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Despite the high clinical effectiveness of percutaneous verte-
broplasty, the occurrence of new osteoporotic vertebral com-
pression fractures after the procedure remains a significant
clinical problem. One of the key mechanisms of recurrent frac-
tures is believed to be the redistribution of mechanical loads
within the spine caused by changes in geometry and stiffness af-
ter vertebral collapse and cement augmentation. Finite element
analysis (FEA) is an appropriate tool for quantitative assess-
ment of these biomechanical processes. The purpose. To pro-
vide biomechanical validation of topographic patterns of new
vertebral fractures by analyzing the stress-strain state of a mul-
tisegment spinal model. Methods. Three-dimensional finite el-
ement models of the Thy—Ly spine were developed, taking into
account osteoporotic bone properties, including an intact model
and models with compression fractures at different vertebral
levels. Additional models simulated post-vertebroplasty condi-
tions with local replacement of cancellous bone by bone cement.
Results. The simulations demonstrated that vertebral compres-
sion fractures lead to significant redistribution of stresses in
adjacent and distant spinal segments, with the location of high-
stress zones depending on the level of the primary fracture.
Vertebroplasty reduced stress in the treated vertebra but did not
eliminate elevated stresses in other spinal segments, where bio-
mechanical conditions favorable for subsequent fractures per-
sisted. Conclusion. These findings confirm that the level of the
primary fracture determines the spatial pattern of load redis-
tribution in the spine and may explain the topographic features
of new fractures after vertebroplasty. Finite element analysis
is an effective method for investigating mechanisms of cascade
fractures and for supporting preventive strategies in patients
with osteoporosis.

Heseaoicalouu na Ucoky Kainiyny egpexmugnicmv nyHKyiunoi
6epmebponIacmuKu, npooiemMa GUHUKHEHHS HOBUX OCMeono-
POMUYHUX KOMNPECIUHUX NepeloMie Xpebyie nicia empyuanHs
sanumacmscsa akmyanvhot. OOnum i3 KI0408UX MeXaHizMie
PO3BUMKY NOBMOPHUX YUKOOIICEHb 88ANCACMbCA Nepepo3no-
01l MEXAHIUHUX HABAHMANCEHD Y XpeOmi 6HACAIOOK 3MIHU 11020
eceomempii ma AHCOPCMKICHUX XAPAKMEPUCMUK NICTA KOMNnpe-
ClliHO20 nepenromy ma yeMeHmyeaunHs mina xpeoys. /s xino-
KICHO20 OYIHIOGAHHS YUX NPOYECI8 OOYLILHUM € 3ACMOCYEAHHS
Mmemooy ckinuennux enremenmie (MCE). Mema. Biomexaniune
00IPYHMY6AHHA MONOZPAPIUHUX 3AKOHOMIPDHOCMEN BUHUK-
HEeHHs. HOGUX KOMNPECIiHUX nepenomie WiIAXOM aHali3y Han-
pyaicerno-oepopmosanozo cmany (HJC) b6acamoceemenmmuol
moOeni xpedoma. [lo6ydosarno mpusumipHi cKinueHHO-eNeMeHm-
Hi mooeni xpeoma Thy—Ly 3 ypaxyeaunam ocmeonopomudnux
eracmugocmell KiCko6oi MKAHUHU, GKIIOYHO 3 IHMAKMHOIO
MOOeNN0 Mma MOOeaaMU 3 KOMNPECIiHUMU nepeioMamu mii
Xpebyis pisnoi noxanizayii. Oxkpemo mooeniosanucs eapianmu
nicis 6epmeOPONIACMUKY 3 TOKATLHUM 3amiyenHam eyouacmor
xicmku yemenmom. Pezynomamu. Buseneno, wo komnpecivinui
nepeiom npuzeo0ums 00 CYmMme8o20 nepepo3noodiny Hanpy-
JHCEHD Y CYMINCHUX T 6I00ANEHUX CecMeHmax xpebma, npuiomy
Xapakmep 30H NiOBUWEHO20 HANPYIHCEHHS 3aNedCUMb 6i0 PieHs
nepeunHo20 yuikoodicents. Bepmebponiacmuka 11020 sHusicye
8 YUWKOOXHCEHOMY Xpebyi, npome He YCy8ac nid8ueHo2o HasaH-
MANCeHHs 8 THWUX cecMeHmax, oe opmyromscs biomexaniuni
nepeoymosu 0 po36uUmKy NosmopHux nepenomis. Bucnosxu.
Ompumani pezyrvmamu niomeepotcyioms, wo 10KANI3ayis
NepeUHHO20 NepelomMy 8UHAUAE NPOCIOPO8Y CIMPYKMYpPY nepe-
PO3N0OINY HABAHMANCEHb Y XpeOmi ma NOACHIOE Mmonocpapiuni
0Cc0OIUB0CMI GUHUKHEHHS HOBUX NepenoMie nicis eepmedpo-
naacmuku. Knwouoei crosa. Memoo CKIHUEHHUX eleMeHmIs;
biomexawnira xpebma; 0Cmeonopo3; HO8I KOMNPeCIUHI nepeno-
Mu Xpebyis; 6epmebPONIACMUKA; HANPYICEHO-0ehOopMOSaHULl

