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ABSTRACT

Statement of problem. Understanding the factors affecting loading-induced longitudinal peri-implant bone changes is crucial for
successful implant-supported prosthetic treatment.

Purpose. The purpose of the study was to assess the biomechanical factors influencing 3-dimensional changes in the peri-implant bone
volume and buccal bone thickness (BBT) with follow-up cone beam computed tomography (CBCT) images and finite element analysis (FEA).

Material and methods. Twelve study participants received dental implants without bone augmentation, resulting in the evaluation of 22
posterior dental implants. Each participant underwent 3 separate CBCT scans: the first at 3 months after loading, followed by scans at 15
months and 27 months after loading. CBCT images were superimposed at each interval with an image-processing software program. The
peri-implant buccal bone area was determined as the volume of interest (VOI), and volumetric change in VOI and changes in BBT at 2, 4, and
6 mm below the implant platform were measured. FEA was performed to examine the mechanical stimulation in the VOI with occlusal force
data obtained from the Dental Prescale. Interobserver reliability was evaluated by 3 experienced prosthodontists and dentists experienced
with dental implants. Linear regression analyses were performed to evaluate the relationship between variables.

Results. Occlusal force and mechanical stimulation (strain energy density [SED]) in the VOI demonstrated a positive correlation; moreover, a
positive correlation was observed between SED and bone volume loss in the VOI at 3 and 27months after loading. Similar correlations were
observed with BBT, except at a depth of 6 mm under the implant platform. The interclass correlation coefficient values were 0.995 for
volume and 0.982 for BBT, thereby indicating a high level of agreement among the observers' measurements.

Conclusions. This combined FEA and clinical study suggested that force-induced bone remodeling depends on the occlusal force in the
early phases after superstructure placement. (J Prosthet Dent 2025;133:1535-1544)
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Long-term peri-implant bone preservation is an im-  preservation of healthy peri-implant bone tissue.”

portant indicator of successful implant-supported pros-  Nevertheless, peri-implant bone resorption or loss of
theses." Those provided under current evidence-based  osseointegration can occur even after prosthetic treat-
clinical procedures can result in the long-term  ment, which has been attributed to peri-implantitis for
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Clinical Implications

This research showed that by combining FEA
technology and individual patient data, a visual
and calculable evaluation could be made.
Moreover, the results suggested that the
importance of loading in the first year after
superstructure placement should be emphasized,
as it is the period with the greatest effect on bone
remodeling associated with force.

various biological and mechanical reasons.”” To avoid
such complications and ensure successful long-term
treatment outcomes, understanding the pathology of
peri-implantitis and the mechanobiological response of
peri-implant bone is critical.

Computed tomography (CT) and histomorphological
image analyses have been used for investigating peri-
implant bone healing and remodeling processes.” His-
tomorphological images can provide detailed informa-
tion on the bone remodeling condition. However, the
use of histomorphological analyses has been limited
only to animals, and its clinical application in humans is
challenging.” Although cone beam CT (CBCT) has been
widely used for alveolar bone assessment during treat-
ment planning and peri-implant bone evaluation after
placement, CBCT images alone do not provide re-
searchers with the necessary level of detailed mechan-
obiological information.'"” Thus, experiments using
computer-aided engineering techniques, such as finite
element analysis (FEA), offer a valuable avenue for ad-
dressing the issues concerning the study of bone re-
modeling in humans.'” FEA allows for the simulation of
intricate interactions among oral structures, prostheses,
and implants, thereby facilitating a comprehensive in-
vestigation of the interdependencies among relevant
factors, the challenges notwithstanding.' L2 However,
FEA has certain inherent limitations, including con-
veying inaccurate bone morphology, boundary condi-
tions, and material properties, which can significantly
affect the outcome of the experiment.” '” Despite var-
iations in bone morphology among patients, many FEA
studies tend to use bone models that are specifically
created for the experiment.'” " Efforts have been made
to simulate the natural conditions of the bone and oral
environment by constructing an FEA model with CBCT
images of actual patients. This approach provides a more
precise representation of an individual's specific condi-
tion.'”?? In addition, certain studies have incorporated
the measurement of participants' occlusal force as input
data to enable a more accurate FEA.”’

As peri-implant bone changes in the buccal area are
notably more pronounced than in other regions,”” the
present study examined biomechanical factors influencing
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longitudinal alterations in the peri-implant buccal bone
area after superstructure placement by using the clinical
data of actual patients who received fixed implant-sup-
ported prosthetic treatment. The null hypothesis was that
loading forces after superstructure placement would have
no impact on peri-implant bone remodeling.

