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® Spasticity, a common problem in upper motor neuron lesions, frequently results in uncontrolled involuntary motion
that interferes with function. A quantifiable method related to the mechanical output of the muscle is needed to test
and improve therapeutic intervention. A sinusoidal displacement of 5° was used to measure elastic and viscous stiffness
around the ankle at frequencies from 3 to 12Hz. To isolate viscoelastic resp , the infl of inertia and equipment
drag were eliminated. Test-retest correlation values were 0.953 for elastic and 0.992 for viscous stiffness. The elastic
stiffness in 13 spastic subjects under nerve block was significantly higher than that of 13 healthy subjects (p<0.05),
indicating early changes associated with contracture. Elastic and viscous response is expressed by the total stiffness
vector containing both components, the Nyquist diagram. This diagram’s pathlength from 3 to 12Hz was calculated
and showed high test-retest reliability in healthy subjects. The median pathlength value for the spastic group was 98
Newton-meters/radian (N-m/rad) and, for the normal group, 24N-m/rad, a statistically significant difference (p=<0.0001).
A mathematical model of the spastic response shows that the Nyquist diagram’s pathlength relates to reflex loop gain
and is independent of the shift in passive properties. The model predicts a shift in passive properties during spastic
resp relative to resp ed during nerve block. Thus, subtraction of passive responses measured during
nerve block may not isolate the r ining reflex r but the pathlength measure relating to the reflex response

gain was unaffected, allowing evaluation of therapeutic intervention effectiveness.
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Spasticity in traumatic brain injury (TBI), stroke, and spinal
cord injury (SCI) often interferes with function, limits inde-
pendence, and may produce secondary complications such as
contractures.® This is a common problem accompanying a va-
riety of upper motor neuron lesions. Young’s group* found
that 21% of spinal cord injured persons experienced involun-
tary, uncontrolled movements.

Spasticity is classically defined as a rate-dependent reflex
hypertonia triggered by stretch of the spindle. It is often com-
bined with other motor deficits which in TBI, for instance,
include rigidity, ataxia, and flexor and extensor synergies.
When these coexist with spasticity, they may substantially in-
crease motor control impairment. Imbalance of muscle tone
may lead to secondary disabling contractures, eg, equinus de-
formity of the foot. Spasticity that interferes with function may
involve the total spectrum of disability, from upper motor neu-
ron disedses or trauma.” In order to study the effectiveness of
therapeutic intervention, it is essential to first have an objec-
tive, quantifiable method of measuring spasticity.

Therapeutic approaches include drug therapy, nerve and motor
point blocks, electric stimulation, exercise programs, and
cryotherapy. Most evaluations of these modalities have been
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Fig 1—Spasticity measurement system.

based on qualitative or semiquantitative clinical observations,
such as tendon tap response, clonus, pendulum swing of a
limb, and the Ashworth scale.? Clinical observations on drug
therapy and other therapeutic modalities suggest that available
therapy is of only limited effectiveness, with a trade-off in
Side effects.7,8,10,12,14-16,21,25-28,30,35,40,41,43 These ﬁndiﬂgs
undertine the importance of quantitative, objective methods of
evaluation.

Electrodiagnostic and mechanical measurement techniques
have been used in an attempt to quantify spasticity. All elec-
tromyographic (EMG) measurements have been limited to lo-
cal, circumscribed sampling of the potentials generated by the
muscle, and may the.refore not be representative of the action
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of the total muscle. Other tests, such as the H to M ratios,
bypass the spindle. Clearly, interference with controlled mus-
cle function stems directly from the mechanical output of the
muscle and relates only indirectly to the EMG.

The torque produced by the mechanical result of the reflex
response has been used as a measure of spasticity. However,
torque as a measure of resistance to imposed movement is the
result not only of the reflex response, but also of the passive
properties of the tissues.>-20-2%33

The mechanical stimulus used to elicit the reflex response
has been the deformation of the spindle. The most commonly
used mechanical stimuli fall into two categories. One attempts
to maintain a constant rate of stretch through a ““ramp”” wave-
form (ie, an acceleration to constant velocity, and then a de-
celeration to zero velocity).!%-20-22:29:3¢ The other uses a
sinusoidal displacement. If a ramp waveform is used, it is
difficult to produce a stimulus in a comparable fashion at dif-
ferent speeds. The angular range of a joint over which a con-
stant velocity can be achieved is reduced at increasing speeds
because there is a finite range of motion available and a finite
amount of time required to accelerate and decelerate the limb.

