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ABSTRACT

Purpose: This study investigated the effects of bone density and crestal cortical bone
thickness at the implant-placement site on micromotion (relative displacement between the
implant and bone) and the peri-implant bone strain distribution under immediate-loading
conditions.

Methods: A three-dimensional finite element model of the posterior mandible with an
implant was constructed. Various bone parameters were simulated, including low or high
cancellous bone density, low or high crestal cortical bone density, and crestal cortical bone
thicknesses ranging from 0.5 to 2.5 mm. Delayed- and immediate-loading conditions were
simulated. A buccolingual oblique load of 200 N was applied to the top of the abutment.
Results: The maximum extent of micromotion was approximately 100 pm in the low-density
cancellous bone models, whereas it was under 30 um in the high-density cancellous bone
models. Crestal cortical bone thickness significantly affected the maximum micromotion in
the low-density cancellous bone models. The minimum principal strain in the peri-implant
cortical bone was affected by the density of the crestal cortical bone and cancellous bone to
the same degree for both delayed and immediate loading. In the low-density cancellous bone
models under immediate loading, the minimum principal strain in the peri-implant cortical
bone decreased with an increase in crestal cortical bone thickness.

Conclusions: Cancellous bone density may be a critical factor for avoiding excessive
micromotion in immediately loaded implants. Crestal cortical bone thickness significantly
affected the maximum extent of micromotion and peri-implant bone strain in simulations of
low-density cancellous bone under immediate loading.
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Conventional implants are loaded after a long period of healing. Although this approach
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, be perceived as a considerable inconvenience by patients desiring rapid rehabilitation.
article was reported.

Immediate loading has been proposed to reduce the cost and duration of the implant
treatment [1], and it has shown a clinical success rate of over 95% [2].

Despite reports of promising results in experimental and clinical studies of immediate-
loading protocols, failures can still occur and have been suggested to arise from
biomechanical factors [3]. For example, excessive micromotion may lead to encapsulation of
the implants, resulting in the failure of osseointegration between the bone and implant. Even
for implants that have already become osseointegrated, the accumulation of excessive stress
and strain can cause microdamage to accumulate, inducing bone resorption [4,5].

Primary stability has been characterized as one of the most important variables affecting

the success of immediately loaded implants. Excessive micromotion (relative displacement
between the implant and bone) may cause osseointegration to fail between the bone and
implant [4,6]. The design of the implant, the quantity and density of bone, and the insertion
torque influence primary stability. Studies have reported correlations of bone quantity and
bone density with primary implant stability using measurements of insertion torque, removal
torque, cutting torque, Periotest values (PTV), and the implant stability quotient (ISQ)
derived from resonance frequency analysis [7-12]. However, every bone parameter, including
cancellous bone density, cortical bone density, and cortical bone thickness, has an influence
on primary stability. Moreover, most of the above measuring techniques are either low-
sensitivity or show somewhat questionable correlations with other techniques [13,14]. Thus,
the relative importance of bone parameters remains controversial [10,13,15].

In addition, a key factor for the success of both delayed-loading and immediately loaded
implants is the manner in which the stresses and strains are transmitted to the surrounding
bone. Bone density is important for the success rate of implants, because it influences the
transmission of loads to implants and bone, and a high failure rate for delayed-loading
implants has been reported in areas with low bone density [16]. Therefore, the effects of
bone quantity and density on the peri-implant distribution of stress and strain have been
investigated under delayed-loading situations [17-19]. Poor bone quantity and density also
have been identified as risk factors with implications for the immediate loading of implants
[20]. However, the effects of bone quantity and density on biomechanical behavior have not
been yet clarified quantitatively for immediately loaded implants.

Clinically, it is impossible to introduce any device into the bone-implant interface to
investigate the level of micromotion between the bone and implant under masticatory
forces. Finite element analysis (FEA) is an efficient technique of evaluating both the extent of
micromotion and the distribution of peri-implant bone strain. The purpose of this study was
to investigate the effects of bone density at the implant-placement site on micromotion and
the peri-implant bone strain distribution under immediate-loading conditions.
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Finite element models

The three-dimensional (3D) geometry of the right posterior mandible was obtained from the
computed tomography (CT) scan data of a 62-year-old male, using FEA software (Mechanical
Finder, Version 6.2, Research Center of Computational Mechanics, Tokyo, Japan). The
cortical bone comprised the crestal, lateral, and inferior cortical bones. The cortical bone of
the buccal, lingual, and inferior border of the mandible was reconstructed with a thickness
of 2.5 mm [19]. Crestal cortical bone thickness at the implant placement site of the mandible
ranges from approximately 0.4 mm to 2.8 mm [10,12,19]. In previous FEA studies simulating
bone types based on the Lekholm and Zarb classification [21], crestal cortical bone
thicknesses of 1 mm and 2 mm have been characterized as thin and thick, respectively [22].
Based on previous biomechanical studies [8,13], crestal cortical bone thicknesses of 0.5 mm,
1.0 mm, 2.0 mm, and 2.5 mm were simulated in the present study.

