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ABSTRACT

Lateral lumbar interbody fusion (LLIF) is an advantageous approach for spinal arthrodesis for a wide range of spinal disorders
including degenerative, genetic, and traumatic conditions. LLIF techniques have evolved over the past 15 years regarding surgical
approach, with concomitant improvements in implant material design. Bioactive materials have been a focus in the development
of novel methods, which reduce the risk of subsidence and pseudarthrosis. Historically, polyetheretherketone and titanium cages
have been selected for their advantageous biomechanical properties; however, both have their limitations, regarding optimal
modulus or osseointegrative properties. Recent modifications to these 2 materials have focused on devising bioactive implants,
which may enhance the rate of bony fusion in spinal arthrodesis by addressing the shortcomings of each. Specific emphasis has
been placed on developing improvements in surface coating, porosity, microroughness, and nanotopography of interbody cages.
This has been coupled with advances in additive manufacturing to generate cages with ideal biomechanical properties. Three-
dimensional-printed titanium cages may be particularly beneficial in spinal arthrodesis during LLIF and reduce the historical
rates of subsidence and pseudarthrosis by combining a number of these putatively beneficial biomaterial properties.
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INTRODUCTION

Lateral lumbar interbody fusion (LLIF) is an excel-
lent option for the treatment of degenerative spinal
conditions as it allows for restoration of the norma-
tive alignment, lordosis, and height of diseased spinal
segments.' The anterolateral surgical corridors enable
placement of large interbody grafts while simultane-
ously allowing for annulus release and thorough disc
space preparation. The ability to place large grafts
that span the apophyseal ring enables anterior column
load bearing sufficient to restore disc space collapse,
decrease the risk of subsidence, and achieve indirect
decompression of the neural elements.” The ability to
resist cage settling and obtain high fusion rates has been
demonstrated in repeated studies.>™

Over the past 15 years since the first report of the
lateral interbody fusion, there has been a tremendous
amount of literature published supporting its use.
Simultaneously, there have been great advances in inter-
body technology, in both the cervical and lumbar spine.
Recent developments have been targeted at improving
integration of the implant with the bone-implant inter-
face to allow for better fusion rates and enhanced bio-
mechanical stability. The expansion of material sciences

and additive manufacturing technology has further
augmented the advances in the development of new
products, birthing the concept of “bioactive” implants.
The goals of these bioactive implants are to allow for
improved initial structural support through apposi-
tional ongrowth/ingrowth and also to play a stimulatory
and facilitative role in bone healing and fusion. In this
review, we examine the evolution of these implants in
the context of LLIF surgery.

IMPLANT CAGES
Polyetheretherketone

Early adoption of the LLIF was performed with
the use of polyetheretherketone (PEEK) cages. Based
on extensive data from the cervical and lumbar inter-
body literature, PEEK has the advantage of containing
a modulus of elasticity similar to that of cortical bone
(Table).® Although originally developed in the 1980s for
industrial applications, specifically aeronautical use in
the blades of turbines and aircraft, the use of PEEK was
not applied to spinal fusion until the 1990s. By using a
purely synthetic material with properties similar to that
of bone, surgeons realized they could obviate the need
for obtaining structural autograft, thereby decreasing
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Table. Comparison of implant characteristics among different materials utilized in interbody cages.

Implant Material Effective Modulus (GPa)""! Porosity Surface Chemistry Topography Shear Resistance
Cortical bone 18 + + + Yes

PEEK 4 - - - Yes

Ti 110 +/— + +/- Yes
Ti-coated PEEK 110 +/— + + No
Three-dimensional- 0.9-2.5 + + + Yes

printed Ti
Abbreviations: PEEK, polyetheretherketone; Ti, titanium.
Characteristics of each implant are designated by —, +/—, or +. Minimal to no effect of a characteristic is designated by “—", while “+/="" indicates the characteristic varies

dependent on the construct, and “+” designates those implants that possess the characteristic.

risks related to additional procedures or increased
blood loss. Further, the radiolucency of the semicrys-
talline linear polycyclic aromatic thermoplastic permits
radiographic assessment of fusion progress. With broad
application for transforaminal and anterior lumbar inter-
body fusion, it was a natural first material to be coupled
with the introduction of the miniopen LLIF procedure.'

