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Objective. To analyze the characteristics of the stress-strain state of the cervical spine when replacing vertebral body with implants of 

different design.

Material and Methods. Mathematical modeling was performed by developing three finite element models of the cervical spine. The models 

simulated human cervical spine within C3–C7 spinal segment. The C5 vertebra was replaced by three different systems: mesh cage, mesh 

cage combined with anterior plate, and telescopic vertebral body replacement implant fixed to the bodies. The stress-strain state of models 

was studied under four variants of loading: compression, flexion, extension, and rotary impact.

Results. Stress intensity values were obtained for the following structures: top of the vertebral body, bottom of the vertebral body, pedicle, 

lamina, joint masses, teeth and screws (if any) of instrumentation under different loading options.

Conclusion. The presence of an additional fixation to vertebral bodies allows reducing the level of maximum stress in the bone tissue of 

vertebrae contacting the implant. Telescopic cage shows the lowest level of stress in the model elements under compression and flexion. 

Stress indicators in extension and rotation have minor differences between different sites.
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At the present time, practicing trauma-
tologists and orthopedists have at their 
disposal various vertebral body replace-
ment systems that enable decompressive-
stabilizing and reconstructive surgery of 
the spine from the ventral approach [4].

Biomechanical and pathomorpholog-
ical techniques that are essential when 
solving disputable issues arising both 
in research and clinical practice of spi-
nal surgery, in particular, cervical spine 
surgery, are used to select the optimal 
devices and methods for their fixation 
and fusion methods themselves [14, 19].

The wide range of these research 
includes experimental biomechanical 
studies of the anatomical specimens of 
the human cervical spine [8, 12], ana-
tomical specimens of the cervical spine 
of laboratory animals, including implan-

tation of prosthetic vertebral bodies and 
discs [13, 21].

These methods are often replaced 
by advanced technique, which does not 
require experiments on animals or ana-
tomical preparations, such as mathemati-
cal modeling, finite element method 
(FEM) being one of its variants [6, 7, 11, 
18, 24]. Experimental studies of the bio-
mechanical characteristics of the spine 
using the FEM have been carried out as 
early as in 1973 [23, 25].

Later on, FEM was started to be used 
for the mathematical modeling of human 
cervical spine. [24] In 1996, Yoganandan 
et al. [23] reported the development of 
the mathematical model of the C4–C6 
on the basis of CT slices in increments of 
1 mm and cryomicrotomy.

Mathematical modeling with FEM is 
used not only to study the biomechanical 

properties of spine segments, but also to 
measure biomechanical characteristics of 
the anterior interbody fusion with vari-
ous implants [9, 10, 15–17, 20, 22].

The research was aimed at analyzing 
the characteristics of the stress-strain 
state of the cervical spine after vertebral 
body replacement with artificial implants 
of various designs.

Material and Methods

Mathematical modeling using FEM 
was carried out at the laboratory of 
biomechanics of the Institute of Spine 
and Joint Pathology n.a. prof. M.I. 
Sytenko. Three finite element models of 
the cervical spine were built in order to 
solve this problem (Fig. 1).

The models simulated the C3–C7 
segment of the human cervical spine, 
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including the intervertebral discs and fac-
et joints with the interarticular cartilage. 
Bonded-type contact was used between 
the vertebral bodies and intervertebral 
discs, as well as in the facet joints. The 
C5 vertebra was replaced by three differ-
ent constructs: mesh cage (Fig. 1a), mesh 
cage with additional fixation of the adja-
cent vertebra with a plate (Fig. 1b), and 
cage with original design fixation ele-
ments, telescopic vertebral body replace-
ment implants (TVBRI; Fig. 1c) [5].

Additionally, TVBRI model was used 
to simulate the functioning of the cage 
with large and small teeth (Fig. 2).

The implant model with large teeth 
had 4 teeth on each of the upper and 
lower planes, whose length exceeded 
the thickness of the cortical layer of the 
vertebra. The implant model with small 
teeth had 10 teeth on each of the upper 
and lower planes, the length of the teeth 
corresponded to the half-thickness of 
the cortical layer of the vertebra.

