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The formation of the alveolar bone, which houses the dental primordia, and later the roots of tooth, may
serve as a model to approach general questions of alveolar bone formation. In this respect, this study
aimed to investigate the potential interactions between the alveolar bone formation and tooth eruption
by using finite element (FE) methods, and to figure out whether the expanding tooth systems induce shear
stresses that lead to alveolar bone formation. 3D geometric surface models were generated from the 3D

geywords: delli histological data of the heads of mice (C57 Bl/6]) ranging from stages embryonic (E) to postnatal (P) stages
P?irrl:orreciﬁo eliing E15 to P20 using the reconstruction software 3-Matic. Bone, dentin, enamel and dental follicle around the
Stress primordia were generated and converted into 3D FE models. Models were imported into the FE software

package MSC.Marc/Mentat. As material parameters of embryonic dentine, pulp, enamel, dental follicle,
and bony structures basically are unknown, these were varied from 1% to 100% of the corresponding
known material parameters for humans and a sensitivity analysis was performed. Surface loads were
applied to the outside surface of dental follicle ranging from 0.1 to 5.0 N/mm?. The validity of the model
was analysed by comparing the activity pattern of the alveolar bone as determined in the histological
study with the loading pattern from the numerical analysis. The results show that when varying the
surface loads, the distribution of shear stresses remained same, and while varying the material properties
of the hard tissues, the location of highest shear stresses remained stable. Comparison of the histologically
determined growth regions with the distribution of shear stresses computed in the numerical model
showed a very close agreement. The results provide a strong proof to support Blechschmidt’s hypothesis
that the bone in general is created under the influence of shear forces.

© 2018 Elsevier GmbH. All rights reserved.

Finite element analysis

1. Introduction

The degradation of the alveolar bone over time is a common
clinical finding in most human adults (Abuohashish et al.,2018; Lee
etal.,2013), and subclinical chronic inflammation is one of the most
common conditions resulting in the loosening and/or loss of teeth
due to the loss of alveolar bone (Igbal et al., 2017; Minamizato et al.,
2018; Ozaki et al., 2017). Therefore, periodontal regenerative ther-
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apy aiming to maintain the height and shape of the alveolar bone
is critical for dental health. However, the restoration of the alveo-
lar bone has been a challenge in periodontal regenerative therapy
for years (Ou et al., 2015). The challenge is not only the regenera-
tion of the alveolar bone, but also its formation. The alveolar bone
is prone to damage by occlusal pressure, inflammation, and dis-
ease, and detailed understanding of alveolar bone development is
necessary to improve the treatment involving periodontal tissue
regeneration.

Alveolar bone development is closely related to tooth eruption.
During tooth eruption, the dental follicle around the tooth germ is
considered as one of the main sources of periodontal structures,
including alveolar bone (Wise and King, 2008). The dental follicle
not only serves as a source of periodontal tissue, but also trans-
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Fig. 1. Histological section through dental primordium m1, stage P10, vertical plane, stained H.&E., taken from a continuous series of sections (left) and 3D FE model (right).
Histological serial sections were segmented and reconstructed in 3D (Radlanski et al. 2015) and the datasets converted into 3D finite element models by using the software
Mimics and MSC.Marc/Mentat. As an example, the transition from a single histological section to the FE finite element model is shown here, using the primordium of m; in

developmental stage P10.

mits the forces from tooth to the alveolar bone which may induce
the bone development (Kjaer, 2014). The formation of the tooth-
bone-interface (Alfageeh et al., 2013; Fleischmannova et al., 2010;
Lungovaetal.,2011)has become the focus of current research. From
the biochemical and mechanical point of view, the active interac-
tion between the related tissues may be well expected from their
close proximity: Bony encapsulation of dental primordia, as a spa-
tial impediment, may be seen as one of the morphogenetic factors
(Oralova et al., 2014; Radlanski, 2018).

The functional adaptation of alveolar bone to applied loading
and forces is important for bone formation (Field et al., 2008). The
forces originating from the tooth development and eruption are
transmitted by mesenchyme to the dental follicle, and induce the
expanding forces. The mode in which expanding forces of teeth are
transferred into the alveolar bone justifies the need to clarify the
distributions of stress and relate them to biological responses such
as the bone remodelling. Bone deformation is studied by investi-
gating its ability to sustain strain, which is a biological reaction to
changes in the environment. Although the mechanism that drives
bone remodelling through mechanical strain is still not very clear, a
phenomenological relationship between force and bone reaction is
obvious (Rungsiyakull et al., 2011; Sarrafpour et al., 2012; Torcasio
et al, 2014).

