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A B S T R A C T

Background: Oblique lumbar intervertebral fusion aims to decompress spinal nerves via an interbody fusion cage, 
but the optimal surgical strategy, including implant selection for specific patient characteristics, remains unclear. 
A biomechanical model was developed to assess how pathophysiological characteristics and instrumentation 
impact spinal realignment, indirect decompression, and cage subsidence risk.
Methods: A finite element model of the L4-L5 segment was derived from a validated asymptomatic T1-S1 spine 
model. Five cases of grade I spondylolisthesis with normal or osteoporotic bone densities and initial disc heights 
of 4.3 to 8.3 mm were simulated. Oblique lumbar intervertebral fusion with cage heights of 10, 12, and 14 mm 
(12◦ lordosis) was examined. Postoperative changes in disc height, foraminal and spinal canal dimensions, 
segmental lordosis, and vertebral slip were assessed. Vertebral stresses and displacements under 10 Nm flexion 
and 400 N gravitational load were compared between stand-alone constructs and bilateral pedicle screw fixation 
using rods of 4.75, 5.5, and 6 mm diameters.
Findings: Oblique lumbar intervertebral fusion significantly improved postoperative disc height, foraminal and 
spinal canal dimensions, with the greatest enhancements observed with 14 mm cages. Bilateral pedicle screw 
fixation markedly reduced cortical endplate stresses and displacements compared to stand-alone constructs, with 
added benefits from larger rod diameters. Low bone density increased displacements by 63 %.
Interpretation: Thicker cages achieve better decompression but increase subsidence risk. Bilateral pedicle screw 
fixation with 6 mm rods minimizes endplate stresses and displacements, especially in osteoporotic cases. Future 
research will validate these findings and explore the model’s potential for surgical planning.

1. Introduction

Nowadays, some 620 million people suffer from back pain, repre
senting a considerable socioeconomic burden (Ferreira et al., 2023). 
Degenerative lumbar pathologies frequently cause significant back and 
leg pain, and in severe cases, surgical interventions such as interverte
bral fusion are used to treat these conditions. Among the various fusion 
techniques, oblique lumbar interbody fusion (OLIF) has gained popu
larity for its potential to restore disc height, achieve spinal realignment, 
and provide indirect decompression of lumbar spinal nerves. OLIF is a 
minimally invasive surgical approach used to treat various degenerative 
lumbar pathologies, including degenerative disc disease, degenerative 

spondylolisthesis, and spinal stenosis. Unlike traditional posterior or 
anterior approaches, OLIF involves accessing the intervertebral disc 
space through a lateral retroperitoneal approach, obliquely entering the 
disc space between adjacent lumbar vertebrae, limiting the risk of 
intraoperative nerve injury (Hao et al., 2023). A key component of the 
OLIF procedure is the use of interbody cages, which are implanted into 
the intervertebral disc space with the purpose of restoring the disc 
height. Subsequently, the achieved correction can be secured using 
diverse fixation systems, including lateral plate systems and/or bilateral 
pedicle screw (BPS) fixation. A significant concern during OLIF pro
cedures is the occurrence of cage subsidence, which may result in a loss 
of correction, decompression of neural elements and necessitate revision 
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surgery. Additionally, despite its benefits, the optimal surgical strategy 
including best implants for a given patient characteristics is not yet well 
defined.

Recent experimental studies have emphasized the importance of 
evaluating the efficacy and identifying predictive indicators for indirect 
decompression in OLIF procedures. Sato et al. (2017) explored the 
clinical outcomes of OLIF in patients with lumbar spondylolisthesis, and 
found significant improvements in disc height, spinal canal diameter, 
and foraminal area post-surgery, accompanied by reductions in back and 
leg pain. Similarly, Xu et al. (2023) demonstrated the potential of OLIF 
through a comparison of geometric indicators, such as disc height, spinal 
canal volume, and cross-sectional area, among 16 patients who under
went OLIF with pedicle screw fixation. Using similar comparison pa
rameters, another study found that inserting the cage in a more anterior 
position was correlated with an increased postoperative lordosis, while a 
more posterior positioning resulted in greater decompression 
(Mahatthanatrakul et al., 2022). Lastly, Iwasaki et al. (2022) reported a 
negative relationship between preoperative posterior disc height and the 
change in antero-posterior spinal canal diameter, ultimately suggesting 
that OLIF should be avoided in patients with preserved dorsal disc 
height.