Early designs of PEEK interbody grafts included
large central channels in which bone graft could be
placed, with the intention of bony growth through these

channels to connect each vertebra directly. Given the
radiolucent nature of the grafts, interbody arthrodesis
with these implants could easily be assessed on post-
operative radiographs by evaluating the presence of
bone contained within channels spanning from rostral
to caudal end plates (see Figure 1a and b). Combined
fusion rates from multiple studies with PEEK inter-
bodies for transpsoas LLIF have been reported to be
approximately 93%, with radiographic subsidence
noted in approximately 14% of levels.'? Risk factors

Figure 1.

The 1-y sagittal (A, C) and coronal (B, D) computed tomography postoperative images demonstrating lumbar lateral interbody fusion with

polyetheretherketone (A, B) (Coroent XL, Nuvasive, San Diego, CA) and 3-dimensional-printed titanium cages (C, D) (Modulus, Nuvasive, San Diego, CA).
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for subsidence have been suggested to include surgi-
cal variables such as end plate injury and the inclusion
of supplemental fixation, patient factors such as bone
density, and also specific implant characteristics such as
cage width."*™" Studies with PEEK cages have demon-
strated that greater anterior-posterior width resulted in
a decreased incidence of subsidence.'® This highlights
the role of these interbody spacers as mechanical struts
that overcome settling by distributing loads over their
large surface area.

Successful interbody fusion requires bone growth
between the vertebral bodies, which is achieved through
the primary bony remodeling phenomenon of osteogen-
esis, osteoinduction, and osteoconduction. However,
PEEK is a biologically inert substance without the
ability to significantly stimulate any of these processes,
and in fact, can be inhibitory. As such, bone growth can
only occur through (via the channels in the implant) or
around the implant. The implant’s main purpose is to
act as a biomechanical spacer that maintains the space
between the end plates while contained allograft within
the channels bridges the bony end plates. It is well doc-
umented that haloing around the PEEK implants may
occur.'” Fibrous capsule formation around the implant
initiates the cascade, in turn resulting in further micro-
motion, inflammation, and osteolysis.18 Should sub-
stantial bone growth through or around the implant not
occur, implant failure and pseudarthrosis will inevitably
result. This shortcoming has opened the door for newly
designed bioactive implants that aim to provide added
stabilization at the graft-end plate interface through the
process of osseointegration. '’

Titanium

Titanium presents itself as an exciting alternative to
PEEK implants for several reasons. On a macroscopic
level, it has a favorable weight-to-strength ratio and
supports use in interbody implants resisting large com-
pressive loads. Just as beneficial, on a biological level,
titanium implants form TiO, which enhances bony
ongrowth of the graft surface. This is believed to occur
by generating hydroxide ions, which promote adsorp-
tion of Ca®" and PO 43_ molecules, in turn forming
apatite and stimulating osteoblasts.’>' Essentially, this
oxide layer mimics the chemical ceramic properties of
hydroxyapatite (HA) and results in fortuitous osteoblas-
tic activity.

Unfortunately, titanium has a high modulus of elas-
ticity relative to bone. The modulus of elasticity for cor-
tical bone is roughly 18 GPa. Pure PEEK has a modulus
of approximately 4 GPa, but with the addition of carbon

fiber to its mixture, can be closely matched to that of
cortical bone.” Titanium is significantly greater (110
GPa) and therefore represents an increased risk of stress
shielding and resultant interbody subsidence (Table).22
Systematic reviews of titanium vs PEEK implants for
posterior interbody fusion have demonstrated that tita-
nium cages resulted in higher reported fusion rates, but
with increased risk of subsidence.”> However, these
studies utilized block titanium structures, and with the
advent of architectural adjustments in titanium devices
that have a structural stiffness that can be modified, the
material modulus of elasticity alone is likely not reflec-
tive of the implant behavior in vivo. Three-dimensional
(3D) titanium structures and the effective modulus or
stiffness can thus be formulated to match more closely
that of bone. A potential downside to titanium cages is
difficulty in interpreting postoperative imaging modal-
ities. For example, magnetic resonance imaging and
associated artifact can challenge assessment of tissues
adjacent to the implants, and titanium’s radiopacity
makes plain radiographs less desirable for evaluation of
bony fusion (Figure 2).