Mechanical properties of biological 
tissues were used in the simulation [2]. 
Mechanical properties of the materials 
are shown in the Table.

The stress-strain state of the models 
was studied with four loading options: 
compression, extension, flexion, and 
rotary impact. Loading schemes of the 
models are shown in Fig. 3.

The models had rigid fixation at the 
lower plane of C7 vertebral body and 
its facet joints (Fig. 3a). The load value 
on the model was 100 N. Compression 
load was provided by distributed load of 
36 N on the upper surface of C3 verte-
bral body and 32 N on the upper plane 
of its facet joints (Fig. 3b). Flexion was 
simulated by 100 N load on the ante-
rior edge of C3 vertebral body (Fig. 3c), 
and extension was simulated by 50 N 
load on its arches (Fig. 3d). Rotation load 
was provided by applying 100 N force on 
the upper surface of C3 vertebral body 
(Fig. 3e).

The model consists of 145 282 tet-
rahedral 10-node isoparametric finite 
elements and has 245,105 nodes. The 
von Mises criterion was selected to assess 
stress-deformed state of the models [3].

The models were built using the 
SolidWorks software package, FEM cal-

culations were carried out using COS-
MOSWorks software implemented in this 
package [1].

Results and Discussion

The study provided the picture of 
the stress-strain state of the cervical 
spine models, where the body of the C5 
vertebra was replaced by three types of 
implants.

Fig. 4 shows stress distribution pat-
tern in the models under axial compres-
sion load.

In all models, most of the load was 
accommodated by metal structures, how-
ever, some features are observed in the 
bone tissue.

During compression load in the bone 
tissue of the vertebral bodies, main differ-
ences were observed in C4 and C6 verte-
brae adjacent to the damaged one. The 
highest stress values were observed in 
the cage model without additional fixa-
tion. Thus, maximum stress values on 
the upper surface of C4 and C6 vertebral 
bodies are 3.0 and 10.0 MPa, respectively. 
In the models with additional fixation, 
stress level in these areas is significantly 
lower. While stress values on the upper 
surface of C4 vertebra in the models with 
plate and TVBRI are virtually identical, 
amounting to 2.6 and 2.7 MPa, respec-
tively, the differences are more significant 

in C6 vertebra, being 7.2 and 5.8 MPa. On 
the bottom surface of С4 and С6 verte-
brae, stress distribution pattern is almost 
identical. The greatest differences are 
observed on the surface of the vertebra 
contacting with the cage, that is, the bot-
tom surface of C4 vertebra, being 7.9, 6.1, 
and 5.5 MPa, respectively, for the models 
with a cage, anterior plate, and TVBRI. 
The pedicles of C6 vertebral arches were 
the most loaded part of the vertebrae. In 
this area, maximum stress value was 18.2 
MPa for the model without additional 
fixation, 17.2 MPa for the model with 
the anterior plate, and 16.5 MPa for the 
model with TVBRI. In the pedicles of the 
arches of other vertebrae, stress level was 
much lower with minor differences. The 
greatest differences in the stress values in 
the facet joints are observed in C4 and C5 
vertebrae. In these areas, the cage mod-
el without additional fixation demon-
strated the worst performance, 2.9 MPa 
in C4 vertebra and 1.9 MPa in C5 verte-
bra. Application of TVBRI results in more 
effective unloading of the facet joints, 2.6 
MPa for C4 vertebra and 1.5 MPa for C5 
vertebra. The model with anterior plate 
showed intermediate values, 2.8 and 1.6 
MPa in the respective zones. The lowest 
stress on the cage teeth occurs in the 
models with TVBTI, 2.9 and 2.1 MPa for 
C4 and C6 vertebrae, respectively. In the 
structure with plate, these values are 

Fig. 1
The models of the cervical spine with implants: a – mesh cage; b – cage with the ante-
rior plate; c – telescopic vertebral body replacement implant
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Fig. 2
Cervical spine models with telescopic vertebral body replacement implant: a – with 
large teeth; b – with small teeth

