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Bone ingrowth analysis and interface
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Fourteen titanium porous-coated implants with a cylindrical shape (length 22 mm and
diameter 5+0.3 mm) were prepared. Bead size was 250-350 um. Seven implants were
plasma-sprayed with hydroxyapatite and the other seven remained uncoated. Implants, both
hydroxyapatite-coated and uncoated, were randomly selected and press fitted longitudinally
into the proximal femoral cancellous bone bilaterally in seven dogs. After 12 weeks the dogs
were euthanized and push-out and histomorphometric backscattered electron microscopy
studies were carried out. No statistical differences in the mechanical tests were observed.
Comparing hydroxyapatite-coated versus uncoated implants, the histomorphometric results
showed statistical significance in the percentage of bone (p=0.01); and in bone index, ratio
between bone ingrowth and bone ongrowth (p=0.01). The size of the bone implant interface
was smaller in the hydroxyapatite-coated implants than in the uncoated (p=0.029). Beneficial
effects of hydroxyapatite applied to spherical bead titanium porous coatings were
demonstrated. These morphological and histomorphometric results support the concepts
involved with the use of hydroxyapatite as a coating for uncemented porous prosthetic

devices.

1. Introduction
The attachment strength of the bone—prosthesis inter-
face is a very important issue affecting the clinical
outcome of total joint replacements [1-5]. Bio-
logical fixation of uncemented prostheses can be ob-
tained by bone formation within a porous coating or
macrotextured metallic surface [6—8]. Of the materials
used to obtain a porous coating, titanium alloy is very
attractive due to its high strength, comparatively low
elastic modulus, light weight and resistance to corro-
sion. Synthetic hydroxyapatite has shown the ability
to bind chemically to the bone. Recently hydroxy-
apatite plasma-spray coating of titanium prostheses
has been proposed as a suitable method to enhance
the bone fixation of uncemented prostheses [9, 10].

Different animal models have shown greater surface
bonding strength when hydroxyapatite-coated im-
plants were compared to uncoated after cortical bone
implantation [11-16]. However, there is little in-
formation on osteoconductive capacity and interface
strength when hydroxyapatite-coated titanium por-
ous-coated implants are used in a noncortical
model

The purpose of this study was to compare the
biological and biomechanical responses in a group of
titanium porous-coated implants with and without
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hydroxyapatite coating in a canine femoral cancellous
bone model.

2. Materials and methods

2.1. Implant characteristics

Fourteen titanium porous-coated implants with a cyl-
indrical shape (length 22mm and diameter 5
+ 0.3 mm) were manufactured by De Puy USA (War-
saw, Indiana 45680). Bead diameter was 250-350 pm
and the number of bead layers was 3-4. The porosity
before hydroxyapatite coating, calculated using back-
scattered electron microscopy, was 47.3 £+ 5.6%.
Seven samples were plasma-sprayed with hydroxya-
patite (Biocoatings, Flametal, Fornovo Taro, Italy),
and the remaining seven remained uncoated. The
outer bead layer was entirely coated by hydroxyapa-
tite. In contrast, the inner bead layers were only
partially coated by hydroxyapatite. The cristallinity
ratio of hydroxyapatite, calculated after X-ray spec-
troscopy, was more than 70%, and purity by mass
spectroscopy, more than 97%. The Ca/P ratio was
1.67 + 0.01. The thickness of the hydroxyapatite coa-
ting was 30-60 pm. The hydroxyapatite powder pre-
sented small traces of heavy elements below the limits
set by the ASTM FI1185-88 standard test
(As < 2 ppm; Cd < 1 ppm; Hg < 1 ppm; Pb < 1 ppm;
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total heavy elements < 30ppm; Cu<1ppm;
Mn < 100 ppm; Fe < 100 ppm).

2.2. Surgical technique

Seven adult mixed-breed dogs of similar size and
weight (25 kg average) were used. Maturity was deter-
mined by radiographic examination of the physes of
the proximal tibia and distal femora to confirm
closure. General anesthesia was induced and main-
tained with intravenous pentobarbital sodium
(55-65 mgkg~'). Perioperative antibiotics (Cefazolin
22 mgkg™!) were given starting the day before sur-
gery, for 3 days. Both hind limbs were clipped, the
animals placed in lateral recumbency, and both limbs
aseptically prepared and draped for surgery.

Implants, both hydroxyapatite-coated and un-
coated, were randomly selected and press-fitted
longitudinally into the proximal femoral cancellous
bone bilaterally in seven dogs (Fig. 1). The greater
trochanter was approached through a dorsal incision,
the superficial gluteal and middle gluteal muscles were
tenotomized. The external rotator muscles were like-
wise incised to expose the trochanteric fossa. A 3.5 mm
diameter drill was advanced down the proximal shaft
of the femur to a depth of 22 mm. The hole was
reamed to a diameter 0.2 mm smaller than the sample
to implant. Individual reamers were used for each
implant in order to achieve a press-fit implantation in
a consistent manner, independent of the implant dia-
meter variations. Implants were press-fitted into these
holes to lie in the cancellous bone medullary canal on
the longitudinal axis of the femur.

