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Abstract: The aim of this study was to examine the wound healing process and
tissue development around a new type of artificial root made of dense hydroxya-
patite. The newly tailored artificial roots, which have characteristic corrugated
configurations with smooth root surfaces, were implanted immediately after ex-
traction of the premolars of adult dogs. After preliminary experiments, the follow-
ing studies were carried out: for the observation of tissue formation around the
artificial root, artificial root with surrounding tissue were extirpated after fixed per-
iods (6—32 weeks) of implantation; to study tissue formation at the artificial root
surface, undecalcified specimens with polished surfaces for microanalysis and dec-
alcified specimens for light microscopic observation were prepared after 72 weeks
of implantation. The following results were obtained: around the artificial roots in
the jawbone, fibrous tissue formation with angled orientation, bone formation re-
sembling alveolar bone proper, and calcified substance formation attaching to the

root surface were observed.

INTRODUCTION

Various kinds of dental implants made of newly
developed materials, i.e. titanium, alumina, ‘Bio-
glass’, and hydroxyapatite, which have excellent
biocompatibility, have been used clinically.l'6

At present, optimal healing around dental
implants is considered to be direct, intimate con-
tact with bone tissue, called osseointegration.> On
the other hand, for ideal substitution of a tooth,
development of a dental implant (artificial root)
with functional peri-implantium has been tried.’
Recently, some researchers have finally begun to
invent artificial roots with functional, supportive,
collagenous peri-implantium.”® It has been
reported that even bioinert single crystal alumina
has excellent bioadhesiveness with bone marrow
and epithelial cells." Therefore, it is thought that
by the use of bioactive ceramic, artificial roots hav-
ing peri-implantium with functional collagenous
fibres can be developed.®

A new type of artificial root made of hydroxyapa-
tite has been devised which has quite a different
joint system to the jawbone from the conventional
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dental implant. The artificial roots were clinically
applied and good results were obtained during a
S5-year follow-up.” By preliminary experiments,
root-supporting tissues resembling those of the nat-
ural tooth were observed.

In this paper, the author describes investigation
of the jointing modality of hydroxyapatite roots
to the jawbone through observation by light micro-
scopy and microanalyser. To observe tissue devel-
opment around the artificial root in jawbone, a
short-term experiment was carried out. For the
study of calcified material attachment to the artifi-
cial root surface, a long-term experiment with adult
dogs was also carried out. It was assumed that
mesenchymal cells around the artificial root could
develop various kind of cells with facility to induce
fibrous tissue, bone tissue and calcified substance
resembling the cementum.

MATERIALS AND METHODS

New types of artificial roots (4mm in diameter)
made of sintered dense hydroxyapatite, with
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Fig. 1. Bone formation around artificial root 1 month after im-

plantation (undecalcified specimens, toluidine blue staining).

Fracture of the artificial root is an artifact during the prepara-

tion of specimen. ABP — alveolar bone proper; AR —- artifi-

cial root; FT —- fibrous tissue; BV —- blood vessel; PL. —-
periodontal ligament.

smooth root surfaces and characteristic conical
and corrugated configurations, were fabricated by
Asahi Optical Co. Ltd, Tokyo, Japan. The proper-
ties of sintered hydroxyapatite ceramics are as
follows:

Molecular formula: Ca;,(PO,)¢(OH),
Melting point: 1650 °C

Sintered temperature: 1050 °C
Theoretical density: 3-16 g/cm’
Relative density: 99-2%

Bend strength: 220 MPa

Compressive strength: 500 MPa
Vickers hardness: 6-:0 GPa

Eight adult male dogs were used in this experiment.
Artificial roots were implanted at the time of extrac-
tion of the lower premolars in the dogs. The roots of
the premolars were far shorter and thinner than the
artificial roots to be used; therefore, the post-extrac-
tion fossa was enlarged using a 4-mm-diameter
burr, corresponding to the artificial root shape. To
observe newly developing peri-artificial root tissue

Fig. 2. Area around artificial root 8 weeks after implantation.
No inflammatory findings were observed. Good formation of
bone resembling alveolar bone proper is observed with fibrous
connective tissue of constant width between bone and artificial
root (decalcified specimens, HE staining, original magnifica-
tion x20). BM — bone marrow; ABP —- alveolar bone prop-
er; FT — fibrous tissue. The inset area is shown magnified in
Fig. 5.

formation, the original root-supporting tissue,
including the periodontal ligament and alveolar
bone proper, was removed completely by enlarging
the fossa to the size of the artificial root. These pro-
cedures were carried out in a way similar to corre-
sponding human clinical application procedures.
Therefore, in a case of adapting an artificial root
to larger socket formation, apatite granules (Asahi
Optical Co.), 100 um in size, were applied to the
area around the artificial root in order to obtain
fixation after operation. Artificial roots were
implanted with primary stability in the mandible
of dogs. The animals were placed on a soft diet
for 2 weeks following implantation for post-opera-
tive rest and thereafter were maintained on a solid
diet for masticatory function of the artificial root.