While experimental studies offer a direct assessment of surgical 
outcomes for specific realistically analogous scenarios, they are often 
resource-intensive and limited in their ability to explore a wide range of 
parameters. In contrast, finite element (FE) analysis presents an alter
native approach that complements experimental findings. FE studies 
offer the advantage of numerical experimentation in a controlled virtual 
environment, allowing for the exploration of numerous surgical sce
narios, instrumentation options, and pathological conditions. Recent 
advancements in FE modelling have provided valuable insights into the 
biomechanics of OLIF. These studies have compared OLIF with other 
fusion approaches, including transforaminal lumbar interbody fusion 
(TLIF) and anterior lumbar interbody fusion (ALIF) (Lu and Lu, 2019; 
Ouyang et al., 2023), investigated the influence of instrumental options 
on stability (Zhang et al., 2023; Zhong et al., 2023), and assessed the risk 
of subsidence in relation to cage position (Qin et al., 2022) and bone 
density (Yang et al., 2022).

However, few models have incorporated pathological conditions or 
included indicators of decompression in their analysis, limiting the un
derstanding of the quantitative compromise between realignment, 
decompression, and the risk of subsidence. This study seeks to develop a 
numerical biomechanical model to investigate the impact of different 
pathophysiological characteristics and instrumental options on spinal 
realignment, resulting decompression, and the risk of cage subsidence in 
OLIF procedures. Specifically, the focus of this study is to provide 
quantitative insights into the impact of different cage heights on ach
ieved realignment (postoperative disc height, slip and lordosis), as well 
as spinal canal foraminal dimensions. Moreover, the study examines 
how cage heights, the utilization of BPS fixation, associated rod diam
eter, and bone density influence the stresses and displacements on 
cortical endplates, serving as indicators of the risk of cage subsidence.

2. Methods

2.1. Finite element modelling of the L4-L5 spinal functional unit

A detailed FEM of the L4-L5 segment previously developed and 
validated in the context of transforaminal lumbar interbody fusion 
(TLIF) was used as a base model in this study (Rastegar et al., 2020). This 
model is based on the Spine Model for Safety and Surgery (SM2S) which 
presents the geometry of a full spine reconstructed from CT-scan images 
of a 50th percentile asymptomatic man (El-Rich et al., 2009). The 
original model includes the vertebral bodies (cortical and trabecular 
bone), the intervertebral disc (nucleus pulposus (NP), annulus fibrosus 
(AF) and collagen fibres), and seven ligaments, i.e., the anterior longi
tudinal ligament (ALL), posterior longitudinal ligament (PLL), 

ligamentum flavum (LF), capsular ligaments (CL), intertransverse liga
ment (ITL), interspinous ligament (ISL) and supraspinous ligament (SSL) 
(Fig. 1A).

The vertebrae were meshed using 4-node tetrahedral elements to 
depict the inner trabecular bone surrounded by a cortical layer. This 
cortical layer exhibited variable thickness across five distinct regions: 
the endplates and anterior walls of the vertebral body (0.4 mm), upper 
pedicle (2 mm), lower pedicle (1.87 mm), posterior processes (1 mm), 
and the area where pedicle screws were inserted (0.8 mm), when 
applicable (Bianco et al., 2017). Regarding the intervertebral disc, the 
NP and AF were meshed using 8-node brick elements. The AF is repre
sented by five concentric layers positioned between the adjacent 
vertebrae. These layers were augmented with spring elements acting in 
tension only to mimic the orientation of collagen fibres at ±35 degrees. 
Apart from the CL, which was meshed with 3-node shell elements, all 
ligaments were modeled using 4-node shell elements. The asymptomatic 
model of the L4-L5 functional unit contained a total of 988,411 nodes 
(464,278 elements).