The length at which the muscle is stretched with constant
velocity also changes with speed. Hence, the angular range
over which the velocity is constant varies, as does the muscle
length at which constant rate of stretch begins; these differ-
ences influence the reflex response. In addition, the stimulus
which excites the reflex response may vary with the duration
and magnitude of acceleration to constant speed, the duration
and magnitude of the constant speed, and the duration and
magnitude of the deceleration. Since all of these stimuli vary
with speed, different responses may occur not solely as a result
of the speed held constant, but also as a result of the variability
of the other stimulus parameters.

The alternative method is to use sinusoidally oscillating mo-
tion imposed upon the joint at different frequencies. Sinusoidal
oscillation, both in terms of torque!” and displacement’-13-3638
has been used. Imposing sinusoidal oscillation produces more
readily repeatable and controllable stimulus parameters than
the ramp method. In order to actually isolate the torque due
to reflex response, the following have to be considered: (a)
the inertia of the limb**-%; (b) the inertia and drag of the
measurement system; and (c) the contribution of the passive
properties of the tissues.

Researchers have described not only the response in normal
subjects to ramp stretch or to sinusoidal variation in torque or
displacement, but also responses in patients with various path-
ologies.17-19-22:34.36.37 I qp attempt to assess the contribution
of the passive propertics of the tissues to the total measured
responses, Brown and Associates® produced a maximal tetanic
contraction of the muscle, a situation where the reflex response
could no longer occur. Under these circumstances, they as-
scssed the viscoelastic properties of the tissues. They assumed
that these passive properties would not change with the degree
of contraction, so that the values they obtained could be ap-
plied to different responses using different frequencies.

Undermining this assumption, Rack’s group showed some
evidence suggesting changes in the passive properties with
different levels of voluntary contraction force. Noth and
colleagues® produced an ischemic block to study the resis-
tance to a superimposed sinusoidal motion of the index finger.
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Fig 2—Computer recorded displacement, torque, and EMG out-

put in spastic subject recorded at 8Hz (a) without nerve blocks;

(b) with tibial-peroneal nerve blocks. EMG-MG is the electro-

myographic activity, in microvolts, of the gastrocnemius muscle.

EMG-TA is the electromyographic activity of the tibialis anterior.

Positive displacement is dorsiflexion; positive torque is plantar
flexion torque generated by the subjects’ feet.

After ten minutes, the reflex response seemed to disappear;
however, after 20 minutes there was a marked change in the
measured properties of the passive tissues.

Hufschmidt and Mauritz,** using ramp stretches to the gas-
trocnemius and soleus, showed that 25 minutes were necessary
for a satisfactory ischemic nerve block. In the light of Noth’s
results, it is questionable whether this method can be used to
measure responses in the lower extremity without distorting
the measured values. Herman and Schaumberg?® showed that
the difference in the length-tension diagram of the calf at a
low rate of stretch was the same with and without a peripheral
nerve block. In neither condition was there any EMG activity.
It is questionable whether the values thus obtained as a mea-
sure of the passive properties of the tissues can be applied to
high rates of stretch. It is known, for instance, that the viscous
properties are speed dependent.** In 1974, Herman and
associates'? suggested lidocaine peripheral nerve blocks to iso-
late the passive properties of the tissues.

Many of the studies used a sustained voluntary contraction
at a level of torque that facilitates the reflex re-
sponse.-13-23:2436.38 However, not everyone has the ability to
produce a steadily maintained voluntary contraction. Volun-
tary tension maintained during the displacement produces an
increase in nonreflex passive resistance and torque.’® The
quantitative relationship between degree of facilitation, in-
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Fig 3—Influence of footplate and foot inertia on elastic stiffness.
Linear plot of the elastic stiffness component vs frequency squared.
Healthy limb in footplate.

crease in reflex response, and change in passive properties is
not known.

All authors who investigated both persons with pathologic
conditions and healthy volunteers noted that their reflex re-
sponses were different.5-5-17-18:2022:3436.373% No comparisons
were made with sinusoidal stimulation. Of those who de-
scribed the effects of ramp stretches at the ankle, only Otis
and colleagues® and Hufschmidt and Mauritz? showed that
there was a statistically significant difference between re-
sponses of healthy and disabled subjects. Otis and colleagues™
measured torque at different levels of constant velocity and
found that the values differed significantly from the normal
values. The disabled group contained 24 paraplegics and five
hemiplegics. In the hemiplegics, the unaffected leg was used
as a control. Hufschmidt*? studied an elastic and a velocity-
independent plastic resistance (friction) at low angular veloc-
ities. In most patients with long-standing spasticity, both of
these properties were enhanced.

