weeks. The spastic ankle of each patient was evaluated at
baseline (prior to any medication, and then 1, 2, and 4 weeks
after the start of medication. The ankle was perturbed with a
small-amplitude Pseudo-Random Binary Sequence (PRBS)
perturbation at various positions over the ankle range-of-
motion. A parallel-cascade system identification technique,
which provides an objective and quantitative measure of
neuromuscular properties, was used to calculate the intrinsic
and reflex stiffness. The stiffness vs. joint angle trends were
then calculated for each evaluation; these curves were
compared across the intervention time to determine the
recovery pattern (i.e. change over time) due to the tizanidine
intervention. All patients exhibited decreases in reflex stiffness
(which abnormally increase after SCI) due to the medication;
however, patients were observed to exhibit multiple recovery
patterns. For some patients, the reflex stiffness continuously
reduced over the four-week intervention period, while for other
patients, the decrease during the first week (i.e. between the
baseline and 1-Week evaluations) was most pronounced. Also,
some patients presented a significant decrease with time, while
others presented no improvement in the intrinsic stiffness.
These findings suggest that tizanidine may be effective in
reducing not only reflex stiffness, but also the subject’s
intrinsic stiffness for certain patients. Future work remains to
identify predictors which can objectively determine which
patients are likely to exhibit maximal benefit from the
tizanidine prior to being prescribed with the medication.
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I. INTRODUCTION

Spasticity—a velocity-dependent exaggeration of stretch
reflexes—is a common symptom that appears soon after
spinal cord injury (SCI), spasticity is a common symptom,
occurring in 65-78% of patients [1-3]. Spasticity usually
causes pain and fatigue, disrupts daily activity, limits
functional ability and results in poor quality of life.

A number of interventions have been developed to
manage spasticity, including oral medications, intrathecal
baclofen, injection techniques, surgical treatments and
physical  therapy. One common pharmacological
intervention is tizanidine, a central a-2 adrenergic agonist
that acts at the spinal and supraspinal levels to effectively
reduce muscle tone and spasms in patients with SCI. Several
studies have focused on the reduction of spastic symptoms
such as hypertonia, spasms, and clonus in SCI patients [4-8].
Our recent work with individuals with chronic spasticity
supports this: we found improvements in reflex stiffness
after only a single dose of tizanidine [9], suggesting that
tizanidine can reduce the spastic hypertonia [4, 10]. Further,
although there are some side effects, tizanidine has been
shown to be better tolerated by patients compared to other
anti-spastic medications [11].

However, those previous studies have primarily assessed
spasticity in terms of clinical assessments of spasticity such
as the Modified Ashworth Score (MAS) [12-14]. These
assessments are inherently qualitative in nature and suffer
from inter-examiner variability. Furthermore, no relationship
has been found between MAS and intrinsic or reflex
mechanical properties. To address this difficulty, we have
previously developed a systems identification technique to
quantify neuromuscular abnormalities—including reflex and
intrinsic stiffness—that are associated with spasticity [15,
16]. We demonstrate that this approach can provide an
objective, quantitative measure of neuromuscular dynamics
that can be tracked over time in order to study the efficacy
of a particular intervention in reducing spasticity [9, 17].

In this study, we apply this technique to examine the
effectiveness of tizanidine in reducing reflex stiffness in the
chronic incomplete spinal cord injury population. We
quantified and tracked the effect of the tizanidine on reflex
and intrinsic stiffness over four weeks oral administration of
medication.

II. EXPERIMENTAL PROTOCOL

Fifty spinal cord injury (SCI) subjects with incomplete
motor function loss and spasticity at their ankles participated
in this study. All subjects were injured within their cervical
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or upper thoracic (superior to T10) vertebrae. Twenty-five of
the subjects were assigned to the intervention (tizanidine)
group, while the other twenty-five subjects (aged-matched to
the intervention group) were used as control. The control
subjects received no intervention. All subjects gave informed
consent according to the policies of the Institutional Review
Board of Northwestern University.

A. Tizanidine Administration

Subjects were administered 2 mg of tizanidine four times
per day for four weeks. Subjects ramped up the dosage up to
a maximum dose of 8 mg per day over the first week; this full
dosage was maintained for the subsequent three weeks.