Following surgery, the dogs were placed in recovery
rooms in heated cages and closely monitored over
24 h. Butorphanol (0.4 to 0.8 mgkg ™! i.m.) was given
for pain relief during this period. Twenty-four hours
after recovery the dogs were returned to regular
housing facilities where they were monitored twice a
day and allowed normal activity. Implant evaluation
was performed radiographically, and the animals were
euthanized 12 weeks after surgery.

Figure 1 Site of sample implantation.
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2.3. Push-out tests

One bone block from each femur, containing the
implant, was studied radiographically in different pro-
jections, in order to identify the implant axes. Speci-
men ends were first identified by careful bone sectio-
ning until the longitudinal axis of the implant was
located.

Each block was cut four times perpendicularly to
the longitudinal axis of the implant in order to obtain
three middle samples from each implant discarding
the end sections. Two of three samples, approximately
3 mm thick, were used for the push-out tests while the
remaining sample from each implant was saved for
histomorphometry. Sections were cut relatively thin to
minimize the specimen alignment problem.

Each push-out specimen was centred over a 7 mm
hole in an aluminum flat plate. A flat and circular
plug, S mm in diameter was used for the push-out of
the implant from the surrounding cancellous bone
using an electro-mechanical universal testing machine
(Instron Corporation, Canton, MA, USA) at a rate of
2 mmmin~!. The plug was carefully placed so that it
covered the entire implant cross-section in order to
obtain accurate push-out force reflecting the shear
strength of the implant—bone interface.

2.4. Morphological evaluations

After the biomechanical tests, the pushed-out samples
were embedded in methylmetacrylate and processed
for undecalcified sectioning. Longitudinal sections
were cut with a diamond saw (Leco Vari-cut VC50,
USA; No. 11-4245 diamond wafering blade) to
200-300 um thickness. After being ground to 100 um
thickness, sections were obtained and polished with
alumina powder. Microradiographs of each section
were performed using a standard technique, to quali-
tatively evaluate the morphology and the failure
mechanism.

One thin slide (200-300 um) from each unloaded
section was grounded to 100 um and coated with
carbon for backscattered electron imaging (BEI). Im-
ages were created using a JSM 6400 backscattered
scanning electron microscope (SEM) (JEOL Ltd.
Tokyo, Japan) at 39 mm focal distance. Photographs

Figure 2 Representation of the histomorphometric areas. Ingrowth
area thickness (a) is 500 pm and ongrowth area thickness (b) is
220 pm.



were taken at X30 or higher magnification. Histomor-
phometric analysis was performed using a Merz grid,
with 584 points in the ingrowth area and 236 points in
the ongrowth area, in the X30 magnification images.
The “ingrowth area” was defined as the section area of
a radial distance of 500 pm extending from the sub-
strate, and the “ongrowth area” was defined as the
section area between 500 um and 720 um from the
substrate. Percentage of bone represents the amount
of bone in the ingrowth area, and bone ingrowth
represents the same quantity, but refers to the avail-
able space in the available ingrowth area. The porosity
of the ingrowth area was defined as the ratio of the
available area for bone ingrowth versus the “ingrowth
area”, in percentage. Bone ongrowth expressed the
amount of bone within the “ongrowth area”, in per-
centage. The bone index was calculated by dividing
the bone ingrowth amount by the bone ongrowth
amount. In addition, the depth of bone penetration
was measured in twelve different locations for each
sample and described as the percentage of bone pen-
ctration distance within the 500 pm “bone ingrowth”
radial distance from the substrate.

At the X1000 magnification, one field with good
bone—-implant contact was selected, and the quality of
the interface was studied by defining five materials:
boune, artifactual spaces, background tissue, hydroxy-
apatite and titanium. In the X10000 magnification
images, the interface gap was measured every micro-
metre and at least ten measurements were obtained
from each specimen.

2.5. Statistical evaluation

Comparison was limited to coated versus uncoated
samples and was performed by two-tailed Student’s
t-test at a p < 0.05 significance value. Correlation
coefficients were calculated for the push-out and histo-
morphometric results to establish the existence of any
correlation among them.

3. Results

All animals did well after surgery, and there were no
complications. The entire group of animals survived
the experimental period. Implant evaluation was as-
sessed radiographically, and there was no sign of
loosening or other abnormal osseous reactions
around the implants.