Each structure was assigned corresponding material parameters, as 
shown in Table 1. The cortical and trabecular bone were modeled as 
homogeneous isotropic materials following the elastoplastic Johnson- 
Cook constitutive law. The NP and AF were represented using 
Mooney-Rivlin hyperelastic materials, while the response of the collagen 
fiber spring elements was implemented through tabulated force- 
displacement curves. The osteoporotic models were generated by 
decreasing the modulus of elasticity by 33 % for cortical bone and by 66 
% for trabecular bone (Liu et al., 2022; Polikeit et al., 2003). General 
contacts with a 0.5 mm initial gap and Coulomb friction coefficient of 
0.2 were used to model the facet joints and ligaments were attached to 
cortical bone through tied contacts (Bereczki et al., 2021; Guo et al., 
2020). Prior research extensively validated mesh sizes, material prop
erties, and contact definitions through mesh convergence studies and 
comparison of the range of motion (RoM) with experimental cadaveric 
studies (Rastegar et al., 2020; Wagnac et al., 2012).

2.2. Simulation of the OLIF procedure

From the base asymptomatic FEM, five pathologic models presenting 
a grade I spondylolisthesis with disc heights ranging from 4.3 to 8.3 mm 
were generated by translating L4 while maintaining L5 fixed in space. 
The OLIF procedure was simulated through a partial discectomy, 
involving the removal of elements from the discs to establish a corridor 
that traverses the intervertebral space parallel to the coronal axis 
(Fig. 1B). The OLIF interbody cages used had a width of 22 mm, an 
angulation of 12◦ and heights of 10, 12 and 14 mm (Clydesdale™ Spinal 
System; Medtronic, Memphis, TN, USA). They were meshed using 4- 
node tetrahedral elements of 0.5 mm and their material properties 
were set to polyether-ether-ketone (PEEK), with an elastic modulus (E) 
of 3.4 GPa and a Poisson’s ratio (ν) of 0.4 (Faizan et al., 2014) (Fig. 1F). 
The cage models were positioned to match the middle of the superior 
endplate of L5, and a node-to-surface contact was established at the 
interface, ensuring a minimum distance of 0.5 mm and applying a 
Coulomb friction coefficient of 0.2. Subsequently, a distractive force was 
applied between L4 and L5 to expand the intervertebral body space 
while avoiding interference between the cage and endplate geometries. 
Finally, the loads were released following the activation of a node-to- 
surface contact between the cage and the vertebral endplates 
(Rastegar et al., 2020).

To assess spinal correction, several parameters were post-processed 
before and after simulated cage insertion, including slip, segmental 
lumbar lordosis (SLL), and the average disc height measured at five key 
locations on the endplates: the anterior-most, posterior-most, rightmost, 
leftmost, and center points. These reference points ensure a compre
hensive assessment of disc height (Fig. 2A). Additionally, geometric 
indicators such as average foraminal height, foraminal area, and spinal 
canal diameter and area were computed to gauge potential indirect 
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decompression. To measure the foraminal height, the distance between 
the most proximal point at the center of the L5 pedicle and the most 
distal point at the center of the L4 pedicle was recorded on each side 
(Fig. 3A). The spinal canal diameter was measured by visualizing a 
central sagittal cut of the canal and tracing the shortest distances be
tween corresponding points on the L4 and L5 vertebrae on either side of 
the canal. The smallest of these two distances was used to evaluate the 
extent of spinal canal restriction caused by spondylolisthesis, as well as 
any changes resulting from the correction of vertebral slip (Fig. 3C). For 
the foraminal and spinal canal areas, enough points were selected along 
the contour to capture it with precision, and the areas were calculated 
using the Shoelace formula (Fig. 3B and D). For all measurements, the 
same points were used before and after surgery to ensure consistency. 
This approach minimizes the effect of viewing perspective on the results 
and maintains accuracy across the indicators.