B. Experimental Setup

A custom joint stretching apparatus was used to apply a
controlled-position perturbation to each subject’s ankle.
Subjects were seated and secured in an adjustable chair with
the ankle strapped to the foot rest and the thigh and trunk
strapped to the chair. The seat and foot rest were adjusted to
align the ankle axis of the rotation to be coincident with the
center of the motor shaft (Fig. 1).

Joint position was recorded by a rotary encoder, while a
six-axis torque transducer recorded joint torque about the
center of ankle rotation. Electromyograms (EMGs) placed at
the tibialis anterior (TA) and gastrocnemius (GS) were
recorded using bipolar surface electrodes. These signals were
sampled at 1 kHz by a 16 bit A/D converter, and low-pass
filtered at 230 Hz on-line to prevent aliasing.
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Fig. 1: Experimental setup

B. Experimental Procedure

The servo motor applied a series of pseudorandom
binary sequences with an amplitude of 0.03 rad and a
switching-rate of 150ms to perturb the ankle at various
positions over the ankle range of motion, at 5° increments.
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Fig. 2: Parallel-cascade system identification model.

During this time, the knee was held at 30° flexion. The ankle
neutral position (NP) was defined at 90° and defined as zero
for this study. Plantarflexion was considered negative by
convention.

The ankle which was considered more spastic— as
determined by the MAS [12-14]— was used for evaluation.
The perturbations were performed while the subject was in
the passive state, i.e., no active contractions were performed.
An oscilloscope recording the EMG in real-time was used to
verify there were no active contractions; if they were
detected, the perturbation was repeated.

Subjects received the full battery of perturbations four
times: at the baseline (i.e. immediately prior to the first
tizanidine dose), and 1, 2 and 4 weeks after the start of
tizanidine administration.

III. ANALYTICAL METHODS

A. Parallel-Cascade System Identification Technique

Intrinsic and reflex contributions to the ankle stiffness
dynamics were separated using a parallel-cascade
identification technique [15, 16]. Intrinsic stiffness dynamics
were estimated by determining the Impulse Response
Function (IRF) between position and torque, using
Hammerstein identification methods (Fig. 2). A second-
order model with mass /, viscosity B, and stiffness K was fit
to the IRF; K was the parameter of interest and tracked over
time. Reflex stiffness dynamics were modeled as a
differentiator, in series with a time delay, a static nonlinear
element (a half-wave rectifier in velocity) and then a third-
order dynamic linear element with stiffness gain G,
undamped natural frequency w,, damping coefficient ¢, and
first-order pole p; the gain G —relating velocity to reflex-
torque—was used as the reflex stiffness and was tracked
over time. This analysis was performed separately for each
of the evaluated ankle positions, yielding reflex stiffness vs.
angle and intrinsic stiffness vs. angle curves for each
experimental trial.
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Fig. 3: Intrinsic and reflex stiffness trends for Subject A.

IV. RESULTS

Stiffness vs. joint angle curves were generated for each of
the tested subjects. It was observed that not all subjects
exhibited similar trends in time (i.e., recovery patterns);
rather, recovery patterns differed between subjects. For
example, some subjects in the intervention group exhibited
little change in the intrinsic stiffness (K) over the study
period while others presented marked improvements in
intrinsic stiffness with time. Consider, for example, two
representative subjects A and B. Subject A (Fig. 3) showed
no change in K over the four weeks of tizanidine. Meanwhile
Subject B (Fig. 4) showed a substantial decrease in K over
time; in fact, the subject exhibited a pronounced drop in
intrinsic stiffness in the first week of dosage (i.e. between the
baseline and 1-Week measures), exhibited little change
during the second week (between 1-Week and 2-Week), and
then exhibited another pronounced drop in stiffness in the last
two weeks of tizanidine (between 2-Week and 4-Week
evaluations).

For the reflex stiffness, most subjects exhibited a decrease
in reflex stiffness over time, which was expected as the
tizanidine is an anti-spastic medication. However, not all
subjects experienced the same pattern of change in response
to the intervention. Some subjects (e.g. Subject A) exhibited
continuous reductions in stiffness with time (Fig. 3). Other
subjects (e.g. Subject B) presented a large reduction in
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Fig. 4: Intrinsic and reflex stiffness trends for Subject B.

stiffness (~50%) in the first week (between baseline and 1-
Week observations); and only minimal further reductions in
reflex stiffness over the subsequent three weeks.

