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Introduction: In clinical practice, foot load receptors are very important in shaping the correct vertical posture and optimal
equilibrium reactions. They are so important that stimulating them gives measurable effects in improving both balance and posture.
Plantar pressure distribution is an important parameter that provides information on changes in a person’s posture, also during gait.

Aim: The aim of the work is to assess the effect of thoracic kyphosis and lumbar lordosis on the distribution of ground reaction forces on the feet.
Materials and Methods: A total of 211 subjects aged 8—12 were examined. Body posture and distribution of ground reaction forces
on the feet were assessed using the following parameters: thoracic kyphosis angle, lumbar lordosis angle, maximum pressure (static),
average pressure (static), foot surface, distribution of foot pressure, maximum pressure (dynamic), time load (dynamic). DIERS
formetric and DIERS pedoscan methods were used to measure the parameters.

Results: The level of the kyphosis angle correlated positively with the percentage distribution of forefoot load in static conditions. The
level of lordosis angle correlated positively with the foot surface and forefoot load. Positive correlation of the lordosis angle is also
related to its connection with the difference in leg load during gait. A broader cause and effect view of body posture defects and the
distribution of ground reaction forces on the feet can affect a more complete assessment of the correlation between these variables,
contributing to more effective treatment of any disorders of the described phenomena.

Conclusion: The size of thoracic kyphosis and lumbar lordosis affects the distribution of ground reaction forces on the feet. The
effect of lumbar lordosis has a linear value in relation to percentage distribution of forefoot and heel loads.

Keywords: posture, spine, pressure feet, foot load, postural disorders

Introduction
Posture is a standard, individual arrangement of respective body parts in space and against each other in a dynamic and static state,
it corresponds with biomechanical principles of the functioning of a human body and is determined by physiological curves which
depend on muscle strength and mass of various body parts.' The right proportions of thoracic kyphosis angle and lumbar lordosis,
which determine keeping the correct size of the remaining angular parameters of the spine, are the main components of correct
posture.? Correct body posture allows you to keep your eyes directed horizontally — in accordance with otoscopy, which implies
that the human body adapts to the surrounding conditions so as to maintain eyesight in a horizontal plane and limit the movement
of the center of gravity to the support plane.** In the postural development are two critical periods: the start of schooling of a child
(aged 67 years) and the second occurs during puberty. What is more at ages 46 years the postural stability is connected with
somatosensory and visual input and plantar surfaces.’

Shifts of the body figure from the axis cause an asymmetrical load on the limbs, which affects the occurrence of disproportion
of postural muscle tension, and thus the shift of the center of gravity.® Furthermore, the same impact is connected with obesity or
overweight.” It is assumed that the load on both limbs should be 50% for the left and right sides, while the load distribution for each
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foot should be as follows: heels 60%, mid-foot 8%, forefoot 28%, toes 4%.® A change in these proportions may indicate the
presence of dysfunction in the feet.

Static and dynamic foot shape disorders are one of the most commonly diagnosed defects in pediatric practice. Foot
deformity is one of the most common disorders observed in clinical practice (approximately 70-80% of the population has this
type of disorder).*® Diagnosis of foot dysfunction must go beyond clinical and visual observation. There are numerous
methods for assessing foot shape, eg radiology, contour graphics, anthropometry, strength platforms, and pedobarographs.
Most techniques are labor-intensive, time-consuming and insufficient to gather reliable data.’ The pedobarographic method,
which was used for the purpose of this study, shows changes in the distribution of plantar pressure, along with an increase and
decrease of pressure in some areas of the foot. Plantar pressure distribution is an important parameter that provides information
about changes in human posture, also during gait.’

In clinical practice, the importance of foot load receptors in shaping the correct vertical body posture and optimal
equilibrium reactions is very important. It is so important that their stimulation gives measurable effects in improving
both balance and figure.'”

It is also interesting that the body posture is inextricably related to ergonomics of the gait, and its symmetry is
necessary for the proper movement of the center of gravity while moving.'' Shifts in the center of gravity are registered
by pressure receptors on the feet, and setting reactions aimed at maintaining balance occur by reflex.'? Winter argues that
despite the involvement of many muscle groups of the limbs and torso, the process of maintaining balance during
locomotion occurs without the involvement of the vestibular system.'!

Aim
The aim of the work is to assess the effect of thoracic kyphosis and lumbar lordosis on the distribution of ground reaction
forces on the feet.