To appreciate how extra millimeters in cage thickness can affect the 
outcomes, linear regressions were performed to examine the correlation 
between these postoperative decompression and realignment indicators 
and cage height. Following cage insertion, two pedicle screws (CD Ho
rizon™ Solera™ 45 mm long, 6.5 mm diameter) were inserted in each 
vertebra according to the Magerl screw insertion technique (Song et al., 
2021). Boolean operations were performed on the vertebra model to 
define its in-bone trajectory. The screws were meshed using 3-node shell 
elements sized at 0.25 mm and were modeled as rigid bodies interfacing 
with the bone, employing a Coulomb friction coefficient of 0.2 (Bianco 
et al., 2017). Rods with diameters of 4.75, 5.5 and 6 mm were meshed 

with 4-node tetrahedral elements (1 mm) before being inserted and tied 
to the screw head saddles (Fig. 1C). Material properties corresponding to 
titanium (E = 115 GPa, ν = 0.34) were assigned to the screws and rods 
(Faizan et al., 2014).

This resulted in the collection of FEMs containing the models with a 
stand-alone (SA) cage or combined with BPS fixation and three possible 
rod sizes. The SA configuration was simulated to represent a virtual, 
non-clinical scenario with reduced stability, consistent with regulatory 
guidelines for Clydesdale’s use alongside supplemental lumbar spine 
fixation systems. Subsequently, the 12 FEMs derived from one of the 
preoperative models were further used to assess the risk of cage subsi
dence in physiological loading conditions. A functional loading was 
simulated using a 400 N follower load and a 10 Nm flexion moment on 
the superior endplate of L4, while L5 was anchored in rotations and 
translations at the inferior endplate (Fig. 1G). Maximum Von Mises 
stresses and local compression of the vertebral endplates were measured 
to assess the risk of cage subsidence. Lastly, the simulations were 
repeated for an osteoporotic bone density. The significance of factors 
including cage height, the use of posterior fixation with BPS, and bone 
density was assessed using Repeated-Measures ANOVA tests. This sta
tistical approach was chosen due to all scenarios being derived from a 
single geometric base model, making them interdependent. The as
sumptions of normality and sphericity were verified for each test.

All the simulations were performed using the explicit dynamic FEM 
solver RADIOSS 2020 (Altair Engineering Inc., Troy, USA) with kinetic 
relaxation to perform a quasi-static analysis (Bianco et al., 2017). The 

Fig. 1. Illustration of the A) asymptomatic L4-L5 finite element model, B) pathologic (grade I spondylolisthesis) model after discectomy and instrumented with C) 
10-, D) 12-, and E) 14-mm cages combined with bilateral pedicle screw fixation and 6 mm rods (soft tissues omitted for clarity). F) Provides a detailed view of the 
interbody cage mesh. G) Displays the loading and boundary conditions applied to the models.
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quasi-static state was confirmed by verifying that the system’s kinetic 
energy remained significantly lower than the total energy (less than 1 
%), with maximal strain rates (ε̇) under 1 s− 1 (Mattucci et al., 2012).

2.3. Model verification and validation

The previous methods and FEM were validated following the prin
ciples outlined in the ASME V&V40:2018 standard (ASME (2018)). The 
context of use (COU) was defined as the biomechanical analysis of in
direct decompression in oblique lumbar intervertebral fusions applied to 
the treatment of grade I degenerative spondylolisthesis. The models 
were run under quasi-static loading conditions and enable different 
surgical scenarios to be compared on the basis of stresses on the verte
bral endplates, as well as on geometric measurements of clinical interest 
(segmental lordosis, foraminal diameters, etc.). The aim of this study is 
to better understand how certain instrumental options and properties of 
the pathological spine can affect surgical outcome. It is a tool for 
comparing different scenarios, but is not, at this stage, being developed 
for use as a surgical planning tool. The level of risk associated with the 
models is evaluated as medium-low based on an analysis of influence on 
decision-making and consequences. The influence of the model is 
considered medium since this numerical biomechanical study provides 
insights and recommendations to support surgical decisions, but the 
final surgical decision primarily relies on the clinical experience of 
surgeons and the results of clinical studies. The consequences of the 
model are deemed low because the study’s conclusions should not be 
directly applied in practice. The results contribute to advancing 
knowledge and complementing experimental studies and the experience 
of practitioners.

