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the cell number might be reflected by emphasized BrdU
incorporation on the HA at day 2 (68% higher than on the
Ti surface). These current results indicated that the sput-
tered HA surface could significantly enhance the bone
marrow stromal cells compared with Ti surface. Since the
surface of the sputtered HA and the titanium was manu-
factured with similar roughness, the enhanced proliferation
on the HA may have been due to the difference in the
chemical composition of the coating.

ALP expression is associated with osteoblastic differ-
entiation and the level of ALP activity indicates the stage
of osteoblastic differentiation. In the present study, the
ALP activity was significantly elevated on the sputtered
HA surface than on the Ti surface from day 7. This is in
line with the previous study that hydrothermally treated
sputtered HA film could promote the ALP activity of
MC3T3-El osteoblast-like cells after 96 h culture [11].

The significantly increased gene expression levels of col-

lagen I, runx2, osteocalcin and ALP on the sputtered HA
surface further supported the results. Furthermore, the
mineralized nodule deposition on HA was 1.8 times as
extensive as that on Ti (P < 0.05), indicating that
the sputtered HA surface provided a favorable surface for

bone marrow cell adhesion, proliferation and osteoblast
differentiation.

Osteoclast is the principal cell responsible for the
resorption of bone during bone remodeling. The organi-
zation of the actin cytoskeleton plays an important role in

the resorption function of osteoclasts. Depending on the

substratum upon which the osteoclasts spread, actin pre-
sents flat podosomes or sealing zone. It has been reported
that when osteoclasts adhere on plastic or glass, podosomes
are arranged at the osteoclast periphery as a characteristic
belt. If adhering to a mineralized matrix, osteoclasts
polarize and exhibit a typical sealing zone which delineates
the ruffled border, a site of active membrane traffic and
transport, where protons and proteases are secreted in order
to dissolve minerals by acidification and degrade extra-
cellular matrix proteins. A large surface area (>3,000 pm?)
corresponded to spreading of non-resorbing osteoclasts
without sealing zone. In contrast, cell surfaces between
1,700 and 2,000 pm? corresponded to actively resorbing
osteoclasts exhibiting a sealing zone [18]. In the present
study, the osteoclasts on the HA surface always showed
smaller size compared with those on the Ti and the poly-

'styrene culture wells, but close to that on the dentine. The
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Fig. 4 Osteoclast formation
and cytoskeletal arrangement.
Micrographs show osteoclastic
differentiation on HA (a, b),
dentine (c, d), Ti (e, f) and
control polystyrene culture
wells (g, h) at co-culture day 5.
Cells were stained with DAPI
for nuclei (blue) and phalloidin
for actin filaments (green) (a, c,
e, g) and with TRAP (b, d, f, h).
Sealing zones, represented by
actin rings were indicated by
arrows, and prodosome belts
were indicated by arrow heads

HA

Dentine

Control

typical podosome belt structure represented as actin dots
was found at the periphery of the osteoclast on the Ti and
the polystyrene culture wells. However, on both the HA
coating and dentine surfaces, a much denser but smaller
actin ring structure-sealing zone was shown. These results
were also consistent with the previous finding that the size
of each actin dot within the sealing zone on a mineralized
matrix is four times larger than that on plastic or glass
surface [18]. From these results it could be suggested that
osteoclast formed on the sputtered HA surface could apico-
basal polarize, and exhibit a typical sealing zone, inside of
which the active resorption takes place. The osteoclasts
formed on the sputtered HA surface could have a similar
morphology and behavior to those on the dentine. And the
element distribution of the HA coating was further ana-
lyzed by EDS mapping, confirming that 32.3 = 3.5% of

@ Springer
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the sputtered HA coating area degradation was mediated by
osteoclastic resorption.

During the differentiation of the progenitor cells to
osteoclasts, a series of osteoclast markers were analyzed.
TRAP is highly expressed in osteoclasts, and the secretion
of TRAP by osteoclasts represents the rate of resorptive
activity [19]. CTR is regarded as the best late-stage dif-
ferentiation marker for osteoclasts, which distinguishes
them from macrophage polykaryons [20]. During osteo-
clastic resorption, hard tissues are demineralized by
v-ATPase [21] and collagens are subsequently degraded by
cathepsin K [22] and MMP-9 [23]. In the present study,
TRAP and CTR were expressed at significantly higher
levels on HA than on Ti at day 7. v-ATPase expression
level was increased on HA at day 5. However, no differ-
ences could be observed in terms of Cathepsin K and
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chewing complaint without replacement of edentulous
space, and this may have contributed to the significantly
greater percentage of subjects in this group with
untreated SDA longer than 1 year.

Asymmetric arch was a significant factor for the
perception of chewing complaint as well as for
prosthetic restoration (P < 0:01). This suggests that
impairment of chewing ability owing to asymmetry of
the arch could lead to prosthetic restoration. Kéyser
reported (1) that subjects started complaining about
chewing function when the number of remaining OU
became <4 in a symmetrical arch or <6 in asymmetric
arch. This indicates that the shorter side of an asym-
metric SDA has more negative impact on perceived
chewing ability than symmetrical SDA. The results of
our study confirm this finding. In our study, subjects
with synnﬁetrical SDA did not have a preferred chew-
ing side, while 63% of subjects with asymmetric SDA
preferred to chew on the longer side. Unilateral chew-
ing owing to-asymmetry of the arch may be responsible
for chewing complaint.

The mean age of the IFPD group was significantly
lower than those for no-treatment group and RPD
group (P < 0-05), and percentage of male subjects in
IFPD group was significantly greater than in RPD group
and no-treatment group (P = 0-044). These suggest that
age and gender were associated with the choice of RPD
or IFPD. The Japanese national health insurance system
covers most of the cost for treatment with acrylic resin-
based RPD, but not for IFPD. Patients in ,Japan) can
receive acrylic resin-based RPD treatment at a much
reduced fee compared to the IFPD. Thus, the large
difference in treatment cost between PRD and IFPD
possibly confounded the age and gender effect. Younger
male SDA patients may have higher income, and they
spend their own money to IFPD treatment, while
elderly female SDA patients prefer RPD treatment
because of lower income. Several epidemiological
studies have shown that socio-economic status defined
as an economic and sociological combined total mea-
sure of a person’s work experience and of an individ-
ual’s or family’s economic and social position relative to
others, based on income, education and occupation,
was closely associated with frequencies and type of
prosthetic restorations in European countries (27). The
aforementioned factors may have influenced the deci-
sion-making for prosthetic treatment with RPD or IFPD
in the present study. It is necessary to carry out further
studies with multivariate analysis to clarify whether

© 2010 Blackwell Publishing Ltd

treatment cost and socio-economic status of patients are
associated with the choice of prosthetic treatment with
RPD or IFPD.