MATERIAL AND METHODS

The research protocol for this study was approved by the
Research Ethics Committee of Tohoku University
Hospital (2018-2-203-1). Participants provided with
implant-supported prostheses at Tohoku University
Hospital were included in this study. Participants were
informed about the purpose of the study and asked to
sign the informed consent forms. The inclusion and
exclusion criteria of the participants are listed in Table 1.

A software program (SimPlant; Materialise Dental)
was used for 3D surgical planning for the implant lo-
cation, and a standard tessellation language (STL) sur-
gical guide (SurgiGuide; Materialise Dental) was used
for the implant placement surgery. All the implants
(Straumann Standard Plus RN; Institut Straumann AG)
were placed by using a single-stage method, and the
insertion torque value of all the implants was over 35
Ncm. For all implants, interim restorations were used for
3 months before the definitive restoration was placed.
After the definitive restoration, the participant was fol-
lowed up approximately every 4 months for prosthetic
and oral hygiene examinations.

Three separate CBCT scans (3D Accuitomo; MORITA
Corp.) were performed for each participant as follows: 3
months after interim restoration placement (at definitive
restoration placement) (3 M), 15 months (15 M), and 27
months loading (27 M). The exposure settings were
90 kV and 35 mA, and the scanning parameters were
voxel size, 0.225 mm; field of view, 14x8 cm; and slice
thickness 0.25 mm.

A system (Dental Prescale; GC) was used to measure
the occlusal force applied to each implant in maximum
intercuspal  position =~ with maximum voluntary
clenching.” The digital imaging and communications in
medicine (DICOM) data of each CBCT scan was

Table 1. Participant inclusion and exclusion criteria

Inclusion Criteria Exclusion Criteria

Is over 20 years old

Has one or more teeth missing,
replaced with an implant-
supported prosthesis

Has no uncontrolled systemic
disease

Implant is placed after a minimum
healing period of four months

Has peri-implantitis
Has more than four consecutive
missing teeth

Has a history of head and neck
radiotherapy
Has severe parafunctional habits

Is pregnant or has potential for
pregnancy

Lacks sufficient capacity to make
decisions
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Figure 1. Methods for measuring time-dependent buccal bone volume and thickness changes. A, Reformat of cone beam computed tomography
(CBCT) images. Red box represents volume of interest for bone volumetric changes. B, CBCT made 3 months after loading. Blue line shows example of
buccal bone outer surface drawing. Colored dotted lines show measurement position (distance from implant platform) of buccal bone thickness. C,
CBCT made 15 months after loading. D, CBCT made 27 months after loading. E-G, Examples of superimposition of 3-dimensional buccal bone area (E:

3-15M, F: 15-27M, G: 3-27M). M, months after loading.

processed with an image processing software program
(ScanlP; Simpleware) to generate a 3D digital model of
each image. Anatomic landmarks such as the mental
foramen or incisive foramen and the implant body
served as reference geometries for the superimposition
of the CBCT images made at different times. The im-
plant body and the peri-implant buccal bone were iso-
lated, forming the volume of interest (VOI). This
extended vertically from the implant platform to the
implant apex and horizontally from the lingual border of
the implant body to the outer surface of the most convex
buccal bone (Fig. 1A). Additionally, the VOI en-
compassed 2 mm on the mesial and distal sides of the
implant. The surface profile of the buccal bone was
defined by pixel intensity (grayscale), which was de-
termined by setting the intensity threshold and manual
adjustment by filling and deleting each CBCT image
slice outlining the buccal bone surface layer-by-layer,
thereby enabling the investigation of the volume in the
same region at different time points (Fig. 1B-D). The
models were subsequently superimposed based on the
implant body to measure the volume changes between
3Mand 15 M, 3 M and 27 M, and 15 M and 27 M
(Fig. 1E-G). Buccal bone thickness (BBT) was also
measured as the distance from the implant surface at the
mesiodistal center of the implant body to the outer
surface of the buccal bone on the cross-sectional image
placed perpendicular to the teeth arch by the SimPlant.
The BBT was measured at 2, 4, and 6 mm below the
implant platform from the implant axis at 3 different
times 3 M, 15 M, and 27 M)*° (Fig. 1B). To ensure the
reliability of the measurements for both volume and
BBT, interobserver reliability was evaluated by 3
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prosthodontists experienced with dental implants (N.Y.,
LLA., T.S.). The intraclass correlation coefficient (ICC)
and typical error of measurement (TEM) were calculated
to assess the agreement among the 3 observers.”’

