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CLINICAL APPLICATIONS OF BIOMATERIALS

Review Article

Can activated titanium interbody cages accelerate or enhance spinal
fusion? a review of the literature and a design for clinical trials
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Abstract
While spinal interbody cage options have proliferated in the past decade, relatively little work has been done to explore the
comparative potential of biomaterial technologies in promoting stable fusion. Innovations such as micro-etching and nano-
architectural designs have shown purported benefits in in vitro studies, but lack clinical data describing their optimal
implementation. Here, we critically assess the pre-clinical data supportive of various commercially available interbody cage
biomaterial, topographical, and structural designs. We describe in detail the osteointegrative and osteoconductive benefits
conferred by these modifications with a focus on polyetheretherketone (PEEK) and titanium (Ti) interbody implants. Further,
we describe the rationale and design for two randomized controlled trials, which aim to address the paucity of clinical data
available by comparing interbody fusion outcomes between either PEEK or activated Ti lumbar interbody cages. Utilizing
dual-energy computed tomography (DECT), these studies will evaluate the relative implant-bone integration and fusion rates
achieved by either micro-etched Ti or standard PEEK interbody devices. Taken together, greater understanding of the
relative osseointegration profile at the implant–bone interface of cages with distinct topographies will be crucial in guiding
the rational design of further studies and innovations.

Graphical Abstract

1 Introduction

Solid bony fusion is an essential requirement for successful
spinal arthrodesis surgery that allows for stability of adja-
cent vertebrae [1–4]. A complex balance of biological and
mechanical factors is at play during interbody fusion fol-
lowing cage implantation [5]. Interbody cages are most
commonly composed of either polyetheretherketone
(PEEK) or titanium (Ti) [6]. While PEEK can cause a local
inflammatory response that can interfere with osseous
integration, solid titanium cages overcome this concern but
alternatively can induce mismatch in the elastic modulus
[7–11]. The use of both Ti and PEEK in clinical practice is
limited by delayed and incomplete integration with adjacent
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bony surfaces following implantation. The recent develop-
ment of novel porous cages has been guided by the goals of
accelerating osseointegration of the cage to the adjacent
vertebrae and thus reducing motion by enhancing the fusion
of the cage at the interface with the bone [12, 13].

Enhancements to implant topography and architecture,
including surface treatments and porous technologies, can
putatively accelerate osseointegration and osteoconduction,
which is key to long-term biomechanical function of
interbody devices [11, 14, 15]. Further, interlaced lattice or
scaffold designs can mimic cancellous bone structure
through a microscopic porous implant–bone interface that
can promote osteogenesis and bony fusion over the long-
term [16–18]. Such complex lattice geometric designs and
ability to scaffold biomaterial cannot be typically created by
traditional manufacturing processes and are dependent on
sophisticated 3DP technologies [17, 19, 20].

The purpose of this article is to critically assess the
tissue engineering potential of modified implant surfaces in
spinal surgery, in particular with respect to the ability of
activated surface and scaffold designs to accelerate or
enhance osseointegration and structural stability following
spinal instrumented arthrodesis procedures. We review a
new imaging modality, dual-energy computed tomography
(DECT), which allows for additional image post-
processing and material characterization not possible with
conventional systems. Finally, we discuss the rationale for
two recently initiated randomized clinical trials designed to
evaluate the rate of early osseous fusion using DECT
within either activated Ti or PEEK lumbar interbody cages.
Taken together, we believe that new insights will soon be
gained to help elucidate the potential relative efficacy of
microscopic lattice structures in accelerating the process of
osseointegration and fusion.

2 Cage topography and enhanced
osseointegration

While current lumbar interbody cage designs are generally
associated with favorable radiologic and clinical outcomes
[21–23], full bony integration is not always observed and is
often delayed, in particular with concomitant smoking,
older age, or immunosuppressant use [24–26]. Furthermore,
given that mechanical loads regulate bone remodeling and
maintenance, stress-shielding due to implant-bone stiffness
mismatch can lead to eventual interface failure [27]. To
overcome this limitation, novel technologies can take
advantage of designing implants with more favorable
mechanical and molecular properties, thus more closely
resembling physiologic trabecular bone patterning.

A recent in vitro evaluation showed that implants
bearing a trabecular scaffolded topography enhance cellular

proliferation, bone matrix formation, and mineralization
with increased mechanical strength by 20% for compression
strength and 60% for compressive modulus [17]. Further,
these implants exhibit expedited cellular proliferative
activity as well as increased extracellular matrix production
and ~50% higher calcium production as compared to stan-
dard templates [28, 29]. While these early studies are sug-
gestive of potential efficacy, well-designed clinical studies
will ultimately be required to confirm whether implant
microstructure can serve as a more effective medium to
support healing and osseous fusion [30].

