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ABSTRACT

Background: Insufficient data exist on bone graft substitute materials efficacy; two thirds lack any clinical
data.'? This prospective animal study identified efficacy differences among commercially available materials of
several classes.

Methods: Historically validated muscle pouch osteoinduction study (OIS) and posterolateral fusion (PLF) were
performed in an athymic rat model. Grafting material products implanted were demineralized bone matrix (DBM)-
based allografts (Accell EVO3, DBX Mix, DBX Strip, Grafton Crunch, Grafton Flex, Grafton Matrix, Grafton
Putty, Magnifuse, and Progenix Plus), allografts (OsteoSponge, MinerOss), cellular allograft (Osteocel Plus),
ceramics (Mozaik Strip), or activated ceramics (Actifuse ABX Putty, Vitoss BA). After 4 weeks, OIS specimens were
evaluated ex vivo by histologic osteoinductivity. After 8 weeks, PLF ex vivo specimens were evaluated for fusion by
manual palpation (Fyp), radiography (Fxr), and histology (Fyisto)-

Results: OIS: No materials exhibited a rejection reaction on histology. All DBM-based materials exhibited
osteoinductive potential as new bone formation at > 88% of implanted sites. One plain allograft (OsteoSponge)
formed bone at 25% of sites. No bone formed for one ceramic (Mozaik Strip), three activated ceramics (Actifuse ABX
Putty), or one cellular allograft, regardless of human bone marrow aspirate (hBMA) when added. PLF: Among the 10
DBMs, 6 had Fyp of 100% (Accell EVO3, DBX Mix, DBX Strip, Grafton Flex, Grafton Putty, Magnifuse), 2 had
Fyup of 94% (Grafton Crunch, Grafton Matrix), and 2 conditions had Fyp of 0% (Progenix Plus, Progenix
Plus + athymic rat iliac crest bone graft [arICBG]). Ceramics (Mozaik Strip), activated ceramics (Actifuse ABX
Putty, Vitoss BA), plain allograft (OsteoSponge, MinerOss (PLF study), and cellular allograft (Osteocel Plus)
demonstrated 0% Fyp. ArICBG demonstrated 13% Fyp.

Conclusions: Eight DBM-based materials (Accell EVO3, DBX Mix, DBX Strip, Grafton Crunch, Grafton
Flex, Grafton Matrix, Grafton Putty, Magnifuse) demonstrated excellent (> 90% Fyp) efficacy in promoting fusion
via bone healing. Two DBM conditions (Progenix Plus, Progenix Plus 4+ arICBG) showed no manual palpation
fusion (Fump). Systematically, over the 2 studies (OIS and PLF), cellular (Osteocel Plus), plain allografts
(OsteoSponge, MinerOss; PLF study), ceramic (Mozaik Strip), and activated ceramics (Actifuse ABX Putty, Vitoss
BA) demonstrated poor Fyp efficacy (< 10%).

Clinical Relevance: When selecting DBMs, clinicians must be cognizant of variability in DBM efficacy by
product and lot. While theoretically osteoinductive, cellular allograft and activated ceramics yielded poor in vivo
efficacy. Whole allograft and ceramics may provide osteoconductive scaffolding for mixed-material grafting;
however, surgeons should be cautious in using them alone. Direct clinical data are needed to establish efficacy for any
bone graft substitute.
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INTRODUCTION however, insufficient data exists on bone graft
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procedures are performed.”” Bone healing and
fusion consolidation require an ordered cascade of
initial inflammation, reparative ossification, and
remodeling.*'® Various grafting materials are em-
ployed to promote this bone healing process.

Iliac crest bone graft (ICBG) remains the gold
standard graft. Autograft provides an osteoconduc-
tive scaffold, osteoinductive cellular chemoattrac-
tants, and osteogenic progenitor cells. However,
autograft has drawbacks: potential harvest-related
complications, limited volume, and poor bone
quality in certain patients limits utility.*'" The
incidence of long-term pain following ICBG har-
vesting is from 2% to 25%, increasing morbidity for
back pain patients, who already represent 40% of
opioid prescriptions.'* '

The American Academy of Orthopaedic Sur-
geons (AAOS) identified 63 bone graft substitutes,
although many are used despite a lack of clinical
evidence on their efficacy.>'® Research continues to
find the ideal substitute that would be “biocompat-
ible, bioresorbable, osteoconductive, osteoinduc-
tive.”® Current options, discussed below, include
whole and cellular allograft,'” demineralized bone
matrix (DBM), hydroxyapatite (HA) and calcium
ceramics/bioactive glasses, bone morphogenetic
proteins (BMPs), and combinations of these.

Ceramic and Synthetic Materials

Used for decades, HA or tricalcium phosphates
(TCP) grafts are available in many forms. They are
cleared by the US Food and Drug Administration
(FDA) for marketing on “substantial equivalence”
to existing materials, without clinical efficacy data.

Silica, phosphate, and borate based bioactive
glasses are in-development.'®'®2° These induce a
hydroxycarbonate apatite surface layer for bone
binding, and possibly create osteoinduction by
solubilization of silica and calcium ions.*' ** How-
ever, clinical use is limited by brittleness causing low
fracture strength and difficulty in synthesizing
porous scaffolds.

Allografts

Whole Allografts

Whole allograft may be cortical or cancellous;
incorporation is not as rapid or as reliable as
autograft.?* Disease transmission is rare, with no
viral transmissions since 2002.'® Xenograft is similar
but carries a higher risk of rejection.'®

Demineralized Bone Matrix-based Products

DBM is created via acid extraction of the mineral
components of allograft, leaving osteoconductive
matrix with osteoinductive native BMPs. Their
concentration varies among individual donor-based
lots of the same product.”*> Materials are hetero-
geneous, with different particle sizes and shapes,
levels of demineralization and structure, and non-
allograft additives for handling.

