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onventional implant protocols require a load-free

healing period of 3 to 6 months between place-
ment and functional loading of the implants.”-* Many
efforts have been made to minimize the duration of
the treatment period, and several reports have doc-
umented immediate loading protocols that enable
immediate function with a provisional or definitive
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Purpose: The aims of this study were to (7) establish a biomechanical model that
simulates the full-arch restoration supported by immediately loaded implants, which is
customized for individual patients, and (2) clarify the effect of the implant placement and
rigidity of a provisional restoration on the biomechanical response at the bone-implant
interface. Materials and Methods: Three-dimensional finite element analysis models
of a maxillary full-arch prosthesis supported by four immediately loaded implants
were created from computed tomography data of maxillary edentulous patients.
Displacements of the implants and equivalent stress on the bone around the implants
under the loading conditions that simulated sleep bruxism were then calculated for
these models. The effects of the implant placement angle (vertical or inclined), the
reinforcement of the provisional restoration (with or without reinforcement), and the
implant length on the maximum displacements of each implant were investigated, in
addition to the average equivalent stress of the bone around the implant. Results: A
longer implant and rigid restoration with reinforcement have the potential to reduce
implant displacements and associated bone stress; however, the rigidity of the
restoration had a much more significant effect on these parameters. Conclusions:
The rigidity of full-arch provisional restorations supported by four immediately loaded
implants should be improved by reinforcements, which could ensure the successful
achievement of osseointegration by reducing load-induced micromovements

of the implants. Int J Prosthodont 2014,27:442-450. doi: 10.11607/ijp.3857

prosthesis after placement.5"" Merits of these pro-
tocols include a shortened treatment period, which
enables early recovery of function, and the preserva-
tion of soft tissue architecture when the implants are
placed immediately after tooth extraction.'

Micromovements of
Immediately Loaded Implants

In the maxilla, the dominant bone type is trabecular
bone, and the thin layer of cortical bone can make it
difficult to achieve primary implant stability, which is
an important parameter for successful osseointegra-
tion.”® Several studies report lower implant success
rates in the maxilla than in the mandible, which often
has a higher proportion of cortical bone.™ Therefore,
maxillary full-arch restorations supported by imme-
diately loaded implants are a challenge in patients
with parafunctional activity, such as bruxism, because
load-induced micromovements of implants during the
initial healing period have the potential to disturb the
process of osseointegration.'
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Brunski et al'® have suggested that immediate load-
ing or early loading should be utilized only when mi-
cromovements are controlled below 100 pm. A large
oscillation of the implant may not only disturb the
attachment of the bone and implant but also lead to
ingrowth of the soft tissue. Cameron et al'”'® have re-
ported that oscillations beyond 200 pm may produce
contact between the connective tissue and the im-
plant body, but that micromovements within 30 pm
may not affect normal remodeling of the bone after
surgery. Although these in vivo studies used mongrel
dogs, they suggest that suppressing the micromove-
ments of the implant is important for the successful
achievement of osseointegration.'®-?’

Implant Placement and Rigidity of the
Provisional Restoration Can Affect the
Amplitude of the Micromovement

For controlling micromovements, several strategies
are applicable in a clinical setting, depending upon
the assumed influential factors, which include the
type and number of implants to be placed and the
design of the suprastructure.?? Although a number of
studies have reported on the biomechanical effect of
the implant placement strategy on the bone-implant
interface,2-26 little is known about the effect of the
suprastructure design, with the exception that the
cantilever design should likely be avoided.?”?8 In the
removable partial denture prosthodontic literature,
however, rigid major connectors have been well doc-
umented to distribute the occlusal forces across the
dental arch. This distribution of occlusal forces avoids
load concentration on the abutment, where the direct
retainer is placed.?°-32 The biomechanical behavior of
tooth-supported removable partial dentures and that
of implant-supported full fixed prostheses are differ-
ent; however, these reports indirectly suggest that a
rigid provisional restoration has the potential to de-
crease the load on the implant, which will then reduce
the micromovements.

