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Abstract: The aim of this study was to determine the gait features that are most suitable for the
quantified assessment of the severity of Parkinson’s disease (PD). This study computed the mean and
variance of the four phases of gait intervals, i.e., stride, swing, stance and double-support intervals,
and lateral difference to determine the difference between three groups, i.e., control subjects and PD
patients with two severity levels (early and advanced stage) of the disease, PD1 and PD2. Data from
31 subjects were used in the study. The data were obtained from the public database (16 control
healthy subjects, 6 Parkinson’s disease patients with early stages, and 9 Parkinson’s disease patients
with advanced stages based on the Hoehn and Yahr scale). The main outcome measure of the
study was the group difference of the four gait interval parameters and the statistical significance
of this difference. The results show that there was a significant increase in the variance of the four
gait intervals with the severity of the disease. However, there was no significant difference in the
mean values between the three groups. It was also observed that the fraction corresponding to the
double-support interval was significantly higher for PD patients. This study has shown that the
variance of the gait parameters and the fraction of double-support interval are associated with the
severity of PD and may be suitable measures for a quantified evaluation of the disease.
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1. Introduction

The walking style of Parkinson’s disease (PD) patients, the Parkinsonian gait (PG), is characterized
by small shuffling steps and hypokinesia in comparison with normal subjects, whose gait is thythmic
when walking on an even surface [1]. There is significant deterioration of the gait of PD patients with
the progression of the disease [2—4], and this is a major cause of their falls and injuries [2,5,6].

In comparison with control subjects, PD patients have reduced stride length [7,8] and walking
speed [7,9] with increased double-support duration [10-13] during free ambulation on an even surface.
Neurologists monitor their patients by observing their gait, to determine the progression of the disease
and the efficacy of treatments [14-16]. This requires a significant amount of time on the part of
experienced neurologists, and there is a need for quantifiable gait analysis that can be performed
without the extensive infrastructure used to monitor the severity of PD.

Many studies have quantified the difference in the gait of PD and control subjects by using devices
such as insole sensors to record the gait parameters [17-20]. It has been found that there is higher
variability [18,21,22] and changed fractal properties [17,18,23,24] of the inter-stride intervals in PD
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patients. Osamu et al. [25] studied the spectral properties of stride variability and found that the range
of power spectrum was four times larger for PD than control. Krishnan et al. [26] have developed
a statistical model to describe the higher gait variability in PD patients. This increase has been proposed
for diagnostics and monitoring the progression of the disease.

A number of factors can influence the change in the gait of a person, and the inter-stride interval
is very gross and unspecific. Besides neurological disorders such as PD, a skeletal disease such as
arthritis can also reduce the speed of walking and increase the variability in the inter-stride interval.
Further analysis of the gait is required to identify the changes due to this disorder.

Gait has four major subcomponents that can be estimated from the heel-strike data: stride, swing,
stance, and double-support intervals. The swing phase resembles the motion of a free-swinging
pendulum [27,28], requiring minimum neuromuscular control, and is thus expected to be least
disturbed by a neurological disorder. This is confirmed by the observation that in PD patients,
swing-time variability is not affected by changes in gait speed [29]. The stance phase, on the other hand,
requires the simultaneous control of multiple muscles and is most likely to be affected by neurological
disorders [23]. This explains the significant increase in the percentage of the stance phase in PD patients
when compared to that of the control group [30], and the increased double-support duration [30,31].
This paper reports a statistical analysis of the four phases of the gait of PD and control subjects to
identify which of these are most affected by disease and could thus be considered for diagnosing or
monitoring PD.

The other important factor of gait that can be obtained from the heel-strike data is lateral asymmetry.
There is a natural asymmetrical gait pattern in humans due to limb dominance [32]. During walking,
the nondominant lower limb contributes more towards support, and the dominant limb contributes
more to propulsion [33]. However, loss of limb coordination in producing rhythmic motion may cause
pathological asymmetric gait [34]. This project has also investigated the lateral difference in the gait
parameters for PD patients.

