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Chapter 7

Comparative analysis of the vertical component
of ground reaction force during gait of healthy
people and people with Parkinson’s disease
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Abstract: One of the symptoms of Parkinson’s disease is an abnormal gait cycle.
Locomotion becomes slower, less sure, and gait very often leads to falls. This paper
analyses the vertical component of the ground reaction force and pressure force
for healthy subjects and those with Parkinson’s disease. The data used in the paper
comes from the physionet.org website and includes the results of tests that were
conducted with Ultraflex Computer Dyno Graphy system Infronic insoles.
The dataset contains recorded ground reaction forces during gait of 164 people,
including 71 healthy people and 93 people with Parkinson’s disease at varying
degrees of disease severity as determined by the Hoehn-Yahr scale. The anal-
ysis showed statistically significant differences (a < 0.05) between the highest
value and the local minimum of the vertical component of the ground reac-
tion force. The course of the vertical component of the ground reaction force

changed with increasing disease progression, characteristic gait phases disap-
peared, and the foot contacted the ground in a different way during the heel

strike phase. This is due to the development of an abnormal gait pattern, which

protects against falls and helps to maintain independence for longer. Gait test-
ing and analysis of the vertical component of the ground reaction force can help

to detect the disease earlier and therefore to implement treatment more quickly,
resulting in a slower onset of symptoms.

Keywords: Parkinson’s disease, ground reaction forces, human gait, statistical
analysis

7.1. Introduction

Parkinson’s disease is most commonly associated with a resting tremor of one hand.
However, a number of other motor symptoms can be distinguished in this condi-
tion, such as slowing down and adopting a characteristic posture [7]. The patient
is hunched over, bent forward, and has bent elbow and knee joints even at rest. Among
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the symptoms, gait disturbances can also be distinguished. Locomotion becomes
slower, less sure, and very often leads to falls. Individuals also have impaired auto-
maticity and movement control [5].

During locomotion of people with Parkinson’s disease there are permanent
and episodic disorders [7]. The former are manifested by shuffling, moving with small
steps, and disabling the work of the upper limbs. Episodic disorders are more danger-
ous because they appear unexpectedly. Among these are walking, freezing and falling
[2]. Trotting occurs when the patient makes small movements with the lower limbs
to stabilize the center of gravity. Freezes of gait, on the other hand, include shuffling,
trembling and even akinesia, i.e. a complete lack of movement [2]. Increasing symp-
toms as the disease progresses can lead to loss of independence in daily life. Although
Parkinson’s disease is not fully curable, early detection allows symptoms to slow down
and independence to be maintained for longer [3, 6].

At the first stage of Parkinson’s disease, symptoms are not easy to observe. Only
at an advanced stage are they visible to the naked eye. Diagnosis is clinical, based
on observation, interview, and examination. Unfortunately, there is no test that can
uniquely identify Parkinson’s disease [9]. A person with suspected Parkinson’s dis-
ease is usually sent for neuroimaging examinations, such as computed tomography
and magnetic resonance imaging [9]. This is followed by a levodopa test, which involves
giving the patient this drug and observing if there is an improvement in the condition
[9]. The next option is to use preclinical diagnostics — genetic, olfactory, neuropatho-
logical and neuropsychiatric. The former involves performing genetic diagnostics
to see if there is a familial occurrence of the disease. The second is olfactory testing
to rule out hypotonia (weakness of the sense of smell, which is one of the most com-
mon symptoms). The latter consists of a psychological examination to identify motor
and cognitive abnormalities [9].

Early diagnosis of Parkinson’s disease is very important as it allows for slower pro-
gression of symptoms and longer independence in daily life. One way of early diag-
nosis may be to assess individual gait parameters. The aim of this article is to distin-
guish between the vertical component of the ground reaction force in healthy people
and those with Parkinson’s disease, which may serve as a potential tool for the early
diagnosis of this disease.

7.2. Materials

The data for the analysis came from the physionet.org website. The database contains
records of the vertical ground reaction forces of the subject people and the contact
forces on the different parts of the foot, conducted by Jeftrey Hausdorft.

