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The complex problem of determining the 
response to loading of a bone that has  
an unusual shape, such as the mandible, 

can be studied using finite element analysis 
(FEA; also called the finite element method). 
FEA originated from the need to solve  
problems related to elasticity and structural 
engineering encountered in civil and aero-
nautical engineering. Strang and Fix1 pub-
lished their seminal work on this topic in 
1973, and since then FEA has developed into 
a branch of applied mathematics for num-

eric modelling of physical systems that is  
used in many engineering disciplines. In 
its simplest mathematical terms, this num-
eric technique is used to find approximate  
solutions to partial differential equations 
and integral equations through the genera-
tion of meshes of a continuous domain for 
a set of discrete subdomains or “elements.” 
Numeric methods are then used to predict  
the behaviour of the object in question in 
various situations, for example, under condi-
tions of loading. 
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ABSTRACT

Background and Aim: Finite element analysis (FEA) was used to generate 3-dimensional 
models of a human mandible with impacted third molars. The aim was to analyze the 
effects of removing various amounts of bone around an impacted mandibular third 
molar and to predict the possibility of iatrogenic fracture. 

Materials and Methods: Data were acquired from cone beam computed tomography 
(CBCT) scans of a patient using numerically calculated mechanical parameters. Virtual 
surgery was then performed on the mandibular models, and standardized chewing 
forces were applied to the resulting simulations.

Results: The modelling showed that the highest stress during normal clenching occurred 
if the surgical procedure involved the external oblique ridge. The peak stress occurred at 
the site of removal of the third molar, during contralateral loading of the mandible. 

Discussion: Use of CBCT allowed production of high-quality models of an individual 
patient and simulation of various surgical scenarios. FEA identified the accumulation of 
stress and strain at specific parts of the mandible and predicted the responses of bone to 
mechanical activity. FEA could prove useful to dental practitioners in the future to pre-
dict the likelihood of iatrogenic fracture of the jaws after surgical removal of mandibular 
bone, such as occurs when the third molar is removed. This may allow dentists to change 
their approach to tooth removal in certain cases.
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In undertaking any therapy that affects the skeleton, 
it is important to understand the potential problem of 
excessive loading of bone. Strain refers to any defor-
mation or change in dimension or shape caused by a 
load on any structural material such as bone.2 Strain en-
compasses stretching, shortening, twisting and bending. 
Application of a load always causes strain, though it may 
be very small. Three kinds of strain may occur: compres-
sion, tension or shear.2 In particular, a fracture may occur 
in any anatomically normal bone that is loaded beyond 
its tolerance.3 Fracture may also occur in a bone that has 
been weakened by an underlying pathologic process, even 
if the forces to which it is subjected would usually be tol-
erated.4-10 Such fractures are called pathologic fractures.4 
The bone of the orofacial skeleton that is most commonly 
involved in pathologic fractures is the mandible.4

Pathologic fracture of the jaw may occur if the bone 
has been weakened by congenital hypodevelopment or 
by severe early-onset osteoporosis, or it may occur be-
cause of extreme alveolar atrophy, such as occurs with 
long-standing edentulism.4 Although they are relatively 
uncommon, pathologic fractures or, more specifically, 
iatrogenic fractures may occur during or after the re-
moval of severely impacted, ectopically positioned teeth 
(Fig. 1).4 Iatrogenic fracture may also occur after place-
ment of a dental implant in a severely atrophic jaw. 

The most commonly performed surgical procedure in 
dentistry, which may result in iatrogenic fracture of the 
mandible, is removal of an impacted third molar tooth.3 
The purposes of this study were to build a detailed,  
high-quality model of a human mandible with impacted 
third molars, to use the model to analyze the effects of 

Figure 1: Postoperative iatrogenic fracture of the left angle of the 
mandible 3 weeks after removal of third molar (tooth 38).

Figure 2: Panoramic radiograph of a 20-year-old woman 
with impacted third molars.

Figure 3: Three-dimensional 
model of the patient’s mandible. 
Reddish brown areas represent 
the primary surface, based on 
data from cone beam computed 
tomography; green areas represent 
surface remeshing by the Mimics 
software.

Figure 4a: A density map of 
the initial model was formed by 
adding the volumetric mesh to the 
model shown in Figure 3.

