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Background and purpose Polymer technology has pro-
vided solutions for filling of bone defects in situations
where there may be technical or biological complica-
tions with autografts, allografts, and metal prostheses.
We present an experimental study on segmental bone
defect reconstruction using a polymethylmethacrylate-
(PMMA-) based bulk polymer implant prosthesis. We
concentrated on osteoconductivity and surface charac-
teristics.

Material and methods A critical size segment defect
of the rabbit tibia in 19 animals aged 18-24 weeks was
reconstructed with a surface porous glass fiber-rein-
forced (SPF) prosthesis made of polymethylmethac-
rylate (PMMA). The biomechanical properties of SPF
implant material were previously adjusted technically
to mimic the properties of normal cortical bone. A plain
PMMA implant with no porosity or fiber reinforcement
was used as a control. Radiology, histomorphometry,
and scanning electron microscopy (SEM) were used for
analysis of bone growth into the prosthesis during incor-
poration.

Results The radiographic and histological incorpo-
ration model showed good host bone contact, and strong
formation of new bone as double cortex. Histomorpho-
metric evaluation showed that the bone contact index
(BCI) at the posterior surface interface was higher with
the SPF implant than for the control. The total apposi-
tional bone growth over the posterior surface (area %)
was also stronger for the SPF implant than for controls.

Both bone growth into the porous surface and the BCI
results were related to the quality, coverage, and regu-
larity of the microstructure of the porous surface.
Interpretation Porous surface structure enhanced
appositional bone growth onto the SPF implant. Under
load-bearing conditions the implant appears to function
like an osteoconductive prosthesis, which enables direct
mobilization and rapid return to full weight bearing.

Current methods for repair of segmental defects
in long bones rely mostly on metal prostheses or
allograft bone. In clinical trials with large allografts,
the nonunion rate has been reported to be as high
as 11-32%, and long-term survival of metal pros-
theses has been reported to be less than 60% (Aho
et al. 1994, Aldlyami et al. 2005). Recent research
has led to a multitude of synthetic biomaterials
as candidates for this purpose (Fujibayashi et al.
2003, Wang 2003, Yoneda et al. 2005). The new
materials have been mainly composed of structural
block ceramics, for example calcium phosphate/
hydroxyapatite, coral, bioactive glass, and glass-
ceramics (Ohgushi et al. 1989, Walsh et al. 2003,
Gil-Albarova et al. 2005). Metals or block ceramics
alone are not biologically or mechanically ideal for
reconstruction bridging of diaphyseal bone defects
because of the mismatch in mechanical properties
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relative to those of bone (Wang 2003, Aldlyami et
al. 2005).

The inability of metals and polymers alone
to allow direct bone union has led to research
into new and more complex composite materi-
als, which combine resorbable or non-resorbable
polymers and bioactive fillers in vehicle models
(Kitsugi et al. 1989, Shinzato et al. 2000, Lu et al.
2001, Flautre et al. 2001, Miyazaki et al. 2003).
Improved osteoconduction and osteoinduction has
been achieved through addition of various growth
factors (most often bone morphogenetic proteins
(BMPs)) to polymer carrier materials (Gao et al.
1996, Lane et al. 1999, Seeherman and Wozney
2005, Yoneda et al. 2005). Advancements in the
creation of a suitable biomaterial for segmental
bone defect repair are promising, but there are still
problems concerning bone growth and mechanics
of the interface area.

Biocompatibility, osteoconductivity, and bio-
mechanical properties are important for all bone
substitutes, but good biomechanical properties
are essential for segmental defect reconstruction
in load-bearing applications. Our group has con-
centrated on improving the already well-known,
current orthopedic use of polymers by combin-
ing them with modern fiber-reinforced composite
technology to develop a new implant material. The
SPF implant is a non-degradeable material with a
porous surface to enable bone ingrowth. It has a
fiber-reinforced stem, with mechanical properties
adjusted to match those of cortical bone (Aho et
al. 2004). The present study was a 20-week follow-
up of critical size segment defects in the rabbit
tibia that had been repaired with the SPF implant,
with histomorphometric analysis of host bone in-
growth/on-growth and detailed SEM analysis of
the surface structure of the implants.