Materials and Methods

Subjects of the Study
The study included 211 people in the 8—12 age range. In this group, 53% were girls (N = 112) and 46.92% were boys
(N = 99) (Table 1).

The presented study protocol was approved by the Bioethics Committee of the Faculty of Medicine and Health
Sciences of the Jan Kochanowski University in Kielce — approval No. 1/2016, issued on 15/01/2016.

All participants gave their written consent to participate in the study. The research was conducted in accordance with
WMA Declaration of Helsinki — Ethical Principles for Medical Research Involving Human Subjects.

Inclusion Criteria
- Age 8-12

- Good general health (<2 according to WHO/ECOG — Eastern Cooperative Oncology Group — it describes a patient’s
level of functioning in daily and physical activity or their ability to care for themselves).

- Declared legal guardian’s consent for participation in the study.

Table | Morphological Parameters of Studied

Children
Parameter Mean SD
Age [years] 10.72 1.25
Height [m] 1.4 0.16
Body mass [kg] 347 11.87
BMI 20.15 2.35
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Exclusion Criteria
- Occurrence of concomitant disorders which may affect body axis disturbance eg Scheuermann's disease, genetic
diseases such as Beckwith-Wiedemann Syndrome or metabolic diseases

= deformities in the lower extremities

- BMI below 10 and above 90 percentile.

Participation in the study was voluntary, combined with ensuring anonymity in accordance with Ustawa o ochronie
danych osobowych z dnia 29.08.1997 r. (Dz. U. Nr 133 poz. 883. RP) [the Personal Data Protection Act of 29.08.1997
(Journal of Laws of the Republic of Poland No. 133, item 883)].

Study Method

Body posture was assessed in static conditions in a habitual standing position. The subjects were positioned with their
back to the camera with eyes facing straight ahead. At the same time, along with the assessment of body posture, the
ground reaction forces on the feet were measured in a static position. The distribution of ground reaction forces on the
feet during gait was also assessed.

1. Body posture was assessed with the DIERS Formetric 4D system. The DIERS formetric is a light-optical scanning
method based on Video-Raster-Stereography (VRS). Accordingly, the system consists of a light projector which
projects a line grid on the back of the patient which is recorded by an imaging unit. A computer software analyzes
the line curvature and generates from it — by means of the method of the Photogrammetrie — a three-dimensional
model of the surface (Figure 1).

2. The measurement of the ground reaction forces on the feet in a static position was made with the DIERS Pedoscan
correlated with the DIERS Formetric system. Diers Pedoscan is allowed to evaluate the foot pressure distribution
while standing (Figure 2).

3. The measurement of the ground reaction forces on the feet in dynamic conditions was made with the DIERS
Pedogait, which allows the foot pressure reaction forces while walking (Figure 3).

The following parameters were assessed:

(a) Thoracic kyphosis angle — parameter measured in degrees [°] is the angle measured between C7 Th12.
(b) Lumbear lordosis angle — parameter measured in degrees [°] is the angle measured between Th12 and L4.

Figure | Diers formetric 4D system (consent from Diers International GMBH).
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Figure 2 Disposure the feet in static position — Diers pedoscan.

A

Figure 3 Treadmill for examining — Diers pedogait.

(c) Maximum pressure (static) - a parameter calculated in N/cm? illustrating the force of the ground pressure on the
feet in the spot where it is the biggest in a standing position. The parameter was calculated for the left and right
foot separately.

(d) Average pressure (static) - a parameter calculated in N/em?, illustrating the average strength of the ground’s
impact on the entire foot surface in a standing position. The parameter was calculated for the left and right foot
separately.

(e) Foot surface - a parameter calculated in cm? denoting the size of the area on which the foot is in contact with the
ground in a standing position.

(f) Foot pressure distribution - a parameter calculated in percentage [%], illustrating the ratio of forefoot and heel
load. It was calculated for each foot separately, as well as for both feet together in a standing position.
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(g) Maximum pressure (dynamic) - a parameter calculated in Newtons [N], which is the force of the ground reaction on the
feet when it is the biggest in the whole gait cycle. The parameter was calculated for the left and right foot separately.

(h) Load time (dynamic) — Parameter calculated in seconds [sec], denoting the average time in which a given foot was
in contact with the ground during the gait cycle. The average is calculated from all gait cycles the patient has
covered over a 16-metre distance. The parameter was calculated for the left and right foot separately; the
difference between the left and right foot was also calculated.

