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Injection of calcium phosphate apatitic cement /blood composites in
intervertebral fusion cages: a simple and efficient alternative to autograft

leading to enhanced spine fusion.
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Study design

An animal model of anterior lumbar arthrodesis was designed to investigate whether a calcium
phosphate cement (CPC) mixed with autologous whole blood might favourably compete with

autograft for enhanced spine fusion

Objective
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The objective of this study was to use a large animal model to investigate a new approach for
spine fusion which consists in the injection of a highly resorbable CPC / blood composite to fill

the interbody fusion cage, once placed in the intervertebral space.
Summary of background data

Spinal fusion via intervertebral arthrodesis is a common surgical procedure for which the gold
standard consists in filling the internal hollow part of the cage with bone autograft. However,
this approach suffers from some drawbacks, including a second surgical site which requires
additional time spent in the surgical room, and the occurrence of additional new pain on the

bone harvesting site along with risks of long-term morbidity.
Methods

An animal model of anterior lumbar arthrodesis involved 14 sheep that received a fusion cage
in two non-adjacent lumbar levels. For one-half of the animals, the cages were filled after
impaction by injection of a CPC/blood composite in one level and the blood-free CPC reference
in the other. For the other seven animals, the CPC/blood composite was compared to bone

autograft.
Results

SEM and histological examination of the explants gave evidence of a good osteointegration for
the three types of implanted materials. For the first group, no spine fusion was observed for the
blood-free CPC reference while a highly successful spine fusion (6/7 cages) was present for the
CPC/blood composite, three months after surgery. For the second group, successful arthrodesis
was observed for 57% (4/7) of cages filled with iliac autograft, while the fusion rate was 71%

(5/7) in the case of cages filled with the CPC/blood composite.

Conclusion
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This study reports that the observed fusion rate when filling the cage with a calcium phosphate
cement mixed with autologous whole blood was at least as good as results obtained with
autograft. Once placed in the intervertebral space, the cage was easily and homogeneously filled
with the CPC/blood composite, and this new strategy might thus offer a less invasive option for

intervertebral spine fusion

Level of evidence : N/A

1. Introduction

Low back pain has an incidence rate of about 50 to 80% of the global population and a high
socioeconomic impact, since it is the first cause of disability before age 45[1, 2]. In case of
failure of conservative treatments, lumbar arthrodesis is one common surgical approach|[3, 4],
including intervertebral arthrodesis for which an interbody fusion cage is inserted between two
adjacent vertebrae[5], after discectomy. The gold standard consists in filling the internal hollow
part of the cage with autologous bone graft, to favor and promote spine fusion. However, the
use of autograft suffers from some drawbacks[6-8], including (i) a second surgical site which
requires additional time spent in the surgical room, (ii) the occurrence of additional new pain
on the bone harvesting site and risks of long-term morbidity, (iii) the usual loss of autograft
during impaction of the pre-filled cage in the intervertebral space, which may hamper the bone

fusion due to a limited contact between the two vertebral plateaus and the bone graft.

In this paper, an alternative has been investigated which consists in the injection of a synthetic
self-setting bone substitute to fill the interbody fusion cage, once placed in the intervertebral
space. Provided that performances at least as good as autologous bone graft are obtained[9, 10],
this approach might offer: (i) a less invasive and safer surgical protocol, since no autograft is

needed, (ii) a complete filling of the hollow part of the cage with the biomaterial which should
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favor an optimal contact between the bone substitute and the two vertebral plateaus. We have
first designed a reliable and reproducible animal model of anterior lumbar arthrodesis, suitable
to compare the performances of the bone substitutes selected for this study versus a bone
autograft. Sheep was chosen since it offers advantages including its size, spinal anatomy and
biomechanics rather close to the human situation[11-14], as well as an easy management at a

reasonable cost.