Mathematical models of the behavior of the passive re-
sponse of the tissues have been developed by several au-
thors.32+38 Rack’s group™ attempted to mathematically describe
the passive and reflex response to varying frequencies of os-
cillation. These authors developed a simplified model of the
tissues and neurologic properties of the ankle. They used data
from the literature on tissue properties and reflex response
to describe the behavior of the system as exhibited in their
experimentation.

From a review of the literature, it was apparent that a system
was needed to allow quantitative assessment of spasticity and
of the passive properties of the tissues, with adequate reli-
ability and power of discrimination between normal and ab-
normal responses. Existing mathematical models should be
modified to account for and describe experimental results and
to be used as an aid to their interpretation.

METHODS

The apparatus used in the study of spasticity is an electro-
mechanical device for imposing sinusoidal rotary movements
of varying frequencies (3 to 12Hz) upon the ankle through
movement of the foot. The subject’s foot is held in place with
an adjustable binding attached to an oscillating footplate driven
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by an electric motor via a crank-linkage mechanism. The crank
mechanism maintains the oscillation at +2.5° about the neu-
tral (90°) ankle position. Some small variation (+0.2°) in this
angular range occurs with changing frequency due to compli-
ance of the shaft, linkage, and belt drive system.

Interposed between the crank mechanism and the footplate
is a strain gauge torque transducer. A capacitive angular dis-
placement transducer measures footplate angles. A digital mo-
tor controller regulates the 1/2hp dc motor’s speed precisely
to enable testing to be performed at a fixed, prescribed fre-
quency of oscillation, with a maximal controller error of +0.4%.

Data acquisition was performed by an IBM-PC XT-based
computer system sampling at a rate of 500Hz via an analog-
to-digital converter.

EMG data obtained with surface electrodes from the gas-
trocnemius-soleus and tibialis anterior muscles were recorded
by a TECA TE4 with two channels and hard copy output. The
data were also sampled by the computer system for qualitative
purposes. A schematic representation of the complete spastic-
ity measurement system is presented in figure 1.

Subjects

Subjects were selected on the basis of having at least a 5°
range of motion around the neutral position of the ankle, with
no history of ankle joint pathology. The absence or presence
and degree of spasticity was assessed clinically by judging the
briskness of tendon tap reflex, presence of clonus, and resis-
tance to passive motion using the five-point Ashworth scale.’
Spastic subjects not taking any antispasticity medication were
selected from a population with upper motor neuron lesions
resulting from spinal cord injuries (eight subjects) or traumatic
brain injuries (five subjects). Of 26 spastic subjects and healthy
controls, 22 were 19 to 27 years of age.

Procedure

Subjects were positioned prone, with the knee straight, on
a padded plinth. The footplate and binding were adjusted to
ensure a snug fit and optimal alignment of the ankle’s axis of
rotation with the footplate shaft. All subjects were instructed
to relax. Fixed frequencies of oscillation were applied in a
random sequence at integral frequencies ranging from 3 to
12Hz. Three trials were performed at each of the ten frequen-
cies for a total of 30 trials per session. Each trial consisted of
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Fig 4—Equipment drag loss vs frequencies; expressed as viscous
stiffness of empty footplate.
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a 15-second speed stabilization phase and a one-second data
sampling phase.

Lidocaine was used to effect peroneal and tibial nerve blocks
in the spastic group in order to allow assessment of the passive
elastic and viscous stiffness of the tissues after eliminating the
reflex response. This technique has been described in earlier
publications.?* The block was also used in order to calculate
the inertial properties of the foot without interference from the
reflex response. Figure 2 shows a typical record of displace-
ment, torque, and EMG vs time in a spastic subject before and
after nerve block.

Data Analysis

Raw data from the displacement and torque transducers were
subjected to a Fourier analysis in order to decompose the sig-*
nals into their sinusoidal components. The fundamental fre-
quency, corresponding to the footplate oscillation frequency,
was retained. All other frequency components were disre-
garded in the subsequent analysis.

Since the elastic and viscous responses of the ankle were of
primary interest, the effects of inertia and equipment drag were
eliminated. To compute the effect of combined footplate and
foot inertia, linear regression analysis of the torque component
180° out of phase with the displacement, vs frequency squared,
was performed (fig 3). The 180° phase shift and frequency
squared relationship occur because the torque induced from
inertial effects is proportional to the angular acceleration im-
posed. Assuming the displacement is described by a sinusoid
of frequency w and amplitude A, the acceleration, « (the sec-
ond time derivative of displacement) is given by:

d? [A sin (wt)])/dt*
—Aw? sin (wt)
= Aw?sin (ot + 180°)

This calculation assumes that the only contribution to this sec-
ond order effect (frequency squared) was from inertia. To en-
sure that the reflex response in spastic subjects did not interfere
with the computation of this inertial component, data collected
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Fig 5—Stiffness components of the Nyquist diagram for a given

frequency. The vector sum of the elastic and viscous stiffness

components is equivalent to the total stiffness vector. The arc

tangent of the ratio of the viscous to the elastic stiffness is the
phase angle.
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Fig 6—Nyquist diagram of stiffness, its components, and a dem-
onstration of pathlength generation.

during temporary tibial and peroneal nerve blocks were used.