2. Materials and Methods

2.1. Details of the Dataset

The study has investigated a public dataset [35] of the gait data of 31 subjects: 16 control subjects,
referred to as CON, 6 patients with early stages of PD, referred to as PD1, and 9 with advanced stages
of PD, referred to as PD2 [36]. The severity of PD was based on the Hoehn and Yahr scale (H&Y);
PD1 corresponded to a H&Y value between 1 and 2.5, and PD2 to a H&Y value between 3 and 4.
The anthropometric details of the subjects are listed in Table 1.

Table 1. Anthropometric details of all subjects.

Anthropometric Parameter CON (n=16) PD1 (n =6) PD2 (n=9)
Age (years) 45.66 + 9.14 66 +14.3 67.33 8.7
Height (m) 1.83 + 0.085 1.88 +0.12 1.85 +0.17
Weight (kg) 68.935 +10.75  81.33 +14.3 70.88 + 17.66
Gender (male: female) 2:14 1:5 4:5

The data was recorded using bilateral insole force sensors while the subjects walked at their
preferred speed along a 160 m long level ground for 6 min without stopping. The first 30 s of each
subject’s time series were removed to minimize any start-up effects.

2.2. Data Analysis

The database consists of the four gait parameters: stride interval, swing interval, stance interval,
and double-support interval, shown in Figure 1.
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Figure 1. Representation of gait intervals.

The first step was the visualization of the data, which was done by plotting the histogram of
the four parameters for each side and for each subject. The next step was computing the mean and
variance of the four parameters for each subject and for both the right and left sides, i.e., mean stride
interval (us), mean swing interval (us,), mean stance interval (pst4), mean double-support interval (p45),
variance stride interval (o), variance swing interval (0sy), variance stance interval (os,), and variance
double-support interval (o45), with 045 being common for the left and right sides.

The stride interval was analyzed to determine the ratio of the stance and swing intervals. This was
performed to test whether there was a relative increase in the stance phase among PD patients, and this
increased with the severity of the disease.

2.3. Statistical Analysis
The following statistical analysis test was conducted for this study:
(a) Normality test

Prior to the nonparametric test, the Shapiro-Wilk test was conducted to check for normal
distribution of the raw data by considering all the gait parameters. The Shapiro-Wilk test provides the
highest power of distribution when compared to other tests, like the Kolmogorov-Smirnov test or the
Lilliefors correction test [37].

(b) Nonparametric tests

In order to test the significant difference between the groups, a nonparametric test, the Kruskal-Wallis
test, was performed [38]. The variance and mean of gait intervals (variance stride interval (os) and variance
swing interval (0s,), variance stance interval (0st,), variance double-support interval (o) and mean stride
interval (i), mean swing interval (iis;y), mean stance interval (ist;), and mean double-support interval (i45))
were considered for checking the level of significance between the groups.

3. Results

3.1. Histogram

A histogram was used for the graphical visualization of the data to understand the difference
in shape and spread of the data in each group [39]. The group-representative histograms of stride,
swing, stance, and double-support intervals of the right leg on the three groups (CON, PD1, and PD2,
with a randomly selected subject from each group) are shown in Figure 2. The distributions are
unimodal for all four parameters, and the CON subjects have narrow distributions. The distributions
of PD1 are less constricted when compared to those of CON, and those of PD2 were the most spread.
These also show that there was a noticeable increase in the mean stride, stance, and double-support
intervals from CON to PD1 and PD2. However, a decrease in the mean swing interval was observed
when PD2 was compared to CON.
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Figure 2. Histogram plot of subjects randomly selected from each group: (a) stride, (b) swing, (c) stance,
and (d) double-support interval for CON, PD1, and PD2 subjects, respectively.

3.2. Lateral Differences

Table 2 shows the mean and variance of left and right leg gait parameters for CON, PD1, and PD2
subjects. The subscripts I and r denote the left and right leg values of the gait parameters. This shows
that while there was a small difference between the left and right leg parameters for all subject groups,
the statistical analysis did not show any statistically significant lateral difference (p < 0.05). There was no
information in the database regarding the dominant leg, and thus, the dominant leg-based study was not
performed. Further analysis was performed only on the right leg data, which was based on the assumption
that the majority of the subjects were right-dominant.

