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Sintered hydroxyapatite ceramic particles can be applied as a
coating on a titanium substrate using a plasma-spraying
technique. The biological and mechanical properties of
implants with such a coating were studied in the mandible of

a dog. The results indicated that a very strong and direct
bonding between the hydroxyapatite coating and the

D,

mandibular bone developed. The shear strength of the
bone/ceramic interface was higher than the interfacial
strength between ceramic and titanium substrate. From the

radiologic, macroscopic, and microscopic observations it was
concluded that the biological properties of plasma-sprayed

€

coatings of hydroxyapatite are the same as those of sintered
hydroxyapatite ceramic. As a result of mechanical failure of
the coherence of the hydroxyapatite particles at the outer
layer of the coating, free particles of hydroxyapatite were
observed in the surrounding bone tissue. Int J Prosthodont

1990:3:53-58.

D ense “hydroxyapatite” (HA) ceramic has been
tested extensively in animals and clinical
research.’ The biologic properties of implants
made of sintered HA ceramic are excellent. How-
ever, HA ceramic cannot be used in load-bearing
situations because of its poor mechanical properties.
Only recently have reports been published on a
composite implant consisting of a titanium (Ti) sub-
strate coated with a bioactive surface of HA by a
plasma-spraying technique.* Plug implant studies
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were done in femurs of dogs.5® From these studies
it was concluded that a strong bond between HA

and bone formed very rapidly and that close apfao-

sition between bone and HA coating after implan-
tation was not necessary. The physical strength of
implants with plasma-sprayed coatings of HA on Ti,
including the fatigue strength, was far superior to
that of sintered HA alone. Biocompatibility and
biostability appeared the same as those of sintered
HA.

It is felt, however, that data on reactions of the
femurs of dogs cannot be applied directly to man-
dibular bone, because mandibular bone undergoes
a continuous resorption during the postoperative
nonfunctional period while the femur maintains its
function. It is also possible that the healing process
of the edentulous mandible differs from that of the
femur from a histomorphologic point of view,
because the mandible is developed by intramem-
branous bone formation while the femur is derived
by endochondral bone formation. Furthermore,
implantations in fresh extraction sites in the man-
dible differ from implantations in specially prepared
implant sockets in the femur.

The International Journal of Prosthodontics

@D



Denissen et al

This study evaluated the bone response to
implants with plasma-sprayed coatings of HA placed
directly after extraction of teeth in dog mandibles.

Materials and Methods

Implants with Plasma-Sprayed Coatings of
Hydroxyapatite

The principle of the plasma-spraying procedure
has been described by Bunshah’ and more recently
by De Groot et al.* An electric arc is struck between
two electrodes, while a stream of gases passes
through this arc. This results in an ionized gas, called
a plasma. This plasma reaches a temperature of
30,000 °C and approaches the speed of sound.

Sintered HA particles are then suspended in a
carrier gas stream, which is fed into the plasma
flame. Because of the high temperature, the HA
particles explode and form new smaller particles of

Fig 1 The two experimental plasma-sprayed-hydroxyapa-
tite (PS-HA) designs used in this study. The implant on the
left has a grooved surface, while the implant on the right has
a smooth cylindrical design with a rounded apex. The occlusal
surfaces (not visible) are not coated with HA ceramic.

Fig 2 Mandible cross-sectioned at the site where a cylin-
drical implant has been extracted. Bone closely follows the
contour of the implant (arrows). The HA coating is still strongly
attached to the bone (*). A microscopic image of such a HA/
bone interface is shown in Fig 6.
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1 to 5 um. The particles start to melt at the surface
and are then sprayed on the roughened surface of
the titanium core of the implant. The result of the
spraying procedure is a chemical bonding between
the HA particles and the titanium-oxide layer on the
Ti core. The HA coating is applied in successive
layers of 5 to 10 um and has a final thickness of
approximately 50 pm.*

For the evaluation of our experimental results, it
is important to know that the outer layer of the
coating (10 to 15 um) is not as dense as the inner
layer (35 to 40 pm). It is porous to a minor degree
and granular. Other important properties can be
summarized as follows:

1. The HA coating consists of 90% pure HA and
10% calcium phosphates without apatite struc-
ture. This is the same composition as our sin-
tered bulk HA2

2. Fatigue failure of the coating does not occur
even after 10 million loads of 100 to 6,000 N.*

3. Strength and other properties are not adversely
affected by sterilization with ethylene oxide or
gamma irradiation.’

Two different designs of implants were used
(Dyna® Dental Engineering, Bergen op Zoom, The
Netherlands). One type had a straight cylindrical
design. The second was also cylindrical, but had a
grooved surface. The grooves increase the potential
bone/HA contacting area. A total of 16 implants
with plasma-sprayed coatings of HA was placed. Six
implants were cylindrical, while ten implants had a
grooved surface (Fig 1).

