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Advances in implants and bone graft types for lumbar spinal 
fusion surgery
Giles Michael Cheers*a, Lucas Philipp Weimera, Carl Neuerburga, Jörg Arnholdta, Fabian Gilberta, 
Christoph Thorwächtera, Boris Michael Holzapfela, Susanne Mayer-Wagnera, Markus Laubach*a,b

The increasing prevalence of spinal disorders worldwide necessitates advanced treatments, particularly interbody fusion for 
severe cases that are unresponsive to non-surgical interventions. This procedure, especially 360° lumbar interbody fusion, 
employs an interbody cage, pedicle screw-and-rod instrumentation, and autologous bone graft (ABG) to enhance spinal 
stability and promote fusion. Despite significant advancements, a persistent 10% incidence of non-union continues to result 
in compromised patient outcomes and escalated healthcare costs. Innovations in lumbar stabilisation seek to mimic the 
properties of natural bone, with evolving implant materials like titanium (Ti) and polyetheretherketone (PEEK) and their 
composites offering new prospects. Additionally, biomimetic cages featuring precisely engineered porosities and 
interconnectivity have gained traction, as they enhance osteogenic differentiation, support osteogenesis, and alleviate 
stress-shielding. However, the limitations of ABG, such as harvesting morbidities and limited fusion capacity, have spurred 
the exploration of sophisticated solutions involving advanced bone graft substitutes. Currently, demineralised bone matrix 
and ceramics are in clinical use, forming the basis for future investigations into novel bone graft substitutes. Bioglass, a 
promising newcomer, is under investigation despite its observed rapid absorption and the potential for foreign body 
reactions in preclinical studies. Its clinical applicability remains under scrutiny, with ongoing research addressing challenges 
related to burst release and appropriate dosing. Conversely, the well-documented favourable osteogenic potential of growth 
factors remains encouraging, with current efforts focused on modulating their release dynamics to minimise complications. 
In this evidence-based narrative review, we provide a comprehensive overview of the evolving landscape of non-degradable 
spinal implants and bone graft substitutes, emphasising their applications in lumbar spinal fusion surgery. We highlight the 
necessity for continued research to improve clinical outcomes and enhance patient well-being.

1. Introduction
Spinal fusion, a surgical procedure designed to stabilise the spine 
and alleviate nerve compression by fusing two or more vertebrae, 
is essential for managing a spectrum of degenerative spinal 
conditions. This intervention becomes necessary when non-
surgical treatments for spinal pathologies, encompassing 
degenerative disc disease, spondylolisthesis, spinal fractures, 
spinal stenosis, and spondylolysis, prove inadequate. Notably, 
these spinal disease entities contribute to more than half of the 
musculoskeletal diseases in the United States (US) (51.7% or 
15.4 million incidents) 1, increasing by more than 60% in the last 
two decades 2. The most significant growth rate is observed in 
the demographic aged 65 and over, which is attributed to factors 

including an ageing population, changing lifestyles – amongst 
others marked by a higher incidence of obesity – and improved 
patient awareness of fusion procedures 2, 3. However, spine 
surgery revision rates of 10% to 20% are a significant challenge 
for patients, surgeons, and the healthcare system in general 4-7.

The challenges of lumbar spinal fusion surgery are rooted in 
the anatomical exposure of adjacent, highly vulnerable 
structures, and the difficulty of translating recent advancements 
in its essential components from research into clinical practice. 
These components include spinal instrumentation for posterior 
lumbar stabilisation, spinal cages for lumbar interbody fusion, 
and bone grafts aimed at facilitating spinal fusion (Figure 1). 
Thus, to have a thorough understanding of these inherent 
challenges necessitates a comprehensive exploration into the 
historical developments of lumbar spinal fusion 8, while also 
concentrating on its primary components: spinal 
instrumentation, intervertebral body fusion devices and bone 
grafts. Drawing on both historical and contemporary evidence, 
this narrative review seeks to provide a comprehensive overview 
and critical analysis of the most significant developments, which 
are crucial for guiding future research and enhancing the clinical 
success of lumbar spinal fusion.
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2. Key historical events
The earliest descriptions of treatments for spinal deformity trace 
back to ancient Indian religious literature, specifically the 
Srimad Bhagwat Mahapuranam. This text recounts a Hindu 
mythological epic in which Lord Krishna corrects a “hunchback” 
by anchoring the patient’s foot with his own and applying axial 
traction by pulling the patient’s chin with two fingers 9. The 
principle of axial traction for spinal deformity correction endured 
for millennia. Advancements of several existing corrective 
procedures are further rooted in early spinal treatment 
descriptions applied by Hippocrates (460 BC to 377 BC), Galen 
(131 AD to 201 AD) and Ibn Sena (980 AD to 1037 AD) 9-11. 
Nonetheless, the breadth of spinal surgical treatment options 
witnessed significant evolution only following the profound 
discoveries of general anaesthesia (1846), antisepsis (1867) and 
the advent of X-ray (1895) 12-14. The rise of (spinal) tuberculosis, 
including Pott’s disease in the 18th and 19th centuries 15, 16, 

resulted in the need to develop alternative stabilising methods 
due to frequently observed severe destruction of vertebral bodies 
and intervertebral discs 17. The goal of instrumented spine 
surgery has thus notably shifted in the last century from a method 
of correcting deformities, to one of restoring stability and 
maintaining natural balance 17. Traditionally, the absolute 
indications for lumbar interbody surgery were lumbar 
spondylolisthesis, severe scoliosis, spinal tuberculosis, and 
fractures, some of which have gradually shifted more towards 
relative indications such as back pain, degenerative disc disease, 
and spinal stenosis 18. 

2.1 The genesis of interbody fusion techniques

In 1933, Capener pioneered the anterior fusion of the L5 (fifth 
lumbar vertebra) and S1 (first sacral vertebra) using a tibial graft 
peg for treating spondylolisthesis. Despite its biomechanical 
advantages, this approach faced resistance among clinicians due 
to its invasiveness 19. A decade later, Cloward performed the first 
posterior lumbar interbody fusion (PLIF) without posterior 

Figure 1. Anatomical exposure of adjacent, highly vulnerable structures in lumbar spinal fusion surgery and its main components of posterior stabilization (1), 
interbody cage (2) and bone graft (3). Particularly during anterior approaches to the lumbar spine, the bowel (a) and blood vessels (b) can be damaged. Potential 
complications during lumbar spinal fusion surgeries or during the post-operative follow-up include vertebral body osteomyelitis/fracture (c), psoas muscle 
abscess/injury (d), adjacent segment disease (e) and spinal/epidural abscess/injury (f). Adapted from Supplement of Ref. 8 with permission from Elsevier, copyright 
(2022) and partially created with BioRender.com.
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instrumentation; a procedure involving the removal of the 
intervertebral disc, including the cartilaginous endplates, 
through a partial bilateral laminectomy and essentially a 
complete facetectomy. Subsequently, Cloward performed 
autologous implantation, placing three or more large full-
thickness bone grafts obtained from the iliac crest 20. 
Historically, bi- and tri- cortical structural bone grafts, such as 
autologous bone from the iliac crest or fibula, and allografts, 
were implanted in the intervertebral space to stabilise the spine 
and to achieve spinal fusion. However, these alternatives are 
associated with relevant donor site morbidity and insufficient 
spinal stability 21-25. Spinal fusion with bone graft alone is linked 
to a notable incidence of autograft or allograft collapse, 
eventually leading to pseudarthrosis 26. To address these 
complications, additional posterior stabilisation with pedicular 
screws interconnected with rods gained popularity in the 1980s 
to achieve spinal fusion (posterolateral instrumentation/fusion). 

Current surgical techniques of spinal fusion rely heavily on 
autologous bone graft (ABG) or bone graft substitutes to achieve 
adequate bone healing and solid fusion 27. ABG remains crucial 
for stabilisation due to its inherent properties of osteogenic 
potential, osteoinductivity, and osteoconductivity 28-30. Modern 
practices involve morselising ABG to enhance its osteogenic 
potential and facilitate its integration within the intervertebral 
space and hollow regions of cages. Furthermore, ABG is placed 
around the screw-rod construct to facilitate the posterior fusion 
of adjacent bone surfaces 31. The iliac crest is frequently used as 
a source for harvesting cancellous ABG; however, its application 
is constrained by several factors. These include the restricted size 
and volume of obtainable bone grafts, donor site morbidity that 
can lead to persistent pain in up to 30% of patients post-
harvesting 32-34, and the presence of a limited quantity of viable 
and biologically active cells within the graft 35. Additionally, the 
number of stem cells present in the graft notably decreases after 
the age of 55 36. The anatomical site from which AGB is 
harvested – be it the iliac crest, lamina, or during decortication – 
affects the graft’s composition and subsequently influences its 
regenerative capacities 37-39.

Nonetheless, rates of non-union after lumbar spine fusions 
range from 5% to 35% 40 and are associated with the 
unsatisfactory resolution of clinical symptoms 41. Spine surgery 
revision rates of 10% to 20% pose a significant challenge for 
patients, surgeons, and the health care system in general 4-7. 
Consequently, a rigorous evaluation of the current treatment 
approach is warranted to support future preclinical and clinical 
research aimed at developing more sophisticated techniques 
leading towards more effective spinal fusion.

2.2 The introduction of interbody spacers

The application of interbody spacers, or ‘cages’, was first 
described by Bagby 42 in the context of treating equine wobblers 
disease, involving arthrodesis through the distraction-
compression method using a stainless steel cylindrical, 
fenestrated implant. Adapted for human use, the Bagby and 
Kuslich method of interbody stabilisation for chronic discogenic 
lower back pain incorporated the "Bagby Basket" with ABG 

rather than relying on ABG alone. This presented good fusion 
rates for lumber interbody fusion 43. Bagby and Kuslich (BAK) 
cages (SpineTech, Minneapolis, MN) achieved a 20% fusion 
success at six months with the addition of autograft, and reached 
a 100% fusion rate when it was combined with recombinant 
human bone morphogenetic protein-2 (rhBMP-2) 44. Thus, using 
interbody cages provided further stability and fusion by restoring 
disk height and neuroforaminal volume 45, 46. 

Throughout the 1990s, spinal interbody fusion with 
conventional metallic cages, primarily titanium-aluminium-
vanadium (Ti6Al4V or Ti), gained widespread 
commercialisation. While titanium offers durability, strength, 
osteoconductivity, and resistance to corrosion, its high elastic 
modulus introduces complications in the form of stress-
shielding, endplate trauma, adjacent segment disease, and cage 
subsidence 47-49. In the early 2000s, the use of 
polyetheretherketone (PEEK) cages gained in prominence as it 
has a favourable elastic modulus akin to bone, which typically 
aids in lowering subsidence rates 50. However, PEEK's bioinert 
nature diminishes its osteointegrative capacity, and challenges 
such as the need for greater endplate preparation and issues with 
over distraction compromise its effectiveness 51. 

