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Introduction. The treatment of burst fractures at the thoracolumbar junction 
remains a contentious issue in vertebrology. Despite a broad array of surgical 
interventions available, many surgeons favor isolated posterior stabilization, 
which can be performed using either minimally invasive or open approaches. 
However, the biomechanical properties of these methods have not been 
thoroughly investigated.
Objective: This study aims to evaluate the biomechanical stability of the 
thoracolumbar junction following transpedicular stabilization of a burst fracture 
at the Th12 vertebra, under different system configurations influenced by 
lateral flexion.
Materials and Methods: A mathematical finite element model of the human 
thoracolumbar spine, featuring a burst fracture at the Th12 vertebra, was 
developed. The model included a transpedicular stabilization system with 
eight screws, simulating “long” stabilization. We examined four variants of 
transpedicular fixation using both mono- and bicortical screws, with and 
without the inclusion of two cross-links.
Results: The study found that the load borne by the damaged Th12 vertebral 
body varied depending on the fixation system employed. Specifically, stress 
levels were 24.0 MPa, 27.3 MPa, 18.4 MPa, and 25.8 MPa for models with short 
screws without cross-links, long screws without cross-links, short screws with 
cross-links, and long screws with cross-links, respectively. At the screw entry 
points in the vertebral arch, the highest stress values were recorded at the 
L2 vertebra, showing 11.8 MPa, 14.0 MPa, 9.4 MPa, and 13.4 MPa for each 
respective model. Among the metal construct elements, the connecting rods 
consistently exhibited the highest stress, with values of 226.7 MPa, 313.4 
MPa, 212.4 MPa, and 293.98 MPa, respectively.
Conclusion: The results underscore that utilizing cross-links in the stabilization 
of burst fractures at the thoracolumbar junction, which is only feasible through 
an open installation, somewhat mitigates stress within the stabilized spinal 
segment. Meanwhile, the modeling of lateral flexion revealed only minimal 
differences in stress values between open and minimally invasive installations.
Keywords: burst fracture; thoracolumbar junction; transpedicular 
stabilization; finite element analysis; biomechanical properties; minimally 
invasive surgery
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Introduction. The first detailed morphological 
description of burst fractures (BF) was provided by Sir 
Frank Wild Holdsworth in 1963 [1]. Based on his dual-
column theory, Holdsworth proposed that such injuries 
are stable, as the posterior support complex remains 
intact. In 1983, Francis Denis expanded on this by 
introducing a three-column theory of spinal stability [2]. 
According to Denis, the posterior column comprises the 
posterior support complex, including bone structures and 
ligaments; the anterior column consists of the anterior 
longitudinal ligament, the anterior part of vertebral body, 
and the intervertebral disc; and the middle column is 
defined by the vertebral body’s posterior wall and the 
fibrous ring of the intervertebral disc, along with the 
posterior longitudinal ligament. Under this framework, 

BF that compromise two of the three columns are 
considered unstable. Despite extensive clinical data 
and a wealth of experimental research, the stability of 
BF remains an open question. Thus, the management 
strategies for patients with BF in the thoracolumbar spine 
continue to be highly debated [3].

A trend of the last few decades has been the active 
promotion and adherence to the principles of evidence-
based medicine. Modern healthcare, particularly in 
relation to traumatic spinal injuries, faces two seemingly 
contradictory objectives. On one hand, the effectiveness 
of therapy is determined by the duration of disability, 
where surgical methods clearly have an advantage as 
they generally allow for a reduction in the duration of 
functional limitations under comparable conditions [4]. 
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On the other hand, the economic aspect favors 
conservative methods as they are less costly [5].