The SM2S, the main tool of this study, has been used in a multitude of 
contexts covered by more than twenty publications over the last fifteen 
years. In these past works, several elements of the model were the 
subject of verification and validation work, and many of whose results 
can be transferred to the present study context. In particular, the 

mechanical properties of the asymptomatic model under quasi-static 
loading conditions were validated by comparing the range of motion 
(ROM) with that of experimental cadaveric studies (Rastegar et al., 
2020). Throughout this study, we have strengthened the validation of 
the model within its specific context. An experienced collaborating 
surgeon played a key role in validating the primary inputs and outputs. 
This involved meticulous examination of the discectomy, as well as the 
positioning of the cage and pedicle screws, to ensure they accurately 
mirrored the clinical OLIF approach. An assessment of the overall real
ism of the correction achieved in the simulated postoperative models 
was conducted. Additionally, the geometric models of instruments uti
lized to simulate the OLIF approach in this project are all derived from 
faithful representations of instruments commonly used in clinical prac
tice. Finally, the main quantities of interest of this study, including 
stresses on vertebral endplates, disc height, slip, as well as foraminal 
height and area, were compared with those reported in other experi
mental and numerical studies interested in OLIF and indirect decom
pression. This comparison serves a dual purpose: first, to validate the 
reasonable realism and contextual adaptability of the preoperative 
pathological models developed; and second, to ensure that our findings 
align with clinically plausible outcomes.

3. Results

3.1. Evaluation of spinal realignment and potential indirect 
decompression

The simulated OLIF procedure was successfully performed on the 
five pathologic models. Fig. 2A, B, and C respectively display how the 
disc height, slip, and SLL changed before and after simulated cage 
insertion, and how it was affected by the cage height. Postoperative 
analysis following the simulated insertion of cages demonstrated sig
nificant improvements across all sizes. Initially, with the insertion of 10 
mm cages, the average disc height increased to 12.0 ± 0.1 mm. Further 

Table 1 
Material properties of bony elements, intervertebral disc and ligaments.

Bones

Structures Law Density (Kg/ 
mm3)

Elastic modulus 
(MPa)

Poisson’s 
ratio

Yield Stress 
(MPa)

Hardening 
modulus 
(MPa)

Failure plastic 
strain

Ref.

Cortical Johnson- 
Cook

2E-6 2625 0.3 105 875 0.04 (Garo et al., 
2011)Trabecular 2E-7 48.75 0.25 1.95 16.3 0.04

Intervertebral disc

Structures Law Density (Kg/ 
mm3

Poisson’s ratio C10 C01 Ref.

Annulus 
Fibrosus Mooney-Rivlin hyperelastic

1.2E-6 0.45 0.18 0.045
(Lee et al., 2000; Schmidt et al., 2007; Shirazi-Adl et al., 
1986)

Nucleus 1E-6 0.495 0.12 0.03

Collagen fibres
Force-displacement non-linear 
curves

Ligaments

Structures Law Density 
(Kg/mm3)

Elastic 
modulus 
(MPa)

Poisson’s 
ratio

Tangent 
modulus 
(MPa)

Tangent 
Poisson’s ratio

Viscosity 
coefficient

Navier’s 
constant

Ref.

ALL

Generalized 
Maxwell-Kelvin- 
Voigt

1E-6

11.4

0.4

10.0

0.42 28 1E06
(El-Rich et al., 
2009; Yang et al., 
1998)

PLL 9.12 9.0
ITL 11.4 11.0
ISL 4.56 4.0
LF 5.7 5.0
SSL 8.55 8.0
CL 22.8 22.0
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enhancements were observed with larger cage sizes, with the average 
disc height increasing to 13.7 ± 0.1 mm for 12 mm cages and 15.6 ± 0.1 
mm for 14 mm cages. Across all cage heights, the average postoperative 
SLL was 27.3◦ (10 mm, 26.4◦, 12 mm, 27.9◦, 14 mm, 27.7◦), with a slip 
of 1.4 % (10 mm, 2.1 %, 12 mm, 1.6 %, 14 mm, 0.6 %).

