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STUDY OF THE STRESS-DEFORMED STATE OF THE HIP JOINT MODEL IN CHILDREN
UNDER THE CONDITIONS OF DYSPLASIA AND CONSERVATIVE TREATMENT
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In this work, a comparative study of the stress-strain state of the elements of the hip joint in children in normal and in
the case of its dysplastic changes in the application of the technique of "trampling" used for conservative treatment of hip dysplasia.
To solve this goal, several mathematical models of the child's hip joint were built using the finite element method. In the process
of constructing the calculation model, the geometric model of the pelvis-thigh was taken as a basis, which is based on the method
of creating a model of geometric sections obtained from tomographic images. As a result of the conducted mathematical research
significant changes in the nature of the stress-strain state in normal and dysplastic hip joint using the technique of "trampling" in
comparison with previously obtained data for single-support standing, which, in our opinion, may be one of the significant factors
joint in the process of conservative treatment. The obtained data should contribute to the definition and optimization of methods
of additional mechanical stimulation of the components of the hip joint for its normal development during treatment.
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JOCIIIKEHHS HAIIPY KEHO-AE®@OPMOBAHOI'O CTAHY MOJEJII KYJIBILIOBOI'O
CYIUIOBA Y JITEN B YMOBAX JTUCIIJIA3II TA KOHCEPBATUBHOI'O JIKYBAHHSA

B maniif po6OTi NpOBENEHO NOPIBHIBHE JOCIIHKEHHS HANPyXEHO-Ie(pOPMOBAHOTO CTAaHY €JIEMEHTIB KYIBIIOBOTO
cymioba y JiTell B HOpMI Ta y BHNAAKy HOTro JUCIUIACTHYHHMX 3MiH B YMOBaX 3aCTOCYBaHHS METOIMKH «TONTaHHS», IO
3aCTOCOBY€ETHCS JUIsl KOHCEPBATHBHOIO JIIKYBAaHHS TUCIUIA3il KyIbLIOBUX CyrnoO0iB. [ BUPIIICHHS MOCTABICHOI METH OyIH
noOy0BaHi JeKiIbka MaTeMaTHYHUX MOJENEeH QUTAYOro KyJbIIOBOTO CynIoOy 3a IONMOMOTOI0 METONY CKIHUEHHX eJIEMEHTIiB. Y
nporneci moOyToBH PO3paxyHKOBOI MOJENl 3a OCHOBY Oylla B3siTa T€OMETPHYHA MOJEIb Ta3-CTErHO, B OCHOBY SIKOI NMOKJIaIeHO
METOJMKY CTBOPECHHSI MOJIENi 110 TEOMETPHUYHHUX IMEPETHHAX, OTPUMAHKX 3 ToMOrpadidHux 3HIMKIiB. B pesynsrari npoBeaeHoro
MaTeMaTHYHOTO JOCHI/DKCHHS BCTAHOBICHO 3HAYHI 3MiHH XapakTepy HampyXeHO-1e(OpMOBAHOTO CTaHy B HOPMalbHOMY Ta
JMCIUIACTHYHOMY KYJIBLIOBOMY CYIVIOO1 IIpH 3aCTOCYBaHHI METOIMKH «TOINTAHHS» B MOPIBHSHHI 3 paHille OTPUMaHUMU JaHUMH
JUIsL OJHOONIOPHOIO CTOSIHHS, 110, Ha HAIly IyMKY, MOXXe OyTH OJHHM i3 CyTTEBHX (DaKTOPiB JOPO3BHTKY IUCILUIACTHYHOTO
KYJIBLIIOBOTO CYJIOOY B POIIECi KOHCEPBATUBHOIO JTiKyBaHHs. OTpUMaHi 1aHi MarOTh CIIPUSATH BU3HAYCHHIO Ta ONTUMI3allil METOIiB
JIOIaTKOBOT MEXaHIYHOT CTUMYJIALIT KOMIIOHEHTIB KYJIBIIOBOTO CyriI00a uist HOro HOpMaJIbHOTO JOPO3BUTKY B POLIEC JIIKYBaHHSL.

KwouoBi ciioBa: KynsimoBuid cymio0, AUCIUIasis, TUTHHA, OiOMeXaHiKa, KyJIbIIOBa 3aaInHa.

The work is a fragment of the research project “Functional treatment of shoulder fractures”, state registration No.
0117U4682.