DBMs undergo different FDA regulatory paths
depending on composition. Even in the most
stringent path, “medical device,” DBMs are cleared
for marketing by demonstrating “substantial equiv-
alence” to an existing device, without human
efficacy trials (http://www.accessdata.fda.gov).?*?’

Cellular Allografts

Cellular allograft provides mesenchymal or osteo-
progenitor cells, often in DBM, for osteogenic
grafting without autograft harvest.”® ' Processing
methods vary, and immune response to this fresh-
frozen allograft is untested. These are distributed
under Tissue Bank regulations; therefore, clinical
efficacy trials are not required for marketing.*>>*

Growth Factors

BMPs were described by Urist in the 1960s.%>3°
BMP-2 is a growth factor involved in skeletal
development and fracture healing. Recombinant
human BMP-2 (rhBMP-2) is delivered via an
absorbable collagen sponge (ACS). rhBMP-2 has
experienced increased use in clinical practice, and
has been discussed extensively in recent litera-
ture.’”#

Study Objectives

Despite extensive clinical utilization of grafting
adjuncts, there is little comparative efficacy data.
Limited evidence suggests different DBMs facilitate
different spinal fusion rates.'’*? Each material
class also poses its own risks: including chronic pain
from autograft harvest, rejection or disease trans-
mission from allograft, and wound or neurologic
complications with BMP.>!%4%42 Better under-
standing of efficacy and osteoinductivity will help
clinicians balance risk/benefit in grafting material
selection.

The specific objectives of this study were to:

1. Screen for osteoinductivity and immunologic
reaction of human and synthetic materials in
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athymic rats via an osteoinduction study
(OIS).

2. Investigate in vivo fusion efficacy of bone
graft substitutes via a posterolateral lumbar
intertransverse fusion (PLF) study.

3. Understand comparative preclinical efficacy
of material classes by including DBMs, whole
and cell-based allograft, and plain and
activated ceramics.

MATERIALS AND METHODS

The Institutional Animal Care Use Committee
approved all procedures. Table 1 describes implant
materials.

Osteoinduction Study

Design

Osteoinductivity of 16 materials was evaluated via
rat intermuscular bone formation, listed in Tables 1
and 2.

Subjects
Sixty-eight athymic nude rNu rNu male rats
(Harlan Laboratories, Indiana), 7- to 8-week-old,
and 200 to 350 grams were used. Athymic nude rats
minimize immune responses to the human derived
materials.

Materials

DBM-based allografts (Accell EVO3, DBX Mix,
DBX Strip, Grafton Crunch, Grafton Flex, Grafton
Matrix, Grafton Putty, Magnifuse-loose, Magni-
fuse-pouch, and Progenix Plus), allograft (Osteo-
Sponge), cellular allograft (Osteocel Plus), ceramics
(Mozaik Strip with human bone marrow aspirate
[hnBMA]), activated ceramics (Actifuse ABX Putty,
Vitoss BA Strip, Vitoss BA Strip with hBMA), or
positive control conditions of 2 doses of rhBMP-2/
ACS (0.1 mg/mL, 0.006 mg/mL) were evaluated. All
materials were prepared according to the manufac-
turer’s instructions. Where indicated, heparinized
fresh hBMA was added within 36 hours of hBMA
harvest.

Procedure

Prophylaxis included buprenorphine for pain and
ampicillin for infection (same as surgical description
below). After general anesthesia and skin prepara-
tion, a small incision was made over the hind-limb.
Then 0.2 cm® of material was placed between

muscular bundles, close to the femur but not
touching bone, and wounds sutured closed.> >

Evaluation of Osteoinductivity

At 4 weeks, rats were killed. Material-tissue explants
were decalcified and paraffin embedded. Sections
were hematoxylin and eosin (H&E) stained. Os-
teoinductivity was a “1” indicating the presence of
bone forming cells, cartilage, or new bone occupy-
ing a minimum of at least 5% of the implant area
for > 50% of implanted sites; or a “0” indicating
the absence of bone forming cells, chondrogenic
activity, or new bone.

Posterolateral Fusion

Design

Bilateral 2-level posterolateral fusion (PLF) were
performed at L3-L4-L5. Eight rats were implanted
per each of 18 materials/conditions (Table 1).
Positive controls employed were athymic rat ICBG
(arICBG) as a gold standard ICBG equivalent and 2
doses of hBMP-2/ACS (0.1 mg/mL, 0.006 mg/mL).
Surgery alone (sham) was a negative control.

Materials Evaluated

DBM-based allografts (Accell EVO3, DBX Mix,
DBX Strip, Grafton Crunch, Grafton Flex, Grafton
Matrix, Grafton Putty, Magnifuse-pouch, and
Progenix Plus, Progenix Plus + arlCBG 50/50),
allografts (OsteoSponge, MinerOss, Miner-
Oss 4+ arlCBG 50/50), cellular allograft (Osteocel
Plus), ceramics (Mozaik Strip + hBMA), activated
ceramics (Actifuse ABX Putty, Vitoss BA Strip,
Vitoss BA Strip Vitoss BA Strip + hBMA), or
control conditions listed above.

Materials were prepared according to product
instructions and applied in accordance with a
previously generated randomization schedule. Rats
were observed daily and killed at 8§ weeks after
surgery. Fusion assessments included manual pal-
pation, radiography, and histopathology.

