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Purpose: The aim of the present study was to perform a finite element (FE) analysis of a modified sinus
elevation procedure involving additional implantation of a cortical bone graft block for stabilization of an
implant. A secondary aim was to compare the modified sinus augmentation with the standard technique
and to determine whether the FE model to replace a dental implant can be simplified into a cylinder without
compromising the accuracy of the outcome. Materials and Methods: Based on computed tomography data,
three-dimensional FE models of half of a maxilla were created. A basic model was generated to analyze a
conventional sinus elevation procedure and another was created for the modified version, which involved
insertion of a cortical bone graft block. Two implant models were used in the premolar region: a typical
threaded endosseous dental implant and a simplified 4 X 10-mm cylinder. Occlusal loads were applied
in axial, mediotrusive, and laterotrusive directions, and perfect bonding was assumed to be present at all
interfaces. Results: The maximum von Mises stresses were significantly lower for the sinus graft models
with added cortical bone than for the conventional sinus elevation under all types of loads. No significant
difference was observed between the use of threaded implants and the simplified implant cylinders.
Conclusion: The addition of a cortical bone graft may be a useful approach to decrease stresses around
implants placed into the grafted sinus. INT J ORAL MAXILLOFAC IMPLANTS 2012;27:359-368
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mplant rehabilitation of the partly edentulous or

edentulous maxilla is limited by the quantity and
quality of available bone. Conventional implant inser-
tion is not feasible in many patients who may require
augmentation procedures. In cases of atrophic alveo-
lar bone in a posterior maxilla with pronounced sinus
pneumatization, such as class V and VI,! elevation of
the sinus membrane with subsequent augmentation
of the subantral space (sinus bone graft) is a clinical-
ly proven and safe technique.? Various types of graft
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materials, implants, and modified surgical methods
have been proposed to improve the efficacy of the
treatment.3? In addition, some clinical studies have
examined the use of allogeneic'® or autogenous'-"3
bone graft blocks for sinus augmentation.

Dual anchorage of implants in crestal bone and
cortical bone provides ideal stabilization and fixa-
tion of the implants, minimizes losses during healing
after the surgical procedure, and leads to better os-
seointegration of implants. Therefore, the aim of the
present finite element (FE) study was to analyze and
compare the stress around implants inserted following
a standard sinus bone graft and following a modified
procedure that employs a cortical bone graft block.
Loading of dental implants in a highly atrophic poste-
rior maxilla was simulated and assessed under various
loading conditions. In addition, dental implants with
two different geometries were designed to assess the
value of complex FE models. The complex geometry of
a commercially available dental implant (Sky Implant
System, Bredent-Medical) was modeled, and the im-
plants were then redesigned as pure cylinders (4 X 10
mm) without threads for the purpose of comparison.
Three-dimensional (3D) FE analyses were carried out
with and without placement of a cortical bone graft
block for each of these two settings.
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SCrews.

Fig 1 CT image of a section of the maxilla shows the left sinus, augmented with par-
ticulated bone and the cortical bone graft block, which is held in place with two fixation

Fig 2 3D model after automatic segmen-
tation and manual refinement.

MATERIALS AND METHODS

FE Model Design

A patient-specific 3D model of the left half of the max-
illa with augmentation and a cortical bone graft block
was generated based on actual computed tomography
(CT) data from a patient. These patient-specific 3D FE
models are more extensive versions of the models used
in recent FE studies.”*'® A block from the retromolar
region of the mandible was inserted in the sinus during
augmentation of the maxillary sinus. In a first step, the
sinus elevation was carried out using a cortical bone
graft. The position of the bone graft block is in the up-
per third of the implant in the sinus. The graft was an-
chored on the crestal aspect with two fixation screws.
The space between the bone block and the sinus floor
was filled as usual with particulated autogenous/allog-
enous bone material. Implants were placed 4 months
later. The fixation screws were removed and the im-
plants inserted. Thus, the fixation screws were used to
position the implants and measure their length.

Figure 1 shows a patient after the modified sinus
augmentation. The left part of the maxilla, bone graft,
and bone augmentation material were segmented
using Mimics software (Materialise). The images were
preprocessed using a combination of automatic and
manual segmentation methods, as automatic seg-
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Fig 3 Final 3D surface model of the max-
illa after the “wrapping” procedure.

