Acta Orthop. Belg., 2004, 70, 598-603

ORIGINAL STUDY

Bone ingrowth into two porous ceramics with different pore sizes:
An experimental study

Laurent GaLois, Didier MAINARD

From the University Hospital of Nancy, France

Many properties of porous calcium phosphate
ceramics have been described, but how pore size
influences bony integration of various porous ceram-
ics remains unclear. This study was performed to
quantify the bony ingrowth and biodegradability of
two porous calcium phosphate ceramics with four
different pore size ranges (45-80 um, 80-140 um, 140-
200 pm, and 200-250 um). Hydroxyapatite (HA) and
B-tricalcium phosphate (TCP) cylinders were
implanted into the femoral condyles of rabbits and
were left in situ for up to 12 months. The percentage
of bone ingrowth and the depth of ingrowth within
the pores were determined. Biodegradability of the
implants was also evaluated.

Bone ingrowth occurred at a higher rate into the
TCP than into the HA ceramics with the same pore
size ranges. The amount of newly formed bone was
statistically smaller (p < 0.05) into ceramics with 45-
80 um pore size than with larger pore size, whatever
the implantation time for HA and until four months
for TCP. No statistical difference was noted between
the three highest pore size ranges. No implant degra-
dation was noted up to four months. Our results sug-
gest that a pore size above 80 um improves bony
ingrowth in both HA and TCP ceramics. Bone for-
mation was higher in the TCP than in the HA
implants.

INTRODUCTION

Bone graft substitutes, especially calcium phos-
phate ceramics, are a useful aternative to biologic
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materials such as autografts (23), alografts (22) and
xenografts, and natural materials such as coral (6)
for filling bone defects in orthopaedic surgery (10,
12, 14). In vitro and in vivo studies (2, 3) have shown
calcium phosphate ceramics to be fully biocompat-
ible. The physical and chemical properties of these
substances make them bioactive in that they are
able to induce specific biologic reactions (5). In
addition, calcium phosphate ceramics are osteo-
conductive and resorbable (9, 20) : they provide a
scaffolding for new bone formation and their
macroporosity allows cells to invade and bone to
grow into the ceramic (1, 3, 7). The two major calci-
um phosphate ceramics, hydroxyapatite (HA) and
[-tricalcium phosphate (3-TCP), have been investi-
gated in animal studies (15, 17-19, 26) where they
have been shown to be well tolerated and readily
incorporated. However, there are fewer studies
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describing the influence of porosity on osseointe-
gration (1, 3, 7, 11, 24, 26). We present an experimen-
tal study concerning the osseointegration of two
porous calcium phosphate ceramics (HA and f3-
TCP) with four different pore size ranges. This
study was performed to quantitate the bone
ingrowth and biodegradability of the ceramics
according to their pore size.

MATERIALSAND METHODS

Sixty New Zealand type rabbits weighing 3 kg with
controlled sanitary status were fed with standard rabbit
chow pellets and tap water ad libitum. The rabbits were
divided into 2 groups (HA and 3-TCP) for each interval
time. Rabbits were killed after 2 weeks, 1 month,
2 months, 4 months, 6 months and 12 months. Cylinders
6 x 10 mm of HA or 3-TCP were implanted into bone
defects created with a drill in the femoral condyle under
general anaesthesia. After shaving the knee joint, under
aseptic conditions, a parapatellar skin incision was made
on the media side of the joint. An incision on the medi-
al side of the patellar tendon provided access to the joint
space and the patella was dislocated laterally. The knee
was placed in full flexion and a hole 6 mm in diameter
was drilled in the femoral condyle and carefully washed
clean of bone debris before being filled with a ceramic
cylinder (fig 1). Postoperatively, the animals were per-
mitted cage activity without immobilisation. The ani-
mals were closely monitored for infection and other
complications. All procedures were approved by the ani-
mal welfare committee. Hydroxyapatite (Synatite®) and
b-tricalcium phosphate (Biosorb®) ceramics (S.B.M.,
Lourdes, France) were cast in cylinder form 6 mm in
diameter and 10 mm in length. The porosity was 45%
+/- 5%. Four pore size ranges were studied : 45-80 um,
80-140 pm, 140-200 pm and 200-250 pm. All implants
were sterilised by gamma radiation. Rabbits were killed
after 2 weeks, 1 month, 2 months, 4 months, 6 months
and 12 months. After the animal was sacrificed by injec-
tion, the femoral condyle was harvested and fixed in a
4% formaldehyde solution, then dehydrated successive-
ly with graded ethanol and toluene. Nondecal cified tech-
niques were used for bone tissue preparation (13). Non-
decalcified bone specimens were embedded in poly-
methylmethacrylate (PMMA) obtained by mixing
methylmethacrylate (Osi, Saint-Quentin Fallavier,
France), benzoyle peroxide (Merck, Darmstadt,
Germany) and dibutylphthalate (Merck, Darmstadt,
Germany). Nondecalcified 8-mm thick sections were

