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Rates of in vivobone generation were characterized by point-counting analysis of particulate
Bioglass® and synthetic hydroxyapatite (HA) in rabbit femora. New bony tissue was
observed in ~ 20% of the image area around Bioglass® particles at 1 wk, and the degree of
trabecular bone growth increased with time. The interparticle space of Bioglass® was filled
by 80% bonding bone between 6 and 12 wk. The rate constants of trabecular bone growth
in the presence of Bioglass® were ~ 10.9 x 10~3*d " at the periphery of the implantation site.
HA particles led to smaller rate constants of ~ 4.6 x 10 3d ™" at the periphery, and the HA
particles developed very small amounts of bridging bone. The quantitative rate of bone

growth matched well with previously measured bioactive indices of the materials.

1. Introduction

Biocompatible materials, such as calcium phosphates
(a-tetracalcium phosphate (TCP), hydroxyapatite
(HA) etc.) and bioactive glasses can be effective in the
repair of bone defects during orthopaedic surgery.
These materials have been found by observation to
exhibit varying degrees of osteoconductive behaviour.
The 45S5 bioactive glass (Bioglass®) is known as
a highly bioactive glass particulate, and has been in
clinical use for filling bone cavities and replacement of
lost bone [1, 2]. The bone response to Bioglass® was
compared by our group with o-TCP, B-TCP, Tetra-
calcium phosphate (TeCP), octacalciumphosphate
(Ocp), and synthetic HA using a rabbit femoral defect
model [3,4]. Bioglass® was shown to induce the
formation of trabecular bone in some areas between
2 and 7 d, and extensive bone bridges were formed at
longer times [3, 4]. The area of new bone around the
HA particles was low, even for 12 wk; many non-bone
cavities were observed [3,4]. These results clearly
illustrate the difference in in vivo response between
Bioglass® particles and HA particles. However,
quantitative analysis of in vivo bone generation is
important for establishing the mechanism and the
properties of alloplastic implant materials [5]. Thus,
quantitative analysis of in vivo bone growth, the
amounts of implanted Bioglass® and HAp particles,
regenerated bone, and soft tissue regions, were deter-
mined by a point-counting analysis of scanning elec-
tron micrographs (SEM) of sections from implanted
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samples in rabbit [3, 4]. The effects of materials and
observation locations, are considered with respect to
the calculated rates of bone generation.

2. Experimental procedure

The samples of 45S5 bioactive glass® (45% SiO,,
24.5% Na,O, 24.5% CaO, 6% P,05 wt%) or syn-
thetic HA particles, were separated to a size range of
100-300 um, implanted into rabbit femora for 5d to
12 wk. Experimental details are given elsewhere [ 3, 4].
The bone-implant samples were observed via back-
scattered SEM analysis.

All data from micrographs were measured by hand-
point-counting using a 5mm square grid sheet
(24 x 30 = 720 points/image). Micrographs of differ-
ent magnifications were used for counting.

The unit volumes of particle N,, new bone, Ny,
original bone, N, and soft tissue, N,;,, were estimated
by percentage of points, respectively [6]

Ni(%) = P;/Piya x 100 (1)

The ratio of bone growth, x, is calculated from
Nipace(%0) = 100 — (N, + Nop) 2
X = Np/Nipace 3)

where N, 1S the percentage of interparticle space
around Bioglass® or HA particles.
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Figure 1 Percentages of regenerated bone regions, particles of Bioglass® and HA, and area of soft tissue in scanning electron micrographs
(from [3, 47), (a, c) at the periphery of the implantation site filled with Bioglass®. (a) x 400, (c) x 150; (b) at the centre of the implantation site
filled with Bioglass®), x400; (d, e) at the periphery of the implantation site filled with HA, (d) x 400, (e) x 150; (f) at the centre of the
implantation site filled with HA, x 150. View areas: (a—c) 0.10 mm?, (d—f) 0.90 mm?.