IMPLANT MODIFICATIONS

In addition to selection of an appropriate interbody
material, recent studies have evaluated the potential for
surface coating to improve surface adhesion/apposi-
tion and improve arthrodesis. The native properties of
PEEK and titanium, as described above, are favorable
for their biomechanical properties; however, they do
not inherently promote osseointegration. A significant
amount of our understanding in this area comes from
the dental and oral maxillofacial implants field. Coat-
ings such as HA or titanium maintain the benefits of the
ideal cage elastic modulus while synergistically provid-
ing an improved surface for bony fusion via chemical
integration. Studies have investigated the use of HA as a
surface coating to improve cancellous and cortical bony
fusion during spine surgery. HA was first introduced in
animal models utilizing titanium-coated pedicle screws
by Hasegawa et al.** Additional animal studies have
since demonstrated improved bone-implant interface
and strength with HA-coated screws compared to tita-
nium screws alone.”

Surface coating techniques include electron beam
melting of materials to improve osseointegrative prop-
erties.”® Given the ideal modulus of PEEK, it was
posited to combine a PEEK cage with titanium coating
to improve bony fusion following spinal arthrodesis.
Walsh et al demonstrated plasma-sprayed titanium
coating of PEEK cage reduced its hydrophobic nature
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Figure 2. Lateral (A) and anteroposterior (B) x-ray imaging and sagittal (C) and coronal (D) computed tomography images of a patient treated with a block titanium
transforaminal lumbar interbody implant 4 y prior. Note the subsidence of the superior end plate of L5 and the extensive radiographic artifact making evaluation of
arthrodesis difficult. The absence of haloing around the pedicle screws to suggest screw loosening makes fusion seem probable, and dynamic imaging from this

patient showed no excessive motion.

and promoted bone ongrowth at the bone-implant inter-
face.”” This in turn resulted in dramatically improved
shear strength at the bone-implant interface at 4 weeks
in their ovine model, suggesting that direct bone to
implant bonding may improve mechanical properties of
the fusion as well. Titanium surface bonding, however,
is not without its downsides as implant impaction
during interbody insertion may not withstand shear

loading. Kienle et al demonstrated that titanium-coated
PEEK cages were prone to loss of some, if not all, of
the titanium coating following impaction. In compari-
son, surface-etched titanium cages were resistant to any
surface damage.”®

Surface coating of interbodies is not the only modi-
fiable factor that affects the development of interbody
fusion. Additional characteristics such as porosity,
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microroughness,” and nanotopography'® may be opti-
mized to augment successful bony fusion. Surface
topography has been demonstrated to be a key role
in the surface chemistry, which permits improved
osseointegration of interbody implants. Torstick et al
demonstrated that porosity, independent of the graft
material, afforded improved osseointegration compared
to smooth implants and plasma-sprayed titanium.*"!
Altogether, these individual material properties need
to be more extensively studied in the setting of spinal
arthrodesis, but should continue to be an important con-
sideration for future development of novel cage designs.

Finally, recent advances related to additive manufac-
turing processes have allowed for the careful crafting
of titanium implants that have altered structural biome-
chanical properties. Specifically, 3D printing applies
computer design to titanium to create implants with an
internal architecture that results in a modulus similar
to bone. This cleverly utilizes a structurally sound
lattice work that provides sufficient strength to with-
stand loading combined with a modulus that reduces
the risk of subsidence, thereby addressing the major
shortcoming of traditional solid titanium cages. Addi-
tionally, these cages were printed with the intention to
provide the porosity necessary to encourage apposi-
tional ongrowth/ingrowth or integration, as well as bony
fusion. McGilvray et al utilized an in vivo ovine model
of lumbar fusion to compare the biomechanical and
biologic properties of PEEK, plasma-sprayed porous
titanium-coated PEEK, and 3D-printed porous titanium
alloy cages. Micro-computed tomography (CT) evalu-
ation demonstrated increased bony fusion mass within
the graft of 3D-printed porous titanium cages compared
to that of plasma spray-coated PEEK implants. Fur-
thermore, 3D-printed grafts had increased resistance to
range of motion on flexion and extension, suggesting
the bony ingrowth provided a more clinically effective
fusion compared to that of PEEK or plasma-sprayed
porous titanium-coated PEEK.*

