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Kinematic quantification of gait asymmetry in patients
with peroneal nerve palsy based on bilateral cyclograms
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Abstract

Nowadays, bipedal walking is undergoing extensive study. Several methods can be used in physiotherapeutic research for iden-
tifying defects in bipedal walking as a result of pathology of the musculoskeletal or nervous system. Our work focuses on studying
asymmetry of walking based on synchronized bilateral knee-knee cyclograms. Participants presenting with peroneal nerve palsy
and foot drop were included in the study. The bilateral cyclograms, also called angle-angle diagrams, were created to quantify
gait asymmetry before and immediately after application of a brace. In order to quantify the asymmetry of human walking, we
have described and tested the application of the method based on the inclination angle of the synchronized bilateral cyclograms.
The symmetry index (SI) was used as a comparative method to evaluate the symmetry of bipedal walking. The method based on
the orientation of the cyclograms can be used as an additional method for determining the gait asymmetry. The new technique

has never been applied before to study the gait asymmetry in patients with peroneal nerve palsy or patients with leg brace.
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Introduction

Currently, several methods can be used in physiotherapeutic
research for identifying defects in bipedal walking as a result
of pathology of the musculoskeletal or nervous system. The
most widely used technique for studying gait in clinical prac-
tice is gait phase analysis'?. Very intensive research is now
being done on using electromyography (EMG) measurements
to study musculoskeletal system of lower limbs**. For a study
of gait we used method based on an analysis of gait angles
using cyclograms (also called angle-angle diagrams or cy-
clokinograms). The first mention of the cyclogram argued that
a cyclic process such as walking is better understood when
studied with a cyclic plot’. The creation of cyclograms is based
on gait angles that are objective and well suited for statistical
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We focus on the potential use of cyclograms for the evalua-
tion of the gait asymmetry in patients with peroneal nerve palsy
and/or patients with leg brace. Symmetry is an important indi-
cator of healthy gait or proper walking technique. Gait symme-
try can be affected negatively by various factors. Several
methods can be used for identifying asymmetry in bipedal
walking. At present, algebraic indices and statistical parameters
represent two major classes of symmetry quantifiers’*'®. Alge-
braic indices include the symmetry index and the ratio index.
Symmetry index and the ratio index compare bilateral variables
such as maximum joint angles. These parameters depend on
discrete variables and are unable to reflect the asymmetry as it
evolves over a complete gait cycle. Statistical methods such as
paired t-test and PCA, and parameters such as correlation co-
efficients, coefficient of variation and variance ratio have also
been used to quantify the gait asymmetry'*"”. These parameters
do not usually suffer from the limitations of the algebraic in-
dices, but their computation is more complex and interpretation
is less clear. In 2003, Goswami introduced a technique based
on the geometric properties of symmetric angle-angle dia-
grams’, also called bilateral cyclograms'. The technique is
rooted in geometry and the symmetry measures are intuitively
understandable. The cyclograms are closed trajectories gener-
ated by simultaneously plotting two joint variables. In order to
quantify the symmetry of bipedal walking, in the study was



used a synchronized bilateral cyclogram which represents the
same joint and two sides of the body'?, i.e. the approach is based
on the symmetry of joint angle evolutions'*'®, The area within
the synchronized bilateral cyclogram and its orientation are pa-
rameters used to evaluate the symmetry'*'**. For the ab-
solutely symmetrical gait, the area within the curve is zero and
its orientation is forty five degrees".

In our work, we will describe and test the application of
method based on the cyclogram orientation (i.e. inclination)
to analyze the gait of participants with peroneal nerve palsy?'
and leg brace. Peroneal nerve palsy is the most common en-
trapment mononeuropathy in the lower extremity. Patients usu-
ally present with a foot drop and sensory disturbance over the
lateral calf and the dorsum of the foot. Foot drop is the com-
mon name for a condition called dorsi-flexion weakness of the
foot™. To dorsiflex the foot while walking, orthopedic devices,
i.e. orthoses, were developed. These devices may include
braces, splints, figure-eight elastic straps, orthopedic shoes,
and any other means. The orthoses are divided into three main
categories: conventional ankle foot orthosis (AFOs), dynamic
ankle foot orthoses (DAFOs) or carbon composite ankle foot
orthoses (C-AFO)%.

