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Abstract

Purpose of Review To summarize the history of titanium implants in spine fusion surgery and its evolution over time.
Recent Findings Titanium interbody cages used in spine fusion surgery have evolved from solid metal blocks to porous
structures with varying shapes and sizes in order to provide stability while minimizing adverse side effects. Advancements
in technology, especially 3D printing, have allowed for the creation of highly customizable spinal implants to fit patient
specific needs. Recent evidence suggests that customizing shape and density of the implants may improve patient outcomes
compared to current industry standards. Future work is warranted to determine the practical feasibility and long-term clinical
outcomes of patients using 3D printed spine fusion implants.

Summary Outcomes in spine fusion surgery have improved greatly due to technological advancements. 3D printed spinal
implants, in particular, may improve outcomes in patients undergoing spine fusion surgery when compared to current industry
standards. Long term follow up and direct comparison between implant characteristics is required for the adoption of 3D

printed implants as the standard of care.
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Introduction

Spinal fusion procedures have been used to treat a wide
range of pathologies including degenerative disc disease,
spinal stenosis, spondylolisthesis, herniated discs, and
trauma [1]. Over the past two decades, the incidence and
prevalence of degenerative spinal disorders has increased
significantly with a parallel increase in the number of spinal
surgeries performed [2-5]. Surgical management of degen-
erative spinal disorders has been shown to reduce patient
pain and disability, and improve quality of life; however,
accomplishing a durable fusion with long term stability con-
tinues to be a challenge [6, 7]. The goal of spinal fusion sur-
gery is to stabilize at least two vertebral levels. This is often
accomplished by removing intervertebral disc components,
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placing a rigid interbody cage between the vertebrae, and
fixing the structure with screws, plates, and rods to promote
spine fusion. Titanium is one of the most widely used mate-
rials for interbody cages and has significantly evolved over
time due to its longstanding use. Over the years, titanium
cages have advanced from solid metal blocks to porous
structures with varying shapes and sizes that can closely
mimic properties of bone while maintaining biomechanical
stability. We will discuss the evolution of titanium interbody
cages and how current technology has improved their utility
in spine fusion.

History

One of the earliest successful uses of interbody cages for
spine fusion was implemented in 1956 by Hodgson and
Stock, who used bone autografts blocks in patients with
severe spine degeneration from Pott disease (Fig. 1a) [8].
In the subsequent decades, alternative constructs emerged
including one by O’brien et al. which used a combination
cortical femoral ring allograft packed with cancellous bone
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Fig. 1 Evolution of anterior
lumbar interbody fusion cage
designs. (A) Autograft block;
(B) Femoral ring allograft;
(C) Bagby and Kuslich (BAK)
cage; (D) Polyetheretherketone
(PEEK) cage; (D) SynFix
implant; (F) Titanium Poly-
etheretherketone (Ti-PEEK)
cage. Adapted from Phan et al.
2016 with permission [13]

autograft and to promote spine fusion (Fig. 1b) [9]. These
bone grafts showed some success in achieving fusion, but
were not adequate standalone devices for stabilizing the
spine.

Titanium interbody cages were introduced in the 1980s
to provide more rigidity in the fusion construct and gained
popularity following a clinical trial in 1992 in which Bagby
and Kuslich showed the safety and efficacy of their implant
in humans. This implant was a “hollow, porous, square-
threaded, slightly tapered, cylindrical, titanium device”
known as the BAK cage (Fig. 1c¢) [10]. In a multi-center,
prospective clinical trial examining one- or two-level lumbar
fusions, a 91% fusion rate was achieved with BAK cages
after 24 months.

By the early 2000s, titanium interbody cages were com-
monplace and continuously undergoing modification to
improve patient outcomes. Wider implants were shown
to be associated with greater segment stability, leading to
the implementation of the lumbar-tapered cage: a trape-
zoid-shaped interbody cage shown to have higher axial
strength and resistance to subsidence compared to cylindri-
cal implants (Fig. 1d) [11, 12]. The theoretical advantages
were restoration of the spine to a more physiologic angle
while still providing the benefits of a cylindrical metal cage
(Fig. 1).

