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» Implant surface characteristics play a critical role in promoting osseointegration and long-term spinal fusion success.

» Titanium and polyetheretherketone (PEEK) are the most commonly utilized materials in interbody cages, each with distinct

advantages and limitations.

» Surface modifications such as roughening, porosity, and hydroxyapatite coatings enhance osseointegration and early fusion

outcomes.

» Emerging materials, including silicon nitride and porous tantalum, demonstrate favorable biological and mechanical prop-

erties but require further clinical validation.

» No single implant material or surface technology has shown consistent clinical superiority, highlighting the need for ongoing

research and evidence-based selection.

fusion, with biomaterial composition directly influenc-

ing biological and mechanical outcomes'. Titanium and
polyetheretherketone (PEEK) remain the most common cage
materials, each offering distinct advantages and limitations.
Titanium provides strength, corrosion resistance, and os-
seointegration via a stable oxide layer but may contribute to
stress shielding, subsidence, and impaired radiographic fusion
assessment due to radiopacity”. PEEK has a bone-like elastic
modulus and radiolucency, but its hydrophobic, bioinert surface
promotes fibrous encapsulation and pseudarthrosis®’.

These limitations have driven the development of
surface-engineered implants combining mechanical reliability
with biological activity. Roughened and porous titanium sur-
faces better replicate bone stiffness and architecture, whereas
PEEK has evolved through titanium or hydroxyapatite coat-
ings and fully porous designs that mimic trabecular bone'*.
Alternatives such as silicon nitride (SizN4) and porous tanta-
lum promote cell attachment, antimicrobial activity, and bone-
like mechanical properties®®.

This review synthesizes evidence on spinal interbody
implant innovations across surface-engineered and material-
based designs, including titanium (roughened, porous, nano-
scale, and hydroxyapatite-coated), PEEK (titanium-coated,

S pinal interbody fusion devices are essential for durable

porous, and hydroxyapatite-infused), and alternatives such as
SizN, and tantalum. It links biological mechanisms to clinical
outcomes (fusion, subsidence, and alignment maintenance) to
guide implant selection.

Assessment of Fusion and Subsidence

adiographic fusion criteria vary widely and include evi-

dence of bone bridging on static or dynamic radiographs,
computed tomography (CT)-based trabecular assessment,
and indirect signs such as end plate remodeling or bone spur
formation. Shimizu et al.” described the anterior or posterior
sentinel sign, characterized by bone spur formation, as a
possible indicator of pseudarthrosis. However, this finding
should be interpreted together with dynamic imaging and
clinical findings rather than in isolation (Fig. 1)°. Each method
has inherent limitations, particularly in instrumented con-
structs, and fusion is often inferred rather than directly visu-

alized, requiring cautious interpretation of reported rates®"".

Titanium-Based Surface Technologies

itanium is widely used in spinal surgery because of its
biocompatibility, high strength-to-weight ratio, and
capacity for direct bone attachment, contributing to durable

Disclosure: The Disclosure of Potential Conflicts of Interest forms are provided with the online version of the article (http://links.lww.com/JBJS/J269).

J Bone Joint Surg Am. http://dx.doi.org/10.2106/JBJS.25.00904 ® Epub 2026 May 21

Copyright © 2026 by The Journal of Bone and Joint Surgery, Incorporated. Unauthorized reproduction of this article is prohibited.


http://links.lww.com/JBJS/J269

Interbody Cages: Surface Technologies in Spinal Implants

fixation and lower revision rates compared with PEEK"".
However, its high elastic modulus may promote stress shielding
and subsidence, particularly in osteopenic bone, and its radio-
pacity can obscure trabecular con-
tinuity on CT, reducing fusion
assessment accuracy”'.

Toop et al. conducted a
randomized controlled trial (RCT)
of 50 patients, comparing 34 tita-
nium and 40 PEEK interbody
levels, and demonstrated higher
early fusion rates (84.0% com-
pared with 20.6%) and lower sub-
sidence rates (20.8% compared
with 41.4%) with titanium, with early
fusion also predictive of subse-
quent segmental stability at 1 year
(all p < 0.05)". Porous and 3D-
printed titanium cages may better
resist subsidence than smooth
titanium or PEEK, likely due to
superior osseointegration and os-
teoconductive properties enabled
by the porous architecture'®,

Roughened Titanium

Surface roughening enhances

titanium fixation by introducing

irregularities on the microscale (1to 100 pm) and nanoscale (1
to 100 nm) that increase friction and reduce micromotion, and
may promote early implant stability'>'®. At the cellular level,
roughened titanium surfaces increase osteoblast adhesion
and differentiation, upregulating osteogenic markers such as

Although the biological and
biomechanical advantages of
surface-engineered implants
are increasingly well charac-
terized, standardized compar-
ative clinical outcome data
across cage materials remain
heterogeneous, particularly
for patient-reported outcomes
and revision rates.