Material and methods
Implant preparation

The SPF implant stems with artificial marrow
canals were pre-cured in molds as previously
described (10 £ 2 mm length, 6 + 1 mm diameter),
simulating the cross-sectional triangular form of
rabbit tibia (Aho et al. 2004). Autopolymerizing
polymethylmethacrylate (PMMA) resin (PMMA

Fiber reinforcement (FRC)

PMMA stem

Porous surface

Figure 1. Schematic drawing representing the SPF implant,
with surface porosity and E-glass fiber-reinforced core.
Macroscopic picture of the implant.

powder/MMA monomer liquid: Palapress; Heraeus
Kulzer, Wehrnheim, Germany) was used as core
material. Continous unidirectional E-glass fibers
(53-55% Si02) (Stick; Stick Tech Oy, Turku, Fin-
land) (21%-weight, pre-impregnated with PMMA)
running along the long axis of the implant were
added for reinforcement of the implant, by placing
the fibers in the molds before the core was polym-
erized as previously described (Vallittu 1999, Aho
et al. 2004) (Figure 1).

The porous surface was created by a tetrahy-
drofuran solvent-foaming method as previously
reported (Aho et al. 2004). Control implants were
made of plain PMMA, with surfaces ground with
a metal file to remove the shiny/polished surface
created by the mold-casting process (Figure 2). All
implants were stored for at least 24 hours at 37°C
in distilled water to wash out the MMA monomers
and residual solvent (Vallittu et al. 1995).

Mechanical properties

Fiber-reinforced composite used in SPF implants
had 3-point bending flexural test and Young’s
modulus of 320 (SD 91) MPa and 11.7 (1.6) GPa,
respectively, which are close to values for human
cortical bone (255 (28) MPa and 13 (2.1) GPa)
(Reilly and Burstein 1975, Lotz et al. 1991). Plain
PMMA used as the control implant had much lower
values (64 (16) MPa and 3.2 (0.8) GPa, respec-
tively) (Aho et al. 2004). Corresponding values for
rabbit cortical bone are approximately 101 MPa
and 4.5 GPa (3-point bending and Young’s modu-
lus, respectively) (Gondret et al. 2005).
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Figure 2. SEM photomicrographs showing the surface of the SPF implant and the control implant.

(a) Ideal surface porosity (between arrows) on SPF implant with unidirectional fiber-reinforced stem. (b) Variable surface
quality of porosity (arrows) on SPF implant. (c) Porosity in the intramedullary canal of SPF implant with higher magnifica-
tion (x250) detail. (d) Ideal porosity layer at the end of SPF implant (between arrows). (e) Control (PMMA) implants: filed
end and higher magnification detail. (f) Side of control implant with slightly uneven filed surface (arrowheads).
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Figure 3. Schematic illustration of positioning and fixation
of the implant into the rabbit tibia.

Surface characteristics and microstructure
covering the implants

The surface structure of the implant was evalu-
ated in vitro by SEM and in vivo from histologi-
cal samples. For the SEM study, 5 SPF and control
implants were put into liquid nitrogen for approxi-
mately 2 min and then split longitudinally, and the
other halves were cut in the middle with a diamond-
coated water-cooled band saw. The freshly formed
and cleaned surfaces were coated with carbon film
(BalTec CED 030; BalTec, Balzers, Liechtenstein)
for analysis by SEM (JEOL 5000; Jeol, Tokyo,
Japan) (Figure 2).

Porosity of the surface covering the implant was
qualitatively classified under a light microscope
by visual inspection of the anterior and posterior
edges of the histological sections. Assessment was
made from all animals according to the following
score: 0 for no porosity, + for < 1/3 (less than 33%)
coverage, ++ for 1/3-2/3 (between 33% and 66%)
coverage, +++ for > 2/3 (more than 66%) coverage.
The relationship between bone growth and degree
of porosity coverage is presented in Figure 8.

