Current Reviews in Musculoskeletal Medicine (2020) 13:688-695
https://doi.org/10.1007/s12178-020-09673-5

UPDATES IN SPINE SURGERY—TECHNIQUES, BIOLOGICS, AND NON-OPERATIVE MANAGEMENT (W
HSU, SECTION EDITOR)

®

Check for
updates

Optimizing the Spinal Interbody Implant: Current Advances
in Material Modification and Surface Treatment Technologies

Paul J. Park’ - Ronald A. Lehman’

Published online: 20 August 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Purpose of Review Interbody implants allow for fusion of the anterior column of the spine between vertebral body endplates. As
rates of spinal fusion surgery have increased over the past several years, significant research has been devoted to optimizing both
the mechanical and biologic properties of the interbody implant in order to promote bony fusion. The first interbody implants
used decades ago were fashioned from cortical autograft. Currently, titanium alloy and polyetheretherketone (PEEK) are the most
widely used and studied materials for this purpose. This review focuses on recent innovations in material modification and
surface treatment techniques for both titanium and PEEK implants to maximize fusion rates in spinal surgery.

Recent Findings Titanium has an elastic modulus much higher than native bone and however has better osseointegrative
properties than PEEK. PEEK, however, has an elastic modulus closer to that of bone without any of the advantageous biologic
properties that titanium has. Increasing porosity and surface roughness of titanium implants have been shown to improve the
mechanical properties of titanium implants, while the biologic properties of PEEK have been enhanced using surface coating
technology, either with titanium or with hydroxyapatite (HA).

Summary Techniques such as increasing porosity, surface roughening, and surface coating are just some of the recent innova-
tions aimed at optimizing both mechanical and biologic properties of interbody implants to promote spinal fusion. The future of
interbody implant design will rely on continued improvements of PEEK and titanium implants as well as exploring new implant
materials altogether.
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Introduction

Rates of spinal fusion surgery have been steadily increasing
over the last several decades, and achieving adequate fusion is
critical to patient outcomes [1, 2]. The use of an interbody
implant in spinal surgery facilitates fusion between vertebral
bodies anteriorly, often in conjunction with a posterior fusion
allowing for circumferential bony growth. The role of the
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interbody implant is twofold—to provide a mechanical strut
between the two endplates and to facilitate bony growth be-
tween the two vertebral bodies. Initially introduced in the
1930s, the first interbody implant used was cortical
autograft—this evolved over time to stainless steel, titanium
alloy, polyetheretherketone (PEEK), and more recently tanta-
lum and silicon nitride [3]. Over the past several years, signif-
icant attention has been given in optimizing the balance be-
tween mechanical and biologic properties for interbody im-
plants; this review focuses on recent advances of surface treat-
ments and material modifications to both titanium and PEEK
implants in order to improve fusion rates.

Implant Material

The first stage in developing an interbody implant is selection
of the implant material itself. An interbody cage must have
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several key characteristics: first, the material must have suffi-
cient mechanical strength to resist the compressive forces
across the interbody space as it will be a load-bearing device,
especially in the lumbar spine. This must be balanced, how-
ever, with the ability to resist shear forces as well—as such, a
solid material is not necessarily ideal as it may be too brittle.
Additionally, early stable fixation and bone growth is critical
to resisting shear forces. Secondly, the material should have
an elastic modulus similar to that of the bone. If the elastic
modulus is too high, stress shielding may occur leading to
subsidence and interspace collapse [4, 5S¢, 6]. The elastic
modulus of cortical bone is 18 GPa; titanium has an elastic
modulus closer to 110 GPa. Neat PEEK has an elastic modu-
lus around 4 GPa and however can be engineered to more
closely resemble that of the bone with the addition of other
materials [6]. Lastly, the implant material must have
osseointegrative properties that allow for adequate fusion; ear-
ly and sufficient bony growth also aids in resisting shear
stress.

The two main materials currently in use for interbody
spacers are titanium alloy and PEEK, as they excel in different
aspects. The Ti-6Al-4 V alloy has been the most widely used
alloy for spinal spacers [7] (Fig. 1). Titanium is advantageous
in that it can easily withstand compressive forces. By forming
Ti0O,, titanium implants are able to enhance bony on-growth
as well — TiO, generates hydroxide ions which can bind Ca**
and PO4>” to form apatite similar to bone, promoting osteo-
blastic activity [3, 8, 9]. Due to its high elastic modulus, how-
ever, titanium implants are susceptible to stress shielding and
may result in subsidence.