Drag was determined by running the equipment without the
subject’s foot in place. The torque component 90° out of phase
with the displacement was determined for each frequency and
subtracted from the data. (Figure 4 shows a typical response.)
Drag or energy dissipating effects are a function of velocity.
Velocity, in turn, is the first derivative of displacement, and
for a sinusoidally time-varying displacement, the angular ve-
locity, €, is given by:

Q = d[A sin (et)}/dt

Aw cos (wt)
= Ao sin (ot — 90°)

Gravitational effects have been neglected due to their relatively
minor role. Since the center of gravity is close to the axis of
rotation and the displacements small, the variation in torque
due to gravity is negligible. In addition, the difference in the
gravitational component due to differences in foot mass and
center of gravity location is even smaller due to the relatively
large contributions of the fixed mass mechanical components.
Therefore, comparisons between persons of differing foot mass
and configuration can be made without correcting for gravity.

The response of the ankle to sinusoidal displacements was
expressed in terms of net stiffness (with inertial and drag stiff-
ness eliminated), and represents the ratio of net torque to dis-
placement. The stiffness is composed of two quantities: that
which is in-phase with the displacement (clastic stiffness) and
that which is 90° out-of-phase with the displacement (viscous
stiffness). The elastic stiffness can be visualized as being due
to a torsional spring. The force produced by the spring is
proportional to the angular displacement and the constant of
proportionality is the elastic stiffness (for a linear system).
Similarly, the viscous stiffness can be visualized as being due
to a damper whose damping torque is proportional to velocity,
the viscosity being the constant of proportionality for a linear
system.

1l

I

Arch Phys Med Rehabil Vol 70, January 1989




10 QUANTITATIVE ASSESSMENT OF SPASTICITY, Lehmann

The stiffness can be visualized as having a total magnitude
at some phase angle with respect to the displacement. The
vector sum of the elastic and viscous stiffness components is
cquivalent to the total stiffness. The arc tangent of the ratio
of the viscous to the clastic stiffness is the phase angle (fig
5). These values arc expressed as a function of frequency in
the form of a Nyquist diagram of angular stiffness.® In an
effort to express the frequency response over the 3 to 12Hz
range by a single value, a pathlength calculation was per-
formed using a straight line approximation method (fig 6) for
the stiffness vector, moving sequentially from frequency to
frequency.

RESULTS

The inertial response produced a linear plot of elastic stiff-
ness vs frequency squared. Correlation coefficients were 99%
or better for the linear plot (fig 3).

An attempt was made to estimate the effect of gravitational
forces on the resulting measurements. The footplate was moved
through the spectrum of frequencies without a load. For com-
parison, a prosthetic foot similar in weight to the anatomic
foot was then inserted. The elastic and viscous stiffnesses were
then-determined. The maximal difference in the elastic stiff-
ness was -1.2 Newton-meter/radian (N-m/rad). The maximal
difference in the viscous stiffness was 3.6N-m/rad.

To test the accuracy and frequency response of the equip-
ment to elastic loading, two torsion springs of different stiff-
ness were inserted to resist footplate movement. The stiffness
was plotted against the frequencies used and closely ap-
proached the ideal response, ie, a line at the statically deter-
mined stiffness (fig 7). Due to the lack of a suitable viscous
standard, no corresponding test for accuracy of viscous mea-
surement was made.

A second set of experiments was performed to assess vari-
ability in a group of healthy subjects. Initially, the variability
of repeated measurements was assessed. The foot was placed
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Fig 7—Results of elastic stiffness measurements of torsional springs
at frequencies from 3 to 12Hz; recorded for springs of stiffness
of 106 and 41N-m/rad. The standard deviation is reported for the
point at which it was maximum.
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Fig 8—Average elastic stiffness vs frequency for 13 healthy and
13 spastic subjects.

in the binding and three consecutive measurements of the elas-
tic and viscous properties were made at 11Hz. The foot was
then taken out of the binding and the process was repeated ten
times. In order to eliminate the variability introduced by plac-
ing the foot in the binding, the pooled estimate of the standard
error of the mean was calculated. For this calculation, the
standard error of the mean was determined for each of the
three measurements that was obtained for each of the ten place-
ments of the foot in the binding. The values of the pooled
estimate for elastic stiffness and for viscous stiffness were
0.21N-m/rad and 0.20N-m/rad, respectively.

