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ABSTRACT

Purpose: The study aims to provide a theoretical guidance of postmaxillary implant in the augmented sinus without
grafting materials by establishing a three-dimensional model of this new implant restorative technique, evaluating failure
risk of sinus augmentation without grafting materials of different alveolar ridge heights, and analyzing stress distribution
of different healing stage.

Materials and Methods: Seventeen three-dimensional finite element models of a posterior maxillary region with sinus
mucosa and different elevation heights were constructed according to anatomical data of sinus area, and the standard
implant model based on Nobel Biocare implant system were created via computer-aided design software. All materials were
assumed to be isotropic and linearly elastic. Axial force of 150 N was applied. The von Mises stress, stress distribution, and
implant displacement were calculated with software.

Results: With the height of the alveolar ridge reducing, the maximum von Mises stress of tissues and the displacement of
the implant are on the rise, especially when the height of the bone is less than 7 mm. When the height decreased to 4 mm,
the data may be doubled. After the stiff callus stage, the stress and displacement were close to the control model.

Conclusion: For maxillary sinus augmentation without grafting material implant technique, the stress of different tissues
and the displacement of the implant were not increased much when the height of alveolar ridge is more than 7 mm. But
if the alveolar bone height is less than 4 mm, this implant technique is not suggested. Immediately loading is not suggested
and the loading opportunity should be after the stiff callus stage at least to improve the success rate.

KEY WORDS: dental implants, finite element analysis, maxillary sinus augmentation without grafting material, stress
distribution

INTRODUCTION

Implant restoration of lost dentition in posterior maxilla

is limited by the reducing height of residual vertical

alveolar bone. Elevation of the sinus membrane with

subsequent augmentation of sinus bone graft is clini-

cally proven to be a safe technique in the past few

decades.1 Various types of modified surgical methods

have been proposed to improve the efficacy of the treat-

ment with smaller injuries, shorter operation time and

less complications.1–3 Moreover, a variety of graft mate-

rials has been developed to get better primary stability

and higher success rate of the implant in the concept

that implants should be completely wrapped by bone or

bone graft material.4–7

Recently, the relevance of placing a grafting material

in sinus elevation procedures has been questioned.8–11 It

has been reported that, according to the principles of

guided bone regeneration, membrane elevation with

space maintenance and blood clot formation might

be sufficient to obtain bone formation in this newly

created space.12 Palma and colleagues12 reported that the
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amount of augmented bone tissue in the maxillary sinus

after sinus membrane elevation with or without adjunc-

tive autogenously bone grafts had no difference after

6 months of healing. And the sinus membrane showed

good osteoinductive potential. Nedir and colleagues11

treated 17 patients who presented an average residual

bone height of 5.4 mm and placed 25 implants protrud-

ing in the sinus without introduction of a grafting mate-

rial. A healing period of 3 to 4 months was allowed

before abutment tightening at 35 Ncm. All implants

achieved osseointegration and were stable after 1 year of

loading. The authors reported that all implants gained

2.5 1 1.2 mm endo-sinus bone in average. However, all

the studies about sinus floor augmentation without

bone graft are animal experiments.

In the past three decades, finite element analysis

(FEA) has been used extensively to predict the biome-

chanical performance of various clinical factors on the

success of implantation.13 The distribution of forces in

peri-implant bone of sinus area has been investigated by

three-dimensional FEA in several studies,14–16 but none

of this concerns sinus floor augmentation without

bone graft. Sinus membrane trauma or exceeding micro

motion occurs easily in the preliminary stage of sinus

floor elevation with simultaneous implant installation

because of the poor osseointegration between implant

and bone17 which may lead to early failures. Recently, to

simulate this early contact relationship between implant

and bone, Ding and colleagues have reported a new

three-dimensional finite element method to analyze

stress distribution of immediate loading implant by

using nonlinear frictional contact elements, which allows

minor displacements between implant and bone.18

The aim of this study was to provide a theoretical

guidance of postmaxillary implant in the augmented

sinus without grafting materials by establishing a three-

dimensional model of this new implant restorative tech-

nique, evaluating the failure risk of sinus augmentation

without grafting materials of different alveolar ridge

heights, and analyzing stress distribution of different

healing stage.