One critical implant property that can play a role in
osteoconduction and osseointegration is the three-
dimensional geometry and intricately designed porosity.
Specifically, interbody cage porosity accommodates bone
ingrowth with the potential to yield improved implant
fixation [27, 31]. A minimum pore size of 100 μm is more
conducive to bony ingrowth than sizes less than 75 μm,
while pore sizes over 300 μm further enhance the osteogenic
response [32, 33]. In a transcortical rabbit study, increasing
pore sizes from 100 to 300 μm not only increased bony
integration within the pores of titanium alloy implants but
also enhanced the percentage of lamellar bone that was
produced [18]. Another study in sheep compared a porous
titanium cage (with median 68% porosity and 710 μm pore
size) to the standard PEEK cage. The porous titanium
cage promoted enhanced osseointegration and achieved
more rapid bone growth [34]. In yet another ovine study,
3DP porous titanium cages demonstrated increases in bone
ingrowth as compared with solid PEEK and plasma-sprayed
porous Ti-coated PEEK [16]. The beneficial impact of
adding porosity to the implant is not limited to Ti, as porous
PEEK cages have also been shown to enhance osseointe-
gration [35, 36]. In vitro evaluation has confirmed favorable
attachment, proliferation, and mineralization of cells cul-
tured on porous PEEK versus either smooth PEEK or
smooth Ti surfaces [36]. At the implant level, in vivo stu-
dies have identified comparable bone ingrowth into porous
PEEK as that previously reported for porous Ti, leading to
twice the fixation strength as compared to smooth PEEK
implants [36].

Implant surface roughness and surface finish also may
play a significant role in promoting osseointegration [37].
An early study showed that a roughened surface having Ra
measurements ranging from 5.0 to 11.8 was attained via a
surface-blasting process with the effect of increasing overall
bone-implant contact, on the surface and within the pores
[18]. Further work has revealed that ‘microroughness’
influences the types of integrins that are produced by the
cells at the interface, promoting those subunits associated
with bone proteins, such as α2 and β1, but not those sub-
units associated with soft tissue proteins, such as α5 or αv.
Thus, microroughness can affect the progression of the
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osteoblast phenotype by up‐regulating specific integrins that
directly regulate osteoblast differentiation and local factor
production [38]. Most recently, nanostructured surfaces, i.e.
those containing irregularities less than 100 nm, have been
posited to more faithfully mimic the nanoarchitecture of
natural tissues [39, 40].

Another study compared osseointegration when alu-
mina and a multiphase calcium phosphate (MCD) were
used as the blast media. Blasted Ti alloy (Ti6Al4V)
cylinders were implanted into rabbit tibiae and then eval-
uated two and four weeks after implantation. The histo-
logic results showed the MCD to elicit significantly greater
volume of new bone formation [41]. A more recent study
demonstrated that increased surface roughness enhances
in vitro osteoblast maturation and production of local
factors associated with osteogenesis and in vivo that the
same topographies increase bone‐to‐implant contact and
torque removal forces [42].

Intriguingly, the combination of nanostructures onto
microroughened surfaces may synergistically enhance the
production of osteoblast differentiation markers and local
factors important for bone formation compared to unmodified
microrough controls [43]. Indeed, osteoblasts have been
shown to exhibit a more differentiated phenotype when
cultured on Ti6Al4V surfaces with a microtopography that
includes submicron and nanoscale features [44].

Yet another factor that can influence the biomimetic
properties of the bone–implant interface is the modulus of
elasticity. Specifically, 3DP can design implants with an
elasticity modulus resembling natural or cadaveric tissue.
As a result, a better elastic recovery, biodegradability and
cytocompatibility is expected [45, 46]. Moreover, implants
with modified elasticity modulus also show enhanced
mechanical characteristics in compression and shear when
compared with standard designs, resulting in better
device–tissue interface and biocompatibility [47].

A number of activated Ti cages are commercially
available but with no long-term clinical evidence supporting

their relative efficacy in promoting early osseointegration
and fusion [48, 49]. A recent prospective study evaluated
novel 3DP interbody devices in 40 patients (total of
53 segments) undergoing posterolateral interbody fusion
(PLIF) procedures. Bone fusion results were promising with
94.3%, 86.7%, and 94.3% of interbody segments showing
complete anterior, posterior, and bilateral bone bridges on
sagittal and coronal computed tomography (CT) views,
respectively. No pseudarthrosis was noted and no revision
surgeries were required [50]. Finally, while the potential
benefits of accelerated osseointegration and bony fusion are
particularly relevant for patients with anticipated compro-
mised bone fusion (such as elderly patients with osteo-
porosis, or with concomitant tobacco or immunosuppressant
use), no controlled studies have yet been undertaken.