Prediction of Micromovement in
Simulated Models

Three-dimensional (3D) finite element analysis (FEA)
studies have been conducted to predict the micro-
movement of implants and associated bone stress
under simulated loading conditions.®33* However,
these studies generally used a predetermined uni-
form elastic modulus for creation of a simulated bone
structure, which does not precisely reflect the biome-
chanical situation. Furthermore, in these FEA models,
the implant surfaces were connected to the bone and
did not, therefore, simulate an immediately loaded

condition. The aims of this study were to (7) establish
a biomechanical model that simulates the immediately
loaded condition, which is customized for the individ-
ual patient, and (2) clarify the effect of the implant
placement and rigidity of a provisional restoration on
the biomechanical response at the bone-implant in-
terface. To accomplish these aims, the authors con-
structed a 3D FEA model that simulated a full-arch
provisional restoration supported by four dental im-
plants placed in an edentulous maxilla. These models
were created using the computed tomography (CT)
data of patients to simulate not only bone morphology
but also bone density, with the bone-implant surface
contacts unconnected. Using this model, the authors
investigated the displacements of the implants and
bone stress around the implants under a loading con-
dition that simulated sleep bruxism.

Materials and Methods
Edentulous Maxillary Bone Model

The CT images were acquired from three male pa-
tients (patient 1: 61 years; patient 2: 64 years; patient
3: 71 years) who were scheduled to receive implant
treatment for an edentulous maxilla (HiSpeed QX/i,
GE Healthcare) under the following conditions: tube
voltage: 140 kV; tube current: 80 mA,; slice thickness:
0.625 mm. The CT images were stored in a digital im-
aging and communications in medicine (DICOM) for-
mat. The bone morphology model of the edentulous
maxilla for each patient was created from the DICOM
data using computer software programs (IVlechanical
Finder [MF], Research Center of Computational
Mechanics; and Rapidform XOR, 3D Systems). The
CT data were handled anonymously, with appropriate
ethical considerations. The study was fully explained
to each participant, and consent was obtained for
the use of the CT data. The study protocol was ap-
proved by the Ethics Committees of Showa University
(no. 2011-12, July 27, 2011).

Implant and Provisional Restoration Models

Three-dimensional images of the implant complex,
which consisted of the implant body, abutment, and
temporary cylinder, were acquired by micro-CT
(inspeXio SMX-90CT, Shimadzu) and stored in TIFF
files. For each maxillary bone model, the implants were
placed in four regions: the lateral incisors and second
premolars on both sides. In terms of the implant place-
ment, four vertical implants, including two vertical
mesial implants and two inclined distal implants, were
simulated. For the distal implants, five different lengths
(10, 11.5, 13, 15, and 18 mm) of 4.0-mm-diameter
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Fig 1 Reinforced provisional restoration under loading conditions (patient 3), with
loaded nodes (white dots) and loading direction (white arrows) shown. The amplitudes
of the applied loads were 42.4 N for the maxillary right lateral incisor, 45.4 N for the
canine, 62.5 N for the first premolar, and 273.4 N for the second premolar. Pink color
represents acrylic resin and blue color represents Co-Cr, which replaces palatal por-
tion of the acrylic provisional restoration, excluding the portions of the artificial teeth
and temporary cylinders: (a) occlusal view; (b) distal view.

Table 1 Implant Parts Used in This Study* Table 2 Material Properties Used in This Study
Implant body Branemark system Mk Il RP, diameter 4.0 mm Part Material ~ Young's modulus® Poisson’s ratio
Abutment Multi-unit abutment, T mm Reinforcement Co-Cr 218 GPa' 0.3"
Multi-unit abutment, 30 degrees, 4 mm L . .

Provisional Acrylic resin 3.73 GPa* 0.4%
Temporary Temporary abutment, restoration
cylinder titanium, nonengaging L

Implant Titanium 105.91 GPa* 0.19%
*Nobel Biocare. complex

Maxillary Bone —* 0.4%

implants were simulated. In one patient, the inclined
distal 18-mm-length implant was not simulated be-
cause sufficient bone volume was not available. The
implant bodies, abutments, and implant angles simu-
lated are summarized in Table 1.

Two acrylic provisional restoration models, with
and without cobalt-chromium (Co-Cr) alloy reinforce-
ment 0.5 mm in thickness, were created by editing the
DICOM data of a radiographic guide and were con-
nected to the implant complex model for each patient
(Rapidform XOR; Fig 1). Overall, two implant place-
ment angles, five implant lengths, and two types of
provisional restorations were simulated.

FEA Model

All materials were considered homogeneous, isotro-
pic, and linearly elastic except for the maxillary bone.
The implants were made of titanium grade IV, and the
provisional restorations were made of acrylic resin
and Co-Cr. Material properties were taken from the
literature, as shown in Table 2.3% For the maxillary
bone, the Young’s modulus for each node was calcu-
lated from the Hounsfield unit of the CT data of each
participant.3®37 For simulating the immediate load-
ing condition, the contact element for the interfacial
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*Young’s modulus of bone set for each element from the Hounsfield
unit of the CT scan.

