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Abstract: The purpose of this study was to investigate the functional load capacity of the periodontal ligament
(PDL) in a full arch maxilla and mandible model using numerical simulation. The goal of was to determine the
functional load pattern in multi- and single rooted teeth with full and reduced periodontal support. CBCT data
were used to create 3D-models of a maxilla and mandible. The DICOM dataset was used to create a CAD-
model. For a precise description of the surfaces of each structure (enamel, dentin, cementum, pulp, PDL,
gingiva, bone), each tooth was segmented separately, and the biomechanical characteristics were considered.
A Finite-Element-Analysis (FEA) software computed the biomechanical behavior of stepwise increased force
of 700N in cranial and 350N in ventral direction of the muscle approach of the Masseter muscle. The periodontal
attachment (cementum-PDL-bone contact) was subsequently reduced in Imm increments and the simulation
repeated. Quantitative (pressure, tension, and deformation) and qualitative (color-coded images) data were
recorded and descriptively analyzed. The teeth with the highest load capacities were the upper and lower
molars (0.4-0.6MPa), followed by the premolars (0.4-0.5MPa) and canines (0.3-0.4MPa) when vertically loaded.
Qualitative data showed that the area with the highest stress in the PDL were for single rooted teeth the cervical
and apical area and for molars additionally the furcation roof. In both, single- and multi rooted teeth the
gradual reduction of the bone levels caused an increase of the load on the remaining PDL. Cervical and apical
areas as well as the furcation roof are the zones with the highest functional stress. The more bone loss, the
higher the mechanical load on the residual periodontal supporting structures.

Keywords: finite element analysis; periodontium; bone loss; attachment loss; maxilla; mandible;
teeth

1. Introduction

Increasing loss of periodontal attachment is associated with increased loss of function, tooth
mobility, and eventually tooth loss [1]. A strong correlation between attachment and alveolar bone
loss and tooth mobility is well known since decades [2]. Recent data suggests that different type of
teeth respond differently to attachment and bone loss regarding tooth mobility [3]. The loss of
periodontal supporting structures results in less stable mechanical support of the teeth. From the
patients point of view, this has a negative effect on the masticatory performance and quality of life
[4]. For the practitioner, on the other hand, a reduced attachment results in more difficult conditions
for the planning and implementation of dental restorations, especially if these compromised teeth are
supposed to serve as abutment teeth [5].

Little is known about the threshold when and how the loss of attachment is affecting the
biomechanical stability. The stress and strain created in the periodontal tissue in accordance with the
morphological alteration of the structures must be considered, if the interaction of reduced
periodontal support with mechanical function is investigated [6]. This is highly challenging because
the periodontal complex, consisting of cementum, periodontal ligament (PDL), and adjacent alveolar
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bone, is a unique tissue complex. Specific material properties have to be considered, since the PDL is
a visco-elastic material which allows to distribute and absorb pressure forces produced during
masticatory function and other tooth contacts into tensile forces along the alveolar bone which can
have a protective and restorative effect on the surrounding bony structures [7].

A method that allows to analyze stress distribution in soft and hard tissues is the finite element
(FE) method [8]. The FE method was applied to analyze the stress in periodontal tissues in tooth
movement [9], to investigate stress and strain in bone surrounding dental implants [10], to evaluate
bone remodeling effects during orthodontic treatments [11], and preliminary research was performed
to investigate the change of stress distribution under simulated bite force a function of the alveolar
bone support of a periodontally compromised tooth [6]. The great advantage of the FE method is that
it can completely non-invasively provide relevant data about the force distribution in the
physiological as well as in the pathological system.

Nevertheless, studies that simulate the mechanical behavior of oral structures require a highly
complex analysis because of the differences in the material properties of the different tissues in the
oral system. Such studies are of fundamental importance for acquiring knowledge of how these
elements function together under physiological or pathological conditions to optimize prognosis and
treatment outcomes [12,13].

The purposes of this study are (a) to determine the functional load capacity of single- and multi-
rooted teeth with different levels of periodontal support using a finite element model and (b) to
investigate the three-dimensional stress distribution in the periodontal tissues in masticatory load.
We hypothesize that single and multi-rooted teeth distribute load and strain differently and will
respond dissimilar to periodontal attachment loss.