Table 2. Comparison between left and right leg mean (+SD) and variance (+SD) of gait parameters for

different groups.
Gait Intervals Statistical Parameter CON p-Value PD1 p-Value PD2 p-Value
Ust, 1 1.095 + 0.093 0.462 1215 +0.271 0872 1.153 £ 0.123 0.894
Stride interval st r 1.071 + 0.047 1122 +0.102 1.147 £ 0.119
Ost, | 0.002 + 0.003 0497 0.005 + 0.005 0.872 0.009 + 0.010 0.964
Ost, r 0.001 + 0.001 0.005 + 0.004 0.007 + 0.006
Hsw, 1 0.396 + 0.039 0.282 0.389 + 0.035 0109 0.364 + 0.063 0.757
Swing interval Usw, v 0.381 + 0.030 0.368 + 0.037 0.361 + 0.067
Osw, 1 0.0004 + 0.0002 0.763 0.0010 + 0.0005 1 0.002 + 0.001 0.825
Tsw, 0.0004 + 0.0002 0.0009 +0.0003 0.002 + 0.001
Usta, 1 0.682 + 0.033 0.821 0.732 £ 0.078 0336 0.791 + 0.107 0.825
Stance interval Usta, r 0.689 + 0.032 0.753 + 0.089 0.778 + 0.104
Osta, | 0.002 + 0.002 0174 0.0042 + 0.003 0872 0.005 + 0.004 0.658
Osta, r 0.001 + 0.001 0.004 + 0.004 0.010 + 0.017

3.3. Features of Stride, Swing, Stance, and Double-Support Interval

Figure 3 shows the group mean for the four parameters (stride, swing, stance, and double-support
intervals) for the three groups, regarding CON (n = 16), PD1 (n = 6), and PD2 (n = 9) subjects. The error
bars represent the standard deviation of the mean gait interval calculated for each group. Figure 4 shows
the variance of the four gait phases (stride, swing, stance, and double-support intervals) for CON (n = 16),
PD1 (n = 6), and PD2 (n = 9) subjects, and the statistical significance results are shown in Table 3.
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Figure 3. Bar chart showing the mean stride, swing, stance, and double-support intervals for CON,
PD1, and PD2 subjects (significance (p) = nonsignificant (ns)).
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Figure 4. Bar chart showing the variance in stride, swing, stance, and double-support intervals for
CON, PD1, and PD2 subjects, respectively (* p (significance) < 0.05, ns (nonsignificant).
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Table 3. Comparison between the mean (+SD) and variance (+SD) of gait parameters for CON, PD1,
and PD2 groups, and the p-values for statistical significance.

Gait Intervals Statistical Parameter CON PD1 PD2 p-Value
Stride interval Ust, r 1.071 + 0.047 1.122+ 0.102 1.147 £ 0.119 0.194
Ost, r 0.001 + 0.001 0.005 + 0.004 0.007 + 0.006 0.0005 *
Swing interval Usw, r 0.381 + 0.030 0.368 + 0.037 0.361 + 0.067 0.518
Osw, r 0.0004 + 0.0002  0.0009 + 0.0003 0.002 + 0.001 0.00003 *
. Usta, r 0.689 + 0.032 0.753 + 0.089 0.778 + 0.104 0.051
Stance interval
Osta, r 0.001 + 0.001 0.004 + 0.004 0.010 + 0.017 0.0004 *
Double support Uds, r 0.301 + 0.0308 0.363 + 0.077 0.425 + 0.1106 0.081
O, r 0.0020 +0.003  0.00441 + 0.0032  0.0090 + 0.0094 0.005 *

* significance < 0.05.

From Figure 3, Figure 4, and Table 3, it may be observed that:

e The mean of all the four gait parameters (stride interval, swing interval, stance interval,
and double-support interval) was the lowest for CON, higher for PD1, and the maximum
for PD2. However, the difference is not statistically significant when CON was compared with
PD1, CON was compared with PD2, and PD1 was compared with PD2.

e The variance of all the four gait parameters (stride interval, swing interval, stance interval,
and double-support interval) was the lowest for CON, higher for PD1, and the maximum for
PD2. The group differences of all four parameters were statistically significant when CON was
compared with PD1, CON was compared with PD2, and PD1 was compared with PD2.