bone morphogenetic protein-2 (BMP-2) and osteocalcin and
improving bone-implant contact in preclinical models**.
Clinical studies have supported the translational rele-
vance of these findings. Krop-
penstedt et al. conducted a long-
term clinical study of 46 patients
undergoing posterior lumbar
interbody fusion using titanium
cages coated with Plasmapore (B.
Braun) and reported segmental
stability rates exceeding 95%, a
mean loss of disc height of
approximately 2%, and a small
mean reduction in segmental lor-
dosis at a mean 8-year follow-
up?. Similarly, Krayenbiihl et al.
conducted a prospective study of
45 patients involving 58 cervical
levels treated with an empty
Plasmapore-coated titanium cage
and demonstrated a 98% fusion
rate, a 2% subsidence rate, and
preservation of disc height and

lordosis™.
The clinical performance of
roughened titanium implants

depends on surface uniformity
and the manufacturing technique.
Grit-blasted, acid-etched, and
laser-textured surfaces produce distinct microtopographies
influencing fatigue strength and cellular response. Excessive
roughening may compromise implant durability. In contrast,
controlled microscale and nanoscale texturing enhances
cellular adhesion without sacrificing structural integrity.

Fig. 1

Sagittal CT scans showing nonunion following (left) transforaminal lumbar interbody fusion with a titanium cage and implant failure with “sentinel sign”
lucency, and (right) subsequent anterior lumbar interbody fusion revision with a porous PEEK cage demonstrating solid anterior fusion.
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Fig. 2

Representative images of interbody fusion cages illustrating variations in material type, lumen (aperture) size, porosity, and surface topography. Implants B
though H are 3D-printed titanium cages engineered with distinct structural characteristics, including low porosity (Fig. 2-B), porous surface topography
(Fig. 2-C), asmall aperture (Fig. 2-D), a standard aperture (Fig. 2-E), no aperture (Fig. 2-F), smooth surface topography (Fig. 2-G), and high porosity (Fig. 2-H).
Implants A and | represent control materials: solid PEEK with a standard aperture (Fig. 2-A) and solid titanium with a standard aperture (Fig. 2-1). Arrows
indicate design modifications: blue for lumen size, green for surface topography, black for porosity and/or stiffness, and gray for material type. (Reprinted
from The Spine Journal, 25[5], Farber SH, Oldham AJ, O’Neill LK, Sawa AGU, Ratliff AC, Doomi A, Pereira BA, Uribe JS, Kelly BP, Turner JD, Optimization of
3D-Printed Titanium Interbody Cage Design. Part 1: In Vitro Biomechanical Study of Subsidence, pp 1050-1059, Copyright [2025], with permission from

Elsevier.)

Roughened titanium implants may be advantageous in multi-
level or osteoporotic constructs by improving surface grip and
early bone bonding™*,

Porous Titanium

Porous titanium implants are designed to replicate trabecular
bone, enabling vascular and cellular ingrowth while improving
load sharing and mechanical fixation®. Clinical studies have
reported fusion rates approaching 95%, defined by radio-
graphic or CT-confirmed osseous bridging, and lower subsi-

3

dence rates compared with PEEK cages'®*>*°. These outcomes

reflect the dual benefits of surface porosity in promoting load
sharing and biologic integration.

Evidence regarding porous titanium implants has re-
mained mixed. Patel et al.'® conducted a systematic review of
299 patients and 59 ovine subjects and found no consistent
advantage of 3D porous titanium over PEEK with respect to
fusion or subsidence. Interpretation has been limited by het-
erogeneity in populations, imaging methods, and subsidence
definitions'®****,
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Experimental data have demonstrated that inter-
connected pores of between 300 and 600 pm optimize os-
teoconduction, vascularization, and bone bonding, whereas
<100-pm pores are inadequate and oversized pores may
compromise strength®**. Trabecular bone-like geometries
distribute load more physiologically and achieve greater bone
contact than simple cylindrical structures®***. Clinically, these
features may improve load sharing and reduce subsidence,
particularly in osteoporotic bone.

Although most preclinical studies have used small ani-
mals lacking Haversian systems and full cortical remodeling,
they consistently demonstrated that interconnected porosity
better reproduces the behavior of human bone. Selecting ca-
ges with appropriate pore size and geometry may enhance
fusion reliability and long-term construct stability***>*%,

In patients with osteoporosis, porous or lattice titanium
cages may reduce the effective elastic modulus toward that of
cancellous bone while permitting bone ingrowth, making
them reliable options for stable fixation®”.

Although both roughened and porous titanium surfaces
enhance implant-bone grip, the distinction between these
designs is based largely on preclinical and biomechanical
data. Roughened titanium primarily improves early fixation
through surface topography, whereas porous titanium addi-
tionally reduces the effective elastic modulus and permits
bone ingrowth. However, clear clinical superiority of one
approach over the other has not been -consistently
demonstrated.

Nanoscale-Modified Titanium

The nanoscale modification of titanium through 3D printing,
anodization, or electrochemical deposition enhances cell-
surface interactions, increasing osteoblast adhesion, differ-
entiation, and matrix mineralization (Fig. 2)***>*.

In vitro studies have shown that nanoscale-modified
titanium increases osteoblast adhesion density by up to 50%
and elevates alkaline-phosphatase activity compared with
smooth titanium, reflecting accelerated differentiation and
greater matrix mineralization®*. In vivo models confirm
these effects, showing less fibrous tissue and more stable
bone anchorage, indicating that a nanoscale design directly
improves biological fixation**". In their ovine cervical fusion
study, Panchal et al. further supported this, showing greater
central bone volume (20.5% compared with 7.8%) and a reduced
frequency of implant migration (37.5% compared with 87.5%)
with 3D-printed titanium compared with PEEK (p < 0.01)*.