BIOACTIVE IMPLANTS FOR LATERAL
INTERBODY FUSION

For decades prior to the minimally invasive lateral
interbody fusions using PEEK implants, open retroperi-
toneal anterolateral fusions performed typically utilized
locally collected autograft tissue. However, it is important
to note that some early reports dating back 2 decades sug-
gested using Bagby and Kuslich (BAK)-threaded titanium
cages and demonstrated successful fusion (>90%) for this
purpose.* Moreover, in 2007, Takemoto et al used a canine

retroperitoneal anterolateral fusion model to demonstrate
the value of porous titanium implants over untreated non-
porous titanium to the same end.** Nevertheless, it wasn’t
until many years later that titanium implants were again
attempted for miniopen lateral fusions.

Multiple recent clinical studies have looked at the
efficacy of bioactive implants for modern lateral inter-
body fusion, specifically the application of 3D-printed
titanium grafts. Given the limitations of pure PEEK and
titanium implants, there has been a significant interest in
designing an interbody cage that combines the modulus
nearer to that of cortical bone while providing an osse-
ointegrative surface to optimize bony fusion. Com-
bining these biomechanical and bioactive factors may
ultimately reduce the risk of subsidence, which could
otherwise result in loss of indirect decompression, loss
of lordosis, pseudarthrosis, and potential need for reop-
eration (Figure 1c and d). Krafft et al reviewed a cohort
of patients who underwent LLIF and compared the rates
of subsidence in postoperative radiographs. Initial data
demonstrated that patients with 3D-printed titanium
cages had a decreased rate of subsidence compared to
PEEK implants alone, suggesting 3D-printed titanium
cages may be a superior implant in LLIF.*® Similarly,
Van Horn et al used an ovine model to evaluate and
compare the osseointegrative properties of 3D-printed
titanium, titanium alloy, and PEEK cages. These sheep
studies demonstrated significantly more bony ongrowth
with the 3D-printed titanium cages compared to PEEK
and titanium alloy cages.*® Further evidence to support
the synergy between implant composition and topog-
raphy in bony fusion is seen in a recent study by Fogel
et al, which utilized titanium cages with microporous
end plates and internal lattice structure. Using an ovine
model of lumbar lateral interbody fusion, these microp-
orous titanium cages with lattice demonstrated a reduc-
tion in cage stiffness with segmental stability at 12
weeks following interbody fusion surgery.”’

More precise studies assessing the use of stand-alone
LLIF with 3D-printed titanium cages found these to
be more resistant to severe subsidence (50%-100%
loss of postoperative disc height)*® when compared to
PEEK alone.” Specifically, a retrospective review by
Adl Amini et al evaluated patients who underwent TLIF
with either titanium or PEEK cage and found a signifi-
cantly decreased rate of early subsidence (6—12 months
postsurgery) with 3D-printed titanium cages compared
to PEEK cages.”® These findings are complemented
by studies which demonstrate PEEK may be directly
related to subsidence. Specifically, Satake et al demon-
strated an association between PEEK and late settling,"’
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as well as a correlation between PEEK and intraoper-
ative end plate injury,”’ suggesting an increased risk
of nonunion. These studies are further supported by a
retrospective review of 113 patients, which also found
a higher incidence of subsidence with PEEK interbody
cages compared to that of titanium alone.® While the
evidence supporting the use of 3D-printed titanium
cages is promising, it should be noted that there may
be increased associated manufacturing costs. As addi-
tive manufacturing techniques improve and become
more widely available over time, it is likely that these
costs will decrease. Future studies focused on cost-
effectiveness may help to delineate whether the added
value that decreased subsidence levels brings outweighs
these increased upfront implant costs.

