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Fractures at the thoracolumbar junction are the most common trau-
matic spinal injuries. Advances in instrumentation for vertebral
body replacement have significantly improved surgical techniques.
However, the biomechanical characteristics of stabilizing surgeries
have been insufficiently studied. Objective. To investigate the stress-
strain state (SSS) of a mathematical finite element model of the hu-
man thoracolumbar spine during trunk backward bending after Th,,,
vertebra resection, considering different transpedicular fixation
options. Methods. A mathematical finite element model of the hu-
man thoracolumbar spine — Thix—Ly vertebrae — was developed.
The Thyy vertebra was removed, and an interbody support and trans-
pedicular system with 8 screws were implanted to simulate the post-
surgical state after a Thy; burst fracture with wide laminectomy,
facetectomy, and corpectomy. The influence of transpedicular screw
length and the presence of cross-links on the SSS of the model was
examined. Results. The use of bicortical screws reduced stress le-
vels in the bone elements of the model, except in the regions around
the screws in the lumbar vertebrae, when compared to short screws.
Installing cross-links decreased stress levels at all control points
compared to models without cross-links. Specifically, in the presence
of cross-links, the SSS values at the entry points of the short screws
into the vertebral bodies of Thy, Thy, L;, and Ly, were 2.3, 1.8, 1.2,
and 5.0MPa, respectively, compared to 2.7, 2.0, 1.5, and 6.1 MPa
in the models without cross-links. In the case of bicortical screws
without cross-links, the stress values at the screw entry points into
the pedicles of the corresponding vertebrae were 2.9, 1.5, 8.2, and
11.2 MPa, respectively, compared to 2.7, 1.5, 7.5, and 10.2 MPa in
the models with cross-links. Conclusions. When the trunk is tilted
backward, the use of cross-links reduces stress levels at all control
points in the models, regardless of the screw length used. Bicortical
transpedicular screws increase stress levels on the screws themselves
and in the lumbar vertebral bodies surrounding them.