The historical progression from traditional metallic cages to 
the adoption of PEEK marked a significant shift in addressing 
biomechanical challenges. While each material brings its 
specific advantages, the pursuit for an ideal balance between 
strength, osteoconduction, and biocompatibility spurred further 
innovations. The 2010s witnessed the introduction of hybrid 
materials and surface modifications, giving rise to the 
development of Ti-coated PEEK (Ti-PEEK) composite 
materials. This innovation amalgamated PEEK’s mechanical 
advantages with the desired biocompatibility characteristics of 
Ti. The increasing popularity of additive manufacturing from the 
late 2010s allowed the creation of biomimetic structures 
resembling the porosity and biomechanical properties of cortical 
bone. This technological leap has paved the way for interlayer-
mediated cages with osteoconductive coatings and topographical 
modifications, aiming to optimise the cages' osteoinductive, 
osteoconductive, and osteogenic properties. While larger clinical 
trials are needed to validate the efficacy of these devices, in vitro, 
in vivo, and initial clinical trials have demonstrated their viability 
52-58. However, primary concerns such as delamination and 
inflammatory responses due to wear remain significant 
challenges 59-61.

Despite advancements in selective laser sintering (SLS) 
manufacturing of titanium implants, which improve the 
biomimetic properties and biomechanical performance of Ti 
spinal cages, PEEK remains the most cited material for spinal 
surgery 62. Fused deposition modelling (FDM) of PEEK is more 
cost-effective compared to SLS, which may contribute to its 
continued prevalence in spinal surgery.

2.3 Synergies in posterior lumbar stabilisation

In the late 20th century, the advent of the standardised use of 
posterior spinal instruments led to a transition to circumferential 
(360°) fusion in clinical practice, which further improved clinical 
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outcomes and increased the robustness of results 63, 64. Therefore, 
it can be deduced that the success of lumbar spinal fusion hinges 
on the synergistic interplay of various components – namely, 
spinal instrumentation, intervertebral body devices (cages), and 
ABG or bone graft substitutes (Figure 2). To achieve an 'ideal' 
lumbar stabilisation model, characterised by a biomimetic 
approach mirroring the structure and properties of natural bone 
extracellular matrix (ECM), a comprehensive understanding of 
these elements is imperative. This analysis delves into the 
individual roles of these components, offering a concise 

overview coupled with critical discussions on advancing 
research. 

3. Anterior/posterior lumbar fusion: 360° 
spinal stabilisation

3.1 Pedicle screws

Pedicle screw fixation was first introduced in the context of 
thoracolumbar segmental fixation in 1963 by Roy-Camille 65. 

Figure 2. Chronology highlighting major milestones in clinical lumbar spine surgery, tracing the evolution of bone graft materials, interbody cages, and pedicle screws 
and rods, with a specific focus on advancements in interbody spinal fusion.
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Initially designed for fractures, pedicle screws have since 
evolved to address various spinal conditions, including tumours, 
spondylolisthesis, fractures, and malunions. The initial pedicle 
screw design featured a fixed-headed, monoaxial approach, 
placed sagittally through the pedicles and articular processes, 
coupled with plates 66. The progression of pedicle screw design 
includes the integration of patient-specific contoured rods, 
marking a significant advancement in spinal deformity 
correction 67. Positioned in the most structurally robust region of 
the vertebrae, this instrumentation plays a pivotal role in 
achieving immediate immobilisation, enhancing the bone-screw 
interface, and thereby improving the biomechanical performance 
of the screws, allowing for optimal leverage to exert higher 
corrective forces on the deformed spine.

However, the conventional monoaxial screw design has 
limitations in manoeuvrability, presenting challenges in aligning 
the screw with the rod head saddle. To address this, Harms 
introduced the polyaxial pedicle screw in 1989, aiming to 
facilitate a more straightforward coupling of fixation points with 
rods. While polyaxial pedicle screw fixation has demonstrated 

an association with less adjacent segment degeneration, likely 
attributed to lower von Mises stress in screws and reduced 
intradiscal pressure in the adjacent segment 68, its enhanced 
manoeuvrability comes at the expense some construct strength, 
making polyaxial screws more susceptible to fatigue failure or 
breakage.  

Despite the widespread adoption of polyaxial screws, the use 
of monoaxial screws or a combination of both types persists, 
aiming to optimise biomechanical performance in fixation 
constructs. For instance, in the treatment of thoracolumbar 
fractured vertebrae, monoaxial pedicle screws may be preferable 
due to their enhanced leveraging effect, providing increased 
stability during flexion and extension of the spine 68, 69. This 
choice also contributes to improved uplift and restoration of the 
collapsed superior endplate. Similarly, hybrid constructs, 
incorporating both mono- and poly- axial screws or uniplanar 
screws, allow freedom of movement in assembly without 
sacrificing construct stiffness in the sagittal plane 70, 71.

3.1.1 Anchor and tip types

Figure 3. The various features found in commercial pedicle screws, including different anchor, thread, and tip types, are designed to influence the screw's 
biomechanical performance and integration with bone. Adapted from ref. 72 with permission from Springer Nature, copyright (2022). Adapted from ref. 73 with 
permission from MDPI AG, copyright (2022).
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The integrity of the bone-screw interface plays a pivotal role in 
ensuring the stability and pull-out strength of pedicle screws. 
Figure 3 illustrates the diverse anchor and thread types that have 
been developed to enhance this metric. Pedicle screws are 
subjected to significant cyclic axial and lateral forces. The 
strength of these screws is directly proportional to the cube of 
the minor core diameter, with larger diameters offering greater 
resistance to screw bending or breakage. The pull-out resistance 
of the screw is influenced by factors such as the major (outside) 
diameter, thread depth, pitch, and shape. Notably, the thread 
pitch determines the volume of bone between the threads, which 
is directly proportional to pull-out resistance. The selection of 
inadequate anchor or thread types can lead to complications such 
as screw loosening or breakage. Many pedicle screws are 
cannulated to facilitate accurate implantation with a guide wire 
and features a standard threaded anchor. Given that lower bone 
density correlates with decreased strength in the bone-screw 
interface, leading to loosening and pull-out – particularly 
observed in elderly patients suffering from osteoporosis – 
various other anchor and screw types have been developed 72-74. 
These aim to increase the surface area attached to the cortical 
bone, thus enhancing interface stability. 

In the context of screw types, tapping and non-tapping 
screws play distinct roles. Tapping screws, through their design, 
create threads in the bone, providing a pre-formed path for the 
screw to follow during insertion. This process reduces the risk of 
generating excessive heat, preserving bone integrity. Non-
tapping screws, conversely, lack pre-formed threads and engage 
directly with the bone as they are inserted. While non-tapping 
screws offer advantages in terms of reduced thermal damage, 
tapping screws may be preferred in certain scenarios for their 
simplicity and efficiency. Multithreaded screws, for instance, 
have been employed to generate locking forces. In this design, 
the screw interfaces between proximal-cortical, middle-
cancellous, and distal-cancellous screw-bone segments are 
compressed against each other. This approach is typically 
complemented by a conical or dual-core screw type, enhancing 
load-bearing capacity, potentially minimising screw breakages 
75, 76, and ensuring optimal contact between the screw and bone 
surfaces. The combination of these design features contributes to 
the overall stability and longevity of the pedicle screw fixation 
in challenging bone conditions.

3.1.2 Biomaterials
Since screws redirect force through the vertebral bodies they are 
commonly made of strong as well as bioinert material such as 
Ti6Al4V. Complications associated with pedicle screw 
placement which can affect bone healing include loosening, pull-
out, and screw breakage. Pull-out resistance of screws is affected 
by the bone mineral density, the screw insertion technique and 
factors directly influencing the screw such as metal properties, 
and geometry. The holding power is further improved when self-
tapping screws are used, however only when multiple time 
insertion is avoided. To improve screw performance coating and 
doping with various materials such as hydroxyapatite (HA), 
calcium phosphate (CaP), polymethylmethacrylate bone cement 
(PMMA-BC), ECM, tantalum (Ta), and Ti plasma spray have 

been investigated 77-81. In preclinical animal models coating of 
Ti6Al4V screws with HA was shown to improve resistance 
against pull-out force 77 and bone-to-implant contact 78. When 
comparing HA, CaP, and PMMA-BC against control only 
PMMA-BC showed increased pull-out strength while it is 
noteworthy that rigid and solidified cement structure limits any 
post insertion modification 79. Further, thin Ta coating of 
Ti6Al4V pedicle screws exerted an inhibitory effect on 
osteoclasts and promoted trabecular bone growth in vivo 80. 
Coating of pedicle screws with the combination of ECM and HA 
improved pull-out strength compared to uncoated screws or 
coating with HA or ECM alone 81. However, the translation into 
clinical use is scarce and future clinical studies are necessary to 
define the role of specific screw coatings to improve pull-out 
force and spinal stability.

3.2 Spinal rods

Spinal rods have been routinely used for treating spinal 
deformities since the introduction of the “Harrington rod” for the 
treatment of scoliosis in 1962 82. In recent years, they have 
emerged as a standard and indispensable component of lumbar 
interbody fusions 83, 84. These rods play an essential role in load 
distribution during instrumented (posterior) spinal arthrodesis. 
Strategically positioned along each spinal process side and 
affixed to the pedicle screws, these implants are manually 
contoured to a specific fit during surgery. They feature a diverse 
range of diameters that provide varying levels of stiffness, 
ensuring an optimal fit to the patient’s individual spinal 
pathology. Due to its use in conjunction with other spinal 
implants such as screws and side-to-side connectors, spinal rods 
ideally establish a controlled environment that evenly distributes 
loads across the vertebral segment(s). This promotes a conducive 
setting for bone fusion. Therefore, the selection of biomaterials 
for spinal rods should prioritise stability and stiffness required 
by the individual patient, as these factors are crucial for 
immobilising interbody vertebrae, fostering bone fusion, and 
safeguarding bone graft integrity. 