Cmad.
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Introduction

Osteoporotic vertebral compression fractures are
among the most common causes of chronic pain syndrome,
impaired functional activity, and reduced quality of life in
elderly patients [1-3]. Percutaneous vertebroplasty is cur-
rently regarded as an effective minimally invasive method
for fracture stabilization, enabling rapid pain relief and
restoration of load-bearing capacity of the affected spinal
segment [4, 5]. However, clinical studies indicate that there
remains a significant risk of new vertebral compression
fractures after vertebroplasty, which may form cascade in-
juries and lead to progressive spinal deformity [6-9].

Despite a substantial number of studies investi-
gating risk factors for recurrent fractures after verte-
broplasty, most research focuses on demographic, met-
abolic, or procedural technical factors, whereas spatial
patterns of new fracture occurrence and their biome-
chanical mechanisms remain insufficiently explored
[10-12]. There is a lack of publications analyzing
the statistical identification of such patterns, and even
fewer studies providing biomechanical justification.

Mathematical modelling is an important research tool
widely used in complex biomechanical systems. Currently,
the finite element method (FEM) is one of the most widely
applied approaches for solving complex numerical mod-
elling problems. One important application is the analysis
of stress—strain distribution (SSD) in the spine when eval-
uating different models of spinal trauma and pathology. In
the literature [13—15], research is predominantly focused on
the lumbar spine. Fewer studies address the thoracolumbar
region [16, 17], or the entire spine {18, 19], which is mainly
due to the complexity of constructing geometric models
and simulating their correct functional behavior.

Therefore, biomechanical modelling as a logical
continuation of statistical analysis is highly relevant
for substantiating the mechanisms of load redistri-
bution in the spine after compression fractures and
vertebroplasty, as well as for confirming topographic
patterns of new injury occurtence. This approach not
only helps explain the mechanisms of cascade frac-
tures but also provides a scientific basis for develop-
ing individualized preventive and therapeutic strate-
gies in patients with osteoporosis.

Aim: biomechanical substantiation of topographic
patterns of new osteoporotic vertebral compression
fractures through analysis of the stress—strain state
of a multisegment spinal model.

Material and Methods

The study materials were reviewed by the Bioeth-
ics Commission of the SI “Professor M. 1. Sytenko
Institute of Spine and Joint Pathology of the NAMS
of Ukraine” (Protocol No. 260 dated 23.02.2026).

The finite element modelling study was performed
as a logical continuation of a previous stage of work,
in which statistically significant topographic patterns
of new osteoporotic vertebral compression fractures
after percutancous vertebroplasty were identified.
The aim of the mathematical modelling was biome-
chanical substantiation and verification of the iden-
tified patterns through analysis of the stress—strain
state of adjacent and distant spinal segments depend-
ing on the location of the primary fracture, namely:
Thy; — possible new deformation at Thyyy; in the
case of Thyy—Thyx, Thyy, Ly; for Thy—Thy; for pri-
mary L, — new Thyy, Ly, Ly [20].