For preliminary studies, light microscopic obser-
vation of undecalcified specimens 6 weeks after
implantation and SEM observation on artificial
root surface tissue 24 weeks after implantation
were carried out. Light microscopy revealed
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Fig. 3. Peri-artificial root tissue 8 wecks after implantation
(decalcified specimens, Masson trichrome staining, original
magnification x40). The inset is shown magnified in Fig. 4.
FT —- fibrous tissue; BM — bone marrow; BV — blood vessel.

formation of fibrous tissue and bone formation
around the root, while SEM revealed calcified tis-
sue attaching to the artificial root surface. To ascer-
tain these findings, more precise experimental
studies on peri-root tissue formation were carried
out. To observe tissue formation, artificial roots
with surrounding tissue were extirpated, and decal-
cified specimens were made after fixed periods (8,
12, 16, and 32 weeks).

To observe calcified tissue formation, the
author carried out a long-term experiment.
The artificial roots with surrounding tissues were
recovered after 31 weeks and 72 weeks of implant-
ation. Undecalcified specimens with polished
surfaces for microanalysis by Kevex 8000 and decal-
cified specimens for light microscopic observation
were prepared.

The samples were fixed in 20% formalin and were
embedded for undecalcified sections in unsaturated
polyester resin (Showa Kobunshi Kaisha, Tokyo,
Japan) after dehydration. The embedded speci-
mens were thinly sliced with a crystal cutter (BS-
3000, Maruto Co., Tokyo, Japan). For decalcified

Fig. 4. Peri-artificial root tissue 8 weeks after implantation

(decalcified specimens, Masson trichrome staining, original

magnification x100). Fibrous tissue is present between the

bone and artificial root via a thin fibrous layer (arrow) running

parallel to the artificial root. PFT —- parallel fibrous tissue; FT

— fibrous tissue; BV —- blood vessel; ABP — alveolar bone
proper; BM —- bone marrow.

specimens, the sections were fixed in 20% forma-
lin, decalcified with diluted hydrochloric acid and
formic acid, and embedded in paraffin. Tissue sec-
tions 7 um in thickness were prepared and stained
with hematoxylin and eosin, toluidine blue, and
Masson trichrome stain, and then observed histo-
pathologically.

The specimens for microanalysis with polished
surfaces of undecalcified sections were vaporised
with carbon after fixation and dehydration. Then
they were analysed by Kevex 8000.

RESULTS

From the preliminary experiment, a peri-implant
space of constant width and alveolar bone proper
with fibrous tissue, rich in blood vessels, were
observed in an undecalcified specimen 6 weeks
after implantation (Fig. 1). By SEM of a 24-week-
post-operative specimen, the tissue attaching to
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Fig. 5. Peri-artificial root tissue 12 weeks after implantation
(decalcified specimens, Masson trichrome staining, original
magnification x200). The thin fibrous layer parallei to the arti-
ficial Toot became more compact with time. HAG — - sintered
hydroxyapatite granules used in implantation; AB — alveolar
bone; DCT —- dense compact tissue; FT —- fibrous tissue.

the artificial root surface was observed, which was
detected as a calcified substance by Fourier-trans-
mitted IR (FTIR) analysis.

From the short-term experiments, the following
results were obtained: from 6-week-post-operative
specimens, clear epithelial attachment (EA) with
functionally orientated fibrous tissue (FT-arrow)
was observed without any evidence of inflamma-
tion. From 8-week-post-operative specimens, the
peri-implant space was filled with thin, parallel,
fibrous layers and the perpendicular fibres attach-
ing to both artificial root and alveolar bone proper
were observed (Figs 2-4). From 12-week-post-
operative specimens, it was observed that parallel
fibrous tissue had turned into dense, compact tissue
with angled functional fibrous tissue (Fig. 5). The
compact tissue observed at the surface of the artifi-
cial root had become denser with functional orien-
tation in 16-week-post-operative specimens (Fig.
6). From 32-week-post-operative specimens, it was
observed that the dense compact layer attaching
to the root surface had turned into dense laminated

f |

Fig. 6. Peri-artificial root tissue 16 wecks after implantation

(decalcified specimens, HE staining, original magnification

x200). DCT — dense compact tissue; HAG — hydroxyapa-
tite granules; FT —- fibrous tissue.

tissue with embedded functional fibrous tissue
(Fig. 7).

