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Llenb: npoBecTu aHanun3 6omexaHUYECKMX 0COBEHHOCTEW PasNMYHbIX BapUaHTOB TpaHcneauKkynapHoi (TM) cTabunmsawmm 3oHbl rpyL0nosaCcHUYHOTO
nepexoga (FMM) Npu poTaLMOHHbIX Harpy3Kax.

Matepuan U meToapbl: B pamKax UcciefoBaHus bbina paspaboTaHa MaTeMaTUYecKas KOHEYHO-3/1EMEHTHas MOAE/b rPYAONOACHUYHOIO OTAeNa no-
3BOHOYHMKA. Mogenb BkAtoYaeT No3BOHKM Th9-Th11 v L2-L5, nckntodan Th12 n L1. Takke B HEE MHTErPUPOBAHbI SNEMEHTbI METANIUYECKUX KOHCTPYK-
LM MeXTeN0BOM Teno3ameLlatowwmin umnaanT u Tl cuctema. Mogenb UMUTUPYET COCTOAHME NMO3BOHOYHMKA NOC/Ie AEeKOMMNPECCUBHO-CTabUAN3NpPY-
IoLLLel onepaLmm, NPOBOAVMON NPY TPAaBMATUYECKMX NOBpexXaeHMAX Tuna C. AHaIM3MPOBaAMCh YeTbipe BapuaHTa Tl GpuKcaLmMm ¢ pasnyHom AANHOM
BUMHTOB W Pa3HbIM HaNMYMEM IMBO OTCYTCTBMEM NOMEPEUHDIX CTAXKEK.

PesynbTathl: BbIABIEHO, YTO NMPY POTALMOHHOM HarpyKeHUU MaKCMMaZbHOE HanpAXeHWe B KOCTHbIX CTPYKTYypax BO3HUKAET B 30HE KOHTaKTa MeXTe-
IOBOVi OMOPBbI C 3aMblKaTeNbHbIMU NAACTUHAMM MO3BOHKOB, CMEXHbIX C Pe3eLMPOBaHHbIMU. B METaNIMYECKUX KOHCTPYKLMAX HanbonbLuee Hanpaxe-
HUe HabntoaaeTca Ha MexKTeN0B80M onope 1 B Tl BUHTAX, ycTaHOBAEHHDbIX B Tena Th10 n Th1l no3soHKoB. CpaBHUTENbHbIV aHA/M3 NOKa3blaeT, uTo TI
cucTEMA C KOPOTKUMM MOHOKOPTUKA/IbHBIMU BUHTaMU 1 HE3 NonepeyHbIX CTAXKEK 0becneynmBaeT yMepeHHbIe YPOBHU HanpsxeHus. Ucnonb3osaHue
BMKOPTHKANbHbIX BUHTOB 6€3 NOMEpeyYHbIX CTAKEK MPUBOAMUT K 3HAYUTENILHOMY YBENUYEHMIO HAMNPANKEHUSA, OCOBEHHO B 3aMbIKaTENbHbIX MIACTUHAX
NMO3BOHKOB, KOHTAKTUPYIOLLMX C MEXMNO3BOHOUYHOM 0nopoi. KoMbMHaLMA nonepeyHbiX CTAXKEK C KOPOTKUMU BUHTAMKU CHUXKAET HanpaxeHue, npea-
cTaBnAA coboi ONTUManbHbIV BapuaHT cTabunmsaumu. B 1o ke Bpems, GUKOPTUKaNbHbIE BUHTbI C MONEPEYHbIMU CTAXKKAMMU HE NOKa3an 3HaunUTe b-
HOTO NpenmyLLecTBa.

3aKnioueHue: aHanu3 bromexaHuyeckon aGdeKTUBHOCTM pPasNnYHbIX BapuaHTos TI cTabuamsaumm ¢ akLEeHTOM Ha pacnpegeneHue HanpaxeHui
[eMOHCTPUPYET, YTO Hanbonee paBHOMEPHOe pacnpesesieHne Harpy3oK JOCTUTAeTCA NPK UCNob3oBaHUM Tl cucTeMbI C MOHOKOPTUKAAbHBIMU BUH-
TamMu M ABYMSA NOMNEePEYHbIMU CTANKKAMMU.

KntoueBble cnosa: 2py0onoAacHUYHbIU nepexoo, 83pbigHol nepesom, mpaHcneduKynAapHAA huKcayus, KOHeYHo-31eMeHmMHbll aHAnU3, POMAayUuoHHoe
HazpyxeHue.
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Objective: To analyze various transpedicular (TP) fixation options for the thoracolumbar junction (TLJ) under rotational loads.

Methods: A finite element model of the thoracolumbar spine was generated as part of a study. The model includes vertebrae Th9-Th11 and L2-L5 but
excludes Th12 and L1. The model also integrates metallic structural elements, such as a vertebral body replacement (VBR) implant (interbody cage) and
a TP system. We modeled the result of decompressive-stabilizing surgery for type C vertebral injuries (according to the classification scheme proposed
by F. Magerl et al, 1994). The study analyzes four variants of TP fixation with different screw lengths and the influence of the presence or absence of
transverse reinforcements.

Results: It was found that during rotational loading, the maximum stress in bone structures occurs at the contact surface between the VBRs and
the endplates of both adjacent vertebrae to the removed ones. In metallic hardware, the highest stress is observed on the interbody cage and in
the TP screws installed in the Th10 and Th11 vertebral bodies. A comparison of different stabilization options reveals that the TP system with short
monocortical screws and without transverse reinforcements provides moderate levels of stress. The use of bicortical screws without crosslinks results
in a significant increase in stress, especially at the contact surface in the vertebral endplates and the intervertebral support device. On the other hand,
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the use of transverse reinforcements with short screws reduces stress, providing an optimal stabilization option. However, bicortical screws with

crosslinks did not show significant benefits.

Conclusion: Upon scrutinizing the biomechanical efficiency of different TP fixation methods, it has been determined that utilizing a TP system equipped
with monocortical screws and two crosslinks results in the most even stress distribution caused by the rotational load.
Keywords: Thoracolumbar junction, burst fracture, transpedicular fixation, finite element analysis, rotational loading.
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BBEAEHUE

B cOBpeMEeHHOM CNMHANbHOW XMPYPTUX BHYTPEHHASA duKcaLms
ABNAETCA NPUOPUTETHBIM METOLOM SIe4eHMA BONbLUMHCTBA TPaBMaTH-
YECKUX NOBPEXAEHUI NO3BOHOUYHMKA. BbI6OP XMpypruyeckoro noaxo-
fa — 6yap To nepesHui, 3aHWUI UM UX KOMOMHALMA — 3aBUCUT OT
MHOKecTBa GaKTopoB. K HUM OTHOCATCA XapaKTep TPaBMbl, 3anHTepe-
COBaHHAA aHaTOMMYeckasa 06/1acTb, @ TaKKe NPaKTUYECKMe acreKTbl
XUPYPrUYecKoro AocTyna, Takume Kak LOCTYNHOCTb, 6e30MmacHOCTb U
TeXHUYecKan peannsyemoctb. Kpome Toro, B npouecce NpUHATUA pe-
LIEHWUA YYUTbIBAKOTCA IOMUCTUYECKME acneKTbl MeAULMHCKOW MHPpa-
CTPYKTYpPbl, S3KOHOMMYECKas LenecoobpasHoCTb, MPOrHO3 perpecca
CYLLECTBYIOLMX HEBPONOTUYECKMX AUCPYHKLMIA UM AWYHbIE Npeano-
yTeHus xupypra [1].

OCHOBHbIM MPUHLMMOM MPU MPUHATUM PELLEHUA ABAAETCA Mo-
CTyNaT 0 HEOBXOAMMOCTY LOCTUNKEHUA ONTUMA/IbHBIX XMPYPrUYECKUX
pe3ynsTaToB NPU MUHUMANbHOM BMeLLaTenscTee. Mpu 3Tom, 3agHne
[0CTyMbl UCMONb3YIOTCA B OCHOBHOM B XMPYPruu TPaBMaTUYECKUX
MOBPEXAEHWI LIEMHOr0 Cynpa-akcMasbHOro U TPyAoMNOACHUYHOTO
oTaenos. Hanpotue, 417 TpaBM LUEHOro oTAena Ha cybakcmanbHOM
YPOBHe nepeaHuit nogxos cuntaetca bonee apdekTnBHbIM [2]. Mpu
3TOM 3KCTPaNoALMA NepesHUX METOAMK, TPAAULMOHHO NpesHasHa-
YEeHHbIX A1 OHKOIOTUYECKMX 32601eBaHUIA B TPYAHOM M MOACHUYHOM
0TAenax No3BOHOYHWKA, Ha SleveHne TPaBMaTUYECKUX NOBPEXKAEHNUN
OCTaéTcA NPeaMETOM aKTyaNbHbIX AebaToB. Ha AaHHbI MOMEHT no-
[06HaA NpaKTUKa WMPOKO He MHTErpupoBaHa B 6a30Bble KAMHWYe-
CKMe npoToKonbl [3].

