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Abstract- The objective of this study is to propose a new indices
to evaluate spasticity in the ankle joint of hemiplegic patients.
Each subject sat on a bed with one foot supported with a jig,
which was used to measure the response of the ankle joint angle.
The subject was instructed to relax and not to generate volun-
tary force. A step-like load was applied to dorsiflex the ankle
joint. The ankle joint angle and electromyograms of the soleus
and tibialis anterior muscle were recorded. First, the step-like
response was approximated with a mathematical model, which
is based on musculoskeletal and physiological characteristics us-
ing the least squares method in order to estimate net inertia
and the elastic and viscous coefficients of the foot. The torque
generated by the elastic component was then estimated. The
normalized elastic torque was approximated with a dumped si-
nusoid using the least squares method. The time constant and
frequency of the normalized elastic torque were calculated. We
propose two indices estimated from the relationships between
the time constant and the frequency. One of the indices reflected
the step-like load dependency. The other reflected the difference
from healthy subjects. Both indices increased as the Ashworth
scale increased.
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I. INTRODUCTION

Spasticity is an aftereffect of stroke. Stretch reflex runs high,
when a joint is moved passively. That reflex made resistance
force, and joint vibration. The grade of spasticity is generally
mainly measured with the Ashworth scale, which is simple
and does not require any equipment. It is based on a relation-
ship between the range of motion and resistance force during
extension/flexion on the joint. Therefore, it is a subjective in-
dex that sometimes fluctuates depending on the skill of the
doctor. In the ankle joint, in particular, the range of motion
is restricted, and ankle clonus easily presents. Therefore, di-
agnosing the grade of spasticity in the ankle joint with the
Ashworth scale is difficult.

We have proposed a method to quantitatively evaluate the
grade of spasticity in an upper limb by calculating parameters
with the aid of a mathematical model [1]. New indices are
proposed in this study for evaluating spasticity in the ankle
joint of hemiplegic patients using a similar method.

II. METHOD
A.  Subjects and Experimental Setup
Three healthy subjects and eight hemiplegic subjects partici-
pated. All gave informed consent (Table 1).
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Table 1. Subjects and Ashworth scale
Subject | Age | AS
A 23 —
23 —
22
53
77
67
47
68 3
55 | 0-1
61 2
72 2

N |

w?o
W = =

ARe—~ITQmmIOw

We measured the step-like response in the dorsal flexion
of the ankle joint. Figure 1 is a schematic illustration of
the experimental setup. The ankle joint angle and the elec-
tromyograms (EMGs) of the soleus and tibialis anterior mus-
cles were stored into a computer through an analog-to-digital
converter (ADC). The ankle joint was dorsiflexed by the grav-
itational force of a load.

Each subject sat on a chair. The foot, with the shoe on,
was placed and fixed on a jig. The subject was instructed to
relax and not to generate voluntary force. The starting angle
was a rest angle. The pulley block was locked at the resting
angle, and a load was placed on the pulley block. The pul-
ley block was then released. Load weights of 1, 2, and 3 kg
were used. The response of the ankle joint angle was mea-
sured with a potentiometer. The ankle angle was considered
to be zero degrees when the subject’s foot was in a natural
position (when the dorsiflexion direction was positive). The
EMGs were obtained with Ag-AgCl surface electrodes, 10
mm in diameter, taped to the skin 30 mm apart. EMG signals
were full-wave-rectified and then smoothed with a second-
order low-pass filter (f, = 2.6 Hz) to obtain an integrated
electromyogram (IEMG).

B.  Mathematical Model
The equation of motion around the ankle joint is (1).

16(1) + n6(@t) + k()0 (1) = f(1), 1)

where [ is the inertia of the foot and the measurement equip-
ment attached to the foot, 6(¢) is the relative ankle joint an-
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Fig. 1. Schematic illustration of the experimental setup.

gle, n is the viscous coefficient and £ is the elastic coefficient.
f(¢) is the torque applied to the elbow joint by the weight.

We assumed that the elastic coefficients were proportional
to both the relative ankle joint angle and muscle activities
(IEMGQG), as shown in (2).

k(t) = ko + ki16(t) +are1(t) + azex(t), )

where e1(t) and e;(t) are IEMGs of the soleus and tibialis
anterior muscle, respectively.

The inertia I, viscous coefficient  and elastic coefficient k
were calculated using the least squares method. The relative
ankle joint angle was then estimated using these calculated
values with the Runge-Kutta method and compared with the
observed ankle joint angle in order to evaluate the modeling
performance.

When the ankle joint angle was approximated well with the
proposed model, the normalized elastic torque shown in (3)
was calculated.

mgr — I'6(t) — né (1)
mgr ’

h(t) =

3)

where I'(= I + mr?) is the net inertia. If the elastic coef-
ficient k were constant, (1) would be a linear second order
differential equation and 6(¢) would be calculated as shown

in 4).
0(1) =z {1 - %ﬁe‘mt sin <\/§wof + w)}
tanyr = _;2

0o = %,;_N’?ﬁ,z:%, @)

This means that the normalized elastic torque, k0 (t)/mgr (=
0(t)/z), was approximated with a dumped sinusoid in (5).