PEEK, first used in the spine in the 1990s [10], is a bio-
compatible polymer that can be engineered to possess varying
biomechanical properties [6] (Fig. 2). Although PEEK has a
native elastic modulus lower than that of the bone (4 GPa), the

Fig. 1 Traditional solid titanium
cage with central space to place
autograft/allograft within the cage

addition of carbon fiber allows for an elastic modulus that
closely resembles the bone [6, 11, 12]. The material, however,
is relatively biologically inert due to its hydrophobic surface
chemistry [13—15]. Lastly, one of the benefits of PEEK is the
fact that it is radiolucent, aiding in assessing fusion results
[16]. As such, significant effort has been put to improve on
these shortcomings in both titanium and PEEK cages in order
to optimize their use as an interbody implant.

Other materials that have more recently been proposed for
interbody implants. Tantalum is a metal that has an elastic
modulus similar to cancellous bone, and a porous design can
allow for bony ingrowth [17]. In vitro studies have also shown
that tantalum can stimulate osteoblast proliferation [18]. A
prospective randomized control trial in cervical surgery found
no radiologic or clinical differences at 24 months for 61 ante-
rior cervical discectomy and fusion (ACDF) patients with tan-
talum spacers compared with autologous iliac bone graft and
plating [19]. Of these patients, 89.3% had a radiographic fu-
sion by 6 months with the tantalum implant [19]. Fernandez-
Fairen et al. followed patients for 11 years postoperatively
with tantalum implants for anterior cervical spine surgery
and determined that there were no significant differences
long-term when compared with tri-cortical autograft [20+]. In
a goat model study performed by Sinclair et al., porous tanta-
lum implants also had significantly higher bone volume at the
bone-implant interface versus neat PEEK implants [21].

Silicon nitride (Si3Ny) is a radiolucent ceramic material that
has also been found to have osseointegrative properties.
Silicon nitride has high mechanical wear properties and is
resistant to fracture as well [22]. Silicon nitride implants have
recently been studied in anterior cervical surgery—Smith et al.
looked at 58 patients who underwent ACDF and found
96.83% had achieved fusion at > 12 month follow-up postop-
eratively with silicon nitride implants. Time to fusion was
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Fig. 2 Traditional PEEK cage of
various designs

significantly faster as well in the silicon nitride group with an
average subsidence significantly lower in the silicon nitride
group compared to an allograft spacer group [23].

Titanium Alloy Modifications
Porosity

Given the excellent biological properties of titanium and its
wide use in many areas of orthopedic surgery, significant ef-
fort has been given to optimize its use in spinal surgery. A
major advancement in this area came with adjusting the ma-
terial’s porosity (Fig. 3). There are several benefits to a porous
titanium implant: decreased elastic modulus closer to that of

Fig. 3 Porous titanium cage
design to promote bony in-growth
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native bone as well as space for bony in-growth (in addition to
bony on-growth). Studies have shown increased osteoblast
adhesion and differentiation in porous titanium cages [24,
25], and it has been shown this porous structure resembling
trabecular bone allows for osteoblast migration [26].
Developing the ideal porosity, however, is not as simple.
While increasing pore size and porosity allows for decreased
elastic modulus and more surface for bony in-growth, it results
inevitably in decreased mechanical strength and resistance to
compressive forces. One must also consider pore interconnec-
tivity to promote bony in-growth [27]. Prior studies have
shown optimal pore sizes to be ~100-400um [27]. A study
by Fujibayashi et al. looked at titanium implants that had on
average 60% porosity and a 250 um pore size [28]. These
implants were found to be mechanically stable (withstanding
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cyclic loading of 10,000 N at 4hz for 1,000,000 cycles) [28].
They were implanted prospectively in 5 patients, and by
3 months postoperatively they showed a solid bony con-
struct without abnormal motion or radiolucency and bony
union in all cases on radiological assessment by 6 months.
CT imaging showed bony in-growth on the porous surface
with no subsidence at final follow-up at 12 months as well
[28]. Wu et al. similarly developed a porous titanium
interbody cage using electron beam melting (EBM) with
average porosity of 68% and a slightly larger pore size of
710 um with full interconnectivity throughout [29]. The
implants were placed in a sheep cervical spine model.
Wau et al. found their porous titanium implant to have an
elastic modulus similar to that of natural bone, with fast
bony in-growth on histomorphometrical analysis and sub-
sequent decreased micro-motion relative to PEEK cages
[29]. A study by McGilvray et al. compared 3D-printed
porous titanium cages, PEEK cages, and plasma-sprayed
porous titanium-coated PEEK (PSP) cages in an ovine
lumbar spine model [5e*]. Radiographic analysis found that
the 3D-printed porous titanium interbody cages had signif-
icantly lower range of motion, increased bone in-growth
profile, and increased construct stiffness compared with
the PEEK and PSP cages at both 8 and 16 weeks following
implantation [See]. Li et al. similarly looked at 3D-printed
porous titanium cages relative to solid titanium and PEEK
cages implanted in a sheep cervical model. The 3D-printed
porous titanium cage showed compressive strength similar
to that of the bone, with stiffness just slightly higher than
that of PEEK [30¢¢]. The 3D-printed porous titanium cage
demonstrated a continuous mineralized trabecular structure
throughout the implant at 3 months postoperatively, unlike
the solid titanium cage [30¢¢]. They found more fibrous
tissue on histological analysis at the bone-implant interface
at the 3-month mark in the PEEK cage group compared
with the porous titanium cage group; by 6 months postop-
eratively, the bone contact rate of the porous Ti cage also
was significantly higher at 7 times that of the control PEEK
cage [30e°].