The study involved 164 people, including 71 healthy people and 93 people
with Parkinson’s disease at different stages of the disease. All people were of similar
age, height and body weight (Tab. 7.1).
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TABLE 7.1. Data of the people analyzed

Study Number | Stage of advancement | Body weight | Body height Age
group of people | [Hoehn - Yahr scale] [kg] [m] [years]
55 2 72£12 1.6810.09 69+9

Parkinson's 27 2.5 7411 1.66 + 0.06 6119
9 3 70£12 1.67 £ 0.07 65+5
Healthy 71 - 73+12 1.680.08 64 t8

The study was conducted using Ultraflex Computer Dyno Graphy insoles,
an Infronic system. The insoles have eight sensors that record the output signal
as the pressure force of a given part of the foot on the ground every 0.01s (Fig. 7.1).
In addition, in the recording of the whole test, there are two more signals summing
the pressure forces from all sensors, hence it is possible to approximate the course
of the vertical component of the ground reaction force.
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FIGURE 7.1 Location of sensors

People walked at a leisurely, self-selected pace for approximately two minutes.
The walk was on flat ground. The subjects’ footwear included insoles to record pressure.

The anthropometric data included parameters such as age, weight, body height
and stage of the disease. It should be noted that in the degrees of the disease analyzed
in this study, symptoms occur bilaterally. Therefore, right and left feet were compared
for particular groups.

7.3. Method

Among the results obtained from the phisionet.org free database containing the studies
conducted by Jeffrey Hausdorff [1], the results of three subjects were randomly selected
and the vertical component of ground reaction force of a healthy person and two
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subjects with Parkinson’s disease (with the second and third stages of the disease
according to the Hoehn-Yahr scale) were analyzed. One middle gait cycle was selected
from each study to compare the course of the vertical component of the ground reac-
tion force for all patients. The obtained values from a given cycle were then normal-
ized to body weight, and the studied parameter was presented on a graph. Statistical
analysis was then performed, setting the level of statistical significance at a < 0.05.

7.4. Analysis of results

The graph below (Fig. 7.2) shows the vertical component of the ground reaction force
for a healthy person. It shows two local maxima and one minimum. The first major
peak is related to heel shock absorption during impact.

The first peak is related to heel shock absorption during impact, whereas the sec-
ond peak indicates toe lift off the ground. The local minimum indicates when there
is a transfer of the body over the limb in contact with the ground and toe-off
of the opposite foot.
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FIGURE 7.2. Vertical component of the ground reaction force for a healthy person

The course of the vertical component of the ground reaction force for a healthy
person is similar to the data described in [10]. The gait is normal and all characteris-
tic phases of the gait cycle are preserved.

The next graph (Fig. 7.3) shows the course of the vertical ground reaction force
for a person with the second stage of the disease according to the Hoehn-Yahr scale.
Only one local maximum and minimum can be observed here. There is no clear
increase in the force values at the time of toe-off.

When comparing the vertical component of the ground reaction force of healthy
people and patients with the second stage of the disease, large differences are appar-
ent. There are smaller differences in the values for the different phases of the gait cycle
in the diseased people. The second maximum also disappears.
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FIGURE 7.3. The vertical component of the ground reaction force for an ill person with second-
degree Hoehn-Yahr scale

Next, the vertical component of the ground reaction force was analyzed
for a patient with stage 3 of the disease. Here, a much smoother pattern of values can
be seen, with local minima and maxima almost disappearing (Fig. 7.4).
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FIGURE 7.4. The vertical component of the ground reaction force for an ill person with third-
degree Hoehn-Yahr scale

Analyzing the graphs (Fig. 7.2-7.4), it can be seen that the vertical component
changes with the stage of the disease. Individual characteristic gait phases disappear,
which may be related to the different derailment of the foot in people with Parkinson’s
disease. In healthy people, first there is a heel strike, then a transfer of the body over
the foot, and then an explosion from the toes. In sick people, on the other hand, this
division gradually disappears. People with a more advanced stage of the disease make
contact with the ground with the whole foot at once, which results in a characteris-
tic thud.

