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Abstract
Low back pain is associated with degenerative disc diseases of the spine. Surgical treatment includes fusion and non-fusion 
types. The gold standard is fusion surgery, wherein the affected vertebral segment is fused. The common complication of 
fusion surgery is adjacent segment degeneration (ASD). The ASD often leads to revision surgery, calling for a further fusion 
of adjacent segments. The existing designs of nonfusion type implants are associated with clinical problems such as subsid-
ence, difficulty in implantation, and the requirement of revision surgeries. Various surgical approaches have been adopted 
by the surgeons to insert the spinal implants into the affected segment. Over the years, extensive biomechanical investiga-
tions have been reported on various surgical approaches and prostheses to predict the outcomes of lumbar spine implanta-
tions. Computer models have been proven to be very effective in identifying the best prosthesis and surgical procedure. The 
objective of the study was to review the literature on biomechanical studies for the treatment of lumbar spinal degenerative 
diseases. A critical review of the clinical and biomechanical studies on fusion spine surgeries was undertaken. The important 
modeling parameters, challenges, and limitations of the current studies were identified, showing the future research directions.
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Abbreviations
LBP	� Low Back Pain
PS	� Pedicle Screw
FE	� Finite Element
ROM	� Ranges of Motion
RS	� Revision Surgeries
ASD	� Adjacent Segment Degeneration
ADR	� Artificial Disc Replacement
DDD	� Degenerative Disc Diseases
IVD	� Intervertebral Disc
AF	� Annulus Fibrosus
NP	� Nucleus Pulposus
CE	� Cartilaginous Endplate
BE	� Bony Endplate
3D	� Three dimensional

ALL	� Anterior Longitudinal Ligament
PLL	� Posterior Longitudinal Ligament
LF	� Ligamentum Flavum
ITL	� Inter Transverse Ligament
CL	� Capsular Ligament
ISL	� Inter Spinous Ligament
SSL	� Supra Spinous Ligament
FSU	� Functional Spinal Unit
SP	� Sagittal Plane
LSS	� Lumbar Spinal Stenosis
ISS	� Inter Spinous Spacers
LIF	� Lumbar Interbody Fusion
PLIF	� Posterior Lumbar Interbody Fusion
ALIF	� Anterior Lumbar Interbody Fusion
LLIF	� Lateral Lumbar Interbody Fusion
OLIF	� Oblique Lumbar Interbody Fusion
TLIF	� Transforaminal Lumbar Interbody Fusion
ACD	� Annular Closure Device
DIAM	� Device for Intervertebral Assisted Motion
DYNESYS	� Dynamic Neutralization System
MIS	� Minimally Invasive Surgery
BMP	� Bone Morphogenic Protein
PEEK	� Polyetherether ketone
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FDA	� Food and Drug Association
UHMWPE	� Ultra High Molecular Weight Polyethylene
IDP	� Intra Discal Pressure
CT	� Computed Tomography
E	� Elastic modulus
BPS	� Bilateral Pedicle Screw
UPS	� Unilateral Pedicle Screw
AVID	� Articulating Vertebral Interbody Device
IP	� Interspinous Plate
NDT	� Non Destructive Testing
AM	� Additive Manufacturing
DALYs	� Disability-Adjusted Life Years

1  Introduction

The spine supports the weight of the body, provides flexibil-
ity for daily activities, and protects the nervous system. It is 
exposed to various physiological loads such as compression/
tension, bending and twisting moments, or their combinations 
[1, 2]. Spine deformation leads to pain, neurological prob-
lems, and mobility challenges. Problems due to aging, trauma, 
and eccentric exercises are also significant concerns [3]. Vari-
ous studies reported that the most common issue observed in 
the spine is low back pain (LBP) [3–6]. It is reported that up 
to 80% of the human population experiences difficulty doing 
daily activities due to LBP [3, 7, 8]. A study estimated an 
overall burden of LBP of 21.8 million disability-adjusted life 
years (DALYs) due to ergonomic exposures at work [8]. Men 
(13.5 million DALYs) are more affected than women (8.3 
million DALYs) due to LBP [8]. Over the years, many stud-
ies reported that the primary causes of LBP are degenerative 
diseases, including disc herniation, stenosis, etc., which need 
conservative treatment or surgical interventions for correc-
tion (non-conservative treatment) [9, 10]. Non-conservative 
treatments are broadly classified into fusion (recognized gold 
standard [11]) and non-fusion surgeries [12]. Various prosthe-
ses like pedicle screws (PS), plates, cages, and rods are used 
to fuse the affected spine segments [12].

The advancement of finite element (FE) analysis tools 
contributed significantly to investigating the effect of various 
surgical approaches and prosthesis designs on the clinical 
outcomes of spine surgeries [13]. Several biomechanical 
studies on the lumbar spine have been reported for normal 
and implanted spines under various physiological loading 
conditions (flexion–extension, axial twisting and lateral 
bending) [14–17]. Various studies investigated the perfor-
mance of spinal implants by analyzing the ranges of motion 
(ROM) before and after spinal fusion [11–14]. In contrast, 
other studies investigated the effects of implant design on 
stress/strain distributions in the vertebral bodies [15, 16]. 
The stabilization of the vertebra by fusing the problematic 
segment leads to the degeneration of the adjacent segments 

[18, 19]. This will likely lead to revision surgeries (RS), call-
ing for a further fusion of the adjacent segments.

It is reported that non-fusion surgery is a useful approach 
that can preserve the motion of the segment, but the high 
rate of failures of existing devices is a matter of concern 
[20]. Other studies have indicated high stresses and strains 
in the fused segment, leading to adjacent segment degen-
eration (ASD) [15, 16]. However, the exact cause of initia-
tion and its propagation has rarely been reported [21, 22]. 
Several authors specifically mentioned that the pattern of 
load distribution varies after implantation, but they did not 
investigate how this pattern affects the adjacent segments 
[14–17, 21, 22]. The limitations of simplified geometry and 
material properties in the earlier FE studies, including spine 
biomechanics and other musculoskeletal biomechanics, have 
been partially resolved by the availability of medical images 
and the advancement of image processing tools [23–28].

Over the decades, major developments have been reported 
in terms of biomechanical studies on the lumbar spine. A cou-
ple of recent review articles have presented an overview of 
lumbar disc replacement from a clinical perspective, empha-
sizing artificial disc replacement (ADR) [5, 29]. The objective 
of the study was to review the literature on biomechanical 
studies for the treatment of degenerative disc diseases (DDD) 
in the lumbar spine. A brief description of the anatomy and 
physiological movements of the lumbar spine was presented. 
The various DDDs and surgical treatments were briefly sum-
marized. A critical review of the clinical and biomechanical 
studies on spinal fusion surgeries was undertaken. Important 
modeling parameters, challenges and limitations of the current 
studies were identified to show the future research directions.

