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ABSTRACT

Background: To evaluate the comparative abilities of commercially available, viable, cellular bone allografts to
promote posterolateral spinal fusion.

Methods: Human allografts containing live cells were implanted in the athymic rat model of posterolateral spine
fusion. Three commercially available allogeneic cellular bone matrices (Trinity Evolution, Trinity ELITE and Osteocel
Plus) were compared with syngeneic iliac crest bone as the control. All spines underwent radiographs, manual palpation,
and micro—computed tomography (CT) analysis after excision at 6 weeks. Histological sections of randomly selected
spines were subjected to semiquantitative histopathological scoring for bone formation.

Results: By manual palpation, posterolateral fusion was detected in 40% (6/15) of spines implanted with
syngeneic bone, whereas spines implanted with Trinity Evolution and Trinity ELITE allografts yielded 71% (10/14) and
77% (10/13) fusion, respectively. Only 7% (1/14) of spines implanted with Osteocel Plus allografts were judged fused by
manual palpation (statistically significantly less than ELITE, P < .0007, and Evolution, P < .0013). The mineralized
cancellous bone component of the allografts confounded radiographic analysis, but Trinity Evolution (0.452 = 0.064)
and Trinity ELITE (0.536 = 0.109) allografts produced statistically significantly higher bone fusion mass volumes
measured by quantitative micro-CT than did syngeneic bone (0.292 = 0.109, P < .0001 for ELITE and P < .003 for
Evolution) and Osteocel Plus (0.258 = 0.103, P < .0001). Semiquantitative histopathological scores supported these
findings because the total bone and bone marrow scores reflected significantly better new bone and marrow formation

in the Trinity groups than in the Osteocel Plus group.
Conclusions:

The Trinity Evolution and Trinity ELITE cellular bone allografts were more effective at creating

posterolateral fusion than either the Osteocel Plus allografts or syngeneic bone in this animal model.

Clinical Relevance:
of spinal fusion surgeries.

Biologics

The superior fusion rate of Trinity cellular bone allografts may lead to better clinical outcome
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INTRODUCTION

Spinal fusion is one of the most commonly used
procedures for treating spinal conditions including
deformity, trauma, degenerative disc disease, and
spondylolisthesis. Autograft iliac crest bone is still
considered the “gold standard” graft material for
spinal fusion but is associated with increased
operative time and blood loss, donor site pain,
and infection."? There is also often an insufficient
quantity of autograft, particularly for long-segment
surgeries.” Thus, bone substitutes have been devel-
oped including demineralized bone matrices, syn-
thetic implants, and recombinant growth factors.**
Although these bone grafts are all osteoconductive

and some have osteoinductive properties, none
contain living, bone-forming cells and therefore
cannot be considered to be osteogenic.

In recent years, other substitutes such as alloge-
neic cell bone grafts have been commercialized.’
These are prepared from donated human bone
recovered by tissue banks, processed with the
purpose of preserving live osteogenic cells in an
allograft that retains its natural osteoconductive and
osteoinductive properties. Due to the proprietary
nature of the processes used to create commercial
products, the exact cell and carrier procurement and
preparations may vary, affecting the biological
efficacy of these products. In this study, we tested
3 commercially available allogeneic cell or matrix



Evaluation of Commercially Available Cell-Based Allografts

preparations to determine whether there is signifi-
cant variability among products. The versions tested
were Trinity Evolution” and Trinity ELITE" allo-
grafts from Orthofix Medical Inc (Lewisville, TX)
and Osteocel” Plus allografts from NuVasive, Inc
(San Diego, CA). The study compared the ability of
these allografts to make bone and form effective
fusions in the athymic rat model of posterolateral
spinal fusion.

