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ARTICLE INFO ABSTRACT

Keywords: This study aimed to clarify the effects of bone remodeling on biomechanical behavior in a patient with a
Dental implant mandibular implant-supported overdenture by comparing computed tomography-based finite element analyses
Overdenture

(CT-FEA) with two time points of CT data. The present FEA was based on CT data collected from a 62-year-old
female subject, who wore a mandibular implant overdenture supported by four dental implants with bar
attachment. Two kinds of FE models were constructed from CT data taken at two time points: pre-implantation
(Original-model) and 12 years post-implantation (Aged-model). FE models consisted of patient-specific model
geometry and heterogeneous material properties. The deviation analysis was carried out to assess the changes in
bone mass over a period of 12 years. The results show an averaging of intraosseous stress and strain energy
density between the implant regions in the Aged-model. The results of the morphological assessments demon-
strated that the bone mass and quality had significantly changed over 12 years. Area-specific bone resorption was
also observed at the bone surrounding each implant. The combined findings indicate that the averaging of
mechanical variables was due to chronological changes in bone morphology, suggesting adaptation to me-

Finite element analysis
Mechanical stimulus
Bone remodeling

chanical loads by peri-implant bone remodeling.

1. Introduction

Long-term clinical complications of dental implant treatment pro-
cesses are typically peri-implantitis and peri-implant mucositis, which
are inflammation in peri-implant tissues caused by bacterial infections
[1-3]. On the other hand, a large number of mechanical complications
such as fractures and loosening of implant component have also been
reported [4,5]. Those mechanical complications are considered to be
results of functional processes; occlusal forces occurring from mastica-
tion and/or bruxism are transmitted to implant prostheses, causing
stresses and strains in the components, resulting in the aforementioned
complications. In addition, it is reported that the mechanical stress and
strain developed in the peri-implant bone plays an essential role in
maintaining homeostasis of the bone [6,7]. Thus, it is necessary to
control the biomechanical conditions in implant components and bone
for the long-term prognosis of dental implants as well as avoiding in-
fections in tissues surrounding implants.

The biomechanical studies related to dental implant treatment and

prosthodontic treatment have been based on in-vitro mechanical testing
such as single load to failure [8], fatigue testing [9], physical model
experiments [10-12], digital image correlation [13], in vivo biome-
chanical testing with strain gauges [14] and pressure-sensitive sheets
[15,16], and computer simulations with finite element analysis (FEA)
[17]. FEA has developed from simple models to nonlinear analysis
considering dynamic loading conditions and nonlinear characteristics of
materials, due to the improvement of computer-aided engineering
[18-21]. Recent FEA studies of dental implants have used complicated
shape models constructed from CT data as well as nonlinear analysis
models considering friction between implant components [22,23].
However, few studies perform longitudinal simulations rely on
subject-specific data of individual patient [24].

A previous study [25] has successfully measured actual loads exerted
on a tooth during function in the oral cavity of a subject using a 3-D
piezo-electric force transducer. Yoda et al. [26] applied the measuring
system for an implant-supported prosthesis to measure the loads in the
implant abutments. In addition, Shigemitsu et al. [27] clarified the
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effects of the number and direction of installed implants on intraosseous
stresses by means of personalized FE models based on CT data and
intraorally measured loads as loading conditions. However, such models
represented snapshots in time and could not involve temporal changes of
jaw bone.

The aim of this study was to clarify the biomechanical behavior
related to temporal morphological changes in a patient with an implant-
supported overdenture by comparing personalized finite element ana-
lyses based on CT data of the patient between two time points: FE models
constructed from CT data taken before dental implant placement and 12
years post-implantation.

2. Materials and methods

This study was approved by the Ethics Committee of Tohoku Uni-
versity Graduate School of Dentistry and conducted with the informed
consent related to the purpose of this study and management of personal
information.

The subject was a female patient aged 62 with a complete denture on
her edentulous maxilla. The four implant fixtures (Mk III TiU RP, Nobel
Biocare, Japan) with a diameter of 3.75 mm and a length of 13 mm were
placed in the mandibular bone between the bilateral mental foramens.
The four implants supported a complete overdenture with a bar
attachment. The implant fixtures were splinted with the bar attachment
and connected to each abutment with a titanium screw (Fig. 1).

