eor.istanbul.edu.tr

T,
\STAn,
nes”

@ [STANBUL
Y UNIVERSITY
15 -~ PRESS

Official Publication of Istanbul University Faculty of Dentistry

Eur Oral Res 2025; 59(2): 138-143

Original research

Finite element analysis of stresses on the skull base caused by
trauma during sinus lift with mallet and osteotome

Purpose

This study aimed to investigate the stress accumulation on the skull base caused
by the forces applied to fracture the bone at the sinus floor during the closed trans-
alveolar technique of sinus elevation.

Materials and Methods

This study was based on three-dimensional finite element analysis. Study models
were determined as follows: Model 1, Model 2, and Model 3 (bone thickness at
the sinus floor 1, 2, and 3 mm, respectively). The forces required for fracture of the
bone at the base of the sinus were found to be 89,04 N, 138,88 N, and 210 N for
Models 1, 2, and 3, respectively. The von Mises (VM), maximum principal (Pmax),
and minimum principal (Pmin) stress values were examined at three different
locations in the petrous part of the temporal bone. The highest stress values during
the fracture process were recorded.

Results

During fracture, VM, Pmax, and Pmin stress values were highest in Model 3 and
lowest in Model 1. When the most critical levels were analyzed, it was seen that all
stress values in Model 3 were more than twice the values in Model 1.

Conclusion

In closed trans-alveolar sinus lifting, as the forces applied to break the bone at the
sinus floor increase, the stress accumulation at the petrous part of the temporal
bone increases in direct proportion. This increase in cranial base stress may lead
to an increased risk of benign paroxysmal positional vertigo which is a major
complication of closed sinus lifting.

Keywords: Benign paroxysmal positional vertigo, finite element analysis, sinus lifting,
mallet, osteotome

Introduction

The posterior maxilla is a challenging area for implant placement when
there is insufficient bone. The most common causes of bone insufficiency in
this region are bone resorption after tooth extraction, advanced periodon-
tal disease, and pneumatization of the maxillary sinus. Sinus lifting or aug-
mentation is a routine procedure when there is insufficient vertical bone for
implant placement in the posterior maxilla. Currently, there are two widely
used techniques for maxillary sinus augmentation: the open lateral window
(OLW) technique and the closed transalveolar (CTA) technique. In the CTA
technique, also known as the osteotome or transcrestal technique, the sinus
floor is elevated by hitting an osteotome with a mallet. Previous studies have
reported that implant placement with the CTA technique is a highly predict-
able treatment option (1,2). The CTA technique is preferred as an alternative
to the OLW technique in sinus floor elevation when the bone height is within
vertical limits (5-7 mm) (3). It is less invasive than the OLW technique, has a
shorter operative time, and causes less postoperative discomfort (4). How-
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ever, like any surgical procedure, CTA sinus lifting has various
complications. The most common complication is the rupture
of the sinus membrane, similar to the OLW technique. Other
major complications include infection, bleeding, sinusitis, and
benign paroxysmal positional vertigo (BPPV) (5).

Benign paroxysmal positional vertigo (BPPV) is charac-
terized by short and recurrent vertigo attacks triggered by
changes in head position relative to gravity. BPPV occurs
when otoliths, which are calcium carbonate crystals, leave
the utricle and migrate into the lumen of the semicircular
canals (6). The semicircular canals and utricles, which are
elements of the vestibular system, are located in the mem-
branous labyrinth filled with endolymph fluid. The membra-
nous labyrinth is surrounded by the otic capsule or osseous
labyrinth. All these inner ear structures lie deep within the
petrous part of the temporal bone (7). The etiology of BPPV
is sometimes unclear. The most common type of BPPV is the
idiopathic form, which occurs without a specific cause. The
type that occurs after factors such as head trauma, neck in-
jury, or head and neck surgery is called secondary BPPV (8).
The trauma caused by the mallet and osteotome used in the
CTA technique of sinus elevation may also be one of the ef-
fective factors in the formation of BPPV (9).

The purpose of this study was to assess the stress distri-
bution at the petrous part of the temporal bone, where the
otoliths dislodge from the utricle of the inner ear and move
within the lumen of the semicircular canals. We hypothesized
that as the bone thickness left at the sinus floor increases, the
stresses on the skull base will also increase during the proce-
dure. The specific aim of this study was to experimentally de-
termine whether sinus lifting could be a risk factor for BPPV.