Figure 4b: Spectrum relating specific colours to radioden-
sity (in Hounsfield units), to aid in interpreting the model 
shown in Figure 4a. Areas in the model that are shown in 
red (e.g., cusp tips of the teeth) are those with the highest 
radiodensity (3000 HU). Areas in the model that are shown 
in light blue are those with the lowest radiodensity (0 HU). 
The vertical scale refers to the number of elements of each 
colour that were recorded in the meshed mandible.
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removing various amounts of bone and ultimately to 
simulate the different stages of bone removal and their 
impact on mandibular loading. It was hoped that this 
would allow prediction of the risk of iatrogenic fracture 
of the mandible, as a means to help dentists to identify 
such risks preoperatively.

Materials and Methods
Ethical approval for this study was obtained from 

Semmelweis University. A panoramic radiograph (Fig. 2) 
and cone beam computed tomography (CBCT) scans of 
a fully dentate 20-year-old woman with impacted third 
molars were retrieved from the database of the authors’ 
clinic. The criteria for selection of this case were im-
paction of the mandibular third molar teeth and lack 
of metallic restorations in the scanned region, to limit 
radiographic artifacts. Data from the CBCT scans were 
used to build 3-dimensional patient-specific models of 
the mandible by means of FEA. The radiographic density 
in the CBCT scans was used to assign individual mech-
anical parameters to each element in terms of Hounsfield 
units (HU). A value of 0 HU was defined as the radioden-
sity of distilled water at standard temperature and pres-
sure, and the radiodensity of air at standard temperature 
and pressure was –1000 HU.

Data Acquisition
Preoperative data for the patient were acquired with 

a CBCT scanner (i-CAT, Xoran Technologies, Ann  
Arbor, MI) with 0.3-mm voxel resolution, which was 
designed especially for dental and maxillofacial 
applications. 

Modelling
Two meshes, a surface mesh and a volumetric mesh, 

are necessary to produce the FEA model. Converted 
CBCT data were imported to a visualization pro-
gram called Mimics (Materialise, Leuven, Belgium) to  
generate an outline of the mandible, which resulted 

Table 1 Numeric description of the mandibular finite  
element analysis model

Variable Value

CT volume (mm3) 48.000

CT surface (mm2) 18.130

Triangle number 194.102

Remeshed volume (mm3) 47.368

Remeshed surface (mm2) 17.282

Triangle number 50.500

Element number 792.412

Node number 148.181

CT = computed tomography.

Table 2 Boundary conditions describing the direction of 
loading in simulations

Direction; no. of loads 
 in specified direction

Muscle Xa Yb Zc

Masseter 50 –50 200

Medial pterygoid   0 –50 100

Temporalis   0 100 200
aThe X axis is directed away from the midsagittal plane.
bThe Y axis is directed away from the midcoronal plane.
cThe Z axis is directed towards the craniocaudal direction. 

in a smooth-surface triangle mesh that was ready for  
further processing. Fig. 3 shows the differences between 
the surface generated directly from the CBCT scans, 
shown in brown, and the remeshed surface generated  
by the Mimics software, shown in green.

Meshing
The ANSYS software package (ANSYS Inc., 

Southpointe, PA) was used to generate the tetrahedral 
volumetric mesh from the triangle surface mesh of the 
Mimics program. There were minimal geometric modifi-
cations with this step. The numeric values describing the 
mandibular FEA model are displayed in Table 1.

Assignment of Mechanical Parameters
The mechanical parameters were assigned once the 

volumetric mesh was completed. The linear elastic mod-
ulus, also called Young’s modulus, was based on the bony 
radiodensity (HU) and the apparent bone density (ρapp), 
with the Poisson coefficient set to 0.3. A colour-coded 
model showing the radiodensity distribution on its sur-
face is presented in Fig. 4a, and Fig. 4b shows the rela-
tionship between colour and radiodensity. 

Virtual Removal of the Third Molar 
Three models were created from the initial model. 

Case 1 was the negative control, representing the in-
tact preoperative mandibular model with the impacted 
third molars still in place. No surgical modifications were 
made to this model. Case 2 was the positive control, with 
the impacted right third molar extracted, but no cortical 
bone removed. Case 3 represented the virtually simulated 
removal of the right impacted third molar and associated 
cortical bone, mainly around the crown of the tooth and 
at the lateral cortical wall in the area of the external ob-
lique ridge (Fig. 5).

Boundary Conditions
Each of the 3 cases was evaluated twice, with loading 

of the ipsilateral and contralateral first molars, for a total 
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Figure 7: Three-dimensional model of case 1, showing von Mises 
stress isosurfaces with ipsilateral loading of the first molar. In this 
case, the third molar remains in place. 