In the case of the use of orthosis for dorsiflexion, the ankle
angle is directly affected by the brace. The hip angle is more
difficult to measure accurately and is affected by the knee
angle. On the other hand, the knee angle is commonly meas-
ured for purposes of orthopedics and rehabilitation applica-
tions*. For these reasons, we will test the application of
method based on the cyclogram orientation (i.e. inclination)
by using measured knee joint angles.

Methods
Participants

The set of data to create and study angle-angle diagrams
was measured on nine volunteers/adult participants (age of
46+15 years) with peroneal nerve palsy. They were recruited
from patients of the Rehabilitation Center Kladruby (Kladruby
u Vlasimi, the Czech Republic). Participants (four women and
five men) were randomly selected, with different ages, weights
and underlying diseases. All participants were characterized
by the presence of a foot drop. Some of them had uncompli-
cated surgical interventions and the passive ankle stretching
was implemented in the rehabilitation protocol. Participants
were qualified for a one-week rehabilitation stay at clinic and
selection of appropriate brace. All participants were measured
at the beginning of the rehabilitation stay.

Measurement equipment

We can use several methods and MoCap systems for meas-
uring movements in two/three dimensional space. We used
medical camera system with active markers, Lukotronic AS
200 (Lutz Mechatronic Technology e.U.) system. Active LED
markers were placed on the following anatomical points:
malleolus lateralis, epicondylus lateralis, trochanter major and
spina iliaca anterior superior, Figure 1. The markers are placed
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Figure 1. Example of the location of IR markers and angles measured
during the examination'’.

in accordance with the recommendation of the manufacturer
of the widely-used Lukotronic AS 200 system with GaitLab
software™?*’ (Lutz Mechatronic Technology e.U.). Infrared
markers are fixed only on the lower parts of body, i.e. lower
limbs. We also used GaitLab software and MatLab Simulink
(The MathWorks Inc.) software to identify the joint angles of
the lower limbs'*****, Kinematics model in the GaitLab soft-
ware is used to identify the angles and MatLab Simulink'®?®
is used for graphical presentation and further processing in the
MatLab software (i.e. creation of 2D diagrams, identification
of the forefoot / foot flat-touchdown, etc.). Using these tech-
niques, we can record and study the movement in a three-di-
mensional space, though we primarily study the movement in
a two-dimensional sagittal plane.

Participants were asked to walk without an orthosis, and
with Foot-Up splint and calf mounted support strap. The Foot-
Up splint (made by Ossur h.f. of Reykjavik, Iceland) is a light-
weight non-plastic ankle orthosis, i.e. “DAFO”, designed to
provide support for drop foot. This orthosis provides improve-
ment in the patient’s gait by providing a support moment, i.e.
the foot is raised. The Foot-Up splint combines two separate
parts; an ergonomic ankle wrap/cuff, which connects to a plas-
tic inlay (or strap) that fits between the tongue and the laces
of a shoe. The calf mounted support strap, type 702(long),
(made by SANOMED s.r.0. of Brno, Czech Rebublic) is a
lightweight plantar fasciitis splint, i.e. “DAFO”. The vertical
support strap combines two separate parts; an ergonomic calf
wrap, which connects to a plastic inlay (or strap) that fits be-
tween the tongue and the laces of a shoe.

Test procedure

The participants were asked to walk properly on a treadmill.
The walking speed was 2.3 km/h for studying the proposed
method. We assume that improvement or deterioration of gait
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symmetry is not primarily influenced by walking speed. First,
participants walked without the orthosis and any support de-
vices, and the joint angles (left/right knee angles) were meas-
ured on participants. After that, the physician recommended
appropriate orthopedic devices (Foot-Up splint and support
strap) to dorsiflex the foot at the ankle. Then participants were
asked to walk immediately after the application of two types
of orthopedic devices. Nine participants were measured three
times: without orthosis, with Foot-Up splint and with calf
mounted support strap.

Data processing

After obtaining the measured data, we identified joint angles
and created unsynchronized bilateral cyclograms in MatLab
software'*'®, Figure 2. The deviations of the angles are also
caused, for example, by a tremor of a body part or parts, Figure
2. Therefore, it is necessary to create a cyclogram by using un-
filtered measured data about the joint angles, Figure 2.