3.1. Push-out results

The mean push-out strength was 6.4 + 3 MPa in the
uncoated samples and 7.2 + 3 MPa in the hydroxy-
apatite-coated samples (p = 0.40). Thus interface
mechanical strength did not show statistically signific-
ant differences between hydroxyapatite-coated and
uncoated implants. Likewise, no differences were
found when these force data were normalized to take
into account either the implant diameter, test section
thickness, or calculated implant—bone interface area.
Microradiographic images of the pushed-out samples
showed that failure occurred mostly in the trabecular
bone near the porous surface in all samples (Fig. 3).

Figure 3 Microradiograph of a hydroxyapatite-coated sample after
push-out test (100 um thickness, X40). The arrow shows a trabecu-
lar fracture.

Trabecular fractures and detachments at the
bone—implant interface were observed in the uncoated
samples.

Debonding of hydroxyapatite coating from titan-
ium substrate and occasionally disruptions within the
hydroxyapatite surface layer were visible in hydroxy-
apatite-coated samples. No failure of the bone hy-
droxyapatite interface was observed. Hydroxyapatite
coating was well present on the beads surface.

3.2. Histomorphometric results

A different morphology of the trabeculae was ob-
served using BEI-SEM in the hydroxyapatite-coated
samples compared to the uncoated ones. In uncoated
samples trabeculae close to the implant surface dem-
onstrated an arc shape with an incomplete contact
pattern with the titanium surfaces (Fig. 4). In the
hydroxyapatite-coated specimens, trabeculae exhib-
ited a mushroom-like pattern with a complete and
much larger contact area with the implant (Figs 5, 6).
Osteocyte lacunae and vascular cavities were observed
in close proximity to both the hydroxyapatite-coated
and uncoated beads. Lacunae were identified as gen-
erally ovoid and 10 pm long spaces, while vascular
spaces were more round and ranged from 5-70 pm in
size. Histomorphometry showed a significant increase
for bone percentage (p = 0.01) and for bone index (p
= 0.01) in the hydroxyapatite-coated samples com-
pared to the uncoated samples (Table I). At X1000
magnification, hydroxyapatite appeared as fragmen-
ted and bone existed in between. Artifacts were easily
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Figure 4 BEI-SEM of an uncoated sample, X30. Thin arc shape
trabeculae with incomplete contact with the titanium surface can be
seen.

Figure 5 BEI-SEM of a hydroxyapatite-coated sample, X30. Hy-
droxyapatite appears as a fine coating on beaded surface. Broad
mushroom-like trabeculae are visible.

| 4

Figure 6 BEI-SEM of a hydroxyapatite-coated sample, X95. Intim-
ate contact between a broad mushroom shape trabeculae and the
implant hydroxyapatite-coated surface is shown.

distinguished in both hydroxyapatite-coated and un-
coated specimens. At X10 000 magnification, full con-
tact was observed in eleven hydroxyapatite-coated
specimens and in none of the uncoated specimens.
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TABLE I Interface strength and histomorphometric results
(mean £ SD values; N =7)

Parameter No HA HA p

Push-out strength (MPa) 64 +3 7243 0.40
Bone (%) 11+4 16 £3 0.01
Bone ingrowth (%) 25+9 33+4 0.06
Porosity (%) 45+5 50+6 0.14
Bone ongrowth (%) 25+8 21+6 0.29
Bone index 98 + 20 168 + 7 0.01
Penetration (%) 34 +13 4549 0.18

TABLE I Correlation coefficient values between interface
strength and histomorphometric values (N = 7 in all parameters)

Percentage Bone Bone index Bone depth

of bone ingrowth penetration
Uncoated  0.59 0.74 0.64 0.43
Ha-coated  0.11 —-0.23 — 046 0.44

Measurements of the interface gap showed a signific-
antly smaller size in the hydroxyapatite-coated speci-
mens than in the uncoated specimens (p = 0.029).

3.3. Correlation between bone ingrowth
and push-out strength

The correlation coefficients between push-out and
histomorphometric values are shown in Table IL
Bone ingrowth shows a strong correlation with push-
out strength in the uncoated implants. As a conse-
quence, all related parameters (bone percentage and
bone index) showed similar correlation coefficient val-
ues. In contrast, in the hydroxyapatite-coated sam-
ples, correlation coefficients showed low values. Depth
of bone penetration showed low correlation coeffi-
cients in both hydroxyapatite-coated and uncoated
samples.

