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Negative Effect of Rapidly Resorbing Properties of
Bioactive Glass-Ceramics as Bone Graft Substitute
in a Rabbit Lumbar Fusion Model
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Background: Bioactive glass-ceramics have the ability to directly bind to bones and have been widely used as bone graft substi-
tutes due to their high osteoconductivity and biocompatibility. Ca0-Si0,-P,05-B,0 glass-ceramics are known to have good osteo-
conductivity and are used as bone graft extenders.

Methods: This study aimed to evaluate the effects of the resorbing properties of glass-ceramics in bone fusion after producing
and analyzing three types of Ca0-Si0,-P,0-B,0,4 glass-ceramics with high osteoconductivity that had enhanced resorption by hav-
ing an increased B,0, content. The three types of Ca0-Si0,-P,05-B,0; glass-ceramics with B,0, contents of 8.0, 9.0, and 9.5 weight
% were designated and grouped as P20B80, P10B90, and P5B95, respectively. Glass-ceramic types were tested for fusion rates
and bone formation by employing the lumbar 56 intertransverse process fusion model in 51 New Zealand male rabbits. Bioactiv-
ity was assessed by soaking in simulated body fluid (SBF).

Results: /n vitro study results showed sufficient hydroxycarbonate apatite layer formation occurred for P20B80 in1 day, for P10B90
in 3 days, and for P5B95 in 5 days after soaking in SBF. For the rabbit lumbar spine posterolateral fusion model, the autograft
group recorded a 100% fusion rate with levels significantly higher than those of P20B80 (29.4%), P10B90 (0%), and P5B95 (14.3%),
with high resorbing properties. Resorbing property differences among the three glass-ceramic groups were not significant. Histo-
logical results showed new bone formation confirming osteoconductivity in all three types of glass-ceramics. Radiomorphometric
results also confirmed the resorbing properties of the three glass-ceramic types.

Conclusions: The high resorbing properties and osteoconductivity of porous glass-ceramics can be advantageous as no glass-
ceramics remain in the body. However, their relatively fast rate of resorption in the body negatively affects their role as an osteo-
conductive scaffold as glass-ceramics are resorbed before bony fusion.
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Although grafting with autogenous iliac bone graft is one
of the most commonly performed surgical methods used
to create successful bone fusion, various types of artificial
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ramic bone graft extenders account for the largest segment
of artificial bone graft extenders. Bioactive glass-ceramics
bind directly to bone as they form a hydroxycarbonate ap-
atite (HCA) layer.*” In addition, bioactive glass-ceramics
have been widely used as bone graft substitutes because of
their high osteoconductivity and biocompatibility,”” and
Kitsugi et al.” and Kokubo et al.” have created new apatite-
wollastonite glass-ceramics with both high mechanical
strength and osteoconductivity.

CaO-Si0,-P,0;-B,0, glass-ceramics are known to
be non-toxic,” provide more favorable osteoblastic dif-
ferentiation for hMSC,” and can be used as a coating
material to enhance osseointegration between bones and
implants.”"” We reported that some compositions of CaO-
Si0,-P,0;-B,0, glass ceramics provide almost the same
or better fusion rates and better resorption properties
compared with those of apatite-wollastonite glass-ceramic
(A-W GC)."” Ceramic bone graft substitutes with low
resorption remain in the body for a long time even after
fusion, and some compositions are nearly semipermanent.
These ceramics remain in the body for a long time, are
not remodeled and work as foreign materials in the long-
term. As a result, if they become infected, the inflamma-
tion cannot be controlled without their removal and this
can provoke long-term toxicity. Because of these reasons,
glass-ceramics with high osteoconductivity and resorption
which dissolve after fusion are considered to be ideal. A
previous study revealed that higher B,O, rates were associ-
ated with higher resorption rates,”” and in rabbit lumbar
posterolateral fusion models, CaO-SiO,-P,0;-B,0, glass-
ceramics with a relatively low B,O; rate recorded similar
bone fusion rates and higher resorption compared to A-W
GC known to have osteoconductivity."” Against this back-
ground, we developed for this study new CaO-SiO,-P,0.-
B,0, glass-ceramics with higher B,O, rates to improve re-
sorption. To determine the effect of the new composition
with increased resorption on bony fusion, an in vitro study
using simulated body fluid (SBF) and an in vivo study us-
ing a rabbit lumbar posterolateral fusion model were con-
ducted. Fusion rates and characteristics of the fused areas
were analyzed.