2 � Anatomy of lumbar spine 

The lumbar spine consists of five vertebrae (L1–L5), hav-
ing slightly different geometrical shapes from each other. In 
between each vertebra, there are intervertebral discs (IVD), 
composed of annulus fibrosus (AF) and jelly-like nucleus 
pulposus (NP) in the center. IVD acts as a shock absorber 
and joins the vertebral body together through cartilaginous 
endplates (CE) [30, 31]. The IVDs are subjected to evenly 
distributed pressure [32]. Figure 1 represents the three-dimen-
sional (3D) geometry of a lumbar spine (L1–L5) with various 
components of an IVD, including two bony endplates (BE), 
two CEs, AF, and NP. There are seven types of ligaments in 
the spine restricting excessive movements of the spine, espe-
cially hyperextension/flexion [33]. The ligaments include the 
Anterior longitudinal ligament (ALL), posterior longitudinal 
ligament (PLL), ligamentum flavum (LF), intertransverse lig-
ament (ITL), capsular ligament (CL), interspinous ligament 
(ISL), and supraspinous ligament (SSL) [1]. Figure 2 repre-
sents simplified version of the ligaments of the lumbar spine. 
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These ligaments were modeled using ANSYS (Ansys Inc., 
Pennsylvania, USA). Each spine has four articular processes 
on the posterior side, called facet joints (two inferior and two 
superior to pedicles). Facet joints consist of a fibrous capsule, 
articular cartilage and synovial fluid [34].

The smallest physiological motion unit of the spine, 
which shows major biomechanical features and physiologi-
cal characteristics, is called a functional spinal unit (FSU). 
Two adjacent vertebrae, IVD between them, two facet joints, 
and structures surrounded by the seven ligaments without 
the muscles constitute an FSU [35]. It is reported that the 
L3–L4 FSU is prone to a high chance of deformity because 
it has the highest curvature. Moreover, the line of action of 
compressive load through the center of gravity of the body 
passes through the center of IVD at L3–L4 [16, 36]. The 
flexion–extension, lateral bending toward left or right, and 
torsional twisting to both sides are the main physiological 
movements of the lumbar spine, as shown in Fig. 3. Lumbar 
flexion is the physiological movement where the upper body 
bends towards the anterior side in the sagittal plane (SP). In 
comparison, lumbar extension is bending towards the pos-
terior side in the SP. Sideways movement of the upper body 
in the coronal plane is termed lateral bending. Rotational 
movement of the spine about an axis normal to the trans-
verse plane is known as the twisting of the spine. Figure 3 
shows the physiological movements of the human spine.

3 � Lumbar degenerative diseases 
and surgical treatments

3.1 � Degenerative Disc diseases

The primary cause of LBP is DDD which occurs due to 
aging, obesity, genetics, trauma, improper exercise, and 
heavy-duty jobs [37]. Any change in the composition, struc-
ture and function of the spine is termed as degeneration. If 
the disc loses its water-absorbing matrix component, it may 
cause disruption of AF, cracks, and fissures due to dehydra-
tion. This finally leads to a loss of biomechanical functions, 
reduced disc height, and extreme pain in the lower back, 
affecting elastic properties, shock-absorbing properties, and 
flexibility of the IVD [29, 38].

Fig. 1   3D geometry of lumbar spine and parts of IVD

Fig. 2   Intact lumbar spine model with the simplified representation of 
all ligaments. The abbreviations ITL, ALL, LF, FCL, SSL, PLL and 
ISL represent intertransverse ligament, anterior longitudinal ligament, 
ligamentum flavum,  facet capsular ligament, supraspinous ligament, 
posterior longitudinal ligament and interspinous ligament, respectively

Fig. 3   Physiological movements 
of the human spine. F, E, R, 
and L denote flexion, exten-
sion, right side, and left side, 
respectively
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Lumbar disc herniation is one of the major DDD which 
needs surgical interventions for rectification. The disc her-
niates towards the spinal canal and tries to compress the 
spinal cord and related nerves, leading to numbness in the 
lower back and legs. This causes pain and difficulty in daily 
activities [39]. Lumbar spinal stenosis (LSS) affects those 
subjects whose spine undergoes frequent fatigue loading and 
is a common issue even in middle-aged adults [40]. The 
term usually represents an anatomical reduction in lumbar 
spinal size [40]. It also leads to narrowing of the spinal canal 
and ends in sciatica and hypertrophy of the facet joints cap-
sule and LF. The thinning of IVD leads to dislocation of the 
vertebral body over the inferior one. This condition mainly 
affects the lumbar region (L5-S1) and is clinically termed 
Spondylolisthesis [3]. Patients with less severe symptoms 
may be treated conservatively, but surgery is required when 
sliding is rapid and/or neurological disorders persist. The 
success rate of such surgeries varies from country to country, 
ranging from 10 to 90% [7, 41–44].

3.2 � Surgical treatments

The choice for treating DDD is fusion and non-fusion-based 
surgical interventions. In fusion surgery, the affected verte-
bral bodies are fused by using PS, plates, cages, interspinous 
spacers (ISS), and rods to achieve immediate stabilization 
and pain relief [45]. The degenerated IVD is removed, and 
disc space is replaced with different types of cages for cor-
recting the curvatures and foramina height [15, 46–52]. 
The major approaches for lumbar interbody fusion (LIF) 
and insertion of implants are posterior (PLIF), anterior 
(ALIF), Lateral (LLIF), oblique (OLIF), and transforami-
nal (TLIF) [3]. The various surgical approaches are shown 
in Fig. 4. Surgeons choose an appropriate approach accord-
ing to degeneration position and patient condition. In PLIF, 
the thecal sac should be moved sideways in order to access 
the IVD since the approach is through the dorsal side of 
the body [15]. This has a high-risk factor since any dam-
age to the spinal cord will induce serious injuries. In ALIF 
and LLIF, most of the abdominal muscles are needed to 
be incised to reach the IVD [53, 54]. According to several 
studies, the best approach with minimal risk elements is 
the TLIF [3, 53–55]. In TLIF, the parts of facet joints are 
removed in order to reach IVD and it does not possess risk 
elements to the thecal sac or abdominal muscles. Surgical 
methods require either removing or changing the biome-
chanics of related ligaments.