2.1. In-vivo load measurements and loading conditions

The four implants were defined as Imp 1, Imp 2, Imp 3, and Imp 4
from the right (Fig. 1a). The three-dimensional intraoral load mea-
surement during maximal voluntary clenching (MVC) was performed
using 3-D piezo-electric force transducers (Type Z18400, Kistler In-
strument, Japan) [26]. The transducers were fixed to implant fixtures
with custom-made jigs (Fig. 1a). The measurement protocol is detailed
in a previous study [27]. The load vector during MVC measured by the
transducer on each implant was transformed to the coordinate with
vertical (z), antero-posterior (y) and mediolateral (x) axes based on the
mandibular plane and sagittal plane (Table 1).

2.2. FE modeling

Two FE models based on the subject’s CT data were constructed. The
first model, Model A (Original model), was based on the CT data
(Quantex, GE Yokogawa Medical Systems, Tokyo, Japan) taken at the
pre-surgery initial consultation. In the interest of minimization of radi-
ation and absence of medical indication, CT data could not be taken at
post-surgery. Therefore, Model A was constructed by in-silico placement
of the implants. The position of each implant to the mandibular bone
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Table 1
In vivo measured loads during MVC.

Loading vector(N)

F(x) F(y) F(z) [IF|
Impl ~11.4 10.7 -41.1 44.0
Imp2 3.2 ~11.0 -39.8 415
Imp3 111 ~12.1 -40.3 435
Imp4 332 0.1 -54.5 63.8

was determined by cephalometric analyses described in detail in a
previous study [27]. CT data (Aquilion ONE, Toshiba Corporation
Medical Systems, Tokyo, Japan) for the second model, Model B (Aged
Model), were collected at the age of 74, 12 years post-implantation. To
reduce the beam hardening and metal artifacts, the CT data were
reconstructed using single-energy metal artifact reduction algorithm
(SEMAR) supplied with the CT examination system [28,29]. In this
technique, the metal images were segmented on the original images and
used to correct the raw data. Classification of various tissues is subse-
quently performed. These information were combined with the original
raw data iteratively to reduce the beam hardening and metal artifacts
(Fig. 2). The reconstructed data were finally combined and used in the
segmentation process of FE modeling. Both CT scan images were ob-
tained with a matrix of 512 x 512, a field of view of 160 mm, tube
voltage 125 kV, and a slice thickness of 0.5 mm. FEA software (ME-
CHANICAL FINDER Ver. 7.0 Extended Edition, Research Center for
Computational Mechanics, Tokyo, Japan) was used to create two FE
models. The geometries of implant components, including fixtures,
measuring devices and a connecting bar of attachment, were recorded
using a micro focus X-ray apparatus and reconstructed in the model.

In both models, perfect adhesion between the implants and the
surrounding bone was assumed, simulating osseointegration. In Model
A, area behind the bilateral mandibular ramuses were completely con-
strained. In Model B, bilateral mandibular condyles were completely
constrained (Fig. 3).

The loads were applied to each implant where the load measuring
devices were mounted (Fig. 3). Magnitude and direction of loads applied
on the individual implants were the maximum values of the loads on the
respective implants, measured in the subject during her MVC (Table 1).

The 4-node tetrahedral elements with edge length of 0.25-1.0 mm
and an aspect ratio ranging from 1.0 to 19.8 were employed for
modeling. The outer surface of the cortical bone was modelled with 3-
node shell elements for the purpose of minimizing the impact of the
partial volume effect [30]. A convergence test with mesh refinements
was performed to verify the model quality using the average of von
Mises stress in the mandibular bone with a convergence criterion of 3%,
i.e. the model was considered converged upon a change below 3% in the
final refinement step (Fig. 4). Based on the results of the convergence

