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The optimal positioning of an implant into a living organ such as femurs and vertebra is still an open problem. In
particular, vertebral implant position has a significant impact on the results on spine behaviour after treatment in
terms of stiffness, range of motion (ROM), wear, loosening and failure. In the current work, a 3D finite element
analysis was conducted to investigate the positioning parameters of a novel transpedicular implant (V-STRUTO,
Hyprevention, France) in terms of placement of the implant in the treated vertebra. The implant was designed in
order to strength osteoporotic vertebral body and the related spine segment under compressive load. The effects
of the axial and sagittal positions of the implant in the treated vertebra was investigated in terms of stress and
stiffness variations.

A 3D finite element model of an osteoporotic spine segment was built based on a Computed Tomography (CT)
scan of an osteoporotic female (69 yo). The model is composed of T12, L1 and L2 vertebrae and corresponding
intervertebral discs and ligaments. The bone tissue was modeled as a heterogeneous material with properties
assigned based on the grey scale levels. The intervertebral discs were modeled using two regions describing the
annulus and the nucleus and linear beam elements with specific stiffness each were used representing each
ligament.

The simulations indicated that the sagittal position (distance d) plays a role on the stress distribution. The
closer the implant to the interior wall the lower the stress applied to the spine segment. Nevertheless, the axial
plane position (distance h) have limited effects on the stress applied to the bone with a higher stress applied to
the device (subjected to a higher bending load). These results can have direct clinical implications when dealing
with the optimal placement of the implant. It is also possible to select a particular position in order to assign a
given (target) stiffness for a patient.

1. Introduction all postmenopausal women in the US have a VCF during their lifetime

[4].

The occurrence of osteoporosis increases with aging leading to bone
fragility increases.

Osteoporosis is characterized by low bone density associated with
degeneration of bone microarchitecture and mechanical properties.
Increasing the risk of vertebral compression fracture (VCF) is one of the
main severe consequence of osteoporosis [1-3].

Several studies showed that about 30-50 % of women and 20-30 %
of men will develop VCFs during their lives [3]. Approximately 25 % of

To enhance VCFs treatment, a novel device made of PEEK (poly-
etheretherketone) material (V-STRUT©) has been designed (Hypre-
vention, France) (Fig. 1-a). The device is composed of two cannulated
implants that are introduced in the augmented vertebra across the
pedicles followed by the injection of Polymethylmethacrylate (PMMA)
cement. When the PMMA hardens, the implants are fixed and hence,
strengthening the spine segment (Fig. 1-b). The device is indicated for
use in the treatment of VCFs in the thoracic and lumbar spine from T9 to
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L5 aimed to share axial loading between anterior and posterior columns
and full vertebrae reinforcement [5,6]. In addition, the lateral hole of
the implants ensure uniform cement distribution in the treated vertebral
body.

The implant in combination with the injected cement was designed
in order to strengthen osteoporotic vertebra and the related thoraco-
lumbar spine.

Biomechanical behaviour restoration of a treated spine segment
under compressive load is crucial to accomplish accurate function of the
segment and durability of the implant.

Despite advances in surgical techniques, the effects of the positioning
an implant into a vertebra must be investigated in order to optimise its
position in term of biomechanical responses of the treated vertebra and
related spine segment. It was reported that the position of the vertebral
implants affects among others stress distribution and stiffness of the
spine segment, reduced range of motion, wear of the implant [7-13] and
failure load [14].

In addition, it was demonstrated that the lower is the applied stress
on the implants; the higher is the applied stress on the bone [15]. These
results may have implications in order to maintain the bone physio-
logical value of applied peak strains in the bone. Frost, 2004 [26]
showed that microstrain value applied to bone tissue must be in the
range of (500-3000 pe) to maintain the bone organ in a healthy state and
trigger the remodelling process. Thus, for a given device material and
specific dimension, the implant position is a main factor impacting the
treated spine segment biomechanical responses.

Gong et al. (2014) [13] performed a finite element study to inves-
tigate the biomechanical performance of a variety of pedicle screw fix-
ation techniques. The authors concluded that placement and device
variety have a strong impact on the biomechanical response of the spine.
Pfeiffer et al. (2015) [14] investigated parameters that influenced failure
of pedicle screw fixation in fusions and showed that placement of
cement has significant influence on the failure load of the spine segment.

