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Abstract

This study evaluated the effects of elastic modulus and cellular characteristics of trabecular bone on the primary
stabilities of dental implants. Artificial jawbone models with six values of elastic modulus (137, 123, 47.5, 22, 12.4,
and 6.5 MPa) comprising three kinds of trabecular structure (solid rigid, and cellular rigid with closed-cell and
open-cell characteristics) were investigated in terms of the peak insertion torque value (ITV), implant stability quotient
(1SQ), and Periotest value (PTV) as measured using a torque meter, Osstell™ resonance frequency analyzer, and
Periotest™ electronic device, respectively. All specimens adhered to 2-mm-thick short-fiber-filled epoxy sheets to
mimic the cortical shell, and screw-type implants were placed in the models for measuring the implant stability. In
general, the ITV, PTV, and ISQ increased with the elastic modulus of cellular trabecular bone. The differences in the
primary stabilities of the implants between closed-cell and open-cell bone specimens (12.4 versus 6.5 MPa) were 52%
for ITV, 2-fold for PTV, and 8% for 1SQ. The regression correlation coefficient (R?) values between the elasticity of
trabecular bone with a cellular (closed-cell) structure and ITV, PTV, and 1SQ were 0.73 (with linear regression model),
0.93 (with linear regression model), and 0.89 (with logarithmic regression model), respectively. These linear and
logarithmic models demonstrate the strong correlations of the elastic modulus of trabecular bone with the obtained ITV,
PTV, and ISQ values. Trabecular bone with an osteoporotic structure decreases the primary implant stability. The use of
cellular artificial jawbones as experimental models revealed that the elastic modulus and osteoporotic trabecular bone
both influence the ITV, PTV, and ISQ primary implant stability parameters. Due to a similarity of trabecular structure,
cellular characteristic of artificial bone might be more appropriate for obtaining accurate values of the primary implant
stability than solid-bone blocks.
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1. Introduction

The dental implant has recently become a reliable and
predictable tool for oral rehabilitation. The successful clinical
outcome of an implant is influenced by many factors,
including the implant body, surgical skill, and oral
environment, but the key factor for success is the primary
stability at implant placement, which is most affected by the
quality of the alveolar bone [1-3]. The primary stability
increases with the bone quality, since this improves the
osseointegration and thereby increases the survival probability
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of the dental implant. The failure rate of dental implants is
high in poor-quality bone [4,5], and the bone quality is
higher for the mandible than for the maxilla, and higher for
the anterior region than for the posterior region [6,7]. In
addition, the survival rate is higher for dental implants in the
mandible than for those in the maxilla, particularly in the
anterior region [1,5,8,9].

Host bone characteristics such as cortical bone thickness
and the strength/density of trabecular bone significantly
influence the implantation success. The bone quality is
clinically classified into types 1-4 according to Lekholm and
Zarb [10] based on the amounts of cortical bone versus
trabecular bone evident on pantograph film. Misch et al. [11]
further characterized these four bone types based on a
subjective assessment by the surgeon during drilling.



86 J. Med. Biol. Eng., Vol. 30. No. 2 2010

Previous research has shown that only 3% of implants placed
in bone of type 1, 2, or 3 are lost, whereas the failure rate
was 35% in type-4 bone, corresponding to a thin cortical
shell and softer trabecular bone [4]. Both orthopedic and
dental implant research has indicated that the strength of
trabecular bone significantly influences the holding strengths
of implants [12,13].

Greater primary stability, which corresponds to less
micromotion between the implant and bone, is required for
osseointegration during the healing period. In both clinical
and laboratory situations, several noninvasive measures —
including the peak insertion torque value (ITV), Periotest
value (PTV), resonance frequency analysis (RFA) (usually
evaluated as the implant stability quotient, 1SQ) [14], and
peak removal torque value (RTV) [15,16] — can be used to
diagnose the stability problems of an implant that might be
related to a thin cortical bone thickness or poor quality of
trabecular bone [17,18]. The bone quality can differ with the
implant location, which therefore greatly affects the
probability of implant success. It is about 4% higher in the
mandible than in the maxilla, and higher in the anterior
region than in the posterior region (about 12% and 4% in the
maxilla and mandible, respectively). The literature suggests
that dental implants are most successful in the anterior
mandible and least successful in the posterior maxilla [1],
which might be explained by another_study’s finding that the
mean bone density was highest in the anterior mandible,
followed by the anterior maxilla, posterior mandible, and
posterior maxilla [19].

The clinical use of the Lekholm and Zarb classification
only provides a rough assessment of the quality and quantity
of jaw bone — the precise relationships of bone quality and
quantity with implant stability are still unclear and remain to
be determined [10]. Therefore, this study evaluated how the
primary stability of an implant is affected by the elastic
modulus of trabecular bone.