A Straumann threaded implant (Institut Straumann, Waldenburg, Switzerland) with a
diameter of 4.1 mm and a length of 10 mm was simulated in this study. An implant and

a 6-mm abutment were modeled as one piece using 3D modeling software and exported
into the FEA software to complete the models (Figure 1). In the study, two conditions of
the implant-bone interface (a bonded interface and a contact interface) were constructed.
For delayed-loading implant models, the implant was assumed to achieve complete
osseointegration at the implant-bone interface. For immediately loaded implant models,
contact interfaces (non-osseointegration) between the implant and bone were simulated.
The friction coefficient was set to 0.3 [3]. The material properties were assumed to be

Finite element model. (A) The right posterior mandible model consisted of cancellous bone and cortical
bone. The cortical bone comprised the crestal cortical bone and the buccal, lingual, and inferior borders of the
mandible. The three independent parameters included: (1) the density of cancellous bone, (2) the density of
crestal cortical bone, and (3) the thickness of crestal cortical bone. (B) Implant and abutment.
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Bone density and material properties

Material CT value (HU) Bone density (g/cm?®) Young's modulus (GPa) Poisson's ratio
Titanium 10 0.35
Cortical bone
Alveolar crest
Low density 950 0.639 414 0.30
High density 1,750 1.168 13.94 0.30
Buccal, lingual, and lower borders 1,765 1.178 1418 0.30
Standard model 13.70 0.30
Cancellous bone
Low density 150 0.109 0.259 0.30
High density 850 0.572 3.507 0.30
Standard model 1.37 0.30

homogeneous, isotropic, and linearly elastic. The finite element model was constructed with
4-node tetrahedral elements, and had approximately 102,000 elements and 19,000 nodes.

Definition of bone density and material properties

A detailed description of the measurement and definition of bone density has been published
earlier [19]. The bone densities of 75 potential implant sites in the posterior mandible of 34
patients were measured using a spiral CT machine. The results of Kolmogorov-Smirnov tests
showed that the densities of the cancellous bone and crestal cortical bone had normal statistical
distributions. We defined the 5th and 95th percentiles of bone density (150 Hounsfield units
[HU] and 850 HU for the cancellous bone, and 950 HU and 1750 HU for the crestal cortical
bone) as low and high, respectively. Since the cortical bone densities of the buccal, lingual,

and inferior border of the mandible showed similar values, the mean value (1765 HU) was used
as the bone density of these areas. A linear regression equation was created based on the CT
values of the calibration phantom. Using these calibrated CT data, each CT value was converted
to apparent bone density expressed in g/cm’. Young’s modulus for apparent bone density was
calculated using the equations proposed by Keyak (Table 1) [23].

Young’s modulus for the cancellous bone and cortical bone of the mandible has been
frequently assumed to be 1,370 MPa and 13,700 MPa, respectively [3,24]. Thus, a model having
these Young’s moduli was prepared as the standard model. Poisson’s ratio of bones and the
material property of the titanium implant was obtained from previous data (Table 1) [24]. All
experimental procedures were conducted with the ethical approval of Nara Medical University.

Loads and constraints

With fixed prostheses supported by implants, the average maximum occlusal force was
approximately 200 N for the first premolar and molars [25]. A buccolingual oblique load of
200 N was applied to the top of the abutment to simulate the average maximum occlusal load
and direction on the first premolar tooth (Figure 1). The loading angle was defined as 30° to
the axis of the implant [26]. The boundary conditions were established by the nodes of the
mesial and distal end of the model in all directions.