In addition to its mechanical properties, titanium has also
been shown to have several bioactive properties that support
its use as an implant material. Miiller et al. showed that tita-
nium alloys facilitate bone growth through osteoblast activa-
tion [14]. Navarrette et al. demonstrated that cells grown on
titanium alloys stimulate an osteogenic-angiogenic micro-
environment [15]. Textor et al. theorized that the safety and
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improved osseointegration of titanium implants is due to an
oxide layer forming when the titanium alloy comes into con-
tact with air, shielding the surrounding biologic tissue from
highly reactive metal species and promoting osseointegra-
tion by mimicking the ceramic properties of hydroxyapatite
[16, 17]. The stable oxide film formed with titanium alloy,
especially in the form Ti-6Al-4 V, was a key finding that
shifted material choices away from pure titanium to titanium
alloy [18].

The drawbacks of titanium use include an elastic modu-
lus much higher than bone (100-110Gpa vs 10-40Gpa of
cortico-cancellous bone) and high resistance to mechani-
cal loading [19]. Remodeling of bone under physiologic
weightbearing is an important factor for maintaining bone
health. Large differences in mechanical properties at the
bone-implant interface can lead to stress shielding — a pro-
cess by which bone adjacent to the implant resorbs over
time because the majority of the mechanical load is on the
implant, leading to subsidence and potential implant fail-
ure. In addition, traditional titanium implants are radiopaque
which interferes with radiographic assessment of the bone
implant surface. In the subsequent decade, advancements in
additive manufacturing, also known as 3D Printing (3DP),
offered some solutions to these drawbacks.

3d Printing in Spine Surgery

The first documented use of 3DP to aid in spine surgery was
in 1999 [20]. At this time, it was only used to recreate physi-
cal anatomical models as a visual aid for complex cases. As
technology became more advanced, a subcategory of 3D
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printing—selective laser sintering (SLS) — emerged as a
viable method of creating implantable devices. SLS printing
is a technique by which a laser solidifies and fuses powdered
material in layers to form a solid structure [21, 22]. In 2004,
an SLS printing machine with a high-powered laser capable
of melting metals was built which allowed for the creation
of 3D printed titanium parts for commercial use (Fig. 2).

By 2015, there was a surge in clinical trials using 3DP
titanium implants for spinal fusion [24, 25]. Shortly thereaf-
ter, in 2017, the FDA published validated guidelines for 3D
printed medical devices with specifications of design, manu-
facturing and testing [26]. As a result, the demand for and
use of 3D printing in medicine has increased dramatically
in the past 5 years with the majority of 3D printed devices
being used for orthopedic spine cases [27]. It is estimated
that the production of 3D printed implantable devices will
continue to grow around 29% annually through 2026 [28].

The advent of porous titanium implants, made using SLS
3D printing, helped overcome many of the drawbacks of
traditional spinal implants. Porous titanium can be modified
to reduce the mechanical strength mismatch between implant
and bone, and its lower density results in less radiographic
interference [29]. The layer-by-layer manufacturing process
of SLS printing also allows the manufacture of very pre-
cise and complex internal structure geometries for titanium
implants, unlike conventional machining techniques. Addi-
tionally, SLS generates less waste as it utilizes additive man-
ufacturing—the technique of adding just enough material in
a piece-wise fashion to create a part. Previous methods of
creating metal parts—like machining or acid washing—use a
subtractive manufacturing technique to remove excess mate-
rial from a starting block, which requires more raw material
and produces more waste. By using additive manufacturing
techniques, raw material waste has been reported as low as
5%, compared to 15% in subtractive techniques [30].

3D printed titanium also paved the way for further
advancements in surface interface technology aimed
at improving osseointegration and implant properties.
Sheng et al. describes some of the most recent changes to