3 Rationale and design of RCTs

Clinical confirmation of enhanced osseointegration or
bony fusion through activated Ti cages remains lacking.
As such, the principal author (HFF) has designed two
separate randomized double-arm single-blinded studies in
patients undergoing either single- or double-level instru-
mented arthrodesis procedures (Trial 1: NCT0364751,
Trial 2: clinical trials.gov submission in progress) to
compare radiologic and clinical outcomes using either
activated Ti cages (Trial 1: banana-shaped Nexxt Spine
Matrix® or Trial 2: straight-shaped Medtronic AdaptixTM)
versus PEEK cages.

Both Ti cages have hollow centers and are characterized
by similar cage, graft, and total endplate contact areas to the
respective PEEK cages (see Fig. 1). Both cages also
incorporate proprietary macro- and nano-scale biomimetic
surface texturing that both promote initial fixation and bone
remodeling required for osseointegration. The architecture
of the cage in Trial 1 further incorporates a lattice that
provides a consistent 70% porosity and an interconnected
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Fig. 1 Pictures of Activated Ti and PEEK interbody cages used in
Trial 1 and 2 (left and right) along with their respective surface contact
characteristics. For Trial 1, considering 34 mm length × 10 mm width
(6° lordotic) Ti and PEEK implants, comparable graft and cage

endplate contact areas (ECAs) are noted. Similarly for Trial 2, con-
sidering 26–28 mm length × 10 mm width Ti and PEEK implants,
comparable graft and cage ECAs are also noted
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array of 300–700μm pores with two specific geometries; the
inferior/superior surfaces incorporate a square mesh
between the exterior structural frame while the lateral
aspects employ a coupled hexagon-diamond mesh. Both
lattice geometries were designed so that the resulting pore
sizes would range from 300–700 μm, which is a dimen-
sional geometry purported to be conducive to osseointe-
gration. The appearance of the Trial 1 Ti interbody cage on
CT is shown in Fig. 2.

Starting in August 2018, enrolled subjects have been
randomized to receive either an activated Ti or PEEK cage
(Trial 1) implanted at each level of single- or contiguous
double-level lumbar arthrodesis procedures. Both cages will
be used in conjunction with milled local autograft bone
generated as part of the spinal decompression portion of the
procedure. Clinical and radiographic outcomes are being
collected at regular intervals post-operatively. The primary
outcome measure of effectiveness is radiographic bony
fusion as assessed by an independent neuroradiologist at
6 months post-operatively, which grossly corresponds to the
early phase of expected fusion following lumbar interbody
cage placement. Radiographic bone fusion will be graded
by the method of Brantigan and Steffee as modified to

describe the Fraser definition of locked pseudoarthrosis
(BSF scale) with a Grade BSF-3 being considered suc-
cessful bone fusion. Grade BSF-3 is defined by radio-
graphical fusion presenting bone bridges within at least half
of the fusion area with at least the density originally
achieved at surgery (see Table 1) [51–53].

4 Radiologic evaluation with dual-energy CT

Patients enrolled in these trials will be assessed with an
advanced form of CT, called DECT [54–59]. While a
detailed discussion is beyond the scope of this article, a
brief review will be provided to illustrate the potential of
DECT to achieve new insights in imaging of spinal fusion
with cages. DECT confers the same advantages as con-
ventional, single-energy CT (SECT) such as rapid scan
acquisition times, a high spatial resolution, and the ability to
demonstrate and evaluate fine bone detail. However, DECT
also enables additional image post-processing and material
characterization not possible with conventional CT systems.
With SECT, a polychromatic beam at one peak energy is
emitted by the X-ray tube, passes through the patient, and
the attenuation data are captured by a detector array. With
DECT, attenuation data are instead obtained separately at
both a low and a high energy. In this fashion, the data are
combined and can be processed to generate images or
evaluate tissue characteristics in unique ways, taking
advantage of energy-dependent attenuation (i.e. density or
brightness on CT) of different tissues (Fig. 3).

Unlike with current X-ray tube technology where greater
artifact is expected with a polychromatic beam, DECT can
generate virtual monochromatic images (VMIs) (Figs. 2–4)
[54–59]. Using sophisticated algorithms, the scanned data at
different energies are combined to generate images at a
range of prescribed X-ray energy levels and thus simulate
what would be expected with a monochromatic X-ray beam.
VMI energies that can be generated with current DECT
systems typically range between 40 and 140 keV (Fig. 3),
with VMIs of 65–70 keV generally considered similar to
120 keV on standard acquisition [60–62].

