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ABSTRACT. Ground reaction force during walking
wis measured and analyzed in 58 patients who had
lieen hemiplegic for more than 6 months. Utilizing the
lmpulse (area between a component curve and the
lnseling) as an assessment value, several parameters
wire selected to represent the characteristics of each
tomponent curve (vertical, fore-aft and lateral) of the
jground reaction force, and correlated with the degree
ol motor recovery in the patients. As a result, a high
vorrelation was found between these parameters and
{he degree of motor recovery, indicating that ground
renction force well reflects the degree of motor
tecovery, which is highly correlated with the gait
ubility of hemiplegic patients. This evaluation
method would also be very helpful for objective and
(uantitative estimation of the gait of hemiplegic
pitients.

Aoy words: gait, hemiplegia, cerebrovascular diseases,
hlomechanics.

INTRODUCTION

Analysis of the ground reaction force has a long
lilstory (6) and many reports on this topic have been
published. Since recent technological developments
hiave made the force plate method more reliable and
loss Lime-consuming, it has become a more feasible
lechnique for evaluation of abnormal gait.

In the present study, ground reaction forces of
liemiplegic patients were measured while the patients
were walking using a large force plate. Since the
peverity of hemiplegic gait accurately reflects the
logree of motor recovery of patients (2, 5), the
sibjects were evaluated for motor recovery, and its
jelationship with the characteristics of ground reac-
flon force during walking was analyzed. In addition,
un attempt was made to assess the usefulness of

ground reaction force measurement for the evalua-
tion of hemiplegic gait.

MATERIALS AND METHODS

The subjects of the study were 58 patients aged between
36 and 71 years (average 55.2 years) with hemiplegia due
to cerebrovascular disease, who had been affected for a
minimum of 6 months. In order to make the criteria for
walking as uniform as possible, patients were selected on the
basis of being able to walk, albeit unstably, without a cane.
In addition they had no higher cortical dysfunction, ataxia
or other particular complications which influenced their
walking.

For each subject, motor recovery in the lower limb was
evaluated using the Brunnstrém method (1), employing the
following briefly defined criteria to define each stage. Stage 1:
Flaccidity. No voluntary movement. Stage 2: Minimal
voluntary movement. Developing spasticity evident. Stage
3: All joint movements synergistic, and spasticity often
marked. Stage 4: Minimal non-synergistic movements.
Stage 5: Selective control of non-synergistic movements.
Stage 6: Isolated joint movements occurring in an integrated
manner. The subjects were classified according to the above
stages as follows: stage 6: 19 patients, stage 5: 14, stage 4: 14,
stage 3: 11 (Table I).

The walkway employed was 10 m long, with a large force
plate (10) (0.8 m x 4m) set in its center. The force place was
formed of four plates (0.4 m x 2m) arranged parallel to the
walkway. The subjects walked along the walkway twice with
shoes, but without a cane or orthosis, at their most com-
fortable speed.

Ground reaction forces were recorded for the left and right
limbs separately for more than 10 steps in each subject, and
divided into three components perpendicular in direction to
one another. The data for each component (vertical, fore-aft,
lateral) were integrated into impulses, and these were aver-
aged for all steps on each side. The impulse is defined as the
change in momentum, and is also expressed as the area
formed between the curve of each component and the
baseline in the diagram. In calculating the impulse, each
component was normalized according to the subject’s body
weight to produce values for “relative impulse” which were
the basis for analysis.

Parameters

As the waveform of the ground reaction force in a hemiplegic
gait is very complex (Fig. 1), some characteristic features
found in the waveform were evaluated in this study and
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Table 1. Classification of the patients

Side of

Paralysis
Stage of Number of ——— Age (average)
motor recovery* patients Right Left (yr)

6 19 8 11 39-71(56.2)
5 14 6 8 36-70 (51.2)
4 14 4 10 48-67 (60.1)
3 11 6 5 39-69 (52.2)
Total 58 24 34 36-71(55.2)

* See text.

quantified using the impulse and the average height of the
component curve (the value of the impulse divided by the
duration of force) (Fig. 2).

Vertical component

The ratio of the impulse of the affected limb divided by that
of the unaffected one was used as a parameter, A, and the
average component curve, which represents the impulse
(force/subject’s body weight x gravity) divided by the dura-
tion of force, was used as a parameter, B. Parameter B has
two values which correspond to each limb of the patient.
Fore and aft component:

The ratio of the impulse of the acceleration force to the
sum of the impulses of the deceleration and acceleration
forces (absolute value) was used as a parameter, C, which
also has two values corresponding to each limb of the
patient.

Lateral component

The average value of the lateral force of the affected limb
divided by that of the unaffected one (absolute value) was
adopted as another parameter, D.

Correlations between the above parameters for each
component and recovery stage were calculated using the
Pearson r coefficient, and differences between groups were
examined using Student’s f-test.

