Check for
updates

THE
SPINE
JOURNAL

The Spine Journal 19 (2019) 1885—1898

Basic Science

Does implantation site influence bone ingrowth
into 3D-printed porous implants?
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Abstract BACKGROUND CONTEXT: The potential for osseointegration to provide biological fixation for
implants may be related to anatomical site and loading conditions.
PURPOSE: To evaluate the influence of anatomical site on osseointegration of 3D-printed
implants.
STUDY DESIGN: A comparative preclinical study was performed evaluating bone ingrowth in
cortical and cancellous sites in long bones as well as lumbar interbody fusion with posterior pedicle
screw stabilization using the same 3D-printed titanium alloy design.
METHODS: 3D-printed dowels were implanted in cortical bone and cancellous bone in adult
sheep and evaluated at 4 and 12 weeks for bone ingrowth using radiography, mechanical testing,
and histology/histomorphometry. In addition, a single-level lumbar interbody fusion using cages
based on the same 3D-printed design was performed. The aperture was filled with autograft or
ovine allograft processed with supercritical carbon dioxide. Interbody fusions were assessed at 12
weeks via radiography, mechanical testing, and histology/histomorphometry.
RESULTS: Bone ingrowth in long bone cortical and cancellous sites did not translate directly to
interbody fusion cages. While bone ingrowth was robust and improved with time in cortical sites
with a line-to-line implantation condition, the same response was not found in cancellous sites
even when the implants were placed in a press fit manner. Osseointegration into the porous walls
with 3D porous interbody cages was similar to the cancellous implantation sites rather than the cor-
tical sites. The porous domains of the 3D-printed device, in general, were filled with fibrovascular
tissue while some bone integration into the porous cages was found at 12 weeks when fusion within
the aperture was present.
CONCLUSION: Anatomical site, surgical preparation, biomechanical loading, and graft material
play an important role in in vivo response. Bone ingrowth in long bone cortical and cancellous sites
does not translate directly to interbody fusions. © 2019 Elsevier Inc. All rights reserved.
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Introduction

Achieving implant stability through osseointegration or
bone formation on or within an implant surface is far from
a new or novel concept and been applied in clinical applica-
tions in dental [1—7] and orthopedic implants [§—12] for
decades. Implant design, material, and surface properties
play an important role when choosing a spinal implant
[13,14]. Additional variables to be considered include ana-
tomical location, patient-related comorbidities such as dia-
betes and smoking, surgical site preparation including
endplate decortication, implant size, and placement to
achieve initial fixation and promote fusion and achieve a
clinically acceptable result. Considering the differences
between static and dynamic biomechanical loading require-
ments, in vivo kinematics and surgical and patient-related
factors, designing a single geometry to satisfy all applica-
tions, remain a challenge.

Historically, osseointegration has been defined as “a
direct and functional connection between ordered living
bone and the surface of a load-carrying implant” [15] and
can be achieved via ongrowth or ingrowth at the bone-
implant interface. Bone ongrowth requires new bone forma-
tion directly on the surface of an implant, ideally without an
intervening fibrous tissue layer that could influence local
mechanical loading or biology and ultimately negatively
impact implant longevity and clinical efficacy. Bone
ingrowth provides the opportunity of new bone formation
on the surface of an implant as well as into the irregular sur-
face or porous domains of an implant [11]. Bone ongrowth
and ingrowth have been intensely investigated and have
shown to be influenced by factors including material,
design, surface parameters, chemistry, coatings, and local
biology [8,12,16—26]. From the early days of porous pure
titanium meshes [27], ceramic materials including silicon
nitride [28,29], sintered beads [12,30,31], porous tantalum
devices [9,32,33], or modified PEEK devices [25,34—39]
advance to encourage osseointegration continue to develop,
often moving forward traditional manufacturing techniques
at the same time. Additive manufacturing (3D printing) is
one such manufacturing method that can be used to create
complex geometries that would be difficult to produce using
traditional manufacturing from a cost or complexity per-
spective [40].

While cell culture experiments can provide valuable
information on cellular response, limitations in the complex
biological and mechanical environment of an implant in a
healing environment cannot be replicated in vitro. Preclini-
cally, large animal models are often used to evaluate the
influence of implant surface technologies, coatings, modifi-
cations, or materials to assist in guiding the implant design
process, regulatory approvals, and clinical applications
related to the bone-implant interface and interbody fusion
[25,37,38,41—47]. Large animal models allow the use of
hardware, graft materials, and surgical procedures which in
certain aspects can translate well to the human clinical

scenario, or not, depending how the study is performed.
Large animal models are not without shortcomings and can
be limiting or over-interpreted when factors such as animal
age, implantation site, surgical preparation, implant size, as
well as biomechanical factors related to load bearing of the
site and stability are not considered.