Clinical evidence has reinforced these findings. In a
single-blinded RCT of 17 patients (25 levels), Weinberg et al.
reported 100% fusion at 6 months in 10 levels treated with 3D-
printed titanium cages, whereas no fusion was observed in 15
PEEK-treated levels (p < 0.01)*°. In a larger retrospective study
of 200 patients, Jacob et al. found that 202 levels treated with
3D-printed titanium cages achieved higher 1-year fusion rates
(93.3%) and lower subsidence rates (6.0%), compared with 75
PEEK-treated levels, which showed lower fusion rates (73.2%)
and higher subsidence rates (25.0%) (p < 0.01)"".

These studies have demonstrated that nanoscale-modified
titanium achieves true segmental fusion rather than partial bone
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filling. Although early results are encouraging, long-term multi-
center research is needed to confirm implant durability across
spinal levels and patient groups. Clinically, nanoscale-modified
titanium is most useful when early osseointegration and alignment
preservation are priorities, particularly in cases involving revision
or poor bone quality. Higher cost and limited long-term data
currently justify selective rather than routine use.

Hydroxyapatite-Coated Titanium

Coating titanium implants with hydroxyapatite replicates the
bone-mineral = composition and = enhances osteo-
conductivity’®”. Hydroxyapatite improves biocompatibility
and mechanical fixation by increasing bone-implant contact
and pullout resistance*”. Although hydroxyapatite modifi-
cation has not been studied in titanium interbody cages, it has
been shown to enhance osseointegration of other spinal
implants, such as pedicle screws, as well as other orthopaedic
implants'>*®*®, The application of hydroxyapatite coatings to
interbody cages remains biologically plausible but is sup-
ported mainly by preclinical and extrapolated clinical evi-
dence rather than cage-specific studies.

Beyond improving osseointegration, hydroxyapatite
coatings reduce metal-ion release and corrosion, lowering the
risk of inflammation and hypersensitivity*>*°. This chemical
stability may increase implant longevity, although hydroxy-
apatite’s brittleness raises concerns about long-term
mechanical integrity under cyclic load*. Recent studies have
incorporated functional ions such as copper, zinc, and fluorine
to stimulate osteoblast activity, improve corrosion resistance,
and add antimicrobial potential’**"**. However, achieving
uniform coating thickness and durable adhesion remains
challenging and may influence outcomes™ >,

Clinically, hydroxyapatite-coated titanium implants may
be useful in patients needing to rapidly achieve osseointe-
gration and secure fixation, especially in the setting of com-

promised bone quality or revision surgery'****.

PEEK-Based Surface Technologies
Unmodified PEEK

EEK cages, introduced in the early 1990s, gained popu-

larity for their biocompatibility and bone-like elastic
modulus'®®*”. Their main advantage over metallic implants is
intrinsic radiolucency, which allows accurate assessment of
cage placement, disc-height restoration, and fusion progres-
sion®®. This clarity makes PEEK particularly valuable in
deformity correction and procedures requiring detailed
postoperative imaging.

Despite these advantages, unmodified PEEK is hydro-
phobic and bioinert, limiting bone bonding. Histologic and
retrieval studies have shown that native PEEK surfaces often
develop fibrous encapsulation rather than direct osseous
contact, delaying fusion and increasing the risk of pseudar-
throsis'>**®.  Although mechanically reliable, unmodified
PEEK does not provide the biological environment required
for rapid osseointegration.

Clinically, unmodified PEEK cages may be most appro-
priate when postoperative imaging clarity and alignment
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assessment are priorities®’. However, retrieval and clinical
studies have shown limited direct bone-implant contact with
unmodified PEEK because of fibrous encapsulation'™***.
When early biological fixation is critical, including in cases
involving osteoporotic bone, revision surgery, or active
smoking, PEEK is commonly supplemented with osteo-
conductive coatings or graft'*>*°,

Titanium-Coated PEEK

Titanium-PEEK implants were developed to combine the
mechanical and imaging advantages of PEEK with the os-
seointegration potential of titanium. A thin titanium layer
promotes early bone attachment while preserving the radio-
lucent core for postoperative evaluation. This design seeks to
achieve biological fixation similar to metallic cages without
compromising imaging clarity. Earlier concerns regarding
coating delamination or microfracture under cyclic loading
have largely been resolved through improved plasma-spray
and vapor-deposition methods®**°.

No clinically important coating failures have been
reported in recent studies. In a 2023 systematic review and
meta-analysis of RCTs including 325 patients, Lv et al. found
that titanium-PEEK and PEEK achieved comparable fusion
and subsidence rates, with no difference in patient-reported
outcome measures®.

Li et al. conducted a 2023 systematic review and meta-
analysis of 7 clinical studies. Across 5 studies including 429
patients, the authors noted slightly higher 6-month fusion
rates and better Oswestry Disability Index improvement for
titanium-PEEK, although these differences were not main-
tained at 12 months. Across 6 studies including 492 patients,
subsidence rates were also similar between both materials®’.