In this study, the allocation of options, no treatment
or treatment with RPD or IFPD, was not randomised
but primarily patients’ preference. Therefore, homoge-
neity of characteristics among groups could not be
assumed. In fact, significant differences between groups
were found in mean age and number of missing OU,
distribution in gender, and duration of SDA without
replacement. These factors possibly act as confounding

- factors in comparisons of the measures between groups,

and thus, they should be controlled statistically when

" comparing outcome measures between groups. The

subjects were recruited from university-based dental
hospitals. About 40% of subjects did not seek prosthetic
treatment in their edentulous space. It is not known
whether this percentage is applicable to those in SDA
patients who visit private dental offices.
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Table 6. Factors related to pros-

Predictors B s.e. Wald P Odds ratio 95% CI . . .

thetic restoration in total sub]ects
Gender” -0724 0515 1-98 0-160 0-485 0-177-1-329 (n = 145). No treatment was coded as
Age -0-045 0021 4-39 0-036 0956 0-917-0997 0 and prosthetic treatment was coded
Number of missing OU 0794 0159 2507  <0-001 2212 1621-3-:019  as I for an outcome variable
Chewing complaint® 1-224 0465 692 0-:009 - 3399 1-366-8459 '
Symmetry* 2732 0758 - 1298  <0-001 15-362 3476-67-898
Constant -3-148 1613 381 0051 0-043

B, partial regression coefficient; s.e., standard error; CI, confidence interval.

“Gender: 0, male; 1, female.
*Chewing complaint: 0, absence; 1, presence.

*Symmetry: 0, missing OU on right side is equal to left side (symmetrical SDA); 1, missing OU on

right side is not equal to left side (asymmetric SDA).

Table 7. Factors related to pros-

Predictors B s.e. Wald P Odds ratio 95% CI A L.

thetic restoration in SDA type II
Gender” -0-344 0694 0245 0620 0-709 0-182-2762 subjects (n = 62). No treatment was
Age ~0:035 0026 17765 0184 0966 0-917-1:017  coded as 0 and prosthetic treatment
Number of missing OU 0-141 0329 0183 0668 1-151 0:604-2-193 was coded as 1 for an outcome
Chewing complaint? 1332 0581 5261 0022 3791 1-214-11-836  variable
Symmetry* 0614 11188 0267 0605 1:848 0-180-18-960
Constant 0-946 2:603 0132 0716 2:576

B, partial regression coefficient; s.e., standard error; CI, confidence interval.

"Gender: 0, male; 1, female.
tChewing complaint: 0, absence; 1, presence.

*Symmetry: 0, missing OU on right side is equal to left side (symmetrical SDA); 1, missing OU on

right side is not equal to left side (asymmetric SDA).

Table 8. Factors related to chewing

Predictors ‘ B s.e. Wald P Qdds ratio 95% CI L. .

complaint in total subjects (1 = 145).
Gender” 0478 0416 1320 0251 1613 0-714-3:646 As an outcome, absence of chewing
Age 0007 0017 0166 0684 1:007 0:973-1-042  complaint was coded as 0 and pres-
Number of missing OU 0258 - 0084 9414 0002 1295 1-098-1-527  ence of chewing complaint was
Symmetryt 1477 0517 8177 0004 4380 1-591-12:055 coded as 1
Constant ~3-403 1327 6573 0010 0033

B, partial regression coefficient; s.e., standard error; CI, confidence interval. -

“Gender: 0, male; 1, female.

TSymmetry: 0, missing OU on right side is equal to left side (symmetrical SDA); 1, missing OU on

right side is not equal to left side (asymmetric SDA).

loss of an occluding pair of first molars is a key factor for

-choosing prosthetic restoration in SDA patients.

The regression analyses for SDA type I subjects alone,
as well as in total subjects, found that the perception of
chewing complaint was a significant factor for choosing
prosthetic treatment (P < 0-05). In addition, increase in
missing OU was a significant factor for the presence of
chewing complaint (P = 0:002). Posterior teeth play an

important role in comminuting food bolus and mixing
with saliva (26). Therefore, impairment of chewing
ability owing to missing occluding pairs of posterior
teeth is considered to lead to prosthetic restoration. A
significantly lower percentage of subjects in no-treat-
ment group complained about chewing ability
compared to RPD or IFPD group (P < 0-:001). Most of
the subjects in the no-treatment group (73%) had no

© 2010 Blackwell Publishing Ltd
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Table 4. Characteristics of the
subjects at baseline (1 = 145)

Treatment

Removable partial Implant-supported

No treatment denture fixed partial denture
Number of subjects 59 61 25
Gender (male) 271% 18:0% 44-0%
Mean age (s.d.) (years) 64-0 (11-7) 650 (9:1) 582 (10-2)
Mean number of missing 4-1 (2°1) 70 (2:4) 51 (1'7)
occlusal units (s.d.)
Duration of shortened dental 727% 39-0% 36:0%
arches (SDA) more
than 12 months
Chewing complaint (presence) 27'1% 733% 48:0%
Educational level 382% 339% 40-9%
(university or college)
Past usage of RPD (presence) 43-5% 42:6% 40:0%
Symmetry (symmetrical SDA) 27 1% 18:0% 8-:0%

complaint as significant predictors for prosthetic resto-
ration (P < 0-05) (Table 6). When the analysis was
limited to SDA type II subjects, the presence of chewing

complaint was identified as the significant predictor for

prosthetic restoration (P = 0-:022) (Table 7). On the
other hand, increased numbers. of missing OU and

asymmetric arch were identified as significant predic-

tors for the presence of chewing complaint (Table 8).