3.2.1 Biomechanical stability
Metallic-based rod systems, mainly composed of stainless steel, 
have traditionally been crucial in spinal instrumentation due to 
their inherent stability and stiffness 85. This rigidity is essential 
for spinal immobilisation, facilitating interbody fusion and ABG 
integration stabilising the posterior screw-rod constructs. 
However, the use of such materials, while effective in achieving 
successful arthrodesis, presents challenges. The use of 
supraphysiological rigid materials may cause stress shielding 
and improper load sharing, which can lead to issues such as 
adjacent segment disease 86. This is due to the excessive stress 
imposed on neighbouring vertebrae. In cases where there is 
excessive load sharing, the mechanical load is distributed 
between the implant and surrounding vertebral bodies, resulting 
in a reduction in load through the bypassed vertebral body. As a 
living tissue, bone requires mechanical loading to maintain its 
density and strength. Therefore, the reduced mechanical strain 
on the bone of the bypassed vertebral body, while promoting 
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fusion and immediate stability, can lead to bone mineral loss 
over time 86. This phenomenon is known as disuse osteoporosis 
or bone demineralisation.

To address these concerns, contemporary dynamic and 
flexible alternatives such as porous Ti and titanium alloys (pTi 
and Ti6Al4V), or polymers like PEEK, have been favoured for 
their superior biomechanical properties, closer resemblance to 
Young’s modulus of bone, and enhanced biocompatibility 87, 88. 
However, the semi-rigidity of polymer alternatives has led to its 
own suite of complications, including screw loosening, 
infection, back and leg pain, and endplate vertebral fracture. 
PEEK rods are a popular choice for semirigid rods due to their 
comparable stability to Ti rods 89 and are associated with lower 
incidence of adjacent segment disease 90. Theoretical advantages 
include improved biological compliance, elasticity, and 
radiolucency. However, some studies have reported increased 
rates of pseudarthrosis and early reoperations due to an unstable 
screw interface 91. Future research could investigate materials 
with matching Young's Moduli, high bending strength, and high 
tensile strength. In particular, beta-type Ti-molybdenum and 
oxygen-modified beta-type Ti-chromium alloys possess 
desirable mechanical properties to mitigate stress-shielding and 
have good cytocompatibility 83, 92, 93. Future in vivo studies are 
required to test the efficacy of these materials for spinal rod 
applications. 

Furthermore, the feasibility of biodegradability for rods in 
lumbar spinal fusions remains uncertain 83, 94. Tsuang et al. 94 
demonstrated in vitro that biodegradable rods can withstand 
comparable dynamic compression cycles under axial load to 
standard Ti rods. However, they observed a 20% and 80% 
decrease in Young’s modulus after six and 12 months, 

respectively, which could potentially impair spinal stability in 
vivo. Future preclinical large animal studies may shed light on 
the applicability of biodegradable rods for posterior lumbar 
fusion before clinical trials may be conceived. 

3.2.2 Notch effect

Despite advancements in material choices and surgical 
techniques, it is important to note that the process of rod 
contouring, typically performed with a French Bender, 
introduces notch points that compromise the rod’s durability by 
imparting marks and weaknesses 95 (Figure 4). This is otherwise 
known as notch sensitivity 96. Therefore, in addition to the screw-
rod junction these notch-points are susceptible to rod fatigue, 
fractures, and significant deformation 92. Recent advancements 
in preoperative planning software have led to the development 
of patient-specific spinal rods, which address the limitations of 
traditional contouring methods 97. Unlike conventionally 
contoured rods, these rods do not require on-site shaping during 
surgery. It has the potential to reduce surgical time, minimise the 
occurrence of rod microfractures, increase fatigue life, and lead 
to fewer mechanical complications. The integration of patient-
specific spinal rods is a promising advancement in arthrodesis 
procedures, potentially reducing proximal junctional failure 98. 
This showcases a step towards enhancing the overall durability 
and performance of spinal instrumentation. 

3.2.3 Corrosion resistance and biocompatibility
Additional research has explored materials such as nickel (Ni), 
nitinol (NiTi), and cobalt-chromium alloys (CoCr). These metals 
are biocompatible due to the stable oxide layer that protects 
against corrosion 100. Cobalt-chromium rods, which are more 

Figure 4. Surface defects and curvature deformation of the spinal rod can compromise its durability. Panels A and B show the surface impressions caused by pedicle 
screw fastening, while the black arrow in panel C indicates the notch imparted by the French bender, an instrument commonly used to contour the spinal rod to 
the patient’s spine. These defects can significantly affect the rod's biomechanical performance and longevity. Reproduced from ref. 99 with permission from Elsevier, 
copyright (2019). Reproduced from ref. 86 with permission from Elsevier, copyright (2013).
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rigid than stainless steel rods, have demonstrated potential in 
treating adolescent idiopathic scoliosis when compared to Ti 
rods 101, 102. Furthermore, while theoretical drawbacks such as 
increased artefacts on magnetic resonance imaging (MRI) 
compared to Ti have been noted, clinical studies have found no 
impairment of the spinal canal or neural elements from such 
CoCr artefacts 103. Nitinol does not evoke an inflammatory 
response from the lymph nodes or other organs 104 and exerts 
shape recovery forces, making it a valuable material for scoliosis 
correction. Additionally, NiTi rods have been used for spinal 
instrumentation due to their wear resistance comparable to CoCr 
and 100 times higher compared with Ti 105. However, its lower 
Young’s modulus compared to Ti or stainless steel rods, and 
higher costs make this material less attractive for spine surgery, 
particularly lumbar spinal fusion 106. Incorporating materials like 
CoCr and NiTi in spinal instrumentation offers promising 
alternatives to stainless steel or titanium, providing both 
biocompatibility and mechanical advantages. However, careful 
consideration of clinical implications, keeping in mind the cost-
to-benefit ratio, is essential for their potential application in 
lumbar spinal fusion 107.

3.3 Spinal cages for lumbar interbody fusion

The selection of an interbody cage in lumbar interbody fusion is 
intrinsically linked to the chosen surgical approach, aligning to 

the geometry and material properties of the bony endplate. Five 
primary approaches have been developed to address the 
complexities of spinal disorders – Posterior Lumbar Interbody 
Fusion (PLIF), Transforaminal Lumbar Interbody Fusion 
(TLIF), Anterior Lumbar Interbody Fusion (ALIF), extreme 
Lateral Lumbar Interbody Fusion (XLIF), and Oblique Lumbar 
Interbody Fusion (OLIF) as illustrated in Figure 5. Notably, there 
is no conclusive evidence indicating the superiority of one 
approach over another 108, however, inherent advantages and 
disadvantages may lean towards specific indications for 
particular lumbar spine pathologies 84, 109.

PLIF employs dual ovoid-shaped spacers packed with bone 
graft, offering comprehensive decompression and fusion 
capabilities through a posterior approach. With relatively low 
complications, it avoids vascular and neurological risks 
associated with anterior approaches, providing a single-incision 
option for bilateral decompression and interbody fusion 108. TLIF 
utilises a single kidney-shaped implant supplemented with bone 
graft for interbody fusion, avoiding anterior exposure and 
associated complications such as vascular and abdominal wall 
issues. Due to the unilateral hemilaminectomy (compared to 
bilateral hemilaminectomy with PLIF), TLIF is in theory 
superior to PLIF in terms of biomechanical stability, but a certain 
learning curve is necessary as significant muscle retraction and 
dissection can occur, which in turn can impact postoperative pain 
and rehabilitation 108. ALIF implants a single, wedge-shaped 

Figure 5. Surgical approaches for lumbar interbody fusion and their respective interbody cage designs. A transverse section through the abdomen highlights the 
anatomical structures encountered in each surgical approach, illustrating potential challenges and risks for different types of surgeries. Figure created with 
BioRender.com
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cage through an anterior approach, preserving posterior spinal 
elements and offering a viable option for revision surgery. 
However, it presents challenges related to intraabdominal and 
vascular complications, and lower fusion rates compared to PLIF 
and TLIF due to limitations in using local bone graft 108. XLIF 
uses a single ovoid implant through a transpsoas approach, 
providing good anterior column support with advantages such as 
avoiding major vascular manipulation. However, it has exposure 
limitations and risks damaging neural structures within the psoas 
muscle, leading to potential sensory and motor deficits 108. OLIF, 
like XLIF, places a single ovoid spacer without traversing the 
psoas muscle, making it suitable for various degenerative 
conditions and deformity corrections. While allowing aggressive 
deformity correction and achieving high fusion rates, OLIF 
introduces potential risks such as sympathetic dysfunction and 
vascular injury 110.

The gold standard of a solid 360° interbody fusion (interbody 
spacer plus posterior pedicle screw-and-rod instrumentation) 111 
includes a radical debridement of the (infected) disc to facilitate 
intervertebral fusion using either interbody cages and/or ABG 
with or without additional decompression of the spinal canal 112-

115. Due to its high corrosion resistance and biocompatibility Ti 
and its alloys are successfully employed as artificial implants, 
such as interbody cages, in orthopaedic surgery 116. Nevertheless, 
the ongoing risk of infection, challenges in radiographically 
assessing fusion, and adjacent segment diseases frequently 
linked to its greater stiffness compared to human bone have led 
to the exploration of cages made from alternative materials 117, 

118. The underlying causes of non-union and cage subsidence are 
multifactorial, including surgical techniques and bone quality 119-

121, but the bone-hardware interface's ability to act as a 
biomechanical unit against axial loading stress is critical in 
preventing subsidence 122. Laboratory studies by 123 demonstrate 
that stress shielding and subsidence can be mitigated by 
developing implants that mimic the properties of bone. 
Therefore, intervertebral body implants manufactured from 
PEEK are regularly used due to the polymer’s radiolucency, 
proven biocompatibility, and an elastic modulus of 4.0 GPa, 
which closely approximates tht of cortical bone (4.89 GPa) 
compared to Ti (105 GPa) 54, 124, 125. Furthermore, technological 
advances allowed for the development of Ti-PEEK composite 
materials combining the mechanical advantages of PEEK with 
the desired biocompatible characteristics of Ti.  

Moreover, current research focuses on a variety of 
technologies for the production of antibiotic and non-antibiotic 
antimicrobial pro-osteogenic implants, ranging from inherently 
antimicrobial implants based on the effects of chemistry or 
topography to the application of antimicrobial metal ions and 
oxides, polymers or peptides 126. In line, preclinical and clinical 
outcomes in the last decennia stress the importance of implant 
designs in orthopaedics aiming to improve implant 
characteristics, such as Young’s modulus, compression strength, 
biocompatibility, and surface topography 127-129. Such features 
are highlighted by the ‘ideal’ interbody cage characteristics in 
Figure 6.