2. Materials and methods

2.1 Specimen preparation

One solid-and-rigid (elastic modulus of 123 MPa) and
four cellular-but-rigid (elastic moduli of 137, 47.5, 23, and
12.4 MPa) polyurethane-foam blocks of artificial jawbones
(models 1522-02, 1522-09, 1522-10, 1522-11, and 1522-12,
Pacific Research Laboratory, Vashon Island, WA, USA) were
used to mimic the trabecular bone of the jaw. Osteoporosis
was simulated using another cellular trabecular bone block
with the open-cell characteristic (elasticity equal to 6.5 MPa;
model 1522-505, Pacific Research Laboratory). All the
trabecular-bone blocks were attached to 2-mm-thick cortical
shells made from short-fiber-filled epoxy sheets with an
elastic modulus similar to that of human cortical bone
(16,700 MPa; model 3401-01, Pacific Research Laboratory)

(Fig. 1).

Figure 1. Models of trabecular bone used in the experiments. From left
to right: 123-MPa solid-and-rigid polyurethane-foam block;
137-, 47.5-, 23-, and 12.4-MPa closed-cell blocks; and
6.5-MPa open-cell block. All blocks had 2-mm-thick cortex
attached.

2.2 Implant stability determination

Pilot holes were drilled into each bone block specimen
using a 3.2-mm drill, and a 4-mm x 12-mm screw-type
implant (ATLAS Implant System, Cowell Medi, Busan, South
Korea) (Fig. 2) was inserted. The peak ITV (in Necm) was
recorded three times for each specimen using a digital torque
meter (TQ-8800, Lulton Electronic Enterprise, Taipei,
Taiwan). Then the Osstell™ resonance frequency analyzer
(Osstell, Goteborg, Sweden) (Fig. 3a) was used to measure
implant stability. The L-shaped transducer (Type F1 L5,
Osstell) was maintained perpendicular to the implant and
screwed by hand into the implant body, as recommended by
the manufacturer. After connecting a 6-mm length of
temporary abutment (implant temporary hex cylinder, 3i
implant innovation, palm beach, FL, USA), the mobility of
the implants was measured using the Periotest™ device
(Siemens, Bensheim, Germany) (Fig. 3b). The tip of the
measurement device was placed perpendicular to the
abutment at a distance of 2 mm, and it impacted the implant
four times per second for 4 seconds. The synthetic bone had a
rectangular shape with dimensions of 38 mm x 20 mm x
42 mm. Three specimens of each combination of artificial
cortical and trabecular bone were prepared for implant
stability measurements.

Figure 2. The screw type of implant was used.
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Figure 3. Setups for measuring (a) the Osstell 1ISQ and (b) the PTV.

2.3 Statistical analysis

The measures of primary stabilities (ITV, PTV, and 1SQ)
of the implants for the designed scenarios of the elastic moduli
values of trabecular bone were summarized as mean + standard
deviation (SD) values, with differences between them tested
using one-way analysis of variance. The nonlinear relation
between stability and the elastic modulus of trabecular bone
with a closed-cell structure was modeled separately with linear
and logarithmic regression models. All statistical analyses were
performed with SAS software (v9.1.2, SAS Institute, Cary, NC,
USA).

3. Results

Table 1. Elastic modulus and peak insertion torque value (ITV),
Periotest value (PTV), and implant stability quotient (1SQ)
of artificial jawbone specimens.

Specimen structure Elastic ITv PTV ISQ
modulus (mean+SD) (mean+SD) (meanSD)
Solid and rigid 123 34.3t29  -6.3t0.6  88.0£1.0
137.0 31.3+2.9 -4.3+0.6 82.7x1.5
. 475 27228 1.3+06  78.3+0.6
Cellular but rigid
23 23.3t2.1 2.7£1.2 74.0£2.0
124 16.3¢12 6.0+1.0 63.7+0.6
Open cell but rigid 6.5 7.810.6 18.3t25  58.7x15
Unit MPa Necm
P <0001 <0001  <0.001

¥ - -
One-way analysis of variance

The ITV, PTV, and I1SQ values of all specimens are listed
in Table 1. In general, ITV and 1SQ increased and PTV
decreased as the elastic modulus of the trabecular bone
increased. Additionally, the apparent differences in primary
stabilities of implants between bone specimens with

closed-cell and open-cell structures (12.4 versus 6.5 MPa)
were 52% for ITV, 2-fold for PTV, and 8% in ISQ.