Aexp(—t/1)sinQr ft + ¢) + 1.0, 5)

where A is the relative amplitude, 7 is the time constant of
dumping, f is the frequency and ¢ is the phase. Therefore
time constant and the frequency were evaluated.

We propose two indices estimated from the relationships,
7- f plots, between the time constant and the frequency. First,
the centroids of the markers of the 7-f plots in each load
were calculated. One of the indices, D; was the distances
between the centroids (1 kgf to 2 kgf and 2 kgf to 3 kgf).
The heavier the weight was, the faster the ankle was flexed.
The spastic characteristics often emerge when the joint was
flexed fast. Therefore the index D; can be regarded as the
index of the velocity dependence. Moreover, in the case of
the liner differential equation, T was 21'/% and the frequency
f was y/4kl’ — n?/4xI’. This implies that both T and f
vary due to the muscle activity. Another index, D, was the
difference between healthy and spastic subjects and was the
centroid between healthy and spastic subjects applying a load
of 2 kgf. The index D, reflected the muscle activity in k
although I’ varied somewhat among subjects.

III. RESULTS AND DISCUSSION
Figure 2 represents a typical example of the angle, IEMGs
and normalized elastic torque of subject G, whose Ashworth
scale was two to three when the weight was 2.0 kg.

The top panel (a) shows the time course of the ankle joint
angle. The red and green lines denote the observed and esti-
mated angles, respectively. The blue line denotes the residu-
als. The estimated ankle joint angle agreed with the observed
one. The proposed model as shown in (1) and (2) approxi-
mated the ankle joint angle well.

The middle panels (b) and (c) show the time course of the
IEMGs of soleus and tibialis anterior muscle, respectively.
In the dorsal flexion, the soleus muscle was elongated. The
IEMGs of the soleus muscle increased at the local maximums
of the angle. The IEMGs of the tibialis anterior muscle in-
creased at 0.5 s, the local minimum of the angle.

The bottom panel (d) shows the time course of the nor-
malized elastic torque. The red and blue lines denote the ob-
served and approximated normalized elastic torques, respec-
tively. The approximated torque agreed with the observed
one.

Figure 3 represents the time constant and frequency of the
normalized elastic torque of subjects D, E, and G and three
healthy subjects. The red, green, blue, and white markers
denote subjects E (AS 0-1), D (AS 2), and J (AS 2-3) and
the healthy subjects, respectively. The circles, triangles and
squares denote 1, 2, and 3 kgf of the load, respectively. As the
Ashworth scale increased, the markers were distributed far-
ther from those of the healthy subjects. Moreover, the mark-
ers shifted as the load was increased.

Figure 4 (a) represents the relationship between the Ash-
worth scale and D of all subjects. Figure 4 (b) represents the

6085



__ 404 —— observed
2 204 estimated
= a —— residual
(a) o 04— ‘\ ’,/ \/ —
g/ \U
-40
T T T T T 1
0.0 0.5 1.0 15 2.0 25 3.0
Time [s]
0.25
= 0.20
> S
S 015 soL
(b) = 0.0
— 0.054
000 T T T T T 1
0.0 0.5 1.0 15 2.0 25 3.0
Time [s]
0.25
— 0.201
>
© o 0157 —TA
E 0.10
= a%—/\J/\\/rv\__/vrhgg\ggggﬁ
0.00 T T

T
0.0 0.5 1.0 15 2.0 25 3.0
Time [s]

—— Torque
—— Approximation

T
0.0 0.5 1.0 15 2.0 25 3.0
Time [s]

Normalized Elastic Torque [%)]

Fig. 2. Typical example of the observed and estimated data (subject
G, 2 kg). (a) angle , (b) IEMG of the soleus muscle, (c) IEMG of the
tibialis anterior muscle, (d) normalized elastic torque
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Fig. 3. Typical example of the relationship between the time con-
stant and frequency of the normalized elastic torque. (circles: 1 kgf;
triangles: 2 kgf; squares: 3 kgf; closed markers: healthy subjects;
open markers: hemiplegic subjects; red: Subject E, AS 0-1; green:
Subject D, AS 2; blue: Subject G, AS 2-3)

relationship between the Ashworth scale and D of all sub-
jects. D1 and D5 tended to increase as the Ashworth scale in-
creased. However, in detail, there are a few exceptions. This
means that both of D and D; are necessary for a quantitative
evaluation of the spasticity in the ankle joint.

IV. CONCLUSION
e The proposed method provided good approximation of
the response in which a subject’s ankle was passively
dorsiflexed by a step-like torque.

e We proposed two indices reflecting a step-like load de-
pendency and the difference from healthy subjects.

e The proposed indices, D1 and Dy, increased as the Ash-
worth scale increased.
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