MATERIALS AND METHODS
Experimental Groups

All procedures were done under an Institutional
Animal Care and Use Committee—approved proto-
col. Three-week old male athymic (rnu/rnu) rats
were purchased from the in-house colony of
FoxnlI™ rats, in which heterozygous females (rnu/
+) are bred to homozygous males (rnu/rnu) in stable
breeding pairs. The rats aged a further 5 to 6 weeks.
Fifteen rats were used for each of the 4 implants:
Trinity Evolution, Trinity ELITE, Osteocel Plus
allografts, and syngeneic bone. For the last group,
iliac crest bone from 15 donor athymic rats was
harvested, 1 donor per experimental animal. The
operated animals were randomly assigned to each
implant type, and there were no differences among
the mean weights of the 4 groups of rats at the time
of surgery. Because it is possible that differences in
donors could result in differences in the implants’
osteogenicity, we acquired implants originating from
3 different donors for each commercial allograft and
allografts from each donor were implanted in 5 rats
to allow an intra-allograft comparison. There were
no donor-to-donor differences for manual palpation,
x-ray, or micro—computed tomography (CT) radiog-
raphy for any of the implants.

Surgical Procedure

Athymic rats were anesthetized with buprenor-
phine (0.05-0.01 mg/kg) and maintained on iso-
fluorane during operations. After betadine and
alcohol preparation of a rat’s dorsal skin, a single
midline longitudinal incision of 2 to 3 cm was made.
A separate longitudinal fascial incision was then
made over the intertransverse processes on both
sides of the L4 and LS5 vertebrae. Using a
longitudinal muscle-splitting approach, the trans-
verse processes of L4 and L5 and intertransverse
membranes were exposed and the former scraped
with a periosteal elevator. The cellular allografts

were thawed and rehydrated as per each manufac-
turer’s instructions. All implantations occurred
within the manufacturers’ time allowance for use
after preparation. Each implant was placed directly
over and between the 2 transverse processes,
bilaterally, 1 treatment per rat, using 0.3-mL volume
per implant per side. The fascial incisions were
closed with 4-0 absorbable suture and the skin
stapled. Postsurgery, the rats were allowed free cage
movement and food and drink ad libitum.

Necropsy

Animals were humanely euthanized 6 weeks
postoperatively by carbon dioxide asphyxiation.
Once death was established by the absence of
corneal reflexes and heart tomes (cardiac arrest),
the experimental site was recovered. The lumbar
segment was harvested by resecting through the L1-
L2 and a midsacral intervertebral disc space and
facet joints.

X-ray Analysis

Fusion was judged by the presence of continuous
bone between the adjacent transverse process by
anteroposterior cabinet x-rays (Faxitron, Tucson,
AZ) as described previously®™; a scale of 0 to 4 was
used, with 0 representing no bone present between
the transverse processes and 4 representing bilateral
fusion. A spine was determined to be fused only if
bone was continuous between the processes bilater-
ally.

Manual Palpation

Manual palpation was performed to demonstrate
presence of motion at the surgical site. An
independent examiner blinded to the treatment type
assessed all the spines in a single examination period
for fusion in this manner. Presence of motion at the
fusion site was scored as 0, and a stiff spine without
obvious motion was recorded as 1.

Micro-CT

High-magnification, 59-um voxel size, 2-minute
scans of each spine were conducted in a Quantum
FX micro-CT imaging system (PerkinElmer, Wal-
tham MA). Three-dimensional reconstruction im-
ages of cut-plane views were created with an image
reconstruction software program (OsiriX, V.4.1.2,
Pixmeo Sarl, Bernex, Switerland). The bone mass
from the upper margin of L4 to the lower margin of
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Figure 1. Radiographs and micro-CT 3-dimensional reconstructions of Osteocel Plus, Trinity Evolution, and Trinity ELITE implants immediately after implantation

(day 0) and at 6 weeks postimplantation (day 42).

LS5 was measured with the same software. The
actual fusion mass bone volume was calculated by
subtracting the mean bone volume of the L4 and L5
spinous processes and vertebral bodies measured in
5 unoperated spines of male rats of the same weight
range as the operated rats.