Figure 8: Three-dimensional model of case 2, showing von 
Mises stress isosurfaces with ipsilateral loading of the first 
molar. In this case, the right third molar has been extracted, but 
the cortical bone has not been removed. 

Figure 9: Three-dimensional model of case 3, with von Mises stress isosurfaces with ipsilateral loading of the 
first molar. In this case, the right third molar has been removed, along with the necessary cortical bone, mainly 
around the crown of the tooth and at the lateral cortical wall in the area of the external oblique ridge. At left 
appears a magnified cross-section of the surgical site, showing the effects of loading (green to red colours). 

Figure 5: Finite element model of the patient’s mandible after 
removal of the mandibular right third molar, the pericoronal bone 
and bone of the lateral cortical wall of the socket in the region of 
the external oblique ridge. On the right side of the figure appear 
enlarged views of the sockets and defects left by removal of the 
third molar. 

Figure 6: Boundary conditions for the three cases with ipsi-
lateral loading of the first molar. In case 1 (large mandible on 
the left), the third molar is still in place. In case 2 (partial man-
dible, top right), only the right third molar has been removed, 
without removal of the cortical bone. In case 3 (partial man-
dible, bottom right), the right third molar has been removed, 
along with the necessary cortical bone, mainly around the 
crown of the tooth and at the lateral cortical wall in the area 
of the external oblique ridge.
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of 6 simulations. The boundary condition protocol used 
Mimics to apply muscle traction and bony support in 
each simulation (Table 2; Fig. 6).

Results
Strain, von Mises stress, first principal and third stress 

were evaluated using the models shown in Figs. 7–9, 
which present the most commonly visualized von Mises 
stresses, along with the results of loading of the ipsilateral 
first molar for cases 2 and 3. Reaction forces were calcu-
lated after all simulations in the Z-axis (craniocaudal) 
direction (Table 3). The results were then normalized to a 
100-N, unilateral bite-loading of the first molar to reflect 
regular daily masticatory loading (Table 4). The model-
ling showed that the surgical procedure involving the ex-
ternal oblique ridge resulted in the greatest stress during 
normal clenching. The peak stress occurred at the site of 

Table 3  Summary of results with calculated reaction forces

Stress (MPa) Reaction force (N)

Side and case
Microstrain  

(microstrain units)a vM S1 S3
Left  

condyle
Right 

condyle First molar

Left side
Case 1 30 000 46 47 34 128.79 365.12 498.65
Case 2 46 000 51 54 41 145.42 371.04 479.63
Case 3 46 000 185 217 40 150.38 359.83 428.36
Right side   
Case 1 30 000 48 49 49 347.82 148.00 496.14
Case 2 46 000 47 44 48 354.63 163.24 478.22
Case 3 46 000 121 140 48 337.17 158.86 442.53

Note: MPa = megapascals; N = newtons; vM = von Mises; S1 = first principal; S3 = third stress.
aStrain can be expressed in microstrain units (millionths of a 100% strain), where 1000 microstrain in compression would shorten a bone by 0.1% of its original length,  
10 000 microstrain would shorten it by 1% of that length, and 100 000 microstrain would shorten it by 10% of that length, resulting in its fracture.11
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removal of the third molar, during contralateral loading 
of the mandible. 

Discussion
Removal of a mandibular third molar may, in cer-

tain situations, weaken the mandible. The FEA models 
developed in this study showed that the external oblique 
ridge on each side was the location where stress was 
concentrated. The mandibular third molars are usually 
situated close to this ridge. In some cases, removal of 
impacted third molars may require removal of more bone 
than in others, and there are a variety of approaches to de-
termining how much bone should be removed. Given the 
high mechanical stress associated with normal loading 
on the external oblique ridge, there is a possibility that 
the mandible will fracture during or after the procedure 
if large quantities of bone are removed.

Table 4  Results normalized to physiologic loading (i.e., 100-N bite force for first molar) 

Stress (MPa) Reaction force (N)

Side and case
Microstrain 

(microstrain units)a vM S1 S3
Left  

condyle
Right 

condyle First molar

Left side
Case 1   6016.24 9.22 9.43 6.82 25.83 73.22 100
Case 2   9590.73 10.63 11.26 8.55 30.32 77.36 100
Case 3 10 738.63 43.19 50.66 9.34 35.11 84.00 100
Right side
Case 1   6046.68 9.67 9.88 9.88 70.11 29.83 100
Case 2   9619.00 9.83 9.20 10.04 74.16 34.13 100