Fig. 3A and C illustrate the evolution of foraminal height and spinal 
canal diameter throughout the OLIF simulation. Preoperatively, 
foraminal diameter averaged 13.1 ± 1.3 mm and spinal canal diameter 
averaged 16.2 ± 0.4 mm. Foraminal area measured 96 ± 12 mm2 and 
spinal canal area measured 764 ± 20 mm2, as depicted in Fig. 3B and D 
respectively. Post-cage insertion, significant expansions were observed 
across all cage sizes, with foraminal diameter increasing to 14.8 ± 0.2 
mm (10 mm), 16.0 ± 0.1 mm (12 mm), and 18.0 ± 0.1 mm (14 mm). 
This was accompanied by notable increases in foraminal area, with 
measurements reaching 104 ± 3 mm2, 114 ± 1 mm2, and 131 ± 1 mm2 

respectively. Likewise, spinal canal diameter expanded to 19.9 ± 0.1 
mm (10 mm), 20.2 ± 0.1 mm (12 mm), and 21.2 ± 0.1 mm (14 mm), 
accompanied by increases in spinal canal area to 789 ± 5 mm2, 807 ± 2 
mm2, and 844 ± 2 mm2 respectively.

Linear regressions were computed to assess the relationship between 
spinal realignment and indirect decompression indicators with cage 
height. Figs. 2 and 3 display the determination coefficient and the linear 

slopes. The slope represents the extent of variation in these parameters 
per additional mm of cage height within the tested range of cage heights 
(10, 12, and 14 mm).

3.2. Assessment of cage subsidence risk

Table 2 provides an overview of the maximum Von-Mises stresses 
and displacements on the cortical endplate of L5 under a combined 
compression-flexion loading, accounting for both normal and osteopo
rotic bone densities. An illustration of the distribution of these stresses 
and displacements is available in the supplementary materials to this 
article.

To determine the significance of various factors such as cage height, 
with or without posterior fixation with BPS, and bone density, Repeated- 
Measures ANOVA tests were conducted. Results revealed a significant 
impact of posterior fixation (P < 0.001) on both stresses and displace
ments. The addition of BPS fixation with increased rod diameter sub
stantially reduced both stresses and displacements, with reductions of 
up to 46 % and 69 %, respectively, compared to SA cage configurations.

Furthermore, an increase in cage height corresponded to a general 
rise in stresses (P = 0.029) and displacements (P = 0.18). Lower bone 
density had a limited effect on endplate stresses (P = 0.18), resulting in a 

Fig. 2. Indicators of spinal realignment - Evolution of A) disc height, B) SLL, and C) slip from preoperative to OLIF instrumentation with 10-, 12- and 14-mm cages in 
the 5 pathologic models.
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3 % average reduction compared to normal bone density conditions. 
However, it significantly amplified displacements (p < 0.001), resulting 
in an increase ranging from 43 % to 85 % (averaging 63 %) compared to 
normal bone density scenarios.

3.3. Comparative analysis of quantities of interest

The results of two clinical studies (Mahatthanatrakul et al., 2022; 
Sato et al., 2017), which concentrate on OLIF and indirect 

decompression for treating spinal stenosis and degenerative spondylo
listhesis, were gathered to compare them with the average values seen in 
this study. The foraminal height, vertebral slip, disc height, and 
foraminal area measured on the FEMs were compared with the preop
erative and postoperative values reported in these clinical studies, 
totaling more than 60 cases. Fig. 4 illustrates that the values measured in 
this numerical study are comparable in range with the reality observed 
clinically. Additionally, several recent numerical studies that focused on 
the OLIF approach were chosen to validate the magnitude of stresses 

Fig. 3. Indicators of indirect decompression - Evolution of A) foraminal diameter, B) foraminal area, C) spinal canal diameter, and D) spinal canal area from 
preoperative to OLIF instrumentation with 10-, 12- and 14-mm cages in the 5 pathologic models.
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measured on the vertebral endplates. Our results fall within a similar 
range to the values reported in other similar studies (Cai et al., 2022; Fan 
et al., 2023; Fang et al., 2020; Xue and Wu, 2023; Zhang et al., 2022).