In constructing the computational models, a geomet-
ric spinal model developed at the Biomechanics Labora-
tory of the SI “Professor M. I. Sytenko Institute of Spine
and Joint Pathology of the NAMS of Ukraine” was used
as a basis. The following modifications were introduced:

1. unchanged geometry, while bone tissue proper-
ties were defined as osteoporotic tissue (intact model).

2. a 15° compression fracture of the Thy; vertebra
was simulated, taking osteoporosis into account. In ad-
dition, in the models, a one-third replacement of the ver-
tebral body (trabecular bone tissue) with a material con-
taining bone cement (16 %) was performed:

a) in the anterior, middle, and posterior parts
of the Thy, vertebra;

b) in the anterior part of the Thyy; vertebra;

¢) in the anterior part of the L; vertebra;

d) in the anterior part of the Thy;; vertebra.

The computational models are shown in Fig. 1.

Material properties

In this study, the material was assumed to be homo-
geneous and isotropic. When selecting the properties
of bone structures and biological tissues, we relied on data
most frequently reported in the literature. Osteoporotic
changes in bone tissue were taken into account [21-24].
The material properties, including Young’s modulus (E)
and Poisson’s ratio (v), are summarized in Table 1.

The loading scheme was considered under con-
ditions of upright standing. To calculate load mag-
nitudes, several authors [25-28] investigated muscle
forces that compensate for the effect of the weight
of individual body components applied at their cen-
ters of mass. Accordingly, the force values used in
this study are summarized in Table 2.

The location and direction of the forces are shown
in Fig. 2. The model is fixed at the inferior surface
of the vertebral body and at the articular surfaces of L.

Results and discussion

Model of the intact Th,—Ly vertebral block
The computational model is shown in Fig. 3.
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Analysis of the simulation results for the osteoporotic
vertebral model under normal conditions (Fig. 4) showed
that the stress level in the Thy—Ly vertebral block ranged
from 1 to 3.2 MPa. It was demonstrated that the lumbar
spine (L;—Ly) is more stressed, with a maximum stress
level of 3.2 MPa. In the thoracic region, the most stressed
segment was the Thy—Thy;; block, where the stress level
reached 1.6 MPa. A comparison of stress distribution
across vertebrae in the model is presented in Fig. 5.

From the calculations, the following conclusions
can be drawn:

— in the Thy—Ly block, the SSD is non-uniform.
The lumbar spine is the most stressed region;

— in the Thy—Thy; segment, vertebral bodies are
more stressed in their anterior portion;

—in the L;—Ly segment, the posterior load-bearing

tern of SSD in the Thy—Ly spinal block changed, with an
overall increase in stress levels. In the L,—Ly segment,
stress reached 3.7 MPa (3.2 MPa in the intact model),
while in the Thy—Thy;; segment it reached 2.1 MPa
(1.6 MPa in the intact model). The maximum von Mises
stress in the Thg; vertebral body in the computational
model was 1.3 MPa (1.0 MPa in the intact model).

A comparison of stress distribution in the verte-
brae of the intact model and the compression fracture
model is'shown in Fig. 8.

From the calculations, the following conclusions
can be drawn:

Table 2
Magnitudes of loads on the Ty—Ly vertebrae

. Upper surface Perpendicular to the upper In the plane of the upper
complex is more stressed. of th% vgrtebral surfaceboi;l th? I:]/)ertebral surfacebofd th? I\\]/;:rtebral
. . 0
The model with a compression fracture of the Thy; = Z =
. - Thy 182.7 35
vertebra is shown in Fig. 6.
Analysis of the computational results (Fig. 7) com- Thvi o1 >
pared with the intact model demonstrated that the pat- Thyu o8 >
ThVII[ 105 5
Table 1 Thix 11.2 3
Mechanical properties of the materials used Thy 14.0 3
Material Elastic modul I
ateria aSEl((ilt'/lnSa)u us Opl((;ggvv (o} ThXI 147 0
Osteoporotic cortical bone [21] 3066.00 0.30 Thxu 175 0
Osteoporotic cancellous bone [21] 132.00 0.30 - 16.8 10
Intervertebral disc 4.20 0.45 Ln 16.8 8
Cartilage 5.58 0.45 L 16.1 7
- Ly 18.2 5
Mixture of cancellous bone and 2200.00 034
bone cement (16 %) ' ’ Ly 18.2 0
Fig. 1. Computational models: (a) normal
model with osteoporotic bone tissue;
models with compression fractures: (b) Thy
vertebra; (c) Thxy; (d) LI; (¢) Thyy and bone
a b ¢ d cement in the posterior part.
‘:- Fig. 2. Intact computational model, views: (a) anterior; (b)
f left; (c) posterior; (d) loading and fixation in the computational
a b e model.
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— the pattern of SSD distribution in the Thy—Ly
spinal block changed compared with the intact
model. The greatest increase in stress was observed
in the Thy;—Thy, segment;

— stress levels in the Th,x—Thy vertebrae increased
by 60 %, while in the Thyy, Thyyy, and Thy; vertebrae
the increase was 30 %;

Fig. 3. von Mises stress in the computational model, views: (a)
anterior; (b) left; (c) posterior; (d) sagittal section of the Thx—
Thxy vertebral block.

— in other vertebrae, stress levels increased by
10-20 %.

Model with a compression fracture of Thy; and
bone cement augmentation in the anterior portion

In the computational model, bone cement (16 %)
was added to the osteoporotic trabecular bone in
the anterior part of the Thy; vertebral body (Fig. 9).

Fig. 6. von Mises stress in the computational model, views: (a)
anterior; (b) left; (c) posterior; (d) sagittal section of the Thy—
Thxy vertebral block.
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Fig. 4. Magnitude of von Mises stress in the Thy—Ly
vertebrae.

Fig. 5. Computational model with compression fracture of the
Thy, vertebral body, views: (a) anterior; (b) left; (c) posterior.

Fig. 7. Magnitude of von Mises stress in the Thy—Ly vertebrae in
the intact model and in the compression fracture model.

Fig. 8. Sagittal section of the Thx—Thxy vertebral block of the
computational model.
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Analysis of the computational results (Fig. 10) com-
pared with the model without bone cement showed that
the overall pattern of SSD in the Thy—Ly spinal block
did not change, except for the Thy, vertebra.

[a] [b]

Fig. 9. von Mises stress in the computational model, views: (a)
anterior; (b) left; (c) posterior.

Fig. 10. von Mises stress in the ThXI vertebral body: (a)
computational model; (b) model without bone cement.

2,5
2

2,5
2

1,5
1

0,5 |
[

ThS Thé Th7 Ths Ths Th10Th1lThi2 L1 L2 L3 L4 LS

Fracture

= model

= Anterior part
(16 %)

Fig. 11. Distribution of von Mises stresses in the computational
models without and with bone cement augmentation.

Fig. 12. Sagittal section of the Thyx—Thx; vertebral block of the
computational model with bone cement augmentation: (a) middle
part of the Thy, vertebra; (b) posterior part of the Thy, vertebra.

Stress in the cortical layer of the ThXI vertebral
body (Fig. 11) was 1.2 MPa (1.3 MPa in the model
without bone cement). For the trabecular bone in
the cemented region, the stress was 0.6 MPa (0.3 MPa
in the model without bone cement).

The diagram (Fig. 12) shows a comparison
of maximum von Mises stress values for vertebral
bodies in the models with and without bone cement
augmentation.

From the calculations, the following conclusions
can be drawn:

—the pattern of the SDS distribution in the Thy—Ly
spinal block compared with the model without bone
cement did not change;

— a decrease in the stress state within 10 % oc-
curred in the cortical layer of the surface of the Thy,
vertebral body;

Fig. 13. von Mises stress in
the Thy; vertebral body in the
model with bone cement: (a)
anterior part; (b) middle part;
(c) posterior part.

[a] [b]

Fig. 14. Computational model with compression fracture of the
Thyy vertebral body, views: (a) anterior; (b) left; (c) posterior.
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— in the cement injection zone, an increase in the
stress state was observed, which is explained by the
higher stiffness of bone cement compared to cancel-
lous bone.