TProperties were taken from the literature.3®
*These values referred to preset data in the Mechanical Finder.

condition was chosen between the bone and im-
plant body with a coefficient of friction of 0.33.38 The
minimum mesh size of the analysis model was set
at 0.2 mm for expressing the implant shape clearly
and for conducting the analyses smoothly. The num-
ber of nodes was approximately 333,500 to 627,000,
and the number of solid elements was approximately
1,634,000 to 3,094,000.

Loading Condition and Outcome Variables

For simulating parafunctional activity, the occlusal
force during forceful grinding was measured from a
patient with sleep bruxism (see Fig 1) using pressure-
sensitive film (Dental Prescale, GC), and the mea-
sured force was applied against the palatal surface of
the maxillary right lateral incisor and canine and the
palatal incline of the buccal cusp of the maxillary right
first and second premolars vertically (see Fig 1). All
models were fully constrained in all directions at the
nodes on the upper part of the sinus cavity.
Displacements of the implants and equivalent
stress on the bone around the implants under the
loading condition were calculated for these models.
The effects of the implant placement angle (verti-
cal or inclined), the reinforcement of the provisional
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Fig2 Examples of displacement of the
implants on a contour map: (a) without
reinforcement; (b) with reinforcement.

Fig3 Displacement direction of the second premolar implant without reinforcement (red arrow) and loading direction (white arrows):
(a) patient 1; (b) patient 2; (¢) patient 3.

restoration (with or without reinforcement), and the
implant length on the maximum displacements of
each implant were investigated. In addition, the aver-
age equivalent stress of the bone in a 10 mm (width)
x 10 mm (depth) x 5 mm (height) rectangular solid
platform was examined for each implant body, as well
as the minimum and maximum principal strain and the
average equivalent stress of the provisional restora-
tions on the implant body.

Results

The displacements of the four implants under a simu-
lated loading condition are shown in Fig 1. The am-
plitude of the displacements differed according to
the individual; however, the largest displacement was
consistently observed with the right second premo-
lar implant body at the simulated cortical bone level
(Fig 2) and was primarily directed toward the antero-
lateral direction (Fig 3). This trend was independent of
the simulated conditions. Thus, the maximum ampli-
tudes of the right second premolar implant displace-
ments were analyzed exclusively.

For the second premolar implant, the longer implant
was associated with a smaller displacement, with a
single exception (patient 3, reinforced, vertical, 15 mm
vs 18 mm). This trend was found to be independent
of the placement angle, reinforcement, and the indi-
vidual. The average difference in the displacement am-
plitude between the 10- and 18-mm implants was 5.7
+ 4.4 pm (4.7% % 3.5% reduction of 18-mm implant),
ranging from 0 pm to 15.19 pm. Regarding the effect of
the angle, no consistent trend was found in this study.

The reinforcement of the provisional restoration re-
duced the displacement amplitude significantly and
consistently, independent of the implant length, angle,
or the person. The average reduction amplitude for
all conditions was 37.2 + 7.4 pm (27.2% % 4.8% re-
duction), ranging from 26.9 pm to 48.2 pm, which was
approximately 6.8 times as high as the effect of the
length (Fig 4).

Equivalent Stress on the Bone Around the
Implants

The distribution of equivalent stress on the bone
around the four peri-implant sites is shown in Fig 5.
The amplitude of the average equivalent stress on the
bone was consistently found around the right second
premolar implant. A stress concentration on the max-
illary right anterior region also was observed.

Regarding the effect of implant length, the lon-
ger implants were associated with lower equivalent
stress. This trend was found to be independent of
the placement angle, reinforcement, or the individual.
However, the effect of the implant angle was not con-
sistent. Meanwhile, when the provisional restoration
was reinforced, the stress level decreased around the
right second premolar implant and increased around
the left seond premolar implant. As a result, a bet-
ter cross-arch force distribution was achieved when
compared to the model without reinforcement (Fig 6).
This trend was found consistently and was indepen-
dent of the type of implant or the individual.
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Fig 4 Maximum displacement of the right second premolar implant: (a) straight distal implant model; (b) inclined distal implant
model. Inclined distal 18-mm implant was not simulated for patient 2 due to insufficient bone volume. Dark color bars (left 3 bars) =
without reinforcement; light color bars (right 3 bars) = with reinforcement.
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Fig 5 Maximum equivalent stress around the right second premolar implant: (a) straight distal implant model; (b) inclined distal
implant model. Inclined distal 18-mm implant was not simulated for patient 2 due to insufficient bone volume. Dark color bars (left 3
bars) = without reinforcement; light color bars (right 3 bars) = with reinforcement.