4. Discussion

The evaluation of spinal realignment and potential indirect decom
pression following the simulated OLIF procedure yielded valuable 
quantified insights into the efficacy and outcomes of this surgical 
intervention. Our findings indicate successful execution of the procedure 
on the five pathologic models, as evidenced by the notable improve
ments observed postoperatively across all instrumentation scenarios and 
preoperative disc heights. In terms of slip and SLL, similar outcomes 
were obtained across all tested cage heights (10 mm, 12 mm, and 14 
mm), with slightly better results observed with increased cage height. 
Variations in required distraction forces may account for slight 

differences in final vertebral sagittal positioning and subsequent post
operative slip, despite similar cage placement. Across all cages, an 
average postoperative slip under 2 % indicates that the simulated 
approach successfully managed to achieve a good sagittal realignment. 
Similarly, SLL is likely influenced by the angulation of the cage and the 
specific geometry and contact points of the vertebral endplates with the 
cage. Since all cages employed a 12◦ angulation, it’s reasonable to 
expect similar resultant lordosis. Although the primary distinction 
among the cages was their heights, there were also slight variations in 
their geometry, particularly regarding the contact points with the 
vertebrae. These differences may contribute to the observed variability 
in outcomes.

As anticipated from a geometric perspective, there was a strong and 
positive linear correlation between postoperative disc height and cage 
height (R2 = 0.99). Within the range of cage heights utilized, we 
observed that each additional millimetre of cage height led to an average 

Table 2 
Maximum Von-Mises stress and maximum compression displacements on L4-L5 Endplates (under 10 Nm flexion and a 400 N gravitational load) for normal bone 
density and osteoporosis in stand-alone (SA) and bilateral pedicle screw (BPS) fixation setups with cages of 10,12 and 15 mm heights and rods of 4.75, 5.5, and 6 mm 
diameters.

Maximum Von-Mises Stress on L4-L5 Endplates (MPa)

Normal bone density Osteoporosis

SA BPS  
(4.75 mm Rods)

BPS  
(5.5 mm Rods)

BPS  
(6 mm Rods)

SA BPS  
(4.75 mm Rods)

BPS  
(5.5 mm Rods)

BPS  
(6 mm Rods)

10 mm cage (12◦) 62.6 39.6 36.3 33.6 51.9 44.9 39.5 35.2
12 mm cage (12◦) 61.8 46.2 43.7 41.2 53.1 48.2 43.9 40.2
14 mm cage (12◦) 65.5 47.9 46.1 45.0 54.2 45.6 43.7 42.2

Maximum displacement on L4-L5 Endplates (mm)

Normal bone density Osteoporosis

SA BPS  
(4.75 mm Rods)

BPS  
(5.5 mm Rods)

BPS  
(6 mm Rods)

SA BPS  
(4.75 mm Rods)

BPS  
(5.5 mm Rods)

BPS  
(6 mm Rods)

10 mm cage (12◦) 0.64 0.23 0.22 0.20 0.98 0.43 0.38 0.34
12 mm cage (12◦) 0.58 0.26 0.25 0.23 0.90 0.46 0.41 0.37
14 mm cage (12◦) 0.61 0.31 0.29 0.28 0.89 0.51 0.46 0.43

Fig. 4. Comparison of the range of measured foraminal height, slip, disc height and foraminal height with the values reported in experimental studies interested in 
OLIF and indirect decompression.
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increase of 0.91 mm in postoperative disc height. Although it may 
initially seem counterintuitive that postoperative disc height does not 
precisely correspond to cage height (at least prior to any subsidence), 
this can be elucidated by considering that the average disc height is 
influenced not only by the specified height of the cage but also by its 
specific geometry, including angulation, anterior and posterior height, 
and its interaction with the patient-specific endplate geometry. 
Regarding the dimensions of the foramens and spinal canal, our findings 
also align with the expectation that taller cages would lead to larger 
enlargements. We observed strong positive linear relationships between 
cage height and the area and diameters of these openings, with deter
mination coefficients (R2) ranging from 0.87 to 0.97. As illustrated in 
Fig. 4, the measured values for the geometric indicators of realignment 
and decompression on the FEMs generally align reasonably well with 
clinically plausible observations.