The non-fusion surgery technique is an alternative to 
fusion surgery to preserve the motions of the spine [20, 29, 
56]. It is often used in the correction of scoliosis, DDDs 
and other spinal deformities. ADRs are used to replace the 
degenerated disc. Complete removal of the disc is not always 
necessary for a herniated disc; in that case, annular closure 

devices (ACD) are used to remove the herniated part and 
block the recurring herniation [57]. Spinal stabilization 
systems, such as device for intervertebral assisted motion 
(DIAM) and dynamic neutralization system (DYNESYS) 
have been developed as an alternative to fusion surgery. For 
fusion surgeries, the major problem is ASD which may lead 
to follow-up surgeries [19, 22, 58, 59]. Studies investigating 
ASDs due to fusion and non-fusion surgeries are limited. 
Most studies do not present how an ASD is generated and 
progresses after fusion surgeries.

4 � Literature review

4.1 � Clinical studies on lumbar spine

The clinical studies focused on establishing the perfor-
mance and outcomes of various spinal implants, such as 
intervertebral cages, pedicle screw-rod systems and ISS 
under physiological loading conditions. A recent clinical 
meta-analysis concluded that expandable interbody cages 
used in minimally invasive (MI) LIF surgery are associated 
with decreased subsidence rate and operating time [52]. An 
increase in disc height that equals natural IVD was reported. 
The best spacer can be chosen according to surgeons’ expe-
rience and preferences. Another recent study reported on 
the outcomes of TLIF surgery at a single level [50]. This 
clinical study included a retrospective review at a single 
institution and 252 single-level TLIFs from 2012 to 2018 
(152 non-expandable cages and 100 expandable cages). The 
study observed that TLIFs utilizing expandable cages do 
not significantly improve clinical outcomes compared with 
non-expandable cages, but it increases the risk of intraop-
erative subsidence. The study reported high usage of bone 
morphogenic protein (BMP) with these cages. More research 
on expandable cages is thereby necessary for improvement.

Fig. 4   Surgical approaches used for lumbar spinal fusion
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An investigation was reported on 215 patients for an aver-
age follow-up of 6.7 years to determine the rate of ASD in 
the case of posterior lumbar fusion surgery [58]. In this 
study, the rate of ASD was predicted as 16.5% in 5 years and 
36.1% in 10 years, but there was no correlation between the 
lengths of fusion and the rate of ASD. A clinical and radio-
graphic report was published recently on MI-LLIF surgery 
[60]. In this multi-surgeon retrospective study, 32 patients 
were implanted with a static polyetheretherketone (PEEK) 
cage and 57 patients with titanium (Ti) expandable cage. 
The study showed a significant positive outcome for patients 
implanted with MI-LLIF expandable cage with no subsid-
ence. A recently published randomized clinical study on 121 
patients compared PEEK and allograft spacers used in TLIF 
surgery [61]. The study showed that TLIF surgery with both 
cages demonstrated good clinical outcomes regardless of 
randomization groups. The latest clinical studies presented 
in this section did not focus on ASD [50, 52, 60, 61].

A randomized controlled trial on ISS (70 patients, 40 
Wallis spacer and 37 without Wallis implantation) used 
for primary lumbar degeneration showed that the spacer 
implanted after discectomy did not improve outcome at three 
years [62]. The study concluded that such a device is not 
enough to prevent ASD. Another randomized trial of lumbar 
discectomy and ACD implantation (554 patients) showed 
that the risk of reherniation can be reduced [63]. However, 
the study reported that the ACD implant failed due to the 
failure in the bone anchorage portion of the device.

The ADRs are designed to preserve the ROM by accom-
modating loading and reducing friction and wear. A stand-
ard disc has six degrees of freedom (3 in translation and 3 in 
rotation) [64]. The first lumbar ADR was performed in 1960 
using a steel ball by Fernstrom [64]. In the 1980s, Schellnack 
and Buttner [64] implanted a Charite prosthesis using an ante-
rior approach. ADRs are typically recommended for treating 

single-level DDD in the lumbar spine for patients aged between 
10 to 50 years [65]. The first generation Prodisc-L (Synthes, 
West Chester, USA), an ADR, was designed in 1989. Prodisc-
L received Food and Drug Administration (FDA) approval in 
the United States in 2006 [66]. This ADR was based on the 
spherical joint articulation of cobalt chromium molybdenum 
(CoCrMo) alloy and an ultra-high molecular weight polyethyl-
ene (UHMWPE) [66]. Other ADRs, such as Mobi-disc (Zim-
mer Biomet Inc., USA), Maverik (Medtronic Inc., USA), and 
M6-L (Spinal Kinetics Inc., USA), were recently developed by 
incorporating specific design changes and material variations. 
Lumbar ADRs are inserted through an anterior approach to 
treat chronic LBP [64]. The outcomes of ADR performed on 
11 professional athletes using M6-L prosthesis were reported 
in Byvaltsev et al. [67]. The study concluded that disc replace-
ment could preserve the ROM of the operated lumbar segment. 
This can reduce the risk of ASD as it reduces mechanical stress 
in the operated segment. However, the authors did not report 
a detailed investigation of ASD. A clinical study involving 19 
patients removed the failed ADRs and fused the segments [68]. 
This study reported that the rate of RS for ADRs is alarming 
due to its deteriorating effect. Figure 5 shows an example of 
failed ADR, which has been fused after removing the ADR 
[68]. As reported in various studies, the major drawbacks of 
ADRs are subsidence, malpositioning, excessive loads on 
facets, and an increase in axial rotational instability [69–71]. 
About 6 to 14% of patients underwent RS after ADR [20, 72, 
73].

4.2 � Biomechanical studies on lumbar spine

4.2.1 � Finite element modeling

Finite element method stands as a standard tool for evaluating 
the biomechanical behavior of the spine, analyzing existing 
implant designs, investigating patient-specific surgical 

Fig. 5   Example of failed ADR 
and its revision with fusion 
surgery [68]
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approaches, and designing and developing new implants. 
Various parameters can be studied independently and in 
combination by using the FE method [14]. Several studies 
have investigated the effect of variations in material 
properties, implant design and surgical approaches on the 
biomechanical behavior of the lumbar spine [16, 45, 47, 
74]. In the early 1980s, Shirazi-Adl et al. [37] developed a 
3D FE program and applied it to analyze the L2–L3 FSU. 
The FE predicted results were compared and validated with 
in-vitro measurements of disc bulge, endplate bulge and 
intervertebral disc pressure (IDP) reported in the literature 
[75, 76]. The concerned experimental studies [75, 76] 
determined the moment-rotation relation, IDP and disc 
bulge using a cadaver spine subjected to pure sagittal plane 
(flexion–extension) moments. Shiraz-Adl et al. [37] reported 
that flexion moment generated relatively large IDP, with a 
highest value of 1.52 MPa at 60 Nm. In contrast, suction type 
pressure (< 0.15 MPa) was predicted under extension moment 
[37]. In their experimental measurements, Schultz et al. [75] 
observed a maximum IDP of 700 kPa in flexion for 10 Nm 
moment. In their comparison, Shiraz-Adl et al. [37] did not 
report the percentage difference of the validation parameters, 
possibly due to the fact that the loading condition considered 
in the FE modeling [37] and experimental measurements [75] 
are not equivalent (60 Nm versus 10 Nm). However, it was 
reported that the numerical prediction was in good agreement 
with the experimental measurements [37]. Furthermore, 
Shirazi-Adl et al. [37] reported that the disc bulged outward 
under the flexion moment but inward under the extension 
moment. Similar observations have been reported by Brown 
et al. [76] in their experimental investigations of disc bulge. 
According to Shirazi-Adl et al. [37], a maximum difference 
of 0.25 mm disc bulge was observed between the numerically 
predicted values [37] and experimental measurements [76], 
under the condition of maximum flexion. In general, the 
comparison of the predicted gross response of the spine with 
available experimental measurements indicated a satisfactory 
agreement [37].