The current study examined the in vivo results of a
porous titanium implant manufactured using Selective
Laser Melting to produce cylindrical dowels in cancellous
and cortical sites and as a porous interbody lumbar spinal
fusion cage. We sought to determine if osseointegration in
porous implants in long bone defects in cortical or cancel-
lous bone can be applied to interbody fusion. The null
hypothesis of the current study was that the implant location
would not influence osseointegration of the 3D-printed tita-
nium implant design.

Methods

This study utilized two large animal models in sheep. A
well-reported bone ingrowth model used to evaluate different
implant materials, coatings, and technology for osseointegra-
tion in cortical and cancellous sites [12,16—19,22,24,48] and
an endplate-sparing interbody fusion model [43] with poste-
rior pedicle screw fixation [49—51] to assess a more clini-
cally relevant functional model. The interbody cages were
filled with autograft or allograft as detailed below.

Implants

Titanium alloy (Ti6AL4V) implants were prepared using
Selective Laser Melting and the 3D implant architecture of
the ST interbody cage (“Structural Titanium,” Signus, Ger-
many). The ST cage is an open-pore diamond grid structure.
Cylindrical dowels of the same design (6.0 mm diameter x
25 mm long) were prepared for implantation in the cancel-
lous bone and cortical bone. Interbody cages (4.5 mm high,
10 mm wide, and 20 mm long) with a central aperture used
to fill with graft material were printed to fit the sheep
L4—L5 interbody space to allow for a clinically realistic
implantation rather than violating the endplate at the time
of surgery to accommodate an oversized cage [43]. A cylin-
drical dowel and interbody fusion implant were examined
using stereo-zoom microscopy using a Leica M125C Stereo
Microscope (Leica, Germany) and environmental electron
microscopy (Hitachi TM1000, Japan) to assess implant
architecture and surface characteristics of the implants

(Fig. 1).

Supercritical fluid-treated ovine allograft

Ovine allograft was prepared using the same process
used for human corticocancellous bone with supercritical
fluid (Australian Biotechnologies, Frenchs Forest, Aus-
tralia) (Fig. 2). Fresh cadaveric ovine humeral heads from
2-year-old wethers were harvested and morselized to
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Fig. 1. (A) Titanium alloy (Ti6AL4V) dowels (6.0 mm diameter x 25 mm long) were prepared using Selective Laser Melting using an open-pore diamond
grid structure of the ST interbody cage (“Structural Titanium,” Signus, Germany). Light microscopy (a—c) and environmental SEM (d—f) revealed the 3D
structure as well as the surface topography which was also found in the interbody cages (B). (B) Titanium alloy (Ti6AL4V) ST interbody cage (“Structural
Titanium,” Signus, Germany) (4.5 mm high, 10 mm wide, and 20 mm long) were prepared using Selective Laser Melting using an open-pore diamond grid
structure. Light microscopy (a—c) and environmental SEM (d—f) revealed the 3D structure as well as the surface topography which was also found in the

bone dowels (A).

produce corticocancellous graft using a hand-operated bone
mill (Noviomagus, Spierings Orthopaedics BV, Nijmegen,
the Netherlands) and sieved to collect particles 1 to 2 mm.
Corticocancellous bone particles were packaged into high-
density polyethylene pouches and placed into a high-pres-
sure chamber. The bone particles were treated using

supercritical carbon dioxide (SCCO,) at 37° and 100 bar for
1 hour to remove excess lipids. Following SCCO, treat-
ment, the bone was lavaged with warm (37°C) saline,
placed in an ultrasonic cleaner for 30 minutes, and sub-
jected to soaks in detergent (Triton X-100), hydrogen per-
oxide, and isopropyl alcohol under aseptic conditions.
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Fig. 2. Fresh ovine humeral heads from skeletally mature cross-bred wethers (A) were harvested and morselized (B,C) into particle form (0.5—1 mm) using a
Noviomagus Bone Mill. Bone particles were defatted and cleaned using supercritical fluid technology and a series of washes to remove blood, lipids, and cel-
lular debris. Following packaging (D), bone allograft was terminally sterilized using supercritical fluid technology and a peracetic acid additive.

Corticocancellous bone particles were air dried for 1 hour
and packaged before terminal sterilization step using super-
critical carbon dioxide (SCCO,) at 37° and 100 bar for
2 hours with peracetic acid additive.