This work is a logical continuation of many theoretical and experimental-biomechanical studies,
which show that bone tissue is a mobile and plastic material, and in particular, changes in mechanical loads
affect the bone structure by changing its mass and architecture. Thus, the law of J. Wolf formulated in the
19th century states that the bone of a healthy person adapts to the constant periodic loads to which it is
exposed. That is, if the load on any bone increases, the bone is rebuilt in such a way as to better withstand
the load [5, 8, 10].

According to previous studies, bone growth and/or bone remodeling is stimulated by local cyclic
mechanical elastic action (deformation) on the bone. Reconstruction of bone in accordance with the load
is carried out by mechanotransduction — the process by which forces and other mechanical signals are
converted into cellular signals. It is proved that the effects of cellular reorganization of bone tissue depend
on the duration, amplitude and strength of the load, and also the influence of cyclic loads on the stimulation
of bone formation was revealed [6, 8].
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Some studies have shown that the amount of force (e.g., body weight) is an important factor
influencing the skeleton, but other physical characteristics of its action are important, such as the speed of
force action. Slow application of force for a few seconds is not perceived by bone cells as a stimulus, but they
are sensitive to very rapid forces (such as jumps or blows), even less than the amount of effort applied [8].

A classic example of bone remodeling is the gradual development of dystrophic changes in the
elements of the hip joint (HJ) against the background of dysplastic coxarthrosis [1, 2, 6]. In this case, certain
anatomical deviations in the structure of the HJ (underdevelopment and obliqueness of the acetabulum
(HJA), multiplanar deformities of the proximal femur (PF) in the form of pathologically increased anterior
torsion angle (ATA) and/or cervical-diaphyseal angle (angle of inclination) valgus deformation), in the
case of their long existence and constant impact, lead to local overload at the points of contact of the joint
components and the emergence of osteosclerosis zones, and then the progression of dystrophic changes in
bone and cartilage [4, 6].

The same phenomena are observed as a result of studying other segments, in particular knee, and
shoulder joints. Similar dystrophic changes in these segments also occur due to abnormal anatomical
structure or as a result of trauma — fractures, damage to the joint ligaments, and so on.

It is logical to assume that in the case of the same situation (dysplastic changes in the HJ), under
conditions of prolonged exposure to physiological loads that imitate walking or jumping (in particular, the
so-called “trampling” method), but directed towards the center of the femoral head (FH), it is possible to
cause a certain rearrangement and transformation of bone tissue HJA and PF, which will remodel the
components of HJ in the direction of development (increase in sphericity of HJA, decrease cervical-
diaphyseal angle CDA and AA), and therefore will decrease dysplastic changes in HJ [3]. Previously
obtained clinical results of the method of “trampling” indicate its positive effect on the development of HJ,
but these observations require biomechanical substantiation and confirmation, including using the finite
element method (FEM) with the study of stress-strain state (SSS) in the elements of the joint.

The purpose of the study was to perform a comparative study of the stress-strain state of the hip
joint elements in children in the case of physiological loads (walking — “trampling”) in normal and
dysplastic changes in the acetabulum and proximal femur.

Materials and methods. To solve this goal, several mathematical models of children's HJ were
built using. sociomedical assessment (SMA). Construction of these models and calculations were
performed in SolidWorks [7].

As in the previous work in the process of building the calculation model was based on the geometric
model of the pelvis-thigh, developed in the laboratory of biomechanics SI “Sitenko IPHS NAMS”, which
is based on the method of creating a model of geometric sections of HJ elements obtained from tomographic
images, and changes were made to the constructed model, according to previous studies on the features of
early childhood HJ.

Taking into account the above changes, several variants of the HJ calculation models were built:

1. Model of normal HJ with cervical-diaphyseal angle, which was 130 °, antetortion angle - 20 °,
normal acetabulum (acetabular index - 25°) —stress-straine state (SSS) elements of HJ was determined
under the conditions of “trampling” in the position of hip abduction at 50°, which provides the centering
of the femoral head (CFH);

1. Model of dysplastic HJ with cervical-diaphyseal angle, which was 130 °, antetortion angle - 20
° and acetabular index 60° — determination of SSS of HJ elements under the conditions of “trampling” in
the position of hip abduction by 50°;

2. Model of dysplastic HJ with cervical-diaphyseal angle, which was 130 °, antetorsion angle of
40° and acetabular index of 60° — determination of SSS of HJ elements under conditions of “trampling” in
the position of hip abduction by 50°;

3. Model of dysplastic HJ with cervical-diaphyseal angle, which was 130 °, antetor torsion angle of
40° and acetabular index of 60° — determination of SSS of HJ elements under conditions of “trampling” in
the position of hip abduction by 50° and internal rotation by 20°, which provides “improved” FBH centering.