The challenges were modeling a realistic geometry 
of the spine, assigning realistic material properties to the 
bone elements, and simulating contact at the interface of 
the facet joints. Shirazi-Adl et al. [37] developed the FE 
model of L2–L3 FSU based on discrete measurements from 
a cadaver spine. The homogenous material property of bone 
was assigned to the FE model. Intermediate values between 
the cortical and cancellous bone properties were used. Such 
simplifications in geometry and material properties were 
possibly due to the unavailability of medical images and/
or image-processing tools. To simulate the contact behavior 
at the interfaces of the articulating facet joints, the study 
[37] developed a methodology to calculate the perpendicular 
distances between a set of points on the articulating surfaces 
of the adjacent vertebrae as a response after each increment 

of loading. Contact was considered to have occurred at the 
point under investigation if its perpendicular distance is dis-
covered to be smaller than a specified gap limit.

In the 1990s, Goel et al. [77, 78] investigated FSUs at 
single and multiple levels using FE models, followed by 
experimental validation. In these studies, geometric data 
was acquired from computed tomography (CT) scans of 
a cadaveric specimen. These FE models on FSU studied 
ROM, IDP, and facet joint forces of a natural and implanted 
spine. The ROM included all physiological movements 
that are responsible for developing IDP and forces on 
articulating joints [13]. The studies assigned homogenous 
material properties for cortical bone (12,000 MPa) and 
cancellous bone (100  MPa). The authors considered a 
constant thickness for cortical bone. The ligaments were 
modeled using tension-only cable elements. Authors 
reported that these assumptions are suitable to mimic a 
true physiological condition experienced by the ligaments. 
Assignment of realistic material properties to the soft-tissues 
was challenging. In an attempt to simulate the composite 
nature of the IVD, the authors modeled the NP as an 
incompressible fluid and the AF as fiber-reinforced concrete 
components with a tension-only option for collagenous fibres 
completely embedded in a matrix of ground substance with 
alternating fibre angles of 30°. The challenges experienced 
in FE modeling of a vertebra, endplates, facets, IVD, 
and ligaments were due to its anatomical complexity and 
difficulty in assigning realistic material properties. Later on, 
the individual part of the vertebra was modeled and analyzed 
in various FE studies, validated by measurements obtained 
in experimental studies [16, 45, 79].

An FE study investigated stress distribution on a single 
fused spine segment (L3–L4) to evaluate the risk of ASD 
[80]. The study concluded that ASD is a serious issue to 
investigate for any fused spine segments and surgical 
approaches. Recently, another study investigated the risk of 
ASDs and the instrumentation required for RS [81]. In this 
study, the T12–L5 FE model was constructed and validated. 
Four different implant replacement constructs were analyzed 
for ROM and IDP (Fig. 6). The study observed an obvious 
reduction in ROM in each RS model, approximately in an 
identical pattern. However, the IDP of the first two constructs 
was found to be lower than the other two. Jiang et al. [82] 
presented different grades of proximal ASD after PLIF 
surgery. This study observed that ASD is related to decreased 
ROM and increased IDP. However, no comparative FE study 
on ASD for various surgical approaches has been reported in 
the literature. Bashkuev et al. [48] analyzed different designs 
of porous intervertebral cages and observed that proper 
fusion might occur with good biocompatible material. The 
porosity of the implant influences osseointegration [48]. In 
this study [48], solid and hollow cages of two different sizes, 
ring cages of trapezoidal cross-section, and two T-section 
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cages consisting of two different materials with higher core 
elastic modulus (E) were investigated. The results showed 
that cage geometry substantially influences the fusion 
outcome.

In another recent biomechanical study, the outcomes of 
TLIF and OLIF surgical procedures were compared to find 
the risk of ASD [22]. A 400-N vertical preload and 10-Nm 
moment was applied on L1 for simulating physiological 
loading conditions. ROM and IDP were used to evaluate 
the adjacent segments. It was found that ROM and IDP 
were similar in TLIF and OLIF, but the IDP was higher 
than the intact model. Hence, the study indicated that the 
potential risk of ASD exists. A similar study determined 
whether an extension of the PS was necessary to predict 
ASD in LLIF procedures [21]. They performed bone-graft 
fusion LLIF with bilateral pedicle screw (BPS) fixation at 
L4–L5, standalone LLIF, LLIF + lateral screws (LS), and 
PLIF + BPS. The NP and AF (ground substance) were 
modeled as a homogenous, hyper-elastic material using the 
Mooney–Rivlin model. The stresses in the cage, screw-bone 
interface, cage-endplate interface, and IDP were analyzed. 
The study reported that standalone LLIF has limited 
stability. There is a potential risk of an increase in the 
number of patients having ASD with the increase in PS-rod 
instrumentation. Fan et al. [55] conducted a study to compare 
the vibrational characteristics of fused lumbar spine through 
PLIF and TLIF surgical approaches using the FE method. 
A 40 kg point mass was added on the top of L1 vertebra. 
The models were subjected to a ± 40 N (5 Hz) sinusoidal 
vertical load with a 400-N compressive follower preload and 
simulated for transient dynamic analysis. In the PLIF model, 
higher contact pressure was observed between the endplates 
and the cages. Whereas, the TLIF model produced higher 
stresses on PS. This study also did not consider investigating 
the risk of ASD. Similar biomechanical studies with TLIF, 

PLIF, and LLIF surgery were reported, concluding that ASD 
is a common issue that needs further attention [47, 83–85].