From the long-term experiments (72 weeks after
implantation), the following results were obtained:
in an undecalcified specimen, calcified substance
(CS) with cellular components was observed attach-
ing to the artificial root surface with functionally
orientated fibrous tissue (FT) (Fig. 8). At an earlier
stage (31 weeks after implantation), the surface of
the artificial root was found to have become porous
(seen by SEM observation of an undecalcified
polished specimen with a microanalyzer Kevex
8000 (Fig. 9)). At a later stage (72 weeks after
implantation), observation of the undecalcified
polished surface by SEM with a microanalyser
Kevex 8000 also revealed a calcified substance with
cellular components attaching to the hydroxy-
apatite artificial root surface (Fig. 10). The inter-
face between the artificial root and calcified tissue
was found to be porous (Figs 9-10). Energy-disper-
sive-X-ray maps also revealed a substance rich in
calcium and phosphate at the interface between
the artificial root and surrounding fibrous or oss-
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Fig. 7. Peri-artificial root tissue 32 wecks after implantation
(decalcified specimens, Masson trichrome staining, original
magnification x200). Dense tissue attached to artificial root
surface is lominated. DLT — dense laminated tissue; FT —
fibrous tissue; HAG —- hydroxyapatite granules.

eous tissues. The interface substance was analysed
as calcified tissue denser than bone but less dense
than the hydroxyapatite artificial root (Fig. 11).
From these experiments, the following results
were obtained: around the new type hydroxyapa-

: * ,
Fig. 8. Peri-artificial root tissue 72 weeks after implantation
(decalcified specimen, MT staining, original magnification
x200). Dense laminated tissue assumed to become calcified
with angled fibers. CA — calcified substance; FT — fibrous

tissue.

Fig. 9. The surface of artificial root was found to have become
porous {arrows) 31 weeks after implantation, as observed by
SEM in undecalcified polished specimen. FT —- fibrous tissue.

tite artificial root a peri-implant space with fibrous
tissue resembling periodontal space, calcified sub-
stance resembling the cementum, and bone forma-
tion resembling the alveolar bone proper were
observed. The orientation of fibrous tissue attach-
ing to the artificial root surface was different at
the site of the root configuration. Figure 12 is a
scheme of the orientation of fibrous tissue around
the artificial root observed in this experiment. The
thin fibrous layer attaching parallel to the root sur-
face was found by FTIR and microanalyser to be
calcified after long-term function.

DISCUSSION

Presently, many fine ceramics with good biocom-
patibility are increasingly being put to practical
use.! 7610-12 Noting their cellular attachment, the
author tried to devise an artificial root made of
dense hydroxyapatite with a smooth surface which
could attach to fibrous connective tissue without
producing osseous adhesion. In this experiment,
good periodontal space formation and peri-root
tissue formation, i.e. alveolar bone proper with
functionally orientating fibrous tissue, was
observed (Figs 1--5). '

From the morphology of the tissue adjacent to a
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Fig. 10. Cellular calcification is observed by SEM on interface
area between artificial root and surrounding tissue of undecal-
cified polished specimen 72 weeks after implantation. Calcified
tissue attaching to root surface with cellular lumens resembles
cementum. Surface of artificial root was porous (arrows). CS
— calcified substance; FT — fibrous tissue; CL — cellular
lumen; AR —- artificial root; CT —- calcified tissue.

natural tooth or dental implant, the new type of
hydroxyapatite artificial root resembles scheme (c)
in Fig. 13, the second type of successful condi-
tion.'® Osseous adhesion or osteointegration type

implants are relevant to Fig. 13(e), which is not nor-
mal, according to Williams.'°

The author has applied the new type of hydroxya-
patite artificial roots clinically with favourable
results, and reported on this already at the Third
International Congress of Implantology and Bio-
materials in Stomatology® (Osaka, 1988), the Fifth
Biennial Congress of the International Association
of Oral Pathologists (Tokyo, 1990), the Third and
Fourth International Symposiums on Ceramics in
Medicine”'3 (Terre Haute, 1990, London, 1991),
and the First International Symposium on Apatite
(Mishima, 1991). In clinical application, the long-
est follow-up duration was 61 months. The lamina
dura formation with functionally orientated trabe-
culae could be observed by radiography. These
radiographic findings indicated favourable bone
remodelling around artificial roots under sufficient
masticatory function.