In assessing the potential for cage subsidence, our study investigated 
the maximum Von-Mises stresses and displacements on the vertebral 
endplates across different bone densities, all subjected to the same 
physiological loading conditions. The results underscore the significance 
of factors such as posterior fixation, cage height, and bone density in 
influencing stress distribution and subsidence risk. While all measured 
stresses were significantly below the cortical compressive yield stress 
range (131–224 MPa in compression) (Kundu et al., 2014), there was a 
significant reduction in stresses and displacements with the imple
mentation of BPS fixation, particularly as the rod diameter increased. 
This highlights the importance of supplementary stabilization instru
mentation in enhancing stability and minimizing subsidence risk, 
aligning with findings from numerous prior experimental and numerical 
studies (Ouyang et al., 2023; Yang et al., 2022). This could hold sig
nificant implications, particularly in cases of osteoporotic bone den
sities, for which we observed stress levels similar to those in normal bone 
density, but significantly greater displacements on the endplates (up to 
85 % more). Besides, higher cage height correlated with an overall in
crease in stresses. This can be attributed to the augmented intervertebral 
distraction required for the insertion and positioning of taller cages, 
consequently leading to heightened compression forces at the interface 
between the bone and cage, induced by the tightening of soft tissues. 
Such findings can bear significant clinical relevance as the risk of sub
sidence implies a potential compromise in the correction and decom
pression achieved immediately post-surgery. Upon comparing the 
maximum stresses on cortical endplates measured in our study for the SA 
and BPS constructs with those documented in 11 additional OLIF FEM 
studies, our findings fell squarely within the average range. It is 
important to caution that significant variability exists among other 
studies, stemming from differences in modelling hypotheses, geometric 
representations, loading conditions and measurement methods.

The study’s approach involved simplifications and approximations in 
the modelling and simulations. For instance, the cortical and trabecular 
bones were modeled as homogeneous isotropic materials, and the ge
ometry and mechanical properties were based on a generic model. This 
study did not account for nervous structures, osteophytes, hyaline 
cartilage layers on the vertebral endplates and facets, and other 
anatomical complexities, which could modify and impact the applica
bility of the findings. Incorporating these features will be considered for 
future work to improve model accuracy. This study employed a 
simplified simulation process by fixing L5 and translating L4 to mimic 
preoperative pathological conditions with varying intervertebral disc 
heights, as a first step towards creating more representative pathological 
models. While this approach is a foundational method, future studies 
will aim to refine these models further by integrating clinical data to 
enhance the accuracy and realism of the biomechanical simulations. 
Additionally, the simulations only depict the patient’s state immediately 
after surgery under quasi-static loading, which may differ from post- 
operative functional loads of daily activities. Hence, these results offer 
a general perspective and should be compared with experimental data. 
Nonetheless, these findings provide a rigorously systematic quantitative 

overview of the factors influencing correction, decompression, and 
subsidence risk in OLIF procedures, facilitating more informed surgical 
planning and optimization of outcomes.

5. Conclusion

This study provides quantitative insights into the biomechanics of 
OLIF procedures, offering valuable guidance for surgical planning and 
optimization of outcomes. We found that using taller cages can improve 
spinal realignment and decompression, but also increase the risk of cage 
subsidence. Posterior fixation with BPS and larger rod diameters 
significantly reduces subsidence risk, particularly in osteoporotic cases. 
The tools developed in this study demonstrated a great potential for 
evaluating the biomechanics of OLIF. Future planned research includes 
utilizing these methods to simulate clinical cases, with the goal of 
validating the findings and bolstering the model’s credibility. The model 
could be adapted to include nervous structures and delve further into 
representing pathological conditions, thus providing more accurate 
simulations of real-world surgical scenarios. Moreover, exploring the 
impact of alternative implants and stabilization methods in OLIF pro
cedures could provide valuable knowledge.
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