Materials and Methods
Study design

This study is based on three-dimensional finite element
analysis. Study models were determined as follows: Model
1 (bone thickness at the sinus floor 1 mm), Model 2 (2 mm),
and Model 3 (3 mm). The first molar region at the maxilla was
chosen as the load-applied region to fracture the bone at the
base of the sinus (Figure 1). The forces required to break the
bone left at the sinus floor with a thickness of 1, 2, and 3 mm
(Model 1, 2, and 3) were determined as 89.04 N, 138.88 N,
and 210 N, respectively. With gradually applied forces, bone
fracture times for Models 1, 2, and 3 were determined as
2.5,2.95, and 5.2 milliseconds, respectively. Von Mises (VM),
maximum principal (Pmax), and minimum principal (Pmin)
stresses were measured at three different locations in the
petrous part of the temporal bone (Figure 2). Arranging the
three-dimensional mesh structure and transforming it into
a mathematically appropriate solid mesh structure, creating
three-dimensional finite element analysis models, and finite
element stress analysis were performed on workstations (HP
Inc., California, USA) with a processor (Intel Corporation, Cal-
ifornia, USA) at 2.40 GHz and 64 GB memory.

The bone models

The bone model in .stl format was obtained from tomog-
raphy data using software (3D Slicer, https://www.slicer.

Model 3

Model 1 Model 2
Figure 1. The first molar region at the maxilla was chosen as
the load-applied region to fracture the bone at the base of the
sinus. Loads were applied to break the bone left at the base of
the sinus with a thickness of T mm (Model 1), 2 mm (Model 2),
and 3 mm (Model 3).

Figure 2. The blue circular region (A) on the inferior view of the
skull base represents the location of the osteotome applied on
the maxillary crest. The red frame (B) represents the petrous
part of the temporal bone. L1, L2, and L3 indicate the areas
where stress values are determined.

org/) (10). Reverse engineering and three-dimensional CAD
processes were carried out using the same software (Ansys
SpaceClaim, Ansys, Inc., USA). The activities of adapting the
solid models to the analysis environment and creating the
optimized mesh were carried out with another software (An-
sys LS-DYNA, Ansys, Inc., USA).

Modeling of cortical and trabecular bone

To create the maxillary bone model used in the study, a
computed tomography (CT) scan of an edentulous adult in-
dividual was taken. CT data were reconstructed with a slice
thickness of 0.1 mm. The CT data obtained from the recon-
struction were transferred to software (3D Slicer, https://www.
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slicer.org/) in DICOM format. The CT data in DICOM format
were separated according to the appropriate Hounsfield val-
ues and converted into three-dimensional models through
segmentation. Models were exported in .stl format. The mod-
eling process was completed by placing all prepared models
in the correct coordinates in three-dimensional space with
the software (Ansys SpaceClaim, Ansys, Inc., USA).

Obtaining mathematical models

Mathematical models were created by dividing geometric
models into small and simple parts called meshes. Once the
modeling process was completed, the models were created
mathematically and made ready for analysis. In the analysis
study, time-dependent dynamic simulations were carried out.
The explicit analysis method was used to model short-term and
dynamic loads and examine their effects on the structure. In the
finite element model setup, 1 mm was chosen as the average
element size, and the models consisted of approximately 3 mil-
lion elements and 600,000 nodal points. All parts were modeled
using solid elements, and the Lagrange approach was used.

Material definitions and properties

Isotropic elastic-rubber material properties of the given
materials were used while determining the elastic modu-
lus, Poisson’s ratio, and density in the analyses. The material
properties of the analyzed model were defined numerically
(Table 1). The total node and element amounts used in the
models are shown in Table 2. The MAT_ELASTIC material
model was used to model the skull.

Loading scenarios and boundary conditions

In the analysis model, no boundary conditions were applied
in order not to cause an undesirable strain on the skull. Dif-
ferent loads were applied vertically to the bone at the base
of the maxillary sinus by means of the impactor piece which
simulates the osteotome and thus the fracture was ensured to
occur in the load region. Iterative simulations were carried out
in order to find the load that causes fracture in the bone. The
force definition in the analysis model was performed with the

Table 1.The material properties of the analyzed model.

Elastic . , .
Material Modulus P;;si:r",s De“:::) (kg/
(MPa)
Skull Bone 8000 0.22 1200

MPa, megapascal; kg/m?, kilogram/cubic meter.

Table 2. Quantitative model information for the three analysis
models created.

Total Number of Total Number of

Nodes Elements
Model 1 603035 3010613
Model 2 604270 3018228
Model 3 603933 3015622

LOAD_NODE_SET definition in the software (Ansys LS-DYNA,
Ansys, Inc,, USA). The breaking load was determined by defin-
ing different force values for the nodal point group formed on
the bottom surface of the impactor part. The iterative analysis
solutions calculated the force value that creates the fracture
behavior in bone structures of different thicknesses.