Fig.2 Selective laser sinter-

ing (SLS) process used to fuse

powdered titanium into a solid

structure. A high-power laser

fuses powdered titanium parti-

cles wherever it makes contact

to powdered material in a

layer-by-layer fashion. Adapted Material
from Awad et al. 2020 with vat
permission [23]
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functionality in titanium implants and categorized them into
chemical, biologic, and physical modifications [31]. One
example of a chemical modification is anodizing, whereby
a current is passed through the titanium surface causing an
oxidation-reduction reaction to form a surface conducive to
bone healing [32, 33]. (Fig. 3a) Electrophoretic deposition
(EPD) is another technique that adds a thin surface coat-
ing to titanium through an electrochemical reaction [34]. It
has been used to apply inorganic coatings like hydroxyapa-
tite, graphide oxide, and silver cations in a wide variety of
orthopedic implants [34-36]. Physical modification includes
processes that alter the internal or external structure of the
implant. For example, laser surface engineering utilizes
high powered lasers to melt surface material, texturizing the
implant and enhancing the bone-implant interface (Fig. 3b)
[37, 38]. Examples of biologic modification (Fig. 3c) include
a hydrogel matrix that can absorb water and allow for con-
trolled release of antibiotics [38], a sodium alginate gel
coating containing pre-osteoblasts [39], and direct antibiotic
coating. These surface modifications can be used in combi-
nation with 3D printing to enhance the efficacy and biocom-
patibility of spinal implants to achieve successful fusion.
Drawbacks associated with 3D printing include cost,
which is estimated to be 2-5 times higher than conventional
implants [40—42]. In addition, 3D printing technology is not
available at many institutions which must outsource manu-
facturing, further increasing financial burden. Addition-
ally, data is limited on the long-term efficacy of 3D printed
implants and how they compare to implants currently being
used in clinical practice. Another drawback is the possibil-
ity of hypersensitivity reactions. Chung et al. [43] reported
a case of a patient with eosinophilia found incidentally after
vertebral body reconstruction using a 3D printed implant
[44]. The patient had no clinical symptoms but may have
had a hypersensitivity response to titanium powder parti-
cles. This may warrant further investigation as 3D printed
titanium devices become more common. Lastly, there is a
theoretical risk of lower relative strength in 3D printed tita-
nium implants compared to pure metal implants. Insufficient
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Fig.3 Various surface modifi- A
cations and resulting micro-

structure of a titanium implant.
Microstructure is visualized on

scanning electron microscopy

(SEM) after a) electrophoretic

deposition, b) laser peening, and

c¢) hydrogel packing. Adapted

from Sheng et al. 2022 [31]
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layer bonding and thermal fluctuations in the manufacturing
process can result in failure under load and residual stress.
However, finite element analysis and biomechanical testing
have demonstrated comparable results when comparing 3D
printed titanium to other methods of titanium implant manu-
facture [45].

Clinical studies

The two most commonly used materials for spinal implants
today are titanium alloys and polyetheretherketone (PEEK),
which have been compared often in clinical research. PEEK
is an FDA-approved thermoplastic created for spine implan-
tation as an alternative to titanium implants due to its bone-
mimicking mechanical properties (i.e. elastic modulus of
3.8Gpa which is similar to cancellous bone), potentially
reducing rates of subsidence and implant failure [46, 47].
Additionally, PEEK is radiolucent on imaging so physicians
can assess bony union more easily during postoperative fol-
low up. A major drawback was the finding that PEEK creates
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a biofilm in the body that inhibits osseointegration at the
bone-implant interface (Fig. 4) [48, 49].

Given the promising results of porous titanium implants
in animal studies, there has been increasing effort to vali-
date the utility of 3D printed porous titanium implants
in humans. Amini et al. performed one of the first cohort
studies that directly compared porous 3D printed tita-
nium to PEEK cages in standalone lateral lumbar inter-
body fusion (LLIF) [50]. In this retrospective study
of 113 patients, radiographs were collected at 6- and
12-month follow up to assess for subsidence. Multivari-
ate analysis showed that patients treated with 3D printed
titanium cages were less likely to develop severe subsid-
ence, defined as a loss of disc height of more than 50%,
than patients receiving PEEK implants (OR =0.05, 95%
CI=0.01, 0.3) (p=0.001). The reason for this was pos-
tulated to be improved stability due to higher osseointe-
gration of porous titanium implants. Makino et al. found
increased bone ongrowth in porous titanium and titanium
coated PEEK implants at 6 and 12 months post operation
compared to PEEK only implants [51]. The same authors
later published a case series comparing the two types
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Fig.4 Histologic section of sagittal plane through cranial and caudal
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shows most osseointegration in PTA implant compared to PEEK and
PSP. Image coded as follows: bone stained, red; fibrous tissue, gray;

of cages in 63 patients and found that there was signifi-
cantly lower subsidence and endplate cyst formation in
the porous titanium group compared to PEEK, but no dif-
ference in fusion rate or surgery effectiveness at 6 and
12 months [52].