Probabilistic FE models developed by Rohlmann et al. (2013) [28]
reported a strong relationship between the misalignment of vertebrae
adjacent to a total disc replacement (TDR) and lumbar spine
biomechanics.

It was reported that the position of a fixed-axis implant has strong
influence of the range of motion [18] and that that optimal implant
placement is patient-specific [28].

Hambli et al., (2023) [15] demonstrated that the treatment of VCFs
fractures with the V-STRUT© device reduced the stress applied on the
treated vertebrae and reestablished the stiffness of the related spine
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segment. Nevertheless, there is still a concern that position of the device
within the treated vertebra may play a role on the biomechanical re-
sponses of the spine segment.

Currently, bone cement augmentation techniques such as verte-
broplasty and balloon kyphoplasty are the gold standards for surgical
treatment of VCFs consisting in bone cement injection into the fractured
vertebral body under pressure with the goal of stabilizing the fracture
[5]. Such techniques have been shown to be effective treatment for
VCFs. The novel V-STRUT technique combines cement injection and
implant anchoring within the vertebra. When inserted in the bone or-
gans, the cement plays a main role on the biomechanical performance of
the augmented organs. Therefore, the purpose of the current preliminary
study was to numerically investigate the effects of the position of the
implant alone on the biomechanical responses of the vertebra and
related spine segment. The bone cement was not considered in the
present investigation with the goal to focus on the specific performance
of the device.

2. Methods

A 3D finite element model of an osteoporotic spine segment was built
based on a Computed Tomography (CT) scan of an osteoporotic female
(69 yo) using the software ScanIP (Simpleware, Exeter, UK) (Fig. 3-a).
The numerical model is composed of T12, L1 and L2 vertebrae and
corresponding intervertebral discs. Two CAD implants geometries were
imported and inserted in a second step in the middle of the treated
vertebra along the pedicles (Fig. 3).

The effects of the axial and sagittal positions of the implant in the
treated vertebra was investigated in terms of stress and stiffness
variations.

The variables of the implant position are distance from anterior wall

Fig. 2. Position factors of the V-STRUT® implant. d: distance from anterior
wall, h: height from superior endplate.

(b)

Fig. 1. (a) CAD model Representing the V-STRUT©O before cement injection. (b) A radiograph of a vertebral body treated with the V-STRUT© with bone

cement injection.
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(d) and height from superior endplate (h) (Fig. 2).

The seven ligaments of the spine segment were considered in the
current model as beam elements as reported by several studies [15,
21-23]. Depending on their locations and types (Fig. 3-d), linear beam
elements were used in this work with varying stiffnesses representing
the different ligaments (Fig. 3-d).

Five 3D Abaqus FE model was then generated for FE simulations
(Fig. 3-d) to investigate the effect of the combination of clinical relevant
d and h positions.

Model-1 (Reference): implant not inserted to be used as a reference
results,

Model-2 (d5-h5): with inserted implant (d = 5, h = 5),

Model-3 (d5-h15): with inserted implant (d = 5, h = 15),

Model-4 (d15-h5): with inserted implant (d = 15, h = 5),

Model-5 (d15-h15): with inserted implant (d = 15, h = 15).

For each simulation, spine segment stiffness and stress distribution
were computed and analyzed.

In Table 1 is reported the elements type and number of each spine
segment component.

The characteristic length of the mesh size of about 0.7 mm was
selected based on a mesh convergence studies performed using different
mesh sizes (0.4 mm to 2.5 mm), which indicated that the chosen mesh
resolution (0.7 mm) were not significantly less accurate than finer mesh.

The contact between vertebrae and discs and the facet joints was
modelled using a Coulomb friction law with a friction coefficient value
of 0.01 [15,16].

The implant was developed in order to strength osteoporotic
vertebra and to prevent compressive fractures. Therefore, the load
applied to the spine segment was limited to the axial compression with a
pressure value of 1 MPa (case of climbing stairs) [17] applied to the
upper surface of vertebra (T12) of about 1067 mm?. Reference node
were added at the lower vertebra (L2) (Fig. 4-a) and the nodes at the end
plate of the lower vertebra were fixed to the reference node. An encastre
boundary condition where an encastewere then applied to the reference
point [15].