MATERIALS AND METHODS

Sinus Geometric Modeling

Three-dimensional CAD models of posterior maxilla

with 0.3 mm thick19 sinus membrane, different heights

of atrophic alveolar ridge, and different elevation

heights were generated using computer-aided design

software (SolidWorks 2012, Fukuoka, Japan). The geom-

etry of the maxilla was defined by a bucco-palatal

section according to the anatomical aspects of sinus

area.20–23 The elevation heights were described by differ-

ent height level of sinus membrane. The total heights of

the native bone component were from 2 mm to 10 mm,

consisting of 1-mm crestal cortical bone, 0.5-mm sinus

floor cortical bone, and 0.5-mm to 8.5-mm cancellous

bone. Nine models (Model 1-1 to 1-9) of different

heights of the alveolar ridges, whose native bone height

and elevated height was 10 mm in total, were researched

for the different alveolar ridge heights and sinus eleva-

tion heights. The heights of the alveolar ridges of Model

1-2 to Model 1-9 were from 9 mm to 2 mm. The model

1-1 was the control model, of which alveolar ridge

height was 10 mm without sinus elevated. Seven of the

other eight models (Model 2-1 to 2-7) with the alveolar

ridge of 7-mm height were for the research of different

healing stage of sinus floor elevation without bone graft

with simultaneous implant installation. The basic

overall geometry of the sinus area is identical for these

seven models. Tissue differentiation and gradual stiffen-

ing of the callus tissue are the fundamental processes of

healing. These processes were simulated by changing the

element material properties from one stage to the next.

Furthermore, a control model (Model 2-8) was estab-

lished to describe sinus floor elevation with bone graft

with conventional loading. The characterization of the

histomorphological sequence of the healing process and

the types of tissue involved were listed in Table 1.

Implant System

The standard implant with a diameter of 4.0 mm and a

length of 10.0 mm was modeled (the shape and struc-

ture was according to Nobel Biocare implant system)

and placed in the three-dimensional finite element

models of membrane-elevated sinus. To simplify the

analysis, the model of the implant and the abutment was

modeled as a unit.

Material Properties

The material properties of different kinds of tissues,

as well as implants in the models were assumed to be

homogeneous, isotropic, and linearly elastic. Young’s

modulus and Poisson’s ratio of materials used in the

analysis were taken from the literature,18,24–26 as shown in

Table 2.
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Interface Conditions

Model 2-7 and Model 2-8 were presumed to represent

ideal osseointegration, with 100% union between the

newly formed bone, implants, bone graft, and maxilla.

For Model 2-1 to 2-6 and Model 1-1 to 1-9, the implant–

bone interface was assumed as a frictional interface

(before osseous integration). To obtain initial stability

for the situation of immediate loading after implanta-

tion, it was modeled using nonlinear frictional contact

elements, which allowed minor displacements between

implant and bone. Under these conditions, the contact

zone transfers pressure and tangential forces (i.e., fric-

tion), but no tension. The friction coefficient was set to

0.3 between implant and bone/callus; and 0.05 between

implant and initial blood and granulation tissue.27,28

Loading and Boundary Conditions

An average occlusal force of 150 N29 was vertical loaded

dispersedly on the top of the implant abutment. Ansys

FE software (Solidworks 2012) was used for FEA. All

models were constrained in all directions at the nodes

on the mesial and distal bone surfaces, the top of the

simulated sinus, sinus walls, and sinus membrane.

These models were meshed with 8-nodes-tetrahedral

elements and composed of elements varying from

73,638 to 100,085, and nodes ranging from 116,806 to

157,898. The von Mises stress values were measured in

all kinds of the implant surrounding tissues along the
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TABLE 2 Material Properties Ascribed to Materials
Used in the Models

Material

Young’s
Modulus

(MPa)
Poisson’s

Ratio

Titanium implant19 103,400 0.35

Cortical bone19 13,700 0.3

Cancellous bone (D3)19 1,370 0.3

Initial blood and granulation tissue25 1 0.17

Between initial blood and soft callus 500 0.3

Soft callus26 1,000 0.3

Between soft callus and stiff callus 3,500 0.3

Stiff callus26 6,000 0.3

Between stiff callus and chondroid

ossification

8,000 0.3

Chondroid ossification26 10,000 0.3

Bone graft27 11,000 0.3

Sinus membrane20 58 0.45
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tissue-implant interface. To assess the distribution of

stresses, von Mises stresses were visualized with stress

contour plots. The biomechanical effects were also ana-

lyzed by comparing the maximum displacement of the

implant neck.