The greatest differences are seen in local minima and maxima. Therefore, the dif-
ference between the highest value and the local minimum was calculated, and then
a statistical analysis was performed, to point out the potential statistically significant
differences between both groups.
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TABLE 7.2. Analysis for maximum and local minimum values of the vertical component
of the ground reaction force

Ao — O Type ,
People | Shapiro - Wilk test of distribution Levene's test Test p
Left foot
deviate from
ILL 0.007 normal B U‘Mann - <0.01
Whitney test
Healthy 0.209 normal
Right foot
ILL 0.143 normal
doviate f _ U Mann - <0.01
Healthy 0.026 eviate from Whitney test :
normal

The statistical analysis (Tab. 7.2) has shown that the differences seen in the graphs
in local minima and maxima are statistically significant. Due to the presence
of Parkinson’s disease symptoms bilaterally and the lack of a clear indication in the data
for the affected side, the analysis was performed for both feet, but for the two limbs
the statistical differences are the same.

Subsequently, a statistical analysis was performed for healthy people and those
suffering from Parkinson’s disease, taking into account the severity of the disease
according to Hoehn-Yahr scale. In the table (Tab. 7.3), the nomenclature “ILL 2” was
used, which means a patient with the second stage of the disease. This applies simi-
larly to the other people.

TABLE 7.3. Statistical analysis for the maximum and local minimum of the vertical component
of the ground reaction force for healthy and ill people with different degrees of disease - left
foot

People | Shapiro - Wilk test | Type of distribution | Levene’s test Test p
Healthy 0.209 normal
ILL2 0.094 normal -

<0.001 Kruskal = | g 999
ILL2.5 0.490 normal Wallis test
ILL3 0.666 normal

Table 7.3 shows that there are statistically significant differences for the studied
patients. In view of this, the POST-HOC (Scheffe) test was performed to see between
which groups statistically significant differences occur.
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TABLE 7.4. Scheffe test - left foot

Healthy ILL 2 ILL 2.5 ILL3
Healthy <0.001 <0.001 <0.001
ILL 2 <0.001 0.8202 0.4049
ILL 2.5 <0.001 0.8202 0.8684
ILL 3 <0.001 0.4049 0.8684

Table 7.4 shows that statistically significant differences occur between healthy
and sick people regardless of the severity of the condition in the case of the left foot.

TABLE 75. Statistical analysis for the maximum and local minimum of the vertical component
of the ground reaction force for healthy and ill people with different degrees of disease - right

foot
People | Shapiro - Wilk test | Type of distribution Test p
Healthy 0.027 deviate from
normal
ILL2 0.496 normal Kruskal - <0.001
Wallis test
ILL2.5 0.404 normal
ILL3 0.165 normal

Table 7.6 shows that there are statistically significant differences, as in the case
of the left foot. Again, the POST-HOC test was performed to test statistical signifi-
cance between groups.

Analyzing table 7.5 it can be seen that, again, statistically significant differences

exist between healthy people and sick people with each degree of the condition.

TABLE 7.6. Scheffe test - right foot

Healthy ILL 2 ILL 2.5 ILL3
Healthy <0.001 <0.001 <0.001
ILL2 <0.001 0.7263 0.6512
ILL2.5 <0.001 0.7263 0.9992
ILL3 <0.001 0.6512 0.9992

The figures 7.5 below show the recorded pressure force values on each sensor.
The results are shown for a selection of three people: a healthy person and two peo-
ple with different degrees of disease.
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FIGURE 7.5. Course of pressure forces on each sensor for three analyzed people (green - healthy
person, blue - person with second stage of disease, yellow - person with third stage of disease
according to Hoehn-Yahr scale)

It can be observed (Fig. 7.5) that in the initial phase of gait (sensor 1) higher thrust
forces are achieved by healthy people, whereas in the final phase of the gait cycle (sen-
sor 8) thrust forces are higher sick for people with a third-degree disease.

Noting that the waveforms of values for each person are different, a statistical
analysis was carried out to test whether the differences visible to the naked eye are
statistically significant.
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The highest and the mean value of the contact force were determined for statistical
analysis. Initially, the normality of the distribution was checked and an appropriate
statistical test was selected. The value of p indicated whether the differences in contact
force values were statistically significant. Statistical significance is highlighted in red

in the table below. The level of statistical significance was set at a < 0.05.

