
Three-dimensional bone microstructures of
the mandibular angle using micro-CT and
finite element analysis: relationship between
partially impacted mandibular third molars
and angle fractures

Several studies have documented the relationship
between the presence of a third molar and fracture
of the mandibular angle, which is one of the areas of
the mandible that are prone to fracture. Clinico-
statistical studies have confirmed that a third molar
is often located on angle fracture lines (1–3). Also,
there are some papers describing that the risk of
angle fracture is about two to four times greater for
mandibles with third molars than those without (2–
5). The risk of angle fracture is even higher for
mandibles with impacted third molars (1, 3, 5).

The factors related to bone fractures include the
amount and direction of load, biomechanical prop-
erties of bone, and anatomical properties (1, 3, 4, 6–
8). Takeuchi et al. (8) conducted a mechanical study
of the mandible using the finite element method,
and showed that when load was applied to the
angle, a major area of destruction was in the
mandibular ramus and the angle. However, they did
not investigate the effects of presence of a third
molar. Reitzik et al. (9) conducted a mechanical
study using vervet monkey mandibles, and reported
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Abstract – The mandibular angle is one of the areas of the
mandible that are prone to bone fractures, and the presence of an
impacted third molar has been found to be associated with
increased risk of angle fractures. The factors involved in bone
fractures are the amount and direction of load, and the bio-
mechanical and anatomical properties of bone. In the present
study, micro-focused X-ray computed tomography was performed
to observe and analyze the three-dimensional (3D) bone micro-
structure of the mandibular angle, and finite element analysis was
conducted to examine the relationship between angle fractures and
the presence or absence of mandibular third molars. 3D bone
microstructure showed no marked difference between mandibles
with and without third molars. Finite element analysis showed that,
in the mandible with a third molar, stress was concentrated around
the root apex of the third molar, and was transmitted in a direction
matching the clinical findings of angle fractures. The results
obtained in this study suggest that the presence of an impacted
third molar changes the concentration and transmission of stress in
the mandible, thus increasing the risk of an angle fracture.
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that the presence of third molars increased the risk
of angle fractures. Nakajima et al. (10) conducted a
two-dimensional imaging study on the internal
structure of the mandible from the mandibular
ramus to the angle, and reported that the ratio of
trabecular bone was higher for the angle than for
the ramus, and that the thickness of the trabecular
bone was greater in the angle than in the ramus.
However, there have been no detailed anatomical
studies of angle fractures, and the factors involved in
angle fractures remain unclear.
Micro-focused X-ray computed tomography (mi-

cro-CT) is widely used to observe and analyze
internal structures in a non-invasive manner (11,
12). Mechanical studies based on digital data
obtained by micro-CT and other techniques (13,
14) have shown that such findings can be used to
predict the risk of bone fractures (15).
In the present study, we performed micro-CT to

assess differences in three-dimensional (3D) micro-
structures of mandibles with or without impacted
third molars. Also, we performed mechanical ana-
lysis based on the finite element method, to identify
the factors that increase the risk of angle fracture in
mandibles with impacted third molars.

Materials and methods

We used 15 formalin-fixed Japanese adult male
cadavers stored by the Department of Anatomy of
Tokyo Dental College. The third molar was absent
in 10 sides of eight cadavers, and the third molar
was present in 10 sides of seven cadavers (Table 1).
Based on Pell and Gregory’s classification system for
third molar impaction (16), we selected mandibles
with third molars that had class B occlusal position
and were not subjected to occlusal pressure. All
mandibles had first and second molars, and occlu-
sion was maintained.
The mandible was imaged by micro-CT (KMS-