Nowadays, the finite element method (FEM) plays an impor-
tant role in solving engineering problems in many fields of science.
The FEM can successfully be applied in simulations of biomechan-
ical systems (Martinez Choy et al., 2017; Pahr and Zysset, 2016;
Prochor and Sajewicz, 2018). The very dynamic temporal change in
bone structure by healing and bone remodelling cannot directly
be detected, neither by experimental methods nor using stan-
dard finite element methods. There is a paucity of studies on the
morphological and biomechanical level dealing with the structural
formation of alveolar bone and the tooth eruption. The formation
of the alveolar bone, which houses the dental primordia, and later
the roots of tooth, may serve as a model to approach general ques-
tions of alveolar bone formation. In this respect, this study aims
to investigate the potential interactions between the alveolar bone
formation and tooth eruption by using finite element methods, and
to figure out whether the expanding tooth systems induce shear
stresses that lead to alveolar bone formation.

2. Material and methods

Inaprevious study (Radlanski et al.,2015),38 heads of mice (C57
Bl/6]) at different stages (embryonic (E) days 13, 14, 15, 16, 17, and
18 and postnatal (P) days 0, 4, 6, 8, 10, 14, 10 and 20) were used
to prepare histological serial sections. The mouse of embryonic day
13 was recorded as E13 stage or stage E13, and so on in the other
stages. For each stage, 3D reconstructions were made to study the
morphogenesis of the mandibular molar primordia concomitantly
with their surrounding bone. The thickness of each section was
8 wm in the prenatal stages, and 10 wm in the postnatal stages. The
sections were photographed and digitized using a VS 100 (Olympus,
Berlin) microscope, equipped with a motorized stage (x, y, and z
axes) at magnifications between 1.25x to 40x. The 3D-module of
the software Analysis (SIS-Olympus, Miinster, Germany) was used
to generate 3D-images from the serial sections. The single sections
were brought into alignment according to the general rules of 3D
reconstructions (Gauntand Gaunt, 1978).Regions of apposition and
resorption were mostly verified by analyzing the predominant cell
type (osteoblasts and osteoclasts) morphologically (Garant, 2003),
and also the presence of resorptive lacunae. Details can be found in
previous papers (Radlanski et al., 2015, 2016).

3D data of specimens were imported into 3-Matic research
9.0 (Materialise NV, Leuven, Belgium). Thereafter, bone, dentin,
enamel and dental follicle around the primordia were generated
respectively and converted into 3D FE models using 4-noded tetra-
hedral elements, i.e. linear Lagrangian elements were used. Models
were imported into the FE software package MSC.Marc/Mentat
2010 (MSC.Software, Santa Ana, CA, USA, Fig. 1). Material prop-
erties of the relevant anatomical structures were derived from
values stated in the literature (Sarrafpour et al., 2013): As material
parameters of embryonic bone, dentin, enamel and dental follicle
structures basically are unknown, these were varied from 1% to
100% of the corresponding known material parameters for humans
(Table 1) and a sensitivity analysis was performed. Surface loads
were applied to the surface of dental follicle (Fig. 2) ranging from
0.1N/mm? to 5.0N/mm?2 (Burn-Murdoch, 1981) and the results
were compared with the histological results. To ensure definite-
ness of the problem, we applied fixed boundary conditions in all
three planes of space on a series of outer nodes of the mesh, at the
basal aspect of the alveolar bone.
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Table 1
Material properties used in the numerical models.

Material Young’s modulus Poisson’s ratio
Bone? 150-1500 0.30
Enamel 841-84,100 0.20
Dentin 186-18,600 0.31
Pulp & papilla 2 0.45
Follicle & epithelium 12 0.45

3 The bone is taken as spongious bone because the cortical bone is not yet formed
according to the histologic sections.
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Fig. 2. Expanding of dental primordia loading conditions where the surface of dental
follicle is subjected to surface loads of 0.1 to 5.0 N/mm? (red arrwos), using model
of the dental follicle in development stage E16 as an example.

3. Results

The contours of the shear stresses developed in every relative
stiffness scenario are shown in Fig. 3. For each development stage
the location of highest shear stresses and distribution of shear
stress remained stable under variation of the material properties
of the hard tissues. Taking the model of bone in developmental
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stage E16 as an example, Fig. 3 shows that the highest shear stress
increased from 4.5e-3 to 5.5e-2 with the relative stiffness of hard
tissue increasing from 1% to 100%. However, the location of highest
shear stresses and distribution of shear stress remained stable. The
shear stress analysis showed that in all the cases the shear stresses
were mainly distributed on the outer side of the alveolar bone and
the highest shear stress was located nearby at the top of the alveolar
bone.