M13BecTHO, 4TO OK0/10 60% BCEX TPAaBMATUUYECKMX MOBPEXAEHWI
NO3BOHOYHMKA NPUXOAATCA Ha 30HY MM, NpMYEM «rpaHnyHble» Th12
n L1 coctasnatot 6onee 43% [4]. MexaHM3M TpaBMbl B 3TOM 30He npe-
MMYLLLECTBEHHO KOMMPECCUMOHHDBIW, U COOTBETCTBEHHO, TpaBmaTuye-
CKMe U3MEHEHWA ABAIOTCA NPEUMYLLECTBEHHO KOMMPECCHOHHBIMM,
0CKONbYATLIMM WM B3PbiBHbIMK (TUN A no Knaccudmkaumum AOSpine
Thoracolumbar Spine Injury Classification System) [5]. B psae ciyyaes
HabOLAETCA CMELLEHME MO NOCKOCTU, YTO OnpeaenseT obLwuii Tun
C npv TpaBmax Tena No3BoHKa TMna A [6].

Konnanc Tena no3BoHKa, B 3aBUCMMOCTU OT CTEMEHU TAXKECTH,
BbI3bIBAET KOMMPECCUIO MO3BOHOYHOTO KaHasla, HecTabunbHOCTb U
HapyLlleHne Oc1 NMO3BOHOYHMKA. ITWU NOCNEACTBMA TPaBMbl Gopmu-
PYIOT KnaccuyecKyto Tpuady 3afay, CTOAWMX Nepes CrUHaNbHbIM
XUPYProm: AeKOMMPECCHs, PEKOHCTPYKLMA U cTabunusaums. C ak-
TMBHbIM BHeapeHuem Tl ctabunmsaumm R. Roy-Camille 8 1986 roay,
3TOT METOZ, CTaN CTaHZAPTOM B XMPYPruM TPaBMATUYECKUX NMOBPEXK-
[eHW rpyaonosacHMYHOTO OTAeNa NO3BOHOYHMKA, NO3BOAAA B ONpe-
[eNnéHHOM cTeneHn 06ecneymnTb Kak KOPPEKLMIO OCH, TaK U KECTKOCTb
duKcaumm, cnocobeTByA YCKOPEHNUIO U NOBbILEHNIO 3EKTUBHOCTH
cnoHamnogesa [7].

INTRODUCTION

Internal fixation is the primary treatment for the majority
of traumatic spinal injuries in modern spinal surgery. However,
the choice of surgical approach, whether anterior, posterior or a
combination of both, depends on multiple factors. These factors
include the type of injury, the anatomical region affected, and
practical considerations such as safety, accessibility, and technical
feasibility. Moreover, the decision-making process considers the
logistical aspects of the medical infrastructure, economic feasibil-
ity, prognosis of regression of existing neurological dysfunctions,
and the surgeon's personal preferences [1].

Still, aiming for optimal results with minimal intervention is
essential when deciding surgical procedures. Posterior approach-
es are typically used in the surgery of traumatic injuries in the cer-
vical supra-axial and thoracolumbar regions. On the other hand,
for subaxial cervical injuries, the anterior approach is considered
to be more efficacious [2]. There is currently an ongoing debate
about whether traditional methods used for treating oncological
diseases in the thoracic and lumbar spine can also be used for
treating traumatic injuries. Thus, implementing this practice in
basic clinical protocols has yet to be widely accepted [3].

It is known that approximately 60% of all traumatic spinal in-
juries occur in the TLJ area, with the border between Th12 and L1
accounting for over 43% of these injuries [4]. The mechanism of
injury in this area is predominantly compressive, and accordingly,
traumatic changes are predominantly compressive, comminuted,
or burst (Type A injuries according to the AOSpine Thoracolumbar
Spine Injury Classification System) [5]. Displacement/translation-
al injuries are sometimes observed, determining AOSpine C-type
injuries [6].

Injuries that cause the collapse of the vertebral body can
lead to compression of the spinal canal, instability, and spinal de-
formities. To tackle these problems, spinal surgeons usually focus
on three key goals: decompression, reconstruction, and stabiliza-
tion. In 1986, R. Roy-Camille introduced TP fixation, which is still
considered the "gold standard" for surgery for traumatic injuries
of the thoracolumbar spine. This technique helps correct spinal
deformities, provides fixation rigidity, and enhances spinal fusion
[7].

There has been significant debate in recent years regard-
ing the extent of TP fixation for spinal injuries in the TLJ region
[8, 9]. It is evident that more prolonged fixation, which includes
two levels above and below the injury, can offer better stabili-
ty, enhancing the fusion. Nevertheless, the rigid framework and
the immobilization of multiple segments limit the range of mo-
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OCHOBHOW AMNEMMOM, aKTUBHO 06CYKAAaEMON B NocnesHue ae-
CATUNETUA, ABAETCA OnpeseneHne NpoTaKEHHocTM TN drkcaumm npu
TpaBmax No3BOHOYHMKa B obnacti MM [8, 9]. OueBMAHO, YTO «A/INH-
Haa» QUKcauwsa, BKAKOYAOWAA 2 YPOBHA BbILE U HUXKE TPAaBMbI, MO-
eT obecneuntb Bo/bLYO CTabUNBHOCTb U, CneaoBaTenbHo, bonee
BbICOKYHO CKOPOCTb M 3GPEKTUBHOCTL CnoHAMN0AE3a. B TO e Bpems,
JKECTKOCTb KOHCTPYKLMM B COYETaHUM C UMMOBWUAM3ALMEN MHOMUX Cer-
MEHTOB, 6€3yCN0BHO, NMPMBOAUT K YMEHbLUEHUIO 0ObEMA ABUNKEHUI
[10]. Kpome Toro, oTMeYaeTcs, YTo KECTKAA MPOTAXKEHHAA dUKcaums
MMEET MOBBILIEHHYI TEHAEHUMIO K dparmeHTaumum 6anok [11]. C gpy-
roli CTOPOHbI, BbINI0 MOKa3aHO, YTO KOPOTKasA GUKcaLMs, BKAKOYAKOLAsA
OAVH YPOBEHb BbilLE U OAMH YPOBEHb HUXKE Nepesnoma, obecneynsaet
[LOCTaTOYHYH CTabWUIBbHOCTb, COXPAHAA MPW 3TOM 6O/bLUYIO NOABUXK-
HOCTb. TeM He MeHee, psag, UCCNea0BaHUIA LEMOHCTPUPYET AOBO/IbHO
BbICOKYHO YaCTOTY HEYA0BNETBOPUTE/IbHbIX PE3Y/ILTATOB, BK/IHOUAMOLLMX
nporpeccupytolmin Knos B pesyabrate gedopmaumm, parmeHTaLmm
NIMBO 3KCTPAKLMM BUHTOB, @ Takke K103 3a CYET NpoAo/KatoLLerocs
KO/INanca Tena No3BOHKa, Aaxe 6e3 NoBpexaeHUA MEeTaINIOKOHCTPYK-
LLWIA, 4TO XapaKTEPHO ANA KOPOTKOW GpuKcaumm [12, 13].

O6nactb MMM, xapakTepusyoLaacs CBOMMIU BUOMEXaHUYECKU-
MU 0COBEHHOCTAMM, MOABEPraeTCcA 3HAUMTE/IbHBIM Harpyskam [14].
TpaBMbl B 3TOV 30HE YacTO TPeOYOT He TONbKO 3afHel AeKomnpec-
CWU, HO U Pe3eKLMM Tena NO3BOHKA C 3aMeLLEeHUEM ero MMMNIAHTOM.
Takoe 0bLUMpPHOE XMPYPrUYeckoe BMELLATeIbCTBO NPEUMYLLECTBEHHO
UCMOMb3YeTCA A1A SIeYEHUA B3PbIBHbIX TPAaBM Te/1a MO3BOHKA, HO MO-
KET ObITb MPUMEHEHO U1 K Apyrum Tunam A u C B 3aBUCUMOCTU OT KK-
HUYecKoW cuTyaumm [15]. YunTbiBas BbipaKeHHYI0 HECTabuibHOCTb
TPaBMbl, KOPOTKaa ¢wuKcauma Npu B3pblBHbIX nospexaeHuax MM
ABAAeTcA cnopHow [16]. Bonee Toro, gaxke NpoTAXKEHHaA TI cTabu-
N13auma He Bcerga obecneymBaeT YA0BNETBOPUTENbHbIV pe3y/bTar,
TaK KaK pe3eKuMs BCEX OMOPHbIX CTPYKTYP YMEHBLLUAET, a B HEKOTO-
PbIX CAy4Yasx MONHOCTBbIO WCK/IHOYAET BO3MONHOCTb KOHCOMMAALIMK
n bopmmnpoBaHnsa 3GPEKTUBHOIO BTOPMUHOMO cnoHaunoaesa [17].
Mpobnema cTaHOBUTCA OCOBEHHO aKTya/bHOM B C/Ny4vasx, Koraa, B
CBA3M CO 3HAYUTENbHbIM 06BEMOM TPAaBMATUUYECKOTO MOBPEXAEHMUA
MPOBOAMTCA pe3eKLMA HE O4HOTO, A A4,BYX MO3BOHKOB. TaKkas CUTyaLma,
HECOMHEHHO, TpebyeT NoBbIWEHHbIX TPeboBaHUI K CTabuansaumn,
KOTopas AO/KHa obecreymBaTb He TOMbKO HAAENKHYH0 U MKECTKYIO
duKcaumio, Ho U Hanbonee paBHOMEPHOE pPacnpeaeNneHne HarpyKe-
HUA Ha BCE 3/IEMEHTbI, KaK METa/I/IMYECKMX KOHCTPYKLIMIA, TaK U KOCT-
HbIX CTPYKTYP, YTO ABIAETCA HEOBXOAMMbIM YCIOBUEM HALEKHOCTY B
[LONFOCPOYHOW NepcreKkTuBe.