Animal experiments

Surgery. 32 New Zealand White female rab-
bits weighing 3.4—4 kg were used as test animals
under the permission of the provincial government
of southwestern Finland (no. 51124/7624). The
observation times were 4 weeks (n = 5), 8 weeks
(n=15) and 20 weeks (n = 10) for the SPF implant.
A total of 12 control PMMA implants were oper-
ated, with 4 animals for each time point. The oper-
ations were carried out under anesthesia induced
intramuscularly by combination of midazolam
hydrochloride 5 mg, medetomidine hydrochloride
0.8 mg, and ketamine hydrochloride 50 mg. Post-
operative pain was treated with subcutaneus injec-
tions of buprenorfin hydrochloride (~0.15 mg/day
for 3 days).

Figure 4. Radiographs of the operation site at 20 weeks.
(A) Formation of bridging callus (arrows); anteroposterior
view. (B) Posteriorly, strong callus formation; double cortex
(long arrows). Anteriorly, resorptive rounding and a gap at
the distal junction (arrowheads), bridging callus over the
proximal junction; lateral view. Both images show the intra-
medullary K-wires still in place.

The total segment defect (10 £ 2 mm in length)
was created on the proximal portion of the left tibia
of each animal with a water-cooled circulating sur-
gical saw. The defect was replaced with the implant
and fixed with intramedullary K-wires (1.0-1.4
mm, 2-3 per operated animal) in the present series
of follow-up to 20 weeks (Figure 3).

The animals were allowed free mobilization
and had the full use of the operated limb from the
first postoperative day. They were killed by intra-
venous overdose of phenobarbital and the tibias
were removed and separated from soft tissues. The
specimens were fixed in 75% ethanol for histologi-
cal processing and radiography.

Radiography. Plain non-screen contact radio-
graphs (35 kV and 175 mA) were taken of the
whole tibias. Radiological incorporation was
determined, evaluating the bone growth qualita-
tively around the implant and at the bone-implant
junctions (Figure 4).

Histology and histometry of the incorporation
model. For light microscopic studies, the harvested
bones were embedded in acrylic resin (Technovit;
Kulzer GmbH, Wehrheim, Germany) and 20-pum
thickness non-decalcified sections of the tibias
were prepared by cutting-grinding method, and
stained with van Gieson stain (Donath and Breuner
1982) (Figure 5).

Histomorphometry was done using a computer-
assisted analysis system (Microscale TC; Digithurst
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Figure 5. Histological image at 20 weeks, with van Gies-
son stain (reconstructed from 5 pictures). Longitudinally
sectioned sample showing double cortex (arrows), with
marrow (***), fiber reinforcement (FRC), and intramedul-
lary canal.

Ltd., Royston, UK) to measure bone growth at dif-
ferent anatomical areas: both longitudinal surfaces,
junctions (interface) between the implant and the
host cortical bone, and the marrow canal.

Total appositional bone growth (ABG) over the
posterior surface is the percentage area of bone
from the whole area over the posterior cortex of
the implant covered by tissue.

The porous surface bone growth (PSG) is the
percentage area of bony ingrowth into the porous
surface determined from the area rising 0.4 mm
over the stem on the posterior cortex, which is the
average thickness of the porous surface evaluated
from the SEM images. The bone growth into the
marrow canal (IMG) is percentage of bone from
the total canal area within the implant.

The bone contact index (BCI) is the percentage
from the sum of contact lines between bone and
implant—at cortical junctions, posterior and ante-
rior surface—of the corresponding total length of
the implant (Figure 6).

Statistics

Statistical analysis of the data was done using SPSS
software. One-way analysis of variance (ANOVA),
Mann-Whitney U-test, and Student’s t-test were
performed to determine significant differences in
test results. We considered p-values less than 0.05
to be significant and 95% confidence intervals (CI)
are given.