The thoracolumbar junction is the most vulnerable 
region of the spine regarding traumatic injuries [6]. 
It is known that over 50% of all spinal injuries occur 
in the Th11-L2 vertebrae [7]. BF account for about 
15-20% of these injuries. Due to the biomechanical 
characteristics of this section and the high frequency 
of injuries, therapeutic approaches to BF in this area 
are highly varied [8]. Posterior, anterior, combined, and 
hybrid surgical methods are commonly used. It should 
be noted that in cases where there are no neurological 
disorders and significant compression of the spinal 
canal—which is observed in 60-70% of all BF—the 
primary goal of surgical intervention is the preservation 
and, in some cases, correction of the spinal axis, and 
the elimination of instability until the consolidation of 
bone fragments [4]. So, the need for stabilization of such 
injuries is often temporary, and several authors have 
noted the appropriateness of removing metal constructs 
to remobilize previously fixed segments, which naturally 
leads to reduced pain and improved quality of life. This is 
why most practicing surgeons prefer isolated posterior 
transpedicular fixation as it is less traumatic during 
installation and more accessible for removal [9].

The ability to avoid open decompression of the spinal 
canal facilitates the widespread adoption of minimally 
invasive techniques for the placement of pedicle screws. 
This technique significantly reduces blood loss, shortens 
the duration of surgery, and consequently decreases 
the risks of postoperative complications and the length 
of hospital stays [10]. Most researchers report identical 
orthopedic outcomes using either minimally invasive or 
open screw placement methods [11]. However, some 
publications note a greater loss of spinal axis correction 
and vertebral body height specifically with minimally 
invasive screw placement [12, 13]. Such differences 
may be solely related to the features of the stabilization 
system, as minimally invasive placement does not involve 
the use of cross-links, which undoubtedly affects the load 
distribution in the stabilized section of the spine and may 
have specific clinical manifestations [14]. Meanwhile, a 
review of the literature reveals no studies evaluating 
the differences in BF stabilization with or without cross-
links; moreover, the assessment of the depth of pedicle 
screw placement in the treatment of BF has also not 
been studied.

Objective: To analyze the load distribution in the 
thoracolumbar junction with a burst fracture of the Th12 
vertebra under various modifications of the stabilizing 
transpedicular system influenced by lateral flexion.

Materials and Methods: In the Biomechanics 
Laboratory of Sytenko Institute of Spine and Joint 
Pathology, National Academy of Medical Sciences of 
Ukraine, a mathematical finite element model of the 
human thoracolumbar spine with a burst fracture at the 
Th12 vertebra was developed. The model incorporated 
a transpedicular stabilization system. An eight-screw 
“long” stabilization was simulated. Detailed descriptions 

and characteristics of the model have been provided in 
previous publications [15, 16].

To simulate the BF, the body of the Th12 vertebra was 
divided by several planes into separate fragments (see 
Fig. 1). The gaps between the fragments were filled with 
a material that simulated interfragmentary regenerate, 
to replicate the conditions of a real burst fracture.

Four variants of transpedicular fixation were 
modeled using both short fixation screws and long screws 
that pass through the anterior wall of the vertebral body, 
with and without the use of two cross-links (see Fig. 2).

In the simulation, the material was assumed to be 
homogeneous and isotropic [17]. A 10-node tetrahedral 
finite element with quadratic approximation was selected 
for the analysis. The mechanical properties of biological 
tissues (cortical and cancellous bone, intervertebral 
discs) for the mathematical modeling were chosen based 
on data from references [18, 19]. The material for the 
metal construct elements was titanium. Mechanical 
characteristics of artificial materials were selected 
according to technical literature [20]. For the analysis, 
characteristics such as the Young's modulus (E) and the 
Poisson's ratio (ν) were used. Data on the mechanical 
properties of the materials are presented in Table 1.

The stress-strain state of the models was investigated 
under the influence of a bending load acting from right 
to left, simulating a leftward tilt of the torso, with the 
distal surface of the L5 disc being rigidly fixed. The load 
was applied to the body of the Th9 vertebra and the right 
facet joint. The load magnitude was 350 N. The loading 
scheme for the models is shown in Fig. 3a.

For the convenience of studying changes in the 
stress-strain state of the models depending on the 
method of transpedicular fixation, the stress magnitude 
was determined at multiple control points (see Figs. 
3b, c, d).

The stress-strain state of the models was investigated 
using the finite element method. The criterion for 
assessing the stress state of the models was von Mises 
stress [21]. The modeling was performed using the 
SolidWorks computer-aided design system (Dassault 
Systèmes, France). Calculations of the stress-strain 
state of the models were carried out using the CosmosM 
software suite [22].

This article contains some figures that are displayed in color online but in black and white in the print edition.