Surgical Procedures

Two beagle dogs were used for this investigation.
They were approximately 10 years of age, and
weighed 13 and 15 kg. The animals were caged
under normal laboratory conditions in the Central
Animal Laboratory of the University of Nijmegen,
The Netherlands. Prior to surgery, the animals were
premedicated intramuscularly with 0.5 mg atropine
and 1 mL Thalamonal. Subsequently, the animals
were anesthetized intravenously with 15 mg/kg
Pentothal. After intubation, anesthesia was main-
tained with a mixture of ethane, N,O, and oxygen.
The third and fourth premolars of the mandible
were extracted. The apical parts of the sockets were
reamed using a cylindrical bur with internal cooling.
The bur had a diameter of 3 mm, the same as the
plasma-sprayed-hydroxyapatite (PS-HA) implants.
The operation field was continuously flooded with
physiological saline. The gingiva was mobilized and
sharp bony ridges were removed. Next, the implants
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were placed into the sockets without hammering or
screwing. The tissue was closed with sutures, using
Vicryl 4.0. Six cylindrical and ten grooved implants
were randomly chosen. The animals were kept on
a soft diet for the first week after surgery.

Radiologic Procedures

Standardized extraoral radiographs were pre-
pared using a specially developed animal cephal-
ostat.® For standardized intraoral radiographs, an
individual splint carrying a holder for dental x-ray
film was used. This provided the possibility of a
rapid and reproducible orientation of the film in the
mandibular premolar region.

Morphologic Procedures

After an experimental period of 9 months, the
animals were sacrificed by an overdose of Nem-
butal. Perfusion with physiological saline was fol-
lowed by a 10% buffered formalin solution. Areas
of the mandible carrying the implants were dis-
sected and immersed in 10% buffered formalin
solution for further fixation. Portions of the tissue
blocks were decalcified in 20% formic acid with 5%
sodium citrate. After decalcification, the implants
were removed from the bone, and the tissue blocks
were dehydrated and embedded in paraffin. Serial
sections of 10 pm were cut on a base sledge micro-
tome. The sections were stained with hematoxylin
and eosin. The other tissue blocks were embedded
undecalcified in poly(methyl methacrylate). Sec-
tions of 50 um were prepared and stained according
to the Van Gieson technique. The remnants of the
blocks used for sawing were sputter coated with
gold and studied with a scanning electron micro-
scope.

Results

Gross Observations

The roots of the premolars were very difficult to
remove due to ankylosis. The socket walls were
often damaged because of the removal procedure.
Therefore, the implants initially were very ill-fitting
in the root sockets.

Two of the grooved-surface implants were
removed because there was a dehiscence of the
overlying mucosa. The remaining implants (six cylin-
drical and eight grooved) were retained in situ, cov-
ered with mucosal tissue. Exfoliation during the
observation period of 9 months did not occur, and
the alveolar ridges appeared healthy. After retrieval,
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Fig3 Radiograph made directly after implantation of PS-HA
implants of both designs in the root sockets of the third and
fourth premolar. Radiolucencies are present around the
implants because of the lack of adaptation of the implants to
the extraction sites.

Fig 4 Radiograph of the same implants as in Fig 3. The
radiolucencies have disappeared and the implants are well
tolerated. No bone resorption is apparent; only bone appo-
sition has taken place.

the implants appeared to be fully incorporated in
the mandibular bone. Macroscopically, all implants
were strongly attached to the bone. This bonding
resembled the bonding of HA bulk implants to dog
mandibular bone.’ During the process of cutting the
implant/bone specimens into two halves, it also
appeared that all the implants were very strongly
bonded to the adjacent bone. It was not possible
to remove the implants with the HA layer intact.
Extraction of the implants always resulted in detach-
ment of the HA coating from the Ti core. The inter-
face between HA and bone, however, remained
intact (Fig 2). These gross observations warrant the
conclusion that the HA coating was intimately and

strongly bonded to the mandibular bone. @

Radiographic Results

From the radiographs made directly after implan-
tation, it could be deduced that large radiolucencies
were present around the implants (Fig 3). Follow-
up radiographs showed that mandibular bone was
deposited in very close proximity to the implant
surfaces and that the radiolucencies disappeared
completely (Fig 4). In this respect, it seems that no
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substantial changes occurred up to 9 months after
implantation, ie, at the time of sacrifice of the ani-
mals. Depending on the initial height of the implant
with regard to the crest of the alveolar ridge, the
implants appeared on the radiographs to be com-
pletely, partially, or not at all covered by bone.