Discussion

A number of intervention studies have been carried out
to investigate the effect of treatment with RPD or
cantilever-fixed partial dentures in SDA patients (3-8,
12). A randomised clinical trial has been carried out to
investigate the effect of prosthetic treatment with RPD or
IFPD in partially dentate patients with Kennedy classI or
II condition (24). However, to our knowledge, the

Table 5. Distribution of subjects for no-treatment or treatment
groups by subtype of shortened dental arches (SDA)

SDA subtype
Type 1 Type I Type 11
(n = 30) (n = 62) (n=53)
n % n % n %
No treatment 29 967 26 419 4 75
Treatment
Removable partial 0 00 21 339 40 755
denture
Implant-supported 1 33 15 242 9 170

fixed partial denture

© 2010 Blackwell Publishing Ltd

présent study is the first one in SDA patients. When
Kéyser proposed the SDA concept in the early 1980s (1),
IFPD had not been established as a treatment option for

SDA patients. Dental implants are becoming increas-

ingly utilised for the replacement of missing teeth in a
partially dentate arch. Thus, IFPD was included as a
treatment optioh in the present study when considering
prosthetic restoration in SDA patients. On the other
hand, treatment with cantilever-fixed partial dentures is
limited in Japan when compared to European countries
because not all cases are covered by the Japanese
national health insurance; for example, second premolar
and first molar are abutments, and second molar is a
pontic. It was expected to be difficult to obtain an
adequate sample size for this option. Thus, cantilever-
fixed partial dentures were not included in this study.
As shown in Fig. 1, subjects with more than two
missing OUs tended to choose prosthetic treatment. The
regression analysis identified an increased number of
missing OU as a significant predictor for prosthetic

restoration when controlling for age, gender, arch.

symmetry and perception of chewing complaint
(P < 0-001). These results support our hypothesis that
an increase in missing OU is associated with prosthetic
restoration. It has been reported that the occluding pair
of first molars provide sufficient OHRQoL (22) and
chewing ability measured using a food intake ques-
tionnaire (25). In the present study, a great majority of
subjects with SDA type I (97%) who missed just second
premolar(s) chose no treatment; in contrast, about 60%
of SDA type II subjects who missed first and second
molars sought prosthetic treatment. This suggests that
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restoration. A P value <0-05 was considered significant.
SPSS 17.0* was used for statistical analyses.

Results

During the period from February 2009 to November
2009, a total of 173 patients met the prescribed criteria,
and baseline evaluation was performed in 145 subjects
(25-87 years, mean age; 63-4 years, standard deviation;
10-6 years, men; 262%). Of these subjects, 40:7%
(59/145) chose no treatment, and 593% (86/145)
sought treatment with an RPD (42'1%: 61/145) or
IFPD (172%; 25/145). The distribution of subjects for
three options in each school is shown in Table 3.
Seventy-two per cent (104/145) of the subjects who
completed baseline assessment were recruited from
three schools in urban areas (Tokyo Medical and Dental
University, Osaka University, and Showa University.)
and 28% (41/145) from four schools (Kyushu Univer-
sity, Hiroshima University, Okayama University and
Tohoku University) in rural areas. Distribution of
subjects who choose no treatment was different
between seven schools (29-50%). The distribution of
subjects by number of missing OU is shown in Fig. 1.
Only 43% (1/23) of subjects with two missing OUs
sought prosthetic treatment. The percentage of subjects
who sought prosthetic treatment increased to 533%
(26/47) in subjects with four missing OUs and 75:8%
(50/66) in subjects with 5-9 missing OUs. All subjects
with more than nine missing OUs (7 = 10) sought

* prosthetic treatment with RPD.

The characteristics of each group  at baseline are
presented in Table 4. The IFPD group showed a signif-
icantly higher percentage of male subjects (P = 0-044).
anova found significant effects of group on age (F =39,
P=0022) and number of missing OU (F=270,
P < 0-001). Tukey’s test found that the mean age in
IFPD group was less than those in no-treatment group
and RPD group (P < 0-05) and that the mean number of
missing OUs in the RPD group was significantly greater
than that in the no-treatment group and IFPD group
(P < 0-01). The no-treatment group showed a greater
percentage of subjects whose edentulous space had not

‘been replaced for more than 12 months, compared to

the RPD and IFPD groups (P < 0-01). The RPD group
showed a significantly higher percentage of subjects
who complained about chewing ability compared to the

*SPSS Japan Inc., Tokyo, Japan.

Table 3. Distribution of subjects in seven dental schools at
baseline assessment (1 = 145). Numbers in parentheses indicate
percentage of subjects who choose no treatment or treatment with
removable partial denture (RPD) or implant-supported fixed
partial dentures (IFPD) in each school

No treatment 1reatment
Dental school no (%) RPD (%) IFPD (%)
Tokyo Medical and 60 9 (483) 29 (483) 2 (33)
Dental University

Osaka University 24 8 (333) 5{208) 11 (45 8)
Showa University 20 8 (40-0) 9 {45-0) (15-0)
Kyushu University 17 5 (29-4) 9 (529) 3 (176)
Hiroshima University " 10 5 (50-0) 4 (40-0) 1 (]OO)
Tohoku University 7 2 (286) 3 (42°9) (286)
Okayama University 7 2 (286) 2 (286) (42'9)

%0 D No-treatment

20 :
B ro
30

20

10

6 7 8 9 10 11 12
Number of missing OU

Fig. 1. Distribution of subjects with shortened dental arches by
number of missing OU and prosthetic restoration.

no-treatment and IFPD groups (P< 0-001). No signif-
icant differences were found between groups in educa-
tional achievement level (P = 0-81), past usage of RPD
(P = 0-66) and symmetry of arch (P = 0-12). All subjects
with symmetrical arches (n = 29) reported that they
had no preferred chewing side, while 62:9% (73/116)
of those with asymmetric arches preferred to chew on

the side with more occluding pairs (P < 0-001).

Analysis of SDA subtype (Table 2) indicated that only
3:3% (1/30) of subjects with type I sought prosthetic
treatment, which was significantly less than those with
type II (581%; 36/62) and type HOI (92:5%; 49/53)
(P < 0-001) (Table 5).

Logistic regression analysis of the total subjects
identified young age, increased number of missing
OU, asymmetric arch and presence of chewing

©® 2010 Blackwell Publishing Ltd
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masticatory function (23). At baseline, a questionnaire
was given to the subjects to record the duration of SDA
without replacement, past usage of RPD, educational
level, preferred chewing side and whether they had
complaint about their chewing ability. Each subject
received a written and oral description of the experi-
mental procedures, and informed consent was obtained
. prior to enrolment in the study. All experimental
procedures were approved by the ethical committee of
each university. In this report, characteristic of each
group and the factors related to prosthetic restoration
decisions are presented. Evaluation of treatment effects
on OHRQoL, chewing ability and objective masticatory
function will be reported in separate papers.