In the protocol for each measurement, the foot may be re-
peatedly placed into the binding and taken out; also, the three
measurements for each frequency during one foot placement
are averaged, and this average is used as one data point. From
the ten foot placement repetitions for one healthy subject at
11Hz, the standard deviation and the standard error of the
mean were calculated and found to be 1.46 and 0.47N-m/rad
for elastic, and 1.53 and 0.48N-m/rad for viscous. Compared
with the previous experiment, the values increased slightly in
variability due to the placement, removal, and replacement of
the foot in the binding.

The variability of the measurement from person to person
was assessed by one single measurement, averaging three trials
of elastic and viscous properties at 11Hz for 13 healthy sub-
jects. The standard deviation and standard error of the mean
for the elastic properties were 6.85 and 1.87N-m/rad, respec-
tively, and, for the viscous, 10.89 and 3.03N-m/rad, respec-
tively. This variability is small compared with the average
magnitude of the actually measured values in normal and spas-
tic persons (figs 8 and 9).

The test-retest reliability was determined for eight healthy
subjects at 11Hz. For each subject, two measurements were
made within less than one hour and then compared. As a
measure of reliability, the Cronbach alpha test was used.'!
The standardized alpha value was 0.953 for elastic stiffness
and 0.992 for viscous stiffness.

In order to estimate long-term variability in healthy subjects,
five measurements of the elastic and viscous properties at 11Hz
were performed with five normal subjects over a period of two
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Fig 9—Average viscous stiffness vs frequency for 13 healthy and
13 spastic subjects.

and a half weeks. To eliminate person-to-person variability,
the pooled estimate of the standard error of the mean was
obtained and found to be 0.8N-m/rad and 1.5N-m/rad for elas-
tic and viscous stiffness, respectively.

In the following experiment, the methodology was tested
for its ability to discriminate between normal and
spastic behavior.

The mean elastic stiffness in the spastic group was compared
with the mean elastic stiffness in the normal group for all
frequencies (fig 8). Each group contained 13 persons. The
values were compared statistically for each frequency. All but
the values at 7Hz were significant at the p=<0.05 level. The
same comparison was made for the viscous stiffness (fig 9).
The statistical difference for each frequency was significant at
the p=0.05 level except at frequencies of 3 to 7Hz. Both the
elastic and viscous properties of the spastic group showed a
major decrement in value around the mid-range frequencies (6
and 7Hz), a change which Rack’s group® suggested was due
to the timing of the reflex response in relationship to the plate
movement in such a way that the reflex response may assist
the plate movement. This leads to an overlap of the distribution
of the values for the group of spastic subjects with the values
obtained in healthy subjects.

The EMG response produced by the stretch reflex was iden-
tified by recording the EMG potentials phase related to the
footplate movement. In the spastic group, the EMG responses
in the gastrocnemius ranged from 51% of all trials at 3Hz to
over 90% at frequencies of 10, 11, and 12Hz. The response
was clearly frequency dependent. For healthy subjects the re-
sponse was much less prominent, but also frequency depen-
dent. Three percent of all trials showed an EMG response at
3Hz, with a maximum percentage of 26% at 11Hz (fig 10).

The passive properties of the tissues were studied in
spastic subjects after tibial and peroneal nerve blocks were
performed to eliminate the spastic reflex response. These
responses were compared with the responses of healthy
subjects. The results (fig 8) show that there is a significant
(p=0.05 level) difference between the elastic properties
of the passive tissues in the spastic group.compared with
those of the healthy group. There is no corresponding sig-

nificant difference between the values of passive viscous
stiffness throughout all frequencies (fig 9).

As illustrated in figure 6, the pathlength of the Nyquist
diagram was calculated in eight healthy subjects for test and
retest. The test-retest reliability was determined using the stan-
dardized alpha, yielding a value of 0.907.

The average Nyquist diagram of stiffness at the ankle for
the spastic group, with and without nerve blocks, is shown in
figure 11. The pathlength values of the Nyquist diagrams were
calculated for the spastic group (with and without nerve blocks),
and for the healthy group at all frequencies. The responses of
13 spastic and 13 healthy subjects were compared. The results
are presented in table 1. The difference between spastic per-
sons’ and healthy persons” pathlength is significant at p<0.0001,
using the Mann-Whitney U test. There was no statistically
significant difference between pathlength of the healthy group
and the pathlength of the Nyquist diagrams of the passive
properties produced by nerve blocks in the spastic group.