Microscopic Findings

The tissues adjacent to both types of implants
showed identical characteristics. In the experimen-
tal period, bone was deposited in the extraction
socket. Large surface areas of the HA coating were
in close contact with the bone. The bone was of
the lamellar type and it was mostly laid down as
secondary osteons, although deposits directly
against HA surfaces were also observed (Figs 5 and
6). In those areas where no connection between
HA and bone was established, fatty bone marrow
was found. No signs of inflammation were
observed. At the apical aspect of the implant there
was no bone or only a very thin layer of lamellar
bone deposited. Most often the apex protruded
freely into the fatty bone marrow (Fig 7). There was
no bone deposition occlusal to the implants, and
the implants were covered with a fibrous capsule
(Fig 8). The outermost layer of the HA coating

Mandibular Bone Response to HA Plasma-Sprayed Coatings

appeared to be unstable under the experimental
circumstances. Clusters of globular HA particles
were found in the fatty bone marrow. Usually such
a cluster was in the vicinity of a nucleus, suggesting
that the particles might have been ingested by mac-
rophages. However, because of the masking effect
of the HA particles, it is not possible to decide
whether indeed they are located intracellularly (Fig
9). In several areas, free HA particles were also
located at bone surfaces and incorporated within
the bone matrix. Detachment of the HA coating
from the Ti core, but a bonding between the coating
and mandibular bone, was observed with the scan-
ning electron microscope (Fig 10).

Discussion

The most remarkable radiologic and microscopic
finding was that the HA-coated implants originally
placed in large extraction defects in the mandible
were completely surrounded by newly formed bone
and could not be extracted without fracturing the
HA coating from the Ti substrate. Although the reli-
ability of extraction tests is questionable, these tests
nevertheless gave an indication of the strength of
the bond between the mandibular bone and HA
coating. Since after extraction tests the HA coating

Fig 7 Technique as in Fig 5. In areas

Fig 5 Undecalcified section of meth-
acrylate-embedded mandibular bone
(A) adjacent to a cylindrical implant (B)
that has been in situ for 9 months. A
very tight connection between the
lamellar bone and the HA coating is
found. Clusters of HA particles are pres-
ent in the bone marrow (arrows).
(Sawed section, Van Gieson stain, orig-
inal magnification X 200.)
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Fig 6 Decalcified paraffin section after
removal of the implant. Remnants of the
HA coating (arrows) that have survived
the decalcification remain attached to
the bony surface. (H&E stain, original
magnification X 500.)
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where no bone is in direct contact with
the implant, fatty bone marrow is found.
Clusters of the HA particles (arrows) are
found within the marrow. (Original mag-
nification X 200.)
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appeared to be detached from the Ti rather than

from the bone, it can be concluded that the union

between the coating and the bone is higher than
that between the HA coating and the Ti substrate.

This is in agreement with the results of studies on

plasma-sprayed coatings in dog femoral bone. In

fresh samples of dog femur, the shear strength of
the HA/bone interface appeared to be 30 MPa.5¢

The shear strength of the HA/Ti interface was only

approximately 22 MPa, while the shear strength of

the cortical bone itself was 45 MPa.#%19 These data
render it feasible to conclude that it is the interface
between the coating and Ti substrate that fails first.

The observation, using scanning electron micros-
copy, of large areas with a discontinuity between
the HA coating and Ti core of the implant is further
evidence of the strong bonding between HA and
bone. It is well known that histologic procedures,
and especially dehydration, induce shrinkage of bio-
logic structures. Because no shrinkage will take
place in the implant material, forces might be gen-
erated at the border between the implant and tissue.