4. Discussion

Hydroxyapatite has been proposed as a coating ma-
terial for titanium porous prosthetic implants in order
to improve bone ingrowth. However, different factors
have been observed to affect bone formation near and
within the porous layer. The present experiment was
designed to study the effect of hydroxyapatite coating
while isolating other factors. Intramedullar and trans-
cortical implantation methods have been proposed in
previous studies for the evaluation of bioceramic-
coated implants in animal models [3, 11-15]. Intra-
medullar cancellous bone implantation was chosen in
the present work to investigate the potential benefit of
coating with hydroxyapatite, because the transcortical
model is less similar to the actual implantation of
uncemented prostheses. Values of shear strength at the
bone-implant interface seem to be related to the time
since implantation, and to the type of porous coating
used. Implant loading and its initial stability may also
influence subsequent fixation strength. For these rea-
sons, results tend to vary, depending on implant de-



sign, model used, and the associated experimental
conditions. Thus, Cook et al. [12, 13], reported an in-
significant increase of the attachment strength when
comparing hydroxyapatite-coated and uncoated por-
ous titanium canine implants at 3, 6 and 12 weeks;
Oonishi et al. [15] found four times greater bonding
strength in hydroxyapatite-coated than in uncoated
porous titanium samples at 2 weeks and two times
greater at 6 weeks. At 12 weeks, results were similar.
Galante and Rivero [3] and Rivero et al. [17], exam-
ined plasma-sprayed hydroxyapatite coatings applied
to titanium fibre metal transcortical and intramedul-
lar implants, and reported a significantly greater mean
attachment strength after 4 weeks implantation, but
no attempt was made to compare the data based on
the implantation type. Samples tested after 1, 2 or 6
weeks exhibited no significant differences between
hydroxyapatite-coated and uncoated samples, al-
though in each case the hydroxyapatite-coated
strength was slightly greater. Recently, Cook et al.
[11] reported a stronger interface between hydroxy-
apatite and bone than between titanium and bone in a
transcortical non-porous model at 5, 10 and 32 weeks.
Therefore, existing results are controversial, and it is
still difficult to assess the true value of hydroxyapatite
coating in porous implants.

In the present study, the low cancellous bone shear
strength may explain the lack of differences in push-
out tests between hydroxyapatite-coated and un-
coated specimens, in spite of the fact that more bone
ingrowth was found in the hydroxyapatite-coated
sides. The present ultimate shear stress obtained from
test specimens is compatible with the mean shear
strength of cancellous bone (6.60 + 1.66 MPa) as re-
ported by Carter and Hayes [18] and Stone et al. [19]
Therefore, the bone—-implant interface strength is at
least as strong as the cancellous bone, independently
of the implant coating type. This assumption was
further supported by the predominance of trabecular
fractures revealed from the microradiographs of the
push-out specimens. As suggested by Oonishi et al.
[15], it is possible that at 12 weeks, hydroxyapatite-
coated and uncoated implants had an interface shear
strength significant higher than the trabeculae sur-
rounding the implant. The morphological evaluations
for porosity, bone ingrowth and bone ongrowth were
performed on BEI-SEM micrographs in order to im-
prove the accuracy of measurement compared to
microradiographic techniques [20, 21].

Microradiography shows fine details of the trabecu-
lar shape but overestimates ingrowth and underestim-
ates porosity because the evaluation is based on a
projected view of a specimen with certain thickness.
This fact is well known in histology and is termed the
Holmes effect [22]. The BEI-SEM method is con-
sidered superior since a slice thickness of only 1-5 pm
on the surface of the specimen is studied, thus elimina-
ting the projection or Holmes effect [23]. In contrast,
morphological evaluation of the failure mechanism of
the push-out samples was performed by the micro-
radiographs because the BEI-SEM sections are too
thin to analyse the trabeculae rupture and debonding
patterns. BEI-SEM images revealed that the hydroxy-

apatite-coated specimens of both groups achieved
bone mineralization directly linked to the coating
surface. The mushroom-like trabeculae patterns in
hydroxyapatite-coated specimens were the result of an
osteoconductive effect on the surface of hydroxy-
apatite-coated beads. Strong bonding between bone
and hydroxyapatite was demonstrated by the mor-
phological evidence of the pushed-out samples, which
failed to reveal any debonding failures at the hydroxy-
apatite—bone interface. This finding suggests the exist-
ence of a direct bonding between bone and hydroxy-
apatite as previously reported [24]. Such results were
also found by Cook et al. [12, 13]. In contrast, the arc-
shaped trabeculae formation observed in the uncoated
samples of both groups was the result of a lack of
direct bone apposition on the titanium surface. The
histomorphometric data suggest that the hydroxy-
apatite coating was an effective method to improve
bone formation and ingrowth in the porous prosthesis
to enhance stable biological fixation. A strong correla-
tion between bone ingrowth and push-out interface
strength was observed in the uncoated titanium im-
plants. On the other hand, in the hydroxyapatite-
coated implants, the values of the correlation coeffic-
ients were very low. This fact suggested that hydro-
xyapatite can play a major role in the definition of the
interface strength. These results support the clinical
relevance of the principles involved in the hydro-
xyapatite coating of titanium porous-coated un-
cemented prostheses.
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