Subjects

One hundred eighty-four athymic rNu rNu male
rats (Harlan Laboratories), 8 to 10 weeks old, were
employed.

Surgical Procedure

All rats were weighed prior to surgery. Anesthesia,
isoflurane/oxygen, was induced (2% -4%) and
maintained (0.5%-2%) to effect. Buprenorphine
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Table 1.
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Description of implant materials.

Material Class and
Product Name

Manufacturer

Product Formulation

Manufacturer Description

DBM-based product allograft

Accell Evo3 DBM
Putty

DBX Mix

DBX Strip

Grafton DBM Crunch

Grafton DBM Flex

Grafton DBM Matrix

Grafton DBM Putty

Magnifuse DBM

Progenix Plus DBM

Allograft
OsteoSponge

MinerOss Cortical
and Cancellous
Cellular Allograft
Osteocel Plus

Ceramic
Mozaik Strip

Activated Ceramic
Actifuse ABX Putty

Vitoss BA Strip

Integra (Plainsboro, NJ)

Synthes (West Chester, PA)

Synthes (West Chester, PA)

Medtronic/BioHorizons
(Minneapolis, MN)

Medtronic/BioHorizons
(Minneapolis, MN)
Medtronic/BioHorizons
(Minneapolis, MN)
Medtronic/BioHorizons
|(Minneapolis, MN)
Medtronic/Osteotech

(Minneapolis, MN)

Medtronic/BioHorizons
(Minneapolis, MN)

Bacterin (Belgrade, MT)

Medtronic/BioHorizons
(Minneapolis, MN)

NuVasive (San Diego, CA)

Integra (Plainsboro, NJ)

Baxter (Deerfield, IL)

Stryker (Kalamazoo, MI)

Putty

Putty combined with
cortical-cancellous
bone

Preformed strips

Putty combined with
demineralized cortical
cubes

Flexible sheets

Formed shapes, plugs,
strips
Putty

Magnifuse

Putty with cortical
DBM powder and
demineralized cortical
chips

Malleable cancellous
bone

Freeze-dried bone

allograft

DBM and cancellous
bone with retained
cells

Flexible compression-
resistant strip

Flowable synthetic

Flexible compression-
resistant strip

DBM mixed Accell Bone Matrix (ABM) is an open
structured, dispersed form of DBM, mixed with
poloxamer resorbable reverse phase medium with unique
thermo-reversible properties

DBM granulated cortical bone in sodium hyaluronate,
provides morselized cortical-cancellous bone texture,
reduces need to combine bone chips with DBM

DBM granulated cortical bone in sodium hyaluronate
combined with gelatin provides a cohesive and flexible
consistency in a preformed strip formulation

DBM wetted with USP anhydrous glycerol carrier with
< 6% water by weight, < 5% calcium by weight,
combination of demineralized bone fibers with
demineralized cortical cubes

DBM wetted with USP anhydrous glycerol carrier with
< 6% water by weight, < 5% calcium by weight

DBM wetted with USP anhydrous glycerol carrier with
< 6% water by weight, < 5% calcium by weight

DBM wetted with USP anhydrous glycerol carrier with
< 6% water by weight, < 5% calcium by weight

Demineralized bone fibers with surface demineralized
cortical chips contained in resorbable macroporous
polyglycolic acid (PGA) mesh

DBM mixed with sodium alginate and type 1 bovine
collagen carrier hydrated with water, < 5% calcium by
weight, demineralized cortical chips

Cancellous bone, provides a scaffold for cellular ingrowth
and exposes bone-growth-inducing proteins, malleable
properties enable it to fill irregular bony defects

Mixture of cortical and cancellous chips provides limited
stability and space maintaining properties, forms an
osteoconductive scaffold

Cellular bone matrix containing mesenchymal stem cells and
osteoprogenitor cells combined with DBM and cancellous
bone, contains “cells, signals, and scaffold”

20% type I collagen blended with 80% high purity
tricalcium phosphate granules, developed to resemble the
composition of natural bone

Phase-pure, porous, silicate substituted calcium phosphate
bone graft, granules in resorbable polymer matrix;
contains 0.8% silicon

Beta-tricalcium phosphate formed into a 90% porous
scaffold, with silicate bioactive glass to produce the
deposition of a thin layer of biologically active calcium
phosphate

(0.2-0.4 mg/kg) for analgesia and ampicillin (0.2 mL
of 25 mg Abraxis) for antimicrobial prophylaxis
were administered subcutaneously. Area was
cleaned of hair, an isopropyl alcohol rinse applied
3 times, and a povidone iodine surgical spray
applied.

A 4- to 6-cm dorsal midline skin incision was
made from L1 to L2 to the iliac crests. Two-
centimeter paramedian incisions were made. Para-
spinal musculature was retracted to expose the
transverse processes (TPs) of L3 to LS5 bilaterally,

and then irrigated with 1.5 mL of normal saline. L3
to L5 TPs were decorticated bilaterally via motor-
ized burr until bleeding bone was observed.

0.6 cm® of material was implanted each side over
L3 to L5 TP bleeding bone as shown in Appendix 1
(1.2 ecm® implant per animal). For sham surgery,
TPs were decorticated with no material implanted.

Two-layer closure was performed using monofil-
ament polyglyconate (4-0 Maxon, Tyco Health-
care).

International Journal of Spine Surgery, Vol. 13, No. 5 440



Bhamb et al.

Table 1. Extended.