Fig. 1. Th12 Vertebra Model
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Fig. 2. Models with different variants of transpedicular fixation: a - short screws without cross-links;  
b - long screws without cross-links; c - short screws with cross-links; d - long screws with cross-links

Table 1. Mechanical Properties of Materials Used in Modeling
Material Young's Modulus (MPa) Poisson's Ratio

Cortical Bone 10,000 0.3

Cancellous Bone 450 0.2

Articular Cartilage 10.5 0.49

Intervertebral Discs 4.2 0.45

Interfragmentary Regenerate 1.0 0.45

Titanium VT-16 110,000 0.3

Fig. 3. Load scheme of models (a) and locations of control points (b, c, d): 1 - body of Th9 vertebra; 2 - body of Th10 
vertebra; 3 - body of Th11 vertebra; 4 - body of Th12 vertebra; 5 - body of L1 vertebra; 6 - body of L2 vertebra;         
7 - body of L3 vertebra; 8 - body of L4 vertebra; 9 - body of L5 vertebra; 10 - lower endplate of Th11 vertebra;         
11 - upper endplate of L1 vertebra; 12 - entry point for screws in the arch of Th10 vertebra; 13 - entry point for screws 
in the arch of Th11 vertebra; 14 - entry point for screws in the arch of L1 vertebra; 15 - entry point for screws in the 
arch of L2 vertebra; 16 - screws in the body of Th10 vertebra; 17 - screws in the body of Th11 vertebra; 18 - screws 
in the body of L1 vertebra; 19 - screws in the body of L2 vertebra; 20 - crosslinks between screws in Th10 and Th11 
vertebra bodies; 21 - crosslinks between screws in L1 and L2 vertebra bodies; 22 - rods

Results
In the model using transpedicular fixation with short 

screws without cross-links (see Fig. 4), the maximum 
stress values of 24.0 MPa were identified in the body of 
the Th12 vertebra. High stress levels of 21.5 and 20.1 

MPa were also recorded in the bodies of the L2 and L3 
vertebrae, respectively. Around the fixing screws, the 
highest stress value of 11.8 MPa was determined in the 
arches of the L2 vertebra. The stress around the screws 
in other vertebrae did not exceed 5.4 MPa.
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Fig. 4. Stress distribution in the model of the thoracolumbar spine with a burst fracture of the Th12 vertebra 
under load simulating leftward trunk tilt. Transpedicular fixation with short screws without crosslinks (model 
modification No. 1): a - front view; b - side view; c - rear view; d - screws

Fig. 5. Stress distribution in the model of the thoracolumbar spine with a burst fracture of the Th12 vertebra 
under load simulating leftward trunk tilt. Transpedicular fixation with bicortical screws without crosslinks (model 
modification No. 2): a - front view; b - side view; c - rear view; d - screws

In the metal structure components, the rods were 
the most stressed, experiencing stress levels of 226.7 
MPa, indicating that they bear the primary load. Among 
the fixation screws, the maximum stress value of 
27.3 MPa was observed in screws at the L2 vertebra, 
while the minimum was 14.3 MPa at the L1 vertebra. 
Screws in the thoracic vertebrae experienced uniform 
stress levels—22.1 MPa and 20.6 MPa at Th10 and Th11 
vertebrae, respectively.

Using long screws without cross-links in the 
stabilization system (see Fig. 5) slightly reduced the 
stress levels in the bodies of intact vertebrae, whereas 
in the body of the Th12 vertebra, the stress increased 

to 27.3 MPa. Around the transpedicular screws, an 
increase in stress levels was also observed. The most 
significant doubling of stress was seen in the arches of 
the Th10 vertebra, where it was recorded at 9.0 MPa. 
In the arches of the Th11 and L2 vertebrae, stresses 
increased to 6.0 and 14.0 MPa, respectively. These 
findings correspond to the pattern of stress distribution 
changes on the transpedicular screws at Th10, Th11, 
and L2 vertebrae, where they also increased to values 
of 38.6 MPa, 20.3 MPa, and 34.8 MPa, respectively. 
The increased load on the transpedicular screws is 
transmitted to the rods, causing an increase in their 
stress levels to 313.4 MPa.
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The use of short fixation screws in combination  
with crosslinks, as shown in (Fig. 6), allowed for 
a reduction in the maximum stress values at all  
control points of the model and, most importantly, 
in the damaged Th12 vertebra, down to 18.4 MPa. A  
reduction in stress levels was also observed in all 
elements of the metal structure. The most significant 
changes occurred in the connecting rods, where 
stresses decreased to 212.4 MPa. The stresses on the  
crosslinks themselves were determined to be 7.8 
MPa and 10.6 MPa at the upper and lower crosslinks,  
respectively.