Overall, titanium-PEEK provides short-term and
intermediate-term outcomes comparable with PEEK. Its

potential for faster early fusion and enhanced biological
activity makes it appealing when both radiographic transpar-
ency and surface reactivity are desired. Larger prospective
trials are still needed to confirm long-term implant perfor-
mance, sustained clinical outcomes, and cost-effectiveness.

Porous PEEK

Although the implant material influences osseointegration,
surface topography and architecture often play a greater role
in determining fusion success®®. To overcome the bioinert
nature of unmodified PEEK, porous PEEK was developed to
replicate the 3D structure of trabecular bone. Its inter-
connected pores support osteoblast attachment and migra-
tion, as well as vascular ingrowth, creating an environment
that promotes early bone formation and mechanical
interlocking™**7>.

Hill and Strenge retrospectively compared anterior
cervical discectomy and fusion (ACDF) outcomes in 189
patients treated with porous or smooth PEEK and structural
allograft. Porous PEEK resulted in earlier and greater
improvement in Neck Disability Index (NDI) and pain scores,
indicating that surface architecture directly influences early
recovery’. Basques et al. retrospectively evaluated 33 patients
who underwent a >3-level ACDF with porous PEEK cages and
had =1 year of follow-up, reporting a 97% fusion rate that was
comparable or superior to previously reported rates for
multilevel ACDF”. These findings support porous PEEK as a
design that improves both biological and clinical outcomes.

Porous PEEK enhances bone ingrowth by increasing
surface area and improving cell adhesion while improving
load transfer to limit end plate collapse. Optimal pore sizes
between 300 and 600 pm with interconnected geometry
promote osteoconduction and vascularization, whereas
irregular or oversized pores may reduce strength®***, Porous

PEEK/Si,N,

Fig. 3

Representative confocal laser scanning microscopy (CLSM) images of cells cultured for 5 days on PEEK (/eft) and PEEK-SisN, (right) scaffolds, stained for
actin filaments (red) and nuclei (blue). Cells on the PEEK-SisN,4 surface demonstrated greater spreading and cytoskeletal organization, suggesting
enhanced cellular attachment and early osteogenic activity. These morphological observations were consistent with increased mineralization observed
by Alizarin Red S staining at day 7 (data not shown). Scale bars represent 100 pm. (Reprinted, with permission, from: Du X, Ronayne S, Lee SS, Hendry J,
Hoxworth D, Bock R, Ferguson SJ. 3D-Printed PEEK/silicon nitride scaffolds with a triply periodic minimal surface structure for spinal fusion implants. ACS
Appl Bio Mater. 2023 Aug 21;6[8]:3319-29. Reprinted under a Creative Commons license: https://creativecommons.org/licenses/by/4.0/.)
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Fig. 4

Scanning electron microscopy images of unseeded tantalum (Figs. 4-A, 4B, and 4-C) and titanium fiber mesh (Figs. 4-D, 4-E, and 4-F) scaffolds at
magnifications of 25x (Figs. 4-A and 4-D), 100x (Figs. 4-B and 4-E), and 250x (Figs. 4-C and 4-F). Tantalum exhibits a highly porous and rough surface
architecture that enhances cellular attachment and osseointegration, whereas titanium fiber mesh shows a smoother, woven fiber-like structure with less
surface complexity. The increased surface topography, referring to the 3D microarchitecture and expanded surface area of tantalum, provides a more
favorable environment for bone ingrowth and fusion. Scale bars represent 1 mm (Figs. 4-A and 4-D) and 100 um (Figs. 4-B, 4-C, 4-E, and 4-F). (Reprinted,
with permission, from: Sagomonyants KB, Hakim-Zargar M, Jhaveri A, Aronow MS, Gronowicz G. Porous tantalum stimulates the proliferation and
osteogenesis of osteoblasts from elderly female patients. J Orthop Res. 2011 Apr;29[4]:609-16. Copyright 2011 John Wiley and Sons.)

PEEK combines mechanical stability with biological integra-
tion, making it useful in multilevel fusions or cases where
subsidence prevention and imaging clarity are important.

Hydroxyapatite-Infused PEEK

To enhance the osteoconductive properties of PEEK, researchers
developed hydroxyapatite-coated or hydroxyapatite-infused
PEEK implants that promote faster osseointegration and stron-
ger fixation””. Conventional coating techniques such as plasma
spraying and electron-beam deposition have shown inconsistent
coating density, weak adhesion, and susceptibility to delamina-
tion under cyclic loading’®.

Hahn et al. introduced aerosol deposition, producing
dense hydroxyapatite coatings with superior adhesion and
uniform coverage”. In vitro, aerosol deposition-coated PEEK
demonstrated higher cellular activity and greater bone-
implant contact compared with uncoated PEEK, indicating
improved early bioactivity and osseointegration potential”.
Johansson et al. compared hydroxyapatite-coated and
uncoated PEEK screws in an in vivo rabbit femoral model and
found significantly higher bone-implant contact and osteo-
conductivity with hydroxyapatite-coated implants at 3 and
12 weeks, along with reduced fibrous encapsulation and better
bone anchorage’. Similarly, in a sheep cervical fusion model,
Walsh et al. found greater bone ongrowth and trabecular
continuity around hydroxyapatite-coated implants, whereas
bare PEEK remained encapsulated in fibrous tissue®.