Mas et al. [13] compared the ROM of a healthy spine 
with a spine having dynamic fixation. Dynamic fixation 
refers to the stabilization of the affected level of the spine 
with flexible structures. The study compared two dynamic 
fixations, DYNESYS (Zimmer Spine Inc., USA) and DIAM 
(Medtronic Inc., USA), to find the superior design of the 
two. DYNESYS system consists of screws (made with 
TiAlNb alloy of E = 110,000 MPa), space bars/rods (made 
with polyethylene-terefthalate of E = 1980 MPa), and cord 
(made with polyethylene-terefthalate of E = 3225 MPa), 
whereas DIAM is an H-shaped device, made of silicone 
in the core covered by woven polyester (E = 2100 MPa), 
implanted between two adjacent spinous processes [13]. 
The DYNESYS system allows a small amount of length-
ening and shortening between two PS. Whereas DIAM is 
an H-shaped silicone and woven polyester device implanted 
between two adjacent spinous processes. The study observed 
that both techniques could preserve movement [13]. How-
ever, the DYNESYS system may have longer stability. A 
study to understand the effect of PS fixation on foramina 
height and ROM in the lumbar spine was reported [86]. In 
this study, three rods made up of Ti alloy (Ti6Al4V), UHM-
WPE, and PEEK were used at L3–L5 levels. The results 
were compared with an intact model. The study concluded 
that the Ti6Al4V rod restricts motion more than the other 
materials. Another FE study investigated how TLIF affects 
the adjacent segment’s lumbar lordosis [59]. Implantation 
was done on the L4–L5 region to evaluate the ROM and 
IDP in L3–L4. Based on the higher stresses observed on 
the adjacent segment (L3–L4), this study concluded that the 
pathologic development of ASD is significant. Recently, a 
study on flexible connecting PEEK rods and DIAM system 
was reported to compare the stresses of the fusion cage at 
the L4–L5 level under bending moments [45]. The results 
were compared with those for rigid fixation using Ti rods. 
This study observed that the flexible fixation systems might 
increase the risk of cage subsidence and cage damage but 
can promote fusion. It was also observed that the risk of 
screw breakage was low for the rigid rod but higher for the 
flexible rod.

For the DYNESYS system, Pham et al. [87] found that 
the rates of operative site infection, pedicle screw loosen-
ing, pedicle screw fracture and ASD were 4.3%, 11.7%, 
1.6%, and 7.0%, respectively. 11.3% of patients underwent 
revision surgery. Of the patients who developed ASD due 
to DYNESYS, 40.6% had to undergo a revision. Although 
DYNESYS is reported to have a slightly lower incidence of 
ASD, it has a complication rate similar to published data on 
lumbar fusion [87]. Boody et al. [88] determined the effi-
cacy of the DIAM spinal stabilization system for the treat-
ment of low back pain in 38 patients. Clinically significant 

Fig. 6   a L1–L5 BPS fixation; b connector-rods at L1–L2; c the bilat-
eral satellite rods with connector rods above L2 and below L3 PS; d 
the bilateral satellite rods with connector above the L2 and below the 
L4 PS (with permission from [81])
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improvements in Oswestry Disability Index were seen in the 
majority of the patients 2-years post-surgery. However, the 
implant caused a foreign body reaction with delayed inflam-
matory complications in two patients. Therefore, the study 
recommended extended follow-up to evaluate the clinical 
outcome, at least for 5 to 10 years. The effects of ASD and 
screw loosening on revision rates following dynamic stabi-
lization are poorly understood. Therefore, further research 
is needed to determine whether the performance of the sta-
bilization system is superior to that of the fusion procedure 
[87, 89].

Zhang et al. [74] reported on how the porosity of the 
additively manufactured (AM) cages affect the performance 
of TLIF. The study compared the ROM, cage stress, end-
plate stress, and IDP. It was observed that the ROM of the 
spine implanted with Ti cages was lower compared to PEEK 
cages. The study concluded that porous Ti cages could be 
used instead of solid PEEK cages in TLIF surgery. A study 
on footprints during TLIF approaches was reported [90]. The 
FE model of the L3–S1 lumbar segment was used to simu-
late TLIF constructs in this study. A generic TLIF device 
and an articulating vertebral interbody TLIF device (AVID) 
were analyzed. The study reported that the AVID implant 
allowed better load sharing than the former.

Geometrical and material modelling  The recent FE models 
are subject-specific, developed from CT scans using image 
processing software to capture the exact 3D geometry of the 
spine [4]. Several input parameters are required to generate 
and solve the FE model of the spine. The following part will 
discuss the different approaches for geometrical and material 
modeling used in the spine.

In earlier models, the geometry of the spine was devel-
oped based on in-vitro measurements of the cadaveric spine. 
For example, Shirazi-Adl et al. [37] used the measurement 
from a cadaveric L2–L3 of a 29-year-old woman to develop 
a simplified 3D geometry of the spine. Through measure-
ments of the specimen, it was possible to determine the over-
all outer shape and boundaries of the spine approximately. 
With the advancement of medical imaging techniques and 
image processing, it has been possible to develop more accu-
rate 3D geometry of any anatomical parts based on clinical 
medical images. Several studies developed 3D geometry of 
the spine using CT data [16, 32, 47, 74, 91]. However, the 
segmentation between the cortical and cancellous bone of 
the spine from CT scan data is often challenging. To over-
come this issue, the cortical layer was modeled using shell 
elements. In a recent study, Fang et al. [85] used CT data 
of a healthy subject to develop spine geometry. The study 
considered cortical bone as a shell of a thickness of 1 mm 
that envelopes the inner cancellous core. Various studies 
assumed a thickness ranging from 0.35 mm to 1.5 mm for 
segmenting the vertebral body as the outer cortical shell [32, 

85, 91, 92]. Other studies considered 3D solid elements to 
model the cortical and cancellous bone [47, 93].

The earlier models assigned homogenous material prop-
erties for the cortical and cancellous bones [47, 85, 91, 94]. 
Assigning more realistic material properties will improve 
the FE results. However, the characterization of anisotropic 
features is complicated. Several subject-specific FE stud-
ies have assigned heterogeneous material properties of the 
bone based on CT gray value [16, 86], which is currently 
accepted as the gold standard. This technique is based on the 
assumption that bone is linear elastic and isotropic [95]. The 
linear attenuation coefficient measurements (CT numbers) 
are transformed into the system of Hounsfield units (HU) 
[95]. Using the HU value, element-specific bone apparent 
density (ρ in g.cm−3) is computed following a linear correla-
tion between them [95, 96]. The elastic modulus (E in MPa) 
of each bone element is then calculated from the apparent 
density (ρ), using an equation of the form E = CρD. C and 
D are constants and their range of values has been reported 
for different anatomic sites by Morgan et al. [97]. For details 
on this technique, please refer to the studies cited here [98, 
99]. Tables 1 and 2 show various material properties (linear 
elastic isotropic and transversely isotropic) used in multiple 
literature to model the spine. A recent study compared eight 
different well-developed lumbar spine models previously 
reported in the literature [30]. The study concluded that the 
variation in material models has negligible influence (1–2%) 
on the ROM.