The combination of crosslinks with long fixation 
screws (Fig. 7) during lateroflexion, compared to the 
model without crosslinks, also reduces stresses at all 
control points of the model, both in bone and metal 
components. However, compared to the model using 
short screws, the stress levels remain higher. The 
exception is the crosslinks themselves, where stress 
decreases to levels of 6.2 MPa and 5.4 MPa for the upper 
and lower crosslinks, respectively.

Data on the stress values at all control points of 
models with transpedicular fixation are presented in 
Table 2.

Fig. 6. Stress distribution in the model of the thoracolumbar spine with a burst fracture of the Th12 vertebra 
under load simulating leftward trunk tilt. Transpedicular fixation with monocortical screws and the presence of 
crosslinks in the system (model modification No. 3): a - front view; b - side view; c - rear view; d – screws

Fig. 7. Stress distribution in the model of the thoracolumbar spine with a burst fracture of the Th12 vertebra 
under load simulating leftward trunk tilt. Transpedicular fixation with bicortical screws and the presence of 
crosslinks in the system (model modification No. 4): a - front view; b - side view; c - rear view; d - screws
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Table 2. Stress under load simulating leftward trunk tilt in models of the thoracolumbar spine with a burst 
fracture of the Th12 vertebra under various transpedicular fixation options

No Control Points

Stress, MPa

Model without 
Crosslinks Model with Crosslinks

Short 
Screws

Long 
Screws

Short 
Screws

Long 
Screws

1

B
on

e 
Ti

ss
ue

Th9 Vertebra Body 1.1 1.0 1.1 1.0

2 Th10 Vertebra Body 10.4 7.6 10.2 5.8

3 Th11 Vertebra Body 6.5 5.4 6.3 5.2

4 Th12 Vertebra Body 24.0 27.3 18.4 25.8

5 L1 Vertebra Body 10.3 9.3 9.7 8.7

6 L2 Vertebra Body 21.5 18.2 20.0 17.6

7 L3 Vertebra Body 20.1 17.0 19.8 16.1

8 L4 Vertebra Body 25.0 21.1 23.8 20.5

9 L5 Vertebra Body 15.4 14.7 17.3 14.3

10 Lower Endplate of Th11 3.4 3.1 3.2 2.9

11 Upper Endplate of L1 5.8 5.3 5.5 4.9

12 Entry of Screws into Arch of Th10 4.1 9.3 3.8 9.0

13 Entry of Screws into Arch of Th11 5.4 3.6 4.5 3.5

14 Entry of Screws into Arch of L1 5.3 6.0 2.9 5.8

15 Entry of Screws into Arch of L2 11.8 14.0 9.4 13.4

16

M
et

al
 C

on
st

ru
ct

s

Screws in Th10 Body 22.1 38.6 19.8 38.6

17 Screws in Th11 Body 20.6 20.3 20.3 19.9

18 Screws in L1 Body 14.3 15.5 11.4 13.2

19 Screws in L2 Body 27.3 34.8 26.5 33.0

20 Crosslinks between Th10 and Th11 Screws   7.8 6.2

21 Crosslinks between L1 and L2 Screws   10.6 5.4

22 Connecting rods 226.7 313.4 212.4 293.98

When conducting a comparative analysis of the 
obtained results, the following key features can be 
identified:

1. Stress Reduction Effectiveness:
- Crosslinks consistently reduce stress across all 

configurations, particularly beneficial in models involving 
both short and long screws. This effect is prominent 
in critical areas such as the fractured Th12 vertebra, 
where the reduction of stress can be crucial for stability 
and healing.