FEA was performed individually on all subjected
implants. The STL files of the implant body and abut-
ment were created based on pCT scans (ScanXmate-
E090; Comscan) to ensure a precise definition of the 3D
geometric model. The STL files of the superstructure
shape were created by scanning each participant in-
traorally with an intraoral scanner (TRIOS 3; 3Shape A/
S). Based on the CBCT images obtained after super-
structure placement, jawbone geometric models were
created for each participant (Fig. 2). The cortical and
cancellous bones were separated based on the grayscale
values with the image processing software program
(ScanlIP; Simpleware). Surface refinement was con-
ducted to remove spike-like artifacts. The 3D geometric
data of the implant components and superstructure
correlated with the position on the CBCT images during
model assembly. The models were then cropped to
make a partial jawbone model including the implant and
surrounding bone. The boundary condition was pro-
vided on both the mesial and distal sectional surfaces of
the partial jawbone model. It was assumed that com-
plete osseointegration had occurred at the implant-bone
interface. The implant components, including the im-
plant body, abutment, and superstructure, were also
assumed to be perfectly bonded.”

The FEAs were performed with a software program
(ABAQUS; Dassault Systems). The FE models were
meshed with 4-node linear tetrahedron elements
(C3D4). A mesh convergence test was performed to

THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 2. Components of finite element model assembly. CBCT, cone beam computed tomography.

determine the appropriate mesh size for the models by
balancing computational accuracy and cost.”” According
to the convergence test, the global mesh size was
0.5mm for the entire model; consequently, the corre-
sponding number of elements was 290 096 (degrees of
freedom: 159 360) on average. The implant, crown, and
alveolar bone were considered homogenous, isotropic,
and linear elastic materials for the FEA. The required
material properties were obtained from the existing lit-
erature (Table 2).”” Strain energy density (SED) was
used as the mechanical stimulus in the jawbone, which
has been reported to play an important role in regulating
the bone remodeling process.”"

The occlusal force obtained from the Dental Prescale
was considered the magnitude of the input force on the
superstructure in the FEA. The location of loading was
determined only at the point on the superstructure
where the maximum load was applied to simplify the
analysis (Fig. 2). Moreover, the loading angulation was
set as perpendicular to the point. In participants with a
splinted superstructure, the occlusal force obtained from

Table 2. Material properties used in finite element analysis

Material Young Modulus (GPa) Poisson Ratio
Titanium implants 110 0.3

Zirconia crown 200 0.27

Cortical bone 18 03
Cancellous bone 1 0.3
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the Dental Prescale on each superstructure was regarded
as the load exerted on each implant.”

The relationship between the occlusal force as an
independent variable and SED in the VOI measured by
FEA as the dependent variable was evaluated with the
R? value. The relationships among SED as an in-
dependent variable and bone volume and BBT changes
as dependent variables were evaluated with R* (a=.01).
Statistical analyses were performed with a software
program (JMP Pro 17; JMP Statistical Discovery LLC).

RESULTS

Twenty-two implants from 12 participants were studied.
Although the recommended sample size was 25 based
on the power analysis for linear regression analysis
performed with a power level of 0.80, 3 dropouts during
the follow-up period reduced the sample size to 22,
which may decrease the generalizability of the study.
Nevertheless, the analysis was performed to gain pre-
liminary insights despite this limitation. Table 3 shows
the participant demographics and implant properties.
The participants included 7 women and 5 men, with
ages ranging from 53 to 77 years. The mean occlusal
force measured on a single implant was 96.1 N, with a
maximum force of 200 N and a minimum force of 20 N.

The measurements of volume and BBT were cali-
brated. The computed ICC values were 0.995 for volume

Assoratgoon et al
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Table 3. Participant demographic data

Implant No. Participant Age (Years) Type of Location Length (mm) Diameter (mm) Loading Force (N)
Superstructure