Animal surgical preparation

All surgical procedures were performed following insti-
tutional ethical clearance. Pre-emptive analgesic was pro-
vided using transdermal fentanyl patches 24 hours before
surgery (Christou, et al. 2015) [52] and to provide
smoother sedation and anesthetic induction. Animals were
sedated with an intramuscular (IM) injection of Xylazine
(0.2 mg/kg) followed by Ketamine IM (6 mg/kg) 15
minutes later. All animals received 1 g of Cephalothin (18
—22 mg/kg) intravenously and 5 mL oxytetracycline (200
mg/mL) at 18 to 22 mg/kg intramuscularly. Benacillin
(Procaine penicillin 150 mg/mL) 1 mL/10 kg was given
IM. The transdermal fentanyl patches were replaced with
new ones (to provide a minimum of 72 hours of postopera-
tive analgesia) and Carprofen (Rimadyl 50 mg/mL) at 3 to
4 mg/kg IM given before surgery. Animals were trans-
ferred to the operating room table and anesthesia main-
tained using on isoflurane (1.5%—3%) and oxygen (2 L/
min) throughout the procedures.

Bone ingrowth model

Ten dowels (two cancellous and three bicortical implants
per side) were implanted using an established osseointegration
model in two adult cross bred wethers [12,16—19,22,24,48].

Dowels were placed in a press fit manner (6.0 mm implants in
a 5.5 mm drill hole) in the cancellous bone of medial distal
femoral condyles and proximal tibias (Fig. 3). A 4.5 mm
three-fluted drill (Surgibit, Orthopedic Innovations, Sydney)
was used created a pilot hole followed by a 5.5 mm diameter
drill-bit. Dowels in the cortical bone were placed in the diaph-
ysis of the tibia in a line to line manner (6 mm implant in a
6 mm hole) using the 4.5 mm followed by a 6 mm diameter
drill-bit to create three bicortical defects in the tibial diaphysis.
The periosteum, soft tissues, and dermis were closed in layers
using 3-0 and 2-0 resorbable suture, respectively. One animal
was euthanized via lethal intravenous overdose of sodium pen-
tobarbitone (Lethabarb, Virbac; 1 mL/2 kg) following sedation
at 4 weeks and one at 12 weeks. The right and left tibias and
femurs were harvested for endpoints.

Single-level interbody fusion with bilateral posterior
pedicle screws

A single-level (L4—L5) interbody fusion as reported by
Bae et al. [43] was performed in eight 4- to 5-year-old ewes
with the addition posterior pedicle screw fixation. Four ani-
mals received iliac crest corticocancellous autograft har-
vested from the right ilium using a rongeur. The autograft
was placed in a sterile bowl and morselized into 1 to 2 mm
pieces for implantation into the aperture of the interbody
cage. Ovine allograft (1—2 mm pieces) manufactured as
described was used in four animals.

The L4—L5 interbody fusion level was approached lat-
erally using blunt dissection to palpate the disc. Gelpi
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Fig. 3. Dowels in the cortical bone (A) were placed in the diaphysis of the tibia in a line to line manner (6 mm implant in a 6 mm hole) using the 4.5 mm fol-
lowed by a 6 mm diameter drill-bit to create three bicortical defects in the tibial diaphysis. Dowels were placed in a press fit manner (6.0 mm implants in a
5.5 mm drill hole) in the cancellous bone of medial distal femoral condyles (B,C) and proximal tibias.

retractors were used to visualize the lateral annulus which
was removed with sharp dissection. A tear drop curette was
used to mobilize and remove the nucleus pulposus. A rasp
prepared the endplates and removes remaining nucleus pul-
posus and avoided endplate damage [43]. The interbody
devices were filled with the graft materials (Fig. 4) and
inserted into the disc space using an impactor. The soft tis-
sues were reapposed, and the skin closed in layers. Follow-
ing the completion of the interbody fusion surgery, the
animals were repositioned in the prone position and tita-
nium pedicle screws (5.0 mm x 35 mm) with a 5.5 mm
titanium rods (Wiltrom, Taiwan) placed bilaterally at the
L4—L5 levels for posterior fixation [49—51] (Fig. 4). Inter-
body fusion animals were euthanized at 12 weeks and the
lumbar spine harvested for radiographs, microcomputed
tomography, robotic range of motion (ROM), and polyme-
thylmethacrylate (PMMA) histology.

Harvest

Dowels implanted in cancellous bone of the distal femur
and proximal tibia were isolated using a saw and fixed in
cold phosphate-buffered formalin, dehydrated in ethanol
and embedded in PMMA for histologic sectioning. Cortical
samples were processed for push-out mechanical testing to
determine shear strength and PMMA histology to evaluate
bone ingrowth. The interbody fusions were harvested at the
L4—L5 levels and processed fresh for radiography (Faxi-
tron radiographs and microcomputed tomography), manual
palpation and ROM testing.