With current X-ray tube technology, it is not possible to
generate monochromatic spectra for scanning and greater
artifact is expected with a polychromatic beam. As such, the
potential for diminished artifact stems from the ability of
VMIs to simulate what would be expected with a mono-
chromatic X-ray beam. Furthermore, VMI images can be
generated at a wide range of energies with unique advantages
depending on the problem at hand and material of interest
(Fig. 3). By generating VMIs at energies higher than those
typically used to simulate a standard acquisition, one can
reduce artifact arising from metallic hardware [63–67]
(see Fig. 4). This is clearly of interest in imaging of the

Fig. 2 Appearance of titanium cage on dual-energy CT (DECT)
imaged in a synthetic polyurethane foam/ hydroxyapatite lumbar spine
model. a Axial and (b) sagittal reformatted 100 keV virtual mono-
chromatic images (VMIs) reconstructed from a DECT scan of the
spine show that the lattice portion has high density (arrowheads) but
that is less than the solid titanium portions (marked by the arrows). The
center is hollow (asterisks). Scan acquired using a rapid kV-switching
CT scanner (Revolution CT, GE Healthcare)

Table 1 Radiographic assessment of interbody fusion by the method
of Brantigan, Steffee, and Fraser (BSF)[53]

BSF-1: Radiographical pseudarthrosis is indicated by collapse of the
construct, loss of disc height, vertebral slip, broken screws,
displacement of the carbon cage, or significant resorption of the bone
graft, or lucency visible around the periphery of the graft or cage.

BSF-2: Radiographical locked pseudarthrosis is indicated by lucency
visible in the middle of the cages with solid bone growing into the
cage from each vertebral endplate.

BSF-3: Radiographical fusion: bone bridges at least half of the fusion
area with at least the density originally achieved at surgery.
Radiographical fusion through one cage (half of the fusion area) is
considered to be mechanically solid fusion even if there is lucency
on the opposite side.
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instrumented spine and the primary motivation for using
DECT for patient follow-up in these two trials.

Finally, DECT scans can be used to generate basis
material decomposition maps. While the feasibility depends
on the specific material of interest and its physical proper-
ties, these maps can be used to estimate the distribution and
concentration of certain materials, which is not possible
using conventional CT imaging. One such example, virtual
non-calcium maps, are used to demonstrate marrow edema
[64, 68, 69]. In contrast to conventional SECT, multiple
studies have demonstrated that DECT can demonstrate
marrow edema with high accuracy, improving detection of
subtle findings such as non-displaced fractures [68]. Thus,
in addition to the use of different energy VMIs, one can
exploit DECT to improve visualization of bony fusion
beyond artifact reduction alone. For example, one can
leverage the material specific energy-dependent properties
and create DECT maps that are tailored for tracking and
demonstrating osseointegration within a cage lattice using

basis material decomposition. Since all of the above are
post-processing maneuvers based on the source data
acquired at the time of DECT scanning and do not require
any additional patient scanning or radiation exposure, they
represent exciting additional applications that will be
investigated during the course of these trials.

5 Conclusions

Enhanced implant-bone integration and fusion rates may
have significant clinical benefits, particularly in more
complicated clinical scenarios where fusion may be
delayed, such as in osteoporosis, smokers, or with con-
comitant immunosuppressant use. The results of these two
trials should provide relevant information regarding the
relative efficacy of activated Ti surfaces (without or with a
supplemental lattice network) in accelerating the process of
osseointegration and fusion. Novel insights in this regard

Fig. 3 Example of energy-dependent density (attenuation) changes of
the titanium cage lattice using dual-energy CT (DECT). a Axial image
demonstrates two regions of interest (ROIs) with the corresponding (b)
spectral Hounsfield Unit attenuation curves (SHUACs). ROIs are used
to obtain quantitative information from the image. The small circles
represent the ROIs (to which the arrows point) and correspond to the
regions where the measurements were obtained. The information
obtained from the ROIs is illustrated in the corresponding SHUACs,

which demonstrate the changes in material density at various virtual
monochromatic image (VMI) energies. By way of comparison with
conventional single energy CT acquisition, there would only be a
single attenuation per ROI, typically corresponding to that obtained on
the 65–70 keV VMIs. Thus, DECT allows the energy-dependent
characteristics of various materials to be exploited to improve diag-
nostic evaluation. Scan acquired using a rapid kV-switching CT
scanner (Revolution CT, GE Healthcare)

Fig. 4 High energy virtual monochromatic image (VMI) reconstruc-
tions allow for artifact reduction. Axial (a) 70 keV, (b) 100 keV, and
(c) 140 keV VMIs reconstructed from the same dual-energy CT
(DECT) scan are shown. The images are displayed using the same
window-level display settings to enable a direct and unbiased com-
parison. Note the significant reduction in artifact and image noise on

the high energy VMIs at 100 keV (b) or 140 keV (c) compared to the
70 keV VMI (a), which is typically considered to correspond to the
conventional single energy CT scan. Of note, the images shown
here are the qualitative correlates of the attenuation measurements
shown in Fig. 3
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are likely to be gained with DECT imaging, whose potential
advantages include enhanced artifact reduction. Our con-
clusions should also assist in the design of further multi-
center studies evaluating potential clinical benefits, either
for similar degenerative conditions or for more complex
reconstructions such as in adult spinal deformity.