2. Screw Length:
- Long Screws with crosslinks tend to reduce stress 

more effectively than short screws without crosslinks, 
especially in thoracic vertebrae (Th10 and Th11). This 
suggests that for areas requiring robust stabilization, 
long screws with crosslinks might be more beneficial.

- However, in the case of the fractured Th12 vertebra, 
short screws with crosslinks show the best performance 
by significantly lowering the stress, illustrating that the 
optimal screw length may vary depending on the specific 
requirements of the fracture and anatomical location.

3. Load Distribution:
- Metal Constructs: Long screws without crosslinks 

exhibit the highest stress levels, particularly at critical 

points like in the Th10 vertebra body. This underscores 
the potential for higher mechanical loads leading to 
increased risk of screw loosening or breakage. The 
inclusion of crosslinks helps mitigate this risk by better 
distributing the load.

- Endplates and Screw Entry Points: The use of 
crosslinks not only reduces the stress on the vertebral 
bodies but also at the structural interfaces where screws 
enter the bone, enhancing the overall integrity of the 
fixation.

4. Rods:
The connecting rods, an integral part of the metal 

construct, show significantly reduced stress when 
crosslinks are used. This reduction highlights the 
importance of crosslinks in preventing overloading of the 
beams, which can prevent structural failure under load.

5. General Observations:
- The pattern of stress distribution suggests that 

while long screws are generally effective, the addition of 
crosslinks is critical for achieving optimal outcomes. This 
combination seems to provide the best balance between 
stability and stress reduction.

- The consistent reduction of stress in models with 
crosslinks, regardless of screw length, suggests that 
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crosslinks could be a universally beneficial addition to 
spinal fixation systems, especially in cases of severe 
trauma or instability.

It should be noted that the results we obtained are 
generally predictable and corroborated by a range of 
clinical and experimental biomechanical studies. For 
instance, it is indisputable that the use of crosslinks in 
transpedicular stabilization provides a more uniform 
distribution of loading across various sections of the 
stabilized spine, reducing the risks of fixation failure 
[23]. The data regarding the impact of the length of 
transpedicular screws on critical load indicators in the 
bone tissue-metal construct system also find their 
clinical confirmation. It is known, for example, that the 
modification with bicortical placement of screws is more 
preferable in osteoporotic spine [24, 25]. In our study, 
the loading of the vertebral bodies when using long 
transpedicular screws with crosslinks is minimal, which 
to some extent confirms the validity and informativeness 
of the finite element model we used.

However, when extrapolating these results to 
clinical practice, it's important to note that despite the 
clear advantages of models with crosslinks, the stress 
values obtained are not so critical as to favor open 
stabilization unequivocally. For example, even the most 
heavily loaded elements of the metal constructs—the 
connecting rods —show a maximum stress level of 313.4 
MPa, while the calculated strength threshold for the 
titanium alloy VT16 ranges from 1030 MPa to 1225 MPa 
[26]. The empirical data suggest that, despite apparent 
biomechanical challenges, lateroflexion does not induce 
critical overloads at any of the control points analyzed, 
rendering an eight-screw fixation somewhat excessive. 
However, these findings are specific to the examined 
loading pattern, and conclusions regarding the suitability 
of any particular stabilization type can only be drawn 
after exploring all loading scenarios as well as modeling 
shorter fixation methods, which will be addressed in our 
future research. Moreover, based on the data, it should be 
noted that in cases with additional risks of fixation failure 
and non-consolidation of the fractured vertebral body, 
opting for an open installation of a transpedicular system 
enhanced with crosslinks may still be more advisable.

Conclusion: The results obtained illustrate that the 
use of crosslinks in the stabilization of burst fractures 
in the thoracolumbar junction, which is feasible only 
through open installation, contributes to a reduction in 
stress within the stabilized spinal segment. Meanwhile, 
in the modeling of lateroflexion, the difference in stress 
values between open and minimally invasive installations 
is minimal.

Information disclosure
Conflict of interest
The authors declare no conflict of interest.
Ethical standards
This article does not contain any studies involving 

humans or animals.
Funding
The research was conducted without sponsorship.