Radiography

The femur and tibia from the bone ingrowth animals
were radiographed in the anteroposterior and lateral
views using a Faxitron (Faxitron, Wheeling, IL) and

Fig. 4. The aperture of interbody cages was filled with the autograft (A) harvested from the iliac crest or allograft (B) processed using supercritical technol-
ogy process outlined in Fig. 2. The cages were implanted at the L4—L5 levels using a lateral approach (C) and the animal repositioned in the prone position
and titanium pedicle screws placed bilaterally at the L4—L5 levels for posterior fixation (D).
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digital plates (AGFA CR MD4.0 Cassette). The Faxitron
radiographs were used to examine the status of the 3D
dowel-bone interface for any Faxitron radiographic evi-
dence of new bone ingrowth or adverse events. Poster-
oanterior Faxitron radiographs of the L4—L5 fusions
were taken with the rods and pedicle screws as well as
following removal of the rods were taken. Microcom-
puted tomography (uCT) was performed on the spines
using an Inveon Scanner (Siemens, USA) with 44 um
resolution. The Faxitron radiographs and micro-CT
scans from the interbody fusions were evaluated blinded
to graft type (autograft vs allograft) for signs of bony
integration with the host endplate, new bone formation
in the cage aperture, new bone integration into the
porous titanium regions of the cage, evidence of cage
subsidence, pedicle screw loosening or adverse bony
reactions. Micro-CTs were graded in a blinded manner
as outlined in Table 1 and analyzed using a Mann-Whit-
ney U test using SPSS for Windows.

Mechanical testing: bone ingrowth push-out testing

Dowels implanted in cortical sites were isolated using a
bandsaw in the axial plane. These were sectioned in the sag-
ittal plane to isolate a medial site for push-out testing and
lateral for histology alone using a Buehler low speed saw
and a diamond-coated wafering blade [12,16—19,22,24 48].
Before testing, specimens were polished perpendicular to
the implant to remove periosteal bone growth. Implants
were tested for implant-bone interface shear strength using
a standard push-out test. Specimens were tested at
0.5 mm/min on MTS, a calibrated servo-hydraulic testing
machine (MTS Mini Bionix, MTS System Corporation,
Eden Prairie, MN). Peak Load (N), energy to peak load
(Nmm), and stiffness (N/mm) were obtained from the load
versus displacement graphs using a MatLab custom script
(MatLab Natick, MA). Shear stress was calculated (eq 1)
using cortical thickness measurements obtained from
PMMA histology [12,16—19,22,24,48]. The mechanical
data between 4 and 12 weeks from the bone dowel testing
were analyzed via an unpaired 7 test using SPSS.

Load
o =——
Ci+¢C
(F5 )
Table 1

Radiographic grading scale

Number Grade Description

0 No new bone No new bone formation visible
1 Visible new bone New bone formation visible but no con-
tinuous bone

2 Possible fusion Continuous bridging new bone formation
with visible lucency
3 Probable fusion  Continuous bridging new bone formation

Equation 1: Shear stress calculation where c = cortical
thickness measurement from each side of the implant based
on the histological slides, d; = diameter of the implant.

Mechanical testing: interbody fusion

The stability of the L4—L5 fusions was assessed by man-
ual palpation at 12 weeks after removal of the rods. Two
trained and experienced blinded observers assessed the
fusions in lateral bending and flexion-extension. The
fusions were graded as either fused (rigid, no movement) or
not fused (not rigid, movement detected) compared to the
untreated level above was as a relative comparison. Manual
palpation data were analyzed using a Mann-Whitney U test
using SPSS for Windows.

The L4—L5 segments were potted following manual pal-
pation with a smooth cast 300 resin (Smooth-On, Macun-
gie, PA) in an aluminum potting cylinder. ROM in flexion-
extension, lateral bending, and axial rotation was measured
using a robotic 6° of freedom musculoskeletal simulator,
simVITRO (Simulation Solutions and Cleveland Clinic,
Ohio) nondestructively to +7.5 Nm. Each loading profile
was repeated 4.5 times and the mean value for ROM of the
last three cycles was used for statistical comparison. ROM
data were analyzed using an in-house custom MatLab script
and statistically using an unpaired ¢ test using SPSS.
Fusions were then fixed in phosphate-buffered formalin for
PMMA histology.

PMMA histology and histomorphometry

All samples (dowels and interbody fusions) were proc-
essed using established hard tissue histology techniques
using PMMA [12,16—19,22,24,37,48]. Formalin-fixed sam-
ples were sequentially dehydrated in increasing concentra-
tions of ethanol before infiltration in methylmethacrylate
and polymerization.