Model of Thy, compression fracture with bone ce-
ment in the middle and posterior parts

For the construction of the computational models,
bone cement (16 %) was added to the osteoporotic
cancellous bone tissue in the middle and posterior
parts of the Thy; vertebral body (Fig. 13).

Analysis of these models (Fig. 14) compared
with the model with bone cement in the anterior
part showed that the pattern of SDS distribution in
the Thy—Ly spinal block did not change. In the Thy;
vertebra, changes in SDS were also negligible.

The stress level in the cortical layer of the Thy,
vertebral body (Fig. 14) was 1.2 MPa in the model
with bone cement in the anterior part of the verte-
bral body and 1.1 MPa in the middle and posterior
parts. For the cancellous bone in the cement zone,
the values were 0.6 MPa, 0.7 MPa, and 0.4 MPa,
respectively.

From the calculations, the following conclusion
can be made: the location of bone cement in differ-
ent regions of the Thy; vertebral body does not affect
the SDS distribution in the Thy—Ly spinal block.

The model of Thy; compression fracture is
shown in Fig. 15. Analysis of the computational
model (Fig. 16) compared with the. intact model
showed that the pattern of SDS distribution in
the Thy—Ly spinal block changed and the stress
level increased. The stress level in the L—Ly spi-
nal block reached 3.8 MPa (3.2 MPa in the intact
model), and in the Thy—Thy; block it reached
2.4 MPa (1.6 MPa in the intact model). The max-
imum von Mises stress in the Thyy, vertebral body
in the computational model was 1.3 MPa (1.2 MPa
in the intact model).

Comparison of stress states in the vertebrae of the in-
tact and compression fracture models is shown in Fig. 17.

From the calculations, ‘the following conclusions
can be made:

— the pattern of SDS distribution in the Thy—Ly
spinal block compared with the intact model changed.
The increase in stress was most pronounced in the
Thy,~Thy, and L;y—Ly blocks;

— the stress level in the Thyy; vertebra increased by
50 %, in the Thyy, Thyx, and Thy; vertebrae by 40—46 %;

— in the L; and L,, vertebrae, the increase was
19 % and 21 %, and in the Ly vertebra by 24 %;

— in other vertebrae, the stress level increased
within 4-8 %.

Model of Thy;; compression fracture with bone ce-
ment in the anterior part

In the computational model, bone cement (16 %)
was added to the osteoporotic cancellous bone tis-
sue in the anterior part of the Thy vertebral body
(Fig. 18).

Analysis of the computational model (Fig. 19) com-
pared with the model without bone cement showed that
the pattern of SDS distribution in the Thy—Ly spinal
block did not change, except for the Thy;; vertebra.

The stress level in the cortical layer of the Thyy
vertebral body (Fig. 20) is 1.2 MPa (1.3 MPa in
the model without bone cement). For the cancel-
lous bone in the cement injection zone, it is 0.6 MPa
(0.2 MPa in the model without bone cement).

Figure 21 shows a comparison of the maximum
von Mises stress values for vertebral bodies in
the models with and without bone cement.

From the calculations: the pattern of the SDS dis-
tribution in the Thy—Ly spinal block compared with
the model without bone cement did not change; a de-
crease in the stress state within 10 % occurred in
the cortical layer of the surface of the Thyy vertebral
body; in the cement injection zone, an increase in
stress was observed, which is explained by the higher
stiffness of bone cement compared to cancellous
bone.

Model of L; compression fracture (Fig. 22)

Comparing the computational model (Fig. 23)
with the intact model revealed that the pattern of SDS
distribution in the Thy—Ly spinal block changed and
the stress level increased.

The stress level in the L;—Ly spinal block
reached 3.4 MPa (3.2 MPa in the intact model), and
in the Thy—Thy; block it was 2.0 MPa (1.6 MPa in
the intact model). The maximum von Mises stress in
the L, vertebral body in the computational model was
2.0 MPa (2.4 MPa in the intact model).

Comparison of stress states in the vertebrae
of the intact and compression fracture models is
shown in Fig. 24.