RESULTS

The value of parameter A increased with the stage of

a

Fig. 1. Vertical component curve at free walking. a; normal
gait. b and c; hemiplegic gait. Solid lines represent unaffected
side and dotted lines represent affected side. As the com-
ponent curves of hemiplegic patients are complex and the
number of peaks differs between patients, evaluation on the
basis of peak values is difficult.
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motor recovery from paralysis (improvement of stage]
and approached 1.0 at stage 6 (Fig. 3). Upon examin
ing the correspondence between parameter A and
stage of motor a strong corrclation
(r=0.731, p < 0.001) was seen, and there were sigs
nificant differences between stages 6 and 5, and alsg
between stages 5 and 4.

The value of parameter B also increased with the
stage of motor recovery from paralysis on both side

recovery,
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Fig. 2. Definition of parameters. Z,, Z,, Y, Y1, X, and X3
represent impulse of each component. Impulse is equivalent
to the area formed between the component curve and the
baseline. Parameters B and C for each patient have 2 value§
which correspond to the unaffected and affected sides.
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Fg. 3. Parameter A. The ratio of the impulse of the affected

limb to that of the unaffected limb (vertical component). The
vertical bars represent standard deviation for mean para-
meler values. Correlation coefficient is 0.731 (p < 0.001). ***

I'he difference in mean parameter value between recovery
slupes was significant (p < 0.001).

{Iig. 4), and was higher on the unaffected side than on
the affected side at all stages. Coefficients of correla-
tlon between the parameters and the stage indicated a
very significant relationship (unaffected side;
r— 0507, p<0.001, affected side; r=0.816,
< 0.001). Significant differences were seen between
Mupes 5 and 4, and between stages 4 and 3 on the
ilfected side.
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Fig. 4. Parameter B. The average height of the curve of a
yertical component. Foree is standardized according to the
sibject’s body weight. The vertical bars represent standard
eviation for mean parameter values. Correlation coefficients
ure 0.507 (p < 0.001) on the unaffected side and 0.816
(p < 0.001) on the affected side. ** = The difference in
mean parameter value between recovery stages was signifi-
cant (p < 0.01).
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Fig. 5. Parameter C. The ratio of the impulse of an accelera-
tion force to the sum of the impulses of deceleration and
acceleration force (absolute value). The vertical bars repre-
sent standard deviation for mean parameter values. Correla-
tion coeflicients are 0.692 (p < 0.001) on the unaffected side
and 0.787 (p < 0.001) on the affected side. * = The difference
in mean parameter value between recovery stages was
significant (p < 0.05). *** = p < 0.001.

Among the fore and aft components, the value of
parameter C in the unaffected limb was larger than
0.5, and became closer to 0.5 as motor recovery
progressed. On the other hand, in the affected limb,
the value of C was less than 0.5, and became closer to
0.5 as the stage of motor recovery increased (Fig. 5).
Significant correlations between the parameters and
the stage were also seen (unaffected side; r = 0.692,
p < 0.001, affected side; r = 0.787, p < 0.001). Sig-
nificant differences were observed between stages 6
and 5, and between stages 5 and 4 on both sides.

The value of parameter D exceeded 1.0, and
approached 1.0 as the stage of motor recovery
increased (4, 5, 6). The value of this parameter for
stage 3 was smaller than that at stage 4 (Fig. 6).
Significant correlations between parameter D and
stage were seen (r = 0.465, p < 0.001) but the degree
of correlation was lower than those between the other
parameters and the stage. Significant differences were
seen between stages 6 and 3, and between stages 5 and 4.

DISCUSSION

In order to clarify the characteristics of human gait,
analysis should be conducted from many view-
points using electromyography, electrogoniometry,
videorecording and so on, and the data obtained
should be synthesized to form a complete picture.
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Fig. 6. Parameter D. The ratio of the average height of a
lateral component curve for the affected limb to that for the
unaffected limb (absolute value). The vertical bars represent
standard deviation for mean parameter values. Correlation
coefficient is 0.465 (p < 0.001). ** = The difference in mean
parameter value between recovery stages was significant
(p < 0.01).

Measurement of ground reaction force is useful for
studying the dynamics of gait as a whole, and a variety
of data processing methods have been developed and
applied for this purpose (3, 7). The type of data
processing that should be employed depends on the
characteristics of the abnormal gait studied. A hemi-
plegic gait is considerably different from a normal
gait, and the waveform of the ground reaction force is
very complex (Fig. 1). For example, in methods using
characteristic features (such as the peak), the determi-
nation of these features is fraught with difficulties and
the results tend to be obscure. Therefore, it is impos-
sible to make an accurate evaluation. Accordingly, we
adopted a method using impulse (area) as a means of
analysis. Although this method also has a drawback
in that fine data on ground reaction force are likely to
be omitted, it allows not only an accurate under-
standing of the characteristics of the original wave-
form, but also makes it possible to quantify them.
By reducing differences between data obtained for
various subjects, some parameters of gait can be made
uniform at measurement. Although hemiplegic
patients have difficulty in walking with a fixed
cadence or step length, the characteristics of their
gait can only be deduced sufficiently upon free walk-
ing, and therefore in this study the subjects were
directed to walk freely at their most comfortable
speed. On calculation, force was divided by body
weight, and then parameters B and D were divided
by time in order to achieve standardization. However,
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Table II. Significant correlations between the para-
meters and walking speed