We recently reported promising results using an injectable calcium phosphate cement (CPC) /
blood composite, which showed very quick resorption and remodeling of the material by bone
cells, when implanted in bone critical-sized defects [15]. In the present study, 14 animals were
implanted at two non-adjacent levels with human cervical PEEK cages that had the suitable
dimensions for our animal model. The ability of the CPC / blood composite to promote spine
fusion was first compared to a blood-free CPC reference, three months after implantation, using
half of the animals. Then, the remaining animals were used to compare the performances of the

CPC / blood composite with autologous bone graft.
2. Materials and methods
2.1 Investigated bone substitutes

The Graftys® Quickset reference is used in clinics and was obtained from Graftys SA. The
CPC/blood composite investigated in this study is an experimental material. The composition

and preparation of the two materials are described in the Supplementary data.
2.2 Design of the animal model

14 adult female Vendeen sheep with comparable size (average body weight: 60 kg) were used
in this study. Polyetheretherketone (PEEK) non-resorbable and radiolucent cages (ROI-C®
from LDR Medical, Troyes, France) for human cervical arthrodesis by an anterior approach

were selected, since they had the appropriate dimensions for the developed animal model (14 x
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14 mm, 5 or 6 mm in height). Animal handling and surgical procedures are described in the
Supplementary data. Seven animals were implanted to compare the CPC/autologous blood
composite versus the blood-free CPC. Given that the biological activity of the CPC/blood
composite was previously shown to express after a short term period when implanted in bone
critical-sized defects,[15] a short implantation time (3 months) was selected to verify that the
same discrimination between the CPC/blood composite and the Graftys® Quickset reference
was also present in this model. Results were compared using p-CT and SEM measurements,
and histological analyses. Then the comparison between the CPC/blood composite and the
autologous bone graft was performed using the other seven animals, that were kept six months
postoperatively, since this is the shortest implantation time usually mentioned in the literature
to obtain bone fusion. The long-term effects and fusion rate obtained with the two biomaterials
was compared using qualitative SEM and histological analyses. To minimize the possible effect
of inter-animal variation, two different implantation sites per animal were used, and each animal
received two different biomaterials, with a randomization of the biomaterial allocation. This
also allowed to reduce the number of animals for ethical reasons to comply with the 3R rule
(Reduce, Refine, Replace), while ensuring at the same time statistical analysis of the results and
preserving the scientific relevance of the study.

2.3 Data acquisition and analyses

A full-blind ex vivo analysis of the samples was performed by the same team for both groups.

Details about 4~CT, SEM and histological analyses are given in the Supplementary data

3. Results

Fourteen ewes were operated on two non-adjacent lumbar levels (usually L2-Lzand Ls-Ls). On
one-half of the animals the superior and lower levels received an empty cage in which injection

of the CPC/blood composite was performed in one level and the blood-free CPC reference in
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the other (Figure 1), and the ability of the two compositions to promote spine fusion was
compared three months after implantation. On the other seven animals, the respective
performances of the CPC / blood composite and the autograft were investigated six months

after implantation.

For the two groups, no complication occurred during the postoperative period. Animals were
sacrificed and after explantation of the bone segments, manual evaluation did not reveal any
macroscopic intervertebral mobility at the operated levels while the adjacent levels were still
mobile. All the implanted cages were still in place, with no expulsion. SEM evaluation of the
explants was performed on sagittal sections centered on the radiolucent cage and allowed to
visualize the cage walls (in dark) in the intervertebral space and assess continuity of bone and
therefore fusion between the two adjacent vertebral levels. The results are summarized in Table
1, showing the absence of any spine fusion within the cages filled with the blood-free CPC
reference (0/7). By contrast, successful spine fusion was most often present for cages filled with

either autograft (4/7) or the CPC/blood composite (11/14).

Figure 2 illustrates two examples of successful fusion: one with a cage filled with the autograft
(Figure 2a), the other filled by injection of the CPC/blood composite (Figures 2b and 2c). By
contrast, Figure 3 shows two samples for which no spine fusion occurred: one with a cage filled

with the autograft (Figure 3a), the other filled by injection of the CPC reference (Figure 3b).

Results obtained for the blood-free CPC versus the CPC/blood composite were compared using
3D p-CT tomodensitometric analysis three months after surgery (Figure 4). New bone
formation into the cage represented 21.85 + 10.41% of the cage volume for the blood-free
cement versus 41.81 + 4.13 % for the CPC/blood composite (p=0.016). This was consistent
with the remaining amount of cement which represented 33.29 £ 1.36 % of the cage volume for
the blood-free CPC versus 10.05 + 4.18% for the CPC/blood composite (p=0.031).