Properties of materials. In this study, as in the previous one, the material was considered homogeneous
and isotropic, and the choice of properties of bone structures was based on data that are most common in the
literature [9]. The following characteristics of the materials were used: E - modulus of elasticity (Young's
modulus) and v — Poisson's ratio, which are presented in table. 1.

Load scheme. In this paper, we considered one variant of the load — the so-called “trampling”,
when the load of 100 N falls on the lower plane of the left knee joint, and the left pelvis is fixed in the
sacroiliac joint and pubic symphysis. However, the obtained indices were also compared to the models that
determined the state of SSS of the HJ under the conditions of single-support standing, which we presented
in the previous work. It should be noted that in the process of “trampling” the real load will be higher,
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taking into account the dynamic coefficient, which depends on the height of trampling. The calculation of
this coefficient taking into account the heterogeneous properties of materials, the complex geometry of the
model, deformation of the support, the inertia calculation is not a trivial task.

Table 1
Mechanical characteristics of the materials used
Tissue E (MIla) )
Cortical bone 12240 0.3
Spongy 380 0.3
Cartilage 10.5 0.49
Growth zone 5 0.45

However, since the problem is solved in a linear setting, the increase in load will lead to a
proportional increase in stress, and the nature of the SSS distribution will not change. In this regard, we
considered it possible to perform calculations under static load to determine the nature of the SSS
distribution of different models. As an assessment of the stress state, Mises stresses were selected as the
most informative type of the general stress state. In the course of our study in the text, all numbers are
rounded to one decimal place.

Initially, the analysis of SSS elements of the HJ during the procedure of “trampling” in the normal
anatomical structure of the HJ elements was performed. These data are necessary for further comparative
analysis in the case of different variants in the model of dysplastic HJ in children.

Analysis of the stress-strain state of the components of the hip joint in children in the process of
“trampling” under the normal structure of the HJ.

The analysis of the SSS model of the normal HJ in the process of “trampling” showed that the
nature of the stress distribution has changed in comparison with the single-support standing. The most
intense is the lower part of the neck of the HJ, as well as the area of the sacroiliac joint and the lower branch
of the pubic bone. This is due to the redistribution of effort and movement constraints imposed on this
model. In the acetabulum, zones with high stress are observed in the anterior-upper and posterior sections
of the edge of the depression, as well as in its center (front, upper and rear sections for the model of single-
support standing).

Thus, in the anterior-upper region, the Mises stresses reach 0.7 MPa, and at the posterior edge - 1
MPa, in the center of the acetabulum the level of the stress state is equal to 0.5 MPa. The nature of the
distribution of the stress state along the thickness of the bone of the acetabulum in the process of
“trampling” also changed in comparison with the single-support standing. More intense is the central-
medial section of the acetabulum (upper and upper-lateral sections for single-support standing).

The analysis of the SSS model of the normal HJ in the process of “trampling” showed that the
nature of the stress distribution has changed in comparison with the single-support standing. The most
intense is the lower part of the HJ neck, as well as the area of the sacroiliac joint and the lower branch of
the pubic bone. This is due to the redistribution of effort and movement constraints imposed on this model.
In the acetabulum, zones with high stress are observed in the anterior-upper and posterior sections of the
edge of the acetabulum, as well as in its center (front, upper and rear sections for the model of single-
support standing). Thus, in the anterior-upper region, the Mises stresses reach 0.7 MPa, and at the posterior
edge — 1 MPa, in the center of acetabulum the level of the stress state is equal to 0.5 MPa. The nature of
the stress state distribution along the thickness of the HJ bone in the process of “trampling” also changed
in comparison with the single-support standing. More intense is the central-medial section of the
acetabulum (upper and upper-lateral section for single-support standing).