Fig 4 Complete surface model consist-
ing of the maxilla, the augmented area, the
bone graft, and the positioned implants.

mentation alone does not yield adequate solutions for
computation of a 3D model.” The resulting 3D model
was rather coarse and had several holes and defects
because of the 1.25-mm slice thickness of the CT imag-
es (Fig 2). Owing to insufficient CT resolution, the bone
graft was segmented loosely and remodeled later.
The aforementioned geometric inhomogeneities
had to be resolved to achieve a suitable 3D model. A
function provided by 3-matic software (Materialise)
permits the investigator to wrap the entire geometry
of an object in a simulated “cellophane” layer. All holes
and defects were corrected by this procedure. The
result was a smooth and homogenous surface that
covered all anatomical elements (Fig 3). The thick-
ness of the cortical sinus floor varied between 1 and
3 mm. The cortical bone graft block was remodeled
to its known size of 17 X 8 X 2.5 mm (as measured
on the CT). Then, based on the CT images, the ante-
rior portion of the remodeled cortical bone graft block
was trimmed to fit into the sinus. The geometry of the
10-mm BlueSky4010 implant (Bredent Medical) was
used for the dental implants. The implants were in-
serted in their correct anatomical and prosthetic posi-
tions and oriented to replace the second premolar and
first molar in the left maxilla (Fig 4). The implants had a
maximumdiameterof4mmandatotallengthof 10mm.
Prosthetic abutments were then modeled as cylinders
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Table 1 Model Specifications

Model

With cortical bone graft block + threaded implant
Without cortical bone graft block + threaded implant
With cortical bone graft block + cylindric implant

Without cortical bone graft block + cylindric implant

No. of elements No. of nodes
584,155 107,552
447,523 82,598
583,692 107,617
409,397 76,230

measuring 3.6 mm in diameter and 9 mm in height
over the implant shoulder, aligned to the axis, and
fixed without any loosening.

A 3D model of volume elements is required for FE
analysis. This was generated using the ICEM CDF soft-
ware (Ansys), which consists of SOLID185 volume ele-
ments that are widely used to obtain a model of solid
structures. Several parameters of the 3D model, such as
maximum element size and element deviation, permit
the investigator to regulate the meshing procedure of
each 3D component. Boolean operations among the
components were carried out using ICEM by means of
permeation. This provided a mesh for the threaded and
cylindric implants and the cortical bone graft block.

The networking procedure is rendered difficult by
the complex geometry of the implants, and FE mod-
els are restricted by the number of elements and
nodes. For the purpose of simplification, therefore, the
threaded dental implant was replaced by a simple cyl-
inder.Thus, four different models were used for simula-
tion with different meshes (Table 1).

Material Properties

Various material parameters were used for the 3D FE
models.” The maxilla and the bone graft consisted of
compact bone and were therefore categorized as cor-
tical bone. The particulated bone augmentation mate-
rial was defined as cancellous bone and the implants as
titanium (Table 2). All of the materials were presumed
to be homogenous, isotropic, and linearly elastic.

Interface Conditions

The model was presumed to represent ideal osseoin-
tegration, with 100% union between the augmented
bone, implants, bone graft, and maxilla. The connec-
tions between implants and abutments were assumed
to be completely bonded with no loosening.

Loading and Boundary Conditions

Ansys FE software (Ansys) was used for FE analysis. In
keeping with the anatomy of the maxilla, it features a
fixed bearing at the anterior and superior transverse
cutting planes, allowing for no translational or rota-
tional movement.

Table 2 Material Properties

Material Young’s modulus (MPa) Poisson ratio
Cancellous bone 1,400 0.3
Cortical bone 14,000 0.3
Titanium 103,400 0.35

Masticatory forces in the x-, y- and z-axes formed
the basis for the simulation of loads.’® In the x-axis,
laterotrusion was presumed at 13 N, and in the y-axis,
protrusion was assumed to be 36 N. For loading in the
z-axis, 96 N was used as the axial masticatory force.

Von Mises stresses were calculated using the FE
models. Because bone is an inhomogenous material,
different stresses were used to assess the compact al-
veolar bone, the augmented material, and the bone
block surrounding the implants. In addition, the distri-
bution of stresses around and within the threaded den-
tal implant and the simplified cylinder was compared.

RESULTS

FE simulations of von Mises stresses in all axes revealed
maximum stresses near the cortical alveolar bone in
the maxilla. Stresses in the cortical bone block graft
were higher than those in the surrounding particulat-
ed bone, but they were significantly lower than those
in the alveolar cortical bone area. This behavior was
shown for all simulations.