Surface Roughness

Another method of increasing osseointegration that has been
implemented in titanium implants is the use of surface rough-
ness. Again, there is both a mechanical and biological advan-
tage to increased surface roughness (Fig. 4). First, a rough
surface simply creates more friction, decreasing the likelihood
of implant dislodgement [31]. This friction allows for de-
creased micro-motion and may be the difference between
bony growth and undesirable fibrous growth [32]. Increased
roughness has also been shown to increase protein binding
and fibronectin, while smooth surfaces preferentially bind al-
bumin [33]. An in vitro study by Olivares et al. found that

BMP2 and BMP4 was also upregulated with roughened tita-
nium implants versus smooth implants when osteoblast-like
cells were cultured on the implant surfaces [34]; various other
in vitro studies have also found increased cell attachment with
roughened surfaces [35, 36].

Hydroxyapatite Coating

Another option to optimize the biology of osseointegration
while taking advantage of the mechanical properties of titani-
um is to use a hydroxyapatite (HA) coating. Hydroxyapatite
can be sintered at high temperatures, which can form an apa-
tite layer similar to the bone, allowing for chemical integration
when implanted [37]. Sintered HA may be applied to titanium
implants using a plasma spray [38]. The efficacy of HA-
coated titanium implants was demonstrated in-vivo first in
2005 by Hasegawa et al., using HA-coated Ti pedicle screws
in dogs. Titanium screws were implanted in the lumbar spine
with either no coating or with an HA-coating and the HA-
coated screws were found to have significantly increased pull-
out resistance postoperatively compared with the non-coated
screws [39]. A similar study was performed in 2015 by Jing
et al. in beagles assessed titanium screws coated with HA
using micro-arc oxidation. They similarly showed the bone-
to-implant contact was significantly higher in the HA-coated
implant group, as well as significantly higher mechanical
strength at the bone-implant interface [40].

PEEK Modifications
PEEK Composites

PEEK cages, similar to titanium, have been used widely in
other fields of orthopedic surgery. Unlike titanium, PEEK has
excellent mechanical properties but lacks in osseointegrative
properties. One key advantage of PEEK is its radiolucency,
allowing for accurate assessment of fusion postoperatively. As
such, several solutions have been proposed to enhance bony
growth with PEEK implants. The two main methods that have
been explored are the development of PEEK composite im-
plants with a more biologically active material, as well as
various biologically active coatings for PEEK implants. A
study in 2012 by Wu et al. created a n-TiO,/PEEK composite
and found that there was significantly more bone volume pro-
duced compared with cages made of PEEK alone [41].
McGilvray et al. also analyzed PEEK-titanium composite im-
plants in an ovine lumbar model. The PEEK-titanium com-
posite resulted in a significant decrease in range of motion
following implantation, as well as increased stiffness.
MicroCT also showed significantly increased bone formation
both at the fusion site and in-growth into the implant itself'.
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Fig. 4 Porous titanium cage
combined with surface
roughening

PEEK has also been combined with other materials such as
HA in order to more closely simulate a bone environment
[42]. A recent study by Ma et al. had implanted various
PEEK and HA-PEEK composite implants (of varying propor-
tions) in rabbit tibias. They found that the HA-PEEK compos-
ites had increased push-out forces and interfacial shear
strength relative to those of pure PEEK implants; the optimal

Fig. 5 PEEK cage with titanium
coating to promote
osseointegration

amount determined by this study was 5 wt.% of HA (relative
to higher concentrations of HA) [43] .