Fig. 1. — A hole 6 mm in diameter is drilled carefully in the
femoral condyle and the ceramic cylinder isimplanted.

made perpendicular to the long axis of the ceramic
cylinder, using a Leica apparatus (Nuploch, Germany)
equipped with a tungsten knife. Solochrome-cyanine R
and Masson’s Trichrome were then applied. Stained sec-
tions were studied under a light microscope (Olympus,
Tokyo, Japan). Measurements were taken over the entire
implant surface for histomorphometry. The magnifica
tion used for the measurements was x 20. Three para-
meters were studied : the depth of bone ingrowth into
the ceramic (average of ten measurements), the surface
of bone ingrowth, the relative surface of bone ingrowth
(bone surface in the implant section/total implant section
surface) and the rate of ceramic resorption. These para-
meters were studied for each pore size range, each inter-
val time and each biomaterial. In each case, three sec-
tions were analysed and the average value determined.
The results are expressed as the mean +/- standard devi-
ation. Differences between groups were assessed by the
Mann-Whitney U test for two groups and by Kriskal-
Wallis variance for several groups. A minimum of p <
0.05 was required for a significant difference.

RESULTS

No fibrosis or adverse inflammation was
observed at any implantation time. No clinical
problems occurred during the implantation period,
except for one animal at one month, which devel-
oped an infection of the knee and was eliminated
from the study. All other animals survived the
observation period and did not show any signs of
illness or adverse reaction to the implant material.
Histological observation was performed for both
biomaterials.
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Fig. 2. — Percentage of bone ingrowth into HA implant

Fig. 3. — Stained section (Solochrome-cyanine R) after
12 months of implantation of the HA ceramic. The surface of
the ceramic is almost completely colonised by newly formed
bone.

Hydroxyapatite (fig 2 and 3)
After two weeks, newly formed bone was found

around and in the periphery of the implants, except
those with a pore size range of 45-80 um. Tissue

Acta Orthopaedica Belgica, Vol. 70 - 6 - 2004

ingrowth into pores throughout the implants was
seen from 80-140 pm pore size range with 39%
rehabitation. There was a statistically significant
difference (p < 0.05) regarding bone ingrowth
between the smaller pore size range and the others.
One month following implantation, bone formation
seen within pores was dightly higher and trabecu-
lar bone was thicker and deeper than at two weeks,
especially in ceramics with a pore size range of 80-
140 and 200-250 pm. Morphometric analysis
showed respectively 63% and 61% of bone
ingrowth and a centripetal bony ingrowth of 1.12
and 1 mm in depth. Incipient bone formation was
seen in implants with a pore size range of 45-
80 um. In the control hole, only fibrous tissue could
be seen at one month.

At two months, the new bone tissue seen in the
pores increased for each pore size range, except for
the smallest. From 80-140 pm, bone ingrowth was
clearly visible. Bone ingrowth reached 77% in the
implants with 200-250 um pore size.

At four months, there was dtill a statistically
higher percentage of bone ingrowth into the three
highest pore size ranges compared with the small-
est. Nevertheless, significant new bone tissue was
formed inside the 45-80 um ceramic (76%). The
depth of bone ingrowth into the cylinders was
respectively 1.4 mm for the 45-80 pore size and
1.59 mm for the 200-250 pm pore size.

After six months, new bone tissue reached the
centre of the implants with the three highest pore
size intervals. Degradation of the ceramic was
about 5%.

At 12 months, the surface of the ceramic was
amost completely colonised by the newly formed
bone. Therewas still astatistically (p < 0.05) lower
bone ingrowth in the 45-80 pm pore size in com-
parison with the others. The percentage of ceramic
resorption was limited to 10%. In the control hole,
fibrous tissue was still visible in its centre.

B-Tricalcium phosphate (fig 4 and 5)

At two weeks, implants of 3-TCP were already
colonised by the newly formed bone, even those
with the smallest pore size (21%).
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Fig. 4. — Percentage of bone ingrowth into the TCP implant

One month following implantation, the percent-
age of bone ingrowth increased with the pore size
(23%, 67%, 80% and 79% respectively). All values
were significantly higher in the three highest pore
size ranges compared with the smallest (p < 0.05).
Nevertheless, there were no statistical differences
between the 80-140, 150-200 and 200-250 um pore
sizeranges. The evolution of the depth of new bone
formation was similar to the percentages with
values superior to 1 mm for the three highest pore
size ranges. Fibrous tissue was present within the
control cavity, without any bone formation.

At two and four months, the trend was similar.
Bone ingrowth reached more than 90%.

At six months, no difference was noted regard-
ing bone ingrowth for all pore size ranges. The
whole surface of the implant was colonised by
newly formed bone. Implant resorption was about
30%.

At 12 months, the amount of newly formed bone
was unchanged. No statistical difference could be
noted between the various pore size ranges. The
percentage of bone ingrowth was 96-98%. The
degradation of the ceramic was about 60%.

