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Biomechanical effects of osteoporosis on adjacent segments
after posterior lumbar interbody fusion: A finite element study

Chenchen Zhang', Minmin Chang?,
Renwen Zhang’, Shujie Tang*

ABSTRACT

Objective: To investigate the biomechanical effects of osteoporosis on adjacent segments after posterior
lumbar interbody fusion (PLIF).

Methods: This study was designed and conducted in the Traumatology and Orthopedics Laboratory, School
of Chinese Medicine, Jinan University, Guangzhou, China, between December 2019 and February 2020.
A healthy finite element model of L3-51 was developed along with one PLIF model and one PLIF with
osteoporosis model. Based on a hybrid test method, the inferior surface of S1 was entirely fixed, and a
preload of 400N combined with an adjusted moment was imposed on the superior surface of L3 in each
model to simulate flexion, extension, lateral bending and axial rotation. The intradiscal pressure (IDP),
shear stress on annulus fibrosus, and the range of motion (ROM) of L3-L4 and L5-S1 were calculated and
compared.

Results: In each direction, the highest value of IDP and shear stress on annulus fibrosus at L3-L4 and L5-S1
was found in the PLIF model, and the lowest value in the healthy model. The largest ROM at L4-L5 appeared
in the healthy model, and the smallest value in the PLIF model in each direction. At L3-L4 and L5-S1, the
highest ROM in most directions was found in the PLIF model, followed by the PLIF with osteoporosis model,
and the lowest value in the healthy model.

Conclusions: Osteoporosis can decrease IDP, shear stress on annulus fibrosus, and ROM at adjacent levels,
and slow down the development of ASD after PLIF.

KEYWORDS: Adjacent segmental degeneration (ASD), Finite element study, Osteoporosis, Posterior lumbar
interbody fusion (PLIF).
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1.

2. Minmin Chang, INTRODUCTION

3. Renwen Zhang, . . .

4. Shujie Tang Adjacent segmental degeneration (ASD) is a
1-4: School of Chinese Medicine,

common complication after lumbar fusion. It was
reported that the incidence of radiographic ASD
ranged from 8 to 100%, and symptomatic ASD
ranged from 5.2 to 18.5%.! Many factors, such
as normal aging process, increased body mass
index, and female gender, have been reported
to have influence on ASD, but biomechanical
factors play a key role in its pathogenesis.? As
a result of increased rigidity, lumbar fusion
results in hypermobility and stress concentration
at adjacent levels, and subsequently causes the
occurrence of ASD.??
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As a skeletal-metabolic disease, osteoporosis
affects almost 200 million cases in the world.*
Characterized by deterioration of bone tissue and
low bone mass density, the disease is prevalent in
postmenopausal and aged population.® With age,
the patients who receive fusion surgery may suffer
from osteoporosis. Based on animal experiments,
Zhou suggested that osteoporosis could aggravate
the development of ASD.% In a systematic review,
Hashimoto advocated that osteoporosis was one
of the risk factors for ASD.® However, in clinical
studies, Bagheri found no significant difference
in the incidence of osteoporosis between ASD
and non-ASD groups,” and Min and colleagues
also concluded the same conclusion.” So far, the
viewpoints are still controversial.

In our opinion, when osteoporosis occurs,
decreased bone mineral density can reduce the
stiffness, influence the stress distribution, and
lead to significant changes of the biomechanical
features in the lumbar spine,® so osteoporosis may
affect the initiation and progression of ASD. In
addition, compared with animal experiments and
clinical studies, finite element technique presents
many advantages in evaluating biomechanical
changes in the lumbar spine after spinal surgeries,
facilitating a comparative study between models
with different loading conditions.” As a result,
we speculate that the correlation between
osteoporosis and ASD can be clarified using finite
element studies. However, up to now, no finite
element studies have been performed on this
issue.

Posterior lumbar interbody fusion (PLIF) is one
of the commonly performed fusion modes in the
treatment of lumbar spinal disorders, and a large
number of ASD cases have been reported after
PLIE.” Therefore, in this study we established
one healthy model, one PLIF model, and one
PLIF with osteoporosis model, to investigate the
biomechanical effects of osteoporosis on ASD.

METHODS

This study was designed and conducted in
the Traumatology and Orthopedics Laboratory,
School of Chinese Medicine, Jinan University,
Guangzhou, China, between December 2019
and February 2020. The study was approved
by the Ethical Committee of our institute (Date:
July 3, 2020). A three-dimensional finite element
model of L3-S51 was built and well validated
in one of our previously published studies"
(Fig.1). The model consisted of vertebral bodies,
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endplates, intervertebral discs, facet joints, and
spinal ligaments. The intervertebral disc was
composed of annulus fibrosus and nucleus
pulposus, in which the matrix was modeled based
on the incompressible, hyperelastic Mooney-
Rivlin formulation, and ¢l and c2 were defined
according to previously published studies.’? The
contact between facet joints was surface-to-surface
contact with a friction coefficient of 0.1. Ligaments
included  anterior longitudinal ligament,
ligamentum flavum, posterior longitudinal
ligament, intertransverse ligament, interspinous
ligament, supraspinous ligament, and capsular
ligament.