Tepenomu Oinsinku epyoononepekosozo nepexody € Haudacmiuii-
MU MPABMAMUYHUMU YPadsCceHHamu xpebma. Yoockonanenns cuc-
mem cmadinizayii ma KOHCMpPYKYil Ois 3aMiHU Min Xpeoyie 3HAYHO
NOKpawuio mexHiKy Xipypeiunux ympyyaus. Ane ocodausocmi
biomexaHixu eapianmie cmaOinizy8aIbHUx onepayii ugueHi He-
docmamuvo. Mema. Buguumu HanpysceHo-0e@opmosanuii cmau
(HAC) mooeni epyoononepexosozo 6iddiny xpebma nio 4ac Haxu-
1y mynyba Hasao nicas pesexyii xpeoysa Thyy 3a pisHux eapianmis
mparcneQurysproi gixcayii. Memoou. Pospodneno mamemamuumy
CKIHUEHHO-eJIEMEHMHY MOOelb 2PYOONONepeKo8o2o GI0O0LLY Xxpebma
moounu — xpedyi Thix—Ly. Xpebeyv Thyy udaneno i scmanogie-
HO MIJICMINO8Y ONOPY Ma mpacneOuKyIsapHy cucmemy iz 8 26UHmMiIg.
Tobmo, iMimosano cman NIcist XipypeidHoeo 6Mpy4aHHs 3 NPUGOOY
6ubyxo6020 nepenomy Thyr i3 WUpoKoIo aminekmomicio, pacemex-
momiero ma kopnekmonmiero. [locnioxcysanu enaue na HJC mooe-
J1i Q0BHCUHU MPAHCNEOUKYIAPHUX 28UHINIG | NONEPEUHUX CIMANMCOK.
Pesyromamu. 3acmocy8anis OIKOPMUKAIGHUX 28UHMIE 003801UL0
SHUBUMU PIBEHb HANPYHCEHb Y KICIMKOBUX e/leMeHmax Mooei nopie-
HAHO 3 KOPOMKUMU, 30 BUHAMKOM 30H HABKOLO 26UHMIB ) XpeOysx
NONEpeKo8oo GI00LTY. Ycmano6IeHHs NONePeyHUX CIANCOK, NOpI6-
HAHO 3 MOOeNAMU 6e3 HUX, 3MEHUIUTIO PI6eHb HANPYICEHb HA BCIX
KOHMPOTLHUX MOYKAX. 30Kpema, 3a HAAGHOCMI CINAICOK NOKAZHUKU
HJIC na pisni 6xo00y kopomrozco 2eunma 6 mina xpeoyie Thy, Thy;,
L; ma Ly cmanosunu 2,3; 1,8; 1,2, 5,0 MIla sionogiono npomu 2,7;
2,0; 1,5; 6,1 Mlla 6 mooeni 6e3 cmsicox. ¥ paszi esedenns Gikopmu-
KAIbHUX 26UHMIG 6€3 CMANCOK Y OLISIHKAX 6X00Y 28UHMA 8 HIJICKY
oyeu 6ionosioHux xpebyie Hanpysicents oopieHosanu 2,9; 1,5; 8,2,
11,2 MIla npomu 2,7; 1,5; 7,5; 10,2 MIla 6 mooeni 3i cmaxickamu.
Bucnosku. 3a ymos naxuny mynyba Hazao 6UKOpUCMAHHS nNonepey-
HUX CIMANCOK O0360JIA€ 3HUBUMU PIGeHb HANPYHCEHb V BCIX KOHM-
DOTHUX TOYKAX MOOEell He3ANEHCHO 810 O0BHCUHU BUKOPUCTIAHUX
26UHMIB. 3ACMOCY8AHHS OIKOPMUKATLHUX MPAHCHEOUKYIAPHUX
26UHMIB NPU3EOOUMb 00 NIOBUWECHHSL PIBHS HANPYIICEHb HA HUX MA
HAGKONIO 6 MINAx Xpebyie nonepekosoco GiddLny xpeoma. Kmouogi
cnosa. CKiH4eHHO-eleMeHmHa MoOeb, 2PyOONONepeKosull nepexio,
KOpNOpeKmoMmisi, OIKOPMUKAaibHa MpancneOuKyIapHa cmaoinizayis,

nonepedna cmssicka, EeKCMEeH3Isl.
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Introduction

Fractures of the thoracolumbar junction are
the most frequent traumatic injuries of the spine,
while burst fractures account for 21 to 30 % of all
types of injuries in this area [1]. The goal of treat-
ment of burst fractures is to decompress the spinal
canal, restore the spinal axis by correcting the ky-
photic deformity, and ensure the stability of this
correction. In order to achieve the desired results in
the absolute majority of cases, these injuries require
surgical intervention [2, 3]. Currently, several diffe-
rent options for surgical correction have been deve-
loped, which are implemented from the back or front
access, and combined options are also possible. At
the same time, the issue of the advantages of one or
another approach remains a subject of debate [4, 5].
Traditionally, during interventions from the posterior
approach, adequate decompression is performed by
laminectomy, if necessary, facetectomy and removal
of bony fragments of the vertebral body, which com-
press the dural sac ventrally, and stabilization is im-
plemented using transpedicular fixators. In the case
of anterior or anterolateral approaches, a corpectomy
is performed with decompression of the dural sac, re-
placement of the vertebral body with an autograft or
a metal structure, followed by fixation of the bodies
adjacent to the resected one with a plate or beams [6].
The biomechanical features of the outcomes of such
operations have been sufficiently studied that, together
with the documented complications in the early or
remote postoperative periods, determines the search
for more effective options for surgical interventions
[7, 8].