Acknowledgements Lizz Nett (GE Healthcare Inc.) kindly assisted
with the radiological studies on the spine models. RF is a clinical
research scholar supported by the FRQS (Fonds de Recherche en Santé
du Québec). Graphical abstract images provided courtesy of Nexxt
Spine LLC.

Compliance with ethical standards

Conflict of interest R.F. is a consultant and speaker for GE Healthcare
and is a founding partner and stockholder of 4Intel Inc.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Dhall SS, Choudhri TF, Eck JC, et al. J Neurosurg Spine.
2014;21:31. https://doi.org/10.3171/2014.4.SPINE14268.

2. Mummaneni PV, Dhall SS, Eck JC, et al. J Neurosurg Spine.
2014;21:67. https://doi.org/10.3171/2014.4.SPINE14276.

3. Resnick DK, Watters WC, 3rd, Mummaneni PV, et al. J
Neurosurg Spine 2014;21:62. https://doi.org/10.3171/2014.4.
SPINE14275.

4. Resnick DK, Watters WC, 3rd, Sharan A, et al. J Neurosurg
Spine. 2014;21:54. https://doi.org/10.3171/2014.4.SPINE14274.

5. Reid JJ, Johnson JS, Wang JC. J Biomech. 2011;44:213. https://
doi.org/10.1016/j.jbiomech.2010.10.021.

6. Patel DV, Yoo JS, Karmarkar SS, Lamoutte EH, Singh K. J Spine
Surg. 2019;5:S19. https://doi.org/10.21037/jss.2019.04.04.

7. Park PJ, Lehman RA. Curr Rev Musculoskelet Med. 2020;13:688.
https://doi.org/10.1007/s12178-020-09673-5.

8. Pelletier MH, Cordaro N, Punjabi VM, Waites M, Lau A, Walsh
WR. Clin Spine Surg. 2016;29:E208. https://doi.org/10.1097/
BSD.0b013e31826851a4.

9. Sagomonyants KB, Jarman-Smith ML, Devine JN, Aronow MS,
Gronowicz GA. Biomaterials. 2008;29:1563. https://doi.org/10.
1016/j.biomaterials.2007.12.001.

10. Toth JM, Wang M, Estes BT, Scifert JL, Seim HB, 3rd, Turner
AS. Biomaterials. 2006;27:324. https://doi.org/10.1016/j.bioma
terials.2005.07.011.

11. Wang H, Wan Y, Li Q, et al. J Mech Behav Biomed Mater.
2020;112:103982. https://doi.org/10.1016/j.jmbbm.2020.103982.

12. Rao PJ, Pelletier MH, Walsh WR, Mobbs RJ. Orthop Surg.
2014;6:81 https://doi.org/10.1111/os.12098.

13. Roskies M, Jordan JO, Fang D, et al. J Biomater Appl.
2016;31:132. https://doi.org/10.1177/0885328216638636.

14. Lukaszewska-Kuska M, Wirstlein P, Majchrowski R, Dorocka-
Bobkowska B. Physiol Res. 2021;70:413. https://doi.org/10.
33549/physiolres.934582.

15. Banik BL, Riley TR, Platt CJ, Brown JL. Front Bioeng Bio-
technol. 2016;4:41. https://doi.org/10.3389/fbioe.2016.00041.

16. McGilvray KC, Easley J, Seim HB, et al. Spine J. 2018;18:1250
https://doi.org/10.1016/j.spinee.2018.02.018.

17. Helguero CG, Mustahsan VM, Parmar S, et al. J Orthop Surg Res.
2017;12:195. https://doi.org/10.1186/s13018-017-0700-2.

18. Gotz HE, Muller M, Emmel A, Holzwarth U, Erben RG, Stangl R.
Biomaterials. 2004;25:4057. https://doi.org/10.1016/j.biomateria
ls.2003.11.002.

19. Garg B, Mehta N. J Clin Orthop Trauma. 2018;9:218. https://doi.
org/10.1016/j.jcot.2018.08.006.

20. Gadia A, Shah K, Nene A. Asian Spine J. 2018;12:365 https://doi.
org/10.4184/asj.2018.12.2.365.

21. Girasole G, Muro G, Mintz A, Chertoff J. Int J Spine Surg.
2013;7:e95. https://doi.org/10.1016/j.ijsp.2013.08.001.

22. Goldstein CL, Macwan K, Sundararajan K, Rampersaud YR. J
Neurosurg Spine. 2016;24:416. https://doi.org/10.3171/2015.2.
SPINE14973.

23. Patel DV, Bawa MS, Haws BE, et al. J Neurosurg Spine. 2019:1.
https://doi.org/10.3171/2018.9.SPINE18863.

24. Liu Y, Dash A, Krez A, et al. Osteoporos Int. 2020;31:647.
https://doi.org/10.1007/s00198-019-05245-7.

25. Konomi T, Yasuda A, Fujiyoshi K, Yato Y, Asazuma T. Asian
Spine J. 2020;14:106. https://doi.org/10.31616/asj.2019.0024.