The PLIF model was developed based on the
healthy model, inwhich the supraspinousligament,
interspinous ligament, ligamentum flavum, and
posterior longitudinal ligament as well as the
inferior portion of lamina and medial half of the
facet joints of L4 were removed. Two polyether-
ether-ketone (PEEK) cages were inserted into the
disc space after intervertebral disc was resected
(Fig.1). The contact between vertebral body and
cage was defined as “bonded” to simulate solid
fusion. The spinal fixation including four pedicle
screws (6.0 mm diameter) and two rods (5.5 mm
diameter) was made of titanium alloy. The PLIF
with osteoporosis model was built based on the
PLIF model by adjusting material properties. All
the material properties used in this study were
defined based on previously published literature
(Table-I and II)."* The inferior surface of the

Fig.1: The finite element models in the current study
(A: healthy model, B: posterior lumbar
interbody fusion model).
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Table-I: Material properties used in finite element models of the lumbar spine (Part-1).

Healthy model and PLIF model PLIF with osteoporosis model

Structures Young's modulus Poisson's ratio Element Young's modulus Poisson's Element
(MPa) type (MPa) ratio type
Cortical Exx=11300 Vxy=0.484 Exx=7571 Vxy=0.484
ortica
b Eyy=11300 Vyz=0.203 Hex Eyy=7571 Vyz=0.203 Hex
one Ezz=22000 Vxz=0.203 Ezz=14740 Vxz=0.203
Gxy=3800 Gxy=2546
Gyz=5400 Gyz=3618
Gxz=5400 Gxz=3618
Exx=140 Vxy=0.45 Exx=47.6 Vxy=0.45
Cancellous
bone Eyy=140 Vyz=0.315 Tetra Eyy=47.6 Vyz=0.315 Tetra
Ezz=200 Vxz=0.315 Ezz=100 Vxz=0.315
Gxy=48.3 Gxy=16.42
Gyz=48.3 Gyz=24.15
Gxz=48.3 Gxz=24.15
sacrum in each model was entirely fixed under all RESULTS

loading conditions. A preload of 400 N combined
with a moment of 7.5 Nm in direction of flexion,
extension, axial rotation, and lateral bending was
applied on the superior surface of L3 in the healthy
model. For the PLIF and PLIF with osteoporosis
models, based on a hybrid test method,' a preload
of 400N combined with an adjusted moment was
imposed on the superior surface of L3 to obtain
the same total ROM (L3-S1) as the healthy model

In this study, under 7.5 Nm moment and 400
N preload, the ROM at L3-S1 segment in the
healthy model was 12.2°, 15.6°, 13°, and 7.7° in
flexion, extension, lateral bending, and axial
rotation, respectively. The identified moment
which caused the same ROM was 12.5Nm,
12.3Nm, 11.5Nm, and 11Nm for PLIF model,
and 10.8Nm, 11.3Nm, 10.4Nm, and 10.7Nm

in each direction. The intradiscal pressure, shear
stress on annulus fibrosus, and ROM at L3-L4 and
L5-51 were calculated and compared.

for PLIF with osteoporosis model in flexion,
extension, lateral bending, and axial rotation,
respectively.

Table-II: Material properties used in finite element model of the lumbar spine (Part-2).

Structures Young's modulus (MPa) Poisson's ratio Element type
Endplate 500 0.25 Hex
Posterior structure 3500 0.30 Tetra
Sacrum 5000 0.20 Tetra
Facet joint 3500 0.25 Hex
Nucleus Mooney-Rivlin C1 = 0.12, C2 = 0.03 Hex
Annulus Mooney-Rivlin C1 = 0.18, C2 = 0.045 Hex
Polyether ether ketone Cage 3600 0.25 Tetra
Spinal fixation 110000 0.3 Tetra
Annulus fiber layers 360 - 550 0.3 Spring
Ligament Calibrated deflection-force curves Spring
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Fig.2: The distribution of intradiscal pressure.

The intradiscal pressure at L3-L4 and L5-S1 is
shown in Fig.2 and 3. In each direction, the highest
value at L3-L4 and L5-S1 levels was found in the
PLIF model, and the lowest value in the healthy
model. Compared with the PLIF with osteoporosis
model, the intradiscal pressure at L3-L4 level in
PLIF model increased by 7.61%, 1.66%, 8.05%, and
2.34%, and the value at L5-S1 level increased by
9.27%,2.55%,8.92%, and 2.77 % in flexion, extension,
lateral bending, and axial rotation, respectively
(Fig.2 and 3).