Fig. 1. The subject had a maxillary full denture and a bar-and-clip overdenture supported by four dental implants that were placed into the mandibular bone. The
coordinate system was defined as vertical (z), antero-posterior (y) and mediolateral (x) axes based on the mandibular plane and sagittal plane. (a)The load-measuring
device in the mouth (b) in vivo loads during maximum voluntary clenching were recorded (c) The overdenture had 3 clip attachments that were connected with bar

splinting 4 implants during function.
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Original raw data
with artifact

Reconstructed data
with SEMAR

Fig. 2. In this algorithm, classification of tissues was conducted iteratively to reduce the beam hardening and metal artifacts.
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Fig. 3. In Model B, bilateral mandibular condyles were completely constrained.
The loads were applied to each implant where the load measuring devices were
mounted. In both models, region-of-interest (ROI) was defined as box volumes
with dimensions 7 mm by 7 mm by 15 mm surrounding each implant.
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Fig. 4. A convergence test with mesh refinements was performed to verify the
model quality using the average of von Mises stress in the mandibular bone.
Based on the results of the convergence testing, the mesh size and numbers
were decided in each model.

testing, the models comprised 1,278,059 elements and 241,734 nodes

for Model A and 2,740,363 elements and 500,382 nodes for Model B.
The material properties in both models are summarized in Table 2.

After defining regions-of-interest of the bone area, the material

heterogeneity of the inside of the mandibular bone was reproduced in
each model. The volumetric bone mineral density (p) was calculated
from the average HU value for each element by previously published
equations [31,32]. The two CT in this study were taken with the same
energy level and, thus, the HU-BMD relationships were assumed to be
the same despite differences in CT equipment.

p(g/em ?) = [H.U.+14246] x0.001/1.058 (HU > —1) )}

plg/em’) = 0 (HU < —1) @

The elastic modulus (MPa) corresponding to the volumetric bone
density in each element was calculated using the following equation
[33].

E (MPa)=0.001 [p= 0] 3)
E (MPa) = 33,9000 [0<p < 0.27] (@)
E (MPa) =5,307p +469(0.27 <p < 0.6] 5)
E (MPa) = 10,2000 [p > 0.6] (6)

Poisson’s ratio was set as 0.4 for both cortical and cancellous bone
[33].

Isotropic and homogeneous material properties were assumed for the
implant components and connecting bar which were determined from a
previous study [27].

2.3. FE analysis

The von Mises equivalent stress (VMS), the maximum principal stress
(Sigmal), minimum principal stress (Sigma3) and strain energy density
(SED) were computed to observe mechanical stimulus in both models. In
both models, region-of-interest (ROI) was defined as box volumes with
dimensions 7 mm by 7 mm by 15 mm surrounding each implant (Fig. 3).
Volume average values for VMS, Sigmal, Sigma3 and SED in the ROI
were calculated. Weighted histograms (weighted by element volume)
with 100 bins for SED of elements in the ROI were used to compare the
mechanical state around four implants in each model quantitatively,
despite their different element configurations. SED is commonly
considered to be a determining factor for bone remodeling [24,34,35].

2.4. Morphological assessments of the mandibular bone

To evaluate morphological changes of the mandibular bone between
the two time points, the two models were registered to each other and
superimposed by voxel processing software (VOXELCON, Quint
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Table 2
The material properties of FE models.

Computers in Biology and Medicine 129 (2021) 104173

Original-model (Model-A)

Aged-model (Model-B)

Young’s modulus (MPa)

Poisson’s ratio Young’s modulus (MPa) Poisson’s ratio

Cortical bone and Cancellous bone
Implant component andConnecting bar (Pure titanium)
Distribution of Young’s modulus

Heterogeneous values
106,000

CT image pre-implantation

0.4 Heterogeneous values 0.4
106,000

0.34 0.34

12 years post-implantation

Model A Ref ] Model B
Before eference points 12 years after
implantation implantation

Fig. 5. The series of CT images at two time points-before implants placement and 12 years after placements were converted to the STL data and registered for
evaluating morphological changes. Reference points for registration were three points consisting of both angles of the mandible and spina mentalis.

Corporation, Japan). Reference points for registration were three points
consisting of the two angles of the mandible and spina mentalis, then
vertical dimensional changes were morphologically calculated (Fig. 5).