Based on the calculations of this HJ model, the following results were obtained:

- in the process of “trampling” the normal HJ changes the nature of the SSS distribution in
acetabulum in comparison with the single-support stand;

- the most intense areas there were in the calculation HJ model were the area of the femoral neck
and sacroiliac joint (for single-support standing it is the area of the neck and the medial side of the PF).
This redistribution of SSS is explained by changes in the geometry of the model (the mutual location of the
pelvis and thighs) and changes in the model of load and restrictions;

In acetabulum the front, front-upper and rear edges, as well as the central part are more intense, i.e.
increases almost along the entire depression, except for the lower part. In this case, the level of stress in
these areas differs within (below in the central part); the front, front-upper and rear edges, as well as the
central part are more intense, i.e. increases almost along the entire depression, except for the lower part. In
this case, the level of stress in these areas differs within 20 % (below in the central part); the thickness of
the bone tissue acetabulum, more intense is the central medial part of it.
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Analysis of the stress-strain state of the HJ components in children in the process of “trampling”
in the case of an antetortion angle of 20° and dysplastic acetabulum with an acetabular index of 60°.

Analysis of SSS of this model of HJ in the process of “trampling” showed that the most intense is,
as for the model of HJ in the norm, the lower part of the femoral neck, as well as the sacroiliac joint and
lower branch of the pubic bone (fig. 1b). In the acetabulum, the nature of the SSS distribution compared to
the norm has changed: the front and upper edges of the acetabulum are more intense, and at the rear edge
the level of stress has become lower than for the normal model. Thus, in the anterior region of the short
circuit, the Mises stresses reach 0.8 MPa (0.7 MPa for the normal model) and 0.3 MPa at the rear edge (0.7
MPa for the normal model). At the upper edge of the acetabulum, the stress level increased to 0.5 MPa (0.2
MPa for the normal model). In the center of the acetabulum, the level of stress, as for the normal model, is
equal to 0.5 MPa (fig. 2b). The nature of the stress state distribution the along the thickness of the
acetabulum bone in the process of trampling for the model with an acetabular index of 60° did not change
in comparison with the model in the norm. The central medial section of the acetabulum is more intense.
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Fig. 1 Mises stress - a complete model of the HJ: a) the norm; b) acetabular index 60°; ¢) acetabular index 60° + antetorsia of the
femur 40°; d) acetabular index 60° + antetoria of the femur 40° + internal rotation by 20°.

- Based on the calculations of this model of the HJ, the following results were obtained:

- in the conditions of acetabulum dysplasia (acetabular index 60°) the most intense areas, as for
the model, are normally the area of the femoral neck and sacroiliac joint, but the degree of SSS is higher
in the conditions of dysplasia than normal;

- the nature of the SSS distribution in comparison with the norm has changed in the acetabulum.
Its front and upper edges are more intense, and at the rear edge the level of tension has decreased. In the
central part of the acetabulum, the level of stress has not changed.
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Fig. 2. Mises stress-model of the acetabulum: a) norm; b) acetabular index 60°; c) acetabular index 60° + antetorsia of the femur
40°; d) acetabular index 60° + antetoria of the femur 40° + internal rotation by 20°.
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Analysis of the stress-strain state of the HJ components in children in the process of “trampling”
in the case of an antetortion angle of 40° and dysplastic acetabulum with an acetabular index of 60°.

Analysis of this model SSS showed that the nature of SSS distribution has changed somewhat: it
was found that in comparison with previous calculations the most intense are the lower part of the femoral
neck and lower pubic bone, and in the sacroiliac joint tension decreased. In the acetabulum, the nature of
the SSS distribution compared to previous calculations has also changed. The most intense is the leading
edge of the acetabulum, at the upper edge the level of stress has also increased compared to previous
calculations. Thus, in the anterior region of the acetabulum, the Mises stresses reach 1.1 MPa (0.7 MPa for
the normal model) and 0.7 MPa at the rear edge (1 MPa for the normal model).

At the upper edge of the acetabulum, the stress level increased to 0.8 MPa (0.2 MPa for the normal
model). At the center of the acetabulum, the stress level is 0.9 MPa (0.5 MPa for the normal model). The
nature of the stress distribution along the bone thickness of the acetabulum in the process of trampling for
the model of HJ with increased antetorsion and dysplastic acetabulum did not change in comparison with
the model of normal HJ. The central medial section of the acetabulum is more intense.