TABLE. 7.7. Statistical significance of pressure force values for individual sensors

Statistical significance
Number .
Highest value of contact force Average value of contact force
of sensor
Type of test | Statistical significance Type of test Statistical significance
1 ANOVA p<0.001 ANOVA p<0.001
2 ANOVA p =0.0021 ANOVA p=0.0014
Kruskal - p=0.1356 Kruskal - Wallis p =0.8890
Wallis test test
4 ANOVA p=0.1065 Kruskal - Wallis p=0.1042
test
5 ANOVA p<0.001 ANOVA p =0.1075
6 ANOVA p=0.0019 ANOVA p=0.5753
7 ANOVA p=0.3234 ANOVA p=0.5147
8 Kruskal - p=0.7317 Kruskal - Wallis p=0.1931
Wallis test test

Table 7.7 shows that statistically significant differences occur for sensors 1 and 2.
Additionally, they also occur for sensor 5 and 6 for the highest values of contact forces.
In other cases, the tested differences were not statistically significant. For sensor 8,
a difference can be seen in the graph, but the POST-HOC test showed that it is not
statistically significant.

The POST-HOC test (Scheffe) was then performed for the sensors that recorded
statistically significant differences.

TABLE 7.8. First sensor - highest values

Healthy ILL2 ILL2.5 ILL3
Healthy <0.001 <0.001 0.3231
ILL2 <0.001 0.3501 0.8898
ILL2.5 <0.001 0.3501 0.3321
ILL3 0.3231 0.8898 0.3321
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TABLE 79. First sensor - average values

Healthy ILL 2 ILL 2.5 ILL3
Healthy <0.001 0.0024 0.0079
ILL 2 <0.001 0.9854 0.6487
ILL 2.5 0.0024 0.9854 0.8174
ILL3 0.0079 0.6487 0.8174
TABLE 7.10. Second sensor - highest values
Healthy ILL 2 ILL 2.5 ILL3
Healthy 0.0107 0.2564 0.8217
ILL 2 0.0107 0.9308 0.0761
ILL 2.5 0.2564 0.9308 0.2378
ILL 3 0.8217 0.0761 0.2378
TABLE 7.11. Second sensor - average values
Healthy ILL 2 ILL 2.5 ILL3
Healthy 0.3727 0.0069 0.1762
ILL 2 0.3727 0.2476 0.6350
ILL 2.5 0.0069 0.2476 1.0000
ILL 3 0.1762 0.6350 1.0000
TABLE 7.12. Fifth sensor - highest values
Healthy ILL 2 ILL 2.5 ILL3
Healthy 0.8055 <0.001 <0.001
ILL 2 0.8055 <0.001 0.0014
ILL 2.5 <0.001 <0.001 0.9994
ILL 3 <0.002 0.0014 0.9994
TABLE 7.13. Sixth sensor - highest values
Healthy ILL 2 ILL 2.5 ILL3
Healthy 0.0056 0.0831 0.3266
ILL 2 0.0056 0.9950 1.0000
ILL 2.5 0.0831 0.9950 0.9983
ILL3 0.3266 1.0000 0.9983
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From the tables 7.8-7.13 it can be read that the largest number of groups between
which there are statistically significant differences is for the mean values for sensor 1
and the largest values for sensor 5. In the first case, there are healthy people and peo-
ple with all stages of the condition, while in the second case, there are healthy people
and people with Parkinson’s stage 2.5 and 3. On the other hand, in the largest values
for sensor 1 statistically significant differences are for the groups “healthy”, “ILL 2”
and “ILL 2.5”. For sensor 2 and 6, there are two groups of people — healthy people
and people with stage 2 disease.

Low values of p-level could indicate that the sample has been overpowered.
This paper is based on research conducted by Jeffrey Hausdorff and made available
at physionet.org. Due to the use of a pre-prepared database, it is not possible to make
a deeper analysis to show what exactly influenced the results. The obtained values
should therefore be treated with caution [16, 17].