Statistical analysis

Comparisons between groups of gender distribution,
duration of SDA, chewing complaint, educational level,

Table 2. Definition for subtypes of shortened dehtal arches

past usage of RPD and symmetry of arch were made
using chi-square test or Fisher’s exact test. Comparisons
of mean age and number of missing OUs between
groups were performed using one-way analysis of
variance (anNova) with Tukey’s test. SDA was then
classified into three subtypes, based on the pattern of
missing posterior teeth (Table 2), to test the effect of
SDA type on prosthetic restoration decisions using
Fisher’s exact test. To determine factors related to
prosthetic restoration on SDA, logistic regression anal-
ysis was performed using prosthetic restoration/no
treatment as the outcome, and gender, age, number
of missing OU, symmetry of arch and chewing com-
plaint as predictors. In addition, logistic regression
analysis was performed using chewing complaint as
the outcome, and gender, age, number of missing OU
and symmetry of arch as predictors. The primary
hypothesis in this study was that an increase in
missing OU was associated with selection of prosthetic

Pattern of missing

Subtype posterior teeth

Missing
occlusal units

Examples of maxillary arch

2nd molar(s) was/were missing. 2,4
I'st molars were present
on bilateral side of the mouth.

Type 1

1st and 2nd molars were
missing on the unilateral/
bilateral side of the mouth.

1st and 2nd premolars were
present on the bilateral
side of the mouth.

Ist and 2nd molars were
missing on the unilateral/
bilateral side of the mouth.

1st and/or 2nd premolar(s)
was/were missing.

Type II

Type 1

4,6,8

© 2010 Blackwell Publishing Ltd
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addition, randomised controlled trials carried out by
other researchers suggest that restoration with cantile-
ver-fixed partial dentures for the SDA is more favour-
able than treatment with removable partial dentures
(RPDs) in terms of patient satisfaction, oral health-
related quality of life (OHRQoL), longevity, prevention
of caries and periodontal disease affecting the abutment
teeth (3-8). Some cross-sectional, case~control and
prospective studies suggest that prosthetic treatment
with RPDs does not improve oral function and OHRQoL
of SDA patients (9-13). A review concluded that
patients are more concerned about their appearance
rather than chewing. Consequently, the demand for
the replacement of missing posterior teeth may not be a
priority from the patients’ view (14). To date, the SDA
concept that a recommended treatment option for SDA
is no restoration is widely accepted in European
countries as an alternative option for the treatment of
partial edentulism from a patient-centred view (15-17).

Although Japanese dentists are well aware of the
SDA concept, its clinical application seems to be limited
compared to Sweden (18). A number of clinical studies
on SDA patients have been carried out in European
countries (2-10, 12, 13); however, findings in Japanese
SDA patients are limited in terms of quality of life (11).
The health insurance system and socio-economic back-
ground, in Japan differ from those in European coun-
tries. Therefore, the application of the SDA concept in
Japan is still under debate. In 2003, the Japan Prosth-
odontic Society held a symposium focusing on indica-
tions and limitations of the SDA concept in Japan and
concluded that more evidence based on clinical studies
is needed to validate application of the SDA concept in
Japan (19, 20). Following this symposium, a multicen-
tre cross-sectional study was carried out to investigate
the relationship between missing OU and OHRQoL in
Japanese SDA patients (21, 22). The results of the study
indicated that a greater number. of missing OUs were
associated with impairment of OHRQoL and that
occluding pairs of first molars are considered important
to maintain adequate . OHRQoL level. Following this
study, a research group was formed from seven
universities located at major cities in Japan. This project
aimed at investigating the effect of prosthodontic
treatment with RPDs or implant-supported fixed partial
dentures (IFPD) on OHZRQOL and masticatory function
in SDA patients. Although a number of clinical studies
have been carried out to investigate the effect of
prosthetic treatment in SDA patients (3—13), the factors

related to prosthetic restoration have not been identi-
fied. Thus, the present study investigated the factors
related to prosthetic treatment decisions for SDA based
on the data obtained from baseline assessment.

Materials and methods

This study employed a multicentre prospective design.
SDA patients who met the prescribed inclusion and
exclusion criteria as shown in Table 1 were consecu-
tively enrolled in the study from seven university-based
dental hospitals (Tokyo Medical and Dental University,
Osaka University, Showa University, Kyushu Univer-
sity, Hiroshima University, Tohoku University and

" Okayama University). All patients. participated in this

study were recruited from prosthetic clinics. SDA
patients who did not seek prosthetic treatment but
regular oral mamtenance care at prosthetic clinics were
also enrolled in the study. The subjects chose no
treatment (wait and see) or’treatment with RPD or
IFPD for their edentulous spaces on entry. OHRQoL,
perceived chewing ability and objective masticatory
function were assessed at baseline and reassessed
during regular check-up for the no-treatment group .
and after treatment for the treatment group. A masti-
catory performance test using a gummy jelly as a test
food was employed for the assessment of objective

Table 1. Criteria for subject enrolment in the study

Criteria

Kennedy class I.or class II partially
edentulous areas posterior to canines
with no modification spaces (2-12
missing occlusal units)

Kennedy class I or class II partially
edentulous areas untreated
for at least 1 month

Intact anterior dental arch restorable
with fixed partial dentures or
implant-supported fixed
partial dentures

Acute dental and periodontal diseases

Current usage of removable
partial dentures

Posterior teeth treated with fixed
partial denture pontic or
implant-supported fixed
partial denture

Planned to be restored with
cantilever-fixed partial denture

Inclusion criteria

Exclusion criteria

© 2010 Blackwell Publishing Ltd
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SUMMARY The aim of this study was to identify the
- factors related to prosthetic restoration in patients
with shortened dental arches (SDA). SDA patients
‘with 2~12 missing occlusal units were consecutively
enrolled from seven university-based dental hospi-
tals in Japan. Of the 145 subjects (mean age;
634 years), 41% chose no treatment and 59% sought
to replace their edentulous spaces with removable
partial dentures or implant-supported fixed partial
dentures. Restoration decisions were related to
tooth loss patterns. Only 3% of subjects missing just
second molar(s) sought to receive prosthetic treat-
ment, while the percentage increased to 58% in
subjects who were missing first and second molars
and 93% in subjects missing premolar(s). Logistic

regression analyses found that young age, increased
number of missing occlusal units, asymmetric arch
and presence of chewing complaint were significant
predictors for prosthetic restoration (P < 0:05).
Increased number of missing occlusal units and
asymmetric arch were significant predictors for the
preserice of chewing complaint (P < 0:05). These
results suggest that perceived impairment of chew-
ing ability owing to missing occlusal units is a
critical factor for prosthetic restoration in SDA
patients.