Fig. 3
Model loading schemes: a – fixation of the models at the lower surface of C7 vertebra; b – compression loading; c – flexion loading; d – 
extension loading; e – rotational loading

Table

Mechanical properties of the materials used in the simulation

Material Young's elasticity 

modulus, MPa

Poisson's ratio Tensile strength, 

MPa

Cortical bone 100 00.0 0.30 145

Spongy bone 450.0 0.20 10

Articular cartilage 10.5 0.49 –

Intervertebral disc 4.2 0.45 –

Porous ceramic 67 000.0 0.30 –

Titanium BT-16 110 000.0 0.30 235

twice higher, 5.9 and 4.2 MPa. Stress 
values on TVBRI teeth are 5.5 and 3.5 
MPa for C4 and C6 vertebrae, respec-
tively, which is significantly lower than 
in the model with plate (8.9 and 9.8 
MPa) and in the model without addi-
tional fixation (10.2 and 12.5 MPa).

Investigations of the models under 
compression load showed that the 
use of additional fixation reduces the 
stress level in the bone tissue of the 
vertebrae, when substituting vertebral 
body with cage. TVBRI is more effec-
tive from this viewpoint.

The next stage includes the mod-
eling of the functioning of the corre-
sponding implants in neck extension 
position. Stress distribution pattern 
associated with this load in the test 
models is shown in Fig. 5.

The major load is accommodated 
by the metal structures, similarly to the 
results of the previous study.

Let us analyze the absolute values 
of the maximum stresses arising in the 
bone structures of the models.

The greatest stresses in the verte-
bral bodies occur at the points of their 
contact with cages, similarly to the 
study with compression, i.e. the low-
er surface C4 vertebra and the upper 
surface of C6 vertebral body. In the 
first case, stress value is 9.0, 8.1, and 
5.0 MPa for the models without addi-
tional fixation, with the anterior plate, 

а
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previous studies. Maximum stress value 
on the upper surface of C6 vertebra is 
3.8 MPa for the model without addition-
al fixation, 2.6 MPa for the model with 
the anterior plate, and 2.9 MPa for the 
TVBRI. Maximum stress level on the bot-
tom surface of C4 vertebral body reaches 
the value of 11.6, 7.6, and 7.5 MPa for 
the respective models. Since the main 
load is shifted to the posterior column, 
maximum stress values are observed in 
the pedicles of C6 vertebral arches: 20.7 
MPa for the model without additional 
fixation, 20.2 MPa for the model with 
the anterior plate, and 22.4 MPa for the 
TVBRI. In C4 vertebral arches, where 
stress level is the lowest in the cage mod-
el without additional fixation, amounting 
to 7.5 MPa, additional fixation leads to 
increased stress in C4 vertebral arches 
in neck extension position, being 10.0 
MPa in the case of fixation with the plate 
and 9.6 MPa in the case of the TVBRI. 
Stress also increases in the facet joints. 
Maximum stress values occur in C4 and 
C6 vertebrae. Additional fixation has a 
positive effect on stress distribution in 

those areas. While the cage without fixa-
tion increases stress up to 3.9 MPa in the 
joints of C4 vertebra and up to 4.1 MPa 
in the joints of C6 vertebra, in the mod-
els with additional fixation, stress level 
in C4 vertebral joint is 3.8 MPa and 3.7 
in the models with the plate and TVBRI, 
respectively, and stress level in C6 ver-
tebral joints is 3.5 MPa in both models. 
The screws in C4 vertebral body remain 
the most highly loaded elements, just 
as in the case of neck flexion, amount-
ing to 10.2 MPa for the model with the 
plate and 7.6 MPa for the TVBRI. Our 
cage structure also results in more spar-
ing loading of the screws in C6 vertebra 
(4.4 MPa) compared to the extramedul-
lary plate (7.6 MPa). As for the teeth, the 
structure with the plate is superior to the 
other options, 9.8 MPa on C4 vertebra 
and 11.1 MPa on C6 vertebra. TVBRI and 
the cage without additional support lead 
to increase in teeth stress on the side of 
C4 vertebra to 12.9 and 12.5 MPa, respec-
tively, and to 14.5 and 17.8 MPa on the 
side of C6 vertebral body.