Histology

To qualitatively evaluate signs of infection,
adverse tissue reaction, and bone and cartilage
formation, 2 randomly selected specimens from each
group were fixed in 10% formalin. These were
decalcified with EDTA, embedded in paraffin, and
sectioned and stained with toluidine blue. For each
spine, 10 to 15 slides were cut and stained per side.
Representative images were taken and are presented
in Figure 3.

A semiquantitative histological scoring scheme
(Table 1) was used to assess the bone formation at 6
weeks.'® The evaluation was performed at Histion
LLC (Everett, WA) by an evaluator completely
blinded to the experimental groups during the
assessment. Three randomly selected spines were

fixed in 10% neutral buffered formalin, halved
down the midline in the sagittal plane, and
embedded in paraffin. Two sections were then taken
from each side of the spines, stained with toluidine
blue, evaluated, and scored microscopically by the
experienced reviewer blinded to the study. Scores
from the 2 sections of each side of the spine were
averaged and treated as 1 independent observation
during the statistical analysis. The scores of the
woven bone and lamellar bone from each section
were summed together as a total bone score.

STATISTICAL METHODS

The contingency table and Fisher exact method
were used to compare differences in proportions
among groups for the manual palpation of fusion.
For the bone volume micro-CT analysis, analysis of
variance was used for group comparisons. Further-
more, the Student 7 test was performed for the
semiquantitative histopathological comparisons.
Significance for analysis of variance and Student ¢
test were set at P < .05.
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Figure 2. Radiographs of (a) syngeneic bone, (b) Osteocel Plus, (c) Trinity Evolution, and (d) Trinity ELITE allografts 6 weeks postimplantation in the athymic rat

lumbar spine.

RESULTS

One rat of the syngeneic bone implant group died
under anesthesia and was replaced. Four other rats
died before the 6-week time point and were not used
in the analyses. There were 2 premature deaths in
the Trinity ELITE group and 1 each from the
Trinity Evolution and Osteocel Plus groups. None

Table 1. Semiquantitative histological scoring scheme for bone formation.

Formation and Percentage of Space Occupied Score
Woven bone within the implant area
76-100 4
51-75 3
26-50 2
1-25 1
None 0
Lamellar bone within the implant area®
76-100 4
51-75 3
26-50 2
1-25 1
None 0
Total bone and bone marrow of the implant area®
76-100 4
51-75 3
26-50 2
1-25 1
None 0

“Residual implant pieces were included in the assessment.
PResidual implant pieces were excluded from the assessment.

of the 4 rats had shown any obvious signs of
distress, and the wound sites were without detect-
able infection both grossly and histologically. One
animal from the ELITE group and 1 from the
Evolution group underwent a necropsy and a
kidney infection was noted. We have seen this in 2
other athymic rats used for separate, unrelated
studies (unpublished data). Thus, none of the deaths
appeared to be related to the implants used.

Upon manual palpation testing by a single
observer blinded as to the implant type used, 6 of
15 (40%) of the syngeneic bone-implanted rats were
deemed fused at 6 weeks (Table 2). In comparison,
only 1 of 14 (7%) of the Osteocel Plus group was
considered fused. These groups were not significant-
ly different from each other. By contrast, 10 of 14
(71%) Evolution and 10 of 13 (77%) ELITE spines
were judged fused. Whereas neither result was

Table 2. Manual palpation scores for all implants.

Graft Type No./Total (%) Fused
Syngeneic bone 6/15 (40)
Osteocel Plus 1/14 (7)

10/14 (71)*
10/13 (77)%*

Trinity Evolution
Trinity ELITE

*P < .0013; **P < .0007 compared with Osteocel Plus.
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Figure 3. Histology of (a) syngeneic bone (b) Osteocel Plus, (c) Trinity Evolution, and (d) Trinity ELITE allografts 6 weeks postimplantation in the athymic rat lumbar

spine (toluidine blue—stained, paraffin-embedded sections).

statistically different from the 40% rate for synge-
neic bone, both were significantly higher than the
Osteocel Plus group (P < .0013 and P < .0007 for
Evolution and ELITE, respectively).