Embedded cortical and cancellous dowels were sec-
tioned along the long axis of the implants using a Leica SP
1600 Microtome. A minimum of two thin (~15-20
micron) sections were cut from each dowel. The interbody
fusions were sectioned in the sagittal plane in three sites
(sections ~15 micron thick). The sections were briefly
etched in acidic ethanol (98 mL ethanol 96% and 2 mL HCl
37%) and stained with methylene blue followed by basic
fuchsin [53]. The staining results in bone staining pink,
fibrous tissue blue/purple.

The stained slides were reviewed under low magnifica-
tion to provide an overview of the section and histomorph-
ometry. The implant-bone interface and local reactions
were carefully examined at higher magnification for the
presence of inflammatory cells or local particulate in the
cancellous, cortical, or interbody sites. The interbody fusion
slides were evaluated in a blinded manner to examine the
status of the endplates to the interbody cage, tissue integra-
tion into the porous domains of the interbody cage as well



W.R. Walsh et al. / The Spine Journal 19 (2019) 1885—1898 1891

as fusion response to the graft material (autograft of allo-
graft) used inside the aperture.

Histomorphometry

The low-magnification PMMA histology was used for the
determination of bone ingrowth into the dowels implanted in
cancellous and cortical sites at 4 and 12 weeks and the inter-
body fusion at 12 weeks using MatLab to determine the
amount of substrate, new bone, and bone in the available
void based on established methods [16—18]. A region of
interest for each image using a polygon technique to specifi-
cally examine the implant-bone interface was employed.
The 3D-printed metal, mineralized bone, bone marrow, or
fibrous tissue was identified by pixel color and morphology
and the area determined as a percentage of the region of
interest in the sites. The same procedure was performed for
the porous walls of the interbody cage to determine the
amount of bone ingrowth into the cage. Bone in the available
void in the porous 3D-printed implants was determined by
the new bone within the porous implants divided by the
available void which was calculated by the total area minus
the amount of metal in the section. Histomorphometric data
were analyzed using an unpaired 7 test using SPSS.

Results

Implants

Macroscopic light microscopy and environmental scan-
ning electron microscopy revealed the similar porous
domains and surface topography of the dowels and inter-
body fusion cages (Fig. 1) both produced the same Selective
Laser Melting process.

Surgery and in-life

Surgery was successfully completed on all animals in the
bone ingrowth dowel model (Fig. 2) as well as the interbody
fusion (Fig. 4). The interbody cages retained the autograft
and supercritical fluid-treated allograft well and were easily
implanted. The allograft appeared white, consistent with
processing with supercritical carbon dioxide and removal of
lipids and organic debris in the allograft (Figs. 2D and 4B).

No adverse events were noted in the in-life phase of the
study. No evidence of infection or adverse reactions were
observed at the time of harvest of the dowels from the tibias
and femurs at the cancellous or cortical implantation sites
at 4 and 12 weeks or the interbody fusions at 12 weeks.

Radiography

Anteroposterior Faxitron radiographs in the tibia cortical
sites revealed an increase in signal intensity between 4 and
12 weeks suggesting a progression of bone ingrowth in the
cortical sites. Faxitron radiographs at the cancellous sites
were difficult to assess due to the presence of normal bone
anterior and posterior to the implant (Fig. 5a).

Faxitron posteroanterior radiographs of the interbody
fusions at 12 weeks revealed the interbody cages on the
host endplates while any new bone ingrowth into the porous
implants as well as the presence of a bony fusion from L4 to
LS5 was difficult to assess (Fig. 5b). Subsidence based on the
Faxitron radiographs was not apparent at 12 weeks.

Micro-computed tomography of the interbody fusions
revealed the presence of an artefact due to the titanium
alloy implants which made the assessment of any bone
within the porous domains of the interbody cage uncertain
(Fig. 6). Evidence of some bony resorption above the wall
of the interbody cage was found in 50% of the cases with
both graft materials (Fig. 6).

Micro-computed tomography was used to evaluate the
status of the fusion between the levels within the aper-
tures using autograft as well as supercritical fluid-treated
allograft with both graft materials demonstrating evi-
dence of a change in signal intensity and some integra-
tion with the host endplates supporting a continuous
bone bridge between the treated levels. Micro-computed
tomography grading at 12 weeks of possible fusion
(grade 2) and probable fusion (grade 3) for cages filled
with autograft were 1 out 4 and 3 out of 4, respectively,
while supercritical fluid-treated allograft-filled cages pre-
sented 2 of 4 possible fusions and 2 out of 4 probable
fusions. The distribution of these grades did not differ
based on the Mann-Whitney Utest (p=.686). Subsidence
based on the micro-computed tomography review was
not apparent at 12 weeks.