As we continue to move forward with bioactive
devices, one of the priorities will be to identify optimal
means for assessing surface osteointegration and fusion
with 3D-printed titanium cages. While motion eval-
uation of fusion has been utilized on dynamic x-ray
imaging in the past, thin-cut CT remains the gold stan-
dard for monitoring interbody fusion. Given that bone-
implant surface growth provides biomechanical support,
traditional assessment of fusion by solely examining
bony ingrowth through the channels of a PEEK cage on
plain radiographs is not reliable and may suggest arti-
ficially low rates of arthrodesis. A recent algorithm for
evaluating fusion with these cages has been proposed
using CT imaging.’ In this classification, growth and
apposition to the implant surface are evaluated in addi-
tion to growth through and around the cage to capture
the true rate of fusion. Using this grading scheme for
assessment of arthrodesis will help to standardize clin-
ical outcomes assessment as the field progresses and
more data become available comparing outcomes for
novel bioactive implants.

CONCLUSION

Taken together, the current literature demonstrates
significant advancements in the material sciences
which have provided considerable improvement in our
currently available implant materials. A greater appre-
ciation for the value of osseointegration between the
implant and the vertebral end plates is developing as
mounting evidence supports its importance in spinal
fusion. Surface chemistry, roughness, and porosity can
be combined with modern additive manufacturing to
create implants that have optimal mechanical and biolog-
ical properties. Recent literature from lateral interbody
fusion application of these implants further supports its
clinical value. Future large-scale comparative studies

are required to demonstrate the impact on clinical and
radiological outcomes between various implants.

REFERENCES

1. Ozgur BM, Aryan HE, Pimenta L, Taylor WR. Extreme
lateral interbody fusion (XLIF): a novel surgical technique for
anterior lumbar interbody fusion. Spine J. 2006;6(4):435-443.
doi:10.1016/j.spinee.2005.08.012

2. Macki M, Anand SK, Surapaneni A, Park P, Chang V.
Subsidence rates after lateral lumbar interbody fusion: a system-
atic review. World Neurosurg. 2019;122:599-606. doi:10.1016/j.
wneu.2018.11.121

3. Isaacs RE, Sembrano JN, Tohmeh AG, SOLAS Degen-
erative Study Group. Two-year comparative outcomes of MIS
lateral and MIS transforaminal interbody fusion in the treatment
of degenerative spondylolisthesis: part II: radiographic findings.
Spine (Phila Pa 1976). 2016;41 Suppl 8:S133-44. doi:10.1097/
BRS.0000000000001472

4. Taba HA, Williams SK. Lateral lumbar interbody
fusion. Neurosurg Clin N Am. 2020;31(1):33-42. doi:10.1016/j.
nec.2019.08.004

5. Walker CT, Xu DS, Cole TS, et al. Predictors of indirect
neural decompression in minimally invasive transpsoas lateral
lumbar interbody fusion. J Neurosurg Spine. 2021:1-11. doi:10.317
1/2020.8.SPINE20676

6. Vadapalli S, Sairyo K, Goel VK, et al. Biomechanical
rationale for using polyetheretherketone (PEEK) spacers for
lumbar interbody fusion-A finite element study. Spine (Phila Pa
1976). 2006;31(26):E992-8.  doi:10.1097/01.brs.0000250177.
84168.ba

7. ParkPJ,LehmanRA. Optimizing the spinal interbody implant:
current advances in material modification and surface treatment
technologies. Curr Rev Musculoskelet Med. 2020;13(6):688-695.
doi:10.1007/s12178-020-09673-5

8. Campbell PG, Cavanaugh DA, Nunley P, et al. PEEK
versus titanium cages in lateral lumbar interbody fusion:
a comparative analysis of subsidence. Neurosurg Focus.
2020;49(3):2020.6.FOCUS20367. doi:10.3171/2020.6.FO-
CUS20367