Analysis of micromotion and bone strain

Analyses were performed to calculate the micromotion at the bone-implant interface in the
immediate-loading models, as well as the minimum principal strain around the implants.
The micromotion was computed as the relative displacement between two nodes (one
node on the bone side and one node on the implant side) of elements on the interface. The
minimum principal strain (third principal strain) represented the most negative strain,
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The results of convergence tests in the standard model with 1.0-mm crestal cortical bone under delayed
loading.

typically the peak compressive strain. In order to evaluate the minimum principal strain,
eight 1-mm spheres were placed at the alveolar crest around the implant in a similar manner
as described in a previous report [27]. The mean value of the minimum principal strain in
multiple solid elements contained in the sphere was used as the typical strain value. The
absolute maximum value in these spheres was used as the peak strain value of the model.

COnvergence test

A convergence test of the finite element models was performed to verify the mesh quality, and
the convergence criterion was set to be less than 1% in changes of the total strain energy of all
elements (Figure 2). Based on the results of the convergence test, an average element size of
0.6 mm was set for meshing in all finite element models.

Micromotion

In the low-density cancellous bone models, the implant was displaced lingually at the

neck and buccally at the apex of the implant. In the high-density cancellous bone models,

the implant was less displaced at the apex than at the neck of the implant (Figure 3).
Consequently, the maximum micromotion was observed at the apex of the implant in the
low-density cancellous bone models, whereas it was observed at the implant neck in the high-
density cancellous bone models.

The maximum micromotion was affected more by the cancellous bone density than by

the crestal cortical bone density. The maximum micromotion values in the low-density
cancellous bone models were 2.8-5.5-fold higher than those in the high-density cancellous
bone models. The maximum micromotion values in the low-density crestal cortical bone
models were 1.2-2.0-fold higher than those in the high-density crestal cortical bone models.
The greatest extent of micromotion was approximately 100 pm in the low-density cancellous
bone models, whereas it was less than 30 um in the high-density cancellous bone models.
Crestal cortical bone thickness greatly affected the maximum micromotion in the low-
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Displacement of the implant and abutment in the immediate-loading models with 2.0-mm crestal cortical bone. The cortical bone and the implant
and abutment before deformation are also illustrated. Displacement of the implant and abutment is represented at 15x maghnification in all models. B, buccal; L,
lingual.

Maximum micromotion in the immediate-loading models.
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Minimum principal strain distribution in the cortical bone in 2.0-mm crestal cortical bone models. (A) Delayed loading. (B) Immediate loading. B,
buccal; L, lingual.

The effect of crestal cortical bone thickness on the minimum principal strain distribution in the cortical bone in the standard model under immediate
loading. (A) 0.5 mm of thickness. (B) 1.0 mm of thickness. (C) 2.0 mm of thickness. (D) 2.5 mm of thickness. Similar trends in the minimum principal strain
distributions were observed in the delayed-loading models, although the strain levels were different (data not shown).

density cancellous bone models, whereas it did not affect the maximum micromotion in the
high-density cancellous bone models. In the standard models, the maximum micromotion
decreased by 15.4%-38.5% with increases in the crestal bone cortical thickness, but only to
26 um (Figure 4).
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The peak values of minimum principal strains in the peri-implant cortical bone.

Strain distribution in the bone around the implant

The minimum principal strain concentration was located at the lingual crestal cortical bone
in all models for both delayed and immediate loading (Figure 5 and 6). The peak minimum
principal strain values in the immediate-loading models were 1.51-2.34-fold higher than
those in the delayed-loading models (1.61-1.98-fold in the standard models). The minimum
principal strain values were affected by the density of the cancellous bone and the crestal
cortical bone to the same degree for both delayed and immediate loading. The peak
minimum principal strain values in the low-density bone models were higher than those in
the high-density bone models, by 1.35-1.84-fold in the delayed-loading model and 1.46-2.30-
fold in the immediate-loading model regarding cancellous bone density, and 1.73-2.28-fold
in the delayed-loading model and 1.88-2.63-fold in the immediate-loading model regarding
crestal cortical bone density (Figure 7).

In the low-density cancellous bone models, the minimum principal strain decreased with an

increase in the crestal cortical bone thickness. This tendency was particularly notable under
immediate loading in comparison with delayed loading. In contrast, in the high-density
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cancellous bone models, the peak minimum principal strain values did not significantly
depend upon crestal cortical bone thickness (Figure 7).

Micromotion and peri-implant bone strain distribution

In the standard model, the peak minimum principal strain decreased by 9.4%-26.0% with
increases in crestal cortical bone thickness under immediate loading, whereas it was not
affected by crestal cortical bone thickness under delayed loading (Figure 6 and 7).