LLENb UCCNEAOBAHMUA

OueHuTb BAMAHWE AAuHbI T BUHTOB M HaNWUMA NONepeyHbIxX
CTAXKEK Ha XapaKTep pacnpeaeneHnsa HarpysKu nocie XMpypruyeckom
peseKuun asyx No3BOHKOB B 30He [TIM.

MATEPUAN U METOADbI

MocKonbKy BMoMeXaHMYeckue mccnefoBaHua 3dGeKTUBHOCTH
Pa3/IMYHbIX BapMaHTOB CTabuaM3aumm TpebytoT BCECTOPOHHETO aHa-
2133 A5 NoNYYeHMA MHGOPMALMU O pacnpeseneHn HanpaKeHU 1
AedopmaLmm 601bLIOTO KOMYECTBa CTPYKTYP, Kak KOCTHbIX, Tak U Me-
Ta/INYECKUX, METOZ KOHEYHO-3/IEMEHTHOTO aHasm3a Obi NpusHaH
Hanbonee noaxofAWMM. B KayecTBe natTepHa HarpyxeHua 6bi1o
CMOAENMPOBAHO OAHO M3 BMOMEXaHMYeckn Hanbonee Hebnaronpu-
ATHbIX COCTOAHMI — BpallaTebHaA Harpyska.

B nabopatopuu 61MomexaHMKK MHCTUTYTa NaToNOrMM NO3BOHOY-
HWKa U1 cycTaBoB MM. Npod. M.N. CuteHko HAMH YkpauHbi 6bina pas-
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tion [10]. In addition, rigid extended fixation has an increased
tendency to postoperative spinal vertebral fracture [11]. On the
one hand, a short fixation technique involving one level above
and one below the fracture effectively provides stability while al-
lowing for greater mobility. However, several studies have shown
that this technique can result in unsatisfactory outcomes, includ-
ing progressive kyphosis caused by screw extrusion or malposi-
tioning, collapse, or fragmentation. Moreover, kyphosis can also
occur due to ongoing vertebral collapse, even without damage to
metallic hardware, which is a common issue with short fixation
procedures [12, 13].

The TLJ area, due to inherent biomechanical properties,
experiences significant amounts of stress [14]. Injuries in this
region may require posterior decompression and removal of the
vertebral body, followed by replacement with an implant. This
complex surgery is primarily utilized for treating vertebral body
burst injuries but can also be used for other types of AOSpine
A and C-type injuries based on the clinical situation [15]. Man-
aging unstable TLJ burst fracture with short segment fixation
is controversial [16]. Moreover, extended TP fixation may not
always result in effective fusion due to the loss of supporting
structures [17], especially in situations involving extensive trau-
matic injury, where removing two vertebrae instead of just one
might be necessary. This clinical situation requires enhanced
stabilization requirements that provide reliable and rigid fix-
ation and uniform load distribution on all elements, including
metallic hardware and bone structures, necessary for long-term
reliability.

PURPOSE OF THE STUDY

To investigate how the length of TP screws and the presence
of crosslinks affect load distribution after surgical resection of
two vertebrae in the TLJ area.

METHODS

A biomechanical analysis was conducted to understand the
effectiveness of various stabilization options for bone and metallic
structural elements. The finite element analysis method was the
most suitable for this purpose. The rotational load was utilized as a
loading pattern to model the most challenging conditions.

A study by the laboratory of the biomechanics of the Syten-
ko Institute of Spine and Joint Pathology, National Academy of
Medical Sciences of Ukraine, Kharkiv, Ukraine, was designed to
develop a finite element (FE) model of a section of the thoraco-
lumbar spine. The model consisted of vertebrae Th9-Th11 and L2-
L5, with vertebrae Th12 and L1 were removed. The model also
included the metallic structural elements, vertebral body replace-
ment (VBR) implant (interbody cage), and TP fixation system. The
model was created to analyze the state of the TLJ region after
extensive decompressive-stabilizing surgery (Fig. 1 B) performed
for AOSpine C-type vertebral injuries (Fig. 1A). The FE model is
shown in Fig. 1C.

The FE model components include vertebral bodies Th9 (1),
Th10 (2), Th11 (3), L2 (4), L3 (5), L4 (6), L5 (7), lower endplate of
the Th11 (8), upper endplate of the L2 (9), TP screw entry point
into the vertebral arch of Th10 (10), Th11 (11), L2 (12), L3 (13),
screws installed in the bodies of Th10 (14), Th11 (15), L2 (16), L3
(17), crosslinks between Th10 and Th11 (18) and between L2 and
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paboTaHa MaTemMaTyecKas KOHEYHO-3IEMEHTHas MOZEeNb dparmeHTa
TPYAOMOACHAYHOTO OTAEeNa MO3BOHOYHMKA. Mogenb BK/IKYana no-
3BOHKM Th9-Th11, L2-L5, npu sTom no3soHKu Th12 v L1 6biam yaane-
Hbl, @ TAK}Ke 3/1EMEHTbI META/IZIMYECKUX KOHCTPYKLIMIA — MEXKTENOBYIO
onopy v cuctemy T dukcaumn. Mogenb ahpekTMBHO onucbiBana co-
cTosHMe obnactv MM nocne obWMPHON AEKOMNPECCUBHO-CTabUAN-
3upytoLLeit onepaumu (puc. 1B), BbINOHEHHOW NPU KOPPEKLMK TpaB-
MaTu4eckux nospexaeHuit Tuna C (puc. 1A). BHewHuid Bua, mogenu
nokasaH Ha puc. 1C.

[na apdeKTMBHOro aHanm3a Oblin BblOPaHbl Caeaytowme KoH-
TpONbHble ToukM (puc. 1B): Tena nossoHkos Th9 (1), Th10 (2), Th1l (3),
L2 (4), L3 (5), L4 (6), L5 (7), HWKHAA 3amMblKaTeibHas naacTuHa Tena Th1l
(8), BepxHaAs 3amblkaTeNbHas niacTuHa Tena L2 (9), 30Hbl Bxoga Tl BUH-
TaBAyrv Th10(10), Th11(11), L2 (12), L3 (13), BUHTbI B TeNax MO3BOHKOB
Th10 (14), Th11 (15), L2 (16), L3 (17), nonepeyHble cTaKKM mexay Th10
1M Th11 (18) v mexay L2 u L3 (19), TenosameLatolpmii umnnanr (20).

B xope uccnepoBaHusa bbiam cmogenupoBaHbl 4 BapuaHTa TIM
dvKcaLmMm ¢ MCnonb3oBaHMEM KOPOTKUX BUHTOB (MOHOKOPTMKA/IbHBbIX)
U A/IVIHHBIX BUHTOB, MPOXOAALLMX YEPE3 NEPELHIOI0 MOBEPXHOCTL Tea
NO3BOHKA (BMKOPTUKA/bHBIX), @ TaKXKeE C UCMO/Ib30BaHUEM [BYX Mome-
PEYHbIX CTAXKEK U 6e3 HUX. Mogenu ¢ pasnnyHbIMKU BapuaHTamu TN
dmMKcaLmm NoKasaHbl Ha puc. 2.

Mpy MoZenvpoBaHUM MaTepuas CYATANCA OAHOPOLHbIM U
M30TPOMHbIM. B KauecTBe KOHEYHOro anemeHTa bbin BbibpaH 10-y3-
JI0BOVi TETPA3Ap C KBAZPATUYHOM annpoKcumaumen. MexaHnyeckue
CBOVCTBA BMONOTMYECKMX TKaHel (KOPTUKaJbHOWM U rybuyaToit KocTy,
MEKMO3BOHOYHBIX AMCKOB) A1 MATEMATUYECKOrO MOZEINPOBAHMUA
6b121M BbIOPAHbI C Y4ETOM MMEIOLLMXCA B IMTEPAType AaHHbIX [18-21].
MaTtepuran 3NeMeHTOB 3HAONPOTE3a — TUTAH. MexaHU4YecKkue Xapak-
TEPUCTUKM WMCKYCCTBEHHBIX MaTepUanoB Oblan BbIOPaHbl Ha OCHOBe
TEXHWYECKOMN AnTepatypbl [22]. Ans aHanusa MCnonb30BasnCh Takue
XapaKTepuUCTUKM, Kak E — mogynb ynpyroctv (mogynb HOHra), v — Ko-
adduupmeHT MyaccoHa. [laHHble 0 MEXaHWUYECKUX XapaKTepPUCTMKaX
MaTepuanos npuseneHbl B Tabn. 1.

HanpsaEéHHOo-AedOpMMPOBaHHOE COCTOAHME MOZenel u3syda-
NI0Cb N0J, BO3AEWCTBUEM POTALIMOHHOIO HArpyKeHUs, A/1S Yero K no-
3BOHKY Th9 6bln npuaoxeH KpyTawmii momeHT 10 Hm [23]. Mogaenb

L3 (19), and vertebral body replacement(VBR) implant (20) as
shown in Fig. 1B.

Four different TP fixation configurations were studied. These
methods involved the use of short screws (monocortical) and
long screws (bicortical) that were inserted in the anterior cor-
tex of the of the vertebral body as well as with and without two
crosslinks. Fig. 2 shows the FE models for testing the different TP
fixation configurations.

It was assumed that all models were uniform and isotro-
pic during the modeling process. The type of element selected
for mesh was a quadratic 10-node tetrahedron element. The
mechanical properties of biological tissues, such as cortical and
cancellous bone and intervertebral discs, were selected based
on available literature data on simulation modeling [18-21]. The
endoprosthesis components are constructed from titanium. The
selection of synthetic materials was determined by data available
in technical publications [22]. Table 1 presents data on the me-
chanical characteristics of the materials tested, including Young's
modulus (E) and Poisson's ratio (v).