9. Eastlack RK, Malone H, Collier M, et al. P38. A novel fusion
classification system for the advent of bioactive interbody implants.
Spine J. 2021;21(9):S158-S159. doi:10.1016/j.spinee.2021.05.246

10. Nuvasive. Preclinical data on file. TR 9604787. date
unknown.

11. DePuy Synthes. SEM Report 2019 ADAPTIV #103546250.
2019.

12. Walker CT, Farber SH, Cole TS, et al. Complications for
minimally invasive lateral interbody arthrodesis: a systematic review
and meta-analysis comparing prepsoas and transpsoas approaches. J
Neurosurg Spine. 2018:1-15. doi:10.3171/2018.9.SPINE 18800

13. Xi Z, Mummaneni PV, Wang M, et al. The association
between lower Hounsfield units on computed tomography and cage
subsidence after lateral lumbar interbody fusion. Neurosurg Focus.
2020;49(2):. do0i:10.3171/2020.5.FOCUS20169

14. Agarwal N, White MD, Zhang X, et al. Impact of endplate-
implant area mismatch on rates and grades of subsidence follow-
ing stand-alone lateral lumbar interbody fusion: an analysis of
623 levels. J Neurosurg Spine. 2020:1-5. doi:10.3171/2020.1.SP
INE19776

Downloaded from htt(;o:{\llijs%ﬁgery.corm by guest on March 20, 2024
, No.

S66 International Journal of Spine Surgery, Vol. 1


http://ijssurgery.com/

Chan et al.

15. Satake K, Kanemura T, Nakashima H, Yamaguchi H, Segi
N, Ouchida J. Cage subsidence in lateral interbody fusion with
transpsoas approach: intraoperative endplate injury or late-onset
settling. Spine Surg Relat Res. 2017;1(4):203-210. doi:10.22603/
sstr.1.2017-0004

16. Le TV, Baaj AA, Dakwar E, et al. Subsidence of pol-
yetheretherketone intervertebral cages in minimally invasive
lateral retroperitoneal transpsoas lumbar interbody fusion.
Spine (Phila Pa 1976). 2012;37(14):1268-1273. doi:10.1097/
BRS.0b013e3182458b2f

17. Phan K, Hogan JA, Assem Y, Mobbs RJ. PEEK-halo
effect in interbody fusion. J Clin Neurosci. 2016;24:138-140.
doi:10.1016/j.jocn.2015.07.017

18. Szmukler-Moncler S, Salama H, Reingewirtz Y, Dubruille
JH. Timing of loading and effect of micromotion on bone-dental
implant interface: review of experimental literature. J Biomed
Mater  Res.  1998:43(2):192-203.  doi:10.1002/(sici)1097-
4636(199822)43:2<192::aid-jbm14>3.0.c0;2-k

19. Gittens RA, Olivares-Navarrete R, Schwartz Z, Boyan
BD. Implant osseointegration and the role of microroughness
and nanostructures: lessons for spine implants. Acta Biomater.
2014;10(8):3363-3371. doi:10.1016/j.actbio.2014.03.037

20. Leong JC, Chow SP, Yau AC. Titanium-mesh block
replacement of the intervertebral disk. Clin Orthop Relat Res.
1994:(300):52-63.

21. Sul YT, Johansson C, Byon E, Albrektsson T. The bone
response of oxidized bioactive and non-bioactive titanium implants.
Biomaterials. 2005;26(33):6720-6730. doi:10.1016/j.biomateri-
als.2005.04.058

22. Kurtz SM, Devine JN. PEEK biomaterials in trauma, ortho-
pedic, and spinal implants. Biomaterials. 2007;28(32):4845-4869.
doi:10.1016/j.biomaterials.2007.07.013

23. Tan J-H, Cheong CK, Hey HWD. Titanium (Ti) cages may
be superior to polyetheretherketone (PEEK) cages in lumbar inter-
body fusion: a systematic review and meta-analysis of clinical and
radiological outcomes of spinal interbody fusions using Ti versus
PEEK cages. Eur Spine J. 2021;30(5):1285-1295. doi:10.1007/
s00586-021-06748-w