Results

The VM, Pmax, and Pmin stress were evaluated at three
different locations (L1, L2, and L3) of the petrous part of the
temporal bone (Figure 3). The values where VM, Pmax, and
Pmin stresses reached the highest level during the fracture
process were determined (Table 3). Accordingly, the highest
stress values at the petrous part of the temporal bone were

Von Mises stress

Maximum principal Minimum principal
stress

stress

MODEL2 MODEL1

MODEL 3

Stress Level
Low mmsspesy oy pommem High

Figure 3. The von Mises stress, maximum principal stress, and
minimum principal stress levels in Models 1, 2, and 3 are shown
with colored stress plots. The L1, L2, and L3 regions indicated on
the colored stress plots show three different locations where the
stress values were determined at the petrous part. It is seen that
the stress levels increase from Model 1 to Model 2 and Model 3.

Table 3. The VM, Pmax, and Pmin stress values reached the most

critical levels during the fracture process at different locations (L1, L2,
and L3) on the cranial base.

Model 1 Model 2 Model 3
VM stress L1 1.23 1.89 2.83
(Mpa) L2 1.03 1.53 249
L3 1.15 1.37 442
Pmax stress L1 0.85 1.11 1.97
(Mpa) L2 0.75 0.96 1.73
L3 0.99 1.18 416
Pmin stress L1 -0.61 -1.30 -1.52
(Mpa) L2 -0.58 -0.90 -1.66
L3 -0.39 -0.41 -1.48
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observed in Model 3. The order of the stress values accord-
ing to the models is Model 3 > Model 2 > Model 1.

Discussion

In this study, our purpose was to investigate the stress ac-
cumulation on the skull base caused by the forces applied to
break the bone at the sinus floor during the CTA technique
sinus elevation using a mallet and osteotome. We aimed to
evaluate the stress distribution generated by the osteotome
and mallet on the petrous part of the temporal bone, where
BPPV occurs. We determined study models based on the
thickness of the bone left to fracture at the sinus floor (Mod-
els 1,2,and 3; 1 mm, 2 mm, and 3 mm, respectively). During
the fracture process, as the thickness of the fractured bone
at the base of the maxillary sinus increased, the most critical
levels of VM stress, Pmax stress, and Pmin stress increased
at all locations of the petrous portion. These stress increases
were more than double in Model 3 compared to Model 1 at
all locations, while they were more than quadrupled in some
locations. Therefore, at the petrous region, it appears that
the tension and compression increase due to the increase
in Pmax and Pmin stresses, and sensitivity occurs due to the
increase in VM stress.

There are many BPPV cases reported after maxillofacial
procedures using osteotome and mallet in the literature.
Most of these reported cases of BPPV after osteotome and
mallet use are sinus elevation procedures performed with
the closed technique (9, 11-15). Other maxillofacial proce-
dures reported for BPPV after osteotome and mallet use
include buccolingual widenings of narrow alveoli before
implant placement (16, 17), LeFort osteotomy (18, 19), and
wide carcinoma resection (20). Some authors have also re-
ported cases of BPPV after wisdom tooth extractions and
open sinus augmentation with implant placement (21-24).
These authors attributed the cause of BPPV to prolonged
head and neck hyperextension during the operation or to
the vibration created by rotary instruments and burs used.
However, a controlled clinical study on this subject showed
that the use of mallet and osteotome was more prominent
in the occurrence of BPPV than other factors (9). The results
of another study also supported this finding (14).

Although cases of BPPV occurring after CTA sinus ele-
vation have been reported, to the best of our knowledge,
there is no study in the literature on the determination of
the strength and stress values created by the osteotome and
mallet. In this study, we aimed to determine the forces re-
quired to break the bone at the sinus floor during CTA sinus
elevation and to determine the stress reflections of these
forces at the petrous part of the temporal bone where BPPV
occurs.

Summers (25), in describing the osteotome technique in
1994, reported that both the implant bed could be formed
and the sinus floor could be raised with only the osteotome
and mallet, without using rotary instruments. However,
Misch et al. (26) later recommended creating an implant
bed 1-2 mm below the sinus floor with rotary instruments
and drills, and then breaking this bone into the sinus with
an osteotome and mallet. On the other hand, Klokkevold et
al. (27) stated that this bone thickness under the sinus floor
can be left at 2-3 mm, while others (3) reported that it should

be drilled up to the sinus floor without leaving any bone at
the sinus floor. In summary, there is no complete consensus
on this issue. In this study, we wanted to evaluate 1, 2, and
3 mm, which are more frequently used by clinicians and are
compatible with the literature. Despite clinical and radio-
graphic evaluations, clinicians rarely have difficulty breaking
the bone at the base of the maxillary sinus during sinus ele-
vation with the CTA technique. The reasons for this situation
may be variations in the anatomy of the sinus floor, miscal-
culations made in X-ray images, and overly protective ap-
proaches to prevent rupture of the Schneiderian membrane
during surgery.