Screening and Sterilization

Manufacturer Stated Testing

Regulations

Donor screening, serological testing, viral

inactivation, electron beam irradiation product

Donor screening, serological testing,
USP71 sterility testing

Donor screening, serological testing,
USP71 sterility testing

Donor screening, serological testing, viral

inactivation, USP71 sterility testing athymic rat model

Donor screening, serological testing, viral
inactivation, USP71 sterility testing
Donor screening, serological testing, viral
inactivation, USP71 sterility testing
Donor screening, serological testing, viral
inactivation, USP71 sterility testing
Donor screening, serological testing, viral
inactivation, USP71 sterility testing

athymic rat model
athymic rat model
athymic rat model
athymic rat model

Donor screening, serological testing, viral

inactivation, electron beam irradiation athymic rat model

Low-dose gamma irradiation, BacteRinse
sterilization an animal model

Screened donors, serological testing, viral
inactivation

N/A

Screened donors, serological testing, viral
inactivation, antimicrobial treatment

N/A N/A
N/A N/A
N/A N/A

Lots tested in vitro prior to formulating final

Lots tested via athymic mouse muscle pouch
assay and alkaline phosphatase assay

Lots tested via athymic mouse muscle pouch
assay and alkaline phosphatase assay

Final product lots tested for osteoinductivity via

Final product lots tested for osteoinductivity via
Final product lots tested for osteoinductivity via
Final product lots tested for osteoinductivity via

Final product lots tested for osteoinductivity via

Final product lots tested for osteoinductivity via

Final product lots tested for osteoinductivity in

Each lot screened for presence of active cells

FDA: K103742

FDA: K053218, K080399, K040262

FDA: K062205, K042829, K121313

FDA: K051188, K051195

FDA: K051188, K051195

FDA: K051188, K051195

FDA: K051188, K051195

FDA: K082615, K122513

FDA: K072265, K082463, K082002,
K081950, K080462

AATB guidelines

AATB guidelines

AATB guidelines

FDA: K141841, K091302, K063124

FDA: K090850, K082575, K081979,
K082073

FDA: K103173, K083033, K081439,
K072184

Materials Preparation and Implant Conditions
Materials were prepared according to the manufac-
turer’s instructions. Where indicated, heparinized
fresh hBMA was added within 36 hours of harvest
(Lonza;  http://www.lonza.com/products-services/
bio-research/primary-cells/hematopoietic-cells/
unprocessed-bone-marrow.aspx?gclid=CLWm4Lb
K38UCFU06gQodbHS8ATQ).

Allograft: Particles of a DBM-based material
(Magnifuse) and a cellular allograft (Osteocel) were
aseptically scaled down using a rongeur to approx-

3 particles (accommodate to smaller

imately 1 mm
size of fusion site in the rat).

Athymic rat ICBG: Iliac crest was aseptically
harvested from donor athymic rats, rongeur mor-
selized to 2 to 3 mm?>, and used within 4 hours of
harvest.

rhBMP-2/ACS: 2 X 2.9 X 0.35 cm of ACS carrier
was loaded with concentration of 0.006 mg/mL or
0.1 mg/mL rhBMP-2 solution at 15 minutes prior to

implantation (1.2 cm® solution per animal).
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Table 2. Osteoinductivity study.

Description Design Results
Samples With Any Histologic Osteoinductivity = Coefficient of Variation

Type of Material Group Name Lots n (Sites With Bone Formation)/(Total Sites) (CV) Percentage
Control-differentiation factor ~rhBMP-2 (0.006 mg/mL) 1 4 4/4 N/A
Control-differentiation factor rhBMP-2 (0.1 mg/mL) 1 4 4/4 N/A
DBM Accell Evo3 3 12 4/4, 4/4, 4/4 0
DBM DBX Mix 2 8 3/4, 4/4 20
DBM DBX Strip 3 12 4/4, 4/4, 4/4 0
DBM Graft on Crunch 3 12 4/4, 4/4, 4/4 0
DBM Graft on Flex 2 8 4/4, 4/4 0
DBM Graft on Matrix 3 12 3/4,4/4, 4/4 16
DBM Graft on Putty 3 12 4/4, 4/4, 4/4 0
DBM Magnifuse (loose material) 1 4 4/4 N/A
DBM Magnifuse (in pouch) 1 4 4/4 N/A
DBM Progenix Plus 3 12 4/4, 3/4, 4/4 16
Allograft OsteoSponge 1 4 1/4 N/A
Cellular Allograft Osteocel Plus 3 12 0/4, 0/4, 0/4 0
Ceramic Mozaik Strip + hBMA 1 4 0/4 N/A
Activated Ceramic Actifuse ABX Putty 1 4 0/4 N/A
Activated Ceramic Vitoss BA Strip 1 4 0/4 N/A
Activated Ceramic Vitoss BA + hBMA 1 4 0/4 N/A

Postsurgical Care and Sacrifice

Rats were singly housed in sanitized cages. Analge-
sic (buprenorphine) and antibiotic (ampicillin or
amoxicillin) was administered PRN. At 8 weeks,
CO, euthanasia was performed. Caudal thoracic
vertebrae to the sacrum spine segments were
explanted.

Evaluation

Fusion as Determined by Manual Palpation. Two
blinded independent observers palpated for motion
by applying a bending moment at individual L3 to
L4, L4 to L5 interspaces by grasping each vertebral
body between thumb and index finger. Coronal then
sagittal forces were applied with motion directly
visualized. Unit of observation was individual level,
graded as fused if “no motion” (fusion) seen at
either side. This technique has been well correlated
with rigidity on biomechanical testing.!”-3¢8

Fusion as Determined by Radiographs. Fusion as
determined by radiographs: In vivo radiographs
were performed postoperatively and at 4 weeks. At
8 weeks, high resolution ex vivo radiographs
(Faxitron, Tucson, Arizona) were taken. Radio-
graphs were reviewed by the veterinarian and 2
blinded independent observers. Complete bridging
bone traversing the implant area without radiolu-
cency was determined as fused.