After the measurement, data processing and calculation of
knee joint angles®™?*’, we used the method based on synchro-
nization of two angle plots to obtain bilateral knee-knee cy-
clograms®. A prominent gait event such as the heel-touchdown
or forefoot/foot flat-touchdown (in the case of patients with
movement disorders) was used to synchronize the two plots.
The vertical position, velocity and acceleration of the marker
on the malleolus lateralis is also measured (by the Lukotronic
AS 200) and plotted to identify (by the MatLab) the ground
foot contact. Ground foot contact is determined by the first
peak (corresponding to the impact i.e. significant deceleration
of the whole foot) in the vertical velocity and acceleration
curve of the marker on the malleolus lateralis within a window
of the order of one gait cycle®. The identification was made
by MatLab, and final verification was made by a person in
order to ensure maximum accuracy of the synchronization. For
accurate calculation of geometric characteristic of the cyclo-
gram (i.e. inclination angle), only the measured data describing
the entire cycles are used. The first and last 3 gait cycles of
each walking trial were excluded from the analysis to avoid
acceleration and deceleration phases and only cycles corre-
sponding to a constant speed are used. We used three or four
entire gait cycles of each walking trial to determine the value
of the geometric characteristic of a cyclogram.

The two-dimensional synchronized bilateral cyclogram,
Figure 2, represents a set of states of the two knee angles. For
a symmetric gait a properly synchronized twin trajectories
from corresponding joints should be identical, and synchro-
nized bilateral cyclogram should lie on a symmetry line'*. The
“ideal” symmetry line is a straight line passing through the ori-
gin inclined at an angle 45°. We can mathematically calculate
the cyclogram’s deviation from the “ideal” symmetry line to
obtain a quantification of gait symmetry. Therefore, we use the
orientation of cyclogram to evaluate the symmetry"*.

The plotted bilateral cyclogram represents a set of states,
and thus we can use the Linear regression to determine the
value of inclination (i.e. cyclogram orientation). Linear regres-
sion is the least squares estimator of a linear regression
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Figure 2. Example of an unsynchronized bilateral knee-knee cyclo-
gram (A) and the synchronized bilateral cyclogram (B).
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Figure 3. Example of a synchronized bilateral cyclogram with the
principal axis and symmetry line.

model”””. Simple linear regression fits a straight line (axis)
through the set of points (i.e. states). The polynomial equation
of the major axis regression (principal axis) is:

Br= aota; - Br, (1)
a, and a; are parameters identified by estimator (i.e. MatLab
software). When f3, is the dependent variable of the first angle,
i.e. right knee angle, and the /3, is the independent variable of
the second angle, i.e. left knee angle, the direction (slope) of
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A. Measured data

Participant Inclination angle (deg) Symmetry index (-)
Without orthosis ~ Foot-Up splint ~ Support strap Without orthosis Foot-Up splint  Support strap
1. 47.6 43.1 44.1 0.88 0.96 1.04
2. 224 432 49.5 0.64 0.71 0.68
3. 51.3 56.6 62.9 1.27 1.45 1.95
4. 57.5 52.9 21.7 0.53 0.73 0.56
5. 41.6 49.7 49.6 0.88 0.89 0.89
6. 40.6 38.1 349 0.80 0.84 0.89
7. 49.3 59.3 71.2 0.53 0.43 0.40
8. 48.0 45.0 40.5 1.01 1.03 1.15
9. 42.0 38.5 329 0.90 0.82 0.66
B. Descriptive statistics
Statistical variable Inclination angle (deg) Symmetry index (-)
Without orthosis ~ Foot-Up splint ~ Support strap Without orthosis Foot-Up splint  Support strap
Median 493 515 55.1 0.80 0.82 0.68
Ql 48.0 46.9 49.6 0.64 0.71 0.56
Q3 51.3 52.9 62.9 0.88 0.89 0.89

Table 1. Measured data (A) and descriptive statistics (B) of the inclination angle and symmetry index before and after the application of the

Foot-Up splint and support strap.

the principal axis, i.e. inclination angle 6 of angle-angle dia-
gram, is obtained from the parameter o, as follows

tanB= a,. (2)

For a better interpretation, we can visualize the data in mod-
ified synchronized bilateral cyclograms with the principal axis
and “ideal” symmetry line, Figure 3. Circular marks on the tra-
jectory, Figure 3, correspond to the moments of measurement,
i.e. recording (sampling frequency is 60 Hz). Therefore, it is
possible to directly read from the plotted cyclogram that the par-
ticipant changed the values of the angles quickly or slowly. From
a distance of the time-marks, which represent the instantaneous
values of the angles, we see that the value of the angle is rapidly
changed near the maximum and minimum knee angle. The Fig-
ure 3 shows the principal axis of the cyclogram i.e. the cyclo-
gram’s deviation from the “ideal” symmetry line. It is obvious
that the principal axis of the cyclogram does not pass through
the origin because the cyclogram can also be shifted.