When the forces occurring at the time of bone fracture at
the sinus floor were examined, it was observed that a signif-
icant increase in strength occurred for every T mm increase
in bone thickness. When the thickness of the bone at the si-
nus floor was increased from 1 mm to 2 mm, an additional
force of approximately 50 N was required to break this bone.
When the thickness of this bone was increased from 2 mm
to 3 mm, an additional force of approximately 70 N was re-
quired.

The petrous part of the temporal bone represents the hard
tissues in which the inner ear elements responsible for the
vestibular system are located (7). BPPV occurs when otoliths
dislodge from the utricle of the inner ear and move with-
in the lumen of the semicircular canals (6). Considering the
stresses at the petrous part of the temporal bone as a po-
tential cause of BPPV, we believe that the thickness of the
fractured bone at the sinus floor is very important. Clinical-
ly, if thick bone is left at the base of the sinus, more force
will be required to break this bone. Accordingly, the tension,
compression stresses, and sensitivity at the skull base will in-
crease. In this case, it can be considered that the risk of BPPV
will increase.

In this experimental study, the dynamic loading approach
was used instead of static loading, which is generally applied
in finite element analysis studies in the field of maxillofacial
surgery. Thus, a better representation of osteotome move-
ment is provided. Instead of evaluating the stress at the mo-
ment of loading as in static loading, we had the chance to
determine the moment of bone fracture and evaluate the
most critical stress levels up to that moment. In addition,
we considered the plastic material properties of the bone
as well as the elastic material properties while creating the
bone model. Thus, the moment of fracture is simulated more
realistically.

Conclusion

Within the limits of this study, we showed that during
the CTA sinus elevation procedure using an osteotome and
mallet, the stresses on the temporal bone increase dramat-
ically and disproportionately with each T mm increase in
the bone to be broken at the base of the sinus. This stress
increase at the cranial base may lead to an increased risk of
BPPV. Considering these data, clinicians need to be aware
of BPPV, which causes symptoms that reduce the patient’s
quality of life. We think that to avoid BPPV, they should per-
form a detailed radiographic analysis before the CTA tech-
nique and pay attention to the forces applied during this
procedure.
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Tiirkge 6z: Cekic ve osteotom ile sintis yiikseltme sirasinda meydana gel-
en travmanin kafatasi tabaninda olusturdugu streslerin sonlu elemanlar
analizi. Amag: Bu ¢alismada kapali trans-alveolar sinis yiikseltme teknigi
sirasinda sinlis tabaninda birakilan kemigin kirlmasina yénelik uygula-
nan kuvvetlerin kafa tabaninda neden oldugu stres birikiminin arastiril-
masi amagland. Gereg ve yéntem: Bu ¢alisma li¢ boyutlu sonlu elemanlar
analizine dayanmaktadir. Calisma modelleri su sekilde belirlendi: Model
1, Model 2 ve Model 3 (siniis tabanindaki kemik kalinligi sirastyla 1, 2 ve
3 mm). Sinlis tabanindaki kemigin kirilmasi icin gerekli kuvvetler Model
1, 2 ve 3 icin sirasiyla 89,04 N, 138,88 N ve 210 N olarak tespit edildi. Von
Mises (VM), maksimum asal (Pmax) ve minimum asal (Pmin) stres deger-
leri, temporal kemigin petréz kisminda li¢ farkh lokasyonda incelenmistir.
Kinllma stirecindeki en yliksek stres dederleri kaydedildi. Bulgular: Kirlma
sirasinda VM, Pmax ve Pmin stres degerleri Model 3'te en yiiksek, Model
1de en dlistiktii. En kritik seviyeler incelendiginde Model 3'teki tiim stres
degerlerinin Model 1deki degerlerin iki katindan fazla oldugu gériild(i.
Sonug: Kapali trans-alveoler siniis ytikseltme isleminde sintis tabanindaki
kemigi kirmak icin uygulanan kuvvetler arttikca temporal kemigin petréz
kismindaki stres birikimi de dogru orantili olarak artar. Kranial taban
stresindeki bu artis, kapali sinlis kaldirmanin énemli bir komplikasyonu
olan benign paroksismal pozisyonel vertigo riskinin artmasina yol acabil-
ir. Anahtar Kelimeler: benign paroksismal pozisyonel vertigo, sonlu ele-
manlar analizi, sinls ytikseltme, ¢ceki¢ osteotom
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