Fig. 4
Stress distribution in the models under the compression load: a – mesh cage (front and 
rear view); b – mesh cage with the anterior plate (front and rear view); c – telescopic 
vertebral body replacement implant (front and rear view) 

and TVBRI, respectively. In the second 
case, stress level is 10.3, 6.5, and 4.1 
MPa for the respective models. In the 
neck flexion position, the pedicles of 
the vertebral arches are unloaded and 
stress value does not exceed 1.5 MPa in 
the arches of C6 vertebra in the mod-
el without additional fixation. In two 
other models, stress values in this area 
are 1.1 MPa. In this case, facet joints are 
virtually unloaded, stress level does not 
reach the level of 1.0 MPa without any 
significant differences between the mod-
els. Major changes in stress distribution 
are observed in the fixation elements of 
the structure. The greatest load falls on 
the upper fixation elements located on 
the body of C4 vertebra. Thus, the stress 
level on the fixation screws in this area 
is 15.8 MPa for the model with the ante-
rior plate and 12.3 MPa for TVBRI. The 
maximum stress values on the screws 
in the vertebral body C6 are somewhat 
lower and amounts to 11.8 and 6.1 MPa 
for the models with extramedullary 
plate and our structure, respectively. As 
for the teeth on the cage contact plane, 
the maximum stresses arise on the teeth 
of the cage without additional fixation 
and amount to 20.9 MPa on the side of 
C4 vertebra and 27.0 MPa on the side of 
C6 vertebra. This is twice higher than 
the maximum stress value when using 
TVBRI, being 13.0 and 10.2 MPa, respec-
tively. The structure with the anterior 
plate demonstrated the smallest stress 
values in these areas, 9.9 and 7.2 MPa, 
respectively.

Thus, contact points between the ver-
tebral bodies and cage teeth are the most 
loaded area in the neck flexion position, 
the lowest stress level in this area demon-
strated the model with the anterior plate. 
The lowest stress level in the other areas 
was observed in a model with TVBRI.

The stress-strain state pattern in the 
models in neck extension position is 
shown in Fig. 6.

It can be seen that the main load is 
still accommodated by metal structures. 
In the bony structures, stress shifts to the 
posterior column.

In the neck extension position, peak 
stress points correspond to vertebra-cage 
contact points, similarly to the results of 
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Fig. 5
Stress distribution in the models in the neck flexion position: a – mesh cage (front and 
rear view) b – mesh cage with extramedullary plate (front and rear view); c – telescopic 
vertebral body replacement implant (front and rear view)
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It is difficult decide between tested 
structures when analyzing stress dis-
tribution in the models in neck exten-
sion position, since this load leads to an 
ambiguous stress distribution. We can 
conclude that the behavior of the models 
with various structures is virtually equiva-
lent in the neck extension position.

Fig. 7 shows the pictures of the stress-
strain state models under rotational load.

In this case, the structures unload the 
damaged C5 vertebra, but lead to exces-
sive stress in adjacent vertebrae.

The maximum rotation-induced 
stress occurs in the elements of C3 ver-
tebra, the first flexible element in the 