Von Mises stresses in the z-axis, to simulate mastica-
tory strength (Figs 5 to 9), showed that, independent of
the implant type, models without a cortical bone block
were marked by areas of significantly higher stresses
around the implant neck in the cortical alveolar bone.
Maximal stresses were higher in models with threaded
implants (Figs 5 and 6) than in models with simplified
cylindric implants (Figs 7 and 8), but the overall stress
distributions were similar for both implant types.

Absolute maximum stresses were registered within
the implants. Considering the maxilla alone, which
absorbs maximum stress, the maximum von Mises
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Fig 5 Distribution of von Mises stresses
from z-load (masticatory strength) in the
simulation with threaded implants and a
cortical bone graft block. The maximum
von Mises stress was 26.9 MPa.

Fig 6 Distribution of von Mises stresses
from z-load (masticatory strength) without
a cortical bone graft block. Note the ex-
panded area of stress in alveolar bone at
the implant neck. The maximum von Mises
stress is 20.7 MPa.

Fig 7 Distribution of von Mises stresses
from z-load (masticatory strength) with cy-
lindric implants and an inserted cortical
bone graft block. The maximum von Mises
stress is 13.86 MPa.

Fig 8 (Left) Distribution of von Mises
o stresses from z-load (masticatory strength)
with cylindric implants without insertion of
a cortical bone graft block. The maximum
von Mises stress is 19.76 MPa.

Fig 9 (Right) Sectional view of the distri-
bution of von Mises stresses from z-load
(masticatory strength) within threaded im-
.- plants, the maxilla, and the cortical bone
graft.

stresses were 8.3 MPa (Fig 5) with a cortical bone graft
block and 20.2 MPa (Fig 6) without a cortical bone graft
block for models with threaded implants. For models
with simplified cylindric implants, the maximum von
Mises stresses were 11.78 MPa (Fig 7) with a cortical
bone graft block and 17.55 MPa (Fig 8) without a corti-
cal bone graft block (Table 3).

Without a cortical bone graft block, the stress dis-
tribution within the implant in the first molar area was
roughly circular in all directions (Figs 6 and 8) at the
implant neck, whereas high stresses were usually reg-
istered in the mesial and distal directions in models
with a cortical block (Figs 5 and 7).

In a cross-sectional view of stresses within implants
(Fig 9), the maxilla and the cortical bone graft block
were seen to demonstrate certain singularities of the
complex geometry of threaded implants. Models with
cylindric implant approximations were almost free of
singularities and showed the same stress behavior as
the models with threaded implants.

Analogous to masticatory strength, the distribution
of von Mises stresses for the y-load condition (protru-
sion) was similar for the different implant models. Max-
imal stresses were 78.8 MPa for the cylinder (Fig 10)
and 83.1 MPa for the threaded implant (Fig 11) with-
out a cortical bone graft block. Maximal stress values
in the surrounding alveolar bone were seen mesial to
the first molar and were 31.55 MPa for the cylindric im-
plant (Fig 10) and 38.17 MPa for the threaded implant
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(Fig 11). For the model with a cortical bone graft block,
maximal von Mises stresses were registered mesial to
the second premolar; these were 28.7 MPa for the cy-
lindric implant and, mesial to the first molar, 25.5 MPa
for the threaded implant (Table 3).

With regard to the x-load simulation (laterotrusion),
similar stress behaviors were observed within the com-
plex and simplified implant models. A significant dif-
ference was registered for the distribution of stresses
with and without a bone graft block (Fig 12). In the
model without a cortical bone graft block, maximal
stress values in the surrounding alveolar bone in the
buccal first molar were 10.69 MPa for the cylindric im-
plant and 10.41 MPa for the threaded dental implant.
In the model with a cortical bone graft block, the maxi-
mal von Mises stress values in the palatal second pre-
molar area were 10.31 MPa for the cylindric implant,
while those in the buccal first molar area were 9.71
MPa for the threaded implant (Table 3).

Distribution of von Mises Stresses

The four models featured different geometries in the
interior sinus. Therefore, the meshes and numbers of
elements differed. To render the models comparable,
a statistical approach was used for evaluation. Von
Mises stresses of each bony component were retrieved
separately, evaluated with respect to maximum values,
and transformed into histograms as well as cumulative
plots to illustrate the differences between models.
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Fig 10 Distribution of von Mises stresses
from protrusion (y-load) within cylindric im-
plants, without bone graft block. The maxi-
mal von Mises stress is 78.8 MPa.