Figure 5 shows the percentage of stance, swing, and double-support intervals for CON, PD1,
and PD2 subjects, respectively. From Figure 5, it may be observed that the percentage of stance and
swing phases was statistically significant between CON and PD1, and CON and PD2, but not between
PD1 and PD2, while the double-support interval was statistically significant between CON and PD1,
CON and PD2, and PD1 and PD2. The statistical significance of all the three groups compared is shown
in Table 4.
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Figure 5. Bar chart showing the percentage of stance, swing, and double-support intervals for different
groups (* p (significance) < 0.05, ns (nonsignificant).
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Table 4. Percentage of stance, swing, and double-support intervals when CON, PD1, and PD2 groups
are compared.

Gait CON (%) PD1 (%) PD2 (%) p-Value
Stance interval 63.85+223 67.0+3.08 67.76 £5.21 0.0295 *
Swing interval 3563+1.73 33.04+3.80 3223+52 0.0492 *

Double-support interval ~ 44.10 £ 3.58 49.20+6.3  53.22 +8.15 0.0021 *

* significance < 0.05.

4. Discussion

4.1. Lateral Differences

The results show that there was no significant lateral difference in the mean and variance of the
four parameters. This study has shown that there was a difference in the histograms of the CON,
PD1, and PD2 groups, and the spread of the distribution was greater for patients with higher severity
of the disease. The analysis of the gait data revealed that there was no significant difference in the
mean values of the gait parameters (stride interval, swing interval, stance interval, and double-support
interval) with the severity of the disease, but that their variance was significantly higher for PD when
compared with CON subjects. It was also observed that the variance increased with the severity of
the disease.

4.2. Features of Stride, Swing, Stance, and Double-Support Interval

Our analysis has shown that there was a significant increase in variance among the PD patients
when compared with the control subjects, and that the difference was greater for the higher severity of
the disease. This is in line with the observations of [18,25,26,40-43]. The increased variability in the
stride-interval is associated with falls [19,44—47], and this finding shows that PD patients have a higher
risk of falls.

While earlier studies have shown that there is an increase in the double-support duration in
PD patients [30,31], our findings did not find this increase to be statistically significant. We have
shown that the variability of the stance interval and the double-stance interval was higher for PD
patients and increased with the severity of the disease. This increase in the variability indicates poor
coordination and loss of rhythmicity and may be considered for quantifying the severity of the disease
and monitoring the progress of the patients.

This study found that there was a significant increase in the fraction of the stance interval when
compared with the swing interval of PD patients, and that this decreased with the severity of the disease.
The percentage of the stance interval for PD2 patients increased by 3.91%, while the double-support
interval increased by 9.12%, and the swing interval decreased by 3.4% when compared to that of the
CON subjects. This may be attributed to a fear of falls, and hence, the sense of urgency for PD patients
to remain in their double-support phase. This fraction may also be suitable for estimating the severity
of the disease and monitoring the progress of PD patients.

4.3. Study Limitations

This work has demonstrated that there was a significant PD severity group difference in the
gait parameters recorded using insole sensors. The effective use of this technique for monitoring the
progress of the PD will require further investigation, considering a greater number of subjects in each
group, the effect of factors such as age, gender, and fatigue, and labeling the dominant side. It is also
essential to develop the framework for the selection of the device and the measurement protocol to
ensure the reproducibility of the recordings.
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5. Conclusions

This study observed that there is no bilateral difference in the gait parameters of PD patients when
compared with those of the CON subjects, and hence, further analysis was performed only on the right
leg data. It was found that the mean values of the four gait parameters are not statistically different for
PD and CON subjects; however, there is a significant increase in the variance of these gait parameters.
The results also showed that while the difference in the mean values of the gait parameters between
the PD and CON subjects was not significant, there was a significant increase in the fraction of the
double-stance phase. This study showed that the variance and fraction of the gait parameters can be
used to measure the progress of the disease and estimate its severity.
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