From the calculations, the following follows:

— the pattern of SDS distribution in the Thy—Ly
spinal block compared with the intact model changed.
The increase in stress was more pronounced in
the Thy,,—Th;x block and in the Ly vertebra;

— the stress level in the Th;x vertebra increased
by 31 %. In Thyy and Thyy, by 23 % and 25 %,
respectively;

—in the Ly vertebra, by 16 %;

— in other vertebrae, the increase in stress did not
exceed 10 %.
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Model of L; compression fracture with bone ce-
ment in the anterior part

In the computational model, bone cement (16 %)
was added to the osteoporotic cancellous bone tissue
in the anterior part of the L; vertebral body.

Analysis of the computational model (Fig. 26)
compared with the model without bone cement

Fig. 15. von Mises stress in the computational model, views: (a)
anterior; (b) left; (c) posterior; (d) sagittal section of the Thx—L;
vertebral block.
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showed that the pattern of SDS distribution in
the Thy—Ly spinal block did not change, except for
the L, vertebra.

The stress level in the cortical layer of the L verte-
bral body (Fig. 27) is 1.9 MPa (2.0 MPa in the model

[a] b

Fig. 18. von Mises stress in the computational model, views: (a)
anterior; (b) left; (c) posterior.

C

Fig. 19. von Mises stress in the Thxy vertebral body: (a)
computational model; (b) model without bone cement.

MMa 4

3
Fracture

2 " model
Anterior part
II II II II o
0

Ths The Th7 Th3 Ths Thi0ThilThi2z L1 12 13 4 L5

—-

Fig. 16. Magnitude of von Mises stress in the Thy—Ly vertebrae
in the intact model and in the compression fracture model.

Fig. 17. Sagittal section of the Thy,—L; vertebral block of the
computational model.

Fig. 20. Distribution of von Mises stresses in the computational
models without and with bone cement augmentation.

[a]

Fig. 21. Computational model with compression fracture
of the L, vertebral body, views: (a) anterior; (b) left; (c) posterior.
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Fig. 22. von Mises stress in the computational model, views: (a)
anterior; (b) left; (c) posterior; (d) sagittal section of the Thxy—Ly
vertebral block.
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Fig. 23. Magnitude of von Mises stress in the Thy—Ly vertebrae
in the intact model and in the compression fracture model.

Fig. 24. Sagittal section of the Thy;—L; vertebral block
of the computational model.

without bone cement). For the cancellous bone in
the cement zone, it is 0.5 MPa (0.2 MPa in the model
without bone cement).

Figure 28 shows a comparison of the maximum
von Mises stress values for vertebral bodies in
the models with and without bone cement.
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Fig. 25. von Mises stress in the computational model, views: (a)
anterior; (b) left; (c) posterior.

3

Fig. 26. von Mises stress in the LI vertebral body: (a)
computational model; (b) model without bone cement.
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Fig. 27. Distribution of von Mises stresses in the computational
models without and with bone cement augmentation.
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Fig. 28. Computational model with compression fracture
of the Thyy; vertebral body, views: (a) anterior; (b) left; (c) posterior.

From the calculations: the pattern of SDS distri-
bution in the Thy—Ly spinal block compared with
the model without bone cement did not change; a de-
crease in the stress state within 10 % occurred in
the cortical layer of the L; vertebral body surface; in
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Fig. 29. von Mises stress in the computational model, views: (a)
anterior; (b) left; (c) posterior; (d) sagittal section of the Thy—
Thym vertebral block.
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Fig. 30. Magnitude of von Mises stress in the Thy—Ly vertebrae
in the intact model and in the compression fracture model.

Fig. 31. Sagittal section of the Thy;—Thy; vertebral block of the
computational model.

Fig. 32. von Mises stress in the computational model, views: (a)
anterior; (b) left; (c) posterior.

Fig. 33. von Mises stress in the Thyy vertebral body: (a)
computational model; (b) model without bone cement.
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Fig. 34. Distribution of von Mises stresses in the computational
models without and with bone cement augmentation.

the cement injection zone, an increase in stress was
observed, which is explained by the higher stiffness
of bone cement compared to cancellous bone.