Mechanical testing

Push-out testing of the tibial cortical dowels at 4 and 12
weeks revealed a significant increase in properties (Table 2).
Peak load, energy, stiffness, and shear stress were statisti-
cally superior at 12 weeks compared to 4 weeks (p<.05).

Manual palpation and ROM

Manual palpation of the spinal fusions revealed a rigid
fusion (no movement) in 75% of the cages filled with auto-
graft and 100% of the cages filled with supercritical fluid-
treated allograft. The distribution of these grades did not
differ based on the Mann-Whitney Utest (p=.686).

An example of ROM testing in lateral bending, axial
rotation, and flexion-extension data output using simVI-
TRO is presented in Fig. 7. Pure bending moments were
applied and the resulting angular deformation in all planes
was monitored revealing minimal off axis moments. ROM
results did not reveal any differences between cages filled
with autograft or supercritical fluid-treated allograft
(Table 3).

Histology and histomorphometry

Histology in the tibial cortical sites (Fig. 8) demonstrated
a progression of normal new bone formation between 4 and
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Fig. 5a. Anteroposterior Faxitron radiographs at 4 weeks (W2865) and 12 weeks (W2866) did not reveal any adverse events. Evaluation of new bone within
the porous devices was difficult even with high-resolution Faxitron radiographs.

Fig. 5b. Posteroanterior (A) and lateral (B) Faxitron radiographs at 12 weeks of the interbody fusions revealed the presence of the implant (*) and the pedicle
screws while detection of bone at the endplate interface or inside the cage itself was not possible.

OO
SONNNN

Fig. 6. Micro-computed tomography of the interbody fusions revealed the presence of artefact due to the titanium alloy implants which made assessment of
any bone within the porous domains of the interbody cage uncertain. Evidence of some bony resorption (*) above the wall of the interbody cage was found in
50% of the cases with both graft materials.
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Table 2
Radiographic grading scale
Peak force (N) Energy to failure (Nmm) Stiffness (N/mm) Shear stress (N/mm?)
Weeks Mean Standard deviation Mean Standard deviation Mean Standard deviation Mean Standard deviation
4 752.4 237.17 177.34 72.57 3,032.94 1,302.64 8.91 1.9
12 2,621.59 1,029.86 1,347.83 519.36 4,831.71 2,199.36 31.25 6.84

Table 3
Radiographic grading scale
Lateral bending (degrees) Axial rotation (degrees) Flexion-extension (degrees)
ROM at 7.5 Nm Mean Standard deviation Mean Standard deviation Mean Standard deviation
Group Autograft 6.44 1.33 3.69 0.41 6.73 1.16
SCEF allograft 6.59 242 3.76 0.91 6.53 2.20

12 weeks with direct bone formation and the lack of any margins in cancellous sites while the majority of the porous
fibrous tissue into the porous domains of the cortical sam- domains were filled with loose connective tissue.
ples. Histology in the cancellous sites (Fig. 8) presented a Interbody cage histology (Fig. 9) allowed the examina-
different temporal finding with some new bone integration at tion of the interface between the vertebral endplate and the
the host margins with the 3D-printed dowels at 4 weeks 3D porous interbody cage, new bone integration into the
which did not progress deeper into the porous implants at 12 porous walls of the cage and inside the aperture at 12 weeks.
weeks. Some new bone marrow formed at the bone-implant Overall, there was the lack of any inflammatory cells or
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Fig. 7. Range of motion testing using SimVitro applied £7.5 Nm while monitoring angular deformation in axial rotation, lateral bending, and flexion-exten-
sion.
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Fig. 8. PMMA histology in the cortical sites at 4 weeks and 12 weeks (A,B) demonstrated a progression in new bone ingrowth into the porous morphology of
the 3D-printed bone dowels. Cancellous bone ingrowth at 4 and 12 weeks (C,D) did not progress with time deeper into the porous structure. Some new bone
marrow formed at the bone-implant margins in cancellous sites while the majority of the porous domains were filled with loose connective tissue in cancel-

lous sites.

evidence of adverse reaction to the 3D-printed interbody
cage or the autograft or supercritical fluid-treated allograft.