6

Although these results are encouraging, clinical data have
remained limited. Hydroxyapatite-coated or infused PEEK
should be considered when enhanced biological integration is
desired, especially in revision or osteoporotic settings. Surgeons
should verify fusion through imaging, as long-term human
studies are still needed to establish implant durability.

Alternative and Hybrid Materials for Spinal
Fusion

SizN,

Si3N4 is a non-oxide ceramic that combines osteo-
conductive properties similar to porous titanium with
partial radiolucency, high fracture resistance, and strong wear
performance”. Ament et al. performed a systematic review
and meta-analysis of 1,192 patients and found that SizN, and
PEEK had similar subsidence risk, both outperforming tita-
nium’®. Smith et al.*® retrospectively compared 58 patients
who underwent ACDF using SizN, cages and 34 patients
treated with fibular allograft and reported earlier and more
consistent fusion, lower subsidence rates, and faster radio-
graphic union with SizN,.

In a multicenter RCT of 100 patients, McEntire et al.
found that SizgN, achieved equivalent pain relief, disability
improvement, and recovery compared with PEEK in lumbar
fusion®. The CASCADE RCT by Arts et al. compared 100
patients who underwent ACDF using SizN,4 or PEEK cages and
found no significant differences in clinical outcomes, fusion, or
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Table 1. Summary of Surface Technologies in Interbody Fusion Cages

PEEK

Aerosol-deposited
hydroxyapatite-coated
PEEK

SizNg

and osteoconductivity without metal
artifact

Dense, uniform hydroxyapatite layer
with superior cellular attachment and
bone-implant contact

Osteoconductive, antimicrobial, partial

to poor adhesion

No human trials yet; long-term stability
unknown

Regulatory
Surface Technology Benefits Limitations Status*
Roughened titanium Improves primary mechanical fixation High elastic modulus may still cause FDA-cleared
(micro-textured or nano- and stimulates osteoblast maturation, stress shielding and subsidence
textured) enhancing fusion stability
Hydroxyapatite-coated Strong bone bonding, reduced metal- Brittle coating susceptible to cracking FDA-cleared
titanium ion release, superior corrosion or delamination; uneven thickness can
resistance impair durability
Nanoscale-modified Enhances cellular attachment and Limited long-term human data; com- FDA-cleared
titanium (3D-printed, osteogenic activity, with lower fibrotic plex manufacturing requirements
electrochemically response
treated)
PEEK (unmodified) Radiolucent, bone-like elastic modu- Bioinert surface induces fibrous FDA-cleared
lus, chemically inert encapsulation and higher
pseudarthrosis risk
Titanium-coated PEEK Combines PEEK’s biomechanical Potential coating delamination; limited FDA-cleared
profile with titanium’s long-term outcome data
osseointegration; preserves
radiolucency
Porous PEEK Trabecular bone-like architecture Long-term durability and FDA-cleared
permits bone ingrowth while main- manufacturing reproducibility require
taining radiolucency further validation
Hydroxyapatite-coated Improves early bone-implant contact Hydroxyapatite layer brittle and prone FDA-cleared

Preclinical and
not FDA-cleared

radiolucency, and lower subsidence
risk than titanium

Porous tantalum High porosity promotes
osseointegration; modulus

approximates cancellous bone

3D-printed triply
periodic minimal surface
SizN4 or PEEK scaffold

lon-doped
hydroxyapatite coatings
(zinc, copper, fluorine)

Customized porous geometry, high
compressive strength, promising
osteogenic response

Potentially enhances bioactivity,
corrosion resistance, and antimicrobial
effect

Higher manufacturing cost; mixed FDA-cleared
clinical superiority data vs. PEEK
Radiopaque (imaging artifact) and FDA-cleared

costly

Preclinical and
not FDA-cleared

Preclinical concept; lacks in vivo or
clinical validation

Preclinical and
not FDA-cleared

Manufacturing uniformity and
cytotoxicity concerns; no clinical data

animal studies, with no FDA clearance to date.

*Regulatory status is based on publicly available FDA 510(k) clearance records as of 2025. “FDA-cleared” indicates that at least 1 device with this
surface technology has received clearance for spinal use. Technologies labeled “Preclinical and not FDA-cleared” are limited to laboratory or

/

subsidence at 24 months®*. Similarly, Ball et al. retrospectively
analyzed patients who underwent ACDF; 17 patients had SizN4
spacers and 21 patients had PEEK spacers. The authors
reported comparable fusion rates, NDI scores, and visual
analog scale (VAS) scores at 3 years, with a trend toward
earlier fusion in the SizN4 group®’.

SizN, performs at least as well as PEEK while offering
radiolucency for postoperative imaging assessment.