2. Materials and Methods

Cone-beam computer tomographic (CBCT) data was used to create 3D-models of individual
dental structures. The CBCT was taken solely due to a medical indication and not for research
purposes. The volunteer made his CBCT available for teaching or research purposes. The local IRB
committee (Office of Research Compliance, Human Subjects and Radiation Safety) authorized the
use of the CBCT (DT-041).

The DICOM tags of the header file were edited to anonymize the patient and to fit the resolution
of each grayscale image for using in an additional software (Figure 1).

Figure 1. From DICOM format to Finite Element Mesh.

CBCT data (A) were transformed into CAD-file format as a segmented 3D model of the dento-
alveolar complex (B) followed by creating a surface mesh (C).

The segmentation was performed by using InVesalius 3.0 (an open-source medical framework)
for larger areas and ITK-SNAP (open source interactive segmentation software) for generating each
individual tooth. A threshold filter was applied to separate the marrow and cortical bone in
InVesalius 3.0. The semi-automatic procedures in ITK-SNAP were used to determine the area of
interest and to apply the implemented fast-growing algorithm. After processing all structures
Geomagic Wrap 2015 (3D Systems, USA) was used to adapt the quality of the generated surface mesh
of each structure including the mesh doctor, removing artifacts, filtering redundancies, and converting
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the surface description into a CAD-file format. Further the number of triangles to be used was
specified and the PDL layer was creates. To do so, the outer layer of the dentin was thickened by
0.1lmm and cut out as new volumetric model [14]. To investigate the behavior of a reduced PDL layer
10 additional models of single- and multi-rooted teeth were created of which each model has a
reduction of Imm in PDL layer height.

The static structural FE analysis was performed using Ansys Workbench 17.2 (ANSYS, PA). The
number of used tetrahedral elements was 1.508.356 and 847.242 nodes. The contact surfaces between
the individual structures were set as bonded except from the occlusal contact areas where it was set
to be rough and adapted to touch. This approach ensures the presence of tensile and pressure stress
in the PDL layer and additionally allows for tooth movement. The support was set to be fixed on the
upper side of the maxilla and a cylindrical support was used for the mandible. The force was stepwise
applied simulating the muscle approach of the Masseter muscle in 70 analysis steps from ON up to
700N in cranial and 350N in ventral direction. As result, a maximum force of 782.6N was applied
comparative to van Eijden, 1991 [15]. The occlusal contact area is illustrated in Figure 2. Well-
distributed contacts were chosen as it suggested that the amount of occlusal contact areas is critical
for masticatory performance [16].

Figure 2. Areas of initial occlusal contact.

The occlusal contact areas are influenced by the occlusal surface structure. Maxillary contact
areas are illustrated in red, mandibular contact areas are illustrated in blue.

For mesh generation the transition was set to be slow, and a manual mesh size was added to
suffice the convergence test. To compare the results of each PDL layer the pressure distribution
between the cortical bone and the PDL layer was used by implementing the contact tool. Further
quantitative (pressure, tension, and deformation) and qualitative (color-coded images) data were
recorded and analyzed. Material properties of the various tissues were assigned according to Table

1.
Table 1. Material characteristics of tissues used for finite element analysis.

, Elastic Modulus Poisson
Material/ Component (MPa) Ratio
Enamel [17] 84,000 0.33
Dentin [18] 18,600 0.31
Pulp [19] 2.07 0.45
PDL [20] 68.9 0.45
Gingiva [21] 3.0 0.45
Cortical bone [22] 13,700 0.3

Cancellous bone [22] 1,370 0.3
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3. Results

A qualitative analysis was performed to illustrate in color-coded images the stress distribution
areas in accordance with the impact of influencing force. Furthermore, a quantitative analysis was
performed to visualize the amounts of force applied.

3.1. Qualitative Analysis

Teeth with full periodontal support demonstrated under functional loading areas of high
load/stress in the cervical and apical regions. This was more prominent in canines, premolars, and
molars than in incisors (Figure 3).

Figure 3. Force distribution under functional loading on teeth with full periodontal support. Areas of
high stress are colored in red. The force distribution appears to be most prominent in the cervical area
of the molars, premolars, and canine teeth. In molars, the furcation roof shows to be the most stressed
area (see also Figure 4).