The endplates were generally intact with cages placed
directly on the host bone. The areas where microcomputed
tomography revealed bone resorption were found to have
fibrovascular tissue when examined with histology (Fig. 9).
Some new bone formation within the 3D porous walls of
the interbody cages at the interface of the endplates was
found when a continuous fusion within the aperture was
present (Fig. 9). Fibrovascular tissue was found in the
porous walls of the interbody cages (Figs. 9 and 10) in the
absence of a bony fusion within the aperture. Both graft
materials demonstrated new bone formation and remodel-
ing in the aperture at 12 weeks (Fig. 9). The osteoconduc-
tive nature of autograft and the allograft was apparent with
new bone ongrowth and remodeling to the graft materials at
12 weeks combined with fibrovascular tissue. Histologi-
cally, a continuous bony bridge within the aperture at 12
weeks was not found with autograft and in only one cage
filled with allograft.

Histomorphometry quantification of new bone ingrowth
into porous implants in cortical and cancell‘ous sites as
well as the porous walls of the interbody cages is presented
in Fig. 10. A statistically significant increase was found for
new bone formation in cortical sites between 4 and 12
weeks, while an increase in cancellous sites as well as the
walls of the interbody cages was not found (Fig. 10). Bone

in the available void in dowels implanted in the cortical
sites increased from 26% (£11%) at 4 weeks to 74%
(+14%) at 12 weeks. Bone in the available void in dowels
implanted in cancellous sites at 4 weeks was 14% (£3%)
and 15% (+17%) at 12 weeks. Bone in the available void
of the walls in the porous interbody cages at 12 weeks was
not influenced by the graft material and was 21% (£16%)
when the aperture was filled with autograft and 20%
(£22%) when the aperture was filled with supercritical
fluid-treated allograft (Fig. 11).

Discussion

Osseointegration offers a biological means of implant
fixation that can be achieved through a variety of mecha-
nisms including bone ongrowth to a material surface,
ingrowth into the porous domains of a material, as well as
growth through geometric ultrastructure of a material.
Implant fixation or stabilization clearly needs to consider
the anatomical site and type of implant and clinical condi-
tion being treated. Differences in the surgical approach, soft
tissue considerations, bone health and density, kinematics,
and mechanical loading are all factors to consider not only
for surgeons but for implant designers and manufactures.
Considering this complexity, a single material or optimized
design to satisfy all clinical and design applications for fixa-
tion seems improbable and reflects the wide range of
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Fig. 9. Interbody cage histology allowed examination of the interface between the vertebral endplate and the 3D porous interbody cage, new bone integration
into the porous walls of the cage and inside the aperture at 12 weeks. There was the lack of any inflammatory cells or evidence of adverse reaction to the 3D-
printed interbody cage or the autograft (A,C) or supercritical fluid-treated allograft (B,D). The porous walls of the device were primarily filled with fibrous

tissue. Some new bone within the porous walls was found at 12 weeks (B,D).

implant technologies available at the bone-implant interface
for spinal fusion applications as well as arthroplasty across
all joints (hips, knees, shoulders, ankles, and spine). Initial
stability in hip and knee arthroplasty can be achieved
through a combination of surgical preparation, cement fixa-
tion, and implant geometry to aid osseointegration, through
bone ongrowth to textured surfaces or coatings or ingrowth
into porous domains at the implant-bone interface providing
biological fixation. Interbody spinal fusion adds the

additional complexity of anatomy, removal of the disc
material, avoiding damage to the endplates, mechanical sta-
bility, as well as the type, quality, and quantity of graft
material used in or around interbody fusion devices.
Modern manufacturing methods continue to evolve in
implant design with an aim toward controlling what hap-
pens at the bone-implant interface. Altering surface topog-
raphy and features, coatings as well as porous interfaces
through a variety of manufacturing process have shown to

Fig. 10. Higher magnification within the porous walls of the cages at 12 weeks revealed fibrous tissue with autograft in the aperture (A,B) and some new
bone at the interface with wall of the cage with supercritical fluid-processed allograft (C,D).
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Fig. 11. New bone formation based on histomorphometry within the porous domains of the cancellous implants did not improve with time between 4 and 12
weeks. New bone formation within the porous domains of the cortical implants revealed the statistical increase in bone formation between 4 and 12 weeks.
No differences were detected between the amount of bone formation in the cancellous sites compared to the bone ingrowth into the porous domains of the

interbody cage at 12 weeks.

influence the bone-implant interface in preclinical and clini-
cal studies [35,54]. Additive manufacturing represents an
alternative means of implant production where complex
shapes can be produced that would be considered difficult
[55] or too expensive to achieve through traditional means.
Like all technology, 3D printing continues to advance with
improvements in resolution as well as new offerings of
materials but can be constrained due commercial and eco-
nomic pressures. Whether the use of “3D” implants
improves clinical outcomes in medicine or influences the
socioeconomic aspects of the medical devices industry
remains to be proven [56]. The ability to have custom
designs which additive manufacturing can facilitate remains
an exciting option [55].