References
1.	 Holdsworth F. Fractures, dislocations, and fracture-

dislocations of the spine. J Bone Joint Surg Am. 1970 

Dec;52(8):1534-51.
2.	 Denis F. The three column spine and its significance in 

the classification of acute thoracolumbar spinal injuries. 
Spine (Phila Pa 1976). 1983 Nov-Dec;8(8):817-31. doi: 
10.1097/00007632-198311000-00003

3.	 Dai LY, Jiang SD, Wang XY, Jiang LS. A review of the 
management of thoracolumbar burst fractures. Surg 
Neurol. 2007 Mar;67(3):221-31; discussion 231. doi: 
10.1016/j.surneu.2006.08.081

4.	 Tanasansomboon T, Kit t ipibul T, L imthongkul W, 
Yingsakmongkol W, Kotheeranurak V, Singhatanadgige 
W. Thoracolumbar Burst Fracture without Neurological 
Deficit: Review of Controversies and Current Evidence of 
Treatment. World Neurosurg. 2022 Jun;162:29-35. doi: 
10.1016/j.wneu.2022.03.061

5.	 Aras EL, Bunger C, Hansen ES, Søgaard R. Cost-
Effectiveness of Surgical Versus Conservative Treatment for 
Thoracolumbar Burst Fractures. Spine (Phila Pa 1976). 2016 
Feb;41(4):337-43. doi: 10.1097/BRS.0000000000001219.

6.	 Qiu TX, Tan KW, Lee VS, Teo EC. Investigation of 
thoracolumbar T12-L1 burst fracture mechanism using 
finite element method. Med Eng Phys. 2006 Sep;28(7):656-
64. doi: 10.1016/j.medengphy.2005.10.011

7.	 Wang H, Zhang Y, Xiang Q, Wang X, Li C, Xiong H, Zhou 
Y. Epidemiology of traumatic spinal fractures: experience 
from medical university-affiliated hospitals in Chongqing, 
China, 2001-2010. J Neurosurg Spine. 2012 Nov;17(5):459-
68. doi: 10.3171/2012.8.SPINE111003

8.	 Bruno AG, Burkhart K, Allaire B, Anderson DE, Bouxsein 
ML. Spinal Loading Patterns From Biomechanical Modeling 
Explain the High Incidence of Vertebral Fractures in 
the Thoracolumbar Region. J Bone Miner Res. 2017 
Jun;32(6):1282-1290. doi: 10.1002/jbmr.3113

9.	 Ko S, Jung S, Song S, Kim JY, Kwon J. Long-term follow-up 
results in patients with thoracolumbar unstable burst 
fracture treated with temporary posterior instrumentation 
without fusion and implant removal surgery: Follow-up 
results for at least 10 years. Medicine (Baltimore). 2020 
Apr;99(16):e19780. doi: 10.1097/MD.0000000000019780

10.	 Lu J, Chen Y, Hu M, Sun C. Systematic review and meta-
analysis of the effect of using percutaneous pedicle screw 
internal fixation for thoracolumbar fractures. Ann Palliat 
Med. 2022 Jan;11(1):250-259. doi: 10.21037/apm-21-3736

11.	 Walker CT, Xu DS, Godzik J, Turner JD, Uribe JS, Smith 
WD. Minimally invasive surgery for thoracolumbar spinal 
trauma. Ann Transl Med. 2018 Mar;6(6):102. doi: 10.21037/
atm.2018.02.10

12.	 Perna A, Santagada DA, Bocchi MB, Zirio G, Proietti L, 
Tamburrelli FC, Genitiempo M. Early loss of angular kyphosis 
correction in patients with thoracolumbar vertebral burst 
(A3-A4) fractures who underwent percutaneous pedicle 
screws fixation. J Orthop. 2021 Feb 21;24:77-81. doi: 
10.1016/j.jor.2021.02.029

13.	 Alkosha HM, Omar SA, Albayar A, Awad BI. Candidates 
for Percutaneous Screw Fixation Without Fusion in 
Thoracolumbar Fractures: A Retrospective Matched Cohort 
Study. Global Spine J. 2020 Dec;10(8):982-991. doi: 
10.1177/2192568219886320