METHODS

Materials

Raw materials used to form the glass-ceramics were over
99.9% purity in SiO,, CaCO,, CaHPO,-2H,0, H,PO,,
MgO, and CaF,, and 200 g of the composition of CaO
44.9 weight percent (wt%), SiO, 34.2 wt%, P,O; 16.3
wt%, MgO 4.6 wt%, and CaF, 0.5 wt% were batched. The

batched sample underwent ball milling for 24 hours with
absolute methanol as a solvent and was dried. After drying
in the mixer, each batch was placed in a platinum crucible
and melted at 1,500°C-1,600°C for two hours. The glass-
ceramic was manufactured through rapid cooling by
pouring the material into a water bath and grounding the
contents using spex milling for 15 hours to make around
1-2 pm sized glass powders. As a result, A-W GC was
manufactured.

In addition, high purity CaCO; (99.99%, Kojundo
Chemical Co., LTD, Sakado-shi, Japan), SiO, (99.9%, Ko-
jundo Chemical Co., LTD, Sakado-shi, Japan) and B,O,
(99.9%, Kojundo Chemical Co., LTD, Sakado-shi, Japan)
were used, and the composition of CaO 45.7%, SiO, 45.7%
and B,0; 8.6% in the mole ratio was named as CS10B.
Glass powders were made and then porous implants were
manufactured. The ratios of A-W GC and CS10B were
1:4, 1:9 and 1:19 in P20B80, P10B90, and P5B95, respec-
tively and the composition was CaO 45.54 wt%, SiO, 43.40
wt%, P,0, 3.26 wt%, B,O, 8.00 wt%, MgO 0.92 wt% and
CaF, 0.10 wt% in P20B80 and CaO 43.57 wt%, SiO, 45.30
wt%, P,0, 1.62 wt%, B,O, 9.00 wt%, MgO 0.46 wt% and
CaF, 0.05 wt% in P20B90 and CaO 43.51 wt%, SiO, 45.92
wit%, P,0, 0.81 wt%, B,0, 9.50 wt%, MgO 0.23 wt% and
CaF, 0.025 wt% in P5B95. P20B80, P10B90, and P5B95
were maintained at 1,450°C for two hours, and glass pow-
ders were produced by melting and cooling them rapidly.
Sponge infiltration slurry was used to manufacture a
sponge-type porous implant by mixing polyvinyl alcohol
and the glass powders. The slurry was infiltrated three
times by using 10 g of four appropriate-sized sponges (4 x
5 cm®) once each time. After making both the inner and
outer parts infiltrated evenly, blocked pores were pierced
with an air gun before the infiltration solution dried. The
glass-ceramics manufactured through this method were
dried by open air, and sponges were burnt at 600°C to
make sponge-type porous implants.