Correlation coefficient

Stage of motor

Parameter* recovery** Walking velocity
A 0.731 0.444
B (unaffected) 0.507 0.265
B (affected) 0.813 0.306
C (unaffected) 0.692 0.489
C (affected) —0.787 —0.582
D —0.465 —0.325

* See Fig. 2. ** See text.

complete normalization which abolished the variation
in cadence or walking speed was impossible because of
the large differences in the waveform of the reaction
force at different velocities.

There is no absolute method for evaluating hemi-
plegic gait, but motor recovery from paresis is con-
sidered to correspond to overall gait ability (2, 5). In
our study, the gait speed, cadence (number of steps
per minute) and stride length of each patient during
free gait, which represent one aspect of gait ability (8,
11), were measured simultaneously and found to be.
dependent on the stage of motor recovery from
paralysis (Fig. 7). Therefore we adopted the Brunn-
strom method (1), which indicates the stage of motor
recovery from paralysis as a standard, and analyzed
its correspondence with formulated parameters of
ground reaction force. We found that these para-:
meters corresponded closely to the stage of motor
recovery. Since the degrees of correlation were larger
than those between the parameters and walking speed
(Table II), the parameters reflected not only gait speed
but also some other factors related to walking.

The vertical component is the load imposed on the
stance leg in the vertical direction while walking, and
hence the parameter A expressed by this component
(affected limb impulse/unaffected limb impulse) is
considered to reflect mainly load ability. In this
study, the better the motor recovery from paralysis,
the greater the load on the patient’s affected limb
during walking. As hemiplegic patients probably exert
more load on the unaffected limb while walking than
healthy individuals, the load on the unaffected limb
becomes smaller and approaches the normal level with
motor recovery.

Parameter B, which is the average height of the
curve for the vertical component, is influenced by the
slope of the curve. If patients have a foot deformity or
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Fig. 7. (a) Walking velocity. (b) Cadence. (c) Stride length.
Recovery from paralysis was well reflected in each factor
during free walking. The vertical bars represent standard
deviation for mean parameter values. Correlation coefficients
ire 0.623 (p < 0.001) in 7a, 0.543 (p < 0.001) in 7b and 0.787
(p < 0.001) in 7c. * = The difference in mean parameter
value between recovery stages was significant (p < 0.05). **
p < 0.01. *** = p < 0.001.
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lower limb instability, they cannot allow their affected
limb to support their body weight suddenly (i.e.
perform weight shift) at heel strike. As a result, the
slant of the curve of the ground reaction force
becomes gentle. Generally, if the shift of weight
from the affected to the unaffected limb or vice versa
cannot be performed smoothly, the gradient of the
component curve at heel strike and toe raising
becomes small. Also, in a gait which has a relatively
high ratio of the double support phase, parameter B
also becomes small. Accordingly, this parameter B
reflects the smoothness of weight shift as a whole. This
study showed that hemiplegic patients were able to
walk more smoothly with the progress of motor
recovery.

In the fore and aft components, we found that the
value of parameter C for a normal gait {constant
velocity) was about 0.5 in 25 healthy adults we
examined. There was a clear tendency for the impulse
of the acceleration force to be larger than that of the
deceleration force in the unaffected limb (parameter
C > 0.5), whereas in the affected limb the former was
smaller than the latter. The possible causes of such a
gait include restriction of hip extension and ankle
dorsiflexion on the affected side, or synergistic
motion and limited kicking power (acceleration) of
the whole affected limb during walking. These
abnormalities would be manifested as asymmetry of
two successive steps (9). Our results showed that the
push-off force of the affected limb became large and
that the asymmetry characteristic of gait disturbance
improved with recovery from palsy.

The peak value of the lateral component of the
affected limb tended to be higher than that of the
unaffected limb. Therefore, parameter D exceeded a
value of 1 in most patients. The lateral component is
considered to be related to gait stability and step
width (3). We speculate that the height of the compo-
nent curve during a single stance would increase as the
distance from the body’s centre of gravity to the
stance leg increases. In other words, in patients
where the body’s center of gravity moves near to the
unaffected limb, and body weight does not depend on
the affected limb, the curve of the lateral component
for the affected limb is thought to be higher than that
of the unaffected limb.

We have thus analyzed the ground reaction force
of a hemiplegic gait and demonstrated that it reflects
accurately the degree of recovery from paralysis,
being a useful parameter for evaluating the gait
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of hemiplegic patients. The parameters described
above have a high correlation with the gait ability of
hemiplegic patients with respect to motor recovery.
This method of evaluation can thus provide an
objective and quantitative estimate of hemiplegic
gait.
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