14.	 Cornaz F, Widmer J, Snedeker JG, Spirig JM, Farshad M. 
Cross-links in posterior pedicle screw-rod instrumentation 
of the spine: a systematic review on mechanical, 
biomechanical, numerical and clinical studies. Eur Spine J. 
2021 Jan;30(1):34-49. doi: 10.1007/s00586-020-06597-z

15.	 Nekhlopochyn O, Verbov V, Cheshuk I, Karpinsky 
M, Yaresko O. Mathematical Modeling of Variants of 
Transpedicular Fixation at the Thoracolumbar Junction 
after ТhХІІ Vertebrectomy during Trunk Backward Bending. 
ORTHOPAEDICS TRAUMATOLOGY and PROSTHETICS. 
2023;(2):43-49. doi: 10.15674/0030-59872023243-49

16.	 Nekhlopochyn OS, Verbov VV, Cheshuk IV, Karpinsky MY, 
Yaresko OV. Finite Element Analysis of Thoracolumbar 
Junction Transpedicular Fixation Variants after Resection 
of the Th12 Vertebra While Forward Bending. Bulletin of 
Problems Biology and Medicine. 2023;169(2):281-287. doi: 
10.29254/2077-4214-2023-2-169-281-296

17.	 Ayturk UM, Puttlitz CM. Parametric convergence sensitivity 
and validation of a finite element model of the human lumbar 
spine. Comput Methods Biomech Biomed Engin. 2011 



37Ukrainian Neurosurgical Journal. Vol. 30, N3, 2024

http://theunj.org

Aug;14(8):695-705. doi: 10.1080/10255842.2010.493517
18.	 Boccaccio A, Pappalettere C. Mechanobiology of Fracture 

Healing: Basic Principles and Applications in Orthodontics 
and Orthopaedics. In: Klika V, editor. Theoretical 
Biomechanics. Croatia: InTech; 2011. p. 21-48. doi: 
10.5772/19420

19.	 Cowin SC. Bone Mechanics Handbook. 2nd ed. Boca Raton: 
CRC Press; 2001. 980 p.

20.	 ISO 5832-3:2021: Implants for Surgery: Metallic Materials. 
Part 3: Wrought titanium 6-aluminium 4-vanadium alloy 
[Internet]. International Organization for Standardization. 
Geneva: ISO; 2021. 17 p. https://www.iso.org/ru/
standard/79626.html

21.	 Rao SS. The Finite Element Method in Engineering: Elsevier 
Science; 2005. 663 p.

22.	 Kurowski PM. Engineering Analysis with COSMOSWorks 
Professional 2007. SDC Publications; 2007. 263 p.

23.	 Mirzaei F, Iranmehr A, Shokouhi G, Khadivi M, Shakeri 
M, Namvar M, Rafiei E, Matloubi B. The role of cross-link 
augmentation on fusion rate and patient satisfaction among 

patients with traumatic thoracolumbar spinal fracture: A 
randomized clinical trial. Neurocirugia (Astur : Engl Ed). 
2021 Mar 3:S1130-1473(21)00011-7. English, Spanish. doi: 
10.1016/j.neucir.2021.01.002

24.	 Karami KJ, Buckenmeyer LE, Kiapour AM, Kelkar PS, Goel 
VK, Demetropoulos CK, Soo TM. Biomechanical evaluation 
of the pedicle screw insertion depth effect on screw 
stability under cyclic loading and subsequent pullout. J 
Spinal Disord Tech. 2015 Apr;28(3):E133-9. doi: 10.1097/
BSD.0000000000000178

25.	 Shibasaki Y, Tsutsui S, Yamamoto E, Murakami K, 
Yoshida M, Yamada H. A bicortical pedicle screw in the 
caudad trajectory is the best option for the fixation of an 
osteoporotic vertebra: An in-vitro experimental study using 
synthetic lumbar osteoporotic bone models. Clin Biomech 
(Bristol, Avon). 2020 Feb;72:150-154. doi: 10.1016/j.
clinbiomech.2019.12.013

26.	 Niinomi M. Mechanical biocompatibilities of titanium alloys 
for biomedical applications. J Mech Behav Biomed Mater. 
2008 Jan;1(1):30-42. doi: 10.1016/j.jmbbm.2007.07.001