For each development stage, the distribution of shear stresses
remained the same while the value of the surface loads varied
(Fig. 4). Taking the model of bone in development stage E16 as an
example, the surface of dental follicle was applied 50 different sur-
face loads from 0.1 N/mm? to 5.0 N/mm?Z. Models with surface loads
of 0.1 N/mm?, 0.5 N/mm?, 1.0 N/mm?2, 5.0 N/mm? are displayed in
Fig. 4, and the values of highest shear stress were 4.5e-3, 2.5e-2,
5.0e-2 and 3.0e-1, respectively. Moreover, the distribution of shear
stresses in all models remained the same. The shear stresses were
mainly distributed on the outer side of the alveolar bone.

Comparison of the histologically determined growth regions
with the distribution of shear stresses computed in the numerical
models showed a very close agreement between experimental and
numerical results (Figs. 5 and 6). The marginal ridges of the dental
crypts and the outer side of the alveolar bone showed bone apposi-
tion in the 3D reconstruction from histological serial sections and
the bottom of the dental crypts were characterised by resorption
in the previous study (Radlanski et al., 2016). The numerical results
indicated that both, the apposition regions and the shear stress
areas, were distributed almost at the same regions, the marginal
ridges of the dental crypts and the outer side of the alveolar bone.

4. Discussion

Blechschmidt (1948, 2004) has put forward a hypothesis that
bone formation in the embryo is found in regions, where the con-
nective tissue undergoes detraction. He arrived at this assumption
after meticulous studies of histological serial sections of different

5.50e-2

2.75e-2

0.00e0

Fig. 3. Distribution of shear stresses and location of the highest shear stresses remained stable in all models with hard tissue assigned relative stiffness ranging from 1% to
100% of relevant human mechanical properties, using the model of bone in development stage E16 as an example.
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Fig. 4. Distribution of shear stress maintains equal (or similar) in all models with the surface of the dental follicle with altered surface loads from 0.1 N/mm? to 5.0 N/mm?,

using the model of bone in development stage E16 as an example.
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Fig. 5. 3D reconstruction of the molar region of the right half of the mandible in an anterior and 45° cranial view created from histologic serial sections. Dental primordia
removed, ocre: bone; mandibular bone with superimposed remodelling marks (red for apposition, green for resorption). Marked apposition and resorption areas in the 3D
reconstruction relate to histological findings in the serial sections. Here, the model of bone in development stage P10 was used as an example. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

developmental stages of human embryos (Blechschmidt, 1960).
Due to technical obstacles, this hypothesis cannot easily be tested
in living specimens, but there are hints and obvious findings that
detraction can be derived from celluar shape next to newly formed
bone. Although, “signalling” did predominate explanations (Mina,
2001), of how form is being created, mechanical quantities such as
strain and stress play a role (Ingber, 2005), or at least, a combina-
tion of both (de la Fuente and Helms, 2005; Radlanski and Renz,
2006; Papachristou et al., 2009). The tooth-bone-interface is an
interesting location to study bone formation and bone shape.

Blechschmidt postulated that bone formation is triggered by
shearing forces (Blechschmidt, 1948, 2004). Thus we analysed
the distribution of shear stresses in the bone around the mouse
mandibular molar primordia under expanding forces generated by
the emerging teeth. For each development stages, comparison of
the histologically determined growth regions with the distribu-
tion of shear stresses computed in the numerical model showed a
very close agreement between experimental and numerical results
(Fig. 5). This fully demonstrates the close correlation between shear
stresses and the alveolar bone remodelling. It indicates that dur-
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Fig. 6. Comparison of histologically determined remodelling regions in 3D reconstruction and distribution of shear stresses in FE models at each development stages. For

color codes, refer to Fig. 5.

ing the process of volume increase and tooth eruption, the shear
stress produced from expanding dental primordia may lead to the
formation of alveolar bone.

With this study we could not experimentally test the hypothesis,
if bone is being formed from connective tissue under the influ-
ence of detraction forces, as formulated by Blechschmidt (2004).
However, we could show the formation of new bone around the
developmental dental primordial. In a way, this is similar: Bone is
being formed in regions, where it has not been before in previous
stages, and it forms in regions where we could calculate shearing
forces originating from the expanding dental primordial.