The shape of mammalian dental crown and roots
varies according to their site in the jaws. It is also
known that the shape of the crown and root varies
according to the nature of the species’ specific nat-
ural diet. This fact indicates that teeth have anato-
mical configurations related to their function. It
also suggests that teeth possess some mechanism
which disperses the multidirectional forces evoked
by mastication. Considering these points, research-
ers have to investigate such a mechanical organ as
the dental root from combined aspects of morphol-
ogy (shape effect), material component (material
effect), and functional force applied (functional
effect)." From this point of view, the author
together with a co-researcher analysed numerically
the shape effect of the new type artificial root with
the aid of the finite element method on the function-
ing jawbone, comparing the results of analyses with
conic, cylindrical, and undurated conic shape roots.
The results were reported at the First World Con-
gress of Biomechanics!® (San Diego, 1990). The
author compared the findings of specimens made
from animal experiments with the results of finite
element analyses (FEA), and the following results
were obtained: the pattern of osteogenesis in the
specimen was thought to have a close correlation
to the moderate stress distribution pattern and to
coincide with the principal stress trajectory in the
FEA analyses; bone formation according to the
principal stress trajectory of functioning bone is
relevant to Wolff’s Law;'%"2! lamina dura forma-
tion with functionally orientated trabeculae was
also observed by X-ray tomograph in clinically
applied cases. This orientation of the trabeculae
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Fig. 11. Analysis patterns by microanalyser showing bone, attaching calcified substance, and sintered dense hydroxyapatite of arti-
ficial root. Attaching substance rich in calcium and phosphate, resembling cementum, was analysed as calcified tissue denser than
bone but less dense than sintered hydroxyapatite artificial root.

was thought to coincide with the results of FEA.
From this FEA study, it is suggested that the shape
of the new type artificial root is very suitable biome-
chanically to form bone tissue resembling alveolar
bone proper with the aid of attached fibrous con-
nective tissue around it. The fibrous connective tis-
sue is assumed to play an essential role in forming
alveolar bone proper with functionally orientated
trabeculae.

In the current experiment, thin parallel fibrous
tissue was found in all decalcified specimens in an
early post-operative stage (Fig. 4). The parallel
fibrous tissue turned into laminated dense layers
with time (Figs 5-7), then finally turned into cellu-
lar calcification resembling cementum (Figs 8 and
10). In an early post-operative stage, faint angled
fibres and thin parallel fibres attached to the root
surface were observed (Fig. 4). Comparing the

results of FEA and these histological findings on
peri-root fibrous tissue, it is considered that the
orientation of collagen fibre has a close correlation
to principal stress trajectories. A parallel thin
fibrous layer is assumed to form by parallel princi-
pal stress trajectories evoked by the functional
occlusal force, which is then calcified after long-
term function (Figs 8 and 10).

There are essential differences in function
between ankylosis and gomphosis in the tooth joint
system. Mastication evokes multiple stresses to the
tooth. Teeth with mastication function in higher
animals require ligamentous joint to the jawbone.
On the contrary, the prehensile tooth of reptiles,
which has no mastication, is fixed to the jawbone
by ankylosis. In this experiment, dogs with artifi-
cial roots were placed on a solid diet to give multi-
ple stress against the roots, after 2 weeks rest with
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Fig. 12. Scheme of observed specimen, indicating epithelial at-

tachment, formation of alveolar bone proper, and orientation

of fibrous tissue attached to artificial root. EA — epithelial at-

tachment; AFT —- angled fibrous tissue; PFT — parallel fi-

brous tissue; AFPT — angled fibers with parallel tissue; ABP
—- alveolar bone proper.

a soft diet. If the dogs were placed on a soft diet
long-term, the implanted artificial root would
develop an ankylotic healing.

The author also studied the material effect with
the same shape artificial roots made of sintered
hydroxyapatite, yttric-stabilised zirconium oxide,
and pure titanium using adult dogs.'*?*> From these
experiments, fibrous tissue attachment and osteo-
genesis similar to the alveolar bone proper (lamina
dura) were observed in all artificial roots regardless
of the materials used. However, among the materi-
als observed, hydroxyapatite was unique in that cal-
cified materials resembling cementum were
observed by microanalyser and FTIR analyses.14
From these . investigations, the morphology is
thought to be the most important factor for artifi-
cial roots to have surrounding root supportive
bone and fibrous tissue. However, the composition
is also important to induce calcified substance
resembling cementum.'*

It is reported that periodontal ligament and
cementum can only be derived from natural tooth-
supporting tissues.” However, it is also known that
mesenchymal cells can differentiate to osteoblasts,
fibroblasts, periosteum, etc.

Through the experiments described in this paper,
there are the following conclusions: (i) By the com-
bined application of three factors to the artificial
root, i.e. bioactive materials, proper morphology,
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Fig. 13. Scheme of tissue adjacent to natural and dental implants;' (a) natural tooth, (b) endosseous implants, with fibrous capsule
with fibres parallel to implant, (c) fibres of peri-implant capsule orientated as in periodontal membrane, (d) epithelialisation of
endosseous dental implant, and (e) adaptation of bone to dental implant.
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and a physiological functioning movement by solid
diet mastication, a structure resembling periodontal
membrane with cementum-like calcified substance
and alveolar bone proper can be formed around
the artificial root; (i1) Newly tailored artificial roots
can function properly; the cortical bone of the jaw
and alveolar bone around the artificial roots are
assumed to have been sufficiently remodelled with
physiological turn-over in long-term function by
the root-supporting structures observed in this
study.
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