The symmetry index (SI) was used as a comparative method
to evaluate the symmetry of bipedal walking™**. We used the
“kinematic” symmetry index, also known as “symmetry ratio”.
The Symmetry Index is defined as the ratio of the joint angles
on the non-paretic side to that on the paretic side. The index
represents the difference between the range of motion (ROM),
i.e. joint mobility, on the unaffected side and the range of mo-
tion (ROM) on the affected side. In case the value of the SI is
one, the ranges of joint motions are equal on the left and right
side of the body. In case of our study, the motion analysis in-
volved determination of the ROM of the knee in the sagittal
plane. Asymmetries in gait parameters were quantified using
the following simple formula:

ROM nom- paretic (3)

ROM paretic

where ROM is the “range of motion” of the knee joint of non-
paretic leg or paretic leg. The symmetry index is related to the
maximum angles (i.e. maximum angle on right side and maxi-
mum angle on left side). After the measurements, the symmetry
indexes and the inclination angles of cyclogram are calculated.

The principal axis of the bilateral cyclogram is inclined at an
angle 0, the range of values is 0°<60<90°. The ideal inclination
angle is 45°. The range of values of the symmetry index is (-co,
+o0). The ideal symmetry index is SI=1. Unfortunately, the value
of the inclination angle and symmetry index can be smaller or
larger than the ideal value. Therefore, it is difficult to interpret
the relationship between the inclination angle and the symmetry
index. In order to determine the relationship between the incli-
nation angle 6 of cyclogram and “kinematic” symmetry index,
we used a mathematical technique. The difference (i.e. cyclo-
gram’s deviation) of identified inclination angle of the bilateral
cyclogram and ideal inclination angle is AG=]45°-0 |. Obviously,
the greater the difference, the greater the asymmetry. For a better
interpretation of the 6, it is suggested that if 6<45° then
0=45°+A0, and thus 45°<6<90°. The difference of the identified
SI and ideal SI is ASI=|1-SI|. Obviously, the greater the differ-
ence, the greater the asymmetry in ROM. For a better interpre-
tation of the SI, it is suggested that if SI=1 then SI=1-AS/, and
thus the range of values of the suggested S7 is (-0,1).

SI=

Statistical analysis

After calculating the SI and 6 of the synchronized bilateral knee-
knee cyclograms of the participants without orthosis and with
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Figure 4. The relationship between the inclination angle and the sym-
metry index.

Foot-Up splint or support strap, the statistical analysis of these
characteristics was also performed using the MatLab software.

First, we used the measured data (Table 1) to illustrate the
relationship between the inclination angle and the symmetry
index. We calculated the regression equation of the regression
line, squared value (i.e. coefficient of determination) and Pear-
son product-moment correlation.

Second, we calculated the median, first quartile (Q1) and third
quartile (Q3). We used the descriptive statistic to illustrate the re-
lationship between the SI of the participants without orthosis and
SI of the participants with Foot-Up splint or support strap, and
between the 6 of the synchronized bilateral knee-knee cyclo-
grams of the participants without orthosis and 6 of the partici-
pants with Foot-Up splint or support strap. The Jarque—Bera test
(in MatLab software) was used to test the normal distribution of
all parameters. The test returns the value h=1 if it rejects the null
hypothesis at the 5% significance level, and h=0 if it cannot.

The data about the SI and 6 of the synchronized bilateral
knee-knee cyclograms of the participants without orthosis were
compared with data about the SI and 6 of the synchronized bi-
lateral knee-knee cyclograms of the participants with Foot-Up
splint and support strap. The Wilcoxon signed rank test was used
to assess the significance of the differences between values ob-
tained before and immediately after the application of the or-
thoses. The used two sample (paired) Wilcoxon signed rank test
(a nonparametric test analogous to the paired t-test) tests the null
hypothesis that the two samples come from measured data with
the same median. The significance level was set at p<0.05.