Interestingly, the cement resorption and the new bone formation into the cages showed a
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significant correlation, with r = 0.72 (1Ces% [0.309;09054]; p = 0.0036), regardless of the cement
used (Figure S1 in Supporting data). These quantitative 3D u-CT measurements were not

significantly different from the 2D ones (data not shown).

Quantitative 2D SEM results provided similar results than p-CT. New bone formation into the
cage represented 18.43 + 2.48 % of the cage volume for the blood-free CPC versus 35.28 +
12.28 % for the CPC/blood composite (p=0.004). A significantly more important cement
resorption was confirmed for the CPC/blood composite compared to the blood-free CPC, since
the remaining amount of cement represented 31.07 + 3.08 % of the cage volume for the blood-
free CPC versus 8.53 = 11.50% for the CPC/blood composite (p=0.001). In conclusion, the
results obtained from 2D quantitative SEM analysis and from 3D pu-CT measurements were
consistent in terms of amount of newly-formed bone and percentage of cement degradation,

whatever the considered cement.

HE staining was first performed, for which bone and bone-free areas are colored in blue-violet
and pale pink, respectively. Figure 5 illustrates results obtained for cages filled using (i)
autologous bone graft, for which interbody fusion was successful (Figure 5a) or failed (Figure
5b), as evidenced for the latter case by the presence of two pale pink non mineralized edgings
on both sides of the implant. The bone graft seemed however to be viable, although no bone
continuity was present; (ii) the blood-free CPC which did not provide any bone fusion although
new bone formation was visible into the cage (Figure 5c); (iii) the CPC/blood composite which
led to bone fusion with a new trabecular bone network bridging one vertebral body to the other,

with however small residual cement fragments surrounded by newly formed (Figure 5d).

Movat’s pentachrome staining allowed to assess the mineralization and maturity of the newly-
formed bone. Figure 6a shows the example of successful bone fusion with a cage filled with
autologous bone graft, for which a bone continuity between adjacent vertebral bodies can be

observed thanks to the formation of a well-mineralized trabecular bone network. Figure 6¢
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corresponds to the same observation made for a cage filled with the CPC/blood composite,
except that small areas of residual cement can be observed, surrounded by well-mineralized
newly formed bone (Figure 7). By contrast, Figure 6b gives evidence of the situation for a cage
filled with the blood-free CPC, showing a fragmentation of the cement with visible bone

ingrowth coming from the vertebral bodies, although no fusion occurred.

4. Discussion

The efficacy of injectable calcium phosphate cement-based biomaterials has been investigated
as interbody fusion cages fillers for intervertebral lumbar arthrodesis, by comparison with the
autograft gold standard. Sheep lumbar spine was selected for this preclinical investigation, since
it has been shown to be a suitable model for human spinal research[16], with recent reports in
the literature.[17-20]

In this work, we have developed an original retroperitoneal anterior approach for intervertebral
lumbar arthrodesis[21] and PEEK radiolucent cages for human cervical arthrodesis were found
to be well adapted to the morphology of sheep lumbar vertebral body.

The commercial Graftys® Quickset [abbreviated as QS] which is used in clinics and has proven
efficiency in traumatology[22-24], was found to be ineffective three months after surgery.
Although part of the CPC was degraded with new bone ingrowth, no spine fusion was observed
(0/7 cages), due to the slow degradation rate of the CPC. This was in sharp contrast with the
results obtained for the CPC/blood composite for which spine fusion was highly successful (6/7
cages), and SEM and histological examination of the explants showed that most of the
composite has been degraded and replaced by mature new bone. Moreover, the cement
degradation was positively correlated to the new bone formation within the inserted cages. No
radio-transparent separation could be seen at the bone/CPC interface, giving evidence of a good
osteointegration[22]. Light microscopy showed the absence of any inflammatory infiltrate

confirming the cyto- and histocompatibility of both cements. Qualitatively, viable osteoblasts
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were visible on the surface of the new bone trabeculae (Figure 7) in both cases, even though
the blood-free CPC showed far more residual cement fragments (Figure 6b).