755; Kashimura, Tokyo, Japan) after removing only
the soft tissue. The mandibular plane was set
orthogonal to the sample stage, and imaging was
performed under the following conditions: tube

voltage, 65 kV; tube current, 100 lA; slice width,
50 lm. Raw data were obtained by rotating the
sample stage 360 degrees. Then, slice images were
prepared usingmulti-tomographic image reconstruc-
tion software (MultiBP; Imagescript, Tokyo, Japan).
For observation and analysis of reconstructed 3D

images, we used 3D trabecular structure analysis
software (TRI/3D-BON; RATOC System Engin-
eering, Tokyo, Japan). Reconstructed 3D images
were prepared from slice images using the volume
rendering method, to analyze the microstructure of
the bone around the root apex of impacted third
molars and the equivalent area in mandibles
without third molars. For mandibles without third
molars, an area 10.0 mm distal to the second molar
was selected as the region of interest, based on the
mesiodistal crown diameter of mandibular third
molars (17). For mandibles with third molars, the
root apex of the third molar was selected as the
region of interest. The volume of interest (VOI) was
a 5.0 · 5.0 · 5.0 mm3 (100 · 100 · 100 voxel)
cube at the buccolingual center parallel to the
inferior border of the mandible and touching the
superior border of the mandibular canal (Fig. 1a,b).
The following parameters were measured: bone

volume fraction (bone volume/tissue volume, BV/
TV%), trabecular thickness (Tb.Th mm), trabecular
number (Tb.N/mm), trabecular separation
(Tb.Sp mm), fractal dimension, connectivity density
(CD/mm3), trabecular bone pattern factor (TBPf/
mm), structure model index (SMI), and degree of
anisotropy (DA). BV/TV and Tb.Th were directly
measured, whereas Tb.N and Tb.Sp were calcula-
ted as derived parameters based on the parallel plate
model proposed by Parfitt et al. (18). The other
parameters were directly determined from 3D data.
An unpaired t-test was used to compare intergroup
differences between mandibles with and without
partially impacted third molars. P < 0.05 was
considered to indicate statistical significance.
Finite element analysis was performed using slice

images obtained by micro-CT and stress analysis

Table 1. Materials

No

Age

Mandibles without third molars Mandibles with third molars

1 40 43
2 47 55
3 56 58
4 57 62
5 62 68
6 69 70
7 Unknown Unknown
8 Unknown

Fig. 1. The volume of interest (VOI) observed and analyzed in

three-dimensional bone microstructures. (a) Mandibles without

third molars, (b) Mandibles with partially impacted third

molars, and VOI.
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software based on a finite element method (TRI/
3D-FEM; RATOC System Engineering). We pre-
pared a finite element model of a region from the
distal border of the second molar to the posterior
border of the mandibular ramus, using one 57-year-
old cadaver without a third molar and one 55-year-
old cadaver with a third molar.
As preprocessing of 3D images for finite element

analysis, after removing noise, each image was
downsized and subjected to binarization based on a
threshold value obtained by discriminant analysis.
After labeling, a finite element model was prepared
by mapping eight-noded cube-shaped elements.
The number of nodes and elements was approxi-
mately 550 000 and 750 000 respectively.
The models were prepared using bone and teeth

with linear, elastic and isotropic properties based on
published values. Young’s modulus and Poisson’s
ratio were as follows: bone, 15 GPa and 0.3,
respectively (19, 20); teeth, 40 GPa and 0.3,
respectively (8). The fixed boundary conditions
were all nodes on the posterior border of the
mandibular ramus and on the frontal section of the
body of the mandible posterior to the second molar.
Load was applied to the center of the body on the
linear line extending from the anterior border of the
ramus to the inferior border of the body. A load of
2000 n (8) was applied perpendicular to the buccal
surface of the mandibular body (Fig. 2).
Stress distribution was investigated based on color

differences in von Mises equivalent stress (15, 21).
Also, in order to objectively assess the correspon-
dence between stress transmission and clinical angle
fracture lines, the VOI was established for each
specimen. First, a 12.0-mm region was established
mesiodistally around the line extending from the
anterior border of the ramus to the inferior border
of the body. The VOI was the area surrounded by
the inferior border of the body and the plane

formed by extending the buccolingual alveolar bone
crests to the posterior border of the ramus (Fig. 3).
By calculating the stress value of each element, a
histogram was prepared to investigate stress distri-
bution, and mean and standard deviation were
calculated.