For the control group, no significant changes in time for
either the reflex stiffness or the intrinsic stiffness occurred.

V. DISCUSSION

In this study, we examined, for the first time, the
therapeutic effects of an anti-spastic medication (tizanidine)
on neuromuscular abnormalities—specifically on the
intrinsic and reflex stiffness—for patients with incomplete
SCL

We observed that tizanidine consistently produced a
decrease in reflex stiffness over four weeks of
administration. Thus we have quantitatively shown that the
reflex stiffness is reduced by the tizanidine, as was expected
since tizanidine is designed to selectively modify reflex
responses after neurological disorders [6, 9, 18, 19].

However, we also found quantitatively that the intrinsic
stiffness was reduced in some patients due to the
medication. The decrease in intrinsic stiffness, could be due
to changes in the ankle joint functional condition—including
changes to the length-tension curve which can occur
secondary to injury due to various factors, including
spasticity. Reducing spasticity thus can consequently modify
the functional condition, causing intrinsic stiffness to be
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reduced.

Based on our findings, not all subjects exhibited a
uniform change over time (recovery pattern); rather some
subjects saw a consistent decrease in reflex stiffness while
other subjects exhibited a substantial decrease in stiffness
between the baseline and the first week of medication, and
then a lower decrease over the remaining weeks of the
intervention period. This difference suggests that subjects
should not be evaluated as a single homogeneous group
when modeling the subject response to tizanidine, but rather
a longitudinal classification scheme, such as Growth
Mixture Modeling (GMM), should be employed [20-25].
Such an approach can partition subjects into multiple
distinct classes based on similar recovery patterns; the
recovery patterns within each class can then be modeled
separately. Applying GMM to these subject responses is the
subject of a future study.

VI. CONCLUSION

The efficacy of tizanidine in reducing neuromuscular
abnormalities for patients with incomplete spinal cord injury
was quantified for the first time. The results indicate that our
system identification technique can be a powerful and
objective tool to quantify the effects of therapeutic
interventions or treatment on neuromuscular properties in
patients with SCI or other neurological disease.

ACKNOWLEDGMENT

This work was supported by grants from the NIH-RO1
and the Craig. H. Neilsen Foundation. We thank Petra
Conaway for her assistance with running the experiments.

REFERENCES

[1] R. Becker, O. Alberti, and B. L. Bauer, "Continuous intrathecal
baclofen infusion in severe spasticity after traumatic or hypoxic brain
injury," J Neuorl, vol. 244, pp. 160-166, 1997.

[2] F.M. Maynard, R. S. Karunas, and W. P. Waring, 3rd, "Epidemiology
of spasticity following traumatic spinal cord injury," Arch Phys Med
Rehabil, vol. 71, pp. 566-9, Jul 1990.

[3] J. W. Lance, "The control of muscle tone, reflexes, and movement:
Robert Wartenberg Lecture," Neurology, vol. 30, pp. 1303-13, Dec
1980.

[4] E. Knutsson, A. Martensson, and L. Gransberg, "Antiparetic and
antispastic effects induced by tizanidine in patients with spastic
paresis," J Neurol Sci, vol. 53, pp. 187-204, Feb 1982.

[5] P. Delwaide, "Electrophysiological testing of spastic patients: its
potential usefulness and limitations," in Clinical Neurophysiology in
Spasticity:  Contribution to Assessment and Pathophysiology,
Delwaide PJ and Young RR, Eds., ed Amsterdam: Elsvier, 1985, pp.
185-203.

[6] M. Emre, "Review of clinical trials with tizanidine (Sirdalud)," in
Spasticity: the current status of reserach and treatment, M. Emre and
R. Benecke, Eds., ed Lancashire, UK: Parthenon, 1989, pp. 153-184.

(7]

[10]

[11]

[12

—

[13]

[14]

[15

[t}

[16

[}

[17]

(18]

[19]

[20

=

(21]

[22]

[23

—

[24]

[25]

6206

C. J. Mathias, J. Luckitt, P. Desai, and e. al., "Pharmacodynamics and
pharmacokinetics of the oral antispastic agent tizanidine in patients
with spinal cord injury," J Rehabil Res Dev, vol. 26, pp. 9-16, 1989.