26. Hofler RC, Swong K, Martin B, Wemhoff M, Jones GA. World
Neurosurg. 2018;120:e194. https://doi.org/10.1016/j.wneu.2018.
08.026.

27. Carpenter RD, Klosterhoff BS, Torstrick FB, et al. J Mech Behav
Biomed Mater. 2018;80:68. https://doi.org/10.1016/j.jmbbm.
2018.01.017.

28. MacBarb RF, Lindsey DP, Bahney CS, Woods SA, Wolfe ML,
Yerby SA. Int J Spine Surg. 2017;11:15. https://doi.org/10.14444/
4015.

29. Rosenzweig DH, Carelli E, Steffen T, Jarzem P, Haglund L. Int J
Mol Sci. 2015;16:15118. https://doi.org/10.3390/ijms160715118.

30. Chen D, Chen CH, Tang L, et al. J Spine Surg. 2017;3:650.
https://doi.org/10.21037/jss.2017.10.09.

31. Cheng BC, Koduri S, Wing CA, Woolery N, Cook DJ, Spiro RC.
Med Devices (Auckl). 2018;11:391. https://doi.org/10.2147/
MDER.S180482.

32. Li JP, Habibovic P, van den Doel M, et al. Biomaterials.
2007;28:2810. https://doi.org/10.1016/j.biomaterials.2007.02.020.

33. Karageorgiou V, Kaplan D. Biomaterials. 2005;26:5474. https://
doi.org/10.1016/j.biomaterials.2005.02.002.

34. Wu SH, Li Y, Zhang YQ, et al. Artif Organs. 2013;37:E191.
https://doi.org/10.1111/aor.12153.

35. Torstrick FB, Lin ASP, Potter D, et al. Biomaterials.
2018;185:106. https://doi.org/10.1016/j.biomaterials.2018.09.009.

36. Torstrick FB, Safranski DL, Burkus JK, et al. Tech Orthop.
2017;32:158. https://doi.org/10.1097/BTO.0000000000000242.

37. Deligianni DD, Katsala N, Ladas S, Sotiropoulou D, Amedee J,
Missirlis YF. Biomaterials. 2001;22:1241. https://doi.org/10.1016/
s0142-9612(00)00274-x.

38. Olivares-Navarrete R, Raz P, Zhao G, et al. (2008) Proc Natl Acad
Sci USA 105: 15767. https://doi.org/10.1073/pnas.0805420105.

39. Li K, Liu S, Hu T, et al. ACS Biomater Sci Eng. 2020;6:969.
https://doi.org/10.1021/acsbiomaterials.9b01717.

    1 Page 6 of 7 Journal of Materials Science: Materials in Medicine            (2022) 33:1 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3171/2014.4.SPINE14268
https://doi.org/10.3171/2014.4.SPINE14276
https://doi.org/10.3171/2014.4.SPINE14275
https://doi.org/10.3171/2014.4.SPINE14275
https://doi.org/10.3171/2014.4.SPINE14274
https://doi.org/10.1016/j.jbiomech.2010.10.021
https://doi.org/10.1016/j.jbiomech.2010.10.021
https://doi.org/10.21037/jss.2019.04.04
https://doi.org/10.1007/s12178-020-09673-5
https://doi.org/10.1097/BSD.0b013e31826851a4
https://doi.org/10.1097/BSD.0b013e31826851a4
https://doi.org/10.1016/j.biomaterials.2007.12.001
https://doi.org/10.1016/j.biomaterials.2007.12.001
https://doi.org/10.1016/j.biomaterials.2005.07.011
https://doi.org/10.1016/j.biomaterials.2005.07.011
https://doi.org/10.1016/j.jmbbm.2020.103982
https://doi.org/10.1111/os.12098
https://doi.org/10.1177/0885328216638636
https://doi.org/10.33549/physiolres.934582
https://doi.org/10.33549/physiolres.934582
https://doi.org/10.3389/fbioe.2016.00041
https://doi.org/10.1016/j.spinee.2018.02.018
https://doi.org/10.1186/s13018-017-0700-2
https://doi.org/10.1016/j.biomaterials.2003.11.002
https://doi.org/10.1016/j.biomaterials.2003.11.002
https://doi.org/10.1016/j.jcot.2018.08.006
https://doi.org/10.1016/j.jcot.2018.08.006
https://doi.org/10.4184/asj.2018.12.2.365
https://doi.org/10.4184/asj.2018.12.2.365
https://doi.org/10.1016/j.ijsp.2013.08.001
https://doi.org/10.3171/2015.2.SPINE14973
https://doi.org/10.3171/2015.2.SPINE14973
https://doi.org/10.3171/2018.9.SPINE18863
https://doi.org/10.1007/s00198-019-05245-7
https://doi.org/10.31616/asj.2019.0024
https://doi.org/10.1016/j.wneu.2018.08.026
https://doi.org/10.1016/j.wneu.2018.08.026
https://doi.org/10.1016/j.jmbbm.2018.01.017
https://doi.org/10.1016/j.jmbbm.2018.01.017
https://doi.org/10.14444/4015
https://doi.org/10.14444/4015
https://doi.org/10.3390/ijms160715118
https://doi.org/10.21037/jss.2017.10.09
https://doi.org/10.2147/MDER.S180482
https://doi.org/10.2147/MDER.S180482
https://doi.org/10.1016/j.biomaterials.2007.02.020
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.1016/j.biomaterials.2005.02.002
https://doi.org/10.1111/aor.12153
https://doi.org/10.1016/j.biomaterials.2018.09.009
https://doi.org/10.1097/BTO.0000000000000242
https://doi.org/10.1016/s0142-9612(00)00274-x
https://doi.org/10.1016/s0142-9612(00)00274-x
https://doi.org/10.1073/pnas.0805420105
https://doi.org/10.1021/acsbiomaterials.9b01717