Model of Thy;compression fracture (Fig. 29)

Analysis of the computational model (Fig. 30)
compared with the intact model showed that the pat-
tern of SDS distribution in the L;—Ly spinal block
changed only slightly. The maximum stress level in
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the Ly vertebra was 3.4 MPa (3.2 MPa in the intact
model). In the Thy—Thy; spinal block, both the dis-
tribution pattern and stress levels changed. For ex-
ample, in the Thy; vertebra it reached 2.1 MPa (1.2
MPa in the intact model). The maximum von Mises
stress in the Thy; vertebral body in the computational
model was 2.1 MPa (1.3 MPa in the intact model).

Comparison of stress states in the vertebrae of the in-
tact and compression fracture models is shown in Fig. 31.

From the calculations, it follows:

— the pattern of the SDS distribution in the Thy—
Thyy spinal block compared with the intact model
changed. The increase in stress state was mainly ob-
served in the Thy, and Thy,, vertebral blocks;

— the stress level in the Thy; vertebra increased by
75 %, and in Thyy; by 62 %;

— in the L;—Ly spinal block, it remained almost
unchanged;

—in other vertebrae, the stress level changed within 3-8 %.

Model of Thy; compression fracture with bone ce-
ment in the anterior part

In the computational model, bone cement (16 %)
was added to the osteoporotic cancellous bone tissue
in the anterior part of the Thy;, vertebral body (Fig. 32).

Analysis of the computational model (Fig. 33) com-
pared with the model without bone cement showed that
the pattern of SDS distribution in the Thy—Ly spinal
block did not change, except for the Thy,, vertebra.

The stress level in the cortical layer of the Thyy
vertebral body (Fig. 34) was 1.5 MPa (2.1 MPa in
the model without bone cement). For the cancellous
bone in the cement zone, it was 0.6 MPa (0.2-MPa in
the model without bone cement).

Figure 35 shows a comparison of the maximum
von Mises stress values for vertebral bodies ‘in
the models with and without bone cement.

From the calculations, it follows:

— the pattern of SDS distribution in the Thy—Ly
spinal block compared with the model without bone
cement did not change;

— a decrease in the stress state within 28 % oc-
curred in the cortical layer of the surface of the Thyy
vertebral body. In percentage terms, this represents
the greatest reduction in stress among vertebrae with
compression fractures after cement augmentation;

— in the cement injection zone, an increase in stress
was observed, which is explained by the higher stiff-
ness of bone cement compared to cancellous bone.

In summary, Table 3 presents the results of in-
creased stress in the Thy—Ly spinal block depending
on the location of the fracture.

The obtained results of mathematical modeling
are consistent with previously established clinical

and statistical patterns and confirm that the loca-
tion of the primary compression fracture determines
the pattern of stress redistribution in the spine, creat-
ing prerequisites for the occurrence of new fractures
in predicted segments [20].

Conclusions

Biomechanical modeling confirmed that a ver-
tebral compression fracture leads to a significant re-
distribution of stresses in adjacent and distant spinal
segments, forming zones of increased load that corre-
spond to the clinical topography of new fractures iden-
tified in our previous study. Vertebroplasty reduces
local stresses in the treated area but does not eliminate
global changes in the stress—strain state of the spinal
motion segment.

The obtained results explain the mechanisms
of cascade fracture development and justify the fea-
sibility of preventive interventions in vulnerable
segments of high-risk patients. Thus, biomechanical
modeling confirms the clinical and statistical patterns
identified in the previous study.

Study limitations. The finite element biome-
chanical model is static and considers only vertical
loading in the standing position. It does not include
dynamic movements, individual muscle activity,
age-related postural changes (progressive thoracic
kyphosis, forward trunk inclination, shift of the cen-
ter of mass), degenerative changes in intervertebral
discs, the influence of the thoracic cage, ribs, and
abdominal muscles, as well as the individual spinal
geometry of a specific patient. These simplifications
limit the full reproduction of the real multicomponent
biomechanics of the spine in elderly patients with

osteoporosis.
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