Strain and Equivalent Stress on the
Provisional Restorations

When force was applied, the provisional restoration
was bent in a manner as shown in Fig 7. The maximum
principal strains were reduced by the reinforcement
(Fig 8; Table 3). The pattern of equivalent stress on the
provisional restoration was generally in agreement with
those on the bone around the implants. While the stress

446 The International Journal of Prosthodontics

Fig 6 Equivalent stress distribution of
the bone in a contour map: (a) without
reinforcement; (b) with reinforcement.

on the provisional restoration at the four implant sites,
as evaluated by the contours, tended to distribute pre-
dominantly at the right second premolar implant region
of the provisional restoration without reinforcement,
a decrease in the stress at the right second premolar
implant region and an increase at the left second pre-
molar implant region were found when the provisional
restoration was reinforced (Fig 9; Table 4). The effect of
the implant length and inclination was not significant.
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Fig 7 Deformation of the provisional
restorations (patient 3). Pink color shows
original position; red color shows de-
formed position deformation display in
3x magnification: (a) without reinforce-
ment; (b) with reinforcement.

Fig 8 Maximum principal strain of the
restoration at implant site in a contour
map (patient 3): (a) without reinforce-
ment; (b) with reinforcement.

Table 3 Maximum Principal Strain of the Restoration at Implant Site

Straight distal implant model Inclined distal implant model
Implant length  Without reinforcement With reinforcement Without reinforcement With reinforcement
Patient 1
10 mm 0.4512 0.0356 0.0661 0.0701
11.5 mm 0.0403 0.0636 0.0509 0.0719
13 mm 0.2658 0.0370 0.0555 0.0560
15 mm 0.0606 0.0586 0.0678 0.0526
18 mm 0.0388 0.0618 0.0487 0.0569
Patient 2
10 mm 0.1083 0.060 0.1164 0.1666
11.5 mm 0.049 0.0601 0.0663 0.0638
13 mm 0.1523 0.0504 0.072 0.0662
15 mm 0.0504 0.0410 0.0699 0.0735
18 mm 0.0469 0.0994 —* —*
Patient 3
10 mm 0.1236 0.0646 0.0584 0.0591
11.5 mm 0.064 0.0556 0.0788 0.0616
13 mm 0.0585 0.0550 0.0619 0.0613
15 mm 0.0944 0.0948 0.0694 0.0850
18 mm 0.0539 0.0690 0.0539 0.0636

*Inclined distal 18-mm implant was not simulated for patient 2 due to insufficient bone volume.

Fig 9 Equivalent stress of the res-
toration at implant site (patient 3):
(a) without reinforcement; (b) with rein-
forcement.
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Table 4 Maximum Equivalent Stress of the Restoration (IVIPa)

Straight distal implant model

Inclined distal implant model

Implant length  Without reinforcement

With reinforcement

Without reinforcement With reinforcement

Patient 1

10 mm 2313 191.7
11.5 mm 173.8 173.8
13 mm 156.9 156.9
15 mm 259.2 259.2
18 mm 173.3 173.3
Patient 2

10 mm 392.4 311.7
11.5 mm 303.5 285.1
13 mm 847.1 3325
15 mm 347.4 298.6
18 mm 256.0 433.7
Patient 3

10 mm 461.1 253.4
11.5 mm 214.4 225.4
13 mm 172.0 271.2
15 mm 394.9 341.6
18 mm 183.9 240.6

2925 320.8
238.4 373.8
225.8 222.8
2133 260.6
206.1 230.9
366.6 623.3
340.6 290.9
248.4 355.3
407.2 430.3
_* _*
228.2 172.4
320.2 307.8
237.8 294.1
232.0 364.0
190.7 195.9

*Inclined distal 18-mm implant was not simulated for patient 2 due to insufficient bone volume.