Generally, the IVD is modeled separately for NP and AF 
(annular ground substances and fibers) with a volumetric 
ratio of 3:7 between AF and NP [100]. However, a study 
considered only 43% of the total disc volume to model the 
NP [101]. Recently, linear elastic material formulations have 
been used to represent the bulk response of AF [35]. Sev-
eral studies used a small value of E to model the fluid-like 
behavior of NP [83, 102, 103]. However, other studies con-
sidered AF as hyper-elastic and NP as visco-elastic materi-
als [93, 104–106]. Various approaches were undertaken to 
model the AF ground substance, including one-dimensional 
spring elements [107], homogenous formulation [108], and 
a continuum approach [109]. Table 3 shows the summary of 
material properties used to model IVD in various studies.

Table 1   Material properties used in various literature for linear elastic 
and isotropic models of the spine

Components Young’s
modulus (MPa)

Poisson’s ratio References

Vertebral body;
  Cortical bone

10,000
12,000

0.3
0.3

[32, 47, 74]

Vertebral body; 
  Cancellous bone

10
100

0.2
0.29

[74, 121]

Posterior bone 3500 0.25 [15, 47, 81]
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In a cadaveric study to determine the structural properties 
of CEs of the lumbar spine, Roberts et al. [110] reported that 
the CE consists of a thin layer of hyaline cartilage (0.6 mm 
thickness, variable). Wang et al. [111], in their experimen-
tal study on 150 cadaveric lumbar spines, reported that the 
thickness of CEs can be high as 1 mm. In contrast, another 
cadaveric study reported CE thickness to be only 0.75 mm 
[112]. It has been observed that the CE thickness varies 
between samples. Therefore, a wide range of thicknesses 
has been considered for modeling the BEs and CEs, sepa-
rately (0.35 mm, 0.5 mm, 0.8 mm) [74, 81, 85, 91, 92]. 
Most of these studies have considered the interface between 
the endplates and the vertebral body as bonded, whereas 
Schmidt et al. [113] modeled the interfaces as frictionless 
contact with surface-to-surface contact. More commonly, 
endplates were modeled using linear elastic and isotropic 
material properties [77, 86, 114, 115].

The ligaments influence the ROM more than the load 
distribution in the spine [1, 13, 116]. Various studies used 
hyper-elastic and piecewise nonlinear elastic material prop-
erties for ligaments [105, 106]. Other studies used either 
linear or nonlinear stress–strain curves or exponential force–
displacement curves for assigning ligament properties [79, 
117, 118]. These approaches increased the complexity of the 
FE model, calling for more computational time to solve the 
models [79, 105, 106, 117, 118]. In contrast, various other 
FE studies simplified the ligaments as two-node spring or 
tension-only link elements [16, 35, 74, 86, 102]. Table 4 

shows material properties used for ligaments and endplates 
in various studies.

Studies used different modeling approaches for facet 
joint interactions (FJI). Ahuja et al. [104] simulated facets 
through 0.5 mm gap elements. In this study, the coefficient 
of friction of 0.1 was used to define the sliding contacts of 
the surfaces. Various authors followed a similar approach 
[16, 17, 119]. However, other authors assigned frictionless 
contacts for facets [35, 120]. In a study, facet joints were 
modeled as gap elements where contact stiffness changes 
when the gap closes [32]. A couple of studies considered 
0.2-mm thickness for the facet cartilage layer [77, 81].

Table 2   Material properties 
used in various literature for 
transversely isotropic models of 
the spine

Components Young’s modulus (MPa) Poisson’s ratio Shear modulus (MPa) References

Vertebral body;
cortical bone

Exx = 11,300
Eyy = 11,300
Ezz = 22,000

0.484
0.203
0.203

Gxy = 3800
Gyz = 5400
Gxz = 5400

[94, 116, 122]

Vertebral body;
cancellous bone

Exx = 140
Eyy = 140
Ezz = 200

0.45
0.315
0.315

Gxy = 48.3
Gyz = 48.3
Gxz = 48.3

[94, 116, 122]

Table 3   Material properties used in various literature for IVD

Components Material model Young’s modulus (MPa) Poisson’s Ratio References

Nucleus pulposus Jelly material, linear elastic, isotropic 1 0.49 [16, 35, 47]
Mooney-Rivlin incompressible C1 = 0.10

C2 = 0.09
_ [32, 93]

Annulus fibrosus 
(ground substance)

Linear elastic, isotropic 4.2 0.45 [114]
Hyperelastic Neo-Hookean C1 = 0.3448

C2 = 0.3
_ [32]

Mooney-Rivlin Hyperelastic C1 = 0.18
C2 = 0.045

_ [123]

Annulus fibrosus
(fibers)

Tension-only elastic fibers 500 _ [77]
Nonlinear crisscross pattern 450

380 to 550 (385/420/440/495/550)
0.3
0.3

[116, 123]

Table 4   Material properties of ligaments and endplates in previous 
studies

Components Young’s 
modulus 
(MPa)

Poisson’s ratio References

Ligaments-ALL
  PLL
  LF
  ISL
  SSL
  ITL
  FCL

20
20
19.5
11.6
15
58.7
32.9

0.3
0.3
0.3
0.3
0.3
0.3
0.3

[74, 114]

Bony endplates 12,000
3000

0.3
0.3

[16, 47, 101]

Cartilaginous endplates 24 0.4 [113, 116]
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4.2.2 � Experimental studies

Over the years, several studies analyzed the functioning 
and physiological movements of the natural and implanted 
spine experimentally. An in vivo measurement to find the 
IDP for various body movements and postures was reported 
by Wilke et al. [124]. A probe was inserted into the IVD of 
a living subject. IDP of 2.30 MPa was observed when the 
subject lifted a 20 kg deadweight with a round back. As 
stated by the authors, this observation may vary from patient 
to patient. In another study, Wilke et al. [125] determined the 
trunk muscle forces during flexion and extension. A follower 
load (compressive load applied along a path) technique was 
used in this study in order to represent the upper body weight 
that follows the curvature of the spine. This subjects the 
whole lumbar spine to nearly pure compression [126]. The 
observed values for erector spinae muscle forces were 100 N 
in standing, 130 N for 15° extension, and 520 N for 30° 
flexion of the upper body.

A cadaveric study compared the changes in the forami-
nal area between indirect decompression (insertion of an 
anterior lumbar interbody spacer during ALIF) and direct 
decompression (foraminotomy) [53]. The study also com-
pared the measured foraminal areas with that of the intact 
condition. The results indicated that the interbody spacer 
provides superior decompression through ALIF. In a cadav-
eric study, Lai et al. [106] quantified the biomechanical 
stability of the lumbar spine after implanting an interbody 
spacer using LLIF surgery with and without various supple-
mental fixations (Fig. 7). The different implantations used 
in this study were interbody implant without supplemental 
fixation, LLIF plus unilateral pedicle screw (UPS) fixation, 
LLIF plus BPS, LS and lateral plates (LLIF plus LP), LLIF 
plus interspinous plate (IP), and LLIF plus LP and IP. The 
study observed a significant reduction in ROM for LLIF plus 
BPS and LLIF plus LP plus IP constructs.