@ = total appositional bone growth (ABG)

== = =bone contact index (BCI) line

Posterior cortex

Cortex i FRC

= Intramedullary
growth (IMG) Junctions

Cortex ERC ! N 2
Ratlatn st tat ~ ST A -

Anterior cortex
m = Porous surface ingrowth (PSG)
\%\U\v’ﬁ—: = New bone growth

Figure 6. Schematic model showing the different areas
included in the histometrical measurements.

Results
Notes on the surgery

The SPF implant was easy to handle, i.e. easy to
shape and size by drilling and sawing during sur-
gery. No animals were lost due to breakage of the
implant or infection. One animal from the SPF
group (8 weeks) was killed during the follow-up, at
the third postoperative day. This was due to instabil-
ity of the whole limb and the animal was excluded.

Analysis of surface microstructure

Regarding the surface porosity and thickness of the
porous surface layer, the pores ranged from 10—
500 pum in diameter and the pores were found to
be interconnected. The majority of the pores were
in the size range 50-80 pum (Figure 2A). The aver-
age thickness of the surface was 0.4 (0— 0.8) mm
(Figure 2A and B), and it varied between different
parts of the implant — being thinnest or even absent
at the junction ends of the implant (Figure 2C and
D). Control PMMA implants also showed some
uneven surface texture due to the manual grinding
(Figure 2E and F).

At surgery, before implantation some of the
SPF implants showed bald surface spots macro-
scopically, where the porous surface had been
shed because of the weak attachment of the surface
layer.
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Table.

n mean SD 95%CIl2 P-valueP

n mean SD 95%Cl2 P-valuePb

Total appositional bone growth (area%)

4 weeks
SPF 5 26 20 -11t043 0.2
Control 4 10 10

8 weeks
SPF 4 38 9 -40to 51 0.8
Control 4 32 36

20 weeks

SPF 10 59 15 -17t026 0.7
Control 4 55 19
Intramedullary growth (area%)

4 weeks
SPF 5 0
Control 4 0
8 weeks
SPF 4 10 15 26 to 32 0.8
Control 4 7 6
20 weeks

SPF 10 18 30 -17to54 0.3
Control 4 25 24
Posterior surface BCI (%)

4 weeks
SPF 5 31 22 -1to0 55 0.06
Control 4 4 8

8 weeks
SPF 4 39 28 -28to74 0.3
Control 4 7 6

20 weeks

SPF 10 54 27 -17to54 0.01
Control 4 11 9

Anterior surface BCI (%)

4 weeks
SPF 5 2 5 -5t0 10 0.4
Control 4 0 0

8 weeks
SPF 4 5 10 —-7to 16 0.4
Control 4 7 6

20 weeks
SPF 10 5 13 —27to12 0.4
Control 4 13 17

Junction area BCI (%)

4 weeks
SPF 5 3 3 -22t08 0.3
Control 4 10 14

8 weeks
SPF 4 10 9 -26t027 1
Control 4 7 6

20 weeks

SPF 10 10 8 —20to5 0.2
Control 4 18 12
Porous surface growth (area%)
4 weeks
SPF 5
Control 4
8 weeks
SPF
Control
20 weeks
SPF 10 41 25
Control 4

18 14

30 13

b

295% cofidence intervl, equal variance
b T_test, two tailed

Radiography

Abundant growth of new bone as appositional
tube-like callus formation around the implant was
observed, especially on the posterior cortical side.
Strong bony bridging callus over the junctions was
seen already at 4 weeks, and it developed or remod-
eled to lamellar bone by 20 weeks. Anterior cortex
showed the least bone formation, and even some
resorption in the form of rounding of the edges of
the cortexes (Figure 4).