KEYWORDS: shortened dental arch, prosthetic treat-
ment, occlusal unit, multicentre study
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Introduction

Replacement of missing teeth and maintenance of 28
teeth has been believed as the traditional treatment
goal. In the early 1980s, Kdyser (1) named partial
edentulism in which the most posterior teeth are
missing as shortened dental arch (SDA), and he
proposed that SDA patients with at least four occlusal

units (OUs) have sufficient adaptive capacity to

© 2010 Blackwell Publishing Ltd

maintain oral function. A pair of occluding premolars
corresponds to one unit, and a pair of occluding molars
corresponds to two units (1). The Kédyser/Nijmegen
group carried out cross-sectional studies and longitudi-
nal studies in Netherlands and Tanzania to investigate
oral function, signs and symptoms of temporomandib-
ular disorders, occlusal stability and periodontal support
in SDA patients (2). The results of these studies
supported the SDA concept proposed-by Kdyser. In

doi: 10.1111/§.1365-2842.2010.02183.x
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Figure 5.

Interfacial stresses on the compression (upper graphs) and tension (lower
graphs) sides under the 30° oblique load. The bone—implant interfacial
compressive (black), shear (blue), and tensile (red) stresses in the cortical
bone along the lingual wall for compressive side of the microthreaded
model (dashed lines) and smooth model (solid lines) under the 30°
oblique load. The shear and tensile stresses were represented as positive
values, whereas the compressive stress was shown as negative values.

implant (i.e., failure of the interface because of shear
stress) may not be applicable. This is actually because
of the simplicity of methods used in this issue. For ex-
ample, most push-out tests did not really measure
the shear strength of the bone-implant interface; in-
stead, they reported a value that although called
“pushout strength,” is a combination of various fixa-
tion principles (friction, mechanical interlock, and
chemical bonding).36:37 Accordingly, the debond-
ing was not allowed in this study under shear stress.

In addition, cyclic fatigue loading should be consid-
ered if a structural model was made to account for
changes in the bone-implant interface with degrada-
tion or failure of osseointegration. An earlier animal
study described a greater bone response revealed
when rabbit tibiae was loaded dynamically than stat-
ically.14
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Further biologic studies regarding the effects of the
tensile and shear stresses on the interfacial failure are
encouraged to establish a comprehensive under-
standing of the role of occlusal loads in preserving
peri-implant tissues.

The findings of this study demonstrated the effec-
tiveness of the microthread design not only in with-
standing off-axis loading but also supporting the
hypothesis of the effect of threads in transforming
shear stress into a compressive stress. Reducing
shear stress under off-axis loading indicates the
benefit of microthread design especially when a
larger horizontal force component is expected, such
as in the anterior maxillary region38 or when implants
are tilted because of the presence of anatomic
limitations.3°

CONCLUSIONS

Off-axis occlusal loads create compression and ten-
sion fields in the crestal bone, and are typically lo-
cated on the opposite sides across the implant. In
the smooth-surface implant, the direction of the
principal stresses at the bone-implant interface
was found to be oblique to the interface and af-
fected by the loading angle, whereas those were
consistently perpendicular to the lower flank of mi-
crothreads under different loading angles in the mi-
crothread implant, suggesting that the stress at the
microthread interface was insensitive to the loading
angle and indicating larger shear stress at the bone-
implant interface around the smooth implant. Also,
the microthread design was found to be more effec-
tive in reducing shear stress under off-axis loading,
which dominates in the oral cavity. However, higher
peak compressive stress and strain around the mi-
crothread implant were found to be localized in
a smaller bone volume compared to the smooth im-
plant. These results collectively might demon-
strate the biomechanical rationale of microthread
design over smooth surfaces in reducing the risks
of marginal bone loss caused by overloading.
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Figure 4.

Str%ss arrow graphics at the cervical level of the cortical bone on the tension and compression sides. The
direction and magnitude of the principal stress at each element in the crestal bone of the buccal (tension)
and lingual (compression) sides are shown in the bucco-lingual section at the mesio-distal center of each
implant under vertical (0°), 30° oblique, 60° oblique, and horizontal (?0°) loadings. Black arrows represent
the first principal (tensile) stress; blue arrows indicate the third principal (compressive) stress. Length of
each arrow represents relative magnitude of stress that is projected on the two-dimensional plane. Figures with
black and red squares in the middle indicate the site of the arrow graphics.
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this study consists of that
shown in a previous FE
study.?® It is now clear that
the location of the first thread
relative to the bone surface
affects the stress distribution
in the cervical region; how-
ever, the effect was limited
to this region and did not
seem to have a negative ef-
fect because the volume of
bone that exhibited high
strain (red area in Fig. 2)
was smaller in the micro-
thread model than in the
smooth model (Table 1).

However, in this study, the
modeling of the bone-implant
interface was performed on
the assumption of a perfect
bonding because no detach-
ment was allowed under ten-
sile or shear stresses. This
has been assumed because
of the absence of reliable in-
terfacial tensile and shear
strength data. Regarding the
bone-implant interfacial ten-
sile strength, previous studies
reported a range of 1 to 4
MPa;28 however, in most of
these studies, a flat implant
model was used and the vari-
ability in bone-implant contact
percentage was not consid-
ered. Bone-implant contact
percentage dgreatly varies
among different surfaces and
designs. However, the de-
bonding at the tension side
has never been reported
clinically under functional
occlusal forces. Moreover,
because the microthreaded
implants have shown larger
bone-implant contact per-
centage,’ it is expected that
microthreaded implants will
have larger interfacial tensile
strength.

Furthermore, comparing
the results of this study with
the available bone-implant
interfacial shear strength to
predict whether there will be
debonding or sliding of the
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Table I.