Fusion as Determined by Histology. Tissue blocks
were decalcified and embedded in paraffin. Spine
segments L2 to L6 were bisected bilaterally. Serial

histological sections in the sagittal plane were H&E
stained. Sections were evaluated for fibroplasia,
bone matrix, residual implant material, cartilage
matrix, and marrow.

Statistical Analysis

PLF: For manual palpation fusion (Fyp) and
radiographic fusion (Fxgr), each was calculated as
percent of fused spinal levels over total levels
implanted per material. Ninety-five percent exact
confidence intervals (Cls) were calculated. Histo-
logic fusion (Fysto) was calculated as percent of
fused right and left sides over total sides implanted
per material. Intrarelationships among dependent
variables (Fyp, Fuisto, Fxr) were examined by
Spearman correlation coefficients by material with
significance if P < 0.05.

OIS: These data are the sites showing osteoin-
ductivity divided by the total implanted sites. The
coefficient of variation (CV%) was calculated when
> 1 unique lot was tested per material. For
frequency data, the Fisher’s exact test was used.

RESULTS

All animals tolerated the OIS (n = 68) and PLF
procedures (n = 184) and gained weight, with no
adverse events.

Osteoinductivity Study

The DBMs (Accell EVO3, DBX Mix and Strip,
Grafton Crunch, Flex, Matrix and Putty, Magni-
fuse, and Progenix) all exhibited positive osteoin-
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ductive potential. Allografts (OsteoSponge, Osteo-
cel), and ceramics (Actifuse ABX Putty, Mozaik
Strip with hBMA, Vitoss BA = hBMA) failed to
exhibit osteoinductivity. Lot-to-lot variability was
< 20% for materials with > 2 lots tested. See Table
2.

PLF Study

For Fyp, Fxr, and Fyisto outcomes, see Figure
1 and data presented in Appendix 2. Figure 2
presents radiographs of radiodense materials that
appear on x-ray but with 0% Fyp. Figures 3 to 10
present high-resolution ex vivo radiographs paired
with decalcified histologic sections. The sections
were H&E stained and had original magnifications
of X4 to X7. Examples were subjectively selected as
the best two in class and the single worst in class.
When a single rat is described, it is labeled as
“#<sample number>", with “R” or “L” for right or
left side if relevant.

Manual Palpation Fusion

At 8 weeks, 88% to 100% of levels fused with
DBM-based products (Accell Evo3, DBX Mix and
Strip, Grafton Crunch, Grafton Flex, Grafton
Matrix [two lots, 16/16, 14/16] with both unfused
levels in 1 rat, and Grafton Putty, and Magnifuse).
No levels manually fused (0/16) with DBMs
containing bovine collagen + natural polysaccha-
ride/sodium alginate (Progenix Plus = arlCBG),
plain allografts (OsteoSponge, MinerQOss, Miner-
Oss = arlICBG), cellular allograft (Osteocel), ce-
ramics or activated ceramics (Actifuse ABX Putty,
Vitoss BA = hBMA, Mozaik Strip with hBMA), or
sham surgery. All levels fused (16/16) with 0.006 and
0.1 mg/mL rhBMP-2/ACS; wrong level surgery
recorded when L2 to L4 palpably fused instead of
L3 to L5 in a rat implanted with 0.006 mg/mL (rat
#670, levels confirmed with radiograph). Thirteen
percent fusion occurred with arlCBG (2/16).

Radiography

At 8 weeks, 88% to 100% of levels radiographically
fused with DBM-based products (Accell EVO3 [14/
16], DBX Mix [16/16], DBX Strip [16/16], Grafton
Crunch [15/16], Grafton Flex [16/16], Grafton
Matrix [16/16, 14/16], Grafton Putty [14/16], and
Magnifuse [16/16]). Although radiographically
fused, bone fragment remodeling was observed in
radiographs for several DBMs (DBX Mix [16/16],
Figure 6; Magnifuse [16/16], Figure 7). Twenty-five

percent of levels radiographically fused with DBM-
based product containing sodium alginate (Progenix
Plus + arICBG [4/16]; possibly over-called as Fyp
was 0%). No radiographic fusion (0/16) was seen
for plain allografts (OsteoSponge, Miner-
Oss *£ arlCBQG) or cellular allograft (Osteocel); TP
sites had apparent density yet no remodeling on 8-
week radiographs compared with postoperative
radiographs. No sites radiographically fused (0/16)
for ceramics (Actifuse ABX Putty, Mozaik Strip
with hBMA, Vitoss BA = hBMA), showing signif-
icant mineralized implant material, a lack of
interconnectivity between the radiodense areas and
host TPs, and an unclear difference between 4- and
8-week radiographic images (Figures 2, 7, 9, and
10).

Only 6% levels fused (1/16) with arICBG; radio-
dense chips and few areas of remodeling were
observed in 8-week radiographs. One hundred
percent levels (16/16) radiographically fused with
0.006 mg/mL/ACS and 0.1 mg/mL rhBMP-2/ACS.

There was no radiodensity in sham surgery sites
(0/16; Figure 4).

Histopathology

Histological evaluation revealed no adverse find-
ings, evidence of tissue rejection, or poor biocom-
patibility in any of the study groups. Details are
presented in Figures 3 to 10.