Experimental Hybrid Scaffolds

Although SizN, has demonstrated strong performance, the
ideal fusion material may combine multiple biomaterial
strengths. Du et al. evaluated 3D-printed scaffolds combining

PEEK and Si3N,; and found high compressive strength, a
suitable elastic modulus, and improved osteogenic potential®.
These hybrid constructs redistributed load more physiologi-
cally while maintaining structural integrity. In vitro, they
enhanced cell proliferation and osteoblastic differentiation,
indicating that mechanical and biological optimization can
coexist within a single design®.

Hybrid materials represent a promising direction for
spinal fusion, balancing elasticity, radiolucency, and biological
activity. Although these designs remain experimental and no
hybrid PEEK-Si3N,4 devices have yet been approved by the U.S.
Food and Drug Administration (FDA), early data have indi-
cated the potential to reduce stress shielding while main-
taining strong osteoconductive interfaces (Fig. 3).
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Table 2. Summary of Clinical and Preclinical Evidence on Interbody Cage Surface Technologies in Spinal Fusion*

Study

Study Design

Study Population

Intervention and
Comparator

Key Findings

Ament’® (2022)

Arts® (2017)

Fernandez-
Fairen® (2008)

Li®” (2023)

Lv®® (2023)

McEntire® (2020)

Patel™® (2023)

Weinberg26
(2026)

Ball®® (2017)

Basques73 (2023)

Hili® (2019)

Jacob” (2025)

Papacci® (2016)

Smith®® (2018)

Systematic
review and meta-
analysis

RCT

RCT

Systematic
review and meta-
analysis

RCT

RCT

Systematic
review

RCT

Retrospective
cohort study

Retrospective
cohort study

Retrospective
cohort study

Retrospective
cohort study

Retrospective
cohort study

Retrospective
cohort study

1,192 patients
across 13 clinical
studies

100 patients
undergoing
ACDF for cervical
radiculopathy

61 patients with
cervical
radiculopathy

7 clinical studies,
429 patients
undergoing
lumbar fusion

4 RCTs, 325
patients
undergoing
lumbar fusion

92 patients with
degenerative
lumbar disc
disease

299 humans and
59 ovine
subjects across 7
studies

17 patients, 25
TLIF levels

41 patients who
underwent ACDF
(20 Si3zNg, 21
PEEK)

33 patients who
underwent ACDF
at >3 levels with
porous PEEK
cages

167 patients who
underwent ACDF

200 patients
(277 TLIF levels)

99 patients who
underwent ACDF
with porous
tantalum cages

92 patients who
underwent ACDF
(58 SizNg, 34
allograft)

SisNg4, PEEK, titanium,
and other composites

Porous SisN,4 spacers
and PEEK cages
(autograft-filled)

Porous tantalum implant
and iliac crest autograft
with plating
Titanium-coated PEEK
and PEEK cages

Titanium-PEEK cages
and PEEK cages

PEEK cages and SisN4
cages

3D-printed porous
titanium cages and
PEEK cages

3D-printed porous
titanium cages and
PEEK cages

SizN4 spacers and PEEK
spacers

Porous PEEK cages and
plating

Porous PEEK, smooth
PEEK, and structural
allograft

3D-printed titanium
banana cages and
titanium-coated PEEK
cages

Porous tantalum cages
(Trabecular Metal;
Zimmer Biomet)

SisN,4 cages and
allograft spacers

Titanium implants had highest subsidence rates;
Si3N4 and composites showed reduced
subsidence rates; network analysis ranked nano-
hydroxyapatite-polyamide 66 and SizNy4
improved relative to titanium PEEK

No significant differences in NDI, pain scores,
recovery, fusion, or subsidence at 24 months

Fusion and clinical outcomes similar in both
groups at 24 months

Titanium-PEEK showed higher early fusion rate
(6 months) and better early ODI and VAS scores
compared with PEEK cages; no long-term dif-
ferences at 12 months

Fusion and subsidence rates were equivalent at
3, 6, 12, and 24 months; no significant
differences in patient-reported outcome
measures

Both groups had improved disability and pain; no
significant differences in subsidence, motion, or
fusion; SizN4 noninferior to PEEK

6 of 7 studies favored 3D-printed titanium over
PEEK, with improved osseointegration and
reduced subsidence and with no difference in
reoperation risk

Fusion at 6 months: 100% (3D-printed cages) vs.
0% (PEEK) (p <0.01)

Both groups reached 100% fusion at 36 months;
earlier follow-up suggested a trend toward faster
fusion with SizNg4; no differences in pain or disa-
bility at 36 months

High fusion rate (97%) and low pseudarthrosis
(3.0%) and subsidence (6.1%) rates at 12 months;
significant improvement in cervical lordosis and
patient outcomes at 12 months

Porous PEEK achieved significantly higher early
improvement in NDI and neck pain sustained
through 12 months vs. allograft or smooth PEEK

Fusion rates at 1 year: 93.3% (3D-printed cages)
vs. 73.2% (PEEK) (p <0.01); cage subsidence rates
at 1year: 6.0% (3D-printed cages) vs. 25.0%
(PEEK) (p < 0.01)

Significant long-term improvements in pain, NDI,
and SF-36; low complication rate; safe and
effective for single and double levels

SisN,4 cages showed higher osseointegration
rates (93.6% vs. 76.3%), faster fusion (4.1 vs.