Mineralized bone graft material remained from
the original implants in all of the animals when
radiographs were analyzed, and bilateral fusion (a
score of 4) was observed for all groups. Example
radiographs in Figures 1 and 2 indicate that there
was some remodeling of the implants, with clearly
defined fusion masses with smoother edges seen in
the Evolution and ELITE groups. Because this is a
qualitative assessment, it cannot easily be used for
comparisons of the groups. However, the histolog-
ical results correlated with this observation (Figure
3): the fusion masses of the Evolution and ELITE
groups had more defined bony borders and remod-
eled interiors containing greater new marrow
formation, whereas the Osteocel Plus fusion masses
had mostly fibrous tissue surrounding unremodeled

bone with less evidence of new bone and marrow
formation. The analysis of the semiquantitative
histopathological scoring indicated that there were
no statistical differences among the 4 types of
implants in terms of the total bone scores (sum of
woven and lamellar bone) within the implant area
when the residual graft materials were included into
the assessment (Figure 4). However, with the
residual graft materials excluded, the total bone
and bone marrow scores for the syngeneic bone,
Trinity Evolution, and ELITE allografts were all
statistically significantly higher than that of Osteocel
Plus allografts.

Furthermore, quantitative data that correlated
with these findings were attained from the micro-CT
analysis (Figure 5). The Trinity Evolution and
ELITE fusion masses had significantly higher bone
volumes than those of syngeneic bone (P < .003 for
Evolution and P < .0001 for ELITE) and the
Osteocel Plus groups (P < .0001 for both groups) at
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Figure 4. Semiquantitative histopathological scores for syngeneic bone, Osteocel Plus, Trinity Evolution, and Trinity ELITE allografts 6 weeks postimplantation in the

athymic rat lumbar spine.

6 weeks. There was no significant difference between
the volumes of the 2 Trinity graft types.

DISCUSSION

In this study, we sought to provide the first direct
in vivo comparison of viable cell-containing bone
allografts on the market. In previous studies, we
have produced rabbit versions of nonviable human
allografts to enable testing in a bone paucity model
of posterolateral spine fusion we developed.” This is
more challenging with allograft formulations that
contain living cells because species variation in stem
and osteogenic cell populations and frequency are
difficult to account for. Therefore, we used the
athymic rat model of posterolateral spine fusion
that has been used for studies with xenogeneic
implants.!' There is no difference between athymic
and normothymic rat fusion rates.'? However, this
model does have the drawback that autologous
bone does not provide as high a fusion rate as that
described clinically. Grauer et al'?> achieved only a
30% manual palpation fusion rate after 6 weeks and
10% radiographically with 0.1 to 0.2 mL autologous
iliac crest bone, much lower than the 60% to 70%
rate in humans. Wang et al did not achieve any
fusion by manual palpation or radiography using

0.3 mL of either autologous rat tail bone'*. Similar
results were observed with iliac crest bone by Lee et
al." The physical space between and above rat
vertebrae limits the amount of bone that can be
implanted. This notwithstanding, even taking 0.3
mL of crest bone is a considerable harvest that has
the potential for morbidity. Thus, we substituted
syngeneic iliac crest bone from littermates, implant-
ing 0.3 mL per side to match the volume of the
cellular allografts and achieved a 40% manual
palpation fusion rate.

Another limitation of the study is the minimal
utility of radiographic fusion scoring when radio-
dense material is implanted.'*'* Overestimating
radiographic fusion is a noted problem regardless
of the starting material.>!'* Although sensitivity and
negative predictive value can be high, positive
predictive value is poor even for fine-detail radio-
graphs.® From the histological findings in this study,
residual graft pieces left at the implantation site
after 6 weeks of bone remodeling appeared different
from the newly formed woven and lamellar bone in
terms of their stained color, morphology, and
location. Therefore, the newly formed bone and
bone marrow could be semiquantitatively scored,
excluding the residual graft pieces. This score for the
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Figure 5. Volume of fusion masses (mm?®) for syngeneic bone, Osteocel Plus, Trinity Evolution, and Trinity ELITE allografts 6 weeks postimplantation in the athymic

rat lumbar spine determined from micro-CT images.