Summary of Relationships—Posteriorlateral
Fusion Study

Measures of Fyp, Fxr, and Fyisto were positively
interrelated (Fyp versus Fxgr, r = 0.90, P < 0.0001;
FMp VErsus FHISTO, r= 089, P < 00001, and FXR
versus Fyisto, ¥=0.91, P < 0.0001). Histologic
fusion (Fyisto) was positively related to percent
new bone (%pong) With ¥ =0.66 (P < 0.0008) and
negatively related to percent fibrous tissue
(%Emrous) With r= —0.79 (P < 0.0001). Manual
palpation fusion (Fyp) was also positively correlat-
ed with percent new bone (%pong, ' =0.4,
P < 0.0001) and inversely correlated with percent
fibrous tissue (%prigrous, ¥ = —0.83, P < 0.0001)
and percent residual graft (%gresipuar, ¥ =—0.42,
P < 0.0497).

Osteoinductivity results (OIS) and manual testing
fusion (PLF) results were significantly positively
correlated across materials tested in spite of
differing lots (r =0.72, P < 0.002, 16 common test
materials between OIS and PLF). Two exceptions
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Upper graphs show percent fusion rate by manual palpation (Fup) and radiography (Fxg); lower graphs show percent fusion rate by histology (Fristo), as
well as histologic analysis of average percentage of new bone and marrow formation (%gone), residual graft (%resipuaL), and fibrous tissues (%rigrous) in the implant
area, ex vivo at 8 weeks after PLF. Except for Progenix Plus (0%), Fup for DBMs (100% [Cl: 80%—100%]; 94% [Cl: 71%—98.5%)]) was greater than that for allografts
and cellular allografts, ceramics, and activated ceramics (0%). Excluding Progenix Plus, Fyp was not significantly different among DBMs and rhBMP-2 (at 0.006 and
0.1 mg/mL concentrations). Histologic analysis is correlated with fusion rates as discussed in the Results section.
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occurred, with 1 DBM-based product (Progenix
Plus) and 1 plain allograft (OsteoSponge) showing
positive osteoinductivity in the OIS with poor
manual palpation fusion (Fyp) in the PLF study.

DISCUSSION

Successful union after a multilevel instrumented
spinal fusion procedure is a clinical challenge that
usually necessitates use of graft extenders. Novel
biomaterials, bone grafting substitutes, and adju-
vants are rapidly designed and launched without
proven preclinical efficacy (recent clinical review and
updated guidelines).? In order to address this, we
present radiographic and histological images for each
individual material tested. Individual growth factors
and DBMs have been studied with similar meth-
ods.”11:17:25:48.50-52.59°63 Hwever, none compared
multiple DBMs, whole and cellular allografts, and
ceramics and activated ceramics. Our data provide
the most comprehensive comparative efficacy evalu-
ation of fusion adjuncts in an athymic rat model to
date. Unlike prior single-level athymic rat studies, a
2-level fusion procedure was used,' %% allowing
efficacy assessment in multilevel fusions similar to
commonly performed clinical spine surgery.

Ceramics and Activated Ceramics

These ceramics resulted in insufficient in vivo
ossification for manual palpation fusion (Fyp), with
73% average residual graft and fibrous tissue on
histology. No ceramics have shown in vivo osteoin-
ductive effects; some literature recommends using
these only as graft extenders, not solo grafts.>>3:
The lack of a ceramic + arlCBG mix graft in this
study may negatively bias results, as this combina-
tion may be attempted clinically. However, as the
ceramic + hBMA group failed to fuse, this suggests
hBMA does not substitute for autologous bone
graft with ceramics.

Ceramics and activated ceramics have demon-
strated mixed success in rabbits. Clinical studies
may have had radiographic outcomes biased by
residual, radiopaque residual graft.>®” Ceramics are
likely best suited for cancellous sites where osteo-
progenitor cells are already available.®” 7>

Allografts

Whole and Cellular
Osteocel cell-based allograft material failed to fuse.
The ability of fat and marrow derived stem cells to
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Figure 2. Selected in vivo radiographs of rats at 0-, 4-, and 8-week time points
with radiodense materials having Fyp of 0%. Despite the lack of fusion as
determined by manual palpation (Fyp) and histology (Fristo), these ceramic
and activated ceramic materials have high radiodensity that mimics a fusion
mass on radiography. Multifocal changes to the radiodensity pattern from 0 to 8
weeks suggest remodeling activity. Careful radiographic review is necessary to
note the transverse radiolucent fissures and lack of continuous bone bridges.