A cadaveric study compared the stability of cadaveric 
lumbar segments implanted with either standalone cages or 
cages with supplementary BPS [128]. The study observed 
that stress-shielding is not significant when cages with 

supplementary BPS (multi-construct devices) are implanted 
for stabilization. However, the study did not analyze the fail-
ure of fused segments and adjacent segments. Hence, the 
long-term performance of standalone cage is unknown. A 
cadaveric biomechanical study investigated spinal ROM 
for five different conditions; intact lumbar spine, spinous 
process fixation device CD Horizon SPIRE spinal system 
(Medtronic Inc., Germany), PS fixation and two working 
prototypes [84]. The two working prototypes were “Facfix” 
(facet fixation type) and “Latplat” (used along with screws 
to fix spinous processes). The facet fixation prototype was 
reported to have more stability under all physiological load-
ings. Considering ROM, the result indicated that the facet 
fixation device is not superior to BPS fixation. A similar 
study for ALIF with various fixation options in static and 
vibrational conditions also reported that the BPSs are advan-
tageous when compared with ISS [129].

Several biomechanical studies on LLIF focussed on one 
or two levels of implantation. Apart from LLIF and PLIF, 
other studies investigated the performance of interbody 
fusion cages implanted using TLIF [46, 50]. One such 
study compared the performances of three different shapes 
of cages and their positioning by TLIF [46]. The designs 
investigated in this study were kidney-shaped, articulating 
type and bullet-shaped interbody cages. The study could not 
establish the superiority of any design over the other. The 
footprint locations of cages are considered implant locations 
and the observations were independent of these locations.

Due to the limitations, such as disease transmission, 
high sample variability, decay and fatigue, of cadaveric 
and animal specimens, synthetic biomimetic spine models 
have been used as an alternative [130]. Repeated testing on 
the synthetic spine does not alter the biomechanics. These 
models provide the option of non-destructive testing (NDT) 
between many different procedures without carry-over 
effects. Synthetic models pose small intra-specimen vari-
ability and zero biohazards. Recently, an experimental study 
used an artificial intact spine model to measure the ROM 
of the full lumbar spine [131]. The study observed that the 
measured ROM data was comparable to published data from 

Fig. 7   a Intact lumbar spine; b 
LLIF cages alone; c LLIF plus 
LP; d LLIF plus UPS; e LLIF 
plus BPS [127]
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cadaveric studies. In general, synthetic biomimetic models 
are cost-effective alternatives for cadaveric spine models. 
Several studies conducted biomechanical testing on artificial 
models for validation purposes [132–134].

Due to the longer incision and associated complexities 
of standard surgical procedures, MI surgical techniques 
have been gaining popularity in treating DDD [135, 136]. 
The advantages of MI surgery include reduced trauma to 
the muscles and soft tissues, minimal blood loss, and faster 
recovery. In MI fusion surgery, expandable intervertebral 
cages are used instead of static cages [52, 137]. Cannestra 
et al. [137] evaluated the stability of different interverte-
bral cages inserted at the L4–L5 IVD space using an MI 
plus TLIF technique. Specimens were implanted with either 
medial–lateral (expandable) Ti6Al4V cage or a conventional 
(non-expandable) PEEK cage with UPS and BPS. The study 
observed that the performance of the expandable device is 
similar to the conventional cages. Another cadaveric study 
observed that additional sagittal corrections of lordosis 
might be possible with expandable Ti6Al4V cages [138]. 
Mantell et al. [138] compared an expandable lateral cage 
with a static TLIF cage in an in-vitro cadaveric study of 
spondylolisthesis. The L4–L5 segment of a cadaveric spon-
dylolisthesis specimen was implanted with the cages and 
analyzed for ROM. In this study, Caliber-L (Globus Medical 
Inc., USA) expandable cage, and Sustain-O (Globus Medical 
Inc., USA) static TLIF cage were used. The study observed 
that an expandable cage with UPS fixation provides stabil-
ity equivalent to a TLIF cage with BPS. However, the col-
lapse of endplates was evident with an expandable cage. 
A study measured the ROM of the L1–L5 spine implanted 
with expandable cages. Twelve cadaveric specimens were 
operated on using the TLIF approach (L1–L5) [139]. This 
study observed that there was no significant difference 
between static and expandable cages for the reduction 
in ROM. A similar cadaveric study was conducted using 
seven L2–L5 specimens. The device used in the study was a 
Wave-D expandable cage (Medtronic Inc., USA) [140]. The 
study observed a significant reduction in ROM while using 
Wave-D. A recent study observed damage to the endplate, 
subsidence, and loss of intervertebral and neuroforaminal 
height with recurrence of symptoms due to overexpansion 
of expandable cage, especially in patients with poor bone 
quality [51]. Despite the promise, several studies reported 
no superior outcome of expandable cages over static ones 
[51, 138, 139, 141]. A recent study observed that only ante-
rior disc height was statistically significant, and additional 
supplemental fixation with PS cannot significantly promote 
sagittal alignment [142].

A standalone expandable device Varilift-L (Wenzel 
Spine Inc., USA) has been introduced recently [143, 144]. 
This device does not need any supplemental fixation for 
fusing the affected segments. It is reported clinically that 

the standalone device has a low incidence of revision, bet-
ter fusion and effective relief of symptoms [144]. Another 
study reported the advantages of using the same standalone 
expandable cage [145]. This study compared a MI poste-
riorly inserted vertebral cage with a standalone design. It 
has been observed that a compromise in terms of verte-
bral fusion exists in standalone cages. However, the device 
requires further biomechanical investigations to validate its 
standalone performance. No other standalone devices are 
available in the literature to date.

Recently, an annular closure device (ACD) that can be 
implanted on IVD to close the hole after microdiscectomy 
has been proposed [57]. A microdiscectomy is required to 
remove the herniated part of an IVD. The implanted ACD 
helps to stop recurring herniation [146]. Several clinical 
studies attempted to establish the performance of ACD in 
the lumbar region [63, 147, 148]. Clinical studies observed 
breakage of Ti bone-anchor in patients [39, 148]. The part 
that closes the hole is woven Dacron (polyethyleneterephtha-
late). The ungluing of Dacron is observed in several patients 
[39, 148].