Fig 11 Distribution of von Mises stresses
from protrusion (y-load) within threaded
implants without a cortical bone graft
block. The maximal von Mises stress is
83.1 MPa.

Fig 12 Distribution of von Mises stresses
from laterotrusion (x-load) without a corti-
cal bone graft block in the threaded im-
plant model.

Table 3 Maximal Values for von Mises Stresses (MPa) in Alveolar Bone

Model

Without cortical bone graft block + cylindric implant
Without cortical bone graft block + threaded implant
With cortical bone graft block + cylindric implant

With cortical bone graft block + threaded implant

Masticatory strength (z)
17.55
20.2
11.78
8.3

Protrusion (y)

Laterotrusion (x)

31.55 10.69
38.17 10.41
28.7 10.31
25.5 9.71

The stress distributions in the alveolar bone of the
maxilla are shown on the basis of classical histograms
in Fig 13.The lines in the graphics indicate mean stress
values. Without a bone graft block, the stress distribu-
tions and mean values shifted to the right, indicating
the presence of greater stresses for all loads.

The same distribution behavior is shown in cumula-
tive distribution diagrams in Figs 14 to 16. The shift of
distribution is shown in greater detail in the maxillary
alveolar bone in Fig 14, and the stress distribution in the
augmented bone region only is shown in Fig 15. In all
cases, the models with a cortical bone graft block fea-
tured more stress values in the lower MPa range and few-
er high stress values. The opposite was the case when no
cortical bone graft block was used: fewer low-stress val-
ues were seen, and more stress values in the upper MPa
range were observed. These results confirm that the in-
serted bone graft block absorbs stresses. Comparison of
the dental implant and the cylindric implant showed an
exact overlay of the two curves (Fig 16).

DISCUSSION

The sinus elevation technique has significantly extend-
ed the indications for implant placement in the maxilla
in the presence of an alveolar crest that is 5 mm or thin-
ner. With an alveolar crest thickness of less than 3 mm,
primary stability of implants is frequently not achieved.

A modified method of sinus elevation employs a
cortical bone graft block for additional implant stabili-
zation.'%13 The present authors performed an FE anal-
ysis to evaluate and compare the standard sinus bone
graft method with the modified approach. A patient-
specific 3D model based on CT data for the left half of
the maxilla with augmentation and the cortical bone
graft block was generated and used in settings of dif-
ferent complexity.

Many FE studies of the posterior maxilla with
sinus augmentation are based on block-shaped
anatomical models that show principal stress concen-
trations.'1>17-1° The current 3D models simulate the
entire complex anatomy of the left maxilla, facial skel-
eton, and augmented sinus. The 3D FE model was seg-
mented and designed using the CT data of a patient
who had received this modified sinus bone graft and
was provided with virtually inserted dental implants.
With regard to basic conditions, as a limitation of this
FE study, it was assumed that complete osseointegra-
tion of the implants had been achieved. In practice, the
complex mechanical behavior of natural and augment-
ed craniofacial structures may be affected differently.

Natural conditions as well as occlusal forces must be
considered when seeking optimal biomechanical con-
ditions for simulation of implants.’®20-23 |n addition
to the magnitude of the chewing forces, the direction
from which they act on the implant and the surround-
ing bone is also important. During simulation in the
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Fig 13 Von Mises stress distribution histograms resulting from x-, y- and z-loads in the maxilla bone implants with threads and
with and without cortical bone graft block (CBG). The lines in the histograms indicate mean values; x = laterotrusion; y = protrusion;

z = masticatory strength.

z-axis (masticatory strength), the maximal von Mises
stress in the alveolar bone surrounding the implant
neck was about 20 MPa in the model without a corti-
cal bone graft block and about 12 MPa in the model
with a cortical bone graft block. When loads were
exerted in alignment with the axis, the forces on the
cortical bone of the maxilla were absorbed and trans-
ferred. Force transmission within the augmented area
was minimal. During laterotrusion (x-axis), the tension
reached about 10 MPa. Maximum stress values of ap-
proximately 38 MPa were achieved during protrusion
(y-axis) without a cortical bone graft block. These loads
triggered a lever effect, which exerted stress on the
augmented region. The modified method produced
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lower stresses. This is similar to bicortical anchorage,
such as that typically achieved in the anterior region of
the mandible, and enhances stability.

The maximum von Mises stress seen in the implant
was about 80 MPa. Titanium tolerates stresses ranging
up to 900 MPa without irreversible deformation. The
force of 80 MPa is within the range of tolerance and thus
should not contribute to mechanical implant failure.