The development of medicine in recent decades
and the introduction into clinical practice of more
advanced stabilization systems and structures for
the replacement of vertebral bodies have made it pos-
sible to significantly optimize the technique of sur-
gical interventions in the thoracolumbar region
of the spine. Currently, performing a total corpecto-
my with installation of a vertebral body implant from
a posterior approach and subsequent adequate dosage
correction of the spine axis by installing a transpe-
dicular system does not pose significant difficulties.
At the same time, the specifics of the biomechanics
of such surgical intervention have not been sufficient-
ly studied. It should be noted that the currently de-
batable issue of long or short fixation in conditions
of burst fractures of the thoracolumbar spine does not
belong to surgical interventions with coprectomy [9].
In particular, taking into account that the installation
of a structure to replace the vertebral body causes

increased requirements for the stability of fixation,
preferably only long (minimum 8-screw) stabilization
is considered.

Lengthening the fixation system along with in-
creasing reliability is known to be associated with
a number of clinical and economic disadvantages.
Therefore, the optimization of the technique can be
achieved only by increasing the reliability without
increasing the length. According to the literature,
the main factors that affect the stability of the transpe-
dicular system are the depth of insertion of the tran-
spedicular screw and the presence of transverse ties,
which, however, has certain characteristics for each
type of intervention and requires further research
[10-12].

Purpose: to study the stress-strain state
of the model of the thoracolumbar section of the spine
under the conditions of bending the trunk back after
resection of the Thyy; vertebra and various options for
transpedicular fixation.

Material and methods

A mathematical finite-element model of the hu-
man thoracolumbar spine with the Thx—Ly verteb-
raec was elaborated in the biomechanics laboratory
of the State Institution Professor M. 1. Sytenko In-
stitute of Spine and Joint Pathology of the Natio-
nal Academy of Medical Sciences of Ukraine [13].
The Th;x vertebra was removed, while elements
of metal structures, such as an interbody support and
a traspedicular system of 8 screws, were installed.
That is, we simulated the condition after surgical in-
tervention for a burst fracture of the Th;x with wide
laminectomy, facetectomy, and corpectomy (Fig. 1).

During the study, 4 variants of transpedicular fi-
xation were modeled using short and long screws that
pass through the cortical layer of the front surface
of the vertebral body (bicortical insertion), as well as
two transverse ties and without them (Fig. 2).

During modeling, the material was assumed to
be homogeneous and isotropic. A 10-node tetrahe-
dron with a quadratic approximation was chosen as
a finite element. Mechanical properties of biological
tissues (compact and cancellous bone tissue, interver-
tebral discs) and artificial materials for mathematical
modeling were obtained from the literature (Table 1)
[14-18]. The material of the structural elements was
titanium. For the assessment, such characteristics as
E — modulus of elasticity (Young's modulus), v —
Poisson's ratio were used.

The stress-strain state (SST) of the models
was studied under the impact of a bending load,
which acts from front to back and simulates the tilt
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of the body back. The load was applied to the body
of the Th;x vertebra and the articular surfaces of its
spinous condyles. The load was 350 N, which cor-
responds to the weight of the upper body [19]. On
the distal surface of the disc L, the model had a rigid
fixation (Fig. 3).

For a convenient study of changes of SST in
the models depending on the method of transpedicu-
lar fixation, the following control points were selected
for recording stress values (Fig. 4):

1. The body of the Th;x vertebra;

2. The body of the Thy vertebra;

3. The body of the Thy, vertebra;

4. Body of vertebra L;;

5. Body of vertebra Ly;

6. The body of the L vertebra;

7. Body of vertebra Ly;

8. The body of the Ly vertebra;

9. The lower closing plate of the Thy; body;

10. The upper locking plate of the L; body;

Fig. 1. Mathematical finite-element
model of the thoracolumbar section
of the human spine after removal
of the Thix vertebra and installation
of a vertebral body implant and
stabilization system

11. Entry of the screw into the leg of the arch
of the Thy vertebra;

12. Entry of the screw into the leg of the arch
of the Thy, vertebra;

13. Entry of the screw into the leg of the arch
of the L, vertebra;

14. Entry of the screw into the leg of the L;; arch
of the vertebra;

15. Thy screws;

16. Thy; screws;

17. L, screws;

18. L;; screws;

19. Ties between screws in bodies Thy—Thy;;

20. Ties between screws in bodies L;—Ly;

21. Interbody support.

The study of SST in the models was performed us-
ing the finite element method. The Mises stress [20]
was used as a criterion for evaluating SST in
the models. Modeling was performed with the help
of the SolidWorks automated design system, SST