1 1 63 Non-Splinted 44 10 4.1 75
2 2 77 Non-Splinted 35 10 4.1 40
3 3 66 Non-Splinted 14 10 4.1 40
4 4 72 Splinted 35 10 33 50
5 Splinted 44 10 4.1 55
6 5 75 Splinted 34 10 4.1 40
7 Splinted 44 10 4.1 20
8 2 77 Non-Splinted 36 10 4.8 200
9 6 65 Non-Splinted 36 10 4.1 175
10 7 53 Non-Splinted 37 10 4.8 200
11 8 68 Non-Splinted 46 10 4.1 90
12 9 54 Non-Splinted 36 8 4.1 70
13 10 64 Non-Splinted 27 8 4.8 200
14 4 72 Splinted 36 10 4.1 70
15 Splinted 37 10 4.1 100
16 Splinted 46 10 4.1 190
17 5 75 Splinted 36 8 4.8 60
18 Splinted 46 10 4.1 20
19 1 64 Splinted 16 10 4.1 70
20 Splinted 17 10 4.1 70
21 12 77 Splinted 46 8 4.8 140
22 Splinted 47 8 4.8 140

and 0.982 for BBT, thereby indicating a high level of
agreement among the observers' measurements. The
TEM values were 0.14 mm for BBT and 5.08 mm? for the
volume in the VOI, suggesting a strong consistency in
their assessment. These findings imply that the mea-
surements made by the 3 observers were reliable and
could be used in further analyses.

Alterations in the bone volume at specified intervals
BMto15M, 15M to 27M, 3 M to 27 M) were precisely
measured (Fig. 3). Notably, the changes observed during
3-15M were significantly more pronounced than those
during 15-27M. The independent 2-sample ¢ test was
performed with the assumption of normal distribution
using the Shapiro-Wilk test (P<.01), resulting in a subtle
difference between 3-15M and 3-27M. Additionally,
volume loss was significantly more prominent in the

1.98 mm?®) than in the premolar clinical scenarios (mean:
1.81 mm?, SD: 1.38 mm?) (P<.01).

Time-dependent BBT changes were measured at 3
different depths in each period (Fig. 4A-C). The change
in BBT during 3-27M was significantly different from the
change during 3-15M at all 3 depths (P<.01). The ma-
jority of the BBT alterations might occur during the in-
itial year after definitive restoration placement. Figure 4B
shows the occurrence of minimal changes after 15 M,
with negligible changes in some clinical scenarios.

For all the implants, the maximum SED was con-
centrated around the neck of the implant in the cortical
bone area, especially at the contact area between the
peri-implant bone and implant (Fig. 5). Figure 6 shows a
significant positive relationship between the loading
force and average SED in the peri-implant buccal bone

molar (mean: 5.2mm> standard deviation [SD]: area (R°=.31, P<.01).
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Figure 3. Buccal bone volume loss at different time intervals (3-15M, 15-27M, 3-27M). M, months after loading.
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Figure 4. Buccal bone thickness loss at different time intervals (A: 3-15M, B: 15-27M, C: 3-27M) at 3 depth levels (2 mm, 4 mm, 6 mm). M, months

after loading.

Figure 7 shows the significant correlation between the
SED in the buccal bone area and the change in the buccal
bone volume from 3 M to15M (R?=.57) and 3M to 27 M
(R*=.67). However, no significant association was ob-
served between the SED and buccal bone changes in the
15M to 27M period. No discernible variation was ob-
served between participants treated with a single implant
and those treated with a splinted implant.

Figure 8 shows significant relationships between the
SED and changes in the BBT at 2 and 4 mm between 3 M
and 15M (2mm, R?=.52; 4 mm, R?>=.48) and 3M and
27M (2 mm; R?=.44; 4 mm, R*=.37). No significant re-
lationship was observed between the SED and changes
in the BBT between 15M and 27 M at all levels.

DISCUSSION
The null hypothesis that the loading forces following

superstructure placement would have no impact on
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peri-implant bone remodeling was rejected. A relation-
ship between mechanical stimuli and bone volume loss
and buccal bone thickness loss was found. However, the
generalizability of these findings may be limited because
of the small sample size. To confirm the results and
enhance their accuracy, future studies with larger
sample sizes are warranted.

Peri-implant bone remodeling has been extensively
studied,'””"”*"* and the prevailing consensus suggests
that remodeling plays a crucial role in facilitating the
proper integration of the implant into the surrounding
bone. However, peri-implant bone remodeling can re-
sult in bone loss, particularly in the crestal bone region.
Bone loss of approximately 1.2 mm reportedly occurs
during the first year after implant placement, followed
by a subsequent annual bone loss of 0.1 mm.” Peri-
implant bone remodeling is influenced by factors that
include the timing of loading, implant position and di-
mensions, depth of the implant, and tapering of the

Assoratgoon et al



June 2025

1541

Strain energy density (Pa)
ESEDEN
(Avg. 75%)

+5.319e-01

+1.185e-03
+1.086e-03
+9.876e-04
+8.888e-04
+7.901e-04

+6.913e-04
+5.925e-04
+4.938e-04
+3.950e-04
+2.963e-04
+1.975e-04
+9.877e-05
+1.835e-08