3. Results
3.1. Results of FE analyses

Fig. 6 shows the distribution of each mechanical stimulus on the
mandibular bone surface. In Model A, concentration of VMS, Sigma3
and SED occurred at the distal parts of Imp3 and Imp4, while the stress
and strain state around the implants appeared to be more averaged in
Model B. Fig. 7 shows the distribution of each mechanical stimulus in a

cross section through the two medial implant holes (Imp2 and Imp3). In
a cross-sectional plane, compared to Model A, Model B demonstrated
concentrated VMS, Sigma3 and SED areas in the buccal cortical bone
and changes in VMS, Sigmal, Sigma3 and SED distribution tendency in
the cancellous bone.

Fig. 8 shows volume average values of mechanical stimuli around
each implant (ROI) in two models. In Model A, relatively higher VMS
were observed at Imp4 compared to the other implant. In Model B, VMS
and Sigmal were more averaged between each implant, possibly caused
by changes in the shapes and material properties of the mandibular
bone. In contrast, the mechanical state around each implant was not
changed for Sigma3 and SED in Model B compared to Model A.

Fig. 9 shows weighted histograms of strain energy densities
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Model A (Original)

Model B(Aged)

VMS

Sigma1

Sigma3

SED

[MPa]

Fig. 6. The distribution of VMS, Sigmal, Sigma3, and SED on the mandibular bone surface and in a cross section. Model A (Original Model: pre-implantation), Model

B (Aged Model: 12 years post-implantation).

separated into the regions-of-interest surrounding the four implants in
the two models. The SED was generally higher and more averaged be-
tween the implants in Model B, i.e. Model B shows a higher degree of
load sharing between the implants.

3.2. Results of morphological assessment of the mandibular bone

Fig. 10 shows the morphological differences of the mandibular bone
shape between the two time points. Focusing on site-specific resorption,
large amounts of bone resorption were observed surrounding Impl,
Imp2 and Imp3 compared to Imp4 (Fig. 10a). In addition, the relative
location between each implant and the bone had significantly changed
after 12 years of implantation (Fig. 10b).

4. Discussion

In the human body, the shape, density and quality of bone varies
from point to point and over time in response to mechanobiological
circumstances. This phenomenon is called “Bone Remodeling” [36].
This study focused on the effects of bone remodeling on the stress and
strain response of the bone in a patient with an implant-supported
overdenture. FEA models for the subject at two time points were con-
structed from geometry and material properties originating from CT
images.

Previous biomechanical studies [21,24,37-39], evaluated the me-
chanical state through different biomechanical variables. The principal
stresses are suited for the observation of tensile and compressive stress,
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Model A(Original)

Model B (Aged)

SED

IMPa]
|

Fig. 7. The distribution of VMS, Sigmal, Sigma3, and SED in the cross section. Model A (Original Model: pre-implantation), Model B (Aged Model: 12 years post-

implantation).

whereas the von Mises yield criterion is the most commonly used
scalar-valued invariant to evaluate yielding/failure behavior of various
materials. Since bone has both elastic and plastic response in physical
terms [40,41], the use of the VMS, Sigmal and Sigma3 can be argued,
although bone is hardly a homogeneous material. The SED is also a
mechano-biological state variable frequently used in simulation studies
focusing on adaptive bone remodeling [35,42,43]. Their investigations
were based on the assumption that bone strives to equalize the strain
energy per unit of bone mass, averaged over a particular loading history.
Besides, Yoda et al. compared relationships between peri-implant bone
thickness in actual patients and calculated SED in the bone [24]. Based
on these previous studies, the von VMS, Sigmal, Sigma3 and SED were
employed to evaluate mechanical behaviors.