According to Frost’s law,?4-26 a stress of 1to 2 MPa in-
duces remodeling, 3 to 20 MPa induces modeling, and
20 MPa is the threshold for microscopic damage. The
stress of masticatory strength and laterotrusion—8 to
17 MPa—is within the range of bone modeling. How-
ever, in the model without a cortical bone graft block,
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Fig 14 Cumulative distribution of
von Mises stresses in the maxilla

— With CBG Without CBG

bone resulting from (top to bottom) 1.01
X-, ¥-, and z-loading of threaded im-
plants with and without CBG. 0.8

0.6 1
0.4 4

0.2 4

0.0

1.0 1

0.8 1

0.6 1

0.4 4

0.2 4

0.0

— With CBG Without CBG

1.0 1

0.8 1

0.6 1

0.4 4

0.2 4

0.0

— With CBG Without CBG

the observed maximal stress value of approximately
38 MPa in protrusion was within the range of bone mi-
crodamage. The stress value for the model with a corti-
cal bone graft block was significantly lower (25 MPa).
Generally, the highest stresses are concentrated on the
interface between the implant neck and the surround-
ing cortical bone. In long-term radiographic and FE
studies, bone loss around the implant neck has been
reported for loaded implants.'”?-32 This is in agree-
ment with the present results. It also indicates that
bone resorption would be lower in this area if a corti-
cal block were used.

At stresses above 20 MPa, microdamage to bone
is known to stimulate repair by bone remodeling (re-

ferred to as A-R-F, for the three cellular stages of bone
remodeling: Activation of osseous precursor cells, Re-
sorption, and Formation).33 This is achieved by posi-
tive feedback mechanisms involving remodeling that
is stimulated to repair damage.3* Bone is probably
equipped with a control system to maintain mechani-
cal homeostasis. This leads to resorption of alveolar
bone at the implant neck, which is the region of high-
est stress, and also contributes to the stability of re-
sorption and bone remodeling. One of the important
conclusions drawn from this study is that the cortical
bone graft block absorbs and reduces stress signifi-
cantly in the cortical bone, particularly at the implant
neck (Table 3).
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Fig 15 Cumulative distribution
of von Mises stresses in the aug-
mented bone resulting from (top

1.0 1

0.8 4

0.6 4

0.4 -

0.24

to bottom) x-, y-, and z-loading with
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Complex models with threaded implants showed
some singularities. Numeric singularities and insta-
bilities are well known issues of FE simulations with
complex geometries.3® These may occur at areas of
transition from one material to another, especially from
a material with a high Young’s modulus to that with a
significantly lower one. This is true for the transition
zone from titanium to cortical bone as well as titanium
to cancellous bone and leads to von Mises stress peaks
in titanium, whereas cortical and cancellous bone plas-
ticize according to their natural characteristics. To deal
with this problem, only the von Mises stresses of corti-
cal and cancellous bone were measured, as the stress

366 Volume 27, Number 2, 2012

within the titanium implant was not the focus of the
present study. Furthermore, the models with cylindric
implant approximations were free of singularities and
showed the same stress behavior as the complicated
models. Hence, there is no need to generate models
encompassing the complexity of real dental implants
to achieve realistic simulations of stress distributions
in cortical and cancellous bone.

The magnitude of maximal von Mises stress obvi-
ously differs from those registered in simulations with
cylindric implants, especially for z-loads (masticatory
strength). The Young’s modulus of cortical bone ap-
pears to possess high stiffness, while cancellous bone

© 2012 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.

NO PART OF MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.



Schuller-Gétzburg et al

Fig 16 Cumulative distribution of
von Mises stresses resulting from
(top to bottom) x-, y-, and z-loading 1.0 1
of the maxilla with threaded (M)
and unthreaded-cylindrical (M¢) im-
plants with CBG. 0.81

0.6 1
0.4 -

0.2 4
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1 2
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is marked by low stiffness. Embedment of a cancellous
bone graft block in cancellous augmentation mate-
rial reduces the difference in the Young's modulus and
stabilizes the augmented area. Therefore, the quality
of the graft is of great concern when the quantity of
existing cancellous maxillary bone is limited."”

The absorption of stress secondary to the cortical
bone graft block was reflected in significant shifts of
stress distribution (Figs 13 to 15). The equivalent be-
havior of the simulations was demonstrated with a
complex 3D model using a threaded implant model
and a simplified model based on a cylindric approxi-
mation (Fig 16).
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