3. Results

The percentages of Bioglass® and HA particles, area
of soft tissue, and regenerated bone regions as a func-
tion of implantation time are shown in Fig. la—f. The
average data of x 400, x 150, and x 60 micrographs
are summarized in Table I. As shown in Fig. 1a, the
rate of bone generation in the Bioglass® samples in-
creased immediately with time, and then stabilized at
around 6 wk. The percentages of regenerated bone
regions were ~ 50%, and ~ 60% for 6 and 12 wk,
respectively. The amount of Bioglass® particles and
area of soft tissue decreased slowly at long implanta-
tion times. Soft tissue represented ~ 6% at 12 wk.
The degree of bone generation similarly increased
with time at the centre of the implantation site (shown
in Fig. 1b). The amount of generated bone was smaller
at the centre than at the periphery for all times.
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These results show that new trabecular bone was
rapidly generated at early times (between 1 and 6 wk)
on the surface of Bioglass® particles. The interparticle
spaces filled with new bone increased with implanta-
tion time from the periphery to the centre of the
implantation site.

The effect of magnification on the analysis is
shown in Fig. la and d. The percentage of bone
regeneration observed in the image at x 150 is simi-
lar to that of x400, but the area of non-bone is
larger at early times for x 150 observation. The
new bone was ~ 37% and ~ 52% for 1 and 6 wk,
respectively, for x 150 observation. The distribu-
tion of bone in high-magnification images is larger
than that in low-magnification images, as there is
a decrease in the amounts of particle, soft tissue,
and generated bone. However, these two magnification



TABLE I Point-counting percentage of regenerated bones, particles of 45S5 Bioglass®, and area of soft tissue in scanning electron
micrographs [3, 4] by hand-point-counting technique at various implantation times

Materials Location of Time Percentage of point-counting (%)
implantation (d)
site Particles Soft tissue Original Regenerated
bone bone
Bioglass® Periphery 5 30.6 + 0.9 46.0 + 2.7 6.6 16.8 + 4.9
7 470 +9.9 21.8 +45 0.0 312455
12 409 +12.7 37.0 + 10.1 8.7 134 +6.2
14 56.4 24.6 0.0 19.0
21 324405 293+ 1.1 8.9 294 +9.6
35 302+ 52 31.7 +11.8 20 36.1 +12.7
42 37.8 +4.6 11.5 £ 0.5 1.4 493 +25
84 335 6.4 0.0 60.1
Centre 14 453 +£10.0 40.0 £ 3.5 0.0 14.7 + 6.6
21 541+19 260 + 1.1 0.0 20.0 + 0.8
35 41.6 + 6.9 28.8 +2.0 0.0 29.6 +7.7
42 51.6 +2.6 19.0 £5.3 0.0 294 +2.7
HA Periphery 5 279 +23 547 + 3.6 10.3 71+ 64
7 42.7+0.5 452 +09 0.0 121+ 1.4
12 435 432 0.8 12.5
14 323+ 102 346 + 119 11.9 21.2 4+ 6.0
21 349 333 13.6 18.2
42 27.1 +10.7 249 +123 18.3 29.7+11.4
84 38.3 40.8 5.1 15.8
Centre 14 51.7 40.8 0.0 7.5
21 444 320 0.0 23.6
42 56.1 +1.3 28.6 + 1.0 0.0 153 +03
84 494 337 0.0 16.8

images produce similar results in amount of regen-
erated bone.

As shown in Fig. le and d, the percentage of regen-
erated bone regions at the periphery of the hole for
implanted HA particles increased slowly with time,
while the area of soft tissue gradually decreased. The
rate of bone regeneration on the HA particles was
clearly slow, as compared with that of Bioglass®
(shown in Fig. 1d) at the periphery of the implantation
site for early times. The amounts of new trabecular
bone were ~ 11% and ~ 41% for 1 and 6 wk, respec-
tively. Furthermore, the rate of loss in the interparticle
space filled with HA particles was slow as compared
with Bioglass®. The amount of generated new bone
was only ~ 16% at the centre by 6 wk for HA sam-
ples. Thick bone bridges between HA particles were
not found, but a partial thin bone layer appeared on
the surface of some HA particles.