The study examined the stress-strain state of models when
subjected to rotational loading, with a 10 Nm torque applied to
the body of the Th9 vertebra [23]. The model was rigidly fixed
along the distal surface of the L5 vertebral disc. The finite ele-
ment method was used to analyze the stress-strain state of the
models. The Mises stress criterion was used to evaluate the stress
status of the models [24]. The modeling was performed using the
SolidWorks 2020 computer-aided design system (Dassault Sys-
témes Solid-Works Corp, Dassault Systémes, S. A. Vélizy, France).
The stress-strain state of the models was calculated using the
CosmosM software package [25].

The study was approved by the Ethics and Bioethics Com-
mission of the Romodanov Neurosurgery Institute National
Academy of Medical Sciences, Kyiv, Ukraine (Protocol Ne 4 dated
09.05.2018). All patients' informed consent was obtained for pro-
cessing their treatment results, and confidentiality and publica-
tion of generalized results were ensured.

Puc. 1 A — 3D-peKoHCMpPYKYUA KomnetomepHol momoepaguu nayueHma ¢ mpasmoti muna C obaacmu [T11. B— cocmosHue nocne dekomnpec-
cusHo-cmabunusupyrowe2o emewamesnscmsa. C —MamemMamuyecKkas KOHeYHO-31eMeHmMHaa Mooess hpaemeHma epyoonoACHUYHO20 omoena
NO3BOHOYHUKA U CXeMQa Pa3mMeweHUs KOHMPObHLIX MoYeK
Fig. 1 A — 3D reconstruction image of the thoracolumbar CT scan of a patient with AOSpine C-type vertebral injury in the TLJ region. B— 3D

reconstruction image of the postoperative CT scan of the thoracolumbar spine after decompression-stabilization surgery. C — Components of FE
model of the T9-L5 thoracolumbar segments
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6bln1a }KECTKO 3aKpenieHa BAO/Ib AMCTaIbHOM NMOBEPXHOCTM AMCKa LS.
M3yueHne HanpseHHO-4edOPMUPOBAHHOTO COCTOAHMA MoAenei
OCYLLLECTBAANOCH C MOMOLLBIO METOAa KOHEYHbIX 31emeHToB. Hanps-
XEHHOe COCTOAHWE MOoZeniei OLEHUBANOCh MO KPUTEPUIO HaMpsxKe-
HuWii doH Mu3eca [24]. MoaenvpoBaHve NPOBOAMAOCH C UCMO/b30Ba-
HMEM CUCTEMbI KOMMbloTepHOrO npoekTnpoBaHua SolidWorks 2020
(Dassault Systemes Solid-Works Corp, Dassault Systemes, S. A. Vélizy,
France). PacyéTbl HanpsaKEHHO-4edOPMUPOBAHHOTO COCTOAHUA MO-
Zlenei NpoBOAWAUCH C UCMONb30BaHNMEM UHTErPUPOBAHHOTO B Cpeay
nporpammHoro naketa CosmosM [25].

Ha npoBsegeHue uccnenoBaHusa noayyeHo paspelueHve Komuc-
CMM MO 3TUKe U B1O3TUKE MHCTUTYTa HEMPOXMPYPrUKM UM. akag,. A.M.
Pomoparnosa HAMH YkpawuHbl (npotokon Ne 4 ot 05.09.2018 r.). Bce
nauyeHTbl NPeaoCcTaBUAN MHGOPMMPOBAHHOE cornacke Ha 0bpaboT-
KY Pe3y/ibTaToB IeYeHUsA NPU YCI0BUM COBNOAEHMA KOHPUAEHLMANb-
HOCTM 1 NyBAMKaLMKM 060BLLEHHBIX Pe3ybTaToB.

PE3YNbTATbI

B mozenu ¢ KOpOTKUMM BUHTaMM 6e3 MomepeyHbIX CTAKEK Ha-
61104anUch yMepeHHble HanmpsxkeHusa (puc. 3). Hanpumep, Hanps-
eHua B no3soHKax Th9, Th10 un Th1l coctasnanu 4,8, 3,7 n 3,6 MMa
COOTBETCTBEHHO. B TO e Bpems, NOACHUYHbIE MO3BOHKMN MCMbITbIBaAU
60/1ee BbICOKYHO HArpysKy C YPOBHAMM HanpsykeHun gas L2, L3 n L4 B
4,6, 5,2 1 5,7 Mna cootBeTcBeHHO. OCO6EHHO BbICOKME HAMPANKEHNS
Habntoganucb B HUKHel Yactn Thll (12,8 MMMa) u BepxHeit yactn L2
(22,1 MMa), cooTBeTCTBYIOLME 30HAM KOHTAKTa 3aMbIKaTe/IbHbIX Na-
CTMH C MEXKTE/I0BOI OMOpPOiA. 30HbI BXOAA BUHTOB B MO3BOHKax Th10

Tabnuya 1 MexaHu4ecKue Xapakmepucmuku Mamepuaos,
UCNO/Bb308GHHbIX 8 NPOLECCE MOOENUPOBAHUA

KopTuKanbHasa KocTb

Mogynb ynpyroctu (E), Mna
Young modulus, E (MPa)

Puc. 2 Modenu ¢ pasnuyHbIMU 8apuaHma-
mu TIT ¢ukcayuu: A — Kopomkue 8UHMbI
6e3 nonepeyHbix cmsaxmek; B — OnuHHble
8UHMbI 6e3 nonepeyHbix cmsaxek; C — Ko-
POMKUE BUHMbI C NONEPEYHbIMU CMAMKA-
MU; D — 0nuHHble 8UHMGI C NONepeYHbIMU
CMAMKAMU

Fig. 2 FE Models with various TP fixation
options: A—short screws without crosslinks;
B —long screws without crosslinks; C—short
screws with crosslinks; D — long screws with
crosslinks

RESULTS

In the model with short screws without crosslinks, mod-
erate stresses were observed (see Fig. 3). In the Th9, Th10, and
Th11 vertebrae, the stress values were 4.8, 3.7, and 3.6 MPa,
respectively. However, the lumbar vertebrae experienced higher
stress levels, with stress values in L2, L3, and L4 of 4.6, 5.2, and
5.7 MPa, respectively. The regions with the highest stress were
the lower surface of the Th11l vertebral body (12.8 MPa) and the
upper surface of L2 (22.1 MPa), corresponding to the contact sur-
face in the vertebral endplates and the intervertebral support de-
vice. The stress values of the screw entry points into the T10 and
L3 vertebrae were 7.3 and 5.1 MPa, respectively, placing the high-
est stress on the distal fixed structures. On the other hand, the
corresponding regions in T11 and L2 showed lower stress values.
Regarding metallic structural elements, a significant difference in
stress values was recorded around TP screws in Th10 and Th1l
vertebral bodies — 64.0 and 64.1 MPa, respectively. At the same
time, stress values for TP screws around L2 and L3 vertebral bod-
ies were roughly three times lower — 24.3 and 23.1 MPa, respec-
tively. It is essential to mention that this pattern was characteris-
tic of the particular type of loading being studied. The maximum
stress value, 70 MPa, was recorded in the intervertebral support
device.

It was observed that the use of long bicortical screws with-
out crosslinks was associated with increased stress, as shown in
Fig. 4. In the vertebral bodies L2, L3, and L4, the maximum stress