Figure 4. Highlighted illustration of the bony housing of a single-rooted and a multi-rooted tooth
during functional load.

The furcation area was identified as additional stress zone in multi-rooted teeth as seen in the
stress distribution in the alveolar housing (Figure 4).

The area of the interradicular bone appears to be a highly stressed region.

A stepwise reduction of the PDL-support resulted in an increase of the load in the remaining
PDL area with an increase especially in the apical area. Since the furcation area in molars is no longer
available for load distribution, the remaining PDL structure was more loaded (Figure 5).
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Figure 5. Illustration of changes in force distribution when reducing the periodontal support.

In fully periodontally supported teeth, the highest stress under loading conditions can be found
at the cervical area, the apical area, and in molars in the furcation area.

When the periodontal support is reduced (shown here for 60% attachment loss), the remaining
periodontally supported root structure must carry the load, and the stress zones are found more
evenly distributed along the root, with a highlight at the apices of the teeth.

3.2. Quantitative Analysis

The teeth with the highest load capacities were the upper and lower molars (0.4-0.6MPa),
followed by the premolars (0.4-0.5MPa) and canines (0.3-0.4MPa) when vertically occlusal loaded.

The distribution of the forces under axial load (simulated bilateral contraction of the masseter
muscle) identified the upper first molars and the lower first and second molars with the highest
loading, followed by premolars and canines, with insignificant forces calculated for incisors (Figure
6).
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Figure 6. Distribution of the forces under axial load.

Under simulated axial load, the pressure forces in the periodontium of the individual teeth are
shown in the upper row diagrams (A). The upper first molars, and the second and first lower molars

carry thereby the most forces, followed by the premolars, and the canines (B). The anteriors are only
minimally impacted by axial load.
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Tooth numbers according to the Universal Numbering System.

When the periodontal support was reduced (in 1mm steps), the remaining PDL showed higher
pressure values. The achieved maximal load for single-rooted teeth with full periodontal support
structures was 0.48MPa. With stepwise reduction this load increases in a logarithmic like manner,
with 0.52MPa for 2mm reduction, 0.59 MPa for 4mm, and 0.77MPa for 6mm, respectively. At 7mm
reduction the load was determined with 0.90MPa, after that the FEM predicted a failure of the tooth.
Multi-rooted teeth follow a similar pattern with 0.40MPa when full periodontal support is simulated,
0.42MPa for 2mm reduction, 0.50MPa for 4mm, 0.60 MPa for 6mm, and 0.85 for 8mm reduction. When
the PDL is reduced more than 8mm the model predicts a failure of the tooth (Figure 7).
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Figure 7. Graphical illustration of the correlations between increasing force and reduction of PDL on
the pressure development.

[ustration for single-rooted teeth (left hand) and multi-rooted teeth (right hand). In general,
pressure on PDL increases with increasing force as well as with increasing PDL reduction.

4. Discussion

The complex science how force evolves over time while occlusion is developing is from
fundamental interest in dentistry [23]. The present study impressively demonstrates the periodontal
force distribution within the entire dentition during axial force transmission, as it occurs during tooth
contact due to contraction of the masseter muscles. Whereas recent studies have focused on
individual teeth, such as incisors [24-28], canines [29], premolars [30], or molars [31], the present
study was able to consider the entire periodontium and thus describe different effects on single-
rooted and multi-rooted teeth at the same time. This holistic approach confirmed the hypothesis that
single and multi-rooted teeth distribute load and strain differently and will respond dissimilar to
periodontal attachment loss.

In the periodontally healthy state, the main force distribution is in the region of the molars,
followed by the premolars and the canines. This finding is consistent with observations by van Eijden
and is due to the local efficiency of the masseter muscles involved in jaw closure [15]. An anteriorly
decreasing power arm due to the anatomical muscle course is reflected in a similarly reduced power
transmission anteriorly. Investigations of occlusion formation demonstrated that incisors may play a
guiding role via the proprioceptors of the periodontium as components of the neuromuscular control
of mandibular movement [23]. However, with a rising level of force the masticatory force distribution
shifts towards the molar area, with decreased relative portion of forces in premolar and anterior
regions [23,32]. The masticatory center, where the highest masticatory force is applied during
habitual occlusion, is in the molar region and the lowest force is seen in the anterior region [33].
Remarkably, in the present FE analysis, the furcation areas of the molars were found to play a
significant role in force absorption. While the highest stress areas in the molars, premolars, and
canines under axial loading were in the cervical and apical regions, the furcation areas of the molars
exhibited additional significantly increased stress areas. Thus, in their role as the main masticatory
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center in physiologically healthy dentition, the furcations of the maxillary and mandibular first
molars appear to play a significant role in force transmission.