total bone and bone marrow is conceptually a better
approach to evaluate the ability of promoting new
bone formation by each allograft, compared with a
total bone score where the residual graft pieces were
included in the assessment. A significantly lower
total bone and bone marrow score for Osteocel Plus
allografts indicated that its ability to enhance new
bone formation and bone remodeling is not as
effective as the 2 Trinity allografts. Indeed, histo-
pathological observation under microscope con-
firmed that Osteocel Plus allografts contained
mainly nonremodeled graft bone, whereas forma-
tion of a discrete fusion mass with more evidence of
marrow formation was seen in the Trinity Evolution
and ELITE groups. These results correlated with
the more defined fusion masses observed radio-
graphically for the Trinity implants.

Micro-CT images were used to quantify the
volume of bone in the fusion masses, which includes
both the newly formed bone and residual graft
implants. Implantation of either Trinity Evolution
or ELITE allografts resulted in bone volumes 6
weeks later that were statistically significantly
greater than those that resulted from implantation
of either Osteocel Plus allografts or syngeneic bone,
which did not differ from each other. This increased
bone in the Trinity fusion masses was not confirmed

by the total bone scores of the histopathological
assessment; the discrepancy is possibly due to the
limitations of this semiquantitative scoring scheme.
It suffers from a lack of sensitivity because there is a
25% scoring spread for the same scoring integer.
The same problem likely occurs in the total bone
and bone marrow assessment, where different scores
could be assigned to similar percentage numbers
likely falling just across the line that differentiates 2
scores. In this case, the resulting maximum score
difference is 1. However, the actual differences in
total bone and bone marrow scores between
Osteocel Plus implants and the 3 other implant
types are more than 1.8, indicating the observable
differences in the new bone and bone marrow
coverage within the implant area are appropriately
captured.

There is a paucity of literature on the efficacy of
viable cell bone allografts for tissue repair. The
Trinity Evolution and Osteocel allografts have been
evaluated separately in 3 clinical studies for foot and
ankle arthrodesis and lumbar interbody fusion.'>"’
However, neither side-by-side comparisons of these
products nor comparisons with autograft controls
have been performed. Our study indicates that
allograft cell preparations do not all perform the
same in vivo. Due to the proprietary nature of the
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preparations of these products, it is difficult to
theorize as to the reasons for this variability. It is
possible that even small differences in processing
could affect the native progenitor population,
chemical compositions of the extracellular matrix,
and physical properties of these allografts. Because
large animal models that are immune-compromised
are not available, we are limited in the preclinical
assessments that can be carried out with cell-based
allografts. Whereas this study indicates that at least
some of the first marketed cellular bone matrix
allografts can be effective at generating bony fusions
in the posterolateral spine in vivo, caution should be
taken when translating the current animal results
into clinical outcome of human subjects. A more
comprehensive evaluation would require well-con-
trolled prospective clinical studies for a complete
understanding of their efficacy in relation to the
human gold standard autologous graft and other
allograft alternatives. However, such studies are
expensive and difficult to execute. The present study
represents one of the few alternatives we have to a
clinical trial, given that it at least allows the use of
the actual commercial products rather than surro-
gate or similarly prepared versions that would have
to be used in larger animal models.

Allogeneic bone matrices containing live osteo-
genic cells represent the most recent allograft
technology that has been developed as an alterna-
tive to autologous iliac crest bone. In this study, we
have found that Trinity Evolution and Trinity
ELITE cellular allografts produce significantly
better posterolateral spinal fusion at 6 weeks in an
athymic rat model than implanting the equivalent
amount of either syngeneic bone or Osteocel Plus
cellular allografts. It is not known yet whether these
differences still hold true beyond the 6-week time
point and how they can be interpolated to the
clinical outcome of surgery using these types of
implants, but the study indicates that different
cellular bone allografts are not equivalent in their
capacity to effect spinal fusion.
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