3.3.1 Titanium cages
Titanium cages have high mechanical stability and can be 
manufactured in a variety of designs and surface structures. The 
merits of Ti interbody implants include their high mechanical 
strength under physiological loads, low density, high corrosion 
resistance, and good biocompatibility 60, 130, 131. Titanium and its 
alloys are widely utilised in orthopaedic surgery due to their 
resistance to corrosion and biocompatibility 116. While segmental 
spinal fusion effectively alleviates pain by addressing spinal 
instability, conventional metallic cages pose complications, 
including increased adjacent level (disc) disease due to its high 
stiffness, causing stress shielding, implant migration or 
subsidence, device-related osteopenia and imaging artefacts 47-

49. Particularly, postoperative follow-up for bone healing 
determination is often impaired by radiopaque metallic cages, 
impeding the visualisation of bony fusion at the graft site 8, 132-

134. Superior biological response including the promotion of bone 
formation in vitro has been observed for intervertebral body 
implants manufactured out of Ti alloy compared to PEEK 59, 130. 
Preclinical large animal studies comparing Ti and PEEK devices 
in lumbar fusion models show comparable patient range of 
motion and fusion rates. Although titanium cages exhibit higher 
subsidence rates than PEEK cages, clinical outcome variables 
remain insignificantly different 50, 135. However, in the 
osteoporotic spine, bone stress concentration and absorption may 
lead to the instability or sinking of Ti (mesh) cages 136.

3.3.1.1 Surface modifications
Enhancing osteointegration in cages can be achieved through 
surface modifications, particularly by incorporating rough and 
porous Ti surfaces 137-139. Surface roughness, influenced by 
techniques like plasma spraying, electron beam (e-beam) 
melting, sandblasting/acid treatment, and 3D printing, positively 
induce cell adhesion and proliferation. Roughening a smooth 
surface has been shown to promote osteointegration by 
increasing osseous tissue apposition, favouring epithelial 
attachment to the implant, especially on Ti surfaces 140-142. 
Coating techniques involve adding a calcium-phosphate-based 
mineral film similar to bone mineral 143-146, and incorporating 
osteogenic growth factors to mineral coatings as delivery 
vehicles 147. Mineral coatings with “bone-like”-films 
significantly enhance the osteoconductivity and osteoinductivity 
of orthopaedic implant materials 148, 149. For instance, Ti implants 
subjected to sandblasting with alumina grit (0.25–0.50mm) 
followed by etching in HCl/H2SO4 acid bath have shown 
increased bone anchorage in a large animal study 150. Pelletier et 
al. 134 observed in their large animal lumbar fusion model that 
treated Ti endplates had greater bone apposition compared to 
polished internal Ti surfaces or PEEK. Moreover, rough Ti alloy 
compared to smooth Ti alloy or PEEK was shown to stimulate 
cells in creating an osteogenic-angiogenic microenvironment in 
vitro. This includes the expression of integrins crucial for 
collagen recognition and enhanced osteoblast maturation 59, 151. 
Microroughened Ti surfaces demonstrate increased osteoblast 
differentiation and protein production, associated with bone 
formation and decreased bone resorption 152. Further, the 
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bioactivity of porous Ti cages can be enhanced through chemical  
and thermal treatments 157. Modifications of Ti surfaces by 
addition of nanoparticles such as Ti oxide (TiO2) and zirconia 
(ZrO2) are also possible. By adjusting the nanostructure of the 
surface of Ti implants in terms of titanium dioxide (TiO(2)) 
nanotubes, Bjursten et al. 158 observed improved bone bonding 
strength, greater bone-implant contact area, new bone formation, 
and calcium and phosphorus levels on the nanotube surfaces 
compared with TiO(2) grit blasted surfaces. Thereby, these 
surface technologies potentially increase the rate of fusion by 
fostering osteointegration at interfaces of both endplate-implant 
and bone graft-implant. However, surface modification of 
blasting or acid etching of Ti implants and porous coatings may 
cause crack initiation potentially influencing its fatigue and 
bending strength 159, 160. 

In recent decades, orthopaedic implants, particularly Ti and 
Ti alloys, are successively shifting from the early premise of 
mechanical strength to biocompatibility, fast osteointegration to 
multifunctional properties including the function of antibacterial 
actions as well as modulation of inflammation. Instrumentation 
failure related to microbial infections of Ti implants are a heavy 
burden on patient health and healthcare costs 161. Titanium 
surfaces may be rendered antibacterial to decrease bacterial 
infections by surface modification and coatings (chemical or 
physical) 162. Gentamicin-coated tibial nails have already been 
successfully used in patients with high infection risk 163 and in 
vitro cytocompatibility and antimicrobial activity has been 
shown for hybrid surfaces of porous Ti structure, silver particles 
in the Ti dioxide layer, and gentamicin-loading 164.

3.3.1.2 Porous titanium cages
Recent developments in fabrication techniques for selective laser 
melting, and e-beam laser melting allow for the wide use of Ti 
165. Porous implants, compared to solid metal implants, are more 
lightweight, offer larger contact surfaces, and may possess 
mechanical properties that more closely resemble human bone. 
Furthermore, advanced additive manufacturing techniques 
enable the printing of porous metallic scaffolds that more 
accurately mimic bone’s complex 3D inhomogeneous structure, 
featuring intricate details from the macro- to the nano- scale 166, 

167. When selecting pore shape, size, and overall porosity, it is 
crucial to carefully consider mechanical properties and intended 
functionality, as these factors significantly influence the 
mechanical behaviour of porous metallic biomaterials 154. 
Additionally, they affect biological performance, including cell 
adhesion and proliferation, nutrient transport, and the 
osteointegration of the implant 153, 155. Porous Ti cages with a 
porosity of 60% to 70%, pore sizes ranging from 250 to 750 μm, 
and pore interconnectivity greater than 99% can be fabricated 
with high mechanical strength 156. 

In silico analyses suggest that porous cages with a porosity 
between 65% and 80% may offer beneficial biomechanical 
effects compared to solid Ti or PEEK cages in lumbar interbody 
fusion 168, 169. Preclinical large animal studies have demonstrated 
good biocompatibility and osteointegration of 3D-printed pTi 
cages 131, 170-172. For instance, these implants have shown 
superior push-out strength compared to PEEK or allograft 
materials in a preclinical animal study 131. Notably, in an ovine 
model, 3D-printed porous Ti interbody cages were associated 
with enhanced bone ingrowth, significantly reduced range of 
motion, and improved construct stiffness compared to PEEK and 
plasma sprayed pTi-coated PEEK for lumbar fusion 170. 

Figure 6. The essential elements of an 'ideal' lumbar interbody cage design include stability, porosity and pore size, and surface topography. The choice of materials (e.g., 
titanium, PEEK, composites) and geometry (e.g., Voronoi tessellation, TPMS, auxetic structures) helps to biomimetically replicate the structure and stiffness of native bone, 
enhancing stability and reducing stress shielding 127-129. Optimal porosity and pore size are crucial for osteoinductivity, vascularization, and cell proliferation 153-156. Changes to 
surface topography and coatings can help to improve osteoconductivity, cell adhesion, and reduce infection risk through antibiotic coatings 126. Figure created with 
BioRender.com. Scaffold created with nTop, Release 4.21.1, nTop Inc., https://ntop.com.
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Furthermore, the absence of an interface between different 
materials with different moduli solid 3D-printed metal cages is 
theorised to reduce the risk of delamination 170. Initial clinical 
evidence indicates that porous Ti cages yield superior 
radiographic and clinical outcomes compared to PEEK cages, 
underscoring their successful translation from preclinical to 
clinical settings 156, 173, 174. Fujibayashi et al. 156 implanted porous 
bioactive Ti cages with autograft in a TLIF technique in five 
patients, achieving successful bony fusion within six months and 
a significant improvement in clinical parameters in all cases. 
Subsidence rates of 6.7% per surgery and 3.4% per implant for 
3D-printed Ti cage (Modulus; NuVasive, San Diego, CA) 
implanted via minimally invasive transpsoas XLIF were reported 
by Krafft et al. 173 which are lower compared to previously 
reported subsidence rates of PEEK cages implanted via 
minimally invasive XLIF (10.0 to 16.1%) 120, 175, 176. By 
comparing Ti-coated PEEK cages (ProSpace XP; Aesculap AG, 
Tuttlingen, Germany; pore size, 50–200 μm; mean porosity, 
37.3%; elastic modulus, 4.6 GPa) in 34 patients with 3D porous 
Ti alloy cages (Tritanium PL; Stryker, Kalamazoo, MI; pore size, 
100–700mm; mean porosity, 60%; elastic modulus, 6.2 GPa) in 
29 patients, Makino et al. 174 observed similar fusion rates and 
patient-reported outcomes. However, the Ti-coated PEEK cage 
group exhibited a higher incidence and severity of postoperative 
vertebral endplate cyst formation. Thus, long-term prospective 
randomised trials comparing these with conventional cage 
materials and designs are necessary to confirm the radiographic 
and clinical superiority of the promising short-term results 
associated with porous Ti cages 167.

3.3.2 PEEK cages
Due to their inert nature in biological environments, ease of 
processing, and ability to provide mechanical support, many 
non-degradable synthetic polymers have been extensively 
investigated for biomedical applications 177. While synthetic 
polymers generally resist hydrolytic, oxidative, and other 
degradation mechanisms, PEEK stands out as a semi-crystalline 
thermoplastic with exceptional mechanical and chemical 
resistance properties. These characteristics confer resistance to 
post-irradiation degradation, allowing PEEK to be sterilised by 
gamma and e-beam irradiation while maintaining its mechanical 
strength over extended periods in dynamic environments 177.

PEEK’s elastic modulus is nearly identical to human cortical 
bone’s modulus, particularly when reinforced using carbon, 
which might lead to advantages in load sharing and stress 
distribution and, thereby, reduce cage subsidence 50. 
Additionally, compared to Ti, PEEK has shown significantly 
lower stress compression strength (2.5 times weaker) 178. 
Concerns of synovitis and the lymphatic spread of non-
absorbable polymer debris has been raised in early studies 179-181. 
However, multiple subsequent studies on local and systemic 
toxicity showed that PEEK does not illicit adverse tissue 
reactions 182-185. After its first development in 1978 it was 
approved a year later by the FDA for intervertebral spacers 124 
and its good mechanical properties and chemical resistance 
resulted in its wide use 53. Particularly, due to its radiolucency, 
less artefacts on computed tomography (CT), and MRI scans 

occur, which allow for more appropriate visualisation of possible 
migration (i.e., radiolucency) and the bony fusion status 125, 178. 
However, lower support for osteogenic tissue and lower level of 
bone integration has been reported for PEEK compared to Ti 50. 
For instance, single-level interbody fusion rates of only 71% 
have been observed with PEEK cages augmented with autograft 
in ovine models 186. This reduced fusion rate is partly attributed 
to the formation of a fibrous layer at the bone-implant interface, 
which is inhibited due to PEEK's chemically inert and 
hydrophobic surface 187. For instance often peri-implant fibrous 
tissue is formed on the bone–implant interface, potentially due 
to a hydrophobic PEEK surface that is associated with 
production of inflammatory chemokines 188 and inhibitory 
effects on osteoblastic differentiation of progenitor cells 60. 
Eventually this reduced capacity for osteointegration and 
achieving a solid bone-cage fusion increases the risk of long-
term sequelae such as micromotion, which in turn is associated 
with implant failure and pseudarthrosis 189, 190. 