The reason why the particular composition of CPC/blood composite investigated in this study
showed a significantly higher resorption rate than the QS reference was recently reported.[15]
The higher particle size of the powder component present in the CPC/blood composite (12 mm
versus 5 mm for QS) together with the proteins contained in blood both slowed down the CDA
nucleation process which is the driving force of the cement setting reaction. As a consequence,
the setting reaction only started after 15 hours (compared to 5 minutes for QS), so that the
formation of a blood clot took place in the intergranular space prior to the precipitation of
apatite. The a-TCP particles were thus embedded in the 3D blood clot and this confinement led
to a slower crystal growth and the formation of an inorganic network of low density made of
very large apatite crystals. In addition, upon swelling when forming, the blood clot led to a ten
times larger separation between adjacent calcium phosphate particles in the cement paste.
Hence, this particular microstructure favoured colonization by bone cells which then resulted
in quicker resorption and remodeling of the material. It is important to note that QS combined
to blood exhibited the same resorption rate than the QS reference, and the addition of blood in
that case did not modify the setting time nor the microstructure.[15] This means that although
the proteins and growth factors present in blood might contribute to promote the in vivo
degradation of the cement, the major reason for the quicker resoption of the CPC/blood
composite was its microstructure.

Given these promising results, it was relevant to compare the biological behavior of the
CPC/blood composite with that of autograft which is the gold standard used in clinics for spine
fusion. Successful arthrodesis was observed for 57% (4/7) of cages filled with iliac autograft,
which is consistent with results from the literature reporting a 20-58% fusion rate for anterior

lumbar arthrodesis in sheep, less than the success rate in humans[11, 19]. In the case of cages
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filled with the CPC/blood composite, the observed fusion rate was 71% (5/7), showing
performances at least as good as autograft, that might offer a less invasive and safer surgical
protocole, since no autograft is needed. However, in the case of the CPC/blood composite, a
significant amount of remaining CPC particles were still present, even though the fusion had
occurred. The short implantation time investigated here is therefore a limitation of our study
and a longer implantation time would be needed to compare the long-term stability of the fusion

rate obtained with the autologous bone graft and our CPC-blood approach.

5. Conclusion

An alternative to autograft for intervertebral arthrodesis has been investigated which consisted
in the impaction of an empty interbody fusion cage which was subsequently filled by injection
of a calcium phosphate cement combined to blood, leading to an optimal contact between the
bone substitute and the two vertebral plateaus. The observed fusion rate was found to be at least
as good as for the control experiment made using pre-filled cages with autograft. Therefore this
strategy might offer a less invasive option for intervertebral spine fusion, allowing a reduction
of surgical time, the prevention of morbidity effects due to the bone graft harvesting procedure,
and the minimization of the risk of graft loosening and degradation related to the impaction of
the pre-filled cage. Moreover, even though BMPs have been reported to be efficient in
promoting bone fusion similarly to autologous bone graft, they also led to massive ectopic bone
formation particularly in spine surgery[25-28] that questioned the interest and safety of BMPs
for such an indication. Consequently, as autologous bone graft is still the gold standard material
to promote bone fusion, our CPC-blood approach might be an alternative while avoiding the
potential adverse effects of BMPs. To confirm the potential of this original strategy, clinical
trials would now be needed. It is worth noting that given some predicate CPC/blood composites

(e.g. Zimmer Accufill BSM) are already proposed to surgeons, a 510K procedure might be

10
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implemented for bone void filling applications and, if successful, followed by a specific IDE in

intervertebral cages applications in order to confirm the interest of this approach in a safe way.
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Key Points

-An alternative to autograft for intervertebral arthrodesis based on a calcium phosphate cement
(CPC) combined to blood has been established using an original intervertebral lumbar

arthrodesis in a sheep model.

-Thanks to the injectability of the CPC / blood composite, a complete and homogeneous filling
of the intervertebral fusion cage was easily achieved after placing the cage in the intervertebral

space.

-The plasticity of the CPC/blood composite led to an optimal contact between the bone

substitute and the two vertebral plateaus.

11
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-The fusion rate obtained for the CPC/blood composite was at least as good as results obtained

with autograft.
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Figure 1. Main surgical steps in the sheep model of anterior lumbar arthrodesis. (a) Discectomy
(bolded arrow). (b) PEEK intervertebral cage on its insertion device and with a predrilled hole
(*) to allow cement injection. (c) Position of the intervertebral cage in the intervertebral space,

with perioperative injection of the cement into thecage through a 18-gauge needle . (d)

Perioperative view of the CPC/blood composite injection.