The linear regression correlation coefficient (R%) values
between the elasticity of trabecular bone with the cellular
(closed-cell) structure and ITV, PTV, and 1SQ are shown in
Fig. 4, and were 0.73, 0.93, and 0.66, respectively. These results
suggest that ITV and PTV are more linearly correlated with the
biomechanical properties (i.e., the elastic modulus) of bone.
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Figure 4. Linear regression models of the relationships of the elastic
modulus of trabecular bone with (a) the peak ITV, (b) PTV,
and (c) I1SQ.

4, Discussion

Several studies have indicated that the survival rate of a
dental implant is greatly affected by the host bone quality [1-3].
Therefore, evaluating the bone condition is essential to the
dentist ensuring the long-term success of an implant before
implant surgery. X-ray and cone-beam computed tomography
are useful techniques for noninvasively obtaining information
on the bone quality, including the structure of the bone tissue
and its density.

Measuring the primary implant stability is another
method for clinically predicting implant success. Since the
primary stability of an implant is also significantly related to
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bone quality and quantity [14], many studies have used 1TV,
PTV, and ISQ values as stability indexes. However, the
subjective estimation approach of the Lekholm and Zarb [10]
bone-type classification only provides rough information on
the quality and quantity of jaw bone. However, obtaining
standardized samples with similar bone quality and quantity
for clinical studies and laboratory experiments is very difficult.
Therefore, artificial bone might be an option for investigating
the primary implant stability of trabecular bone with a
precisely known strength [13,20-23].

In this study, the indexes of primary stabilities (ITV, PTV,
and 1SQ) varied with the elastic modulus of trabecular bone.
Additionally, linear regression models revealed that only PTV
has a strong and linear correlation with the elastic modulus of
trabecular bone (R?>>0.93 for PTV, R?*>0.66 for 1SQ).
However, according to the result of logarithmic regression
model of 1SQ (Fig. 5), PTV has a strong relationship with the
elastic modulus of trabecular bone (R? >0.89 for 1SQ). These
results suggest that the initial stabilities of implants as
measured by RFA and PTV are influenced by the strength of
trabecular bone, with PTV decreasing linearly and 1SQ
increasing logarithmically as the strength of trabecular bone
increases (Fig.5). This result may reflect a stronger
bone-to-nonosseointegrated implant anchorage [24], since
dense cellular structure of trabecular bone may provide more
contact area between implant and bone. There was also a linear
correlation between ITV and the elastic modulus of trabecular
bone (R? > 0.73).
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Figure 5. Logarithmic regression models of the relationships of the
elastic modulus of trabecular bone with ISQ.

The present results indicate that the elastic modulus of
bone is not the only factor affecting the primary stability of an
implant. 1ISQ was higher and PTV was lower for the
solid-and-rigid jawbone model than for the cellular-but-rigid
jawbone model, even though the elastic modulus was lower for
the former (123 versus 137 MPa). This indicates that caution is
necessary when using jawbone specimens as experimental
bone models. If the porous and cellular morphology of
trabecular bone is not present, the experimental outcomes
might produce erroneous predictions, especially when
investigating the primary stability (PTV and 1SQ) of an
implant. The present study indicated that bone models with a
cellular structure might be superior for elucidating the
importance of primary implant stability, because their
architecture is similar to that of trabecular bone.

Osteoporosis is associated with a decrease in bone mass
and density and a resulting increase in bone fragility, leading
to an increased risk of fracture [25]. Even though there is a
general consensus that osteoporosis is not a risk factor for poor
implant osseointegration [26,27], recent studies have found a
significant association between osteoporosis and early implant
failure [28,29]. The open-cell structure of osteoporotic bone
reduces the initial implant stability. It is suggested that the
clinical diagnosis of the primary implant stability is especially
important for patients who are potentially at risk of
osteoporosis (e.g., the elderly and women aged 50-75 years,
due to a sudden decrease in sex hormone levels), in order to
improve implant osseointegration if they receive medical
treatment [29].

5. Conclusions

This study obtained the relationships of the implant
stabilities (ITV, PTV, and 1SQ) with precised value of strength
of trabecular bone; however, there are still limitations (e.g., a
lack of anatomic geometry and viscoelastic properties of bone)
which may influence stability of implant and remained the
further investigation. Within the limitations of this study, the
following conclusions can be drawn:

(1) The elastic modulus of trabecular bone influences
parameters that reflect the primary stability, such as ITV,
PTV, and 1SQ. Additionally, linear and logarithmic models
indicate the strong correlations of the elastic modulus of
trabecular bone with the obtained ITV, PTV, and ISQ
values. Trabecular bone with an osteoporotic structure
reduces the primary stability of an implant.

(2) Caution is required when using artificial jawbones as
experimental models since characteristic of bone type is
also a factor influencing primary implant stability. Using
bone models with a cellular structure might be more
appropriate for obtaining accurate values of the primary
implant stability than solid-bone blocks, because their
architecture is similar to that of trabecular bone.
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