Case 3 10 394.78 27.34 31.64 10.85 76.19 35.90 100

Note: MPa = megapascals; N = newtons; vM = von Mises; S1 = first principal; S3 = third stress.
aStrain can be expressed in microstrain units (millionths of a 100% strain), where 1000 microstrain in compression would shorten a bone by 0.1% of its original length,  
10 000 microstrain would shorten it by 1% of that length, and 100 000 microstrain would shorten it by 10% of that length, resulting in its fracture.11
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The possibility of iatrogenic fracture depends on 
a number of factors, such as the magnitude, direction  
and surface area of the impacted tooth.6 Mandibular 
anatomy, mass and bone density also affect the patient’s 
susceptibility to iatrogenic fracture.6,12-14 Previous studies 
have confirmed that the risk of mandibular angle frac-
tures is increased in the presence of impacted third 
molars.6,13,15-22 Some authors have reported that the pos-
ition of the impacted third molars was associated with 
the frequency of mandibular fractures,14,23 but this asso-
ciation was not observed in other studies.17,24-26

In this study, CBCT scans of a 20-year-old woman 
were used to build 3-dimensional FEA models of vir-
tual removal of the third molar. These models were then 
tested with loading of the ipsilateral and contralateral 
first molars. The following observations were noted. First, 
during normal chewing, the external oblique ridge is a 
physiologic load-bearing site. Stress accumulates in the 
cortical wall below its superficial layers, and this cor-
tical wall should therefore be preserved if possible. The 
medial cortical walls around the region of the mandible 
close to the third molars do not exhibit stress shearing 
under regular chewing conditions. Second, if a substan-
tial portion of the external oblique ridge is removed, as in  
case 3, then loading of the ipsilateral first molar results in 
increases in peak stress of over 100%, whereas loading of 
the contralateral first molar results in increases in peak 
stress of more than 200%.

The finding that, after removal of the third molar, 
contralateral biting elicits about 50% more stress than 
ipsilateral biting may alert the clinician to the need to 
modify postoperative instructions for patients to prevent 
excessive mandibular loading (e.g., by recommending a 
soft diet). FEA can also help to identify high-risk patients. 
Although not within the scope of this particular study, 
the authors have reported elsewhere that FEA can be 
used to predict an increased risk of mandibular fracture 
in elderly patients.27

The FEA results reported here suggest that sparing 
the external oblique ridge is desirable to maximize the 
tolerance of the mandible to loading. Certain scenarios 
may cause the practitioner to reconsider the approach to 
removal of the third molar, as in the case of a chronically 
symptomatic, deeply impacted mandibular third molar 
tooth in an elderly patient. Experienced practitioners may 
consider alternatives to removal of the external oblique 
ridge, such as tooth division,28 mandibular osteotomy29 
and elective coronectomy, purposely leaving the roots of 
the impacted third molar behind.30,31

The FEA simulations of removal of the third molar 
described here resulted in predictions about the con-
sequences of postoperative loading once the tooth is 
removed, depending on the amount of bone removed. 
Future studies using this FEA method could analyze the 
effect of partial, full bony, mesioangular, distoangular or 

horizontal impaction on the risk of predicted iatrogenic 
fracture.6,15,17,24-26 The effect of harvesting large pieces of 
bone graft material from the external oblique ridge and 
ramus of the mandible could also be evaluated preopera-
tively using FEA.

In the future, osteotomy designs and rigid fixation 
devices could be tested with FEA-generated models. In 
the area of tissue engineering32 and reconstruction with 
bone grafting or with bone substitutes,33 the load-bearing 
capacity of a particular bone graft or scaffold used to 
replace a major segment of the mandible could be pre-
dicted before its clinical use. This information might 
have important applications in designing future loading 
protocols of scaffolds, in selecting the appropriate scaf-
fold material or in designing the shape of the scaffold, 
to balance the loading capacity of the particular bio-
material with the predicted clinical loading requirements 
of the mandibular segment that it must replace. FEA 
provides a new platform to make such clinically relevant 
predictions.

The FEA method presented in this report, which used 
data acquired from CBCT scans, is applicable to many 
specific questions during surgical planning and pos-
toperative review, and relatively easy-to-use programs 
are available for this type of modelling. Future simpli-
fications of this method and its evolution into a more 
user-friendly modality for dentistry may facilitate the use 
of FEA in the preoperative analysis of particular surgical 
sites. The results of FEA could then be used to predict the 
risk of iatrogenic fracture, thus providing dentists with 
more information to help in case selection and manage-
ment of risk. a
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