Notably, clinical studies reported no difference in clinical 
outcomes between PEEK, Ti, and carbon fibre cages 50, 191, 192. 
Thus, recommendations for the most effective interbody fusion 
material are limited due to the similarity in clinical and 
radiographic outcomes among these materials. Combined 
Ti/PEEK spinal fusion cages have shown comparable safety, 
efficacy, fusion rates, and clinical outcomes to standard PEEK 
cages 193. Therefore, PEEK cages are primarily used when their 
radiolucent properties are essential, such as in cases requiring 
radiotherapy or following spinal infections. 

3.3.2.1 PEEK composites and surface modifications
To enhance the biological interaction of otherwise inert materials 
and promote tissue integration, various additives and surface 
modification techniques are employed. For instance, adding 
metals like Ti to PEEK has been shown to improve its 
performance in spinal fusion applications 194. Methods to create 
Ti-PEEK composites include compression moulding to construct 
Ti endplates around a PEEK core, or surface coatings via 
techniques such as e-beam deposition, plasma spray coating, or 
direct metal laser sintering. 52. Surface coating of PEEK with a 
pure Ti layer using e-beam deposition has demonstrated 
improved cell survival, higher alkaline phosphatase activity, and 
a greater bone-in-contact ratio compared to uncoated PEEK 
implants 53. However, plasma spraying and vapor deposition 
methods for coating PEEK cages can lead to surface cracking 
due to weak interfaces, potentially impacting implant 
performance 59-61. Plasma-sprayed Ti creates a rough and porous 
surface that may enhance osteointegration while providing X-ray 
translucency and reducing stress shielding. This process of rough 
surface coating potentially inhibits implant migration while its 
porous texture provides optimal support for osteointegration 130, 

195-197. Ti-coated PEEK (PlasmaporeXP®; Aesculap AG, 
Tuttlingen, Germany) showed increased early bone formation 
activity and improved bone–implant interface compared to 
PEEK alone (PEEK-Optima™; Invibio, Lancashire, UK) in vitro 
as well as in vivo when implanted orthotopically 54. However, 
plasma spraying results in a relatively thick Ti layer (ranging 
from 13.4 to 70 μm) which may raise concerns about 
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delamination 198, 199 and denaturation of PEEK due to the high 
temperatures used in the coating process. Delamination can 
result in wear debris, which may cause local inflammatory 
reactions, although specific particle concentration thresholds for 
adverse postoperative effects are not yet defined 200. Various 
animal and clinical studies reported local inflammatory reactions 
of Ti-related wear debris which may cause biological reactions 
in the human body 201-203 but possible cut-off values for 
concentrations of these particles causing consequences in terms 
of postoperative complications are yet to be defined 200.

Authors of smaller clinical trials conclude based on their 
results that Ti-coated PEEK-cages are safe and efficacious 55-57. 
Rickert et al. 57 observed identical clinical outcomes and a high 
rate of fusion (thin slice CT at three months and functional 
radiography at 12 months) in both groups of PEEK comparing to 
Ti-coated PEEK cages in a pilot trail of 40 patients. A 
prospective randomised trial including 60 patients with six and 
12 months follow-up points for fusion rates (plain X-rays and CT 
scans) and clinical outcomes of PLIF surgery with Ti-coated 
PEEK cages (coated Wave®, Advanced Medical Technologies 
AG, Medtronic, Minneapolis, Minnesota, USA) versus uncoated 
PEEK cages (Wave®, Advanced Medical Technologies AG) 
performed for 24 months (visual analogue scale, VAS; Oswestry 
Disability Index score, ODI; EQ-5D) showed similar clinical and 
radiological results 204. A vacuum plasma spray technique for 
coating of the upper and lower surfaces of the cages was used, 
melting pure Ti particles in a hot plasma beam and vaporising 
the droplets onto the PEEK cage which resulted in thickness of 
the Ti coating of 25–160 μm and a micro-roughness of at least 
50 μm 204. Another multicentre, randomised study with 149 
patients (PLIF and TLIF) followed up for 12 months showed no 
difference in spinal fusion rate 58. However, Ti-coated PEEK 
cages compared to PEEK cages were associated with better bone 
fusion at six months after surgery and the authors claim thereby 
an earlier return to work for the patients 58.

Alternative surface coatings include CaP, HA, metallic 
oxides, or polymers 205-207. Methods for applying these coatings 
include drop-casting, dipping, spraying, and polyelectrolytic 
deposition 205. Extensive research on its challenges and 
approaches 208 and release kinetics as well as methods of 
encapsulation and protection of incorporated factors 209 have 
been published. Additionally, release of incorporated factors 
may occur in response to certain local stimuli after implantation 
of the device such as enzymes (e.g., matrix metalloproteinases) 
or pH changes, as well as external stimuli such as ultrasound as 
described in detail by Qu et al. 210. While these types of coating 
are mainly achieved by using plasma spraying, electrochemical 
deposition, the sol-gel technique, and high-velocity suspension 
flame-spraying, their detailed application processes are 
described elsewhere 211.

Hydroxyapatite coating on PEEK can be applied through 
various methods such as plasma spray, cold spray, and aerosol 
deposition. In vitro studies indicate that such application is 
associated with improved cell viability, adhesion, proliferation, 
and alkaline phosphatase activity 212-214. Although no published 
human clinical trials specifically address HA-coated PEEK 
cages, a recent multicentre, single-arm, prospective study 

assessed the safety and osteoconductivity of a silver-HA-coated 
(Ag-HA coating thickness: 2mm, KYOCERA, Kyoto, Japan) Ti 
intervertebral cage (ResitageTM, Kyocera, Kyoto) used in PLIF 
or TLIF. The study, comprising 55 participants with six- and 12-
month follow-up points for fusion rates (evaluated through 
lateral dynamic X-rays and multidetector-row CT scans), 
demonstrated comparable clinical and radiological outcomes. 
Nevertheless, further investigations, including a subsequent 
ongoing study (UMIN 000039964), are warranted to evaluate the 
antimicrobial and osteoconductive effectiveness of Ag-HA 
coatings against a control group, employing larger sample sizes 
to comprehensively assess the safety of Ag. Despite the absence 
of specific human trials, small animal studies with HA coating 
alone suggest increased peri-implant bone formation and 
biomechanically relevant bone implant-contact 212, 215, 216. 
Moreover, large animal studies have reported enhanced 
osteointegration and pull-out strength for plasma-sprayed HA 
coating on PEEK and carbon fibre-reinforced PEEK for implants 
placed in the pelvis 217. Although HA coatings naturally degrade 
in the body, contributing to their bioactivity, excessive 
degradation over a long-term implantation period could lead to 
adverse effects 218. This raises unresolved concerns regarding the 
efficacy and safety of HA coatings. Further research is essential 
to better understand and address the nuances of HA degradation, 
ensuring its optimal functionality throughout extended periods 
of implantation.

Recently, simple and cost-effective methods were developed 
such as a novel bioactive sol-gel TiO2 coating involving 
sandblasting and acid treatment offering increased PEEK bone-
bonding ability without affecting mechanical behaviour 219. 
Thereby, the mechanical behaviour, i.e. the elastic modulus, is 
not altered because the surface coating does not exceed the glass 
transition temperature of PEEK 125, 220. The bonding strength of 
the TiO2 gel layer to the PEEK was successfully evaluated with 
a modified ISO 2409 tape test 220. These results validated Pätsi 
et al. 221 who suggested that sol-gel–derived layers were 
sufficient for their use as an implant coating material because of 
the bonding strength (>24 MPa). Sandblasting of the TiO2 
particles and the sol-gel layer results in a strong chemical 
bonding layer between the two as well as a beneficial nano-scale 
roughness 222. Similar nano-scale roughness on neat PEEK was 
produced by Khoury et al. 223 utilising a neutral atom beam 
technique to improve bone apposition in a rat calvarial model. 
Sol-gel–derived TiO2-coated bioactive PEEK implants 
demonstrated better fusion rates and bone-bonding ability 
compared to the uncoated PEEK implant in a canine anterior 
cervical fusion model 222. Further, the maximum temperature of 
80°C did not adversely affect the mechanical properties of PEEK 
222. In vitro and preclinical in vivo studies of cell activity and 
osteointegration have demonstrated improved cell attachment, 
greater bone volume and increased bone deposition and 
remodelling, fabricated by powder mixing and compression 
moulding methods 224, when comparing n-TiO2 
nanoparticle/PEEK composite, against PEEK polymer control 
225. 

Therefore, future implant structures and design may want to 
improve material chemistry and architecture as well as further 
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optimise surfaces allowing for more efficient bone integration. 
For instance, PEEK composites, e.g. incorporating additives 
such as HA, or surface modifications may further improve the 
attractiveness of the biocompatible, inert, and inherently strong 
PEEK. 

3.3.3 Alternative non-resorbable materials
3.3.3.1 Tantalum (trabecular metal)
Comparable to Ti, Ta is a metal which has been used in 
orthopaedic surgery since the 1940s 226 and is particularly noted 
for its porous structure, which closely resembles the cancellous 
bone. With a porosity ranging between 75% and 85%, porous Ta 
supports cell proliferation and osteogenesis of human osteoblasts 
227. Its low elastic modulus closely mimics that of subchondral 
bone, while its high coefficient of friction provides excellent 
primary stability 228. For in depth overview of porous Ta in spinal 
surgery please consider the review of Hanc et al. 228. Despite its 
favourable mechanical properties, Ta's biological inertness limits 
its ability to bond with bone. However, the open-pore structure 
may still promote vascularisation and bone remodelling. Studies 
have shown mixed results regarding its clinical efficacy 229.