The intervertebral discs were modeled using two regions (Fig. 4-b)
describing the annulus and the nucleus, with the nucleus volume rep-
resenting about approximately 40 % of the total disc area [18].

The heterogeneous Young modulus of the bone tissue is expressed by
[19] as follows:

E = 15010p*'% (p < 0.280)

E = 6850p"*® (p >0.280) (@)

(a) Segmentation of the spine model

(b) FE meshing
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Table 1
Elements type and number of each model component.
Structure Element type Number
T12 Quadratic tetrahedral 431,200
L1 Quadratic tetrahedral 428,700
L2 Quadratic tetrahedral 429,350
T11-T12 disc Quadratic tetrahedral 75,300
T12-L1 disc Quadratic tetrahedral 74,800
L1-L2 disc Quadratic tetrahedral 73,900
Ligaments Linear beam elements 50 (for each ligament)
VSTRUT implant Quadratic tetrahedral 67,900 (for each)

p (g/cm3) denotes the bone density computed based on the CT values
[19]:

Poisson’s ratio of 0.3 was retained for the simulations.

A hyperelastic material model of type Mooney-Rivlin was applied for
the intervertebral discs using a strain energy function given by [17,20]:

W = C10 (I, —3) + CO1 (I, —3) 2

I and I, denotes the principal strain invariants and C0land C10are
material properties.

Degenerated properties of intervertebral discs were retained
(Table 2) in the present study [20].

Spinal ligaments were modeled by linear elastic beam elements
behavior with a specific stiffness value for each ligament (Table 3) re-
ported from published literature [15,21-23].

The V-STRUT®© implant is made of PEEK material which exhibits a
linear isotropic behavior. Therefore in the current study, a Young
modulus was set to E = 3600 MPa and a Poisson ration set tov = 0.3 [15,
24].

3. Results

Current model was validated by comparing the predicted stiffness of
the non-treated spine segment (model 1) with previously published
studies performed on different osteoporotic female spine segments (T12-
L2) [25] (Table 4). In their investigation, the authors were destructively
tested in axial compression twelve two functional spinal units (T6-T8,
T9-T11, T12-L2 and L3-L5).

Predicted results (2206 N/mm) was in the range of the experimental
one (2736 N/mm) reported in the study of Groenen et al. [25] for the
case of an osteoporotic spine (segment: L12-T2) of a female. Despite the
current investigated spine segment was different from the study of
Groenen et al. [25], current prediction agrees well with the experi-
mental one indicating that the proposed FE approach can be considered
as being validated for compressive load.

(c) Detail of the implants

(d) FE model for simulations.

Fig. 3. 3D Finite element model built using three vertebrae, three intervertebral discs and ligaments.
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* Applied pressure

(2)

Table 2
Mooney-Rivlin material parameters of the intervertebral discs.
Cco1 C10
Annulus 0.09 0.12
Nucleus 0.045 0.18
Table 3

Ligament stiffnesses reported from [15,21-23].

Ligament Stiffness (N/mm)
Longitudinal Anterius 210

Longitudinal Posterius 20.4
Supraspinale 23.7

Interspinale 11.5
Intertransversium 50

Flavum 27.2

Capsular 33.9

Table 4

FE predicted values of stiffnesses for the different spine segment models.

Model Stiffness (N/ Difference in % compared to the
mm) reference model
Experiment [25] 2206
FE Reference (without 2736
implants)
Model 1: d5-h5 3474 27 %
Model 2: d5-h15 3155 15.5 %
Model 3: d15-h5 3061 12 %
Model 4: d15-h15 2982 9%

Fig. 5. Variation of the predicted stiffness for different implant positions.

(b)

Fig. 4. (a) Boundary conditions. (b) Intervertebral disc partitioned into two volumes: Nucleus pulposus (light grey) and Annulus fibrosus (red).

The effect of the implants positions in terms of stiffness variation can
be observed in the Fig. 5. The stiffness of the reference model (without
implants) is added for comparison.

It can be noticed that the placement of the implants (sagittal and
axial planes) play a significant role on the spine segment rigidity. When
the distance d increases, the stiffness decreases significantly when the
device is placed in the middle (axial position: h = 15 mm) of the vertebra
(Fig. 5-a). The distance h (axial position) plays also an important role
when the device is fully inserted (d = 5mm).

The computed von Mises stress contour in the model 1 (reference
without implants) is depicted in Fig. 6.