8.6 months), and less subsidence (0.5 vs. 2.7 mm)
(p < 0.05)

continued
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Table 2. (continued)

Study Design

Study Population

Intervention and
Comparator

Key Findings

Hahn”” (2013)

Sinclair® (2012)

Johansson’®
(2016)

Panchal®® (2025)

Walsh®® (2016)

Preclinical in vitro
and animal study

Preclinical animal
study

Preclinical animal
study

Preclinical animal
study

Preclinical animal
study

Medical-grade
PEEK with
aerosol-
deposited
hydroxyapatite
coating

25 goats that
underwent ACDF

24 rabbits with
apically
perforated PEEK
implants

8 sheep that
underwent
cervical
interbody fusion

Sheep cervical
model

Hydroxyapatite-coated
PEEK and uncoated
PEEK

PEEK and porous
tantalum interbody
devices

Nano-hydroxyapatite-
coated PEEK and
uncoated PEEK

3D-printed porous
titanium cages and
PEEK

PEEK, PEEK-
hydroxyapatite, and
allograft

Dense, adherent hydroxyapatite coating
enhanced cell proliferation, osteogenic
differentiation, and bone-implant contact in ani-
mal models

Porous tantalum implants had better bone
ingrowth, higher mineral apposition and superior
graft bridging compared with PEEK

Hydroxyapatite-coated PEEK showed
significantly higher bone-implant contact and
bone ingrowth at 3 and 12 weeks as well as
improved osteogenic properties

3D-printed titanium cages demonstrated better
bone ingrowth (20.5% vs. 7.8%) and less
frequent migration (37.5% vs. 87.5%) compared
with PEEK (p < 0.05)

PEEK-hydroxyapatite showed superior direct
bone contact and fusion compared with PEEK
and allograft; allograft devices resorbed and
fractured

*ACDF = anterior cervical discectomy and fusion, NDI = Neck Disability Index, ODI = Oswestry Disability Index, VAS = visual analog scale,

TLIF = transforaminal lumbar interbody fusion, and SF-36 = 36-item Short Form.

/

Tantalum-Based Implants

Tantalum has long been used in orthopaedic reconstruction for its
biocompatibility and biomechanical properties™. In spinal applica-
tions, porous tantalum is manufactured by depositing tantalum
onto avitreous carbon substrate, creating an interconnected lattice
that supports bone ingrowth and provides high mechanical stability
(Fig. 4)®. Its low elastic modulus approximates cancellous bone,
reducing stress shielding and subsidence™.

Tantalum promotes osteoblast differentiation and pro-
liferation, enhancing osseointegration®”. Surface treatments
such as alkali and heat processing further improve bone
attachment®®. In a goat model, Sinclair et al. found significantly
greater bone volume at the bone-implant interface with tantalum
compared with PEEK, confirming superior biological fixation®’.

Clinically, Papacci et al. reported significant pain and
quality-of-life improvements and no major complications in 99
patients who underwent ACDF and had porous tantalum ca-
ges”. Fernandez-Fairen et al. conducted an RCT comparing
trabecular tantalum cages without graft and tricortical auto-
graft with plating in 61 patients who underwent ACDF, re-
porting similar outcomes at 2 years and slightly faster fusion in
the tantalum group at 6 and 12 months”".

Tantalum-based cages offer strong primary stability,
making them ideal for multilevel fusion, revision cases, or
osteoporotic bone. Their trabecular structure supports
durable osseointegration, although radiopacity can limit
postoperative imaging'®. Where imaging clarity is less critical,
tantalum remains one of the most biologically and mechan-
ically robust options for interbody fusion. Despite favorable

biomechanical and biological properties, tantalum cages have
not demonstrated consistent clinical superiority over titanium
or PEEK, and factors such as cost and manufacturing com-
plexity may limit broader adoption®***,

Clinical Guidance and Future Directions

mplant selection should align with patient biology and

construct mechanics. Patients with low bone mineral den-
sity benefit from porous or roughened titanium and porous
PEEK to reduce subsidence risk, whereas radiolucent mate-
rials such as PEEK and SizN, are preferred when postopera-
tive imaging clarity is essential.

Although surface chemistry influences bacterial adhe-
sion and biofilm formation experimentally, no high-level
clinical evidence has demonstrated reduced infection rates
among cage materials. Available infection-related data remain
largely preclinical and mechanistic®®.

From a biomechanical standpoint, roughened and
porous cage surfaces increase end plate friction and
mechanical interlocking, which may reduce the risk of cage
migration or dislodgement, particularly in osteoporotic bone
or multilevel constructs*'*°*'°°, However, migration-specific
comparative clinical data remain limited and are inferred from
subsidence and stability outcomes.

For sagittal correction or height restoration, 3D-printed
titanium and porous tantalum cages provide superior struc-
tural support, frictional stability, and resistance to collapse,
making them valuable in multilevel or load-bearing con-
structs. Hydroxyapatite-coated or ion-doped implants may be

Copyright © 2026 by The Journal of Bone and Joint Surgery, Incorporated. Unauthorized reproduction of this article is prohibited.



Interbody Cages: Surface Technologies in Spinal Implants

Table 3. Grades of Recommendation

Recommendation

Grade*

PEEK, although fusion results vary.

clinical improvement; however, no RCTs are available.