Maximum Stress and Strain Values in the Compressive and Tensile Halves

of the Crestal Bone Surrounding the Microthread and Smooth Implant Under Vertical,
30°, 60° Oblique, and Horizontal Loading

Compressive Side Tensile Side
Force Compressive  Large Strain
Direction ~ Compressive  Tensile Stress Shear Strain Volume Tensile Shear
Model (degree)  Stress (MPa) (MPa) Stress (MPa) (o strain) (mm3) Stress (MPa)  Stress (MPa)
Microthread 0 42.49 87.77 28.95 4,740 | .38E-04 7741 1.6
30 2019 142.1 44.6* 10,990* 0.033431 70.1 218
60 259.6 165 63.7 14,515 0215624 1833 522
90 2480 137.3 65.7 14,176 0.219261 248.1 68.94
Smooth 0 87.6 59.6 213 3,898 0 59.1 27
30 140.8 817 49 8214 0.041591 587 253
60 201.6 954 83.5 14,041 0.244157 145.1 59:2
90 206.3 804 85.7 14373 0.242616 199.8 782

The maximum values were indicated at the mesio-distal center of the implants, except for the maximum compressive and shear stresses and the maximum
compressive strain in the microthread model (asterisks). The large strain volume represents the region of the cortical bone that showed the maximum

compressive strain >4,000 u.

analysis, considerable amount of shear stress is
transmitted across the smooth interface, whereas
for the microthread implant loads are transferred to
compressive stresses (at the compression side) per-
pendicular to the lower flank of each microthread.
These results were confirmed by the stress profiles
along the bone-implant interface (Fig. 5).
Transferring occlusal loads into compressive stress
around the microthread implant can provide a signifi-
cant benefit because bone is most resistant against
the compressive forces.3? Interfacial failure and bone
resorption under different stress types is attributed to
different mechanisms. Accordingly, it may be errone-
ous to emphasize the peak compressive or von Mises
equivalent stresses without considering the risks of
the tensile and the shear stresses at the interface.
The results of this analysis revealed that incorpo-
rating microthreads in the implant neck resulted in
higher peak compressive stress and strain values in
the peri-implant bone structures under off-axis load-
ing. These findings are consistent with those of a pre-
vious two-dimensional FE study in which maximum
von Mises stress was higher in the crestal bone around
microthread implant.® However, the high stress and
strain magnitude were found to be limited to a small
region localized at the crestal bone around the im-
plant neck. Although the estimation of the maximum
equivalent (von Mises) and the principal stresses
has been frequently used to assess failure risks of
biomaterials and the peri-implant bone tissues, eval-
uating the bone volume that exhibited high stress
or strain and the stress distribution pattern along the
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interface may reflect more realistic quantitative and
qualitative measures for bone resorption risks. More-
over, the results of the convergence tests suggest that
the peak stress that is usually used in previous com-
parisons was highly dependent of the mesh size, and
thus does not ensure validity for quantitative evalua-
tion of the biomechanical risks.

The compressive strain has often been used as
a risk scale on the basis that bone resorption under
compressive forces is attributed to the accumulation
of induced microdamage that exceeds the bone’s
capacity of repair. The volume of the high strain level
>4,000 ., which is regarded as a mechanical stimula-
tion that potentially causes pathologic overloading to
the bone,33 was very small for both microthread and
smooth models, but relatively larger in the case of
the smooth-neck model. This may cancel the pro-
posed advantage of the lower stress and strain values
around the smooth-neck implant, which was reported
in the previous study® and confirmed in this research.

Incomplete coverage of implant microthreads or
macrothreads may result because of the narrow di-
mension of the crestal region and the curved nature
of the alveolar bone. This is considered to be an ac-
ceptable situation as reported in previous clinical
studies with different follow-up periods.?!:34 The
three-dimensional modeling of the implant and the
bone in this study allowed for simulating this situation,
which was not shown in the previous two-dimen-
sional models. In the microthreaded implant, the peak
compressive stress was shifted from the mid line to the
exposed thread region. The location of peak stress in
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The maximum compressive strain distributions of the microthread and the crestal bone in the disto-lingual
surrounding of the microthread implant. The maximum compressive strain of the bone appeared in the region

Jjust under the first microthread that was exposed from the crestal edge.

stress in the lower flank of the microthreads, which
was higher than that in the smooth model at the same
vertical level.

The peak compressive strains of the bone along the
interface on the lingual and buccal sides are shown
in Table 1.

DISCUSSION

Altering the surface structure of dental implants is an
effective way to preserve the peri-implant marginal
bone.26 Microthread design is considered as a reten-
tive element and macro-roughness! has demon-
strated the beneficial effect of reducing marginal
bone resorption in clinical and animal studies.3-6
The effect of loading angle on the magnitude and
directions of the interfacial stress around the micro-
thread implant was not clear. Although the implant
fixtures are usually installed perpendicularly to the
occlusal plane, implants are susceptible also to obli-
que and horizontal loading. These loads on the im-
plant create two typically shown stress fields in the
crestal bone: the compression and tension fields,
which are located on the opposite sides across the im-
plant and characterized by domination of the principal
compressive and tensile stresses, respectively.
Such stress fields are also created in the periodontal
structures of a natural tooth,2? but are different from

Hudieb, Wakabayashi, Kasugai

those of the implant vicinity,
in that the periodontal liga-
ment acts as a cushion
and absorbs tensile and
compressive stresses. In
contrast, the bone-implant
interface is so rigid that the
stress increases on the off-
axis loading and potentially
causes interfacial failures.?8
To comprehensively evaluate
the biomechanical aspects of
microthread design, the mag-
nitude and direction of differ-
ent interfacial stresses along
with high-strain bone vol-
umes under different loading
angles were analyzed in this
study.

On vertical loading,
the microthread implant
showed lower compressive
but higher shear and tensile
stress values compared to
the smooth implant. These
results disagree with a pre-
vious FE study! in which
vertical forces only were ap-
plied and resulted in lower
peak shear stress in the microthread model. This dis-
agreement is probably because of the differences in
the morphology of the alveolar bone and material
properties assigned. However, a marked increase in
the first and third principal and shear stress values
in both models was observed as the loading angle in-
creased in the oblique and horizontal loading cases.
Off-axis loading was found to be more destructive to
the bone-implant interface.??-3! Interestingly, under
off-axis loading, the microthread implant in this study
generated lower maximum shear but higher com-
pressive stress values.

Also, the direction of the principal stresses at the
microthread interface was consistently perpendicular
to the lower thread flank regardless of the loading di-
rection. In contrast, the direction of the principal
stresses in the smooth model was oblique to the inter-
face and affected by the loading angle. As the loading
angle increased (i.e., larger horizontal component),
interfacial stresses tended to be more oblique to the
interface.

Oblique interfacial stress direction represents a re-
sultant force that can be analyzed into the two basic
force components: the first is perpendicular to the in-
terface and represents the compressive or tensile
stress, and the second is parallel with the interface
and represents the shear stress. According to this
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Figure 2.