PEEK Coating

The use of various coatings using bioactive material has also
been applied to PEEK implants. Titanium can be used to coat
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PEEK through various methods such as electron beam
deposition (Fig. 5). Han et al. used this method to coat
PEEK implants and found increased osteoblast proliferation
of more than twofold in vitro relative to pure PEEK implants
[44]. In vivo experiments in rabbits showed a significantly
higher bone-in-contact ratio in the Ti-coated PEEK implants
versus pure PEEK implants [44]. Interestingly, they also used
PEEK screws that were only half-coated in titanium and
showed gaps between the bone and implant surface versus
much tighter contact on the coated half of the screw [44].
Hoppe et al. used vacuum plasma spray to apply a titanium
coating to PEEK cages; they performed a retrospective review
on 42 patients who underwent a transforaminal lumbar
interbody fusion (TLIF) using Ti-coated PEEK implants and
had no patients with evidence of pseudarthrosis or radiolucen-
cy around the cage. At 24-month follow-up, they found 93.6%
of patients had a G1 fusion rate (per Bridwell classification),
and 90.4% of patients were pain-free with high satisfaction at
final follow-up [45]. Lastly, Makino et al. evaluated 24 pa-
tients who underwent 1- or 2- level posterior lumbar interbody
fusion (PLIF) surgery using Ti-coated PEEK cages. They im-
planted two cages at every level and using color CT mapping
found that 134 of 248 (54%) bone-implant surfaces demon-
strated bony on-growth, although this study’s main focus was
on the efficacy of color CT mapping as a means to assess
fusion [46¢].

An alternative to using a titanium coating is the use specif-
ically of a TiO, coating, part of the reason why titanium im-
plants are biologically active [3, 9]. A study by Tsou et al.
implanted TiO,-coated PEEK implants in rabbit femurs
in vivo and found more lamellar bone formation versus fi-
brous tissue seen in the PEEK-only implants on histological
analysis [9]. Biomechanical testing also showed greater than
twofold shear strength at the bone-implant interface of the
Ti0,-coated implant versus the pure PEEK implant
(6.51 MPa versus 2.54 MPa, respectively).

HA-coated PEEK implants have also been explored—in
vivo studies by Barkamo et al. in rabbit femurs found im-
proved osseointegration based on bone-to-implant contact in
nanocrystalline-HA-coated PEEK implants versus pure PEEK
implants [47]. Johansson et al. implanted HA-coated PEEK
screws in rabbits in 2016 and found that the HA-coated screws
had higher bone-in-contact ratios as well [48]. Johansson’s
group subsequently performed a biomechanical analysis of
HA-coated PEEK screws inserted into the tibia and femur of
rabbit models—here they found that the removal torque was
significantly higher in HA-coated PEEK screw implants
[49e-].

One of the mechanical disadvantages of coating PEEK
cages is the possibility of wear debris and shearing [50].
Several studies by Kienle et al. used polyurethane foam blocks
to emulate the interbody space. They found that the Ti-coated
PEEK implants deposited wear debris with coating abrasion

on 26% of the implant’s teeth after simulating implant inser-
tion [50]. A study in 2019 by Kienle et al. additionally looked
at PEEK cages coated with calcium phosphate as well and
found that Ti-coated cages had the greatest amount of weight
loss following impaction [51]. Though they did not observe
full delamination in their studies, one must consider potential
adverse effects of titanium debris following implantation such
as an inflammatory or immune response.

Conclusion

The advent of the spinal interbody implant has allowed for
circumferential spinal fusion for many decades. Implant de-
sign has come a long way since autograft was used initially, as
both biologic and mechanical properties have been enhanced
since. Recent advancements have resulted in significant im-
provements in the two most widely used implant materials
today, titanium and PEEK. Porosity and surface roughness
have provided both mechanical and biologic advantages to
titanium implants; meanwhile the development of composites
and surface coatings have greatly enhanced the biologic prop-
erties of PEEK implants. These modifications are constantly
changing, and new results are coming out often; additionally
new materials altogether are being explored with the ultimate
goal of optimizing osseointegration and fusion in spinal

surgery.
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