Table 1 Young modulus and Poisson's ratio of each material

KoadpuumeHt MyaccoHa, v
Poisson's ratio, v

Cortical bone 10000 03
[ybyaTasn KocTb 450 0.2
Cancellous bone

XpAu cycrasa 10.5 0.49

Joint cartilage

Me’Kno3BOHKOBbIE AUCKM
Intervertebral discs

TuTaH BT-16

0.45

110000 0.3

Titanium alloy VT16
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A B C

1 L3 ucnbitbiBany Hanpsskeuua 7,3 1 5,1 MMa, onpeaenss Hanbonee
BbICOKYIO HarpysKy Ha AucTanbHble GUKCMPOBaHHbIE CTPYKTYpPbI, TOrAA
KaK cooTBeTcTBytoWMe pernoHbl B Thll u L2 npogemoHcTprposanu
60nee HU3KME 3HaUEHUA. YTO KacaeTca MeTaNIMYECKMX KOHCTPYKLWIA,
3HAYUTE/IbHOE PA3/INUME B XapPaKTEPUCTHKAX Harpysku Obl10 OTMEYEHO
Ha TM BuHTax — 64,0 1 64,1 MMNa B Tenax Th10 v Th11 n npumepHo B Tpn
pa3a meHbue — 24,3 n 23,1 MMNa gna suHTOB B L2 1 L3 cootBeTcTBEH-
Ho. CneyeT OTMETUTb, YTO AaHHbIN NaTTepH cneuuduyeH ToNbKO ANA
paccMaTpyBaeMOoro BUAA HarpyxeHua. MakcumanbHas Harpyska bbina
3aperucTpupoBaHa Ha MeXMNo3BOHO4HOI onope, focturas 70 MMa.
Mcnonb3oBaHue AMHHBIX BUKOPTUKANbHBIX BUHTOB 6e3 mone-
PEYHbIX CTAXEK NPUBENO K onpeaenéHHOMY YBEUYEHMWIO Hanpaxe-
HWit (puc. 4). Takum 0b6pa3om, Havbonee HarpyeHHbIMK BblIN Mo-
3BOHKM L2, L3 n L4 ¢ 3apernuctpupoBaHHbIMK 3HadeHnammn 4,8, 5,6 u
5,8 MMMa. TakxKe 0TMeYeHO He3HauYuTeNbHOE YBEANYEHME Harpy3K1 Ha
rpyAHble No3BOHKU. Hanbonee KPUTMUHBIM, MO HalleMy MHEHUIO, U
6rOMEXaHNYECKM HEDNATOMPUATHLIM ABAAETCA YBENUYEHUE Hanps-
KEHUA Ha 3aMbIKaTe/IbHbIX NAACTUHAX NO3BOHKOB, KOHTAKTUPYHOLLLMX
C MEeXTeNoBovi onopoi. MonyyeHHble B paccMaTpMBaemMoit Mogenu
3HayeHua coctasuamn 13,3 MIMa ona HUKHEN 3amblKaTenbHON nna-
CTvHbI Tena Thll n 22,5 MMNa — ana BepxHel Tena L2. B 1o e Bpems
Hab/110AaN0Ch YBENNYEHME HATPY3KM HA HOXKKM Ayr GUKCUPOBAHHbIX
NO3BOHKOB — TOYKM BXOZ,@ BUHTOB, C HAMOONBLIMMM 3HAYEHUAMU ANA
Th10 1 L2 B8 7,5 Ma v 6,4 MMNa cootBeTcTtBeHHO. Mcnonb3oBaHue 6u-
KOPTUKaNbHbIX BUHTOB XapaKTepU3yeTcA yBeAWYeHHOW Harpyskow u
Ha MeTaNIMYecKkne KOHCTPYKLMK. Tak, BUHTbI B Tenax Th10 n Thll ae-

364,33 Puc. 3 PacnpedeneHue HanpsieHul 8

moodenu 2py0onofscHU4YHo20 omaena
10 NO380HOYHUKA NOCAE pPe3eKuyuu no-
360HK08 Th12-L1 nod so3delicmsuem
spawamesnsHol Haepysku. Tl gukca-
YuA ¢ KOpOmKUMU suHmamu 6es no-
nepeyHslx cmsxeK: A —euo cnepedu, B
—8u0 cboky; C—sud c3adu; D—euHmsl

o

Fig. 3 Stress distribution in the
thoracolumbar  spine  model after
resection of Th12 and L1 vertebrae
under the influence of rotational load.
TP fixation with short screws without
crosslinks: A — anterior view; B — lateral
view, C— posterior view; D — screws
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was observed with recorded stress values of 4.8, 5.6, and 5.8
MPa, respectively. There was also a slight increase in the stress
value in the thoracic vertebrae. The increase in stress in the con-
tact area between the vertebral endplates and the interbody
support device was deemed critical and unfavorable from a bio-
mechanical perspective. The stress values obtained in this model
for the lower endplate of the vertebral body Th1l and the up-
per endplate of the vertebral body of L2 were 13.3 MPa and 22.5
MPa, respectively. Additionally, the stress analysis of the area of
the screw entry into the pedicle of the arch of the fixed vertebrae
revealed an increase in the stress with the stress values recorded
for Th10 and L2 of 7.5 MPa and 6.4 MPa, respectively. The use
of bicortical screws results in increased stress on metallic struc-
tural elements. The maximum stress was observed around the
screws in vertebral bodies of Th10 and Th11, with stress values
of 67.3 and 66.3 MPa, respectively. However, the stress around
the screws installed in the lumbar vertebrae was significantly less.
The stress on the interbody device was also higher than in the
previous model, with the stress value reaching 73.5 MPa.

A TP fixation system that includes crosslinks and short
monocortical screws can help reduce stress in all components of
the model. As shown in Fig. 5, stress values decreased in verte-
bral bodies of the Th10 and Th11 to 3.5 and 3.3 MPa, respective-
ly. While in vertebral bodies of the L2, L3, and L4, stress values
decreased to 4.0, 4.7, and 5.5 MPa, respectively. The stress anal-

364,33 Puc. 4 PacnpedeneHue HanpsmeHul 8

modenu epydonoAacHU4YH020 omoena no-
10 380HOYHUKA NOC/e Pe3eKuyuU NO380HKO8
Th12-L1 nod 8o30elicmsuem 6pawia-
menbHoU Hazpy3Ku. Tl uKkcayus ¢ 0suH-
HbIMU BUKOPMUKA/bHLIMU 8UHMamu 6e3
nonepeyHbIx cmaxek: A — 8ud cnepedu;
B —8ud cboky; C—suo c3a0u, D —8uHMbI

O

Fig. 4 Stress distribution in the
thoracolumbar ~ spine  model  after
resection of Th12 and L1 vertebrae
under the influence of rotational load.
TP fixation with long bicortical screws
without crosslinks: A — anterior view; B —
lateral view; C— posterior view, D —screws
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MOHCTPUPOBA/IN MAKCUMAsIbHbIE 3HAYEeHWA A/19 BCEro IKCNepumeHTa
—67,3 1 66,3 Mla cooTBeTCTBEHHO. Harpy3Kka Ha BUHTbI, YCTAaHOBAEH-
Hbl€ B MOSCHWYHbBIX NO3BOHKaX, 6bl1a 3HAYMTENBbHO MeHblue. Harpyska
Ha MEeXMO3BOHOYHYH OMOpPY MO CPABHEHMIO C NPeablAyLLEN MOAENbIO

Mcnonb3osaHune cuctemsl Tl ctabunmusaumm, BrAOYAA mone-
PeYHble CTAXKM 1 KOPOTKME MOHOKOPTUKA/IbHbIE BUHTbI, YMEHbLUAeT
Hanps)eHns BO BCEX KOHTPO/bHbIX TOYKax (puc. 5). Hanpumep, Ha-
npseHus B no3BoHKax Th10 n Th1l cHusuamncs 4o 3,51 3,3 MMMa, a8
L2,L3un L4 no4,0,4,7 5,5 Mna cooTBeTCTBEHHO. 30HbI BXOAA BUHTOB
B No3BoHKax Th10 1 Th1l ucnbiTbiBanu Hanpsxerus 7,1 n 2,1 MMa.
MexkTenosaa onopa ucnbiTbiBana HanpaxeHue 60,0 MIMa, 4To 3HaYK-
TENIbHO HUXKeE, Yem B MoZiensx 6e3 nonepeyHbix cTaxek. Kpome Toro,
TN BMHTbI TaKXKe XapaKTepU30BaIUCb CHUMKEHHOW HArpy3Kon — Hau-
6onee HarpyxeHHble B Tesax Th10 1 Th1l nokasanu 3HaueHus 51,8 n
53,0 Mla cooTBETCTBEHHO.

Mcnonb3oBaHne ANMHHLIX BUHTOB C MOMEPEYHbIMU CTAXKKAMMU
He MOKAa3aso 3HAYUTE/IbHbIX BMOMEXaHMYECKUX MPEeUMyLLeCT8 npu
BPALLLATE/NIbHOM Harpy3Ke NO CPaBHEHWIO C UCMO/Ib30BaHMEM KOPOTKMX
BUMHTOB (pUC. 6). Tak, HANPAXEHWA KaK B rPYAHbIX, Tak U B MOACHUYHbIX
NMO3BOHKaX OblIM NPAKTUYECKM MAEHTUYHbI NpeaplayLein mogenm, B
TO BPems KaK 30Ha KOHTAKTa KOCTHOW TKaHM C MEXTEe/I0BO Onopoit
6blna HECKO/IbKO Bonee Harpy:KeHa. 3HayeHus 419 3aMblKaTeslbHbIX
nAacTuH no3soHkos Thll un L2 coctasmam 12,3 n 18,8 Mla cootseT-
CTBEHHO. 30Hbl BX0Aa BUHTOB B N03BOHKM Th10 1 Th1l mcnbitanu Ha-
npsxexua 7,2 n 3,6 Mra, Toraa Kak gna BuHToB L1 1 L2 3T1 3HaYeHnA
coctasuam 21,6 n 24,3 MMMa, 4To, B LLENOM, HEMHOTO BbiLLE, YEM NPU

196

Puc. 5 PacnpedeneHue HanpseHul 8
moodenu epydonoAcHUYHo20 omoena no-
380HOYHUKA NOC/IE Pe3eKyuu NO3B8OHKO8
Th12-L1 nod so3delicmsuem spauiamerns-
Hol Haepy3Ku. TIT huKcayus ¢ KopomKuMu
BUHMAMU U NONEPEeYHbIMU CMAXKAMU: A —
8u0 cnepedu; B—sud cboky,; C—sud c3adu;
D —8uHmMbI

364,33
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Fig. 5 Stress (distribution in the
thoracolumbar spine model after resection
of Thi2 and L1 vertebrae under the
influence of rotational load. TP fixation with
short screws and crosslinks: A — anterior
view; B — lateral view; C — posterior view;
D —screws
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ysis of the area of the screw entry in vertebral bodies of the T10
and T11 showed stress values of 7.1 and 2.1 MPa, respectively.
Models with the interbody device and crosslinks showed a stress
value of 60.0 MPa, much lower than those without transverse re-
inforcements. Additionally, the TP screws experienced reduced
stress, with the maximum stress observed around screws in ver-
tebral bodies of the Th10 and Th11, with stress values of 51.8 and
53.0 MPa, respectively.