40. Ren B, Wan Y, Liu C, et al. Mater Sci Eng C Mater Biol Appl.
2021;118:111505. https://doi.org/10.1016/j.msec.2020.111505.

41. Nakada H, Sakae T, LeGeros RZ, et al. Implant Dent.
2007;16:281. https://doi.org/10.1097/ID.0b013e3180e92a78.

42. Olivares-Navarrete R, Hyzy SL, Gittens RAS, et al. Spine J.
2013;13:1563. https://doi.org/10.1016/j.spinee.2013.03.047.

43. Gittens RA, Olivares-Navarrete R, Schwartz Z, Boyan BD. Acta
Biomater. 2014;10:3363. https://doi.org/10.1016/j.actbio.2014.
03.037.

44. Olivares-Navarrete R, Hyzy SL, Berg ME, et al. Ann Biomed
Eng. 2014;42:2551. https://doi.org/10.1007/s10439-014-1108-3.

45. Chen Y, Frith JE, Dehghan-Manshadi A, Kent D, Bermingham M,
Dargusch M. J Biomed Mater Res B Appl Biomater. 2018;106:2796.
https://doi.org/10.1002/jbm.b.34060.

46. Wang Q, Zhang H, Gan H, Wang H, Li Q, Wang Z. Int Orthop.
2018;42:1437. https://doi.org/10.1007/s00264-018-3800-7.

47. Holmes B, Zhu W, Li J, Lee JD, Zhang LG. Tissue Eng Part A.
2015;21:403. https://doi.org/10.1089/ten.TEA.2014.0138.

48. Makino T, Takenaka S, Sakai Y, Yoshikawa H, Kaito T. Global
Spine J. 2020:2192568220972334. https://doi.org/10.1177/
2192568220972334.

49. Makino T, Takaneka S, Sakai Y, Yoshikawa H, Kaito T. Eur
Spine J. 2021;30:1303. https://doi.org/10.1007/s00586-020-
06673-4.

50. Chung SS, Lee KJ, Kwon YB, Kang KC. Orthopedics. 2017;40:
e880. https://doi.org/10.3928/01477447-20170810-04.

51. Brantigan JW, Steffee AD. Spine (Phila Pa 1976). 1993;18:2106.
https://doi.org/10.1097/00007632-199310001-00030.

52. Santos ER, Goss DG, Morcom RK, Fraser RD. Spine (Phila Pa
1976). 2003;28:997. https://doi.org/10.1097/01.BRS.0000061988.
93175.74.

53. Fogel GR, Toohey JS, Neidre A, Brantigan JW. Spine J.
2008;8:570. https://doi.org/10.1016/j.spinee.2007.03.013.

54. Forghani R, De Man B, Gupta R. Neuroimaging Clin N Am.
2017;27:371. https://doi.org/10.1016/j.nic.2017.03.002.

55. Forghani R, De Man B, Gupta R. Neuroimaging Clin N Am.
2017;27:385. https://doi.org/10.1016/j.nic.2017.03.003.

56. Forghani R, Srinivasan A, Forghani B. Neuroimaging Clin N Am.
2017;27:533. https://doi.org/10.1016/j.nic.2017.04.007.

57. Johnson TR. AJR Am J Roentgenol. 2012;199:S3. https://doi.org/
10.2214/AJR.12.9116.

58. McCollough CH, Leng S, Yu L, Fletcher JG. Radiology.
2015;276:637. https://doi.org/10.1148/radiol.2015142631.

59. Yoshizumi T. Med Phys. 2011;38:6346. https://doi.org/10.1118/1.
3642476.

60. Matsumoto K, Jinzaki M, Tanami Y, Ueno A, Yamada M, Kur-
ibayashi S. Radiology. 2011;259:257. https://doi.org/10.1148/ra
diol.11100978.