Statistical Analysis

Statistical analyses were performed with the IBM SPSS Statistics 23. Basic descriptive statistics analysis was performed.
To assess the normality of the distribution of variables, the nonparametric Kolmogorov—Smirnov (K-S) test was used.
To determine the relationship between the studied variables, Spearman’s prank correlation analysis was used.
The level of significance was p <0.05.

Results
Basic descriptive statistics of tested quantitative variables were calculated (Table 2). The results of the measurements of
individual respondents are contained in the directories in Supplementary Tables 1 and 2.

Correlations between the kyphosis angle and the distribution of ground reaction forces on the feet were calculated in
static and dynamic conditions. A series of Spearman’sp rank correlation analyses were performed (Table 3).

Table 2 Basic Descriptive Statistics of Studied Variables

Assessed Parameter M Me SD Sk. Kurt. Min. Max. K-S
Kyphosis angle [°] 41.37 41.66 9.6 0.08 0.31 11.58 69.85 0.04
Lordosis angle [°] 37.05 36.81 9.55 —0.02 0.47 0.6 63.24 0.04
Maximum left foot pressure - static [N/cm?] 8.03 7.28 3.23 1.01 1.01 | 19.23 0.12
Maximum right foot pressure — static [N/cm?] 7.39 6.82 3.7 1.1 1.13 1.54 17.23 0.1
Average pressure left foot [N/cmz] 2.72 2.69 0.62 0.57 1.06 | 5.15 0.06
Average pressure right foot [N/cmz] 2.66 2.6 0.59 0.46 0.18 1.26 4.56 0.06
Left foot surface [cm?] 67.51 64.98 24.22 0.66 1.4 2.14 165.65 0.06
[cm?] Right footsurface 67.66 63.55 25.65 1.13 2.75 10.71 192.07 0.08
Pressure distribution-left forefoot [%] 21.58 21.29 6.4 0.12 —-0.35 3.89 37.21 0.05
Pressure distribution-left heel [%] 28.78 29.25 6.5 —-0.25 0.36 7.78 45.23 0.05
Forefoot load (both feet) [%] 43.5 43.98 9.87 -0.01 -0.75 21.52 65.4 0.05
Heel load (both feet) [%] 56.5 56.02 9.87 0.0l -0.75 34.61 78.48 0.05
Pressure distribution-right forefoot [%] 21.92 21.81 6.04 0.44 0.81 85 48.26 0.07
Pressure distribution-right heel [%] 27.72 26.89 8 0.24 —-0.36 11.78 49.49 0.05
Maximum left foot pressure-dynamic [N] 16.56 15.74 6.72 1.23 1.66 7.15 40.42 0.12
Maximum right foot pressure-dynamic [N] 17.99 16.1 823 1.6 3.89 5.72 533 0.12
Left leg load time [sec] 0.96 0.83 0.53 5.18 34.84 0.55 5.09 0.25
Difference in leg load time [sec] 0.29 0.04 0.59 3.19 11.33 0 35 0.34
Right leg load time [sec] 0.98 0.83 0.48 3.24 12.51 0.5 3.56 0.24

Abbreviations: M, average/arithmetic mean; Me, median; SD, standard deviation; Sk., skewness; Kurt., kurtosis; Min., minimum; Max., maximum; K-S, Kolmogorov—Smirnov
test.
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Table 3 Relationships Between the Level of Kyphosis Angle and the Other Studied

Variables
Relationships Between the Level of Kyphosis Angle and the Other Studied Variables
Maximum pressure left foot - static [N/cm?] p Spearman -0.171
Significance 0.013
Maximum pressure right foot —static [N/cm?] p Spearman -0.207
Significance 0.002
Average pressure left foot [N/cm?] p Spearman -0.112
Significance 0.104
Average pressure right foot [N/cm?] p Spearman -0.113
Significance 0.1
Left foot surface [cm?] p Spearman 0.087
Significance 0.206
Right foot surface [cm?] p Spearman 0.049
Significance 0.482
Pressure distribution - left forefoot [%] p Spearman 0.37
Significance <0.001
Pressure distribution - left heel [%] p Spearman -0.306
Significance <0.001
Fore foot load (both feet) [%] p Spearman 0.438
significance <0.001
Heel load (both feet) [%] p Spearman —-0.438
Significance <0.001
Pressure distribution-right forefoot [%] p Spearman 0.346
Significance <0.001
Pressure distribution-right heel [%] p Spearman -0.316
Significance <0.001
Maximum left foot pressure-dynamic [N] p Spearman —0.135
Significance 0.051
Maximum right foot pressure-dynamic [N] p Spearman -0.017
Significance 0.802
Left leg load time [sec] p Spearman 0.029
Significance 0.68
Difference in leg load time [sec] p Spearman 0.076
Significance 0.269
Right leg load time [sec] p Spearman 0.093
Significance 0.176