Fig. 5. — Stained section (Solochrome-cyanine R) after
12 months of implantation of the TCP ceramic. Note partial
resorption of the TCP and bone ingrowth on the surface.

Comparison of HA and g-TCP

The B-TCP was colonised faster and at a higher
rate than the HA. Whereas a statistical differencein
bone ingrowth continued to be noted for the HA
implants between the 45-80 um pore size and the
three higher pore sizes whatever the implantation
time, no such difference could be noted beyond
four monthsfor the 3-TCP. In fact, apore size supe-
rior to 80 um seems to promote bone and tissue
ingrowth at the beginning.

Data related to the depth of bone ingrowth
paraleled those related to the percentage of bony
ingrowth.

Ceramic resorption reached 60% for 3-TCP and
only 10% for HA at 12 months.

DISCUSSION

During the past ten years there has been an
increased use of bone substitutes with numerous
products available in orthopaedic surgery (4). One
of the most common synthetic alternatives to
autologous bone graft, the “ gold standard,” is calci-
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um phosphate ceramics, such as HA or 3-TCP, the
most widely used materials, because of their
absence of toxicity, their biocompatibility, and their
osteoconductivity permitting the “creeping substi-
tution” process. The success of calcium phosphate
ceramics depends on the formation of healing bone
tissue that will bring about the incorporation of the
implant. The important feature in the physical
structure of a synthetic ceramic isits porosity. Pore
size, volume of porosity and interconnections
between the pores are three crucial parameters (8).
Pore structure is of great importance for osteocon-
duction (9). Cell colonisation and bone ingrowth
apparently occur for aminimal macropore size, not
quite defined yet, and a reduction in macroporosity
may have negative results for osseointegration.
Many studies have shown the relationship between
bone ingrowth and pore parameters, particularly
the percentage of porosity, the pore size and the
degree of pore interconnectivity (16, 23, 27), but
these studies also report confusing data on porosi-
ty, so that optimal macroporosity parameters have
not yet been defined. Cell ingrowth into porous
ceramic is, in fact, not well understood. It is gener-
aly accepted that 80-100 pm is the minimal pore
size for osteoconduction (3, 24, 26). Nevertheless,
intervals mentioned in the literature are very vari-
able. Babyn et al (1) have shown that a pore size of
150-400 pm was recommended to provide bone
ingrowth into metallic implants. Hulbert et al (16)
showed optimal bone ingrowth into 150-200 pm
ceramic, but also demonstrated that interconnec-
tion between pores was a more crucial parameter
than the pore size itself. Flautre et al (8) demon-
strated the important role of both interconnection
size and pore size ; the best osteoconduction in HA
was obtained with a 130-pum interconnection size
and a 175-to 260-um mean pore size. Uchida et
al (26) showed better osteointegration with pore size
greater than 200 um. Finally, in the literature, a
pore size below 80 um seems to be critical for
osteoprogenitor cells to penetrate into the pores.
Nevertheless, in our study bone ingrowth into
ceramic with 45-80 pum pore size was possible, but
it was delayed compared to the higher pore size
ranges. Another study conducted by Eggli et al (7)
had already reported notable bone ingrowth for
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pores smaller than 100 um. An explanation for their
results was the number of interconnections, greater
in small pores than in large pores. Our results indi-
cate that a pore size above 80 um is recommended
to accelerate and to improve the bony ingrowth
within the ceramic. Nevertheless, we did not find
any statistical difference in o0sseointegration
between the three higher pore size ranges : 80-140,
140-200 and 200-250 pm. The optimum pore size
could be defined as the interval 80-250 um, accord-
ing to our results. Pores of more than 500 um diam-
eter seem to be too large, and seem to discourage
bone ingrowth (21). The nature of the ceramic also
influences bone formation. We found that bony
ingrowth occurred quicker and at a higher rate
within 3-TCP implants than within HA implants.
The high resorption potential of 3-TCP, compared
to the poor resorption of HA, will leave larger
space for the newly formed bone (20). This different
resorption rate, correlated with the Ca/P ratio, can
explain the difference in bony ingrowth into both
ceramics. Moreover, the pore size itself also seems
to play an important role in the bone ingrowth
process, as demonstrated by Gauthier et al (11).
Whether or not a calcium phosphate ceramic
used as a bone substitute will succeed depends on
the formation of healing bone tissue that will bring
about the incorporation of the implant. In the bio-
logical, biochemical and physiochemical parame-
ters involved, the pore size is a crucia parameter.
The level of porosity, pore size distribution and
degree of pore interconnectivity significantly influ-
ence the extent of bone ingrowth. Macroporous cal-
cium phosphates, in particular HA and p-TCP, have
achieved considerable success as bone graft substi-
tute materials. Our findings suggest that p-TCP
with an optimum pore size of 80-250 um is the
most suitable ceramic for filling bone defects.
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