A and B) The compressive, tensile, and shear stress distributions and the compressive strain distributions in
the cervical cortical bone under the 30° oblique load with microthread and smooth models. The distal half -
of each symmetric section is viewed from the mesial side, with the focus on the interfacial bone surface. Figures
on the left indicate the viewing angle and the region (red square) in the contour graphics on the right. Blue
arrows indicate the direction of occlusal forces. Each contour graphic was divided into nine parts, with different
colors according to the stress or strain levels, shown in a scale below each figure. Red arrows indicate the location
of the maximum stress that appeared at the mesio-distal center of each implant Black arrows indicate

the location of the maximum stress that deviated from the mesio-distal center of each implant.

sides of the interface, with
the highest stress located at
the top of the ridge. In the mi-
crothread model, large com-
pressive stresses were shown
mostly under the lower flank
of each microthread and the
directions of the stresses
were perpendicular to the
thread surface, whereas in
the smooth model the di-
rections of the interfacial
compressive stresses were
oblique (with 58.4°) to the in-
terface. Under the oblique or
horizontal loadings, the com-
pressive and tensile stresses
were dominantly distrib-
uted on the lingual and
buccal sides, respectively.
The stresses were again
perpendicular to the lower
surface of each microthread,
whereas in the smooth
model the stress directions
were oblique to the inter-
face with 50.5°, 45.1°,
and 46.8° under the 30°,
60°, and horizontal loading,
respectively.

The peak compressive
and shear stresses on the in-
terface along the lingual wall
and the peak tensile and
shear stresses along the
buccal wall, both at the
mesio-distal center under
the 30° oblique load, are
graphed in Figure 5. All
stresses peak at the top of
the crestal bone. The mi-
crothread model exhibited
decreases of the stresses
with a wavy pattern as down-
ward along the interface,
whereas the stresses in the
smooth model decreased
with a gradual curve. In the
wavy curve of the micro-
thread model, the bottom of
each wave corresponded to

The principal stresses at each node in the cortical the thread root, whereas the prominence of each wave
bone were shown in the form of stress arrows on the  corresponded to the point where the lower flank
bucco-lingual section at the mesio-distal center of  passes to the curved thread crest. The microthread
each implant (Fig. 4). Under the vertical loading, = model indicated lower peak stresses than the smooth
the compressive stress was evenly distributed onboth ~ model along the whole interface, except for the tensile
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Figure 1.

The meshed FE model of the implant and the bone (A) and the convergence tests (B and C). Cancellous
bone (green mesh) surounded by a layer of cortical bone (blue mesh). Light microscopic images of the
microthread morphology in the implant fixture were traced to create the neck part of the three-dimensional FE
model of the implant (A). The convergence test of the microthread and smooth implant neck models of this
study. The maximum third principal stress at the crestal bone (B) and bone volumes that exhibited the
maximum compressive strain >4,000 w (C) were used as the variable measures. Seven iterations by mesh

refinement were calculated up to [ 20,000 elements for each model.

directions at the nodes on the distal bone surface. The
implants were rigidly anchored in the bone models
along the entire interface, and the same type of con-
tact was provided at the prosthesis—abutment in-
terface. A static load in one of the four directions
(vertical [0°], 30°, and 60° oblique from buccal to lin-
gual, and horizontal [90°] angles to the long axis of
eachimplant) was applied to the center of the occlusal
surface of the superstructure. However, the 30° obli-
que load, which corresponded with the direction of
occlusal forces in the premolar region was used
for general discussion. Because the point of load
application is included in the symmetry boundary
conditions, each input load was doubled during com-
putations. The resultant load (200 N) was used
to simulate the average maximum occlusal load
for fixed partial prosthesis supported by implants
in the premolar region.?® The directions and mag-
nitudes of the maximum compressive (third or

40
Number of Elements (x 107)

curves of the high strain bone
volumes revealed a well-
developed plateau after the
number of elements was
>~40,000. This indicates
that the volume of high
strain is insensitive to fur-
ther refinement of the mesh.
Based on these results, the
element edge size was set
equal to 0.03 mm for the
interface. Accordingly, the fi-
nal microthread model was
composed of 70,060 elements and 13,867 nodes,
and the smooth model was of 63,568 elements and
13,744 nodes.

The compressive, shear, and tensile stress distribu-
tions in the bone under the 30° oblique load are shown
in Figure 2. The location of the maximum stress in the
smooth model was at the top of the crestal cortical
bone attached to the mesio-distal center of the im-
plant, whereas those of the peak compressive and
shear stresses in the microthread model were devi-
ated distally from the mesio-distal center (black ar-
rows in the Fig. 2).

Figure 3 shows the peak compressive stress ap-
peared in the region right under the flank of the first
microthread, which was exposed from the crestal
edge in the disto-lingual region. The maximum stress
values in the microthread and smooth models on the
lingual and buccal crestal bone under all loading an-
gles are shown in Table 1.

60 80 100 120
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as one of the important causes of implant fail-
ures. 1011 However, a causative relationship between
implant failure and occlusal forces has not been con-
vincingly demonstrated.213 Animal studies provided
conflicting results in this issue. Under extensive occlu-
sal and cyclic loading, marginal bone resorption has
been demonstrated in the absence of peri-implant
tissue inflammation.1%14.15 However, experimental
studies using different animal models have shown that
occlusal stress does not cause significant peri-implant
bone loss inthe absence of peri-implant infection. 16:17

Although various attempts have been made to as-
sess the effect of occlusal loads on peri-implant bone
loss, the “overloading” has not been well defined in
terms of mechanical stress at the bone-implant inter-
face. Because the progress of the marginal bone loss
occurs as a result of the bone resorption or loss of the
bone-implant contact at the interface (interfacial fail-
ure ), the magnitude and direction of the stress should
be fully investigated to assess potential association
between the overloading and the marginal bone loss.

The objective of this study is to assess the effects of
microthread design and loading angle on the direc-
tion and magnitude of the interfacial, principal
(stresses in the principal planes), and shear stresses
at the bone-implant interface around the implant.
The results were analyzed to understand stress-
transferring mechanisms from different implant
surfaces to the supporting bone, and to test a hypoth-
esis that the microthread structure reduces the risk
of interfacial failures.