Table 1
Mechanical characteristics of the materials used
in the modeling process

Material Young's modulus (E), MPa Poisson's ratio,v
Cortical bone 10 000 0.30
Spongy bone 450 0.20
Articular cartilage 10.5 0.49
Intervertebral discs 4.2 0.45
Titan BT-16 110 000 0.30
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Fig. 2. Models with
different options
for transpedicular
fixation: short (a)
and long (b) screws
without transverse
ties; short (c¢) and
long (d) screws with
transverse ties

Fig. 3. Model loading scheme

Fig. 4. Scheme of the location of control points
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calculations of the models with the CosmosM soft-
ware complex [21].

Results and their discussion

The first stage of the study was to assess the SST
in the model of the thoracolumbar spine after resec-
tion of the Thyy vertebra under the impact of the load
that occurs when the trunk is tilted back. Transpedi-
cular fixation with short screws without transverse
ties was modeled. The stress distribution in the model
is shown in Fig. 5.

The conducted studies showed that with the use
of short screws without cross ties, maximum stresses
of 16.5 MPa occur in the body of the L, vertebra
when the body is tilted back. In the bodies of the L,,
Ly, Ly vertebrae, the stresses also become signifi-
cant and are determined in the range from 12.5 to
13.4 MPa. Besides, a high level of stress was recorded
in the places of contact of the vertebrae with the in-
terbody support: L; — 9.7 MPa, Thy; — 8.3 MPa.
Around the screws, the maximum stress occurred
in the L, vertebra — 6.1 MPa, in the others the fi-

gure did not exceed the limit of 2.7 MPa. Among
the fixing screws, the one located in the L; vertebra
was the most stressed (30.1 MPa), and the least in
the L;; vertebra (9.4 MPa). The stresses on the screws
in the thoracic vertebrae were distributed almost uni-
formly in the range from 14.6 to 15.3 MPa; in the in-
terbody support they were determined at the level
of 45.1 MPa (Table 2).

Figure 6 shows the SST model of the thoracolum-
bar section of the spine after resection of the Thyy
vertebra under the impact of the load that occurs
when the trunk is tilted back (transpedicular fixation
with long screws without transverse ties).

Replacing short fixing screws with long ones un-
der the conditions of tilting the trunk back led to mi-
nor changes in the stress level in the bone structures,
mainly in the downward direction. A slight increase
in the stress level by an average of 0.2 MPa was de-
termined in the bodies of L;;—Ly vertebrae. A greater
increase was recorded around the screws located in
the lumbar vertebrae: L; — up to 8.2 MPa, Ly; — up
to 11.2 MPa. In all elements of the metal structure,

Table 2

Values of stresses in models of the thoracolumbar spine after resection of the Thy;; vertebra under the impact
of the load that occurs during the tilt of the trunk back, with different options for transpedicular fixation

Control point Stress, MPa
No. area without ties with ties
short screw long screw short screw long screw
1 body of the vertebra Th;x 1.4 1.4 1.4 1.4
2 body of the vertebra Thy 5.6 4.9 5.5 4.5
3 body of the vertebra Thy, 5.0 4.6 4.7 4.2
4 body of the vertebra L, 6.8 6.3 6.5 6.0
5 body of the vertebra Ly 12.5 12.7 11.5 11.4
6 o | body of the vertebra Ly 13.3 13.4 12.3 12.4
7 % body of the vertebra Ly 16.5 16.9 16.2 16.6
8 % body of the vertebra Ly 134 13.8 12.9 13.0
9 < | lower body locking plateThyx; 8.3 8.2 8.0 6.4
10 upper body locking plate L, 9.7 9.3 8.4 7.7
11 screw entry Thy 2.7 2.9 2.3 2.7
12 screw entry Thy 2.0 1.5 1.8 1.5
13 screw entry L, 1.5 8.2 1.2 7.5
14 screw entry Ly 6.1 11.2 5.0 10.2
15 screws Thy 15.3 18.3 14.5 16.1
16 _5 screws Thy 14.6 19.6 13.6 18.4
17 g screws L; 9.4 16.8 7.1 16.4
18 % screws Ly 30.1 38.2 27.1 333
[}
19 = | ties Thx-Thy — — 2.8 2.3
20 E ties Li—Ly — — 5.8 6.3
21 interbody support 45.1 46.0 40.2 40.3
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3