Surgical Model

Fifty-one New Zealand white male rabbits with an average
weight of 3.3 + 0.3 kg were kept individually in standard
cages under 12 hours on/off light cycles. Room tempera-
ture and humidity were maintained at 20°C + 10°C and
40% £ 10%, respectively. All animals were divided into
four groups by implant materials, i.e., P20B80 (18 rab-
bits), P10B90 (16 rabbits), P5B95 (9 rabbits), with added
autografts (8 rabbits). The study was approved by the In-
stitutional Animal Care and Use Committee at the Clini-
cal Research Institute Seoul National University Hospital.
Care was taken to avoid unnecessary stress and discomfort
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to the animals throughout the experimental period. Sur-
gical procedures were performed to the lumbar vertebra
(L5-L6) on both sides of intertransverse processes under
general anesthesia as described by Boden et al."”” Three
milliliters of glass-ceramics were implanted on each side
of the intertransverse processes. This procedure was de-
scribed in our previous reports.'™' After the placement of
the glass-ceramics, fascial tissue layers were repositioned
and sutured after irrigation. Cefazoline 330 mg and peni-
cillin G 400 mg were administered intramuscularly peri-
operatively for prophylaxis. All animals were euthanized
12 weeks postsurgery. The lumbar vertebrae were harvest-
ed, and all soft tissues were completely removed. Manual
palpation to determine the fusion status was performed by
stressing across the fusion site.

In vitro Study by Simulated Body Fluid

Bioactivity was investigated by in vitro testing using SBE.
Mirror-polished specimens were soaked in SBF for 1-5
days. Formation of HCA on the surface of the specimens
was observed by scanning electron microscopy (JSM5600,
Jeol, Akishima, Japan).

Manual Palpation

Immediately after euthanasia, fusion success was evaluated
by holding the upper and lower transverse processes of
the 5th and 6th vertebrae. Twisting, bending, and folding
motions were performed. Only specimens with immobil-
ity against the applied forces were judged to be successful
fusions."""”

Tensile Testing
Before tensile testing, all remaining muscle and ligaments
including the intervertebral discs, posterior longitudinal

ligaments, and the thecal sac were removed. Holes were
made in the L5 and L6 vertebral bodies with a 3.2-mm-
diameter drill bit, and then a 3.0-mm-diameter steel rod
was inserted."”'” An Instron electromechanical materials
testing system (Instron 5582, Instron Co., Norwood, MA,
USA) was used to test the L5 and L6 uniaxial tensile forces
at a displacement rate of 0.5 cm per minute'"'"” after fitting
with a calibrated load-cell of 10 N. The ultimate tensile
load, i.e., the break point, was read from the peak load to
failure in the load-displacement curve.

Radiological and Radiomorphometric Study
A posteroanterior radiograph was completed for each
animal immediately postsurgery at 45 kV for 12 millisec-
onds.""'"” Additional plain radiographs were obtained for
all surviving animals at 2, 4, 6, 8, 10, 12 weeks postsurgery.
We examined whether clear opacity in the border
of blocks of each implant immediate postsurgery became
vague compared to adjacent areas, whether clear radio-
opacity among blocks presurgery became similar with that
of neighboring blocks, and whether fusion mass connect-
ing adjacent transverse processes was formed. We calcu-
lated the degradation rate of the glass-ceramics radiomor-
phometrically by comparing changes in the area occupied
by the glass-ceramics between the initial and final radio-
graphs which was described in previous reports.'™'” The
percentage of the area of glass-ceramics was evaluated in
the final radiographs (Fig. 1).

Histological Study

Histological sections were carried out in the same way as
reported in previous studies.""'” Lumbar spines from each
group were fixed for 24 hours in 10% formalin. A sagittal
section from the right and left sides was taken for process-

Fig. 1. Radiomorphometric analysis.
The percentage of the area of glass-
ceramics at 12 weeks postoperatively
(PO) compared to that immediately
postoperatively (IPO).



90

Lee et al. Negative Effect of Rapidly Resorbing Bioactive Glass Ceramics
Clinics in Orthopedic Surgery * Vol. 6, No. 1, 2014 « www.ecios.org

ing and evaluated separately. Each section included the
graft site and adjacent transverse processes. Undecalcified
tissues were embedded in methacrylate and sectioned 4
um in width parallel to the fusion mass with a diamond
cutter (Exakt300cp, Exakt Co., Norderstedt, Germany)."
Slides were stained using hematoxylin and eosin. Satisfac-
tory osteoconductivity was defined as new bone was de-
tected in pores or adjacent to the ceramics.