5 � Discussion

The study reviewed the literature to establish the effect of 
various surgical approaches and implant designs on the per-
formance of spinal implants used in lumbar fusion surger-
ies. An interbody fusion can stabilize the spine. The cages 
are reported to preserve the disc height [1]. Although static 
cages are commonly used, expandable cages have drawn 
considerable attention in recent times [52]. Pedicle screws 
and rod systems and bone grafts are used for PLF, PLIF and 
TLIF surgical approaches. A PS and rod system is often 
required to maintain segmental stability [86]. Several stud-
ies performed separate and comparative investigations of 
the various surgical approaches (PLIF, ALIF, TLIF, OLIF, 
etc.). The clinical results support the TLIF method more 
because it is less invasive compared to other approaches. In 
the fusion techniques, the adjacent segments are the most 
crucial parts to investigate. When two levels of the lumbar 
vertebral body are fused, the adjacent IVD, vertebral body, 
facet joints, and related parts experience degenerations, 
which lead to RS in many patients [38]. It is commonly 
reported that ASD is a significant cause of failure of fusion 
surgery. Most of the clinical studies referred to in the litera-
ture review section proposed a concern of failure due to the 
deterioration of adjacent segments [21, 80–82]. Other litera-
ture has presented the ASD issue along with other problems 
such as cage subsidence, screw breakage, and high stress/
strain values [48, 55, 83, 84, 149].

The FE modeling has been widely used in biomechanical 
studies since it can effectively predict the realistic behavior 
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of implant-bone structures [98]. By incorporating the FE 
techniques, researchers can predict the short- and long-term 
performance of prostheses implanted on the lumbar spine 
or any other part of the body [138]. The FE studies encom-
passed the different types of geometrical models of the lum-
bar spine (simplified cylindrical and actual geometry based 
on CT scan data) [77, 150]. Studies also reported a range 
of material models (linear elastic isotropic, hyperelastic, 
viscoelastic, and poroelastic) for the IVD, vertebral body, 
posterior bone and ligaments. Hyperelastic, poroelastic, 
and viscoelastic models have been variably used to assign 
material properties for AF and NP. However, linear elastic 
models are common in various studies. The material proper-
ties of bone were assumed as homogenous in earlier studies, 
whereas CT data-based heterogeneous distributions of linear 
elastic and isotropic bone properties were used in recent 
studies [16, 86].

For the validation and verification of FE models, studies 
adopted different criteria. Some of the studies used ROM 
of the lumbar spine reported in the literature. On the other 
hand, other studies considered stresses and strains as the 
parameter for comparison [16, 35]. Limiting values of the 
strains were reported for the cortical and cancellous bone 
enabling direct comparison before and after implantation 
[97, 151]. To develop a trustworthy FE model of the spine, 
the thickness of the endplates, material properties and IVD 
volumes are very important. The improvement of image pro-
cessing technology has made the development of patient-
specific FE models possible prior to clinical interventions. 
A comparative study between various surgical approaches 
to predict the occurrence and progression of ASD is a future 
scope.

The advancements in imaging technology and modeling 
techniques aid the selection of the best surgical approaches, 
identify the critical modeling parameters, analyze design 
variations of implants, and can help indecision making of 
a surgical planning. For manufacturing a complex geom-
etry, additive manufacturing (AM) techniques play a sig-
nificant role. Patient-specific implants can be manufactured 
by adopting the AM technique [152]. For complex surger-
ies, decision-making and manufacturing of the implantare 
important. FE modeling and AM technology are useful in 
this aspect. The recent developments in expandable cages, 
standalone cages and annular closure devices are promot-
ing MI surgery in the lumbar spine [135, 136, 153]. In MI 
surgery, a tiny incision is required to approach the internal 
organs, reducing the loss of blood. As the incision is small, 
it also leads to fast healing of the wound. The size of the 
prosthesis should be suitable for insertion through the small 
incision in the MI approach [135].

For any fusion cages, its performance is analyzed by com-
paring the percentage decrease in ROM between pre- and 
post-surgery along with the magnitude of stress-shielding 

observed. ASD should also be considered as a parameter 
to predict the successful performance of cages or any other 
spinal implants. Such performance-related comparisons are 
rarely observed in the literature. Various studies focussed on 
stresses and strains distributions for the intact and implanted 
spine to predict the success rate of fusion surgery using vari-
ous implants. Studies investigating bone remodeling and its 
impact on adjacent discs are limited. In order to model the 
IVD realistically, consideration should be given to relate the 
local extracellular matrix (ECM) composition and organiza-
tion to its mechanical behavior. The volume fraction of the 
compositions of the AF and NP (water, fixed charged den-
sity, collagen and ground substance) should be considered, 
as this influence the properties of AF and NP directly. For 
predicting the degeneration of the adjacent disc over time, 
changes in biochemical composition due to cell activity 
should also be considered [154].The changes in bone density 
and degeneration of discs using a coupled mechanoregu-
latory algorithm to investigate the behavior of IVD were 
reported very rarely [154]. The limitation of such model 
is that it is patient-specific. This makes it more complex 
to generalize the output of any biomechanical and clini-
cal studies. In such cases, more patients and lengthy clini-
cal follow-up will be required. Recently, new devices like 
standalone expandable cages and expandable screws have 
been proposed and studied in the literature [102, 155]. The 
expandable cages are designed to reduce neurological com-
plications, enable better lordosis restoration, and improve 
ease of insertion [59]. However, they are expensive. There 
exists a major gap in studies relating to these new devices 
and the risk of ASD these devices may pose. Apart from 
these, there is no literature on standalone expandable cage 
design that can be implanted using the TLIF approach. More 
research to develop such a device is necessary.

6 � Conclusions

An overview of various biomechanical and clinical studies 
on the intact and implanted lumbar spine has been presented. 
Various geometrical and material modeling parameters, sur-
gical approaches and loading and boundary conditions used 
in biomechanical studies of the spine have been reviewed. 
The computational models stand as a valuable tool for 
patient-specific preclinical studies. Among all the fusion 
surgical approaches, TLIF is the preferred one since it does 
not affect the abdominal muscles or spinal cord. Future 
research should be directed toward investigating the pro-
gression of ASD post-fusion surgery. Mechanoregulatory-
based algorithms may be integrated with the FE modeling 
to predict the progression of ASD. Further development of 
standalone expandable cages and comparative studies on the 
performance of expandable cages and standard cages are 
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required. Various cage geometries have been clinically used 
so far. However, the long-term effect of such cage geom-
etries on the adjacent segment biomechanics is not well-
understood. Studies on bone ingrowth in the porous cages 
used in fusion surgeries will be beneficial in identifying the 
best cage design. Despite several articles proposing a con-
cern on ASD, detailed investigation of its pattern and propa-
gation over time is limited. The comparison of intensity and 
chances of ASD between different surgeries has rarely been 
reported. Further research on the generation and propagation 
of ASD is warranted.
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