“spine–implant” system, and reaches 4.9 
MPa in the model without additional fix-
ation and 4.8 MPa in the models with 
additional fixation of the implant. Con-
ventionally high stress levels are observed 
in the bodies of C4 and C6 vertebrae. 
Thus, stress values are up to 3.7 MPa on 
the lower surface of C4 vertebra for the 
model without additional fixation and 
3.3 and 2.0 MPa in the models with addi-
tional fixation of the implant with plate 

and TVBRI, respectively. Stress values on 
the upper surface of C6 vertebral body 
reach 4.0, 2.9, and 2.7 MPa for the respec-
tive models. In the pedicles of the verte-
bral arches, the highest stress level was 
detected in C3 and C6 vertebrae in the 
model without additional cage fixation, 
being 13.8 and 10.3 MPa, respectively. 
In the models with additional cage fixa-
tion, stress leveles in the pedicles of C3 
and C6 vertebral arches are lower, 10.5 
and 6.0 MPa, respectively, for the model 
with extramedullary plate, 11.5 and 5.2 
MPa for the model with the TVBRI. In 
the case of rotation, high stress level is 
also observed in the laminas of the ver-
tebral arches and reaches maximum val-
ues in C6 vertebra, 6.5 MPa in the model 
without additional fixation and 5.8 and 
5.7 MPa in the models with addition-
al implant fixation with the plate and 
TVBRI, respectively. In the facet joints, 
stress intensity in C3 and C6 vertebrae 
decreases to the level of 2.0–2.2 MPa 
without significant differences between 
the models. As for fixation elements of 
the implant, there is notably very low 

stress level on the screws of the TVBRI, 
3.2 MPa in C4 vertebra and 0.6 MPa in 
C6, while in the model with the anterior 
plate these parameters reach the level of 
8.9 and 5.7 MPa, respectively. The oppo-
site situation is observed on the cage 
teeth. The lowest stress level was record-
ed in the model with the plate, 4.8 and 
5.4 MPa on the sides of C4 and S6 verte-
brae, respectively.

In the model with the TVBRI, these 
values are 4.3 and 9.8 MPa. In the model 
without additional fixation, they are 6.5 
and 14.3 MPa, respectively.

Investigation of the stress-deformed 
state of the models under rotational load 
showed that additional fixation leads to 
redistribution of stress intensity from 
the cage teeth to additional fixation 
elements.

The next stage of the study included 
investigation of the impact of cage teeth 
size on the stress distribution pattern 
in the “cervical spine–implant” system. 
The experience of previous studies has 
shown that the main peak stress area 
occurs at the contact points between the 
implant and bone fragments. Therefore, 
C4 and C6 vertebrae were selected to 
analyze stress-strain state. Fig. 8 shows 
stress distribution patterns in C6 verte-
brae of the models with all load types.

The vertebrae in the model with large 
teeth are less intensely colored, which 
is indicative of lower stress level. Stress 
value is very low inside the teeth (less 
than 0.5 MPa). In the model with small 
teeth, elevated stress zones are larger and 
arranged over the whole vertebral body 
surface.

Conclusions

1. The presence of additional fixation 
reduces the maximum stress level in the 
bone tissue of the vertebrae contacting 
with the implant.

2. In our structure, cage showed the 
lowest stress level in the elements of the 
model under compression loads and 
neck flexion. In the case of neck exten-
sion and rotation, stress values at differ-
ent sites have minor differences in one or 
another direction in both models.
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Fig. 6
Stress distribution in the models in the neck extension position: a – mesh cage (front 
and rear view) b – mesh cage with extramedullary plate (front and rear view); c – tele-
scopic vertebral body replacement implant (front and rear view)

Fig. 7
Stress distribution in the models during rotation movements: a – mesh cage (front and 
rear view) b – mesh cage with the anterior plate (front and rear view); c – telescopic 
vertebral body replacement implant (front and rear view)
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3. The use of four large teeth perfo-
rating the cortical bone of the vertebral 
body results in lower stress values in the 
contacting vertebral bone structures 
compared to the structure having larger 
number of shorter teeth.

The study was not sponsored. The authors declare 

no conflict of interest.
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Fig. 8
Stress distribution in the body of C6 vertebra in the models with different teeth sizes for all loading types: a – large teeth, compression 
load, b – large teeth, neck flexion; с – large teeth, neck extension; d – large teeth, torsional load; e – small teeth, compression load; 
f – small teeth, neck flexion; g – small teeth, neck extension; h – small teeth, torsional load
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