The contour of the equivalent stress in the spine segment indicates
that high stress occurs in the pedicles regions and in the middle of the
vertebrae. It can be seen that the upper vertebra undergoes the highest
value of the stress.

On Fig. 7 is plotted the stress distribution for two different implant
positions from the anterior wall (d = 5 mm and 15 mm). The implant was
placed at 15 mm from the superior endplate (h = 15 mm).

The results indicated that the stress level is lower when the implant is
fully inserted in the vertebra (d = 5mm) compared to a lower insertion
level (d = 15 mm).

When comparing the effect of the implant position from the superior
endplate, the FE simulations indicated that no noticeable stress variation
exists in the vertebral body (Fig. 8). Nevertheless, a localized increase of
the stress level can be observed in the pedicles region when the device is
placed at 5 mm from the superior endplate (h = 5 mm).

The stress contour applied to the implants corresponding to the four
models are plotted in Fig. 9.

The prediction demonstrated that depending on the device position,
the stress peak value is ranging between 5 and 10 MPa and that the stress
distribution was uniform applied on the implant region inserted in bone.
The compressive load did generated stress concentration within
involving compressive load dissipation. The combination of the implant
design and the optimal selection of its placement showed an enhanced
biomechanical behavior for the vertebra and the whole spine segment
and for the integrity of the implant.

4. Discussion and conclusions

Differences in the biomechanical behavior of treated osteoporotic
spine with implants are not yet fully investigated in regard with the
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Fig. 6. von Mises stress contour in the spine segment (reference without implants).

AR

(a) Model 2: Implant placed at 5 mm from the anterior wall (d=5 mm — h=15 mm).

] § e

(b) Model 4: Implant placed at 15 mm from the anterior wall (d=15 mm — h=15 mm).
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Fig. 7. von Mises stress distribution within the spine segment. Models with two different positions of the implants from the anterior wall (d = 5 mm and 15 mm, h =
15 mm).
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(c) Model 1: Implant placed at 15 mm from the superior endplate (h=75 mm — d=5mm).

| e

(d) Model 3: Implant placed at 5 mm from the superior endplate (h=5 mm — d=15mm).

Fig. 8. von Mises stress distribution within the spine segment. Models with two different positions of the implants from the superior endplate (h = 5 mm and 15 mm,

d = 5 mm).
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Model 1: d5-h5

Model 3: d15-h5
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Model 2: d5-h15

Model 4: d15-h15

Fig. 9. Stress distribution applied to the implants.

implant position. In the current study, five 3D FE model were developed
of a lumbar spine segment with different positions of the V-STRUT©O
device representing clinical possibly placement of the implants.

The implant aims to reduce stress applied to the treated vertebral
body, to reestablished vertebral resistance, stabilize and prevent the
progression of postoperative fractures under compressive load by
sharing the axial compressive loading between anterior and posterior
columns. Therefore, when evaluating the biomechanical effects of the

device positioning, the impact of the different insertion positions should
be investigated. Finite element analysis allowed us to understand how
spine segment stiffness and stress distribution in vertebral body and in
V-STRUT®O device can be influenced by the implant position within a
treated vertebra. The V-STRUT© device made of PEEK placed at
different positions presented different mechanical response of bone and
implants in simulating compressive load applied to a spine segment.
Plots of Fig. 9 showed that the best position of the implant allowing a
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uniform stress distribution in the implant region inserted in in the
vertebral body correspond to the model 2 (d5-h15). This result has
significant implication when considering the long-term biomechanical
effects of the augmented vertebra. It is well known that rigid implants
stabilize the bone organ. Nevertheless, high stiffness behavior of the
implant may generate the phenomenon of stress shielding resulting in
bone loss at bone region located around the bone/implant interface
[27].

When comparing the stiffness of the spine segment with and without
implantation of the device (Table 3), our results indicated that the mean
percentage increases with respect to the reference model (without im-
plants) ranged between +9 % and +35 % depending on the implants
positions.

It can be noticed that the placement of the implants play a significant
role on the spine segment rigidity. When the distance from the anterior
wall (d) decreases the stiffness increases to reach its maximum value.
For a reduced distance (the implant is inserted about 50 %), the stiffness
is lower compared to the fully inserted configuration but higher to the
stiffness of the reference model (without implants). These stiffnesses
variation were modulated by the implant height from superior endplate.
The placement of the implant in the middle height (about h = 15 mm)
predicted an increase of the stiffness in combination with the position
from the interior wall.