Results

For mandibles with or without third molars, in the
area above the mandibular canal, trabecular bone
was mainly aligned vertically from the alveolar crest
to the mandibular canal. In the area below the
mandibular canal, trabecular bone was aligned
horizontally connecting the buccal and lingual
cortical bone. In the VOI, the trabecular bone
consisted of plate and rod-like trabeculae (Fig. 4).
There was no marked intergroup difference in bone
structure.

Analysis of 3D bone microstructure (Table 2)
showed that no significant difference in any of
the parameters between mandibles without third
molars and mandibles with partially impacted third
molars.

In terms of the distribution of von Mises equiv-
alent stress on sagittal sections, in the mandible
without a third molar, stress was transmitted along
the mandibular canal towards the body, and was
distributed diffusely. However, for the mandible
with a third molar, stress was concentrated around
the root apex of the third molar. When the sagittal
section was superimposed with the partially impac-
ted third molar, stress was clearly concentrated at
the root apex (Fig. 5b2). Also, stress was transmitted
towards the base of the mandible and the angle, thus
matching the clinical findings associated with angle
fractures. Furthermore, stress was distributed in the
trabecular bone near the neck of third molar
(Fig. 5).

Fig. 2. The loading and fixed boundary condition.

Fig. 3. The volume of interest analyzed in von Mises equivalent

stress distribution.
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In terms of the distribution of von Mises equiv-
alent stress on frontal sections near the anterior
border of the ramus, in the mandible without a third
molar, stress was not transmitted towards the base of
the mandible. However, in the mandible with a
third molar, stress was transmitted from the root
apex to the base of the mandible (Fig. 6).
As to the stress distribution in the VOI, stress

greater than 20 MPa was observed in the mandible

with a third molar. Also, average von Mises
equivalent stress was 9.76 ± 6.89 MPa in the
mandible without a third molar and 14.93 ±
7.62 MPa in the mandible with a third molar
(Fig. 7).

Discussions

Observation of reconstructed 3D images

The shape of trabecular bone is seemed to be
determined by functional pressure (22). Shibuya
et al. (11) investigated the trabecular structure of the
mandible, and reported that the trabecular number
increased, trabecular thickness narrowed, and tra-
beculae became structurally uniform following teeth
loss. Also, it is known, in the area from the
mandibular ramus to the angle, a large amount of
tension is applied to the masseter muscle, medial
pterygoid muscle and temporal muscle to elevate
the mandible during mastication. These facts sug-
gest that occlusal pressure and muscular tension can
affect the shape of trabecular bone.
In the area examined in the present study, there

was no marked difference in the trabecular structure
between mandibles with and without partially

Fig. 4. Reconstructed three-dimensional images at the volume of interest. (A) Mandible without a third molar and (B) mandible with

a partially impacted third molar. b: Buccal side, l: lingual side.

Table 2. Three-dimensional bone microstructure analysis

Mandibles without
third molars (n ¼ 10)

Mandibles with third
molars (n ¼ 10)

BV/TV (%) 36.08 ± 16.66 32.77 ± 5.38
Tb.Th (mm) 0.40 ± 0.15 0.35 ± 0.07
Tb.N (/mm) 0.87 ± 0.13 0.95 ± 0.08
Tb.Sp (mm) 0.77 ± 0.29 0.71 ± 0.07
FD 2.21 ± 0.05 2.26 ± 0.06
CD (/mm

3
) 0.75 ± 0.15 0.88 ± 0.43

TBPf (/mm) )0.19 ± 1.49 0.19 ± 0.71
SMI 1.81 ± 0.43 1.75 ± 0.17
DA 1.55 ± 0.22 1.49 ± 0.15

Values are given as mean ± SD.
BV/TV, bone volume fraction; Tb.Th, trabecular thickness; Tb.N, trabecular
number; Tb.Sp, trabecular separation; FD, fractal dimension; CD, connec-
tivity density; TBPf, trabecular bone pattern factor; SMI, structure model
index; DA, degree of anisotropy.
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impacted third molars. The reason for this may be
that all mandibles with or without third molars were
dentulous, with the result that occlusal pressure was
not applied to the partially impacted third molars.
Also, muscular tension applied to the third molar
region was not affected by the presence or absence
of partially impacted third molars. Therefore, these
findings suggest that partially impacted third molars
do not affect the structure of the surrounding
trabecular bone.