Discussion
FEA Model

Biomechanical simulation, in which parafunctional
loading was assumed to occur under an immediately
loaded implant placement condition, was performed
using 3D FEA models, which were created from the
CT data of four maxillary edentulous patients. The
advantage of this method was not only the precise
simulation of bone morphology but also of Young’s
modulus, as determined by the Hounsfield units of
the CT data.®”3° This latter aspect is a clear advan-
tage over previous simulations, which used prede-
termined equalized data.*® That is, the simulation in
the present study reflects not only bone morphology
but also bone density, allowing for more precise bio-
mechanical simulation under loading. Another ad-
vantage of the FEA models in the present study was
the simulation of an immediately loaded condition
by using the contact element between the bone and
implant body. This condition enabled implant bodies
to move certain amounts when the load was applied
and is different from the connected condition, which
should be regarded as a simulation of acquired os-
seointegration. To the authors’ collective knowledge,
no previous study has successfully simulated an
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immediately loaded condition using a method like
the one reported here. In the future, individual and
precise simulations should be conducted not only for
research purposes but also in clinical settings to pre-
dict the biomechanical situation after implant place-
ment. This study may promote such future efforts.

Study Results

The most remarkable finding of this study was that
the rigidity of the provisional restoration showed the
greatest impact on implant micromovement during
simulated parafunction. In the literature, controlling
the amplitude of implant micromovements and avoid-
ing excessive stress at the bone-implant surface have
been well documented to be necessary for the suc-
cessful achievement of osseointegration.1%1718.23.41-43

In the present simulation models, the nonrigid
acrylic allowed for a large amount of bending and
resulted in significant implant movement, which was
associated with higher bone stress at the site of load
application. When the restoration was reinforced, the
maximum implant micromovement and stress at the
bone under the loaded site decreased. Theoretically,
rigid frameworks allow better distribution of occlu-
sal forces by transmitting the force from the working
side to the nonworking one across the dental arch.
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For example, studies that investigated the effect of
the rigidity of the major connectors of removable par-
tial dentures on occlusal force distribution suggested
a rigid connection allows for a better force distribu-
tion across the dental arch,??31 while the biomechan-
ical behaviors of tooth-supported removable partial
dentures and implant-supported fixed dentures are
different. The current study demonstrated not only a
decrease in stress on both the provisional restoration
and peri-implant bone, but also an increase in these
stresses at the opposite site (honloaded side) of the
dental arch, suggesting a better force distribution on
the provisional restoration.

In both the literature and clinical settings, the
length and diameter of the implant are reported to be
significant factors for implant displacements and as-
sociated bone stress.?® This study also observed the
same trend, wherein a longer implant was associated
with a smaller implant displacement and lower peri-
implant bone stress. However, such an effect was
much smaller than that of the reinforcement of the
provisional restoration.

Clinical Implications

The preoperative planning and designing of implant
placement based on bone morphology and mass by
CT scans are essential for achieving safe, reliable im-
plant placement and favorable outcomes. However,
although this procedure has become routine, the
evaluation and investigation of the biomechanical fac-
tor, which is an important component of implant treat-
ment, is lacking. Thus, a preoperative plan and design
should not only meet anatomical and morphological
conditions but also reflect the functional loaded con-
dition. The present study should be regarded as the
first step toward creating such biomechanical simula-
tions for implant treatment planning.

The finding that a rigid provisional restoration
has the potential to reduce the amplitude of implant
displacement during simulated loading conditions
suggests that when full-arch provisional restora-
tions supported by immediately loaded implants are
planned, not only implant placement but also the
materials used for restoration should be carefully
selected from the viewpoint of the mechanical prop-
erties. That is, acrylic resin provisional restorations,
which are commonly selected, should be reinforced
by rigid material, such as a Co-Cr alloy, as simulated
by this study, which may by effective for the success-
ful achievement of osseointegration.

Lastly, it should be noted that other factors that po-
tentially affect implant displacement, such as prosthe-
sis designs, have not been investigated in this study,
which is regarded as one of the study limitations.

More comprehensive studies that include other sig-
nificant factors should be conducted in the future to
better understand the biomechanics of immediately
loaded implant treatment.

Conclusions

The 3D FEA models of a maxillary full-arch prosthesis
supported by four immediately loaded implants were
created from CT data of maxillary edentulous patients.
Because this method simulated not only bone mor-
phology but also the bone density of each patient, it
allowed for precise and individualized biomechanical
analyses of the bone-implant interface under load-
ing. Using these models, the effects of implant angle,
length, and rigidity of the provisional restoration on
bone-implant interface were investigated biomechan-
ically. They revealed that both longer implants and rig-
id restorations with reinforcement have the potential
to reduce implant micromovements and bone stress;
however, the rigidity of restoration has a more signifi-
cant effect on these parameters.
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