Primary implant stability is essential for the successful formation of bone tissue at the bone-
implant interface. The success of dental implants is not related to the timing of loading,

but rather to the critical function of micromotion [4]. Micromotion of more than 150 pm
can induce the formation of fibrous connective tissue, preventing the osseointegration of
an immediately loaded implant [4,6]. In contrast, Vandamme et al. [28], in a bone chamber
experiment, demonstrated that displacement of an implant between 30 pm and 90 pm
stimulated bone formation at the implant surface. Therefore, a micromotion level from 100
pm to 150 um may be the maximum threshold.

We found the maximum extent of micromotion to be significantly influenced by cancellous
bone density. The maximum micromotion in the low-density cancellous bone models
reached around 100 um. In contrast, in the high-density cancellous bone, the maximum
micromotion values were less than 30 pm. These results indicate that cancellous bone density
may be a critical factor for avoiding excessive micromotion in immediately loaded implants.

A correlation between bone density and primary implant stability has been reported in
previous studies. Bone density influences the ISQ [11,13,15], PTV [11,15], and insertion
torque value (ITV) [8,15]. Ikumi and Tsutsumi [9] showed a significant correlation between
bone density obtained by CT and cutting torque values. An in vitro study found that implant
displacement in soft bone was significantly higher than in normal or hard bone [29]. Previous
studies have also reported significant correlations between cortical bone thickness and
implant stability. Increasing the crestal cortical bone thickness has been found to increase
the values of the ISQ [10-12] and the ITV [15], as well as to reduce the PTV [11]. For example,
Miyamoto et al. [12] found a significant correlation between the ISQ and crestal cortical
bone thickness. Several in vitro studies using artificial bone models have shown a correlation
between crestal cortical bone thickness and primary stability [7,11,13].

Studies employing FEA have shown that, when a lateral or oblique force is applied

to the implant, most of the force is concentrated on the cortical bone [24]. For this
reason, previous studies have focused on the anatomic background related to cortical
bone thickness rather than bone density [15,30]. Several studies have demonstrated no
correlations between bone density and implant stability. In one study, 22 implants were
inserted into the maxillae and mandibles of human cadavers, and no correlations were
found between the ISQ and histomorphometric parameters of cancellous bone analyzed
using micro-CT [10]. Similarly, Nkenke et al. [14] demonstrated the importance of cortical
bone thickness rather than bone density in implant stability. However, Marquezan et al. [15]
showed that cancellous bone played an important role in primary stability in the presence
and in the absence of cortical bone based on an analysis of histomorphometric bone
parameters using bovine bone blocks.
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An in vitro study using biomechanical test materials for implant stability showed the absence
of correlations among methods such as resonance frequency analysis, removal torque,

and axial testing [13]. Hsu et al. [11] found that initial stability was influenced by both the
crestal cortical bone thickness and the Young’s modulus of cancellous bone using artificial
bone, but these factors were mostly nonlinearly correlated with the ITV, PTV, and ISQ. Such
nonlinear relationships among bone parameters and implant stability, as well as variations
in bone density and cortical bone thickness measured in clinical studies or established

using biomechanical tests, may be responsible for the different interpretations presented in
previous studies.

Micromotion and peri-implant bone strain distribution

In the present study, crestal cortical bone thickness affected the maximum micromotion

in the standard model and in the low-density cancellous bone models, in agreement with
previous studies measuring the ITV, PTV, and ISQ [7,10-12]. However, even in the standard
model, the maximum micromotion values were much less than 100 pm. Therefore, we
believe that crestal cortical bone thickness plays an important role in reducing micromotion,
only when the cancellous bone density is low.

Minimum principal strains were calculated for the cortical bone around the implant. Since
stress and strain may induce the form of marginal bone loss known as saucerization, the
stresses and strains of the crestal cortical bone adjacent to the implant neck must play a

major role in the analysis [24,31]. Potential fatigue damage of the bone occurs with excessive
dynamic loading that exceeds 4,000 e in compression and 2,500 pe in tension [32,33]. In
particular, bone resorption under compressive strain is attributed to the accumulation of
induced microdamage that exceeds the capacity of the bone for repair [4,26,32]. Therefore, the
minimum principal strain values in the peri-implant cortical bone were evaluated in this study.