RESULTS

Different Alveolar Ridge Heights

Stress Distribution and Maximum von Mises stress

Cortical Bone. With the reduction of the height of the

alveolar ridge, the highest stress the cortical bone suf-

fered was on the rise. Correspondingly, more stress was

gathered in crestal cortical bone and sinus floor cortical

bone, and was dispersed over smaller areas of the inner

and outer sinus walls. However, not all the highest stress

was concentrated around the implant neck. For Model

1-5 to Model 1-9 and Model 1-1 (Control), the highest

stress was around the implant neck, but for Model 1-2 to

Model 1-4, the highest stress concentrated on the sinus

floor cortical bone around the implant.

The maximum von Mises stress on crestal cortical

bone was slowly increasing by about 3.5 MPa from

22.9 MPa to 32.8 MPa, with the alveolar ridge decreased

from 9 mm to 6 mm. With the alveolar ridge decreasing

from 6 mm to 2 mm, there were two rapid increasing

stages of the maximum von Mises stress. In the first

stage, the height of alveolar ridge decreased from 6 mm

to 4 mm, while the stress increased by 6 MPa. When the

height of the alveolar ridge was less than 4 mm, the

maximum von Mises stress increased with a faster rate.

In contrast, the maximum von Mises stress in sinus

floor cortical bone remained in the same level of about

30 MPa until the height of the alveolar ridge decreased

to 4 mm. After that, the stress rapidly doubled

(Figure 1).

Cancellous Bone. It was the same with the cortical

bone; the more the height of the alveolar ridge was

reduced, the more the highest stress the cancellous bone

was suffered. When the height of the alveolar ridge was

less than 7 mm, the stress increased faster (see Figure 1).

Cancellous bone around the tips and the upper surfaces

of the threads suffered more stress.

Initial Blood and Granulation Tissue. Although the

maximum von Mises stress was very low, the trend of

different heights of the alveolar ridges was much differ-

ent. The highest stress decreased with the reduction

of the alveolar bone from 9 mm to 7 mm, and then

increased with a much higher increasing rate with the

continued reduction of the alveolar bone (Figure 2). The

same with cancellous bone, the highest stress was mainly

around the tips and the upper surfaces of the threads.

Sinus Membrane. The maximum von Mises stress

increased with the reduction of the height of the

alveolar ridge. The increasing trend became faster when

the height of the alveolar ridge was less than 5 mm

Figure 1 Maximum von Mises stress in sinus floor cortical
bone, crestal cortical bone, and cancellous bone of Model 1-1 to
Model 1-9.

Figure 2 Maximum von Mises stress in initial blood and
granulation tissue of Model 1-2 to Model 1-9.

518 Clinical Implant Dentistry and Related Research, Volume 17, Number 3, 2015



(Figure 3). Figure 3 also showed that, with the buffer of

little amount of blood, the maximum von Mises stress of

Model 1-2 and Model 1-3 was even less than Model 1-1

(control), and Model 1-4 got the same level with Model

1-1 (control). Figure 4 showed that the maximum von

Mises stress was not in the center of the raised mem-

brane jacked up by the implant, but in the turning area

around the raised membrane.

Implant Displacement. Compared with the control Model

(Model 1-1), the reduction of the alveolar ridge height

affect the displacements of the implant. The maximum

displacement of implant increased, with the decreasing of

the height of the alveolar ridge. The maximum displace-

ment was not higher than 5% compared with Model 1-1,

until the height decreased to 7 mm (Model 1-4). When the

alveolar bone height decreased to 4 mm, maximal displace-

ment of the implant increased considerably (see Figure 4).

For each certain model, minor movement of the implant as

a whole was allowed and the displacement of an implant

was almost the same, except for that which was wider

between abutment and the neck (Figure 5).