The degree and the pattern of bony fusion between
bone and implant and the surface change of the fusion
mass were observed with a light microscope. Moreover,
the degree of bone growth was evaluated by classifying
parts of the fusion mass into an implant, new bone, and
soft tissues.

Statistical Analysis

The four groups were compared using the nonparametric
Kruskal-Wallis test. Analysis of variance was used to ana-

P1OBIO 1

lyze the 12 week results. Null hypotheses of no difference
were rejected if p-values were less than 0.05.

RESULTS

Of the fifty-one rabbit specimens initially used in this
study, eight experimental animals were lost immediately
after surgery and during the healing phase. The remain-
ing forty-three animals were completely evaluated. Four
groups were designated according to the implanted mate-
rial or autograft and the number of specimens were evalu-
ated per group. Group names and their numbers are as
follows: P20B80 group, 17 specimens; P10B90 group, 11
specimens; P5B95 group, 7 specimens; and the autograft
group, 8 specimens.

Simulated Body Fluid In Vitro Study
After soaking in SBF for 1 day, an HCA layer covered the

Fig. 2. /n vitro results using simulated body fluid (SBF). Formation of the hydroxycarbonate apatite layer after soaking in SBF was observed in 1 day in
the P20B80 group (A), in 3 days in the P10B90 group (B), and in 5 days in the P5B95 group (C).
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whole surface of 25% of the specimens in the P20B80  although there was no significant difference.

group. However, an HCA layer appeared 3 days after soak-

ing in SBF in the P10B90 group and 5 days after soaking = Radiographic and Radiomorphometric Results

in SBF for the P5B95 group. Moreover, the aggregate of the ~ The degree of resorption increased at 12 weeks compared
HCA layer for groups P10B90 and P5B95 was smaller in  to that immediately postsurgery in the implanted mate-

comparison with that of the P20B80 group (Fig. 2). rial P20B80, P10B90, and P5B95 groups, and the implants

formed one mass (Fig. 3). In addition, the radio-opaque
Manual Palpation area was inside the fusion mass, and it was, therefore, con-
Based on manual palpation, solid bone fusion was de-  sidered that new bone grew into it and bony fusion was in

tected in 5 of 17 specimens (29.4%) in the P20B80 group,  the process. The proportions of the area occupied by the
0 of 11 (0.0%) in the P10B90 group, 1 of 7 (14.3%) in the  glass-ceramics at the final radiographs to the area occu-
P5B95 group, and 8 of 8 (100.0%) in the autograft group.  pied by the glass-ceramics at the initial radiographs were
The autograft group recorded significantly higher fusion  76.6% + 7.0% in the P20B80 group, 74.2% * 9.0% in the
rates than all the implanted materials groups of P20B80, =~ P10B90 group, and 75.8% + 5.8% in the P5B95 group. The
P10B90, and P5B95 (p < 0.0001, 0.0016 and 0.0014, re- radiomorphometry of the three kinds of CaO-SiO,-P,0.-
spectively). The fusion rate for the P20B80 group was  B,O, glass-ceramic areas revealed no statistical difference
higher than those of the P10B90 and P5B95 groups. How-  with time.

ever, the difference was statistically insignificant.

Histological Results

Ultimate Tensile Strength of the Fusion Masses According to the histological study, satisfactory osteocon-
The uniaxial tensile test showed 214.9 + 46.8 N of the ulti-  ductivity was found in all of the three types of CaO-SiO,-
mate tensile load for the P20B80 group, 187.1 £ 449 Nin  P,0,-B,0, glass-ceramics. In the P20B80, P10B90, and
the P10B90 group, and 230.3 + 13.9 N in the P5B95 group. ~ P5B95 groups, new bone was formed around the ceramics
The ultimate tensile load of the control group, i.e., the au-  inserted between the upper and lower transverse processes
tograft, was slightly higher than those of the other groups  continuously. Undecalcified examination revealed that