The distributions of the minimum principal strain in the delayed and immediate-loading
models were consistent with previous reports, which have shown the concentration of stress
and strain to be on the compressive side [26,34]. In the immediately loaded implants, greater
stress and strain develop in the cortical bone and cancellous bone because only compressive
and frictional forces are transferred via the contact interfaces, compared with the bonded
interfaces of the delayed implants [35]. The results of the present study agree with the
findings reported by Ferreira et al. [36], who showed that the minimum principal stress in the
peri-implant bone in an immediate-loading model was approximately twofold higher than
was observed in a delayed-loading model.

As bone density affects peri-implant bone stress and strain in delayed-loading conditions
[17,18], the minimum principal strain values in the peri-implant cortical bone under
immediate loading were also affected by the density of the cancellous and crestal cortical
bone. The effects of crestal cortical bone thickness on peri-implant bone stress and strain
also have been investigated under delayed-loading conditions. Crestal cortical bone thickness
has either a minimal effect or no effect on peri-implant bone stress and strain [18,31]. Our
results are consistent with those findings in the delayed-loading models. However, in the
present FEA, even in the standard model under immediate loading, the minimum principal
strain was affected by crestal cortical bone thickness. In the low-density cancellous bone
models, the crestal cortical bone thickness affected the peak minimum principal strain values
to a greater extent. This is most likely because crestal cortical bone bears a greater load on
the compression side under immediate loading than under delayed loading.
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The peak minimum principal strain exceeded 4,000 pe for all immediate-loading models.
However, this does not necessarily imply bone overloading and implant loss, because in
addition to strain amplitude, loading frequency and the number of loading cycles can have a
significant effect on the adaptive response of cortical bone [3,5,32]. Nonetheless, the results
of the present study biomechanically confirm that low-density bone and thin crestal cortical

Micromotion and peri-implant bone strain distribution

bone at the implant placement site are risk factors for overloads of immediate-loading
implants, as well as providing quantitative evidence to support pre-existing recommendations
in the implant community. Clinically, in immediate-loading protocols, it is emphasized

that implants should be placed in areas of “good-quality” bone (types 1-3 according to the
Lekholm and Zarb classification) [38] or at sites where only good primary stability is achieved
[2]. Selecting implant placement sites in this way may reduce micromotion and peri-implant
strain, resulting in high survival rates for immediately loaded implants.

Biomechanical evaluations of dental implants using FEA have been performed by many
researchers. The validity of the simulations depends on morphology, material properties,
boundary conditions, and the bone-implant interface. The most important factors in the
outcome are the material properties of the materials used, such as Young’s modulus and
Poisson’s ratio [39]. Therefore, we defined the degree of bone density and range of crestal
cortical bone thickness using the CT data of preoperative patients [19]. This enabled us to
evaluate the effects of bone parameters quantitatively.

Chang et al. [40] analyzed micromotion in an immediately loaded implant model similar

to that in the present study, with a vertical load 0of 300 N. They showed a maximum
micromotion of 8.5 pm to 15.0 pm in the model with a cortical bone thickness of 2 mm. The
maximum micromotion of the standard model with 2.0-mm crestal cortical bone thickness
in the present study was 17 um. This microstrain value is also compatible with the value
found by Huang et al. [35], who reported that the maximum micromotion in the high-density
cancellous model was 7.9 um, under a 30-degree oblique load 0f 129 N. Although the model
geometry, material properties, and boundary and loading conditions were not identical, the
results of this study were similar to those of other FEA studies; hence, the model of this study
should be considered to have been validated accurately by previously published reports.

This finite element model had limitations, such as homogeneities and the isotropic

linear elasticity of the material properties. Altering the mandibular properties with the
anisotropic assumption may result in different strain distributions [35]. The load was
applied in a fixed direction. The boundary conditions were set as fixed, so they did not
accurately reproduce the complex forces exerted during chewing. These assumptions do not
completely reflect clinical scenarios. Thus, the values of strain and micromotion could not
be directly compared with clinical threshold values. Furthermore, the threshold value for
micromotion may be influenced by the implant surface treatment. Nonetheless, in agreement
with other quantitative studies [3,17,35-37], the present assumptions can be accepted,

in a computational sense, to assess the biomechanical behavior of implants. The above
limitations should be considered when applying our results to clinical situations.

In conclusion, cancellous bone density may be a critical factor for avoiding excessive
micromotion in immediately loaded implants. Crestal cortical bone thickness greatly
influenced the maximum micromotion only when the cancellous bone density was low. In
cases with low-density cancellous bone, the minimum principal strain in the peri-implant
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bone was more sensitive to changes in the crestal cortical bone thickness under immediate
loading than under delayed loading.
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