survive in athymic nude mice has been shown.®*”
Also, other human-derived tissues function in this
animal model’*”>; however, this rodent model may
not be a reliable and valid test of this class of
grafting materials. DBM containing viable cells
(Trinity Evolution Orthofix) failed to induce rigid
fusions in athymic rats in another study as well.”®
Results herein suggest a poor osteogenic effect for
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Figure 3. Bilateral robust mineralized fusion masses span L3 to L5 (0.1 mg/mL rhBMP-2/ACS). Radiography shows uniform density with defined margins
demonstrating formed bone with cortex (0.006 mg/mL rhBMP-2/ACS). Number 692: histology shows a thin tract of wispy basophilic material (scored as residual
material with mineralization) infiltrated with fibrous connective tissue and a few multinucleated giant cells. Radiography shows a fusion region with a thin rim of lamellar
bone that forms a complete border continuous with TPs L3 to L4 to L5. Number 660: on histology the fusion is robust with lamellar bone continuous with L3 to L4 to L5
TPs. Trabeculae near TPs are mildly robust, and some portions of the mass are devoid of trabeculae. Particulate dense mineral exists in the L3 to L4 to L5 TP
interspaces on radiography (arlCBG). Histology shows 69% new bone and marrow formation, suggesting bioactivity and early remodeling.
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Figure 4. Surgery Alone (Sham): No dense mineral exists in the TPs interspace of L3 to L4 to L5 regions of interest (ROI), outlined in red rectangle on radiographic
image. Paired histology indicates TP interspaces filled with fibrous tissues. Progenix Plus: No evidence of fusion on histology; exhibits variably sized bony residual
implant pieces, encapsulated with fibrous connective tissue. There are scattered regions of mineralization in the fibrotic areas. Radiography and histology show limited
foci of lamellar bone extending from TP. Progenix Plus + arlCBG, numbers 029 and 062: No evidence of fusion on histology, and demonstrates large pieces of
residual implant material surrounded by fibrous tissue. Trabeculae are sparse, with little evidence of connections. Areas of fatty marrow show basophilic staining
consistent with saponified fat.
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Figure 5. Grafton-Crunch: Histology shows 65% new bone, with uniform spacing and orientation of lamellar trabeculae, and bony union across TP interspaces with
connectivity to TPs L3 to L4 to L5. Number 034: Residual graft (RG) from implanted material. Grafton-Flex, number 009: Robust trabeculae and marrow areas
connecting to 3 TPs. Number 064: Evidence of bony union across TP interspaces; however, RG is present. Grafton-Matrix: Histology shows a large amount of lamellar
bone with regular sized trabeculae, oriented relatively uniformly throughout the implant area and connected to TPs, 79% new bone.
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Accell Evo3

Figure 6. Accell Evo3: Histology demonstrates trabecular and lamellar bone with low residual implant material and 72% new bone. DBX Mix: Histology shows
irregularly shaped but robust trabeculae are laced between implant pieces throughout the implant area with continuous cortex and connectivity with TPs. Some regions
are devoid of trabecular bone. Most demonstrate an outer rim of lamellar bone. DBX Strip: Trabeculae are generally robust; however, many regions demonstrate
partial residual graft as short trabeculae without viable osteocytes. Number 027: Tenuous fusion due to clumped pieces of implant material surrounded by fibrosis.
Some sections have an outer rim of lamellar bone.
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Figure 7. Grafton Putty: Histology shows 77% new bone, typically with an outer rim of lamellar bone with regular trabeculae, oriented relatively uniformly throughout.
Fibrosis is present near clumps of RG. Number 059R: Mildly robust trabeculae are interrupted by a central fibrous tract bisecting the right implant site; histologically not
fused on the right but fused on the left. This “nonunion” restricted motion sufficiently that, coupled with the left sided fusion, this rat was evaluated as fused by manual
palpation. Magnifuse: There was a rim of lamellar bone surrounding margins of the areas of interest, 65% new bone with broad, variably shaped trabeculae. Numbers
908 and 910: A thin track of braided material defined the border sites. Number 913: Residual implant material midsection. Osteocel Plus, Number #613: Shows spaced
spicules of residual implant material surrounded by moderate amounts of fibrosis. Scattered multinucleated, giant cells and lymphocytes evenly spaced between TPs.
There are no trabeculae of viable lamellar bone bridging TPs. Numerous trabeculae of acellular bone present. Number 675: Small regions of viable trabeculae
sprouting out of the original TPs partially encasing spicules of residual implant material, most are nonviable bone surrounded by fibrosis.
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Figure 8. OsteoSponge: There is a subjective compression of the graft material into a small area. Lamellar compact bone matrix was present, yet no woven bone.
There is little to no union with TPs. MinerOss, Number 951: Histologically, there is some ongoing endochondral bone formation; however, the majority of the implant
site is composed of residual implant and surrounding soft tissue associated with macrophages and giant cells. Number 963 demonstrates significant residual implant
with fibrous tissue, macrophages, and giant cells. MinerOss + arlCBG: The addition of arlCBG increased histologic new bone formation from 23% to 45% overall;
however, this did not result in fusion. Number 956: Islands of bone formation are seen within residual implanted material. Number 958: Lamellar bone formation and
endochondral bone formation are ongoing.
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Figure 9. Mozaik Strip + hBMA: The predominant feature is residual implant material with a cellular response composed of macrophages and giant cells. Vitoss BA
Strip + hBMA: The predominant cellular response was composed of macrophages and giant cells for all specimens. The addition of hBMA increased histologic new
bone formation from 12% to 34%, and reduced fibrous tissue from 63% to 11%; however, there was no fusion. Vitoss BA Strip + Saline: Sections reveal finely stippled
amphiphilic residual material surrounded by mineralization, scattered multinucleated giant cells, and macrophages. Lamellar bone present was limited to the region
close to the decorticated TPs. Number 658 demonstrates 75% fibrous tissue.
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Figure 10. Actifuse ABX Putty number 476 is typical, with residual implant material and minimal lamellar bone/cartilage matrix. No bony fusion connecting TPs.

this material, potentially questioning clinical effica-
cy to justify the added cost.

OsteoSponge histology was unique: the implant
compressed in total volume significantly with
implantation. This biased new bone formation
evaluation; analysis stated 60%, however, this is
misleading as volume of new bone is small due to
the graft compression. The small volume of bone
was unable to support fusion across TPs. This
demonstrates the clinical importance of structural
support to material selection.