Bone marrow (BM)-derived mesenchymal stem cells (BM-
MSCs) cultured on porous Ta implant and implanted in the 
intervertebral space of rabbits did not show superior lumbar 
interbody fusion rates compared to ABG alone after 12 months 
230. Also, large preclinical animal studies indicate limited bone 
in growth of 8% to 15% into porous Ta implants at 12 weeks 
after implantation 231, 232. A small clinical trial report of 40 
patients that received anterior, posterior, or transforaminal 
lumbar 360° interbody fusion including a Ta cage without 
additional ABG showed a fair fusion rate of 68% 233. However, 
higher rates of subsidence 234 and excessive artefacts on 
postoperative MRI and computed tomographic imaging are 
major concerns limiting the application of Ta implants 235.

3.1.1.1 Silicon nitride (Si3N4) 
Silicon nitride (Si3N4 implants, ceramic material) has recently 
attracted attention for its use in interbody fusion. Si3N4 is a 
hydrophilic, negatively charged ceramic with superior 
compressive strength compared to PEEK and Ti 236. Its surface 
charges enhance the adhesion of cells and proteins, which may 
facilitate better osteointegration 237. Moreover, Si3N4 implants 
tend to produce fewer artifacts on advanced imaging compared 
to other materials 238 and exhibit increased resistance to bacterial 
biofilm formation 239. A two-year industry-sponsored 
randomized controlled trial comparing PEEK and Si3N4 in the 
TLIF technique found insufficient evidence to establish Si3N4’s 
non-inferiority to PEEK. Nevertheless, both materials showed 
favourable clinical improvements 240. Similarly, a single-blinded 
randomised controlled trial comparing PEEK to Si3N4 in anterior 
cervical discectomy and fusion (ACDF) reported comparable 
clinical outcomes and fusing rates at 24 months for both 
materials 241. Additionally, a multicentre retrospective study 
found Si3N4 to have comparable pain reduction and reoperation 
rates to other materials used in various lumbar spinal fusion 
procedure 242. However, further prospective long-term studies 
are necessary to evaluate Si3N4’s effectiveness in facilitating 

lumbar spinal fusion compared to conventional materials 
237, 239. 

Future research should also confirm the antimicrobial properties 
attributed to Si3N4. Current evidence suggests that Si3N4 does not 
significantly differ from conventional PEEK cages in terms of 
bony fusion outcomes.

3.1.1.2 Nitinol
Nitinol, discovered in 1962 by William J. Buehler and later 
industrially utilised 243, has garnered interest for its unique 
properties. In the 1980s, its rheological similarity to biological 
tissues was noted following the development of specialised NiTi-
based alloys 244. Details of material properties and characteristics 
are reviewed elsewhere 245. In brief, NiTi belongs to the family 
of Ti based intermetallic materials containing almost equal 
amount of Ni and Ti. Thermoelastic martensitic transformation 
properties allow for shape memory and superelastic 
characteristics 246, 247. Its transformation temperature (36.85 °C) 
which is close to body temperature as well as low elastic 
modulus similar to bone and compressive strength greater than 
human bone make its use for biomedical implant applications 
appealing 248, 249. Noteworthy, Ni is a toxic element with 
(contact) allergy reported for up to 20% of the female European 
population 250 due to the corrosion of NiTi in physiological 
environments Ni and Ti are released 251. To improve corrosion 
resistance self-propagating high-temperature synthesis (SHS) is 
used to obtain porous NiTi alloys (PTN). Surface layers of PTN 
serve as a protective barrier in physiological environments, 
improving corrosion resistance 252. For instance, porous NiTi 
particles from the Actipore PLFx (Biorthex Inc., Montreal, QC, 
Canada), produced using SHS, were implanted in the spinal 
canal on the dura mater of rabbits 104. Follow-up studies showed 
no particles or abnormalities in the organs, mild inflammation 
confined to the epidural space, and similar results to a control 
group of Ti implants, suggesting that NiTi fabricated with SHS 
may be a safe option for intervertebral fusion devices 104. 
Ungrafted cylindric NiTi cages (Actipore™; Biorthex Inc., 
Montreal, QC, Canada) demonstrated favourable outcomes 
compared to conventional TiAlV cages (BAK™ cages; Sulzer 
Spine-Tech, Inc., Minneapolis, MN) packed with autologous 
bone, showing superior bone integration and apposition 
capacities in an ovine PLIF model 253. A retrospective cohort 
study of 41 patients receiving the porous NiTi cage (Actipore™; 
Biorthex Inc., Montreal, QC, Canada) reported a 98% complete 
fusion rate on radiography at one year 254. Further investigations 
on corrosion fatigue behaviours of porous NiTi alloys and 
prospective studies comparing to conventional interbody devices 
are necessary to accomplish a complete and systematic 
understanding of PTN.

4. Bone grafts to facilitate spinal fusion
4.1 Autograft

Autologous bone graft, harvested either from the iliac crest or 
local bone excised during spinal decompression, remains as the 
established gold standard for promoting bone regeneration in 
lumbar spinal fusion surgery 38, 255, 256. Despite the substantiated 

Page 13 of 28 Biomaterials Science

B
io

m
at

er
ia

ls
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
au

gu
st

us
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

5-
8-

20
24

 1
8:

15
:0

0.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4BM00848K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00848k


Review Biomaterials Science

14 | Biomater. Sci., 2024, 00, 1-3 This journal is © The Royal Society of Chemistry 2024

efficacy of iliac crest ABG demonstrated in numerous studies, 
concerns regarding associated morbidities, such as donor site 
pain, wound complications, prolonged operation time, and long-
term functional impairment, have been reported 257-261. 
Importantly, volume loss of up to ±35% during the first year after 
implantation in the posterolateral spine is described due to the 
resorption and remodelling of the autograft 262-264. However, a 
preclinical large animal study employing a goat instrumental 
posterolateral fusion model observed superior fusion potential 
for autograft compared to donor allograft and synthetic bone 
substitutes 265. The recognised advantages of ABG, including its 
lower cost and absence of disease transmission risk, further 
underscore its significance 30. Recent studies have shifted focus 
towards local ABG retrieved from the vertebral segment, as 
extensively reviewed by others 266. Specifically, bone dust 
collected during spinal decompression has shown the capability 
to release growth factors and cytokines with anabolic effects on 
human osteoblasts 37. Moreover, studies have demonstrated a 
superior osteogenic potential of vertebral body  BM-MSC 
compared to iliac crest BM-MSC 267. Several commercially 
available bone graft collectors 268, such as the Bone Vac 
(Stryker®) (Supplement 1) or Marrow Cellution™ 
(Medtronic®), are currently marketed with the aim of reusing or 
collecting local bone (dust) or BM to induce spinal fusion. In a 
goat intertransverse processes fusion model, intraoperatively 
isolated BM-MSC with poly-l-lysine-enriched demineralised 
bone matrix (DBM) showed comparable bone fusion to ABG. 

However, the ideal biomaterial for cell delivery remains 
unidentified 269. For instance, delivery within a poly(lactic-co-
glycolic acid) (PLGA)/biphasic calcium phosphate 
(BCP)/collagen graft, as opposed to a PLGA/HA/collagen 
composite 270, or BM-MSC within mineralised silk scaffold, as 
compared to a non-mineralised scaffold, induced greater bone 
formation 271. Importantly, human clinical studies focusing on 
fusion/pseudarthrosis rates and clinical outcomes while 
comparing different ABG sources for spinal interbody and 
posterolateral fusion are scarce 272. Therefore, the improvement 
of bone graft harvesting approaches, and the development of 
bone graft substitutes emerge as fundamental components of 
future research endeavours to enhance the success of spinal 
fusion surgeries. Table 1 provides a summary of the advantages 
and disadvantages, along with osteoconductive, osteogenic and 
osteoinductive properties of ABG and bone graft substitutes.

4.2 Bone graft substitutes

The escalating incidence of spinal surgeries, coupled with the 
growing need for larger bone graft volumes, has driven the 
extension of autograft applications to promote effective bony 
healing 273. This surge in demand has spurred the development 

of diverse bone graft substitutes, including allografts and 
synthetic alternatives. Albeit a multitude of choices, allografts in 
comparison to autografts, exhibit diminished osteoinductive 
capacity, lack osteoprogenitor cells, pose risks of immune 
reactions, and carry a small but potential risk of disease 
transmission 274-276. Consequently, the reliance on synthetic bone 
graft substitutes has become prominent, with the United 
Kingdom alone offering 59 different products in the market 277. 
These substitutes are utilised in over a third of bone graft 
surgeries 278, underscoring their crucial role in mitigating 
complications associated with ABG and facilitating bony fusion, 
especially in complex, multi-segmental spine surgeries. Notably, 
synthetic bone graft substitutes comprise demineralised bone 
matrix (allograft) and various ceramic and bioglass formulations, 
alongside commercially available growth factor products. These 
alternatives contribute to the armamentarium of available 
options for enhancing spinal fusion.

4.2.1 Allografts
Demineralised bone matrix is a cortical allograft bone that 
undergoes acid-decalcification and sterilisation, emerging as a 
supplementary or alternative option to ABG since its 
introduction in 1991. The mineralised component of bone is 
selectively removed through a mild acid-extraction process 
pioneered by Urist in 1965 279, resulting in a composite product 
of collagen, non-collagenous proteins and growth factors 280, 281. 
Although its mechanical strength is significantly reduced during 
demineralisation and sterilisation, the trabecular structure is 
retained, along with some growth factors, preserving its 
osteoconductive and partially osteoinductive capacity 282. Due to 
its biological and structural properties, DBM is considered a 
hybrid material. In various commercially available products, 
DBM is used in combination with autograft, allograft, bone 
marrow aspirate, collagen-ceramic composites, polymer-
ceramic composites, or growth factors 283. Fusion rates of 94%, 
comparable to those of ABG alone, have been observed in 
lumbar fusion using DBM as graft expander 284. A 
comprehensive review of the efficacy of DMB in spinal fusion 
has been published by others 281, 285.

In a more challenging elderly population undergoing 
posterolateral interbody fusion, the combination of DBM with 
BM aspirate yielded successful fusion in 84% of cases 286. 
However, using allograft alone as bone substitute in 
posterolateral fusion is not sufficient, with average fusion rates 
as low as 52% reported 273. The main underlying reason for 
slower and less complete allograft incorporation into native bone 
is particularly related to lack of vascularisation 274, 287, 
emphasising the substantial need for further investment in 
synthetic bone grafts.

Table 1. Advantages and disadvantages along with osteoconductive, osteogenic and osteoinductive properties of autologous bone graft and bone graft substitutes. Partially 
created with BioRender.com. Table adapted from ref. 288  with permission from Elsevier, copyright (2021). Table adapted from ref. 289 with permission from Taylor & Francis, 
copyright (2012).