Figure 2. SEM images of successful bone fusions 6 months after implantation: (a) cage inserted

between L4 and Ls vertebral bodies and filled with autologous bone graft, showing in addition

15
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a ventral bone fusion between the two vertebral bodies; (b) cage inserted between L2 and L3
vertebral bodies filled with the CPC/autologous blood composite. Note the new trabecular
network developed into the cage bridging one vertebral body to the other; only a few CPC
particles (red square) are visible (original magnification x20); (c) higher magnification of the

selected area (red square) showing the presence of residual CPC particles (*)

Ventral

Ventral

Figure 3. SEM images of failed bone fusions: (a) cage inserted between L4 and Ls vertebral
bodies and filled with autologous bone graft for which a clear discontinuity is present between
the two vertebral segments, 6 months after implantation,; (b) cage inserted between L4 and Ls
vertebral bodies and filled with the blood-free CPC for which a high amount of residual CPC
fragments can be observed, 3 months after implantation. Note the cement fragments which are
still visible with a satisfactory peripheral osteoconduction and bone ingrowth (—), but new
bone formation did not occur in the center of the intervertebral space (*). Both cases showed

evidence of non-union. Original magnification x20.
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Ventral

Figure 4. p-CT analysis: (a) Lateral image showing the position of the cage in the L2-Ls
intervertebral space. Note the metal tag included in the lateral wall of the PEEK cage, and the
dorsal and ventral cage walls figured by the two arrowheads; (b) 2D p-CT transverse image of
a cage positioned into the L2-Ls intervertebral space and filled with the CPC-blood composite.
The radiolucent rectangular frame of the cage appears clearly. Only a few particles of cement
remain visible (light grey *), and most of the cage cavity appears filled with newly-formed bone

with a contrast similar to the adjacent vertebral bone. Original magnification x20.

17



BASIC SCIENCE CPC/blood composite for spine fusion » Gongalves et al

“\entral

Figure 5. HE histological sagittal images of the different tested conditions (original
magnification x20). The dorsal and ventral cage walls are visible (*). Example of cages filled
using (a) autologous bone graft which promoted bone fusion with an almost complete bone
continuity between the two vertebral bodies showing a well-organized trabecular structure, 6
months after implantation; (b) autologous bone graft which led to non-union with fibrotic tissue
surrounding the bone graft (—) 6 months after implantation; (c) the blood-free CPC which did
not promote any bone fusion although bone colonization developed at the periphery of the cage
3 months after implantation; (d) the CPC/blood composite which provided bone fusion with a
new trabecular bone network bridging one vertebral body to the other, with only a few

remaining cement particles at the ventral aspect of the cage (f), 3 months after implantation.

18



BASIC SCIENCE CPC/blood composite for spine fusion « Gongalves et al

Figure 6. Movat’spentachrome stained histological sagittal images of the different tested
conditions (original magnification x20). The dorsal and ventral cage walls are visible (*).
Mineralized bone tissue appears in light green, CPC are colored in blue-white. Example of
cages filled using (a) autologous bone graft which promoted bone fusion with an obvious bone
continuity between the two adjacent vertebral bodies 6 months after implantation; (b) the blood-
free CPC for which a high amount of residual CPC is visible (7) as well as a limited new bone
formation mostly coming from the edges of the vertebral bodies without complete bone
bridging, 3 months after implantation; (c) the CPC/blood composite with a new trabecular

mineralized bone network bridging one vertebral body to the other, 3 months after implantation.

19



BASIC SCIENCE CPC/blood composite for spine fusion + Gongalves et al

Figure 7. High magnification of a Movat’s pentachrome stained histological image of new bone
formation into a cage filled with the CPC-blood composite (see Figure 6¢), 3 months after
implantation. A few residual CPC fragments remain visible (1) but all of them are surrounded
with well-mineralized newly-formed bone (in light green) in close contact with the cement
surface. Osteoid borders (—) are visible on the newly-formed bone showing an active bone

remodeling process.
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Table 1. Qualitative assessment (SEM analysis) of the bone fusion rate using cages filled with

the three tested biomaterials: iliac bone autograft, CPC/blood composite or CPC reference.