Three-dimensional bone microstructure analysis

Bone density and bone microstructure determine the
mechanical properties of bone (23, 24). By analyzing

bone microstructure, it is possible to predict bone
strength (23–26). Bone volume (23, 24), trabecular
anisotropy (23–25) and connectivity (24, 25) are
thought to be important factors in bone strength.

In a study of the relationship between bone
fracture and bone microstructure, Ito et al. (27)
found a significant decrease in BV/TV and an
increase in Tb.Sp in patients with compressed spinal
fracture. In a study of the morphology of trabecular
bone, Ulrich et al. (28) found that plate-like
trabeculae are stronger than rod-like trabeculae.
In osteoporosis, holes are created in plate-like
trabeculae which undergo a change to rod-like
trabeculae, thus lowering bone strength (29) and
increasing the risk of bone fracture (30).

Fig. 5. Contour plot of von Mises equivalent stress distribution on sagittal sections. (a) The mandible without a third molar, (b1) The

mandible with a partially impacted third molar, and (b2) The image of mandible with a partially impacted third molar superimposed

with a third molar.

Fig. 6. Contour plot of von Mises equiv-

alent stress distribution on frontal sections

near the anterior border of the mandi-

bular ramus. (a) The mandible without a

third molar and (b) the mandible with a

partially impacted third molar.
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BV/TV has been used as a parameter for bone
volume, DA for anisotropy, CD and TBPf for
connectivity, and SMI for trabecular morphology.
However, in the present study, there was no marked
difference in any of these parameters between the
mandibles with and without impacted third molars.
The reason for this was that, as mentioned above,
the presence of a partially impacted third molar
does not affect trabecular structure, which is a factor
in bone strength.

Finite element analysis

In the present study, the distribution and localiza-
tion of stress at the trabecular level was visually
assessed (30). We found that, in the mandible with a
third molar, stress was concentrated around the root
apex, and was transmitted in a direction matching
clinical fracture lines.
Stress is believed to concentrate in the following

three types of areas: areas bearing load from
another area; areas with morphological character-
istics such as furrowing, sharp angles or irregularity;
and areas with different elastic coefficients (31). The
area surrounding the root apex of impacted third
molars satisfies all of these conditions, suggesting
that the root apex of impacted third molars is prone
to stress concentration. Also, concentrated stress is
believed to be transmitted to the base and angle of
the mandible. Furthermore, in the mandible with-
out a third molar, stress is distributed diffusely
because of the lack of a structure where stress could
concentrate.
Fuselier et al. (2) and Meisami et al. (3) conducted

clinicostatistical studies to investigate the relationship
between angle fracture and third molar impaction,
and reported that the risk of angle fracture was high
for mandibles with partially impacted third molars.
The reason for this is that eruption of a partially
impacted third molar ruptures the internal and
external oblique ridge, thus decreasing the strength

of the mandibular angle. In the present study, we
examined mandibles with partially impacted third
molars, and the results showed that stress was
distributed in trabecular bone near the neck of the
third molar. These findings suggest that a ruptured
internal and external oblique ridge caused by erup-
tion of a partially impacted third molar is involved in
angle fracture.

Conclusion

We assessed differences in 3D bone microstruc-
tures, and used the finite element method to
examine mechanical differences between mandi-
bles with and without partially impacted third
molars. In terms of 3D bone microstructures,
there were no marked differences between man-
dibles with and without partially impacted third
molars. The results of finite element analysis
showed that, in mandible with partially impacted
third molar, stress was concentrated around the
root apex of the third molar, and was transmitted
in a direction matching clinical angle fractures.
These findings suggest that the presence of an
impacted third molar increases the risk of angle
fracture by altering the concentration and trans-
mission of stress in the mandible.
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