Autologous 
bone graft Allogenic bone graft Synthetic bone material Growth factors and 

bio-active molecules
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4.2.2 Synthetic bone grafts
Traditionally, synthetic bone grafts investigated for spine 
surgery are CaP-based synthetic ceramics and bioactive glass 277, 

299. The mineralised inorganic phase of bone encompassing 
osteoconductive, biocompatible, and bone-bonding properties, 
bears similarity to the microstructure of ceramic composites 300. 
These inert substances pose no risk of disease transmission and 
have a long storage life 301. Consequently, the biocompatibility, 
osteoconductivity, and strong mechanical properties of ceramic-
based substitutes are crucial features stemming from their 
chemical resemblance to the inorganic phase of bone, elucidating 
their relevant role in bone graft replacement 28, 287. However, 
their limitations regarding osteogenic and osteoinductive 
capabilities, slow degradation, and mechanically brittle and stiff 
behaviour are less advantageous 282, 302. Typically, mono-, bi- 
and tri-calcium phosphate and HA are employed alone or 
combined with collagen, polymers, or other carrier materials to 
create cement 303, 304. 

BoneSave (Stryker), consisting of 80% Tri‐Calcium 
Phosphate (TCP) and 20% HA provides an effective, 
biocompatible matrix. Clinical outcomes from the early 2000s 
showed a 57% fusion rate in a retrospective cohort of 45 patients 
undergoing PLIF, comparable to traditional allograft and 
autograft techniques 305, 306. Recent third-generation bioactive 

ceramics have further explored the concept of standalone bone 
graft substitutes. Biphasic calcium phosphate (BCP) bone graft 
(MagnetOs; Kuros Biosciences), composed of 65–75% TCP 
(Ca3(PO4)2) and 25–35% HA (Ca10(PO4)6·(OH)2), exhibited 
similar performance in posterolateral spinal fusion in rabbits 
when used as autograft extender compared to autograft alone 307. 
AttraX (NuVasive) has also demonstrated success in animal 
models and clinical trials. In a recent clinical trial, 100 patients 
undergoing PLIF received AttraX putty and autografts on 
contralateral sides. At the one-year follow up, the bioactive 
ceramic demonstrated a 55% fusion rate compared to a 52% 
fusion rate for the autograft 308, 309. The fusion rate at the two-
year follow up significantly increased to 70% and 68% 
respectively, with no difference between the grafts 310. 

Additionally, 311 observed equivalent performance in 
achieving spinal fusion in a large animal study of calcium 
phosphate with submicron topography compared to autograft. 
While fusion rates of up to 87% are reported for calcium 
phosphate compared to iliac crest bone graft (ICBG) rates of up 
to 90% after 33 months, it is concurrently associated with 
inflammation and wound healing complications in up to 51% of 
patients 312, 313. Fusion rates of up to 100% after posterolateral 
fusion are observed for beta-TCP (β-TCP) in combination with 
autograft or allograft at three years follow-up 314. Hyperelastic 

Form Cancellous 
(trabecular) and 
cortical

Cancellous (trabecular), 
cortical and demineralised 
bone matrix (DBM)

Pellets, powders, mixable injectable forms, injectable pastes, 
mouldable semi-solid cement, granules, and various implantable 
solid forms: Blocks, cubes, wedges, cylinders

Molecular carriers to 
deliver and hold to 
their intended targets 
in bone. Structural 
(e.g., synthetic 
polymers or calcium 
ceramics) or non-
structural, e.g., 
BMP-saturated 
collagen sponges

Advantages Gold standard as 
it is 
osteoconductive, 
osteoinductive 
and osteogenic 
290, 291

No second surgical site (lower 
risk of infection and no 
additional pain) 292

Many options for bone substitute materials, custom scaffolds 
(3D-printed and injectable) 293, 294

Both osteoinductive 
and osteoconductive 
properties 289

Disadvantages Additional 
surgical site 
increases the 
risk of infection 
and limits the 
amount of 
available graft 
material 289

Risk of disease transmission or 
adverse immune response 274, 

295

Deficiency of growth factors to promote bone growth 296 No long-term 
studies, 
inflammatory 
complications with 
off-label 
applications, very 
expensive 28, 297

Osteoconductive    
Osteoinductive    

Osteogenic    
Specification - Allogenic 

Spongiosa
Demineralise
d bone 
matrix

Tricalcium-
phosphate

Biphasic 
Calcium-
phosphate

Calcium-
phosphate

Calcium-
sulphate

rhBMPs

Costs in US-
Dollar ($)

Estimates report 
average 
(surgical) costs 
of 338 – 1000 $ 
depending on 
the size of the 
areas to be 
transplanted 288

Cancellous, 
freeze-dried 
bone 298: 376 
$/ 30 cm3 

MinerOss 
cancellous 
bone 
(BioHorizons
): 464 $/ cm3

Osteocel 
(NuVasive): 
472 $/ cm3

Grafton/ 
Allomatrix 
298: 726–1225 
$/ 10 mL

DBX 
(Synthes)/ 
Dynagraft:  
200–4500 $

Vitoss, 
Orthovita:  
875 $/ 10 mL

Chron OS 
(Synthes): 
475 $/ 5 cm3

NovaBone 
(Osteo-
genics): 
410 $/ cm3

CopiOs 
(Zimmer 
Spine): 1520 
$/ 10 mL 

Osteoset 
(Wright 
Medical 
Technolog
y): 655 $/ 
10 mL

OP-1 (Stryker) USD 
5000; Infuse 
(Medtronic-Sofamor 
Danek) USD 3500–
4900

3500–5000 $
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Bone® is a 3D-printable HA-based material that, in combination 
with rhBMP-2, showed promising fusion rates, although when 
used alone, a sufficient fusion rate to justify clinical testing was 
not achieved 315. However, it is necessary to consider that bone 
and ceramic substitutes have similar density on plain radiographs 
and CT scans, potentially mimicking true bone fusion and 
thereby impairing the interpretation of fusion rates. 

Bioactive glass, including 45S5 bioactive glass (i.e., 
Bioglass) developed by Hench and colleagues in the 1970s 316 as 
a bone graft substitute material 299, stimulates activity of 
osteogenic cells in vitro by releasing ionic dissolution products 
(osteostimulation) 317-319. In simulated body fluid, bioactive glass 
elicits deposition of a crystalline calcium phosphate surface layer 
320, 321, which is associated with osteoconduction and strong 
bone-bonding in vivo 148, 322. Advanced laboratory techniques, 
including additive manufacturing, allowed for processing into 
3D scaffolds, making it a promising synthetic bone graft 
substitute candidate. The increased porosity improved the 
osteoinduction and resorption while relevantly decreasing its 
mechanical strength, as shown in preclinical trials 323. However, 
in a preclinical large animal study of posterolateral fusion, no 
promotion of spinal fusion has been observed for 45S5 Bioglass 
in BG and TCP/BG grafts 324. Ultimately, inferior fusion results 
relative to autograft controls are observed because bioactive 

glass resorbs too rapidly before bone formation can occur 325. 
Thus, osteostimulative bioglass in its current texture and 
biological composition may have limited relevance as bone graft 
material in spinal fusion. Moreover, preclinical animal studies 
indicate an inflammatory foreign body reaction around bioglass 
326-328. Nonetheless, the authors are confident that ongoing 
developments in additive manufacturing will support and 
improve the application possibilities of bioglass while stressing 
its inherently suitable osteogenic properties as a bone substitute.

4.2.3 Growth factors and bio-active molecules
The differentiation, maturation, and proliferation of MSCs into 
osteogenic cells are substantially influenced by growth factors 
(Figure 7). Potential growth factor candidates include bone 
morphogenetic proteins (BMPs), transforming growth factor–β, 
and platelet-derived growth factor. In this review, we focus on 
BMPs, initially described by Marshal Urist in 1965 279, later 
identified as soluble members of the transforming growth factor-
β superfamily 261, 329. The stimulation of bone healing by BMPs 
330, particularly rhBMP-2 (INFUSE, Medtronic) and rhBMP-7 
(OP-1 putty, Stryker Biotech) in the early 2000s, has been 
demonstrated as safe and efficacious in non-union of long bones 
331. Strong interactions with bone-like mineral substrates have 
also been shown for multiple growth factors, including BMP-2, 

Figure 7. Working mechanism of bone morphogenetic proteins in bone regeneration. Figure created with BioRender.com.
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insulin-like growth factor-1 (IGF-1) and TGF-β 332-337. In non-
unions, rhBMP-7 has been shown to have an efficacy similar to 
bone grafting, and fewer complications 338. However, large, 
prospective, randomised, controlled multicentre clinical trials 
investigating OP-1 for its use in lumbar spinal fusion showed 
superior results for autograft versus OP-1 on plain films at 2-year 
follow-up and CT-scan results at 3 years 339, 340, leading to FDA 
rejection of Pre-Market Approval (PMA) of OP-1 in April 2009 
341. This biological enhancer of bone formation is currently not 
commercially available 342. Additionally, rhBMP-7 is associated 
with high costs and unknown carcinogenic potential 343. Thus, 
rhBMP-2 is the most clinically relevant growth factor. Extensive 
reviews of additionally relevant growth factors and signalling 
molecules for migration and differentiation of bone formatting 
cells are published by others 344, 345. 

RhBMP-2 achieved FDA approval for single-level ALIF 
with a specific Ti cage in 2002. Any other application is 
considered off-label or ‘physician-directed application’. Its use 
in spinal fusion surgery increased from 0.7% in 2002 to 20% in 
2006 and Medtronic reports nearly $400 million dollars in sales 
in 2012 346. However, due to serious complications including 
inflammation and pain associated with supraphysiologic dosing 
and off-label use, the clinical use of rhBMP-2 has drastically 
decreased 297, 347. Nonetheless, rhBMP-2 is an FDA-approved 
bone graft substitute for spine fusion, used in combination with 
a type I collagen sponge as a carrier and commercially available 
as an additional substrate with high fusion rates without autograft 
bone or bone graft extenders 346, 348, 349. The landmark study of 
rhBMP-2 published by Burkus et al. 350 demonstrated that 
patients treated with rhBMP-2 with a Lumbar Tapered Fusion 
Device (LT-CAGE, Medtronic Sofamor Danek, Memphis, TN, 
USA) had superior fusion rates and functional outcome 
compared to patients treated with ICBG. Particularly, they 
observed in a follow-up study including the combination of 
datasets from two additional clinical trials superior 24-months 
fusion rates for rhBMP-2 (94.4%) compared to autograft (89.4%) 
351. These beneficial radiographic and clinical outcomes have 
been challenged in multiple reports and trials reporting 
significant endplate resorption, osteolysis, and graft subsidence 
with rhBMP-2 used in ALIF 352-354. Higher reoperation rates in 
patients treated with rhBMP-2 has also been attributed to graft 
subsidence complications 355. Further, increased rates of 
retrograde ejaculation of 6-7% are reported in ALIF with 
rhBMP-2 356, 357 compared to baseline rates of less than 1% in 
patients with no rhBMP-2 application 358-360. 