Group (N=7) CPC/blood composite versus CPC | CPC/blood composite versus bone
reference, 3 months after surgery autograft, 6 months after surgery

CPC/blood CPC reference CPC/blood Bone autograft
composite composite

Number of

successful 6/7 0/7 5/7 417

intervertebral

bone fusion
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Appendix A. Supplementary data

Materials and methods
1. Composition and preparation of the investigated bone substitutes

The CPC reference was obtained from Graftys SA: Graftys® Quickset, a mixture of 78 wt.%
a-TCP(Cas(P0Oa4)2), 10 wt.% anhydrous dicalcium phosphate (DCPA) (CaHPOa4), 10 wt.%
calcium-deficient hydroxyapatite (CDA) (Caiox[ ]x(HPO4)y(PO4)s-y(OH)2-z[ ]2), 2 wt.%
hydroxypropyl methyl cellulose (HPMC). The liquid phase consists of a 0.5 wt.% Na2HPO4
aqueous solution (liquid/powder ratio = 0.45 mL.g*). The cement paste was prepared by mixing
8 g of the powdered preparation with the liquid phase in a syringe for 2 min, to ensure the

homogeneity of the obtained paste before injection.

The CPC/blood composite investigated in this study is an experimental material composed of a
mixture of 78 wt.% o- TCP, 5 wt.% dicalcium phosphate dihydrate (DCPD) (CaHPOa, 2H20),
5 wt.% monocalcium monohydrate (MCPM) (Ca(H2PQa4)2, H20), 10 wt.% CDA, and 2 wt.%
HPMC. The liquid phase was autologous ovine whole blood stabilized by addition of sodium
citrate (3.2 wt.%) that was mixed in a syringe with the solid phase for 2 minutes. After waiting

25 minutes, the composite was ready for injection into the cage.
2. Animal handling, surgical procedures and postoperative follow-up

14 adult female VVendeen sheep with comparable size (average body weight of 60 kg) were used
in this study. Animals aged 7-11 years were used to get conditions close to humans, for which
most of arthrodesis indications are related to spine degenerative phenomena occurring in

middle-aged adults. Animal handling and surgical procedures were conducted at ONIRIS,
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according to the European Community Guidelines for the care and use of laboratory animals
(2010/63/UE) and approved by the national ethical committee (Apafis 01336.01) and the animal
welfare committee at the Oniris College of Veterinary Medicine. A 24 hours fasting period was
applied before surgery to decrease the volume of the rumen content. Polyetheretherketone
(PEEK) non-resorbable and radiolucent cages (ROI-C® from LDR Medical, Troyes, France)
for human cervical arthrodesis by an anterior approach were selected for this study, since they
had the appropriate dimensions for the developed animal model (14 x 14 mm, 5 or 6 mm in
height).

The surgery was carried out under general anesthesia, completed with intrathecal spinal
anesthesia, with the animal in right lateral recumbency. A left paralumbar retroperitoneal
approach was performed, since it allows easy access to vertebral bodies after retraction of the
rumen, while preserving other abdominal organs. Each animal received two cages and the two
implanted sites were separated by one preserved intervertebral disc (mostly L2-Lsand Ls-Ls) to
limit the adverse effects of the surgery. When operating the lumbar levels, the corresponding
spinal nerves were protected to expose the intervertebral disc. A classical discectomy was
performed on both levels (figure 1a), before impaction of the cage by the lateral aspect of the
rachis (figure 1c). For one-half of the animals, both intervertebral levels received an empty cage
in which a hole had been drilled (figure 1c) preoperatively with a 1.5 mm diameter drill bit.
This allowed injection of the CPC/blood composite in one level and the CPC reference in the
other. Injection was performed using a syringe (figure 1d) fitted with a 18 gauge needle, and
the injected volume was ca. 1.5 mL (cage volume = 0.5 cmq) to ensure complete filling of the
space available between the two vertebrae. For the other seven animals, the CPC/blood
composite was compared to an autologous bone graft, harvested from the ipsilateral iliac crest
during the same operative session. Once harvested, the bone graft was morselized with a

rongeur to fill the inner part of the cage before its impaction into the intervertebral space. No
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intraoperative complication was observed. The duration of the surgery was ca. 160 minutes and

the average bleeding was less than 200 mL.