61. Patel BN, Thomas JV, Lockhart ME, Berland LL, Morgan DE. Clin
Radiol. 2013;68:148. https://doi.org/10.1016/j.crad.2012.06.108.

62. Pinho DF, Kulkarni NM, Krishnaraj A, Kalva SP, Sahani DV. Eur
Radiol. 2013;23:351. https://doi.org/10.1007/s00330-012-2624-x.

63. Bamberg F, Dierks A, Nikolaou K, Reiser MF, Becker CR,
Johnson TR. Eur Radiol. 2011;21:1424. https://doi.org/10.1007/
s00330-011-2062-1.

64. Mallinson PI, Coupal TM, McLaughlin PD, Nicolaou S, Munk
PL, Ouellette HA. Radiology. 2016;281:690. https://doi.org/10.
1148/radiol.2016151109.

65. Meinel FG, Bischoff B, Zhang Q, Bamberg F, Reiser MF, John-
son TR. Invest Radiol. 2012;47:406. https://doi.org/10.1097/RLI.
0b013e31824c86a3.

66. Srinivasan A, Hoeffner E, Ibrahim M, Shah GV, LaMarca F,
Mukherji SK. AJR Am J Roentgenol. 2013;201:878. https://doi.
org/10.2214/AJR.12.9736.

67. Zhou C, Zhao YE, Luo S, et al. Acad Radiol. 2011;18:1252.
https://doi.org/10.1016/j.acra.2011.05.009.

68. Wang CK, Tsai JM, Chuang MT, Wang MT, Huang KY, RM Lin.
Radiology. 2013;269:525. https://doi.org/10.1148/radiol.13122577.

69. Kaup M, Wichmann JL, Scholtz JE, et al. Radiology.
2016;280:510. https://doi.org/10.1148/radiol.2016150472.

Journal of Materials Science: Materials in Medicine            (2022) 33:1 Page 7 of 7     1 

https://doi.org/10.1016/j.msec.2020.111505
https://doi.org/10.1097/ID.0b013e3180e92a78
https://doi.org/10.1016/j.spinee.2013.03.047
https://doi.org/10.1016/j.actbio.2014.03.037
https://doi.org/10.1016/j.actbio.2014.03.037
https://doi.org/10.1007/s10439-014-1108-3
https://doi.org/10.1002/jbm.b.34060
https://doi.org/10.1007/s00264-018-3800-7
https://doi.org/10.1089/ten.TEA.2014.0138
https://doi.org/10.1177/2192568220972334
https://doi.org/10.1177/2192568220972334
https://doi.org/10.1007/s00586-020-06673-4
https://doi.org/10.1007/s00586-020-06673-4
https://doi.org/10.3928/01477447-20170810-04
https://doi.org/10.1097/00007632-199310001-00030
https://doi.org/10.1097/01.BRS.0000061988.93175.74
https://doi.org/10.1097/01.BRS.0000061988.93175.74
https://doi.org/10.1016/j.spinee.2007.03.013
https://doi.org/10.1016/j.nic.2017.03.002
https://doi.org/10.1016/j.nic.2017.03.003
https://doi.org/10.1016/j.nic.2017.04.007
https://doi.org/10.2214/AJR.12.9116
https://doi.org/10.2214/AJR.12.9116
https://doi.org/10.1148/radiol.2015142631
https://doi.org/10.1118/1.3642476
https://doi.org/10.1118/1.3642476
https://doi.org/10.1148/radiol.11100978
https://doi.org/10.1148/radiol.11100978
https://doi.org/10.1016/j.crad.2012.06.108
https://doi.org/10.1007/s00330-012-2624-x
https://doi.org/10.1007/s00330-011-2062-1
https://doi.org/10.1007/s00330-011-2062-1
https://doi.org/10.1148/radiol.2016151109
https://doi.org/10.1148/radiol.2016151109
https://doi.org/10.1097/RLI.0b013e31824c86a3
https://doi.org/10.1097/RLI.0b013e31824c86a3
https://doi.org/10.2214/AJR.12.9736
https://doi.org/10.2214/AJR.12.9736
https://doi.org/10.1016/j.acra.2011.05.009
https://doi.org/10.1148/radiol.13122577
https://doi.org/10.1148/radiol.2016150472

	Can Activated Titanium Interbody Cages Accelerate or Enhance Spinal Fusion? A Review of the Literature and a Design for Clinical Trials
	Repository Citation

	Can Activated Titanium Interbody Cages Accelerate or Enhance Spinal Fusion? A Review of the Literature and a Design for Clinical Trials
	Digital Object Identifier (DOI)
	Notes/Citation Information
	Authors

	Can activated titanium interbody cages accelerate or enhance spinal fusion? a review of the literature and a design for clinical trials
	Abstract
	Introduction
	Cage topography and enhanced osseointegration
	Rationale and design of RCTs
	Radiologic evaluation with dual-energy CT
	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References