Histology: the incorporation model

No adverse inflammatory cell reactions were seen.
New bone formation was evident at 4-8 weeks as
bridging trabeculous bone growing from the host
periosteum junctions, creating a tube-like exter-
nal callus around the implant (Figure 5). Lamellar
bone was evident in all specimens at 20 weeks. 4

of 9 SPF implants showed growth of bone into the
medullary canal at 20 weeks. On the posterior side
of the specimens (in 6/10) we found a formation
of double cortex, i.e. 2 perpendicular longitudinal
lamellar bony bridges spanning the length of the
implant and an empty space in between them. This
is shown both on the radiographs and in the histo-
logical samples (Figures 4 and 5).

Slight bone resorption in the form of rounded
lacunae could be seen at the junctional cortexes of
some specimens; however, osteoclast cells were
seldom observed in these areas. Resorption appar-
ently resulted from incomplete operational align-
ment between the sawed cortex and the end of the
implant leading to loading imbalance during weight
bearing, illustrated by slight resorptive bone loss.
Intervening fibrous tissue was found in some places
at junctions between the implant and host cortex
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Figure 7. Panels show the bone-implant contact (BCIl) and appositional growth at the posterior side of the implant.

bone, particularly in cases of the above-mentioned
technical/operational gap and line mismatch.

Histomorphometry

The bone contact index (BCI) at the posterior cortex
was higher for SPF implants at 20 weeks than in
the control group (p = 0.01) and already mark-
edly higher at 4 weeks (p = 0.06). These results
were confirmed in the non-parametric analysis of
the group data by Mann-Whitney test. ANOVA
showed a clear group difference in favor of the SPF
implant, independently of implantation time.

The total appositional bone growth over the pos-
terior side was clearly higher with the SPF implant
early on (26% (SD 21) vs. 10% (SD 10) at 4 weeks,
and 38% (SD 13) vs. 32% (SD 38) at 8 weeks),
but diminished towards 20 weeks (59% (SD 15) vs.
55% (SD 19)). There were no statistically signifi-
cant differences between the groups.

In other areas of new bone growth (anterior sur-
face and medullary canal), the differences were
not statistically significant, although the measured
averages were higher for the SPF implant than for
the controls in most cases. The lowest BCI values
at 20 weeks (9.8% (SD 7.8)) were measured for the
SPF implant at the junction areas, which illustrates
the irregularity and uneven quality of the porous
surface (Table, Figure 7). A relationship between
degree of coverage of the porous area, the surface
microstructure, and the amount of bone growth
onto the implant was found (Figure 8).

Area of bone growth (%)
100

-= Appositional bone growth
-8~ Posterior surface growth

80

60

(SD)
T A
) %/ | \
20 S 0

0 + ++ +++
Porous area coverage

Figure 8. Graph showing the relationship between porosity
observed and measured growth of bone onto the implant.

Discussion

Uneven surface of an implant—for example, due to
porosity—has previously been shown to enhance
bone attachment to implant material (Flautre et al.
2001, Itdld et al. 2001, Hacking et al. 2003). Con-
sistent with this, we found that the degree of cover-
age of the porous surface was related to the amount
of bone growth (Figure 8).

The porous surface structure of the implant is
likely to play a key role in bone growth, although
it appears to lack regularity when evaluated by
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SEM and by histological studies. This variability
in porosity could also be detected in early SEM
studies (Aho et al. 2004), but the effects—yvariation
in the degree of bone growth into the porous sur-
face (PSG) and the low BCI at the junctions—were
only seen after the 20-week follow-up period. The
loss of porosity after implantation is thought by the
researchers to cause the low values of BCI at the
junction areas during healing. This is thought to be
due to: (1) incomplete fitting between the implant
interfaces and the sawed cortexes, (2) insufficient
compression and stability at the bone-implant inter-
faces, (3) the irregularity of the porosity (Figure
2A-D) and possible movements at the junction
during weight bearing. In recent studies by our co-
workers (Mattila et al. 2004), the uniformity of the
porous surface has been improved technically by
short fiber additives.

A noteworthy observation was also the abundant
bone growth into the intramedullary canals of both
of the implants, SPF implant’s porous and PMMA
implant’s drilled canals. As well as the relatively
high bone growth seen on the control implant, can
be explained with the uneven (i.e. not as smooth as
polished) surface created by drilling or filing with
a rasp.