In this study, the contour distribution of Model B, developed from CT
data of the mandibular bone 12 years post-implantation, demonstrated
qualitative redistribution of mechanical stimuli in the cortical bone
around the neck of each implant (Fig. 6) and cancellous bone (Fig. 7).
Volume average values of VMS and Sigmal demonstrated quantitative
averaging between each implant (Fig. 8). Besides SED-weighted histo-
grams of each implant showed a redistribution of the load between the
implants (Fig. 9). These findings may be attributed to physical factors
such as differences of geometries and material properties of the bone,
and to measurement accuracy differences between the two CT scanners.
In support of the physical factors, we notice the moderate to large
temporal changes in the morphological assessments of the mandibular
bone in terms of bone resorption surrounding Imp1, Imp2, and Imp3



E. Sato et al.

Computers in Biology and Medicine 129 (2021) 104173

Model A (QOriginal)

Model B (Aged)

0.5 I 0.25
I u B

Impl Imp2  Imp3 Imp4

20 20
1.64 _
© ©
§ 15 Q15 1.30
7 e o 103 092 0091
S 10 091 .85 S 10 : :
> >
05 I I 05
0.0 0.0
Impl Imp2 Imp3 Imp4 Impl  Imp2  Imp3  Imp4
20 2.0
© ©
: Q1
Q;__. 15 E15
© ©
£ £ 08 070 46 067
B, 992 a5 042 | ©

o o
o v

Impl Imp2  Imp3 Imp4

™
o

-1.38

=
wn

-0.75

-0.66 -0.68

Sigma3 [MPa]

o o
o v

Impl Imp2 Imp3 Imp4

-2.0

-1.0 -0.77
05 —-0.35 _g.32 -0.38

- 1 01 B

Impl  Imp2 Imp3  Imp4

Sigma3 [MPa]

5.0E-04

4.0E-04

2.00E-04

SED [MPa]
s
Q

2.0E-04
1.24E-04

I 7.30E-056.78E-05

Impl Imp2 Imp3 Imp4

1.0E-04

0.0E+00

5.0E-04

4.0E-04

1.85E-04

I 1.35E-041 24E-04

Impl Imp2 Imp3 Imp4

SED [MPa]

2.0E-04

1.0E-04

0.0E+00

Fig. 8. The volume average values of VMS, Sigmal, Sigma3, and SED at the ROI

each implant.

compared to Imp4 (Fig. 10). These morphological changes caused by
bone remodeling correspond with the averaging of the volume average
values of VMS and Sigmal stress around each implant in model B
(Fig. 8). Although the mandibular bone shape (residual ridge height) of
the subject was originally asymmetric in Model A, which was changed to
be mostly horizontally symmetric over the 12 years in Model B (Fig. 10).

Table 2 documents the material properties of the bone at the two
time points by Young’s modulus distribution. The correlation between
residual ridge height, CT values and aging difference were reported in a
previous study [44]. The subject in the present study shows large
resorption of the height of the residual ridge over 12 years, which might
significantly change CT-estimated Young’s moduli. However, it should
be noted that the equation to calculate Young’s moduli is based on the
HU-BMD relationship in this study. Even though the two different scans
were taken with the same tube voltage, each CT scanner has specific

in Model A and Model B. The ROI was defined as box volumes surrounding

polychromatic characteristics of the X-ray beam, and other factors might
also affect HU. But in this study, we focused on the mechanical state
around each implant in each model. Thus, the differences of material
properties between Model A and Model B are acceptable.

In summary, the stress and strain fields of the ROI between the in-
dividual implants were averaged in Model B compared to in Model A.
This is likely due to morphological changes of the bone as a mechano-
biological response to the loading and bone metabolic response.
Although this study is based on a single subject from which a general
trend cannot be derived, the results indicate the dependency of bone
remodeling on the mechanical state as observed by Wolff [45]. How-
ever, it should be noted that the loading conditions of daily living are
different from the idealized loading of the models, and that the same
loading conditions were used in Models A and B whereas they may
change over time.
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Fig. 9. The weighted histograms (weighted by element volume) with 100 bins for strain energy density of elements in the regions-of-interest were used to compare
the models quantitatively despite their different geometries and element configurations.

Registration

Fig. 10. The morphological assessment of mandibular bone shape between two time points. (a) Contour map shows vertical dimensional changes between model-A
and B. The positions of each implant were indicated by doted circles. (b) The vertical dimensional changes in sagittal cross section through the center of each
implants. The bone shape and implant positions in cross section (purple for Model A, green for Model B) were indicated.