24. Hasegawa T, Inufusa A, Imai Y, Mikawa Y, Lim TH, An
HS. Hydroxyapatite-coating of pedicle screws improves resist-
ance against pull-out force in the osteoporotic canine lumbar spine
model: a pilot study. Spine J. 2005;5(3):239-243. doi:10.1016/j.
spinee.2004.11.010

25. Jing W, Zhang M, Jin L, et al. Assessment of osteoinduc-
tion using a porous hydroxyapatite coating prepared by micro-arc
oxidation on a new titanium alloy. Int J Surg. 2015;24(Pt A):51-56.
doi:10.1016/].ijsu.2015.08.030

26. Bertollo N, Da Assuncao R, Hancock NJ, Lau A, Walsh
WR. Influence of electron beam melting manufactured implants
on ingrowth and shear strength in an ovine model. J Arthroplasty.
2012;27(8):1429-1436. doi:10.1016/j.arth.2012.02.025

27. Walsh WR, Bertollo N, Christou C, Schaffner D, Mobbs RJ.
Plasma-sprayed titanium coating to polyetheretherketone improves
the bone-implant interface. Spine J. 2015;15(5):1041-1049.
doi:10.1016/j.spinee.2014.12.018

28. Kienle A, Graf N, Wilke HJ. Does impaction of titanium-
coated interbody fusion cages into the disc space cause wear debris
or delamination? Spine J. 2016;16(2):235-242. doi:10.1016/j.
spinee.2015.09.038

29. Olivares-Navarrete R, Raz P, Zhao G, et al. Integrin alpha-
2betal plays a critical role in osteoblast response to micron-scale

surface structure and surface energy of titanium substrates. Proc
Natl Acad Sci U S A. 2008;105(41):15767-15772. doi:10.1073/
pnas.0805420105

30. Torstrick FB, Lin ASP, Potter D, et al. Porous PEEK
improves the bone-implant interface compared to plasma-sprayed
titanium coating on PEEK. Biomaterials. 2018;185:106-116.
doi:10.1016/j.biomaterials.2018.09.009

31. Torstrick FB, ASP L, Safranski DL, et al. Effects of
surface topography and chemistry on polyether-ether-ketone
(PEEK) and titanium osseointegration. Spine (Phila Pa 1976).
2020;45(8):E417-E424. doi:10.1097/BRS.0000000000003303

32. McGilvray KC, Easley J, Seim HB, et al. Bony ingrowth
potential of 3D-printed porous titanium alloy: a direct comparison
of interbody cage materials in an in vivo ovine lumbar fusion model.
Spine J. 2018;18(7):1250-1260. doi:10.1016/j.spinee.2018.02.018

33. Wolfla CE, Maiman DJ, Coufal FJ, Wallace JR. Retro-
peritoneal lateral lumbar interbody fusion with titanium threaded
fusion cages. J Neurosurg. 2002;96(1 Suppl):50-55. doi:10.3171/
$pi.2002.96.1.0050

34. Takemoto M, Fujibayashi S, Neo M, et al. A porous bioac-
tive titanium implant for spinal interbody fusion: an experimental
study using a canine model. J Neurosurg Spine. 2007;7(4):435-443.
doi:10.3171/SP1-07/10/435

35. Krafft PR, Osburn B, Vivas AC, Rao G, Alikhani P.
Novel titanium cages for minimally invasive lateral lumbar inter-
body fusion: first assessment of subsidence. Spine Surg Relat Res.
2020;4(2):171-177. doi:10.22603/ssr1.2019-0089

36. Van Horn MR, Beard R, Wang W, et al. Comparison of
3D-printed titanium-alloy, standard titanium-alloy, and PEEK inter-
body spacers in an ovine model. Spine J. 2021;21(12):2097-2103.
doi:10.1016/j.spinee.2021.05.018

37. Fogel G, Martin N, Lynch K, et al. Subsidence and fusion
performance of a 3D-printed porous interbody cage with stress-
optimized body lattice and microporous endplates - a comprehensive
mechanical and biological analysis. Spine J. 2022. doi:10.1016/.
spinee.2022.01.003