A twice-daily clinical follow-up was carried for 20 days following surgery, to document
changes in the animals gait and progression of wound healing. X-Ray examination of the
operated lumbar segments was performed 15 days after surgery and before euthanasia to check
the correct position of the cages into the operated intervertebral spaces. Explanted lumbar
vertebral segments were collected and examined to detect possible residual mobility of operated
and adjacent lumbar levels. The operated vertebral blocks, consisting of the intervertebral space
and one centimeter of each adjacent vertebral body, were isolated using a bandsaw and placed
in a 10% neutral formaldehyde solution before analysis of the specimen, including 3D
microcomputed tomodensitometry (U-CT), SEM observation and histological studies.

3. u-CT, Scanning Electron Microscopy and histological analyses

To minimize the possible effect of individual variation, two different implantation sites per
animal were used, and each animal received two different biomaterials (CPC versus CPC/blood
composite for the first group of animals, then CPC/blood composite versus autologous bone
graft for the second group), with a randomization of the biomaterial allocation. A full-blind ex

vivo analysis of the samples was performed by the same team for both groups.

3.1 14-CT analyses

The vertebral blocks were placed in a pocket humidified with phosphate buffered saline, and
the samples were imaged using X-ray radiation micro-CT (Skyscan 1272®, Bruker, Belgium).
Scanning analysis was performed at 12-um isotropic resolution with the X-ray tube operated at
100kV and 100pA. Image analysis was performed using the NRECON® and CTAN® softwares
for image reconstruction and segmentation, and the CTVox® and DataViewer® softwares for

3D visualization of the scanned areas. Quantitative analysis of the bone content (bone volume
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= BV) into the cage (total volume = TV) was determined using both 2D and 3D measurements.
Results were expressed as the percentage of new bone formation and percentage of remaining
cement within the cages.

3.2 Scanning Electron Microscopy analyses

The fixed bone specimens were dehydrated with graded ethanol, and then infiltrated and
embedded in glycol methyl-methacrylate (GMMA). The samples were cut in two pieces using
a Leitz® diamond saw passing through the center of the intervertebral cage, along the sagittal
axis. The resin blocks were polished and then sputtered with gold-palladium (Desk 11 ® Denton
vacuum, Moorestown, NJ, USA). The samples were observed by SEM (Leo 1450VP, Zeiss,
Germany) and the images were acquired on the back-scattered electron mode. After an
appropriate thresholding to differentiate the newly formed bone and the implant, quantitative
SEM analysis from those images allowed to determine the respective amount of newly-formed

bone and remaining cement into the considered cages.

A full image of the implant surface was obtained by reconstruction of ca. 700 pieces, using the
Xn View® software. Analysis of the 2D microarchitecture was performed using the CTAnN®
software which allowed to differentiate the newly-formed bone from the remaining cement and
to quantify their relative amount with a 2-pum resolution. Reconstructed SEM images were used
to define whether intervertebral bone fusion through the cage was effective for each one of the

tested biomaterials, and determine the fusion rate for the three tested conditions.

3.3 Histological analyses

Undecalcified 5 um sections of each sample, were obtained using a hard tissue microtome
(Leica Polycut SC2500) and were mounted on an adhesive tape to avoid stripping of the CPC.
Sections were observed using hematoxylin-eosin (HE) staining and Movat’spentachrome

staining which are perfectly adapted to distinguish bone mineral (yellow—green), osteoid tissue
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(red line) and cement (grey—blue). Sections were observed with a polarized light microscope
(Axioplan2, Zeiss, Germany).

3.4. Statistical analyses

Quantitative assessment of the rate of new bone formation and cement resorption was
performed by u-CT and SEM, using a non-parametric Wilcoxon signed-rank test for paired
samples. A Pearson's correlation coefficient was calculated to measure the statistical
relationship, between the new bone formation and the cement resorption within the cages.

A p value less than 0.05 was considered significant.
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Figure S1. Quantitative yu-CT measurements: correlation between the amount of new bone

formation and cement degradation, into the inserted cages filled with either the blood-free
CPC or the CPC/blood composite.
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