Figure 5. Examples of strain energy density distribution in peri-implant bone in each studied implant. Numbers on figure indicate implant numbers
defined in Table 1. Values of strain energy density (Pa) shown in color in bottom right corner.
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Figure 6. Relationship between strain energy density (SED) in buccal
bone area and loading force. Linear regression model of relationship
between SED in buccal bone area and loading force. *statistical
significance (P<.01).

abutment.” Bryant and Zarb™® demonstrated similar
peri-implant bone loss in both elderly and young adults;
thus, participant age does not significantly contribute to

Assoratgoon et al

peri-implant bone loss. These findings are consistent
with those of the present study. It should be noted that
all studied implants demonstrated a favorable outcome
with no clinical symptoms and no mucosal recession
even in clinical scenarios where bone loss was con-
firmed. In other words, the horizontal bone resorption
observed in this study was at a level that was not
clinically problematic.

The integration of real patient data and CBCT images
into FEA for dental implant studies presents consider-
able challenges.”””” The conversion of CBCT images
into 3D models involves defining the bone surface based
on pixel intensity along with manual adjustments by the
investigators, which could result in inaccuracies.
Therefore, intercalibration of the measurements is ne-
cessary. Typically, FEA investigations in dental im-
plantology encompass various components, including
the crown, abutment, implant, screw, cement, and even
intricate peri-implant bone structures, such as the cor-
tical bone, trabecular bone, and nerve canals.”” How-
ever, certain simplifications were made in the present
study. The elements comprising the implant were con-
solidated into a single component, thus streamlining the

THE JOURNAL OF PROSTHETIC DENTISTRY
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the angle at which the occlusal force was exerted.
Moreover, the influence of the splinted superstructure
on the load on each implant can affect the simulation in
peri-implant bone, even though the influence was re-
garded as small™ in the present study. To record 3D load
dynamics on each implant, more complicated methods
of load measurement such as piezoelectric force trans-
ducers or strain gauges are needed.””” Consequently,
the loading angulation was set perpendicular to the
occlusal plane in the analysis, which may not accurately
represent the actual forces exerted by the implant in
clinical settings. Additionally, the study did not account
for any lateral forces exerted by the adjacent teeth, as the
measurement method used in the present study did not
allow for their assessment.

Both FEA and 3D volumetric analyses aided in
quantifying and visualizing time-dependent bone ap-
position and resorption in terms of morphology, a cap-
ability which was lacking in traditional 2-dimensional
radiographic image analysis.”” Accurate visualization
and measurement of the actual changes in the peri-
implant bone is crucial for studying implant treatment
outcomes. The peri-implant buccal bone was chosen as
the focal point for investigation in the present study
because significant bone remodeling in response to
loading primarily occurs on the buccal side as compared
with other aspects of the implant.'" The findings in-
dicated that force applied to the implant was associated
with increased bone loss during the first 15 months after
loading by regular function. These findings corroborate
with those of the existing literature on bone loss at-
tributed to force application.”” "’ Nevertheless, these
findings are contradictory to those of Frost,"* who pro-
posed that the application of suitable loading force
would result in remodeling into high-quality bone to
accommodate the increased load, a concept that has
been supported by recent research.””** The observed
change aligns with that of previous studies, highlighting
the predominant occurrence of bone changes within
approximately the first year after implant placement.””
Limited evidence exists concerning the specific re-
modeling process in the subsequent years after super-
structure placement.

Recent research has determined that the initial
thickness and alterations in the buccal bone can affect
the stability of the peri-implant bone after the comple-
tion of the healing phase.”” These findings were con-
sistent with the correlation observed with bone volume.
Greater stress on the bone results in increased bone
thickness loss, which is attributed to the remodeling
process. However, this correlation was not observed
during the 15 to 27 months after loading, which was
consistent with the aforementioned observations.
Nevertheless, the amount of buccal bone volume and
thickness loss observed at 15 months was at a clinically

Assoratgoon et al

acceptable level, and all implants investigated showed
favorable clinical outcomes. Inevitable bone resorption
caused by implant surgery might be observed, and this
can be somewhat facilitated by occlusion.””

CONCLUSIONS

Based on the findings of this FEA and clinical study, the
following conclusions were drawn:

1. The combined use of FEA in conjunction with
clinical data on patient-specific bone morphological
changes was useful for predicting the clinical out-
comes associated with load-induced bone re-
modeling.

2. Peri-implant bone changes occurred during the
first year after superstructure placement, which
may be accelerated by loading.
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