In a systematic review in 2023, Patel et al. directly com-
pared 3D printed porous titanium to PEEK implants in the
setting of LLIF with a focus on clinical outcomes and sub-
sidence rates [1]. Six out of the seven papers included in
this review showed clinical outcomes in favor of 3D printed
porous titanium over PEEK. Fusion rates in the 3D printed
porous titanium implant group were superior to PEEK and
resulted in equal or fewer reports of subsidence, re-opera-
tion, and graft failure.

Segi et al. compared a tapered 3D printed porous titanium
cage versus squared PEEK cage in a retrospective study of
32 patients undergoing extreme lateral interbody fusion and
assessed for vertebral endplate concavity (VEC), a risk fac-
tor for subsidence [53]. Patients were followed for 3 months
postoperatively and were found to have no significant dif-
ference in spinal alignment. No VEC progression was noted
in the 3D printed titanium group while the PEEK group
was found to have progression in 21% of the levels exam-
ined. Additionally, subsidence was observed in the PEEK
group at 3 months but not in the 3D printed porous titanium
group. The authors note that subsidence did not significantly

implant, black (metal) or tan (plastic); and background, white. PEEK,
polyetheretherketone; PSP, plasma sprayed porous titanium-coated
PEEK; PTA, porous titanium alloy; ROI, region of interest. Adapted
from Mcgilvray et al. 2018 with permission [49]

alter the spinal alignment at 3 months, but the local lordotic
angle was significantly affected. The clinical implications
of these observations would likely be answered with longer
term follow up. Finally, the authors of this study attributed
the difference in VEC rates to the material properties and
the geometry of the implant which may affect the friction
generated when inserted in the operating room [53].

While these findings are significant, it is important to note
that the literature is inconsistent on the effect of subsidence
on clinical outcomes. One report found that although late
cage subsidence worsened the rate of bony fusion, subsid-
ence in the early post operative period (less than 3 months)
did not significantly affect clinical outcomes [54]. In con-
trast, another group found that some level of intraoperative
endplate injury was associated with subsidence leading to
significantly less clinical improvement [55].

Khan et al. attempted to control for confounding vari-
ables in a cohort study with patients receiving a 3D printed
porous titanium implant versus propensity matched patients
receiving lumbar PEEK cages [56]. They tracked clinical
outcomes including the numerical rating scale (NRS) for
leg pain, NRS back pain, Oswestry Disability Index (ODI)
scores, and Euro-Qol-5D along with radiographic evidence
of subsidence and fusion success. The cohort included 228
patients assessed at 3 months and 12 months post-opera-
tion. Quality of life scores (Euro-Qol-5D) were comparable
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in both groups, but the 3D printed titanium group showed
significantly greater improvement in ODI scores compared
to PEEK cages at both 3 and 12 months. The Euro-Qol-
5D score is a subjective evaluation of quality of life while
the ODI score is reflective of the functional ability of the
patient. Additionally, the porous titanium cohort showed
higher fusion rates, lower subsidence, and lower indirect
costs associated with surgical management compared to the
PEEK cohort [56].

The radiographic superiority of 3D printed titanium
implants was further corroborated by Alan et al. who found
that porous titanium was significantly less likely to show
subsidence (8% vs 27%, p=0.001) by 12 months follow
up compared to PEEK cages[57]. This study consisted of a
retrospective observational cohort analysis of 192 patients
undergoing LLIF, with either 3D printed porous titanium
or PEEK. The study concluded that while rates of severe
subsidence were lower in the porous titanium group, there
were statistically similar revision rates after LLIF. Uniquely,
this study performed a cost analysis of the implants by con-
sidering costs of revision as well as raw materials and found
that 3D printed porous titanium could be an economically
superior choice compared to PEEK if the cost was below a
certain threshold ($1200) [57].

On the other hand, Kim et al. compared 3D printed
porous titanium to PEEK cages in a retrospective review of
83 patients who underwent single level minimally invasive
transforaminal interbody fusion and found that there was no
difference in ODI scores between the 2 groups at 1 year [58].
Wang et al. also found that posterior lumbar fusions using
3D printed implants do not significantly differ in operating
room time, intraoperative blood loss, post operative neuro-
logic recovery, or final intervertebral fusion compared to
PEEK [59].