A gradual reduction of the bony attachment and thus also of the available PDL showed an
approximately logarithmic increase in the transmitted force as well as a shift in the stress ranges.
While in the periodontally healthy dentition the force is mainly transmitted cervically and apically,
a shift to the apical region takes place after reduction of the attachment. The findings are in line with
a finite element analysis conducted by Reddy and Vandana, who investigated the force distribution
on loaded incisors [34]. This effect is particularly evident in the molar region as soon as the bony
support of the furcation area is lost.

When considering the changed force transmission to the reduced attachments, a critical problem
arises, the horizontal reduction of the periodontium results in larger maximum values for tensile and
compressive forces. Reduced periodontal support leads to an increase of stress in the remaining
structures [35]. Compressive forces generally lead to remodeling processes within the surrounding
bone structures and cause bone resorption at this site. Tensile stresses, on the other hand, stimulate
the bone to grow [36,37]. The forces applied during mastication are controlled by mechanoreceptors
in the periodontium under physiological conditions [38,39]. If the periodontal function is impaired -
as in the case of reduced support structures - the function of the mechanoreceptors is disturbed. In
addition, the stress on the fibers present in the periodontium increases [40], which results in the
normofunction being exceeded and physiological remodeling processes no longer functioning. It is
reported that a critical stress threshold is reached after 30% of periodontal bone is loss [30]. However,
traumatic loading of the PDL does not appear to directly cause degradation of the surrounding bone,
as investigations by Ona and Wakabayashi have shown [41]. Rather, the risk for progressive bone
resorption seems to lie in a constant repetition of pressure on the surrounding apical bone [42]. In
addition, a long-term study on factors leading to tooth loss due to periodontal disease highlighted
that, additional to the presence of severe periodontal disease, a combination of smoking and the
presence of bruxism could significantly increase the risk of tooth loss [43]. The presence of bruxism
alone could already resulted in a three-fold increase in vertical bone resorption [44], highlighting the
influence of increased sustained pressure on bone resorption. This results not only in increasing
discomfort and reduced quality of life for the patient, a significant reduced periodontal attachment
challenge practitioner as well. Furcation-involved molars can be resistant to treatment and can lead
to a poor prognosis of the tooth [45]. Especially molars with advanced furcation involvement are
considered to be at particular risk of loss [46]. From a prosthetic point of view, the inclusion of
periodontally compromised teeth also represents risk. Fixed dentures can lead to additional
overloading of the remaining PDL and significantly jeopardize the long-term prognosis of the
planned denture [47].

Even though the present study reveals a comprehensive view on stress distribution on PDL of
the upper and lower dentition under consideration of different levels of attachment loss, there are
limitations. Since the finite element analyses are based on mathematical models, they must be
considered as simulations of a biological system. Individual parameters may differ from individual
to individual and may influence the results. Therefore, it is difficult to compare results from FE
analysis to other studies dealing with FE analysis, as the FE results are highly depend on the input of
the tissue related physical parameters [25]. Although there may be differences in reported total values
of different studies, the trend of the results gives a clear indication of the consequences of attachment
loss. Further analysis should be conducted to support the results, especially with the development in
machine-learning and its applications in treatment planning.

5. Conclusions

Functional stress was highest under axial masticatory load in molars, followed by premolars and
canines. In case of full periodontal support, the zones of highest stress were in the cervical and apical
areas, whereas in the multi-rooted teeth, a significantly increased pressure load was additionally
found in the furcation area. If the area of the PDL was successively reduced to simulate attachment
loss, the pressure load on the remaining PDL increased approximately logarithmically and shifted
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significantly towards the apical region. A single-rooted tooth with attachment loss of >7mm was
predicted to fail and a multi-rooted tooth at >8mm attachment loss.
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