- Based on the calculations of this model of the HJ, the following results were obtained:

- in the presence of acetabulum dysplasia (acetabular index 60°) and pathological antetorsion (40°)
the most intense areas are the lower part of the femoral neck and the lower branch of the pubic bone;

- in the acetabulum, the nature of the SSS distribution has changed compared to the norm: the
presence of excessive antetorsion in addition to the dysplasia of the acetabulum has led to a redistribution
of efforts and increased stress in the front of the cavity;

- the most intense is the leading edge of the acetabulum, where the level of stress, compared to the
rear of the depression, is higher by more than 40 %;

- at the rear, upper edge, as well as in the central part of the acetabulum, the level of stress has
increased compared to previous calculations.
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Fig. 4 The values of Mises stress in the acetabulum.

Analysis of the stress-strain state of the HJ components in children in the process of “trampling”
in the case of an antetorsion angle of 40°, dysplastic acetabulum with an acetabular index of 60° in the
position of internal rotation of the thigh by 20°.

To obtain a more uniform distribution of the stress state in the acetabulum, a model with additional
internal rotation of the thigh by 20 was built. In the acetabulum, the nature of the SSS distribution compared
to previous calculations has changed. The anterior-upper-posterior edge of the acetabulum became more
intense. Thus, in the anterior region, the Mises stresses reach 1.5 MPa (0.7 MPa for the normal model) and
2 MPa at the rear edge (0.7 MPa for the normal model).

At the upper edge of the acetabulum, the stress level increased to 1.4 MPa (0.2 MPa for the normal
model). In the center of the acetabulum, the level of stress is equal to 0.9 MPa (0.5 MPa for the normal
model). The nature of the stress state distribution along the thickness of the bone of the acetabulum during
trampling for the model with additional rotation has not changed compared to the model in the norm. The
central medial section of the acetabulum is more intense.
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- Based on the calculations of this model of the HJ , the following results were obtained:

- the use of additional internal rotation of the thigh during trampling changed the nature of the SSS
distribution in the acetabulum;

- in the presence of dysplastic changes and rotation of the femur, the level of stress increases at the
edge of the acetabulum;

- in the presence of acetabulum dysplasia and excessive antetorsion, additional rotation leads not
only to an increase in the level of stress at the edge of the acetabulum, but also to a decrease in the difference
between the level of tension of the anterior and posterior edges, respectively from 40 % (without rotation)
to 20 % rotation);

- the level of stress in the central part of the acetabulum does not change.

Thus, based on data by a number of authors proving the effect of SSS distribution on bone
development and shape [8, 10] and the effect of SSS deviations on articular cartilage [5, 6], the changes in
SSS found in this study using the technique of “trampling” can to be one of the essential factors in the
development of dysplastic hip joint in the process of conservative treatment.

o -

1. In the process of “trampling” of the normal HJ, the most intense areas in the calculation model
of the HJ is the area of the femoral neck and sacroiliac joint. In acetabulum more intense are the front,
front-upper and rear edge, as well as the central part, i.e. SSS increases in almost the entire depression,
except the lower part, while the level of stress in these areas differs within 20 %;

2. In the process of “trampling” of the HJ in the case of an antetortsion angle of 20° and dysplastic
acetabulum with an acetabular index of 60°, the following changes were detected: norm to 0.5 MPa (ie
VAT increased 2.5 times), and at the rear edge the stress level decreased from 0.7 MPa for the model to
normal to 0.3 MPa, in the central part of the acetabulum the stress level did not change;

3. In the case of determining the SSS in the process of “trampling” of dysplastic HJ with an
antetorsion angle — 40° and acetabular index — 60°, it is found that the stress level increases significantly
at the top of the edge of the acetabulum by 2.5 times, and in the center of the depression by 55 %. It should
be noted that the level of stress at the rear of the edge of the short circuit is reduced by 3 times;

4. In the process of “trampling” the HJ with an antetorsion angle — 40° and acetabular index — 60°
with an additional position of the internal rotation of the thigh by 20°, it is established that there is not only
an increase in stress at the edge of the acetabulum, but also a difference between stress front and rear edges,
respectively, reduces from 40 % (without rotation) to 20 % (with rotation). The level of stress in the central
part of the acetabulum does not change.

Therefore, the stresses identified in this study, as well as the nature of their distribution in proximal
femor and acetabulum, in our opinion, may be one of the significant factors in the reconstruction and
development of the acetabulum in case of dysplastic changes in the elements of the hip joint, which requires
further clinical verification.
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