From a biomechanical standpoint, long screws with crosslinks
performed similarly to short screws under rotational loading stress
(Fig. 6). Thus, the stress values in the thoracic and lumbar verte-
brae were almost the same as in the previous model, with slight-
ly more stress on the contact area between the bone tissue and
the interbody support. Stress values for the T11 and L2 vertebral
endplates were 12.3 and 18.8 MPa, respectively. The stress analysis
of the area of the screw entry in vertebral bodies of the T10 and
T11 showed stress values of 7.2 and 3.6 MPa, respectively. At the
same time, stress values in the area of screws in vertebral bodies
of the L1 and L2 were 21.6 and 24.3 MPa, respectively. The values
were slightly higher than when using monocortical screws. Of the
structural elements, the maximum stress was recorded in the area
around TP screws in vertebral bodies of the Th10 and Th11, with
stress values of 63.6 and 58.3 MPa, respectively.

A comparative analysis was conducted on various models,
with the following outcomes:

364,33 Puc. 6 PacnpedeneHue HanpaxeHul 8

Mooenu 2pyo0onoscHUYHo20 omaoend no-
10 380HOYHUKA NOC/e Pe3eKuuu NO360HKO8
Th12-L1 nod so3delicmeuem spauiamerb-
Hol Haepysku. Tl ukcayua ¢ ONUHHLIMU
BUHMAMU U NONEPEYHbIMU CIMAXKAMU: A —
8u0 cnepedu; B —sud cboky; C—eud c3adu;
D —suHmel

o

Fig. 6 Stressdistributionin thethoracolumbar
spine model after resection of Th12 and L1
vertebrae under the influence of rotational
load. TP fixation with long screws and
crosslinks: A—anterior view; B — lateral view;
C— posterior view,; D — screws
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MCMONb30BaHNM MOHOKOPTMKA/IbHBIX BUHTOB. HanpsKeHus B meTtan-
JIMYECKUX KOHCTPYKLMAX Ha Hanbosee HarpykeHHbIx Tl BUHTax B no-
3B0HKax Th10 1 Th11 coctasuam 63,6 1 58,3 MMa cooTBETCTBEHHO.

CpaBHWTENIbHbIV aHANN3 MOLENEN NOKA3bIBAET CeaytoLLee:

¢ Mpu nepexose OT KOPOTKMX BUHTOB 63 NOMepeyHbIX CTAXEK
K O/IMHHbIM BMHTam 6e3 nomnepeyHbIX CTAXKEK NPU MOAEIMPOBAHWU
BPALLATE/IbHOM HarpysKu, HaNpAXKeHWUA B MO3BOHKAX YBENNYMBAIOTCA
B cpegHem Ha 0,2-0,4 MNa. Hanpumep, HanpsxeHue B Th10 ysenu-
umsaetca ¢ 3,7 5o 3,9 MMa, a 8 Th1l ¢ 3,6 no 4,1 MMa. HanpsaxeHua
B META/IZIMYECKMX KOHCTPYKLIMAX YBENNYMBAIOTCA 60/1€€ 3HAUMTENBHO,
npumepHo Ha 3 Mla.

e [lobaBneHe NonepeyHbIX CTAXKEK K KOPOTKMM BUHTaM CHUXaA-
€T HanpAXXeHusa B cpesHemM Ha 2-4 MIa no cpaBHEHWIO C KOPOTKUMM
BMHTAMKM 6e3 nonepeyHbIX CTAKEK. Takum 0bpasom, HanpsaKeHue B
Th10 cHuskaetea ¢ 3,7 go 3,5 MMa, a 8 Th1l ¢ 3,6 go 3,3 MMa. B me-
TaIIMYECKMX KOHCTPYKLMAX CHUMKEHME HanpsaxKeHuit ewwe bonee 3a-
MeTHO, Ha yposHe 4,0-5,0 MMMa.

* /lcnonb3oBaHMe ANMHHBIX BUHTOB C NOMEPEYHbIMM CTAXKKAMMU
He [LeMOHCTPUPYET 3HAUWUTE/IbHBIX MPEUMYLLECTB MO CPABHEHWUIO C
KOPOTKMMM BUHTaMM C MONepPeYHbIMM CTAXKKaMK. Hanpumep, Hanps-
*eHue B Th10 ocTaeTca NpUMepHO Ha TOM Ke yposHe (3,5 MMMa), B
TO BpeMA Kak Ha BONbLUMHCTBE KOHTPO/IbHbIX TOYEK perucTpupyeTcs
onpesenéHHoe yBEIMYEHME HaNPsAKeHWs, YTo bosee 3aMeTHO Mpwu
aHa/M3e 3HAYEeHW, 3apPerucTPMpPOBaAHHbIX Ha METAIMYECKUX KOH-
CTPYKLMAX.

[eTanbHble pesynsTaTbl NPOBEAEHHOTO MaTEMATUYECKOrO aHa-
NIn3a NpeacTaBeHbl B Taba. 2.

e When simulating a rotational load, using long screws with-
out crosslinks instead of short screws without crosslinks causes
an average increase of 0.2-0.4 MPa in the stresses in the verte-
brae. Thus, the stress in the Th10 and the Th11 vertebral bodies
increases from 3.7 to 3.9 MPa and 3.6 to 4.1 MPa, respectively.
The stresses in metallic structural elements increased significant-
ly by about 3 MPa.

¢ Adding crosslinks to short screws reduces stresses by an
average of 2-4 MPa compared to short screws without crosslinks.
Thus, the stress in Th10 and Th1l vertebral bodies decreases
from 3.7 to 3.5 MPa and 3.6 to 3.3 MPa, respectively. In metallic
structural elements, the stress reduction is even more significant
at 4.0-5.0 MPa.

e The use of long screws with crosslinks does not provide
significant advantages over short screws with crosslinks. Thus,
the stress in the vertebral body of Th10 remains approximately at
the same level, with a stress value of 3.5 MPa. At the same time,
stress increases are recorded at most components, which is more
noticeable in metallic structural elements.

Additional information on the mathematical analysis can be
found in Table 2.

DiscussION

Biomechanical studies are a crucial aspect of understand-
ing the anatomy, function, and strength of the human skeleton.
When studying the biomechanics of the spine, researchers can

Tabnuya 2 3HaueHus HanpaxeHul 8 Modensx hpaemeHma 2pyo0onosCHUYHO20 0MAesa NO3BOHOYHUKA NOC/e pe3eKkyuu no3soHKos Th12-L1 npu
pasnu4HsIx sapuaHmax T pukcayuu nod so3delicmauem spawamensHol Ha2py3Ku

Ne O6nactb

1 Teno nossoHka Th9

2 Teno nossoHka Th10

3 Teno nossoHka Th1l

4 Teno no3BoHKa L2

5 a Teno no3BoHKa L3

6 é Teno no3soHKa L4
[

7 % Teno nossoHKa L5
I

8 'g HWKHAA YacTb Tena No3BoHKa Th1l

9 > BepxHAA yacTb Tena No3BOHKa L2

10 30Ha BXoZa BUHTOB B Ayry no3soHKa Th10

11 30Ha BXoAa BUHTOB B Ayry No3BoHKa Th1l

12 30Ha BXoAa BUHTOB B Ayry NO3BOHKa L2

13 30Ha BXoAa BMHTOB B Ayry N03BOHKa L3

14 = BuHTbI B Tesie no3BoHKa Th10

15 % BWHTbI B Tene nossoHka Thll
>

16 = BWHTbI B Tenie N03BOHKa L2
Q

17 é BWHTbI B Tene no3BoHKa L3

18 g MonepeuHble cTAXKM mexay Th10 n Th1l

19 E MonepeyHble CTAXKM L2 n L3
=

20 MexTenosasa onopa

[pumeyanue: KB — KopoTkMe BUHTbI; [1B — AIMHHbIE BUHTbI

Hanpsa:xexue, MlMa

be3 nonepeyHbIX CTAXKEK C nonepeyHbIMM CTAXKKaMU

KB Jil:) KB it}
4,8 4,8 4,8 4,8
3,7 3,9 3,5 3,5
3,6 4,1 3,3 3,7
4,6 4,8 4,0 4,3
5,2 5,6 4,7 4,7
5,7 5,8 5,5 5,6
4,6 4,7 43 4,5
12,8 13,3 12,0 12,3
22,1 22,5 18,3 18,8
7,3 7,5 7,1 7,2
3,7 5,3 2,1 3,6
4,7 6,4 4,1 53
5,1 4,6 4,1 3,5
64,0 67,3 51,8 63,6
64,1 66,3 53,0 58,3
24,3 23,5 20,1 21,6
23,1 25,8 21,4 24,3

- - 14,3 14,5

- - 14,8 15,6
70,0 73,5 60,0 64,0
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Table 2 Rotational stress in thoracolumbar spine models following Th12 vertebrae resection with different variants of TP fixation

No. Area
1 Th9 vertebral body
2 Th10 vertebral body
3 Th11 vertebral body
4 L2 vertebral body
5 L3 vertebral body
6 % L4 vertebral body
7 % L5 vertebral body
8 é The lower endplate of theTh11 vertebral body
9 The upper endplate of the L2 vertebral body
10 Screw entry area into the Th10 vertebral arch
11 Screw entry area into the Th11 vertebral arch
12 Screw entry area into the L2 vertebral arch
13 Screw entry area into the L3 vertebral arch
14 Screws in the Th10 vertebral body
15 o Screws in the Th11 vertebral body
16 § Screws in the L2 vertebral body
17 g Screws in the L3 vertebral body
18 § Crosslinks between the screws in the
© Th10 and Th11 vertebral bodies
19 § Crosslinks between the screws in the
L2 and L3 vertebral bodies
20 Interbody support