Different Healing Stages

As the blood filled in the elevation space of the sinus, the

maximum von Mises stress upon cortical bone and can-

cellous bone reduced gradually (Figure 6). Compared

with Model 2-8, the maximum von Mises stresses upon

cortical bone and cancellous bone were 188% and 164%

in the initial blood stage (Model 2-1), while the stress

decreased to 113% and 106% in the stiff callus stage

(Model 2-5). Figure 6 also showed that this reduction

was slowing down after “Stiff callus stage.” As the callus

became harder, the von Mises stress appeared beeline

ascending (Figure 7), which decreased the area of thrust

surface in alveolar cortical bone and sinus floor cortical

bone, and also made the stress of the implant spread to

the top and more evenly. The maximum von Mises stress

upon sinus membrane of Model 2-1 (blood stage) and

Model 2-7 (Chondroid ossification stage) was more or

less the same with Model 2-8 (control). Once the blood

clotted, the maximum von Mises stress of sinus mem-

brane was significantly increased to 216% compared

with the control model. After that, the stress upon sinus

membrane declined gradually (Figure 8). Implant dis-

placements also showed a decreasing trend with the

organization of the blood. In blood stage (Model 2-1),

the maximum displacement was 138% compared with

the control model, and decreased to 107% at the stiff

callus stage (Figure 9).

DISCUSSION

Model

The sinus area of posterior maxilla is so complex that it

is not easy to get an accurate three-dimensional model.

Okumura and colleagues reported that there were no

much difference between conventional simplified three-

dimensional finite element models and the full maxilla

model created from CT DICOM data in the FEM

research of maxilla sinus area implant.30 To exclude the

influences of anatomical variations of bone and ensure

the comparability of the models as suggested by Akca

and Cehreli,31 we decided not to use an anatomical

model of maxilla provided by Cone Beam Computed

Figure 3 Maximum von Mises stress in sinus membrane of
Model 1-1 to Model 1-9.

Figure 4 Maximum displacement of the implant neck of Model
1-1 to Model 1-9.
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Tomography (CBCT) data, but rather three-

dimensional CAD models based on the same sketch

which were developed according to the anatomic data of

sinus area. The height of sinus floor was considered to be

stable in long term.32 Therefore, we developed alveolar

bone models by reducing the height of alveolar ridges

and keep the sinus floor and other upper structure stable

to better simulate atrophy alveolar ridge and make the

models more comparable. Furthermore, we build the

models of blood clot and sinus membrane, as well as

friction coefficient between the implant and bone/blood

clot. We evaluated the range of application on longitu-

dinal variation of the alveolar ridge heights and also the

lateral variation of different healing stages.

Figure 5 A typical example (Model 1-4) of the displacement of the implant.

Figure 6 Maximum von Mises stress in cortical bone and
cancellous bone of Model 2-1 to Model 2-8.

Figure 7 Maximum von Mises stress in different healing stage
of the blood of Model 2-1 to Model 2-8.
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Different Alveolar Ridge Heights

The residue alveolar ridge height has been already proven

to be a critical factor of implant by many clinical

studies.21,33,34 To solve the problem of insufficient vertical

alveolar bone, sinus elevation with autogenous bone

or bone substitute materials were used and already

achieved good treatment effectiveness.33–35 Although Thor

and colleagues36 and Gabbert and colleagues17 have

reported successful clinical application of sinus lift

without graft material, there are still only a few dentists

who trust this implant treatment for they worry of com-

plications such as membrane perforation and early failure.

There are already a few FEM studies about sinus lift with

bone graft. For example, Huang and colleagues37 and

Inglam and colleagues38 reported that bone graft stiffness

affect the stress distribution. But still, there are few theo-

retical studies about sinus augmentation without grafting

material with simultaneous implant installation.

From the result of our study, the stress on blood was

the lowest when the alveolar ridge height was 7 mm,

which means that the influence of the stress was least to

the blood. Compared to the stress distributed on the

bones, few stress was on blood in all the models, which

can hardly provide retention force to the implant.