Notable results in the SPF implants in our incor-
poration model were the difference in BCI at the
posterior side (p = 0.01 at 20 weeks) and good
total appositional bone growth (APG) over the
porous surface. The APG was highest at the dorsal
longitudinal side of the implant where the blood
supply and muscle coverage were optimal, in con-
trast to the anterior side. A formation of two par-
allel cortexes at the posterior side of the implant
was observed and termed a double cortex. This
was noticed both in histological and radiographic
evaluation of the samples (Figures 4 and 5). It can
be explained by the remaining periosteal cells in
the muscle insertion after sharp dissection during
removal of the bone segment. Other possible stim-
ulatory factors could be the relative motion/move-
ment during weight bearing and good blood supply
from the surrounding muscles. The same phenom-
enon has also been witnessed in large osteoarticu-
lar allografts in humans evaluated by CT scanning,
and it was thought to be a biomechanical response
to loading (Mattila et al. 1995, Aho et al. 1996).
The incorporation model of the SPF-implant (the

bridging bone growth, external callus over the
junction areas, and the appositional surface bone
growth (as double cortex or neo-cortex)) resembles
the repair of large structural human allografts and
experimental segment repair in dogs (Delloye 1990,
Aho et al. 1996, Enneking and Campanacci 2001).
The host bone resorption lacunae at junction areas
described by the latter authors correspond to few
cortical resorption signs observed in our studies.

Reconstruction of segmental bone defects with
resorbable or non-resorbable biomaterials has been
associated with many complications: nonunion,
resorption of the implant that is too fast, connec-
tive tissue formation, breakage/fragmentation,
stress shielding, etc. (Ohgushi et al. 1989, Okada
etal. 1999, den Boer et al. 2003). There are a grow-
ing number of reports in the literature of growth
factors (BMP, TGF-b) being used to improve bone
growth in different bone defect models (Gerhart
et al. 1993, Teixeira and Urist 1998). Experimen-
tal models using biodegradable ceramics (with or
without growth factors) rely on regular degradation
and new ingrowth of bone for mechanical stability,
and this can present problems concerning the bio-
mechanical properties of the newly formed bone
and the mechanical stability of the whole model
(Lane et al. 1999, Seeherman and Wozney 2005,
Yoneda et al. 2005).

Fiber-reinforced composites have already been
widely explored in restorative and prosthetic den-
tistry, where E-glass fiber-reinforced PMMA-based
polymers have gained wide acceptance because of
their good mechanical properties (Kim and Watts
2004, Dyer et al. 2005). Promising clinical results
at an early stage using these composite materials
as bone substitutes have recently been achieved
in the field of head and neck surgery (Tuusa et al.
2005). Residual monomers (MMA) leaching from
PMMA-based fiber-reinforced polymers have even
been associated with cytotoxic effects, but this has
been proven to be clinically irrelevant after ade-
quate prosessing and preoperative storage (Vallittu
et al 1995, Miettinen and Vallittu 1997).

The present SPF implant did not have any of the
problems associated with the mechanical proper-
ties of an implant (breaking, stress shielding, etc.)
because of its matched modulus of elasticity and
flexural strength with normal cortical bone (Reilly
and Burstein 1975, Lotz et al. 1991). The use of
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non-degradable biostable osteoconductive implant
material, like a permanent prosthesis, gives imme-
diate benefits concerning loading forces and early
incorporation of the implant into host bone.

In conclusion, this study has shown that the SPF
implant based on glass fiber-reinforced PMMA
with surface porosity provided a prosthesis for
segment defects of long bones in a weight-bear-
ing model. It contained a porous surface, which
enhanced bridging of bone over the interface area
and allowed ingrowth of host bone. Osteoconduc-
tivity and biomechanically equivalent properties
with bone suggests that the material is potentially
useful for bone reconstruction purposes.
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