Note: The results in bold are statistically significant.
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The degree of kyphosis angle correlated positively with the percentage distribution of left and right forefoot pressure
(0.37 left foot, 0.346 right foot) under static conditions, and forefeet loads put together (0.438) under static conditions.
Connections of the kyphosis angle with the maximum left (—0.17) and right (—0.207) foot pressure, heel load (—0.306 left
foot, —0.316 right foot, both feet together —0.438) were negative. Correlations between the lordosis angle and the
distribution of ground reaction forces on the feet under static and dynamic conditions were calculated. A series of
Spearman p rank correlation analyses were performed (Table 4).

As can be seen in Table 4, numerous statistically significant correlations were noted. The degree of lordosis angle
correlated positively with the surface of the left (0.301) and right (0.223) foot, pressure of the left (0.827) and right
(0.999) forefoot, as well as with the pressure of both forefeet assessed together (0.999). Positive correlation of the
lordosis angle also included its relationship with a difference in leg load during gait (0.136). The degree of lordosis angle
correlated negatively with the maximum pressure of the left (—0.301) and right (—0.431) foot in the static test, the average
pressure of the left (—0.192) and right (—0.267) foot in the static test, and heel load; left (—0.592) and right (—0.765) and
both calculated together (—0.999) in a static test. The most significant correlations are presented in the figures.

The relationship in which the test results are linear is the relationship between lordosis angle and forefoot load
presented in Figure 4.

Along with the increase in lordosis angle, the heel load decreases, this correlation is also linear (Figure 5).

Table 4 Relationship Between Lordosis Angle and the Other Studied Variables

Connections Between Lordosis Angle ITL-DM and the Other Studied Variables
Maximum pressure left foot — static [N/em?] p Spearman —-0.301
Significance <0.001
Maximum pressure right foot —static [N/cm?] p Spearman -0.431
Significance <0.001
Average pressure left foot [N/em?] p Spearman —-0.192
Significance 0.005
Average pressure right foot [N/cm?] p Spearman -0.267
Significance <0.001
Left foot surface [cmz] p Spearman 0.301
Significance <0.001
Right foot surface [cm?] p Spearman 0.223
Significance 0.001
Pressure distribution-left forefoot [%] p Spearman 0.827
Significance <0.001
Pressure distribution — left heel [%] p Spearman -0.592
Significance <0.001
Forefoot load (both feet) [%] p Spearman 0.999
Significance <0.001
Heel load (both feet) [%] p Spearman —-0.999
Significance <0.001
(Continued)
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Table 4 (Continued).

Connections Between Lordosis Angle ITL-DM and the Other Studied Variables
Pressure distribution-right forefoot [%] p Spearman 0.793
Significance <0.001
Pressure distribution-right heel [%] p Spearman —-0.765
Significance <0.001
Maximum left foot pressure-dynamic [N] p Spearman -0.205
Significance 0.003
Maximum right foot pressure [N] p Spearman —-0.023
significance 0.738
Left leg load time [sec] p Spearman 0.099
Significance 0.152
Difference in leg load time [sec] p Spearman 0.136
Significance 0.049
Right leg load time [sec] p Spearman 0.014
Significance 0.844

Note: The results in bold are statistically significant.

Discussion
An effective and important, in clinical practice, cause and effect approach to health problems leads to the search for
functional relationships, often anatomically distant from the original source of the problem. A review of the literature
indicates that postural defects related to spine disorders are an inspirational topic in this search. The fact that body
posture disorders are one of the factors that can generate various dysfunctions of the human body makes this inspirational
aspect.”> Changes in body posture affect the dysfunction of the foot load proportion.®

Winter'! writes that any change in the position of the upper torso results in a shift of the body mass centre which
moves to the plantar part of the foot through the hip and ankle joints, causing a change in the load distribution. Carls66°
associates this phenomenon with irradiation of the dorsal muscles tension shifting the tension on the calf muscles,
causing a change in the proportion of load on individual parts of the feet.
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Figure 4 Relationship between lordosis angle and forefoot load. x-axis shows lordosis angle and y-axis shows forefoot load.
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Figure 5 Relationship between the lordosis angle and the heel load. x-axis shows lordosis angle and y-axis shows hindfoot load.