Finally, the long-term variability of spasticity measured by
the pathlength of the Nyquist diagram was measured and com-
pared with variability in the healthy group. The measurements
were taken twice per week over a period of two and a half
weeks for a total of five repeat measurements per person, with
five persons in each group. The purpose was to obtain a mea-
sure of the waxing and waning of muscle tone over a long
period of time. In order to eliminate variability from person
to person, a pooled estimate of the standard error of the mean
was calculated. For this calculation, the standard error of the
mean of the five values for each person was obtained. The
pooled estimate of the standard error of the mean was 12.7N-
m/rad and 2.7N-m/rad for spastic and normal subjects,
respectively.

DISCUSSION

The approach to the measurement of spasticity required an
climination of the influence of drag, inertia, and forces of
gravity on the operating system in order to isolate viscoelastic
properties. Drag and inertia were eliminated for each individ-
ual in the study. The influence of the gravitational forces was
estimated by measuring elastic and viscous stiffness while the
empty footplate vibrated and while it vibrated carrying a pros-
thetic foot. Results showed that the maximal difference was
1.2 and 3.6N-m/rad for elastic and viscous stiffness, respec-
tively. This difference is negligible, since the two loads—
nothing or a prosthetic foot—represent opposite extremes of
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Fig 10—EMG responses in healthy and spastic persons vs
frequency.
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Fig 11—The Nyquist diagram of average stiffness for the spastic
group with and without nerve blocks.

possible loads to be carried. The value of the difference is also
small compared with the total measurement of viscoelastic
properties in both healthy and spastic persons.

Except for a single case, there was no frequency dependence
of elastic stiffness using relatively small excursions at the an-
kle. This was verified by a linear regression analysis which
on average produced correlation coefficients of —0.24 for the
spastic group with nerve blocks and —0.13 for the healthy
group (fig 8). The properties of the viscous stiffness of the
spastic group with nerve blocks and the healthy group show a
linear increase in viscous stiffness with increasing frequency.
This is also verified by linear regression analysis, which yielded
a slope of 2.1N-m-sec/rad, an intercept of 6.2N-m/rad, and a
correlation coefficient of 0.98 for the blocked spastic group;
and a slope of 2.0 N-m-sec/rad, an intercept of 5.8N-m/rad,
and a correlation coefficient of 0.99 for the healthy group.
These observations are also consistent with a linear viscoelas-
tic model proposed by Hunter and Kearney?-* for constant
displacement amplitude and mean torque.

Testing the adequacy of measurement by using two elastic
springs with different stiffness as a load working against
the footplate showed good agreement with the ideal static
stiffness of the springs. It also showed that the maximal
standard deviations for elastic stiffness at any frequency
from 3 to 12Hz within three repeat measurements was

Table 1: Pathlength Values for Spastic, Blocked Spastic,
and Healthy Groups from 3 to 12Hz

Pathl h (N-m/rad)
Blocked
Subject Spastic spastic Healthy
1 512 146 21
2 73 21 13
3 84 33 35
4 109 46 14
5 113 28 25
6 281 17 24
7 60 45 20
8 28 16 18
9 59 18 36
10 515 49 18
11 30 22 37
12 98 35 38
13 173 36 51
Median 98 33 24
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small (0.39N-m/rad) (fig 7).

Variability of the measurements was minimal for repeat
measures at 11Hz on each subject. It increased slightly when
the foot was placed in and out of the binding. An additional
increase of variability occurred from person to person. How-
ever, all of these values are relatively small compared with
normal stiffness values, and are minor when compared with
values in spastic persons, suggesting the usefulness of this
measurement system. Correspondingly, the test-retest reliabil-
ity was very high, with a value for a Cronbach alpha test of
(1.953 for elastic stiffness and 0.992 for viscous stiffness. Fi-
nally, the long-term changes in muscle tone in healthy subjects
over two and a half weeks were small.

The above analyses of variability were done at the higher
frequency of 11Hz because of the overlap of the healthy group’s
distribution with that of the spastic group at the mid-range
frequencies. The assessment of the passive properties of the
spastic group did not show an overlap. It showed a clear in-
crease in the elastic stiffness at all frequencies over the healthy
comparison group (p=0.05), probably indicating changes as-
sociated with developing contractures (fig 8). The finding of
a difference in elastic stiffness is consistent with previous ob-
servations by Hufschmidt®? and Stolov.** The frequency-de-
pendent viscous component of the blocked spastic group was
not significantly different compared to that of the healthy group.
Hufschmidt and Mauritz?? could not identify the frequency
dependence very well because of the low angular velocities
used. However, working with low frequencies, they could de-
termine the frequency independent loss component (ie, plastic
resistance), and found some difference.