P. W. Nance, J. Bugaresti, K. Shellenberger, W. Sheremata, and A.
Martinez-Arizala, "Efficacy and safety of tizanidine in the treatment of
spasticity in patients with spinal cord injury. North American
Tizanidine Study Group," Neurology, vol. 44, pp. S44-51; discussion
S51-2, Nov 1994.

[M. M. Mirbagheri, D. Chen, and W. Z. Rymer, "Quantification of the
effects of an alpha-2 adrenergic agonist on reflex properties in spinal
cord injury using a system identification technique," Journal of
Neuroengineering and Rehabilitation, vol. 7, pp. -, Jun 23 2010.

E. Maupas, P. Marque, C. F. Roques, and M. Simonetta-Moreau,
"Modulation of the transmission in group II heteronymous pathways
by tizanidine in spastic hemiplegic patients," J Neurol Neurosurg
Psychiatry, vol. 75, pp. 130-5, Jan 2004.

A. J. Wagstaff and H. M. Bryson, "Tizanidine. A review of its
pharmacology, clinical efficacy and tolerability in the management of
spasticity associated with cerebral and spinal disorders," Drugs, vol.
53, pp. 435-452, 1997.

B. Ashworth, "Preliminary trial of carisoprodol in multiple sclerosis,"
Practitioner, vol. 192, pp. 540-542, 1964.

R. W. Bohannon and M. B. Smith, "Interrater reliability on a modified
Ashworth scale of muscle spasticity," Phys Ther, vol. 67, pp. 206-207,
1987.

B. Kollen, I. van de Port, E. Lindeman, J. Twisk, and G. Kwakkel,
"Predicting improvement in gait after stroke. A longitudinal
prospective study," Stroke, vol. 36, pp. 2676-2680, 2005.

Kearney RE and Hunter IW, "Nonlinear identification of stretch reflex
dynamics," J Ann Biomed Eng, vol. 16, pp. 79-94, 1988.

Mirbagheri MM, Barbeau H, and Kearney RE, "Intrinsic and reflex
contributions to human ankle stiffness: Variation with activation level
and position," Exp Brain Res, vol. 135, pp. 423-436, 2000.

M. M. Mirbagheri, X. Niu, M. Kindig, and D. Varoqui, "The effects of
locomotor training with a robotic-gait orthosis (Lokomat) on
neuromuscular properties in persons with chronic SCI" in
Engineering in Medicine and Biology Society (EMBC), 2012 Annual
International Conference of the IEEE, 2012, pp. 3854-3857.

D. M. Coward, "Tizanidine: Neuropharmacology and mechanism of
action," Neurol, vol. 44 (suppl 9), pp. S6-S11, 1994.

P. J. Delwaide and G. Pennisi, "Tizanidine and electrophysiologic
analysis of spinal control mechanisms in humans with spasticity,"
Neurol, vol. 44 (suppl 9), pp. S21-S28, 1994.

A. Farina, A. Sekizawa, S. J. Ralston, M. E. D'Alton, and D. W.
Bianchi, "Latent class analysis applied to patterns of fetal sonographic
abnormalities: definition of phenotypes associated with aneuploidy,"
Prenat Diagn, vol. 19, pp. 840-5, Sep 1999.

B. Muthen and L. K. Muthen, "Integrating person-centered and
variable-centered analysis: growth mixtue modeling with latent
trajectory classes," Alcohol Clin Exp Res, vol. 24, pp. 882-91, 2000.

J. A. Hagenaars and A. L. McCutcheon, Applied latent class analysis.
Cambridge ; New York: Cambridge University Press, 2002.

C. Proust-Lima, L. Leternneur, and H. Jacqmin-Gadda, "A nonlinear
latent class model for joint analysis of multivariate longitudinal data
and a binary outcome," Stat Med, vol. 26, pp. 2229-2245, 2006.

T. Jung and K. A. S. Wickrama, "An introduction to latent class
growth analysis and growth mixture modeling," Social and
Personality Psychology Compass, vol. 2, pp. 302-317, Jan 2008.

S. A. Hardy and C. Thiels, "Using latent growth curve modeling in
clinical treatment research: An example comparing guided self-change
and cognitive behavioral therapy treatments for bulimia nervosa,"
International Journal of Clinical and Health Psychology, vol. 9, pp.
51-71, Jan 2009.



	MAIN MENU
	Help
	Search
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