The whole simulation predicted that the best position generating the
maximum stiffness increase correspond to a full insertion of the implant
(d = 5 mm) in the middle of the axial plane of the treated vertebra (h =
15 mm). These results can have direct clinical implications when dealing
with the optimal placement of the implant. It is also possible to select a
particular position in order to assign a given (target) stiffness for a
patient.

A main clinical concern in relation with the implant position within
bone organ is to generate an optimal restoration of the stress distribution
and the strength of the augmented bone. Rohlmann et al., 2013 [28]
performed a FE study to investigate the performance of different
spine-stabilizing implants and showed that significant stress and stiff-
ness variations applied on the augmented vertebra and spine segment
exists when comparing the different implants and related positions.

Results of Fig. 8 indicated that when the implant is placed close to
the endplate (h = 5 mm), a part of the stress is transferred mainly to the
superior adjacent vertebra. The placement of the implant close to the
superior endplate reinforced the augmented vertebral stiffness and
hence, played a role as a barrier for stress transfer to the upper vertebra.
Therefore, this can reduced the cushioning capability of the augmented
vertebra and increase of the stress to the upper adjacent one. In addition,
placement of the implant close to the superior endplate may alter the
natural inward bulging of the endplate and increase the pressure on the
adjacent discs.

In another side, it was reported that cement leakage is a significant
risk factor generating adjacent vertebral fractures [29]. Such a leakage
may generate significant change in the biomechanical response of the
augmented vertebra and related spine segment combined with the
osteoporosis progression [30,31]. From a clinical point of view, the
placement of the implant in relation with its position and geometry
suggests that the closer the implant position to the anterior wall (low
value of distance d) and to the superior endplate (low value of distance
h), higher the risk of cement leakage. In addition, the implant is inserted
through the pedicle. The other cannulated part of the implant is placed
in the vertebral body. These lateral holes ensure a controlled cement
diffusion into the augmented vertebra with a low cement of pressure
amplitude. Hence, lowering the risk of cement leakage.

The current study enhances the understanding of the role of the
positioning of the new implant biomechanical effects on a treated spine
segment. The FE simulations indicated that optimal device position play
a significant role in order to assign a given spine segment stiffness and
stress distribution in order to restore the spine with the goal to the
reduce the risk of in the adjacent vertebral fractures.
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Despite the rational construction of the present FE model, present
study has some limitations. First, the geometrical model is limited to a
non-fractured one female patient. Additional studies with a larger
population are required to study the biomechanical behaviour of the V-
STRUTO device for different spine models. In addition, personalized
simulations are required to study the effects of the performance of the
device. The second limitation concerns the modelling of the cement
effects in combination with the implant.

In the present investigation, the specific objective was to investigate
the performance of the device alone under compressive load in relation
with its position within the augmented vertebra and the spine segment.
Our FE model focused on the role of the implant alone. And addressed
only the behaviour under compressive load. However, In vivo loading of
the spine includes combination of different mechanical loading such as
torsion, bending, flexion, and extensionand different doses of cement.
However, the device was designed mainly to restore vertebral
compressive fractures. Therefore, the compressive load case retained in
the current work was considered sufficient to investigate the role of the
implant position. Nevertheless, additional investigations are required to
study the biomechanical performance of the V-STRUT©O device in
combination with different doses of cement under different loading
modes.

Within the limitations of this study, FE simulations have revealed
that the sagittal and axial positions of the V-STRUT© device affects the
biomechanical response of the treated vertebra, related spine segment
and the device in terms of stiffness and applied stress.

In conclusion, obtained results using the 3D FE model indicated
clearly that the position of the novel transpedicular device (V-STRUTO,
Hyprevention, France) plays a significant role on the biomechanical
response of an augmented vertebra in terms of stress distribution and
spine segment stiffness. From a clinical point of view, this study has
confirmed the general conclusion that varying the position of a vertebral
body device can modulate the spine segment strength and stiffness that
play an important role of the patients’ outcomes. In addition, it is
possible to select an optimal position of the implants in order to optimize
the augmented spine segment stiffness to develop better personalized
strategies to reduce VCFs.
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