Thus, it is possible that the change in passive properties
may significantly influence the measurement of the spastic
response without nerve blocks. Attempts have been made to
eliminate the passive factor using nerve blocks and subtracting
the passive values from the total response without blocks.>2%2*

Figure 12 shows a model incorporating the linear visco-
elastic properties of muscle and tendon. It includes a reflex
loop with significant latency. The active components of the
model, ie, the reflex loop, influence the behavior of the model
through five parameters: gain, latency, phase shift, natural
frequency, and damping ratio.* The active component is math-
ematically represented by a second order, low pass system
function. The contribution of the active component is exag-
gerated in spasticity. A similar model has been used by Rack.*®
The measured passive properties of the spastic group with
nerve blocks were used in the model as values for muscle
stiffness, viscosity, and friction (table 2). As an estimate, it
was assumed that the tendon stiffness in the spastic group was
20 times greater than the stiffness of the muscle. This corre-
sponds to an Achilles tendon with a cross-sectional area of
70mm?2, a length of 300mm,*® a modulus of 1200N/mm?,? and
a computed moment arm of 59mm with respect to the ankle.
Muscle stiffness was based on the average linear regression
intercept value for elastic stiffness in the 13 persons with pe-
ripheral nerve blocks, which represents the series stiffness of
muscle and tendon. Muscle viscosity and friction were based
on slope and intercept of the average linear regression values
of viscous stiffness in the same blocked group.

Since the model is based on linear elements, and since the



QUANTITATIVE ASSESSMENT OF SPASTICITY, Lehmann 13

analysis methods used to determine the parameters are only
strictly valid for a linear system, the model’s results may not
be valid for other amplitudes and frequencies because the bi-
ologic system may not be linear. As such, these parameters
would not necessarily apply to the very low frequencies used
by Hufschmidt and Mauritz.?> The purpose of this modeling
exercise is not to precisely describe the human ankle response;
the model is a great simplification. However, it may aid in
understanding the research results.

Using the model (fig 13), the Nyquist diagram of the spastic
response (“‘Model Spastic’”) was calculated based on the mea-
sured passive responses of the spastic group. If the calculated
Nyquist diagram is compared with that actually measured in
our group of spastic persons (‘‘Measured Spastic Response™’),
the calculated diagram appears shifted downward and to the
left. However, if it can be assumed that the passive properties
of the muscle, while the reflex contractions do occur, are dif-
ferent from those under the nerve block condition (““Shifted
Passive Properties™), and one recalculates the diagram using
the model with increased values for elasticity and friction (ta-
ble 2), the calculated diagram (‘“Model Response with Shifted
Passive Properties™) is shifted into the same position as the
experimentally obtained curve (‘“Measured Spastic Re-
sponse’”). Data published by Rack®® showing a shift of the
position of the Nyquist diagram with changing voluntary mus-
cle force at the ankle may also be interpreted as a result of a
change in passive properties due to static muscle contraction.
These findings suggest that subtracting passive properties un-
der nerve block conditions from the unblocked spastic re-
sponse is not adequate to describe the reflex component of
spasticity.

The calculated pathlength of the Nyquist diagram has not
been changed as a result of using different values for the pas-
sive properties (fig 13). Instead, its pathlength expresses the
gain of the output through the reflex response, which is in-
dependent of the possible change of passive properties during
reflex contraction.

This diagram, or its pathlength, seems to be a better quan-
titative measure of spasticity than subtraction of the passive
properties from the total spastic response. That the pathlength
of the model is highly sensitive to the gain of the reflex loop
is illustrated in fig 14, which is based on using the mathe-
matical model with variation in the gain only.

The fact that the pathlength measure, using all frequencies,
discriminates well between the spastic and healthy groups
(p=<0.001) supports the usefulness of this approach and its
application to the quantitative study of the effectiveness of
therapeutic intervention. The usefulness of this test is also
supported by the test-retest reliability of testing healthy per-
sons, which shows a standardized Cronbach alpha of 0.907.

Unlike the statistically significant difference observed be-
tween the elastic stiffnesses of the healthy and blocked spastic
group, there was no statistically significant difference in the
pathlengths of the Nyquist diagrams. This apparent discrep-
ancy can be explained because the pathlength incorporates the
frequency dependence of viscous properties, which is the same
in both groups. Furthermore, the elastic properties are essen-
tially frequency independent and thus do not contribute to the
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Fig 12—Model basic to viscoelastic properties of muscle and
tendon.

pathlength. Hence, the pathlengths of these two groups are
equivalent.