The use of rhBMP-2 in PLIF has been evaluated in two 
prospective randomised multicentre trials showed. In the first 
trial, a dose of 20 mg per side resulted in a higher fusion rate 
compared to iliac crest autograft alone (100% vs. 40%). In the 
second study, a higher dose of rhBMP-2 (AMPLIFY rhBMP-2 
Matrix; Medtronic Sofamor Danek) was used, showing once 
again higher fusion rates relative to autograft (96% versus 89%) 
at the 2-year follow-up (p = 0.014). While clinical outcomes 
were similar between the two groups, the autograft group 
experienced significantly higher reoperation rates (16% vs. 8%, 
p = 0.015), and at two-year follow-up, 60% reported donor site 
iliac crest pain  361. However, a retrospective review involving 

130 patients undergoing PLIF with rhBMP-2 reported a 
reoperation rate of 4.6% due to sterile seromas 362. Concerns 
regarding these complications led to the FDA rejecting 
Medtronic’s application for the use of a higher-dose rhBMP-2 
(AMPLIFY) in PLIF in March 2011. In summary, despite the 
relatively low absolute morbidity risk associated with the 
rhBMP-2 use in PLIF, which primarily involves higher rates of 
ectopic bone formation (EBF), a meta-analysis suggests that 
rhBMP-2 increases the likelihood of successful fusion without a 
clinically relevant reduction in pain for up to 24 months 363.
The application of RhBMP-2 in PLIF as a fusion-inducing agent 
applied within intervertebral cages has demonstrated superior 
fusion rates compared to autograft. However, this approach is 
associated with relevant EBF, resulting in statistically significant 
extradiscal bone formation. Importantly, this increased EBF has 
not been correlated with clinical symptoms 364. Reports on the 
incidence of asymptomatic EBF are inconclusive, with rates 
ranging from very low to high 365-368. The off-label use of 
rhBMP-2 in TLIF, combined with allograft or autograft 369, 370, 
has shown good fusion rates with improvements in clinical 
systems. However, it is noteworthy that there are no available 
prospective randomised studies on this application. 
Complications associated with rhBMP-2 use in TLIF procedures 
have been reported in various case series and reports 45, 371, 372. 
Notably, postoperative radiculitis has been described in up to 
20% of cases 371, along with delayed neural compression due to 
symptomatic EBF 45, and vertebral osteolysis in the range of 
5.8% to 7.4% 371, 372. In summary, the use of rhBMP-2 may be 
considered in PLIF when autograft is unavailable or harvesting 
is rejected by the patient 341. However, caution is advised in PLIF 
and TLIF procedures due to concerns about EBF and potential 
neurological compromise 363. 

The delivery of pluripotent MSCs or growth factors 
represents a novel therapeutic approach aimed at stimulating 
bone deposition and amplifying fusion directly, potentially as a 
component of biodegradable scaffold material 373-375. In a 
preclinical large animal thoracic fusion study, superior 
histological and biomechanical fusion outcomes were observed 
when rhBMP-2 was loaded onto collagen-coated medical-grade 
polycaprolactone TCP (mPCL-TCP) scaffolds compared to 
ABG 376. Recognising the dose dependent response of rhBMP-2 
on bone formation, it remains a potent agent in fostering bone 
formation while avoiding osteolytic outcomes 377. Additionally, 
rhBMP-2 may serve as template substrate to improve the binding 
of HA minerals, fostering bone healing and regeneration 332, 337. 
More recently, an in vitro study suggests that achieving sufficient 
release rates of rhBMP-2 over a 2-4 week period is crucial for 
maximising angiogenesis and osteogenesis, essential 
components for successful bone regeneration 378. 

Incorporating growth factors into tailored bioresorbable 
implants with tuneable release is feasible 379 and likely 
associated with accelerating tissue regeneration by matching the 
spatiotemporal demand 380. However, the design and 
manufacturing process of suitable delivery vehicles pose 
challenges, and dosing remains an issue 373. Currently, a 
commercially available delivery system for BMPs involves 
collagen sponges soaked in BMP at concentrations significantly 
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higher than physiologically found in the human body. The effects 
of large bolus release are still under debate, and sponge-based 
BMP delivery systems, reliant on absorption into the sponge, 
make controlled delivery difficult to achieve. Initial reports 
suggest osteolysis of surrounding bone, promoting implant 
subsidence, swelling of surrounding soft tissue, and EBF. Future 
research explore alternative physiological and biocompatible 
carriers for BMPs, such as OSTEOGROW, derived from blood 
coagulum, aiming to address current challenges and improve 
outcomes in bone regeneration 381.

5. Conclusions and outlook
The growing prevalence of interbody spinal fusion, particularly 
among patients aged 75 and above, presents a looming challenge 
for global healthcare systems 3. Despite notable advancements in 
surgical techniques, biomaterials and spinal implants, the 
incidence of pseudarthrosis in over 10% of patients 382 presents 
significant hurdles, manifesting in poorer patient-reported 
outcomes, heightened demand for revision procedures, and 
elevated healthcare expenditures 383-385. 

The landscape of interbody devices has undergone 
transformations, with modifications in Ti and PEEK devices 
incorporating diverse surface coatings and modifications. 
However, their efficacy lacks comprehensive validation from 
preclinical and clinical studies. A notable development has been 
the advent of 3D-printed Polyetherketoneketone (PEKK), 
exemplified by the TETRAfuse 3D spinal interbody implants. 
Preliminary findings from preclinical trials indicate enhanced 
implant osteointegration and trabecular bone in-growth, 
promising a potential paradigm shift in spinal fusion technology 
386. A PEKK nano-roughened surface with antibacterial 
properties, has shown potential in fusion within an ovine bone 
femoral defect model, addressing concerns related to surface 
delamination and inadequate bone apposition linked to 
traditional materials like PEEK and Ti-coated PEEK 387. The 
future trajectory of this innovative cage candidate hinges on 
insightful clinical studies.

Traditional reliance on the gold standard of ABGs has been 
tempered by associated morbidity and limited donor tissue 
availability, fostering the quest for alternatives. Encouragingly, 
multiple rabbit studies exploring combinations of porous 
HA/polylactic acid (PLA) composites 388, silicate-substituted 
HA grafts 389, and HA/TCP grafts 390 have exhibited radiographic 
outcomes comparable to or surpassing those achieved with ABG. 
These studies, validated for true inter-transverse process 
arthrodesis, hold promise in translational relevance to humans 
391. Synthetic ceramic scaffolds, acting as extenders or 
replacements for bone grafts, have shown efficacy in providing 
a highly porous 3D-structure conducive to improved cell 
migration and osteointegration. Novel modifications, such as 
coating DBM with poly-l-lysine, or DBM supplemented with 
TCP, as shown in studies with protein kinase C-binding protein 
(NEL)-like protein-1 (NELL-1) 392, 393, highlight the ongoing 
exploration of these materials as potential graft extenders, with 
future investigations poised to unveil their clinical efficacy 394-

396. 

The intersection of material science and engineering has 
given rise to novel biologic materials, including nanocomposites, 
3D-printed materials, and various biologic composites 397. These 
innovations address inherent limitations in current bone graft 
substitutes 398. Notably, DBM and cancellous scaffolds can serve 
as carriers for allogeneic MSCs and bone-marrow derived 
osteoprogenitor cells, exemplified by cellular bone matrices 
(e.g., OsteocelTM, Nuvasive, Ca, USA). Preliminary outcomes, 
including fusion rates of up to 91.3% - 92.3% in lumbar 
interbody fusion procedures with OsteocelTM (Plus)TM, 
demonstrate promise with low complication rates of less than 2% 
399, 400. The availability of various cellular bone matrices in the 
market necessitates future prospective studies to compare them 
to BMPs and ABGs for more conclusive recommendations 401-

403. Furthermore, integrating bioactive peptides with porous 
implants and materials has advanced the development of fusion 
extenders 404. Notably, P-15™, a synthetic polypeptide that 
facilitates osteogenic cell attachment by mimicking a domain of 
type I collagen 405, 406 has recently transitioned from dental 
applications to spinal use. I-FACTOR™ (Cerapedics, Inc., 
Westminster, CO), a proprietary composite of P-15 and 
anorganic bovine bone mineral (ABM) 407, has shown promising 
outcomes in enhancing fusion and clinical results in patients 
undergoing ALIF for degenerative spine conditions 404. In PLIF 
procedures, I-FACTOR demonstrated efficacy similar to or 
better than autografts at both 6 and 12 months, with 
improvements in pain and function surpassing success criteria at 
all evaluated intervals 405. While conclusive findings for lumbar 
spine applications pose challenges, recent level III and IV studies 
suggest that ABM/P-15 may offer benefits for lumbar fusion 407.

The culmination of successful 360° stabilisation and fusion 
hinges on the harmonious integration of spinal instrumentation, 
intervertebral body devices, and ABGs or bone graft substitutes. 
The advent of additive manufacturing has democratised medical 
device research and development, equipping laboratories with 
the tools to explore complex interbody cage designs that tailor 
geometry, porosity, and interconnectivity to achieve better 
biomimetic mechanical performance, osteogenic differentiation, 
and osteointegration in in vivo models. Surface topographic 
modifications, particularly, HA coatings, antibacterial elements, 
and mechanical roughening show great promise and contribute 
to the development of an inhabitable environment, fostering 
optimal conditions for cellular processes critical to successful 
fusion. As research endeavours unfold, the synergistic 
relationship between technology and biological materials holds 
the key to unlock transformative advancements in the field of 
lumbar spinal fusion. However, the trajectory towards safer and 
more efficacious procedures is contingent on collaborative 
efforts and innovative research, placing substantial emphasis on 
rigorous clinical validations. While in vitro and animal in vivo 
trials provide valuable insights, the translation of these findings 
into clinical practice necessitates robust clinical evidence. A 
concerted commitment to comprehensive clinical validations 
will be pivotal in ensuring that the promising developments 
witnessed in the laboratory setting translate into tangible benefits 
for patients undergoing spinal fusion procedures.
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