The shear stress on annulus fibrosus at L3-4 and
L5-S1 levels is shown in Fig.4. In each direction, the
highest value at L3-4 and L5-S51 was found in the
PLIF model, and the lowest value in the healthy

Healthy PLIF

Osteoporosis

Flexion (L5-31) Flexion [ 13-4)

Extension | L3-4)

Extersion [ L5351}

Fig.3: The intradiscal pressure nephogram of the
models in flexion and extension.
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Fig.4: The distribution of shear stress
on annulus fibrosus.

model. Compared with the PLIF with osteoporosis
model, the shear stress at L3-4 level in PLIF model
increased by 6.32%, 0.86%, 3.74%, and 2.60%, and
the value at L5-51 level increased by 6.50%, 35.06%,
781%, and 1.50% in flexion, extension, lateral
bending, and axial rotation, respectively (Fig.4).

The ROM at L3-L4, L4-L5, and L5-S1 levels is
shown in Figure 5. At L4-L5, the largest value in
each direction was found in the healthy model,
and the smallest value in the PLIF model. At L3-
L4 and L5-S1, the highest value in most directions
was found in the PLIF model, followed by PLIF
with osteoporosis model, and the lowest value was
found in the healthy model. However, the largest
value at L3-L4 level in lateral bending and at L5-
S1 level in axial rotation was found in PLIF with
osteoporosis model (Fig.5).

DISCUSSION

In the current study, we evaluated the
biomechanical effects of osteoporosis on adjacent
segments after PLIF. To the best of our knowledge,
few studies have been performed on the issue, the

W Healthy model ® PLIF model W PLIF with osteoporosis model

=

oo e e o

[
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Fig.5: The distribution of range of motion.
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study may help surgeons better understand the
correlation between ASD and osteoporosis. Many
studies have confirmed that increased intradiscal
pressure, shear stress on annulus fibrosus, and
ROM of the lumbar spine are closely associated
with ASD.#1¢18 Subsequently, in this study, we
investigated the influence of osteoporosis on
ASD using these outcomes. In addition, as the
hybrid method can provide a comprehensive
and appropriate evaluation of ASD after lumbar
fusion, we used it for calculation.’®?

We found the values of the above-mentioned
outcomes at L3-4 and L5-51 levels were larger in
the PLIF and the PLIF with osteoporosis models
than the healthy model, demonstrating that
PLIF can accelerate the development of ASD. In
addition, each outcome was larger in the PLIF
with osteoporosis model than the healthy model,
indicating PLIF with osteoporosis also influence
the progression of ASD adversely. Some studies
have advocated that increased stiffness and
stress concentration after lumbar fusion result
in biomechanical changes and the occurrence
of ASD at the adjacent levels.’>® In the current
study, although the Young’'s modulus of cortical
and cancellous bones was significantly decreased,
the stiffness of L3-S1 segment was still higher
in the PLIF with osteoporosis model than the
healthy model, so it resulted in higher values of
the outcomes at the adjacent levels.

In addition, compared with the PLIF with
osteoporosis model, the PLIF model presented
with higher values of intradiscal pressure and
shear stress in each direction, demonstrating
more significant stress concentration at its
adjacent levels. In terms of ROM, as the two PLIF
models have the same geometry, so their ROM
distributions were similar. However, in flexion,
extension and lateral bending the ROM at L4-L5
level was larger in the PLIF with osteoporosis
model than the PLIF model, and in axial
rotation the value was equal to the PLIF model.
Subsequently, in most directions the outcomes
were larger in the PLIF model than the PLIF with
osteoporosis model.

From the angle of biomechanics, a functional
spinal unit can alter in loading transfer because
of osteoporosis, which leads to changed
compression stiffness and strain distributions
as well as magnitudes.?* In this study, the
two PLIF models presented with the same total
ROM, but the moment imposed on the PLIF with
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osteoporosis model was smaller, indicating a
decrease of stiffness in this model. As the unique
difference was material properties between the
two models, we believe that it is osteoporosis
which leads to a decreased intradiscal pressure,
shear stress, and ROM at the adjacent levels in
the PLIF with osteoporosis model. Subsequently,
we conclude that osteoporosis can mitigate the
influence of PLIF on adjacent segments.

Limitations of the study: First of all, the
models used in this study were reconstructed
based on the lumbar spine of a healthy young
man. In clinical practice patients undergoing
PLIF usually have pathological changes, such
as osteophyte formation,” spinal stenosis and
spondylolisthesis,* which may also interfere the
development of ASD, but were not considered
in this study. Secondly, the muscles around the
spine were ignored to simplify the calculation,
while the loading conditions used in the current
study may not be completely representative
of the real physiologic situation. Thirdly, the
current issue may be related to many fields of
research, such as molecular biology, cell biology,
biomechanics, and immunohistochemistry.
while in this study we only analyzed the
influence of osteoporosis on ASD from the angle
of biomechanics. Hence, more studies need to be
performed in the future.
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