)
“y
4&»44‘

P20B80 IPO P20B80 12 wk P10B90 IPO

P5B95 12 wk Autograft IPO Autograft 12 wk
/ "

Fig. 3. Radiological results of the P20B80, P10B90, P5B95, and autograft groups. The autograft group was considered to have fusion because the
trabecular bridging between the upper and lower transverse processes was clear. In comparison, the volume of the graft with the three glass-ceramics
types declined at 12 weeks postoperatively from the immediate postoperative (IPO) levels, and was, thus, thought to be resorbed.
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Fig. 4. Undecalcified histologic findings of the three glass-ceramics implant types at 12 weeks postimplantation (H&E, x12.5, x40, x100) in the P20B80
(A), P10B90 (B), and P5B95 (C) groups. Newly formed bony tissues were found in and around all three kinds of glass-ceramic types. Arrows: newly

formed bone, Stars: implanted glass-ceramics.

the glass-ceramic implants had very low opacity, and the
brown ceramic implant was absorbed losing nearly all its
original pattern. New bone had osteoblasts and osteo-
cytes in the adjacent and central areas, respectively, and
the formation of lamellar bone was observed with both
osteocytes arranged to be in concentric circles and mature
bone matrices (Fig. 4). The border of the composite plane
between implants and bone became vague when the im-

plants were absorbed. It is assumed that the glass-ceramics
were absorbed during the formation of bone tissues on the
ceramic implants, and the absorption occurred mainly in
areas in contact with bone.

DISCUSSION

One representative of osteoconductive glass-ceramics used
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for bone graft extenders is hydroxyapatite. Hydroxyapatite
is clinically applied in cases of bone defects and spinal fu-
sion.”"” However, its resorbing properties and mechanical
strength are considered relatively low. Many studies have
been conducted to show enhanced resorption and better
mechanical strength. Although calcium phosphate ceram-
ics with tricalcium phosphate are known to have high
resorbing properties,'” their low mechanical strengths
have been commented as a distinct disadvantage. Because
bioactive glass-ceramics can control resorption and me-
chanical strength according to their composition, this
study also tried to regulate their resorbing properties with
B,O; content. The correlation that a higher B,O, content
leads to higher resorption was displayed in our previous
study. In the in vitro study using SBF, P20B80 (P,O; 3.26
wt%) formed an HCA layer after soaking for 1 day, while
P10B90 (P,0, 1.62 wt%) and P5B95 (P,0; 0.81 wt%), with
their relatively low P,O; contents, began to form a layer in
proportion to the P,O; content and its amount was also
proportional to the P,O, content. However, the differ-
ence in the amount of the HCA layer produced after five
days was not significantly different between the two com-
pounds. The difference in the time in forming the HCA
layer was notably considered to be attributed to the P,0O,
content of each glass-ceramic. Although P,O; is inessen-
tial for the nucleation of HCA, it can earlier increase the
amount of the HCA layer as it accelerates HCA formation.
With regards to this point, decreased P,O; content could
influence osteoconductivity.

For these reasons, the increased B,O, and decreased
P,O; content that were used to improve the resorption of
the glass-ceramics was considered to decline eventually in
fusion rates as displayed in the in vivo study. This study
measured the two-dimensional area of the implanted
glass-ceramics in radiographic images to assess their
resorption. Because the connection of trabecular bone
found in complete fusions was unclear in groups P20B80,
P10B90, and P5B95, those groups were assessed to achieve
partial fusion. In comparison, the autograft group was
found to have bony bridging in the upper and lower trans-
verse processes at 12 weeks; and, thus, solid bony fusion
formed. The rate of the absorbed area was only around
25% and, thus, it was considered an inadequate resorption
rate. When observing the measured border of the radio-
opaque lesions, the implanted glass-ceramic material
remained as debris after the area of the absorption of the
porous structure became radio-opaque. As a result, it was
evaluated as not being absorbed. Gross inspection of the
glass-ceramics implants revealed that the porous structure
was nearly lost, and the absorption of the glass-ceramics

used in this study was much higher than that in previous
studies.