38. Marchi L, Abdala N, Oliveira L, Amaral R, Coutinho E,
Pimenta L. Radiographic and clinical evaluation of cage subsid-
ence after stand-alone lateral interbody fusion. J Neurosurg Spine.
2013;19(1):110-118. doi:10.3171/2013.4.SPINE12319

39. Adl Amini D, Okano I, Oezel L, et al. Evaluation of cage
subsidence in standalone lateral lumbar interbody fusion: novel
3D-printed titanium versus polyetheretherketone (PEEK) cage. Eur
Spine J. 2021;30(8):2377-2384. doi:10.1007/s00586-021-06912-2

40. Satake K, Kanemura T, Yamaguchi H, Segi N, Ouchida J.
Predisposing factors for intraoperative endplate injury of extreme
lateral interbody fusion. Asian Spine J. 2016;10(5):907-914.
doi:10.4184/asj.2016.10.5.907

Funding: The author(s) received no financial sup-
port for the research, authorship, and/or publication of
this article.

Disclosures: Julie L. Chan reports research materi-
als and funding from Misonix, Inc. Hyun W. Bae reports
grants/research support from SpineArt, NuVasive,
Medtronic, DePuy, Diffusion Technologies, LDRSpine,
Prosidyan, Stryker, and Zimmer; ownership interest/
shareholder for Surgery Center; and royalty/patent

Downloaded from http://ijssurgery.com/ by guest on March 20, 2024

International Journal of Spine Surgery, Vol. 16, No. S1 S67


http://ijssurgery.com/

Bioactive Implants Lateral Interbody Fusion

holder for Biomet, DePuy, LDRSpine, NuVasive, Pros-
idyan, Stryker, and Zimmer. S. Harrison Farber has no
disclosures. Juan S. Uribe reports receiving consulting
fees and royalties from Nuvasive and consulting fees
from SI Bone and Misonix. Robert K. Eastlack reports
receiving royalties from Globus Medical, NuVasive,
Seaspine, Aesculap, and SI Bone; being on the speakers
bureau for Radius; being a paid consultant company/
supplier for NuVasive, Aesculap, K2M-Stryker, SI
Bone, Seaspine, Medtronic, Carevature, Spinal Ele-
ments, ControlRad, and Biedermann-Motech; receiving
stock ownership or stock options (company/supplier)
from Alphatec Spine, NuVasive, Seaspine, and Spine
Innovations; receiving research support (company/
supplier) as a primariy investigator from NuVasive,
Seaspine, Medtronic/Titan, and Scripps Clinic Medical
Group; other financial or material support (company/
supplier) from NuVasive, Seaspine, and AONA;

and board member/committee appointments for the
Society Of Lateral Access Surgery (SOLAS), Scoli-
osis Research Society (SRS), San Diego Orthopaedic
Society (SDOS)—President, San Diego Spine Founda-
tion—Board member/CFO.

Corresponding Author: Corey T. Walker,
Department of Neurosurgery, Cedars-Sinai Medical
Center, 127 S. San Vicente Blvd, AHSP Suite A6600,
Los Angeles, CA 90048, USA; corey.walker@cshs.
org

Published 30 March 2022

This manuscript is generously published free of charge
by ISASS, the International Society for the Advance-
ment of Spine Surgery. Copyright © 2022 ISASS. To
see more or order reprints or permissions, see http://
ijssurgery.com.

Downloaded from htt(;o:{\llijs%ﬁgery.corm by guest on March 20, 2024
, No.

S68 International Journal of Spine Surgery, Vol. 1


http://ijssurgery.com/

	Evolution of Bioactive Implants in Lateral Interbody Fusion
	ABSTRACT
	INTRODUCTION
	IMPLANT CAGES
	Polyetheretherketone
	Titanium

	IMPLANT MODIFICATIONS
	BIOACTIVE IMPLANTS FOR LATERAL INTERBODY FUSION
	CONCLUSION
	References