Results

The following chart (Figure 4) shows the relationship be-
tween the inclination angle and the symmetry index (Table 1),
where the regression equation of the regression line is 6=70.7-
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23.9-SI and squared value (i.e. coefficient of determination) is
0.53. The Pearson product-moment correlation coefficient is -
0.73. Correlation coefficient (-0.73) is statistically significantly
different from zero and indicates a strong negative correlation
between the inclination angle and symmetry index. The rela-
tionship between the SI and 0 is evident, see Figure 4. The re-
sults also indicate that both methods (based on the inclination
angle and symmetry index) show slightly different results.

The Jarque-Bera test returns h=1 in all cases. Since the data
did not have a normal distribution, the Wilcoxon test was used
to analyze this data. Participants with the Foot-Up splint did
not demonstrate significant difference in SI (p=1.00) and in-
clination angle (p=0.82). Participants with the Support strap
also did not demonstrate significant difference in SI (p=0.43)
and inclination angle (p=0.20). All calculated p-values were
greater than the significance level (p<0.05). Therefore, we do
not reject the null hypothesis, and there is no significant dif-
ference between the data measured before and the data meas-
ured after the application of the orthoses. The data measured
after the application of the support strap indicate the slight in-
crease of the median of the inclination angle and slight de-
crease of the median of the symmetry index. It shows
deterioration in gait symmetry, but it is negligible (according
to the Wilcoxon signed rank test).

Discussion

The symmetry quantification technique based on the incli-
nation angle of the synchronized bilateral knee-knee cyclo-
grams is sensitive to the precision of synchronization of the
two signals and the quality of the signals. As we can see from
the examples above, it is not necessary to normalize the data
because the angles used to evaluate the gait asymmetry are in
degrees, and thus without the influence of the body height and
weight of measured subject on the angles.

The methods based on the inclination angle and symmetry
index show slightly different results. The reason of slightly dif-
ferent results is that the symmetry index depends on discrete
variables and is unable to reflect the asymmetry as it evolves
over a complete gait cycle. However, we can see the different
sizes of joint angles during specific phases of the gait cycle
and the irregular curve of bilateral cyclogram, Figure 2. The
inclination angle of the synchronized bilateral knee-knee cy-
clogram depends on the complete gait cycle, i.e. evolutions of
joint angles over time, see Figure 3.

The results also indicate that the new method based on cy-
clogram and method based on the SI did not identify signifi-
cant improvement in the gait symmetry after the application
of the Foot-Up splint or support strap. Although we expected
some improvements in symmetry evaluated by symmetry
index and inclination angle, the results are not conclusive. The
participants were measured immediately after the application
of orthopedic devices, and they were not accustomed to the or-
thoses. Also, the physician applied the orthoses without using
a MoCap system, and only the ankle angles used to evaluate
the walking performance. Therefore, the only immediate result



of the application of orthoses is a very significant visual im-
provement in ankle joint function during the gait trials.

Also note that algebraic indices (i.e. SI) cannot be used to
identify the gait asymmetry caused by a tremor or similar
movement disorders because they compare only discrete vari-
ables such as maximum joint angles. On the other hand, the
inclination angle also indicates the deviations of joint angles'®
caused, for example, by the mentioned tremor. However, it is
necessary to create a synchronized bilateral cyclogram by
using unfiltered measured data about the joint angles. There-
fore, it is preferable to use an inclination angle of the synchro-
nized bilateral knee-knee cyclograms to the study of patients
with movement disorders.

Conclusions

The synchronized bilateral knee-knee cyclograms inform us
about the gait symmetry and this information could be impor-
tant in rehabilitation medicine, and also could be used in control
algorithms for lower limb prostheses or bipedal robots. For the
purposes of locomotion therapy*, a new software system could
use the method for a driven robotic gait orthosis. This work has
not attempted to describe all potential ways of applying the in-
clination angle of the synchronized bilateral knee-knee cyclo-
grams. We have shown new method that has subsequently been
tested on participants with peroneal nerve palsy. Our results in-
dicate that the new method based on cyclogram and method
based on the SI did not identify significant improvement in the
gait symmetry after the application of the orthoses. It is ex-
pected that after a long application time of the orthoses, the par-
ticipants will get used to the orthoses, and posture and gait will
be improved. In the future study, we plan to measure more par-
ticipants with other types of orthoses, and evaluate the gait sym-
metry during a longer period of therapy.
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