Stress, MPa

Model without crosslinks Model with crosslinks

ss LS ss LS

4.8 43 4.8 43
3.7 3.9 3.5 3.5
3.6 41 33 3.7
46 43 4.0 43
5.2 5.6 4.7 4.7
5.7 5.8 5.5 5.6
4.6 4.7 43 45
12.8 13.3 12.0 12.3
221 22.5 18.3 18.8
7.3 7.5 7.1 7.2
3.7 5.3 2.1 3.6
4.7 6.4 41 5.3
5.1 46 4.1 3.5
64.0 67.3 51.8 63.6
64.1 66.3 53.0 58.3
243 23.5 20.1 216
23.1 25.8 21.4 24.3

_ - 14.3 14.5

- - 14.8 15.6
70.0 735 60.0 64.0

Note: abbreviation SS denotes short screws; whereas abbreviation LS denotes long screws

OBCYXAEHUE

BromexaHUYecKkue uccnenoBaHusA ABNAIOTCA HEOTbEMIEMOW U
HEeobXOAMMOW YacTbio M3yYeHUs aHAaTOMUYECKMX, GYHKLMOHAIbHbIX
1 NPOYHOCTHbIX CBOMCTB 31EMEHTOB YeNoBeYecKoro ckeseta. Uccne-
[10BaHMA BOMEXaHMKM NO3BOHOUYHMKA NO3BO/IAIOT NOHATb HOPMaslb-
HOE COCTOAHME U XapPaKTEPUCTUKM PA3/IMYHbIX 3/1EMEHTOB NMO3BOHOY-
HO-ZBMraTe/IbHOrO CerMeHTa, CTeNeHb HapPyLWEHMA B aHaTOMUYECKMUX
CTPYKTYPaXx M MX GYHKLMIA, USMEHEHWS B CErMEHTaX, BO3SHUKAIOLWWX B
pesynbTaTe TPaBMATUYECKOrO BO3AEMCTBMA, 0COBEHHOCTM 3amella-
IOLLMX 31EMEHTOB, a TaK»Ke 0D0CHOBLIBAIOT MPUMEHEHMWE Pa3NINYHbIX
METOZ0B IeYEHMA U MMNIAHTUPYEMbIX MaTepranos [26]. Mpu Bbibo-
pe ONTUManbHbIX KOHCTPYKLMIA, METOLOB GUKCALMM M TEXHWUK CMOH-
AMNoAesa 3TW UCCNeaoBaHMA MOrYT BbiTb GyHAAMEHTaNbHBIMK ANS
paspeLeHns CNOpPHbIX BOMPOCOB, BO3HMKAIOLWMX KaK B Hay4YHbIX WC-
CNeloBaHMAX, TaK U B KNMHUYECKOM NPaKTUKE CMIMHANbHOW XMPYPriu,
ocobeHHo B Hanbosee ya3BumMoi 06nacT no3BoHouYHMKa — MM [27].

B HacTosLlee BpeMs MUCNOMb3yeTcs LUMPOKUIA CNEKTP bruomexa-
HUYECKMX UCCNen0BaHUIA, Cpeay KOTOPbIX MOXKHO BblAEIUTb IKCNepu-
MEHTa/IbHble BMOMEXaHMYECKME WUCCNeL0BaHMA Ha aHAaTOMMUYECKMX
06pasuax yesoBeka U NabopaTopHbIX KMUBOTHbIX, BKAOYAA UMMNAH-
TaLMI0 NPOTE30B TeNa NO3BOHKA U AMCKa [28]. Bcé value 3Tv meToapl
3ameHAloTCA 60/1ee COBPeMEHHbIMM METOZAMM, He TPEBYHOLLMMM IKC-
NepUMEHTOB Ha KMBOTHbIX MM aHAaTOMMYECKMUX 0bpasuiax [29].

K Takum oTHOCATCA GMomexaHWYeckue wmccnefoBaHua Gusm-
YECKMX Mogenen, usyyeHne BUOMEXaHUYECKMX CBOWCTB MO3BOHOY-
HO-ZIBUraTe/IbHbIX CETMEHTOB MOC/E YCTAHOBKM METANIOKOHCTPYKLMIA
C NpUMeHeHnem cTepeodoTorpaMMETPUM Ha OCHOBE PaaMorpamm
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gain insights into the normal state and characteristics of various
components of the spinal motion segment and the degree of dis-
ruption in anatomical structures and their functions. These stud-
ies also help to identify changes in segments caused by traumatic
effects and features of replacement elements, and they can be
used to choose appropriate treatment methods and implanted
materials [26]. By employing optimal designs, fixation methods,
and spinal fusion techniques, these studies can help resolve con-
troversial issues that arise in both scientific research and clinical
practice of spinal surgery, especially in vulnerable areas of the
spine, specifically TLJ [27].

Although a wide range of biomechanical studies is currently
used, among which are experimental biomechanical studies on
anatomical samples of humans and laboratory animals, including
implantation of vertebral bodies and prosthetic disc replacement
[28], contemporary methods not requiring experiments on ani-
mals or anatomical specimens are largely supplanting them [29].

These include biomechanical studies of physical models and
the biomechanical properties of spinal motion segments after
installing metallic structures using stereophotogrammetry based
on patient radiograms. Recently, a focus has been on analyzing
biomechanical parameters through three-dimensional recon-
struction on computed tomography [30]. The most frequently
used method is mathematical modeling, particularly the finite el-
ement method (FEM). The finite element method is a choice for
mathematical modeling. Research on the biomechanical features
of the spine through the finite element method commenced in
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nauueHToB. B nocneaHue rogbl yaenseTcs BHUMaHWE U3y4yeHnto bmo-
MeXaHUYeCKMX NOKasaTesel C UCNONb30BAHNEM TPEXMEPHOW PEKOH-
CTPYKUMM Ha KoMMbloTepHoi Tomorpadum [30]. MeTog matematu-
YECKOTO MOZE/IMPOBAHMA B MOC/NeHee BPeMsA CTan Hambonee 4acTo
NPUMEHAEMbIM, U MHTEPEC K 3STOMY METOAY UCCNeL0BaHMA PACcTET BO
BCEM Mupe. OLHMM 13 BapUaHTOB MaTEMATUYECKOTO MOAENNPOBAHMA
AB/IAETCA METOA, KOHEYHbIX 3/1IEMEHTOB. JKCMNEepPUMEHTa/IbHbIE UCC/e-
[0BaHMA BYOMEXaHNYECKMX XapaKTEPUCTMK NO3BOHOYHMKA METOLOM
KOHeYHbIX 3/1eMeHTOB Hayanunch B8 1973 roay. B nocnenytowme rogbl
3TOT METOZ, LWMPOKO UCMOb30BANICA NPY U3yYEHUM NOACHUYHOTO OT-
[ena Nno3BOHOYHWKA, APYTMX YacTel OnopHO-ABUraTe/IbHOro annapa-
Ta W U3yYEHMMU NMPOYHOCTHBIX CBOMCTB MMMIAHTaTOB [31].

B TO Xe Bpems, cneayet OTMETUTb, YTO, HECMOTPA Ha KaKyLLm-
€cA NPeMMYLLEeCTBa, METOA, KOHEYHbIX 9/1EMEHTOB MMEET onpeséneH-
Hble OrpaHMYyeHusa. ITO 0COBEHHO aKTya/lbHO MPU aHanu3e Mo3Bo-
HOYHMKa, CTPYKTYpa KOTOPOrO CI0XHA Kak C MOPdONOrnyecKkom, Tak
N ¢ GYHKUMOHANbHOM TOYKM 3peHus. Mo cyTW, aHanu3 METOAO0M Ko-
HeYHbIX 3/1IEMEHTOB BCEraa BK/OYaeT B cebs onpeaenéHHyto cTeneHb
anpPOKCMMaLMU U YNPOLLEHMA, MOCKONbKY HEBO3MOMHO [ETasbHO
BOCCO34aTb BCE 3/1IeMEHTbI CBA30YHOrO anmnapaTta MO3BOHOYHMKA W
paccumnTaTh BAMAHME BCEX MbILEYHbIX CTPYKTYP, HECMOTPSA Ha 3Hauu-
TeNbHble AOCTUKEHMA B HayKe U TexHonorun [32]. Kpome Toro, 66110
MOKa3aHo, YTO YpesMepHasa AeTann3aUnua KOHEYHO-3/1EMEHTHBIX MO-
[lenei 3HaYUTENIbHO YCIOXKHAET BbIABNEHWUE BUOMEXaHUYECKUX pa3-
NINYNIA, aHANM3 KOTOPbIX GAKTUYECKU M ABASETCA OCHOBHOM 3ajayeit
MOZLENMPOBAHUA.