4. Kinetic analysis

The time dependences of ratio of bone growth, x (see
Equation 3), for Bioglass® and HA particles are
plotted in Fig. 2, and the relationships between
1 — (1 — x)/3 and time are shown in Fig. 3. As shown
in Fig. 3, the formation of bone on the surface of
Bioglass® and HA particles can be described by the
surface chemical reaction-controlled shrinking core
model expressed by

1—(1—x)"3 =kt 4

where k is the rate constant of bone growth [7, 8] and
t is the time. The rate constants of Bioglass® and HA
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Figure 2 Relationship between ratio of bone growth and time as
compared with materials and location of the implantation site: (@)
4585 Bioglass (periphery), (O) 45S5 Bioglass (centre), (H) HA
(periphery), ((J) HA (centre).

at both the periphery and the centre of the femoral
hole measured from the slope in Fig. 3, and bioactive
index, Iy, measured from the experimental bone bond-
ing reaction [9] are listed in Table II. The bioactive
index is given by Iy = (100/t¢ s1,), Where tg sy 1 the
time for more than 50% of the surface to be bonded to
bond [5].

The rate constants of bone growth for Bioglass®
particles were 10.9 x 1073d ! at the periphery, and
72x1073d ! at the centre of the femoral hole. The
rate constants of Bioglass® were larger than that of
HA particles. Furthermore, these results show the
higher bioactivity of Bioglass®, in agreement with the
range of bioactive index Iy previously reported for
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TABLE II Relationship between the rate constants of in vivo bone generation and the bioactive indices using particulate 45S5 Bioglass®

and HA particles

Materials Location Experimental Bioactivity
of implantation rate constants® bonding index, Ig"
site (1073d7Y) d=h
45S5 Bioglass® Periphery 10.9
12.5
Centre 7.2
HA Periphery 4.6 31
Centre 2.0 ’

“Estimated from the surface chemical reaction-controlled shrinking-core model [7, 8].

PIy = 100/t1)26p.-
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Figure 3 Plots of 1 — (1 — x)'/3 as a function of time: (@) 45S5
Bioglass (periphery), (O) 45S5 Bioglass (centre), (ll) HA (periphery),
(O) HA centre.

these materials [9]. The biochemical behaviour of
Bioglass® and HA with respect to bone formation and
bonding is greatly different, as discussed previously
[10, 11]. The precise reasons for the difference in rate
of bone growth are not clear. However, chemical
differences in the surface of the materials may be
important for generating new trabecular bone which
involves differentiation and proliferation of bone cells
[9]. The differences in osteogenic behaviour of Bio-
glass® and HA particulate were revealed by the differ-
ence in rate constants of bone regeneration measured
in this rabbit femoral model.

5. Conclusions

1. The bone growth rate constants for Bioglass®
were estimated to be ~ 10.9x1073d™! at the peri-
phery and ~7.2x1073d"! at the centre of the im-
plantation site using a hand-point-counting technique.
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2. The rate constants for HA particles under similar
in vivo conditions were 4.6 x 10~ 3d ~ ! at the periphery
of implantation site and 2.0 x 10~3d ! at the centre.

3. For Bioglass®, trabecular bone was generated by
1wk, with ~ 80% interparticle spaces being filled
with new bone at the periphery of the implantation
site in less than 6 wk.

4. The rate of bone growth for HA particles was
relatively slow; the percentage of new bone growth is

~ 30% at 6 wk.

5. The higher activity of particulate Bioglass® in
terms of the rate of trabecular bone growth agrees well
with previously established rate constants for bulk
Bioglass® implants in cortical bone.
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