Fanuscu and colleagues39 reported that the crestal corti-

cal bone received the highest intensity stresses in grafted

sinus model with the alveolar ridge of 5 mm. In agree-

ment with a previous study,40 cortical bone is the main

part to fasten the implant. However, in our research,

when the height of the residual alveolar ridge was more

than 7 mm, the highest stress was not in the crestal

cortical but in the sinus floor cortical bone, which meant

that sinus floor cortical bone might play an important

role in stress distribution. On one hand, if the stress

concentrates too much on the sinus floor, fractures can

happen after loading; on the other hand, the thick and

high-intensive sinus floor may reduce the stress on

crestal cortical bone to relieve the marginal bone loss

in sinus lift. The result of our study indicated that the

stress and displacement did not increase much when the

height of the alveolar ridge was more than 7 mm, which

coincided with the clinical findings of osteogenesis.12

But when the alveolar bone height was less than 4 mm,

the stress and displacement might be doubled, which

suggested that failure might happen.

Sinus mucosa perforation is one of the most impor-

tant complications of sinus elevation. It has been already

shown that the sinus mucosa remains healthy after max-

illary sinus floor elevation using a grafting material.41,42

Sul and colleagues43 evaluated the histologic changes

in the maxillary sinus membrane after sinus lift and

simultaneous insertion of implants without additional

grafting material. They reported that sinus membrane

wrapped the top of the implant compactly and little

influence was found on the histologic characteristics

of the sinus membrane. Some other clinical studies2,36

also indicated that sinus lift without bone grafting

material can not only make the top of the implant and

sinus membrane form a firm contact relation without

any clinical symptoms, but also had the effect of

Figure 8 Maximum von Mises stress in sinus membrane of
Model 2-1 to Model 2-8.

Figure 9 Maximum displacement of the implant neck of Model
2-1 to Model 2-8.
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osteoinduction and bone augmentation. In our study,

because of the buffer of the blood, the stress on sinus

membrane was even lower than the control model

when the height of residual alveolar ridge was more than

7 mm. Otherwise, the stress presented a trend of rapid

rising and nearly doubled when the alveolar ridge height

reduced to 4 mm. Similar with the result of stress distri-

bution, this result showed that 7 mm and 4 mm were

the safe and risky indicators. Liu and colleagues’ study44

has shown that the biggest stress was in the center of

the raised membrane. However, the stress distribution of

sinus membrane was shown in the turning area around

the raised membrane in our study. The difference might

be due to the design of the top of the implant. In our

study, the top of implant was designed to be flat prevent-

ing stress converged on one point. The result of stress

distribution also suggested that lessening the tension of

the membrane was of great importance to prevent sinus

membrane trauma.

Different Healing Stages

The loading opportunity of the implant is a topic of

much debate. Although for sinus floor elevation with

grafting material, some researchers have already made

proposals for the loading opportunity.45 There is no uni-

versal agreement on the loading opportunity of sinus lift

without grafting material. In our study, the models of

different healing stages were also the simulation of dif-

ferent loading times. As for the assembling of the blood,

the maximum von Mises stress on cortical bone and

cancellous bone was decreased. After the stage of “stiff

callus”, the decrease slowed down. For the stage of initial

blood, the maximum von Mises stresses on cortical bone

and cancellous bone were 188% and 164%, while at the

stiff callus stage, the stress dropped to 113% and 106%,

respectively. With the organization of the blood, it

becomes harder and harder, which makes it capable of

withstanding more forces. The stress and stress distribu-

tion area decreased, and the stress on the implant dis-

persed from the abutment and implant neck to the

whole implant. The stress on sinus membrane reached

the peak of 216% in soft callus stage compared with

control model, and then slowly decreased. It is very dan-

gerous to load early for the excessive force acting on

sinus membrane. Implant displacement continuously

decreased with the organization of the blood and

dropped to 107% compared with the control model.

After the stiff callus stage, the decrease of the implant

displacement slowed down. Thus, during the course of

blood organization, the loading time should be post-

poned to stiff callus stage at least, which means 2 months

after simultaneous implant installation.

CONCLUSION

With the decrease of alveolar ridge height, the stress on

different tissues and the displacement of the implant

increased correspondingly, which might raise the risk of

overloaded bone loss and poor primary stability. The

stress and displacement did not increase much when

the height of alveolar ridge was more than 7 mm, which

coincided with the clinical finding of osteogenesis.

However, when the alveolar bone height was less than

4 mm, the stress and displacement might be doubled,

which suggested that failure of implantation could

happen. Immediate loading was not recommended, and

the loading opportunity should be after the stiff callus

stage to improve the success rate.
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