YKazaHHble 0COBEHHOCTM MPUBOAAT K TOMY, YTO MpPU CpaBHe-
HWM PEe3yNbTaToB C AAaHHbIMU ApPYrvMX UCCnefoBaTenei, Kotopble,
04eBWAHO, MCMO/Ib30BaIN CBOM COOCTBEHHbIE MOAENN A/1A aHaNW3a,
o6y K/AeHWE CKopee KAacaeTcs CPaBHEHWS MATTEPHOB pacrpeaeneHus
HaNPSAXEHUN, YeM CPAaBHEHMSA YMCIIOBbIX NOKA3aTeNel Kak TaKoBbIX.
AHanM3 MTepaTypbl AEMOHCTPUPYET, YTO BpallaTesbHas Harpyska
OTHOCUTE/IBHO Masio M3y4YeHa B OTHOLIEHWUWM CTabWUAM3MPOBAHHOO
MO3BOHOYHMKA. ITOT GaKT, NO-BUAUMOMY, CBA3AH C NPEANONOKEHN-
em, 4To Ntoban KayecTBeHHO NpPoBeAEHHaA AEKOMMNPECCMBHO-CTabK-
NM3npyloWwan onepauusa nogpasymesaeTr GOpmMMpOBaHME BTOPUYHO
CTabWIbHOTO CMOHAMIOAE3a, B KOHEYHOM UTOTE HECYLLLETO OCHOBHYHO
Harpysky [33, 34]. [lo 3Toro MomeHTa npeanosiaraeTca HolweHne Kop-
ceTa WM UCMOoNb30BaHME APYrMX METOA0B MMMOOUAM3aLmMK. Tem He
MeHee, [N BCECTOPOHHEN OUEHKU 3DGEKTUBHOCTM CTabunmsaumm
C MCMONb30BaHMEM Pa3NNYHbIX BapuaHTOB Tl GUKcaLMM Mbl CYUTa-
M uenecoobpasHbiM NPOaHAZIM3MPOBaTh BPALLATENbHYIO HarpysKy.
Hawwm faHHbIE B LEOM COMMacyroTCA C pe3yabTaTamu Apyrux uccie-
fosateneil. OTMeyYaeTcs, YTo BpalLaTe/ibHble Harpy3ku Bbi3biBatoT
00pa3oBaHNe MaAKCMMabHOMO HAMPAXKEHMA Ha 3NEeMEHTax Ten03a-
MELLAOLLMX KOHCTPYKLMIM U KOCTHBIX CTPYKTYPaX, KOHTAaKTUPYIOLLMX C
Helt [35]. 9ToT dhaKT 06BACHAET NPO/ANC MEKTENOBOW OMOPbI B TENa
MO3BOHKOB, CMEKHbIX C PE3eLMPOBAHHbIM, U MMEET 3HAYUTENbHOE
KAMHUYecKoe 3HayeHue. OYeBUAHO, YTO B HEKOTOPbIX Cy4asX Hey-
Java cTabunusauum nocne onepauym C yaaneHMem TpaBmaTUYecKu
pa3pyLUEHHbIX KaK 3a4HMX, TaK U NepesHUX ONopHbIX CTONBOB NO3BO-
HOYHMKA ODBACHAETCA YCTAHOBKOW MEXKTENIOBOIO MMMNAAHTATA, ONK-
PaIOLLEroca Ha cierka NOBPEXAEHHYH KOHLEBYIO MIACTUHY, Hanpu-
Mmep, B cnyyasx Tpasm L1:A4 (Th12:A1).

B 10 Xe Bpems, HalLM NpeablayLume UCcCef0BaHUA NMOKa3bIBatoT,
4TO MO CPABHEHMIO C pPe3eKLMeN OLHOTO MO3BOHKA, ABYXYPOBHEBAA
KOPMIKTOMMA HE UMEET KPUTUYECKUX BUOMEXaHUYECKMX HeJocTaT-
KOB [36]. 3HauMTeNbHOE YBENWUYEHWE HATPY3KM OTMEYAETCA TOJIbKO Ha
BuHTax Th10 n Th1l, n MX NMKOBbIE MOKA3aTENM HArPy3KM HAX0AATCA
B NpeAenax pacuéTHON MexaHWYecKoi NPoYHOCTU. OYeBUAHO, Takue
[aHHbIe MOTYT NMOB/IUATb Ha 0DLLME TaKTUKY M CTPATErnio XMpypruye-

1973. In the following years, this technique became popular for
examining the lumbar spine and other areas of the musculoskele-
tal system and evaluating implant durability [31].

However, this method has limitations, especially when
analyzing a complex structure like the spine. Essentially, finite
element analysis involves some level of approximation and sim-
plification because it is not feasible to accurately model every
element of the spine's ligamentous structure and assess the in-
fluence of all muscle structures, even with advancements in sci-
ence and technology [32]. Moreover, research has indicated that
excessive detail in finite element models significantly complicates
the identification of biomechanical differences, the analysis of
which is, in fact, the main objective of modeling.

These features often result in the discussion focusing more
on comparing stress distribution patterns rather than numerical
indicators when comparing the results to those of researchers
who used their models for analysis. A literature review reveals
that rotational loading has been underexplored in the context of
the stabilized spine. Appropriately performed decompression-sta-
bilization surgery outcomes are expected to involve stable spinal
fusion formation, which ultimately bears the main load [33, 34].
Until this point, it is expected to wear an orthopedic corset or use
other immobilization methods. Nonetheless, for a comprehen-
sive assessment of the effectiveness of stabilization through dif-
ferent methods of TP fixation, we deemed it necessary to exam-
ine the rotational load. Our data align closely with findings from
other researchers. Rotational loads cause maximum stress on the
contact area between vertebral body replacement (VBR) implant
elements and bone structures [35]. This fact explains the clinically
significant prolapse of the interbody support into the vertebral
bodies adjacent to the resected one. Thus, the reason for the un-
successful stabilization after surgery involving the removal of se-
verely damaged posterior and anterior columns of the spine can
be explained by the installation of an interbody implant resting
on a slightly damaged end plate, for example, in cases of L1:A4
injuries (Th12:A1).

Our previous studies show that a two-level corpectomy
does not have critical biomechanical disadvantages compared
with resection of a single vertebra [36]. A substantial increase in
stress is observed only in the area of screws in the vertebral bod-
ies of Th10 and Th11l. However, their maximum stress peak values
are still within the range of the calculated mechanical strength.
These data can affect the general tactics and strategy for surgical
correction of traumatic injuries in the TLJ area but require further
comprehensive analysis.

CONCLUSION

The effectiveness of different methods of spinal fixation was
evaluated using a spinal model. The focus was evaluating how
the load is distributed on different spinal motion segments and
metallic structural elements. The research showed that models
with short and long screws, with or without crosslinks, had dif-
ferent stress distributions. Short screws without crosslinks pro-
duced moderate stress, with noticeable peaks in some areas. On
the other hand, long screws without crosslinks caused a slight in-
crease in overall stress, especially in the screw entry point areas.
The use of crosslinks serving as effective transverse reinforce-
ments, regardless of screw length, significantly reduced the stress
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CKOW KOpPPEeKLMM TpaBMaTUUECKMX NospeKaeHni B 3oHe [N, Ho Tpe-
OytoT fabHEeWLLIEro BCECTOPOHHETO aHaNW3a.

3AKNIOYEHUE

MpoBeseHa oueHKa GuomexaHWueckoi 3ddEeKTUBHOCTU pas-
JINYHBIX METOA0B QUKCALLMKU C UCMONb30BAHMEM MOLENN NO3BOHOY-
HWKa, NPU 3TOM OCHOBHOE BHWMAaHWe YAEeNAN0Ch PACnpeseseHunto
HarpyKeHMsa Ha PasNnYHble 3/1EMEeHTbl 334eMCTBOBAHHbIX MO3BOHOY-
HO-ZIBUTraTe/IbHbIX CETMEHTOB ¥ META/LIOKOHCTPYKLMW. YCTAaHOB/IEHO,
YTO MOZENU, KaK C KOPOTKMMM, TaK U C AJIMHHBIMU BUHTAMMU B KOM-
6MHaLMK C NONEPEYHbIMM CTANKKAMU MO0 63 HUX, AEMOHCTPUPYIOT
onpeaenéHHble pasinyma B pacnpeseneHuna HanpaxeHun. Kopotkue
BUHTbI 63 NONepeyHbIX CTAKEK ONPeAeNsaoT yMepeHHbIe YPOBHM Ha-
NPAXKEHMI C 3aMETHBIMM NMUKAMM B ONPeAenEHHbIX yyacTKax. B To e
BPEMSA, A/IMHHbIE BUHTbI 6€3 NoMnepeyHbIX CTAXKEK B3bIBAOT HE3HAUU-
TeNbHOEe yBennyeHne obLLEero HanpAXKeHUA, 0CO6EHHO B CamMMX BUH-
Tax. BK/loYEHWe nonepeyHbIX CTANKEK, HE3aBUCHMO OT AJ/INHbI BUHTA,
3HAUMTENIbHO CHUXKAET HAMpPAXKEHWE MO BCEM MOAENM, MOAYEPKMBAA
6MOMEXaHMYeCKoe MPEMMYLLECTBO 3TOM KOHOWUIypauuu B yMeHb-
LUEHUWN HanpsAXeHMA B MO3BOHKAX M METaIMYECKMUX KOHCTPYKLMAX.
MonyyeHHble pe3ynbTaTbl AEMOHCTPUPYIOT creundury buomexaHuKm
CTabMAN3MPOBAHHOMO NO3BOHOYHMKA, MPELOCTAB/IAA BaXKHbIE CBELe-
HUA 48 ONTUMMU3ALMKU XMPYPTUYECKUX MOAXOA0B C Lie/blo MoBbiLle-
HWS CTabUNBHOCTM U CHUXKEHWUA MEXAHUYECKOTO HaMpPAKeHMA.

throughout the model. This highlighted the biomechanical advan-
tage of transverse reinforcements in reducing stress in the verte-
bral bony and metallic structures. The results provide essential in-
formation for improving surgical approaches to enhance stability
and decrease mechanical stress in the stabilized spine.
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