The authors’ own research has shown a significant impact of postural disorders in the sagittal plane on the proportions of foot
load. The size of thoracic kyphosis significantly correlated with the forefoot load (0.438 p < 0.001) and heel load (—0.438 p <
0.001) and with maximum left foot pressure (—0.17 p = 0.013) and maximum right foot pressure (—0.207 p = 0.002) in the static

1" 1, who also describe the

test (Table 3). The authors’ own results correspond with the studies of Souza et al"* and Mazzocchi et a
impact of thoracic kyphosis on the distribution of foot load. The authors'* in their research show an increase in forefoot load
along with an increase in thoracic kyphosis angle. Draus et al'® calculated a coefficient describing this phenomenon; according to
this author, every 1.8 degree increase in thoracic kyphosis corresponds to a 10% greater load on the forefoot.

The size of lumbar lordosis significantly correlated with forefoot load (0.999 p < 0.001) and heel load (—0.999 p <
0.001), and with maximum left foot pressure (—0.301 p < 0.001) and maximum right foot pressure (—0.431 <0.001) in a
static test (Table 4). In the standing position, a relationship between lumbar lordosis size with average left foot pressure
(—0.192 p = 0.05) and average right foot pressure (—0.267 p < 0.001) is also shown (Table 4). The size of this curvature of
the spine also affected the contact surface of the feet with the ground; for the left foot at 0.301 (p < 0.001) and for the
right foot at 0.223 (p = 0.01) (Table 4). Souza et al'* in his study also describes a significant correlation of lumbar
lordosis angle, whose increase, in his observations, causes an increase in forefoot load while reducing heel load, which
directly corresponds to the results presented in the paper. Mazzocchi et al'> describes the reaction consisting in shifting
the load within the feet towards the forefoot along with an increase in pelvic inclination angle, but in this author’s view it
is the result of setting reactions resulting primarily from a change in the head position in space and in the angle of
thoracic kyphosis. In the case of lumbar lordosis Draus et al'® also calculated a coefficient describing the effect of
lordosis on the load of individual parts of the feet; in this author’s view, every 0.8 degree increase in lumbar lordosis
corresponds to a 10% greater load on the forefoot. The fact that both an increase in thoracic kyphosis, as well as
deepening of lumbar lordosis affect the forward shift of the ground reaction forces can be explained by hypotension
coexisting with round-concave back, about which the authors write.'* Passive position with the so-called suspension on
the elements of the osteoarticular system, mentioned by Kiebzak” it may cause a shift of the body’s center of gravity in
relation to the support plane around the feet, thus changing the load distribution in individual areas of the feet.

The authors’ own results presented here as well as the observations made by other authors®'"'*"'® clearly confirm the
correlation between the size of the kyphosis angle and the lordosis angle and the distribution of ground reaction forces on
the feet. However, they do not allow to clearly state which one of these phenomena occurs first and which is secondary.
Determining the vector in this cause - effect chain requires further research.

The indicated relations between the shape of the spine and the distribution of load within the feet may contribute to
the analysis of the basics of overloading foot diseases. The presented aspect can be considered in diseases such as
Morton’s disease, hallux valgus, calcaneal spur or idiopathic Toe Walking. These relationships can be considered by
clinicians when searching for the causes of spinal deformities, especially in the sagittal plane. The presented results
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indicate that in the clinical evaluation of patients with enlarged lumbar lordosis, flat back or round-concave back, it may
be important to assess the foot load distribution.

Limitations of the Study

The study did not include the assessment of postural muscles tone, whose activity also affects the distribution of ground
reaction forces on the feet. Therefore, further analyses should be considered with the extension of assessment with sSEMG
of postural muscles.

Clinical Significance

A broader cause and effect view of body posture defects and the distribution of ground reaction forces on the feet can
affect a more complete assessment of the correlation between these variables, contributing to more effective treatment of
any disorders of the described phenomena.

Conclusions
1. The size of thoracic kyphosis and lumbar lordosis affects the distribution of ground reaction forces on the feet.
2. The effect of lumbar lordosis is linear in relation with percentage distribution of forefoot and heel loads.

Disclosure
The authors report no conflicts of interest in this work.
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