7.4. Discussion

Previous work analyzing Parkinsonian gait has mostly focused on stride length
and width, locomotor speed and changes in joint angle. The data were taken from
the free database physionet.org, conducted by Jeffrey Hausdorff. It has been shown
that a reduction in stride speed is associated with the condition in question [11, 12].
This can also be observed by comparing figures 7.2-7.4, as the duration of the support
phase increases and is approximately 1.2 sec, 1.4 sec and 1.7 sec respectively. It was
noted in [14] that a reduction in walking speed affects the control of body stability,
resulting in a more confident gait and a lower risk of falling. A slightly prolonged dou-
ble support phase can also be observed in Parkinson’s disease patients. This allows
for the control of the center of gravity and, consequently, protection from falling.
This has also been noted by Sharifmoradi and Farahpour [14].

The vertical component of the ground reaction force changes with the stage
of the disease. In case of healthy people, two local maxima and one minimum can
be clearly identified, representing characteristic phases of the gait cycle. In case
of sick people, on the other hand, the course of the component is completely differ-
ent. In case of a patient with the second stage of the disease, only one local maxi-
mum and one minimum are visible. In the patient with the highest analyzed degree
of the disease, it is very difficult to distinguish the characteristic phases of the gait
cycle and the course is more benign [13].

Analyzing the vertical component of the ground reaction force for the right and left
foot of affected individuals, it can be concluded that the course of values is very simi-
lar for both feet. It cannot be shown exactly which limb is affected. This may be due
to the fact that in the analyzed stages of the disease the symptoms occur bilaterally,
as also noted in [14].
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To date, there have been very few studies analyzing the vertical component
of the ground reaction force in the gait of people with Parkinson’s disease. In [4],
Kistler platforms and the Vicon Motion Analysis System were used for the study.
All people were in the age range of 50-70 years. The analysis of the results allowed
for the observation that the vertical component of the ground reaction force in people
with Parkinson’s disease has a similar course for both feet. This observation is con-
firmed by the results presented in this paper despite the use of a different data acqui-
sition method and slightly different test thickness.

Analyzing the pressure forces on the individual sensors of Ulfraflex insoles,
reduced values at the heel were noted for Parkinson’s disease patients in the third
stage of the disease. A similar relationship was obtained in [15]. There, it was found
that lower loads transmitted through the heel were associated with the production
of a characteristic gait cycle by people with Parkinson’s. It was noted that a weaker
heel strike on the ground affects the uncertainty and instability of locomotion. When
analyzing forefoot forces, it is noted that they are increased in people with Parkinson’s
disease. This was also noted in the study [15]. During heel strike while walking,
the toes of the forefoot are still on the ground. It was concluded that this could be
explained by a compensatory mechanism of possible loss of balance. It is worth noting
that in [15] both insoles from a different manufacturer (Pedar NOVEL) and the divi-
sion of the foot into ten sub-areas were used when analyzing the pressure forces.

7.5. Conclusions

Gait testing and analysis of the vertical component of the ground reaction force based
on a free database from phisionet.org conducted by Jeffrey Hausdorff, may allow for
an earlier detection of the disease and implementation of therapy, which may allevi-
ate and slow down the onset of symptoms.

Patients with Parkinson’s disease try to protect themselves from falling by slowing
down their locomotion and by being more assertive in their stopping. As the disease
progresses, the characteristic phases of gait disappear and the way the feet bounce
off the ground changes. In a person with the second stage of the disease, accord-
ing to the Hoehn-Yahr scale, the way of kicking changes, and the second maxi-
mum of the vertical component of the ground reaction force disappears. In a person
with the third stage of the disease, however, it is difficult to determine the characteris-
tic phases of the gait cycle, because the limb almost immediately contacts the ground
with the whole foot, resulting in a characteristic “treadmill”, which allows for the con-
trol of the center of gravity and maintaining balance.

Patients with Parkinson’s disease develop their own characteristic gait pattern
to protect themselves from falling. This is also influenced by an increase in the dou-
ble-support phase and a prolongation of one step time.
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When analyzing the pressure forces, there appear increased values in the forefoot

and decreased values in the heel. In the case of the heel, this is due to a hesitant step
and a different foot position during the initial contact with the ground. On the other
hand, changes in the forefoot are influenced by a longer contact with the ground
and thus increased values.
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