Demineralized Bone Matrix-based

Prior studies of allograft-DBMs in single-level
fusion procedure in athymic rats have demonstrated
fusion rates between 20% and 80%.”>° When
comparing only to materials tested within our study
and at similar doses, 2 versions (Grafton Putty and
Grafton Flex) have demonstrated fusion rates of
65% to 100% and 1 (DBX) a rate of 50%.'"! One
study demonstrated a fusion rate of 39% for 1 putty
(Grafton Putty), but the dose used was 0.4 cm’/level
instead of the 0.6 cm®/level used here and in other

referenced studies.®® Accell Evo3 demonstrated
greater fusion on manual palpitation than via
histologic analysis in this study, possibly indicating
an ongoing process of ossification revealed in the
histologic sections. Similarly high fusion results for
2 DBMs (Accell Evo3 and Grafton Putty) were
recently reported by Brecevich et al.”’ Here, these
allograft-DBMs resulted in Fpp > 88%.

Results demonstrate these graft materials per-
form in a 2-level fusion despite the increase in strain.
Three allograft-DBMs failed, suggesting low mate-
rial efficacy, although lot variability exists.

Controls

arlCBG

In a study by Lee et al,”” rat tail autograft failed to
promote PLF in an athymic rat model. Despite
selection of arlCBG over rat tail autograft, minimal
Fump was observed, suggesting an opportunity to
refine arlCBG application, particularly as histology
demonstrated early bone formation that had not yet
progressed to bridging bone.

1’50
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rhBMP-2

It was previously demonstrated that rhBMP-2
concentrations of 0.032 to 0.160 mg/mL resulted
in 100% manually fused single-level L4-5 PLF in
mature female Lewis rats; at 0.006 mg/mL, fusion
rate was 33% to 50%.'7 The current study found a
concentration of 0.006 mg/mL achieved 100%
manually fused (Fyp) in this 2-level model.

Current Experience and Limitations

The common feature in materials with high
fusion rates appears to be the availability of
concentrated osteoinductive factors. DBMs induced
fusion positively correlated with the concentration
of BMPs in each DBM sample using a similar
mode] 7+17:50.63

The ability of a material to successfully fuse in the
PLF was positively correlated with osteoinductivity
via OIS (r = 0.72). It may be inferred that successful
bone healing is primarily assisted by the osteoin-
ductive component of a material assuming a
favorable biocompatible scaffold is in place.

We selected male rats to minimize variance
secondary to hormonal fluctuations. However, this
limits comparison with historic experiments using
female rats. We also note that we used an §-week
time point, whereas some referenced studies used 6
weeks.

Future Research

Some materials were downsized to fit the animal;
however, the “ideal” particle size for rats is
unknown. Fusion rates show dependency on parti-
cle size (unpublished pilot studies’®). Histology
showed residual acellular graft, likely oversized, in
some nonfusing materials. Autograft success in
larger rabbits supports this concept.®

The volume of bone graft material, area and
depth of TP decortication, extent of surgical
dissection and time point to sacrifice have not been
standardized.'”-20:63:6%-79-80 Qyerdissection dilutes
bioactive molecule effect; thBMP-2 in a muscle
pouch only creates bone when adhered to its
collagen sponge (or other carrier/scaffold) and not
freely diluted away.®' Other experimental options
include interbody fusion.

CONCLUSION

In summary, this is a comprehensive attempt
testing a multitude of commercially available bone

graft substitutes across several classes in a side-by-
side comparison, in an animal model where fusion is
a challenge to achieve and relies on effective grafting
products. We demonstrated BMPs and DBMs fused
at a higher rate compared with the alternative graft
options: cellular allografts (Osteocel) and synthetics
(Vitoss, Mosaic, Actifuse). These results were
generally consistent across the OIS study (objective
1) and the PLF study (objective 2), as evidenced by
statistical measurement of consistency (objective 3).
Two materials were exceptions, 1 DBM-based
product (Progenix Plus) and 1 plain allograft
(OsteoSponge). These animal model data provide
an indication of clinical efficacy.

Currently, surgeons are challenged to provide the
best and most efficacious grafting options for our
patients at reasonable costs. Graft adjuncts are
often combined in clinical use, and may be mixed
with autograft (local bone) to optimize bone healing
and fusion. Future testing of combinations such as
these may reveal synergies not apparent on the
single material experiment presented here. However,
the results of this study help to address the paucity
of clinical data® and preclinical data to support
decisions on selection of individual grafting mate-
rials to optimize bone healing in spinal fusion.
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Appendix 1. This represents an athymic rat spine with the typical 6 lumbar
vertebral levels (L1-L6), depicting graft material on the TPs of L3 to L4 and L4 to

L5.

Appendix 2. PLF study data including Fyp, Fxr, and Fysto presented as raw percentage data, grouped by material type.

Materials Fusion Rate, %
Name Group Manual Palpation Radiography Histology
rhBMP-2 (0.1 mg/mL) Control 100 100 81
rhBMP-2 (0.006 mg/mL) Control 100 100 94
arlCBG Control 13 6 0
Sham Control 0 0 0
Accell Evo3 DBM 100 88 50
DBX Mix DBM 100 100 100
DBX Strip DBM 100 100 88
Grafton Crunch DBM 94 94 100
Grafton Flex DBM 100 100 100
Grafton Matrix DBM 94 88 69
Grafton Putty DBM 100 88 94
Magnifuse DBM 100 100 100
Progenix Plus + arICBG DBM 0 25 0
Progenix Plus DBM 0 0 0
OsteoSponge Allograft 0 0 0
MinerOss + arlCBG Allograft 0 0 0
MinerOss Allograft 0 0 0
Osteocel Plus Cellular Allograft 0 0 0
Mozaik Strip + hBMA Ceramic 0 0 0
Actifuse ABX Putty Activated Ceramic 0 0 0
Vitoss BA + hBMA Activated Ceramic 0 0 0
Vitoss BA + saline Activated Ceramic 0 0 0
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