MATERIALS AND METHODS

Construction of Three-Dimensional Models
Three-dimensional FE models representing two im-
plants, one with microthreads in the neck region
and the other with a smooth neck, were constructed.
A microthreaded implant8 with 4-mm diameter and
11-mm length was scanned under a microscopel
and imported into image analysis software. The out-
line of the implant was plotted and converted into x
and y coordinates, which were imported into the FE
software* as keypoints (Fig. 1). For the smooth-neck
implant, which served as control, the outline was cre-
ated by connecting the tops of the microthreads of the
microthread model. The two-dimensional images
were then extruded around their central axis to pro-
duce axisymmetric three-dimensional FE models.
The implants were connected to abutment** and sim-
plified cylindrical crown of 7.5-mm height and 5.5-
mm diameter, which were created using the same
procedure as for the implant.

A three-dimensional FE model of a mandibular
bone segment was created based on the most com-
mon morphologic model among the nine classifica-
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tion groups for the mandxbular premolar reglon in
our previous study.!®

Average dimensions of the cross-sectional outlines
at the premolar region based on computed tomogra-
phy images of 36 patients of that morphology group
were used to create x and y plots that described the

outline of the external cortical bone surface. The area

made from the outline was divided into a cancellous
core surrounded by a uniform 1.5-mm thick cortical
bone. Each image on the x-y plane was extruded to
the z axis to create a three-dimensional model with -
15-mm mesio-distal length. Because of the mesio-
distal symmetry, only the distal half of the model
was constructed. 1920

The vertical dimension and the maximum bucco-
lingual width of the mandible model at the first premo-
lar region where the implant is being installed were
28.6 and 13.9 mm, respectively. Each implant was
vertically embedded on top of the alveolar ridge.
The central axis of each implant positioned at the
bucco-lingual center. The vertical position was deter-
mined so that the microthread was embedded at the
highest level of the alveolar crest in the distal cervical
bone; this resulted in exposure of a thread at the buc-
cal and lingual ridges.?!

Material Properties, Meshing, Boundary, and
Loading Conditions

The material properties of cortical and cancellous
bone were modeled as being transversely isotropic
and linearly elastic,?223 which describes an aniso-
tropic material. The materials of the implant and pro-
sthetic crown were assumed to be isotropic and
linearly elastic with Young moduli and Poisson ratio
of 107 GPa and 0.3 for the implant and of 96 GPa and
0.35 for the prosthetic crown, respectively.

A 20-node tetrahedral element was used for the
mesh. To determine the valid element numbers and
mesh sizes, the convergence test for consistency of
solutions was conducted for each model.?* Two vari-
ables were tested: the maximum third principal stress
and the volume of cortical bone that exhibited com-

- pressive strain >4,000 . The mesh was refined sev-

eral times by reducing the edge size for elements to
increase the numbers of nodes at the bone-implant
interface where the maximum stress and strain ap-
peared. The least number of elements, over which
the variable measures became plateau, was used in
this study.

The symmetric boundary conditions were pre-
scribed at the nodes on the mesial plane of the distal
half of each model. The models were constrained in all

§ AstraTech Microthread 4.0 ST, Astra Tech AB, Méindal, Sweden.
| BZ-8000, Keyence Corporation, Osaka, Japan.

9 Image J, National Institutes of Health, Bethesda, MD.

# ANSYS11.0, ANSYS, Canonsburg, PA.

** TiDesign 3.0, Astra Tech AB.
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Background: The mechanism by which the microthread
implant preserves peri-implant crestal bone is not known.
The objective of this research is to assess the effect of micro-
threads on the magnitude and direction of the stress at the

-bone~implant interface using finite element analysis model-
ing.

Methods: Three-dimensional finite element models repre-
senting the microthreaded implant (microthread model) and
smooth surface implant (smooth model) installed in the man-
dibular premolar region were created based on microscopic
and computed tomography images. The mesh size was deter-
mined based on convergence tests. Average maximum bite
force of adults was used with four loading angles on the occlu-
sal surface of the prosthesis.

Results: Regardless of the loading angle, principal stresses
at the bone-implant interface of the microthread model were
always perpendicular to the lower flank of each microthread.
In the smooth model, stresses were affected by the loading an-
gle and directed obliquely to the smooth interface, resulting in
higher shear stress. The interfacial stresses decreased gradu-
ally in the apical direction in both models but with wavy pattern
in the microthread model and smooth curve for the smooth
model. Although peak principal stress values were higher
around the microthread implant, peri-implant bone volume
exhibiting a high strain level >4,000 p was smaller around
the microthread implant compared to the smooth implant.

Conclusion: Stress-transferring mechanism at the bone-
implant interface characterized by the direction and profile of
interfacial stresses, which leads to more compressive and
less shear stress, may clarify the biomechanical aspect of
microthread dental implants. J Periodontol 2011;82:1061-
1070. :
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icrothread structure has been pro-
Mposed as a bone-retention ele-

ment . at the implant neck to
stabilize the peri-implant marginal bone
level. Animal experiments have dem-
onstrated larger mineralized bone that
comes in contact with implant surface
and well-maintained marginal bone levels
around microthread implants.?* In clini-
cal studies, radiographic evaluation re-
vealed insignificant amounts of crestal
bone loss around microthread implants
up to 5 years follow-up.57

The benefit of microthreads, however,
has not been well understood from the
mechanical viewpoint. Controversy be-
gan with a two-dimensional finite ele-
ment (FE) study® that indicated that the
microthread implant had 29% greater
maximum von Mises stress at the crestal
bone adjacent to the implant than a
smooth-neck implant. Opposition was
posted to make clarification on some
questions regarding the condition at the
bone-implant interface, reliability of the
material properties, and precision of
the modeling.? What makes these com-
munications an insoluble issue may par-
tially result from the current lack of
knowledge about how mechanical stimu-
lations in terms of stress and strain affect
bone retention around implants.

In addition, the contribution of occlu-
sal loads in the pathogenesis of peri-
implant marginal bone loss has not been
sufficiently verified. Occlusal conditions
and overloading have often been proposed

doi: 10.1902/jop.2010.100237
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5 Conclusion

In conclusion, our study demonstrated that the thin film
sputtered HA coating provides a more favorable surface for
bone marrow stromal cell attachment, proliferation and
osteoblastic differentiation and function than the surface-
modified titanium. The sputtered HA coating also sup-
ported osteoclast formation and function which indicated
its favorable biodegradability. Therefore, the sputtered HA
coating may have an outstanding potential to be used as a
drug delivery system in orthopedic and dental applications
for more rapid and complete bone-implant integration.
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