In our previous study, the fusion rate of composi-
tions with relatively higher P,O; rates and A-W GC was
80%-90%."" For this study, the fusion rate of P20B80 with
the highest level of P,O, was recorded as only 29.4%, and
most of the P10B90 and P5B95 groups showed pseudar-
throsis. Conversely, the histological examination showed
excellent osteoconductivity found in all three glass-
ceramics. In other words, newly formed bony tissues
were bonded directly to the implanted glass-ceramics and
remodeling also proceeded. Thus, it is believed that the
decreased P,O; content affected osteoconductivity to some
degree. Nevertheless, the osteoconductivity of all three
glass-ceramics types was outstanding. Therefore, a higher
B,O, content, rather than osteoconductivity itself, led to
poorer early porous structures for increased resorption
and was considered to be a major cause of pseudarthrosis.
In general, for bone defect filling, stem cells are supplied in
neighboring parts of the implanted glass-ceramics, and the
vascular structure grows into it easily. Thus, this resorp-
tion characteristic is considered to be highly advantageous.
In the case of intertransverse process fusions, because the
transverse processes mainly consist of cortical bone with
very small amounts of stem cells and the distance between
transverse processes is relatively long, some parts close to
the bone can form new bone by receiving stem cells. How-
ever, the middle area between the transverse processes is
difficult to attain fusion as this area needs the connection
of new bones produced from both transverse processes.
Therefore, to obtain intertransverse process fusion, porous
structures and osteoconductivity of the osteoconductive
scaffolds should be maintained sufficiently during the
period needed for newly formed bone to grow and be con-
nected in neighboring areas. For intertransverse process
fusion with regards to this study, the three types of glass-
ceramics used had excellent osteoconductivity but could
not maintain the porous structure fully to prevent pseud-
arthrosis.

Properties of the ideal biodegradable material in-
clude: (1) the ability to maintain strength and stability
of porous structures during degradation until achieving
fusion in the early stage, (2) the ability to be replaced com-
pletely into the new bone, (3) and having adequate recon-
ciling resorption and new bone formation rates. However,
materials meeting all of these conditions have yet to be
invented. For one reason, the absorption of porous glass-
ceramics is performed through a slow degradation of the
debris made by the destruction of the porous structure
rather than by the maintenance of the porous structure,
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which is critical for osteoconductivity. Unfortunately, the
destruction of a porous structure actually negatively influ-
ences various aspects of osteoconductivity. Moreover, the
environment for bone formation in the implanted area
varies according to anatomical location. However, even
when implants are made in the same anatomical location,
large differences in time and success rates of bone forma-
tion can depend on age and the health condition of the
recipients. Therefore, in a favorable environment for bone
formation, glass-ceramics with high absorption rates can
produce an ideal situation, obtaining not only bony fusion
but also absorption. Conversely, the same glass-ceramics
in an unfavorable environment for bone formation can
experience pseudarthrosis due to absorption taking place
before new bone formation can occur.

From all of these results, osteoconductivity and suf-
ficient porous structure maintaining properties rather than
resorbing properties are considered to be more advanta-
geous for bony fusion in an environment unfavorable for
new bone formation. Furthermore, resorption rates faster
than new bone formation growth rates need careful atten-
tion as an imbalance may lead to failure. However, in cases

using bone morphogenetic protein with high osteoinduc-
tivity and stem cells with properties of both osteoinductiv-
ity and osteogenesis, osteoconductive bio glass-ceramics
with high resorbing properties are expected to be used as
carriers. In conclusion, the high resorbing properties of
osteoconductive porous glass-ceramics have a material ad-
vantage of completely dissolving within the human body.
However, their ability to be rapidly resorbed before bony
fusion in their role as osteoconductive scaffolds is a disad-
vantage that must be taken into consideration.
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