A major limitation of all current comparative clini-
cal studies is that none have reported long-term follow up
beyond one year postoperatively. Additionally, the porous
titanium implants used in these studies have slightly different

Fig.5 A standard OTS implant
(left) compared to a PS implant
(right) shaped to the patient’s
anatomy. Adapted from
DeFrancesco 2023 with permis-
sion by article writer [63]
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internal organizations/structures, as 3D printing technol-
ogy has allowed for finer modification of individual implant
parameters such as porosity and density. Further work is
warranted to examine not just material but also the implan-
tation technique used during spine surgery. A 2019 survey
of 586 spine surgeons globally found that surgeons in North
America reported the lowest rate of minimally invasive spi-
nal surgery techniques (MISST) compared to other coun-
tries [60]. In contrast, surgeons in Asia and South America
reported the highest frequency of fully endoscopic MISST of
all countries. Surgical technique prevalence varies by region,
which can further affect clinical outcomes. Therefore, these
differences should be accounted for in future work investi-
gating implant success.

Future Designs

Patient bone density tends to decrease over time, especially
in the setting of aging, chronic medication use, and degen-
erative disease. Therefore, there is utility in considering
patient specific factors like age, bone quality, and anatomic
variations in creating a patient-specific implant using 3D
printing. Titanium implants can now be customized with
varying densities, porosities, and stiffness characteristics.
Commercially available 3D printed titanium implants are
generally separated into two categories: patient-specific
(PS) and off-the-shelf (OTS) [44, 49]. PS implants are
shaped based on pre-operative computed tomography (CT)
or magnetic resonance imaging (MRI) and are manufac-
tured according to patient-specific anatomy [40] while OTS
implants are available in a range of porosity and stiffnesses
but are not fully individualized (Fig. 5) [61]. There is evi-
dence to suggest that PS implants are associated with less
intraoperative blood loss and greater satisfaction compared
to OTS [62], but more investigation is needed to confirm this
finding. While PS implants are costly to produce, further
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advancements in manufacturing technology may reduce
financial burden on healthcare institutions and patients.

In addition to changing the physical geometry of an
implant through 3D printing, surface modification is a
promising new avenue for improved spine fusion success.
Bioactive implants are now possible with advancements in
3D printing technology, as the porous microstructure of 3D
printed implants offers an ideal environment for their use as
a drug delivery vehicle [64] while maintaining biomechani-
cal stability. Additionally, surface treatment with growth fac-
tors [65], functional molecules [66], and peptides [67] could
enhance the material characteristics of an implant to reduce
complication rates and hasten healing.

With the high customizability made possible by 3D
printing, it can be challenging to test every permutation of
implant characteristic in a traditional trial-and-error fashion.
For example, implant porosity is a characteristic that can be
modified in almost endless ways through size, shape, and
orientation (Fig. 6). Artificial intelligence (AI) algorithms,
which have advanced greatly in the past few years, can be

Fig.6 Examples of porous 3D
printed implants with varying
vertical porosity parameters

(a, ¢, e) and diagonal param-
eters (b, d, f) to create different
microstructures. Adapted from
Wau et al. 2023 with permission

[45] - N NN B BN B BN B .

used to build predictive analytical tools to optimize 3D print-
ing parameters. Al has already been used in conjunction
with finite element analysis tools to simulate and predict the
mechanical behavior of medical implants but further work
on orthopedic specific implants is warranted [68, 69].

Conclusion

Advancements in 3D printing technology allowing for the
creation of highly customizable implants have shown sig-
nificant benefit in spine surgery. Titanium interbody cages
for spine fusion have evolved greatly over the years, from
solid metal implants to changes in external geometry and
texture, and most recently customized internal structure to
mimic native bone. Available literature shows evidence that
3D printed porous titanium interbody cages may reduce sub-
sidence rates, improve clinical outcomes, and demonstrate
stronger bioactivity and biocompatibility when compared
to conventional titanium implants and other materials such
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as PEEK. With patient-specific implants becoming easier
and cheaper to produce through 3D printing, future work
should further distinguish between patient-specific versus
off-the-shelf spinal implants and compare their clinical and
practical applications.
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