Fig. 5. The pattern of stress distribution in the model of the thoracolumbar spine after resection of the Thy;, vertebra under the impact
of the load that occurs when the trunk is tilted back. Transpedicular fixation with short screws without transverse ties: front (a),
side (b) and back (c) views; screws (d)

3

Fig. 6. Stress distribution in the model of the thoracolumbar spine after resection of the Thy; vertebra under the impact of the load
that occurs when the trunk is tilted back. Transpedicular fixation with long screws without cross ties: front (a), side (b) and back (c)
views; screws (d)

3

Fig. 7. Stress distribution in the model of the thoracolumbar spine after resection of the Thyy vertebra under the impact of the load
that occurs when the trunk is tilted back. Transpedicular fixation with short screws with transverse ties: front (a), side (b) and back (c)
views; screws (d)

]

Fig. 8. Stress distribution in the model of the thoracolumbar spine after resection of the Thy vertebra under the impact of the load
that occurs when the trunk is tilted back. Transpedicular fixation with short and long transverse ties: front (a), side (b) and back (c)
views; screws (d)
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Fig. 9. Diagram of stress values at control points on the bone
elements of the models

the level of stress increased: the most on the screw in
the L; vertebra (up to 16.8 MPa), slightly in the inter-
body support (up to 46.0 MPa) (Table 2).

The pattern of stress distribution in the mo-
del of the thoracolumbar spine after resection
of the Thy, vertebra under the impact of the load that
occurs when the trunk is tilted back (transpedicular
fixation with short screws with transverse ties) is
shown in Fig. 7. It can be seen that the use of trans-
verse ties made it possible to reduce the stress level
at all control points of the model (Table 2). The mag-
nitudes of stress on the tie-rods were determined at
the level of 2.8 and 5.8 MPa in the thoracic and lum-
bar regions, respectively.

The last stage of the study involved evaluation
of the effect of transverse ties in the case of using
long fixing screws on the distribution of stresses in
the model under the conditions of tilting the body
back (Fig. 8). It has been proven that there are no
significant changes in SST in this case compared
to the model with long screws without ties, but all
changes are aimed at reducing the amount of stress
(Table 2).

The diagram (Fig. 9) clearly shows that the values
of stresses in the bone elements of the models for all
variants of transpedicular fixation of the thoracolum-
bar spine under the impact of the load that occurred
during the bending of the trunk back do not differ
significantly. The general trend can be characterized
as follows: the use of long screws makes it possible to
reduce the stress level in the bony elements of the mo-
del compared to short ones, except for the area around
them in the lumbar vertebrae. At the same time, an
increase in the stress level is established on the long
SCTEews.

Cross ties reduce the stress level at all control
points of the model compared to models without ties.

In order to assess general pattern of biomecha-
nics of the fixed thoracolumbar spine and determine
the optimal stabilization technique, the results ob-

tained in this study should be interpreted in terms
of their clinical significance in comparison with
the results of studies of other loading patterns.

Conclusions

Under the conditions of tilting the body back,
the use of transverse ties allows to reduce the stress
level at all control points of the models, regardless
of the length of the used fixing screws.

An increase in the length of the fixation screws re-
sults in an increase in the level of stress on them and,
as a result, in the bodies of the vertebrae of the lum-
bar spine around these screws, which has an absolute
clinical significance.

Conflict of interest. The authors declare no conflict
of interest.
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