According to previous retrospective cohort studies, the amount of
bone loss in marginal bone around the implants was approximately 2
mm or more per decade [46]. The amount of marginal bone resorption
was dependent upon the types of implant design and supra-construction
[47]. Clinically, marginal bone loss commonly refers to the bone
resorption around implant fixtures as shown in those reports. Besides, in
the present subject, vertical bone height was significantly changed
(Fig. 10) but marginal bone loss around the implants was slightly
observed. In fact, the condition of the soft tissue has been stable for 12
years and implant thread was not exposed during the maintenance
period. Therefore, the current implant positions are the result of a
combination of peri-implant bone loss and changes in relative position
to the mandible. Despite the lack of accurate measurements of the bone

loss surrounding the implants, Fig. 10 demonstrates significant changes
in the shape of the mandibular bone after 12 years, approximately 9 mm
surrounding Imp2. Despite the possible effect of the flattening of bones
during the implant surgery and the immediate healing process following
implantation [48], the changes of the bone are attributed to metabolic
function and a mechanobiological reaction [36], which is clinically
meaningful and should be considered. However, it is necessary to
consider the validity of the references for the geometrical registration of
the two models. In this study, the corner points on the mandibular angle
and spina mentalis were used (Fig. 5). Since these anatomical points are
insertions and origins of craniomandibular muscles, they should be
appropriate as reference points. Due to the absence of control patient or
control population in this study, it is unclear which physiological,
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biological and mechano-biological factor is potentially associated with
the bone remodeling phenomenon in this subject.

In this study, the subject wore a bar-clip attachment overdenture,
which was supported by the implants and mucosa during oral function.
Both components convey load to the bone. Suenaga et al. reported that
denture base pressure affected bone metabolism based on the results of
nuclear medicine scanning [49]. The morphological study of mandib-
ular bone resorptions with implant overdentures reported that the
average reduction in height was almost 1.0 mm in 5 years, and the bone
height of the left posterior residual ridge was reduced by approximately
2 mm over a period of 12 years [50]. Considering the amount of bone
reduction observed in their studies, chronological changes of the alve-
olar ridge shape were considered to be valid in the present study. Our
study simulated the loads on the implants, showing the biomechanical
behaviors of the bone surrounding the implants to be reasonable. On the
other hand, the relationship between the biomechanical behavior of the
posterior residual ridge and the morphological changes in the mandib-
ular bone, especially in the mucosa beneath the denture, were not
demonstrated in this study, because the denture base and mucosa were
not constructed in the FE models, and the biomechanical behavior in the
mucosa beneath the denture is presumably different from that of the
clinical condition.

This study has some limitations. Even though the CT data for model B
were reconstructed with the SEMAR algorithm to minimize the beam
hardening, it could not be completely avoided. Thus, manual segmen-
tation was needed during the FE modeling process. Also, it is well known
that the use of a reference phantom leads to more credible calibration
between HU and BMD in CT-FEA studies [51]. On the model side, even
though the model represented the heterogeneous bone material prop-
erties from HU, we should pay attention to uncertainties in the trabec-
ular bone that could affect the computed values in FEA [52,53]. In the
present study, a part of the mandible was constrained, in order to clarify
the mechanical state around each implant in both models. It should be
noted that the musculoskeletal constraints could affect the deformation
of the mandible [54,55]. Despite the use of biological-data taken from
the subject, the absence of experimental measurement for the validation
of analysis results cannot be disregarded [56].

This study revealed that the mandibular bone had significantly
changed by comparing the bone shape, qualities and quantities before
and 12 years after implantation. As a result, the stress and strain dis-
tributions in the peri-implant bone were confirmed to be partially
averaged. The results of this study elucidated the effectiveness of
personalized FEA based on chronological changes in the shape of the
bone and suggested that a living body adjusts itself to mechanical loads
by bone remodeling surrounding implants.

5. Conclusion

From the comparison of FE models constructed from CT data ob-
tained before and 12 years after-implantation, averaged intraosseous
stress and strain were observed in Aged-model due to temporal changes
in the mass and quality of the bone. The results suggesting that the
mandibular bone is adapting to mechanical loads by bone remodeling.
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