CONCLUSION

A quantifiable method was developed to measure degree of
spasticity by determining the resistance to a sinusoidal mode
of excitation at the ankle. The measured mechanical output
was displayed in terms of the total (elastic and viscous) stiff-
ness vector at frequencies from 3 to 12Hz. Based on a math-
ematical model for the reflex response, the pathlength of the
Nyquist diagram represented a measure of the gain of the spas-
tic response. Using the model, it could also be demonstrated
that the pathlength of the Nyquist diagram was independent
of a change in passive properties of the system. In order to
match the location of the actually measured Nyquist diagram
in the spastic group, the model suggested that a shift of passive
properties had occurred as compared with those properties ob-
tained in the spastic group under nerve block conditions. This
finding is consistent with references® suggesting that volun-
tarily sustained contractions change passive viscoelastic prop-
erties of the muscle.

The pathlength of the Nyquist diagram discriminated well
between abnormal spastic responses and the responses of a
healthy group (p=0.0001). Also, there was a high degree of
test-retest reliability in tests of healthy subjects with a reli-
ability of the correlation coefficient of 0.907. The clinically

Table 2: Values Used With Computer Model

Muscle Muscle
stiffness friction Delay
Conditi (N-m/rad) (N-m/rad) Gain  (msec)
Passive response of spastic 48.3 6.2 - —
group with nerve block*
Spastic response 48.3 6.2 1.1 85
calculated using passive
response of spastic
group with nerve block**
Shifted passive properties* 68.5 233 — —
To fit actually observed 68.5 23.3 1.1 85

spastic response curve**

* Tendon stiffness = 966N-m/rad; muscle viscosity = 2.1N-m-sec/rad.
** Tendon stiffness = 966N-m/rad; muscle viscosity = 2.1N-m-sec/rad;
phase shift = 0° natural frequency = 2Hz; damping ratio = 1.
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Fig 13—Modeled and experimentally observed Nyquist diagrams
of ankle stiffness in the spastic group. If the modeled spastic
Nyquist diagram using the passive responses under nerve block
is compared with the ed spastic resp it is shifted
down and to the left. However, good agreement of modeled and
observed responses can be obtained by shifting the passive prop-
erties, based on the assumption that such a shift occurs under
muscle contraction. The shift of the passive properties does not
change the pathlength of the Nyquist diagram.

observed waxing and waning of spasticity could also be ver-
ified by a long-term measurement of the pathlength of the
Nyquist diagram in a spastic group, a variability which did
not exist in the healthy group.

Comparison of elastic and viscous stiffness in the normal
and spastic groups showed that statistical significance was ob-
tained only at higher frequencies. Lower frequencies, espe-
cially in the measurement of viscous stiffness, showed an overlap
of the distribution due to the timing of the reflex response in
relationship to the movement of the footplate, which was as-
sisted by the reflex responses at these frequencies. The other
limitation of this comparison is the difficulty of climinating
the contribution of the stiffness due to the passive properties
of the tissues to the overall spastic response. Obtaining the
passive properties of the tissues in the spastic group under the
condition of dual nerve blocks (peroneal and tibial) allowed
the demonstration of early signs of contracture to manifest
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Fig 14—Influence of gain variation on pathlength of Nyquist dia-
gram of spasticity model.
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themselves as increased elastic stiffness. Because there is no
way of measuring any change in the passive properties due to
reflex contraction, it is impossible to isolate the reflex response
through subtraction of passive stiffness data. However, since
the model indicates that the pathlength of the Nyquist diagram
is independent of passive property changes, the early devel-

opment of contractures or passive property changes associated
with reflex contraction has no influence on the quantification
of spasticity using the pathlength.

At a high frequency (11Hz), the test-retest reliability in the
healthy group was very high for elastic and viscous stiffness
(0.953 and 0.992, respectively). The variability of repeat mea-
surements for the same person and for measurements from
person to person was very small, much smaller than compa-
rable values measured in normal and spastic persons. The
equipment performance was carefully tested and it was pos-
sible to eliminate from the raw data the influence of inertia
and drag, and it could be demonstrated that the contribution
of gravitational forces was minimal. Testing with different
spring loads verified the accuracy of the instrumentation. In
conclusion, the method described seems to fulfill the require-
ment for a quantifiable measurement of the mechanical output
as it is changed by spasticity, independent of factors which
cannot be controlled.
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