If those forces are large enough, fracturing can

occur. It then appears that the attachment between

bone and HA is stronger than the attachment
between HA and Ti. The reason for the strong bond-
ing of the coating to the cortical bone must also be
attributed to factors such as old age and the degree
of difficulty of the extractions (in fragments) in these
particular dogs, which indicated some measure of
ankylosis of the natural tooth roots. Such an envi-
ronment is favorable for implant success. In other
words, the quality of the bone is very important.
Research with smooth Ti implants has indicated
that uncoated Ti surfaces have no bonding prop-
erties.' The highest shear strength value ever found
was only 0.6 MPa. Although bone is deposited very
closely to the bioinert Ti surface, it is not chemically
bonded.” Therefore, the retention of a Ti implant
must be achieved through mechanical retention, by
using an undercut surface such as a screw or blade
shape. By coating Ti with HA ceramic, a dental
implant with a 50-times-higher shear strength to
mandibular bone can be obtained. Porous Ti/bone
interfaces can achieve a shear strength of approxi-
mately 20 MPa. This value comes closer to that of

HA coating and is practically equal to the shear

strength of the HA coating/Ti interface. Plasma-

sprayed coatings, however, have the following
advantages:

1.  Contrary to other implant systems, a good fit
of the HA-coated implant in the implant socket
is not necessary. This is considered a great
advantage over other implant systems, which
are dependent on mechanical retention by

Volume 3, Number 1, 1990

57

Denissen et al

Fig 8 Technique as in Fig 5. The occlusal surface of the
implants, which was not coated with HA, is covered with a
fibrous connective tissue capsule (arrows). (Original magni-
fication X 200.)

Fig9 Technique as in Fig 6. Clusters of HA particles (arrows)
are related to nuclei, indicating a possible ingestion of the
particles by macrophages. (Original magnification X 500.)

Fig 10 Scanning electron micrograph of the interface
between the Ti core of the implant (A), the HA coating (B),
and the bone (C). As a result of histologic processing pro-
cedures, a large crack is found between the Ti core and the
HA coating. The interface between the HA coating and bone
is almost intact. Smaller cracks are also observed in the HA
coating itself. (Original magnification X 1,250.)
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osseointegration. These later systems need a
very precise initial fitting of the screw-shaped
implant surfaces to the mandibular bone, with-
out which they fall. The HA-coated systems do
not require a complicated procedure and
expensive-precision instruments to obtain this
fitting, because in a prepared cylindrical socket,
mandibular bone grows directly up to the coat-
ing regardless of whether the implant has a
straight cylindrical or grooved surface.

2. The HA coating results in a more rapid bonding

to_the bone than uncoated surfaces. Three
months after implantation, the bonding
strength has already attained its maximum
value.’ :

The authors have not studied the thickness of the
HA coating after the sacrifice of the animals. Dis-
appearance of part of the coating because of
mechanical failure of the coherence of the HA par-
ticles has not been reported by Cook et al.’* Other
researchers concluded that after 2 years the coating
of dog femur implants was still in place, but they
did not exclude the possibility that some of the coat-
ing was lost.® The results of this investigation show
that free particles of HA are present in the fatty bone
marrow. Furthermore, it appears that those loose
particles can be ingested by macrophages. Mechan-
ical failure of the coating might be a continuous
process that will affect the entire coating in time,
but it is also quite possible that this process is
restricted to the more porous outer layer (10 to 15
um) of the coating. The attachment of the bone to
the coating appears not to be dependent on the
surface structure of the coating. This implies that,
after loss of the outer layer of the coating, bonding
between the bone and the more compact inner
layer of the coating can be established.

Our animal experiments are comparable to the
first phase of the so called two-phase implantation
procedure in patients, because the implants also
remain under the mucosa during the healing phase.
However, the healing phase in patients is less com-
plicated, because the implants are placed in spe-
cially prepared implant sockets instead of extraction
cavities as in our animal experiments.

Conclusions

From these experiments it can be concluded that
plasma-sprayed coatings of HA ceramic become
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strongly bonded to mandibular bone. This occurs
even when they are implanted in fresh extraction
sites. No adverse biologic effects of the implants
were observed. It is possible that the thickness of
the coating has diminished because of loss of par-
ticles from the surface. We can only conclude that
the coating was still there after the sacrifice of the
animals. However, animal research of a longer dura-
tion is necessary to evaluate the stability of the HA
coating in mandibular bone. In the event of loss of
the HA coating, which is only 50 pm thick, this
would result in direct contact between the Ti core
and bone, negating all advantages.
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