3D-printed titanium (roughened or micro-nano): This technology showed consistently better osseointegration and variable fusion A-B
outcomes. Multiple high-quality RCTs have demonstrated enhanced osseointegration and reduced subsidence compared with

Porous PEEK: This technology showed consistently superior early outcomes, especially in multilevel ACDF when compared with B
multiple other technologies. Strong observational studies, including in complex cases, have shown high fusion rates and early

Titanium-coated PEEK: This technology showed short-term fusion benefit and long-term equivalent outcomes. Systematic reviews of B
RCTs have shown early postoperative improvements in fusion and disability indices, but benefits diminish by 12 months.

Hydroxyapatite-coated titanium: This technology showed consistent pullout strength and osseointegration. Animal and clinical B
studies have confirmed strong bone-implant bonding and mechanical stability.

Si3Ng4: This technology had mixed findings; some studies showed superiority to PEEK, and others showed noninferiority to PEEK. B-C
Some trials have reported improved fusion and osseointegration, but others have shown equivalence to PEEK in clinical outcomes.

Unmodified titanium: This technology showed strong mechanical performance but imaging and stress limitations. This is a well- C
established material with reliable mechanical properties but is limited by high modulus and imaging artifacts.

Porous tantalum: This technology showed characteristic early fusion benefit and long-term clinical parity. It showed promising early C
fusion and biological integration, but long-term clinical advantages remain inconsistent.

Hydroxyapatite-coated PEEK: This technology showed promising preclinical and animal results, but human data were lacking. C
Preclinical studies have indicated improved osseointegration, but human trials are not yet available.

Aerosol-deposited hydroxyapatite-coated PEEK: This technology showed enhanced hydroxyapatite adhesion and cellular response C-l
with preclinical data only. Preclinical data showed improved bone-implant contact but lacks clinical validation.

lon-doped hydroxyapatite coatings (zinc, copper, fluorine): This technology showed experimental improvements in osteogenic and C-l
antimicrobial function. In vitro studies have supported biological potential, but no in vivo or clinical evidence exists.

3D-printed triply periodic minimal surface PEEK-Si3N4 scaffold: This technology had early in vitro evidence only. It was an emerging |
concept with in vitro support; there have been no animal or human data to validate clinical use.

recommendation for or against intervention.

*According to Wrightm, grade Aindicates good evidence (Level | studies with consistent findings) for or against recommending intervention; grade
B, fair evidence (Level ll or lll studies with consistent findings) for or against recommending intervention; grade C, poor-quality evidence (Level IV or
V studies with consistent findings) for or against recommending intervention; and grade |, insufficient or conflicting evidence not allowing a

/

considered in patients with poor bone metabolism, a smoking
history, or prior fusion delay, based on preclinical osteo-
conductive evidence, although clinical outcome data in these
subgroups remain limited.

Practical factors such as regulatory approval, device avail-
ability, cost, and ease of insertion also influence implant choice.
Advanced surface technologies, including porous or coated
implants, are generally associated with higher cost and increased
insertional friction, whereas smooth PEEK cages are typically
easier to insert and reposition intraoperatively. Fusion success
depends equally on surgical technique, including end plate prep-
aration, on grafting, and on sagittal alignment maintenance.

Future efforts should prioritize standardized definitions
of fusion and subsidence, incorporation of patient-reported
outcome measures, and multicenter randomized trials with
long-term follow-up, particularly in osteoporotic and multi-
level cases. Collaboration among material scientists, radiolo-
gists, and spine surgeons will be essential to develop
evidence-based selection frameworks and ensure reliable
outcomes for next-generation implants.

Summary

Material and surface innovations have expanded the sur-
geon’s ability to achieve stable, biologically active fusion.
Roughened and porous titanium, especially in 3D-printed

designs, and trabecular tantalum provide superior osseointe-
gration and mechanical properties compared with smooth or
solid implants. Modified PEEK devices, whether porous or
hydroxyapatite-infused, improve osseointegration while pre-
serving radiolucency (Tables 1 and 2).

Implant evaluation should integrate biological perfor-
mance, biomechanical stability, and clinical outcomes, with
clinical outcomes representing the ultimate measure of suc-
cess. Biological success depends on osseointegration and
vascular ingrowth, biomechanical performance with respect
to load sharing and subsidence resistance, and clinical out-
comes, including implant durability, alignment preservation,
and functional recovery. Although the biological and biome-
chanical advantages of surface-engineered implants are
increasingly well characterized, standardized comparative
clinical outcome data across cage materials remain hetero-
geneous, particularly for patient-reported outcomes and
revision rates. Consequently, implant selection currently
relies on integrating available clinical evidence with mecha-
nistic rationale and patient-specific risk factors (Table 3).

Limitations persist related to coating adhesion,
manufacturing complexity, and sparse long-term data. No
single material fulfills all biological, mechanical, and imaging
requirements. Future efforts should prioritize standardized
imaging-based outcome measures, long-term comparative
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trials, and regulatory pathways linking preclinical innovation
to reproducible clinical success, enabling surface-engineered
implants to evolve into reliable tools for achieving durable
constructs and improved patient outcomes. B
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