The current study explored the in vivo response at the
bone-implant interface of the same complex geometry of a
porous titanium alloy device manufactured using the Selec-
tive Laser Melting implanted in the cortical and cancellous
bone as well as in an interbody fusion. The cortical and can-
cellous implantation model has been reported for more than
two decades [12,16—19,22,24, 48] in the development of
uncemented fixation in hip and knee arthroplasty devices.
Autograft and sheep supercritical fluid cancellous allograft
was used to fill the aperture of the 3D-printed interbody
cages. Human allograft manufactured using the same super-
critical fluid carbon dioxide procedure has been shown to
facilitate interbody fusions in humans [57,58]. Evaluating
the same 3D porous devices in an interbody fusion model
allowed us to compare the performance of porous devices

with respect to implantation site. We sought to determine if
osseointegration in porous implants in long bone defects in
cortical or cancellous bone can be applied to interbody
fusion. The null hypothesis of the current study was that the
implant location would not influence the osseointegration
of the 3D-printed porous titanium implant design.

The results of the current study revealed bone ingrowth
in long bone cortical and cancellous sites does not translate
directly to interbody fusions. While bone ingrowth was
robust and improved with time in cortical sites with a line-
to-line condition, the same response was not found in can-
cellous sites where the implants were placed in a press fit
manner. We reported similar results in the same bone
ingrowth model for a porous scaffold of Ti6Al4V (Regen-
erex; Biomet) manufactured using -electrodischarged
machining [17] in cortical sites with extensive osseointegra-
tion between 4 and 12 weeks and limited osseointegration
in cancellous sites at 4 weeks which did not progress at 12
weeks. Osseointegration in the current study with 3D
porous interbody cages was like the cancellous implantation
sites rather than the cortical sites which reflects the differen-
ces in anatomical site, surgical preparation, and biomechan-
ical loading. Care should be taken when extrapolating
osseointegration results for different clinical applications.

Radiographs and micro-computed tomography provided
limited information with respect to the extent of osseointe-
gration into the titanium alloy 3D-printed dowels interbody
cage, while the radiographs demonstrated that the cages
were well placed in the interbody space and subsidence was
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not an issue. Push-out testing of the dowels in the cortical
bone clearly demonstrates the fixation achieved with bone
ingrowth into porous materials and agrees with previous
experience with this model with porous implants from tradi-
tional manufacturing techniques [9,12,16—18,48]. Spine
stability based on ROM testing of the interbody fusions at
12 weeks at 7.5 Nm did not differ with autograft or super-
critical fluid-treated allograft in the cage aperture.

Histology in the cortical sites demonstrated the open
architecture of the 3D porous implants and osseointegration
does progress with time. In contrast, the histology in cancel-
lous sites like the interbody fusion sites had limited osseoin-
tegration. This cancellous site histology for porous devices
agrees with our previous work [17] and may be due, in part,
to anatomical loading and mechanical properties of the
device. Interbody fusion histology revealed the importance
of the aperture to support new bone formation from one
level to the next for a fusion with autograft and supercritical
fluid-treated allograft supporting new bone formation. The
porous domains of the 3D-printed device in general were
filled with fibrovascular tissue while some bone integration
was found at 12 weeks when fusion within the aperture was
present. This highlights the importance of the aperture with
graft material and biomechanical stability which may play
arole in driving further osseointegration.

The choice of hardware as well as graft material remains a
complex issue for spinal fusion [14]. Sheep have been used
for preclinical models to evaluate spinal fusion and provide
insight for human use [25,37,38,41—45,59,60] but have their
limitations. We used an endplate-sparing technique, which
mimics the human interbody fusion technique, recently
reported by Bae et al. [43], interbody cages with dimensions
appropriate for the L4—LS5 levels in sheep and posterior pedi-
cle screw fixation. This is in contrast to other studies that
either used a single lateral rod construct [43] or implants that
were too large for the interbody space and a surgical tech-
nique that resulted in implants being placed in the vertebral
body [38,41], which is not reflective of the technique used
for human implantation. Differences in surgical preparation,
implant dimensions, and the stability of the biomechanical
environment will all influence the results. The short-term fol-
low-up (bone dowels at 4 and 12 weeks and interbody
fusions at 12 weeks) is limiting and may not reflect the long-
term results with these types of implants where continued
bone remodeling may reveal other results. We also did not
examine any other porous implant designs or manufacturing
methods. Care should be taken when extrapolating preclini-
cal results and must consider surgical, implant, and bio-
mechanical factors to fully appreciate the results.
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