We know from bone remodelling that alveolar bone is linked
with the condition of teeth. Especially, at the stage of dental devel-
opment, the alveolar bone is continuously stimulated due to the
constant change of teeth. Most scientists suggest that the mechan-
ical stimulation of tooth eruption causes the remodelling of alveolar
bone (Wise and King, 2008; Sarrafpour et al., 2013; Kjaer, 2014).
However, until now it remains elusive, how and why the alveolar
bone remodelling moves teeth along their eruptive path (Rakian
etal, 2013; Lamani et al.,, 2015; Wang and Feng, 2017). To the best
of our knowledge, this is the first time that biomechanical methods
were used to study bone remodelling around the primordia and
achieved gratifying results.

In this study, the material properties of the relevant anatomical
structures in the FE models were taken from the literature when-
ever available. However, there is no material data available for bone,
enamel and dentin at the development stages. It may be assumed

that they show higher elasticity in this state than the corresponding
adult tissue. Therefore the stiffness of these materials was varied to
a relative stiffness of 1%, 5%, 10%, 25%, 50% and 100% of respective
adult values and the influence of relative stiffness on distribution
of stress was analysed. It is found that although the highest value of
shear stresses changed from 4.5 x 10~3 to 5.5 x 10~2, the location of
the maximum values remained stable and the distribution of shear
stresses also remained stable in the stage E16 under 0.1 N/mm?
surface loads (Fig. 2). The results were also the same in other devel-
opmental stages.

As the exact size of the expanding force from dental primor-
dial is unknown, we refer to an eruptive force of 0.1-1.1 N/mm?,
which has been measured for the continuously growing rodent
incisor by Burn-Murdoch (1981). In our simulations, the value of
the surface loads applied on the surface of dental follicle was var-
ied from 0.1 N/mm? to 5.0 N/mm? and the results were compared
with the histological results. Obviously, the distribution of shear
stresses remained the same under different surface loads, just the
values of the stresses varied. Thus it may be concluded that if the
material properties of the relevant anatomical structures are deter-
mined, the exact size of the expanding force could be derived by
applying the mechanostat theory. This suggests that an effective
strain below 0.0008 or above 0.02 will enable the bone to resorb
or turnover, respectively (Lerebours and Buenzli, 2016; Mahnama
et al., 2013). This could lead to more accurate 3D FE models and
respective simulation results.
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The shear stress profiles within the bone around mouse
mandibular molar upon expanding force of dental primordia were
evaluated in varying stiffness values of hard tissue and vary-
ing surface load models, respectively. A detailed analysis into
the biomechanics of the bone around the dental primordia as a
result of tooth eruption force can be useful to gain insight to fully
understand the biomechanical responses that are indicative of alve-
olar bone remodelling. Establishing relationships between tooth
eruptive forces and resulting change in bone morphology around
the primordia can considerably supplement clinical procedures in
restorative alveolar bone therapy.

The morphology and microstructure of bone are largely influ-
enced by mechanical load. The ability of bone to adapt to function
load change is very important, and the biological response to
mechanical stress is mainly based on tissue and cell deformation. It
is maintained that alveolar bone is tooth-germ-related (Radlanski
et al., 2016). During tooth eruption, the dental follicle has been
described as the active tissue in regulating bone resorption and
creating a path through the bone (Fontanetti et al., 2013; Tuncer
et al.,, 2017; Wise et al., 2005; Wise et al., 2006). However, the
exact biomechanical mechanism of tooth eruption, which eventu-
ally leads to bone remodelling, remains unclear.

It was assumed that shearing forces may be a trigger for bone
formation during embryonic development (Blechschmidt, 1948,
2004) and during bone remodelling (Frost, 2003; Klein-Nulend
et al., 2005; Proffit et al.,, 2006). The comparison between the
regions of newly formed bone and the calculated presence of shear-
ing forces, as we have done in this study, may be seen as a strong
hint. The putative forces, however, which may be exercised by the
expanding primordia, have not yet been elucidated, and to what
degree this shearing force might induce cellular differentiation pro-
cesses needs further clarification.

5. Conclusion

The results of this research provide a strong hint to support
Blechschmidt’s hypothesis that bone is being created under the
influence of shear forces, which is exercised from neigboring tis-
sue. In this study, we compared the regions of newly formed bone
around expanding dental primordia with possible forces calculated
from FE-models obtained from the data sets of the histological 3D-
reconstruction. We found newly formed bone in the same regions,
where calculated shearing forces were highest.

It is one of the keys to understand the mechanisms of the alve-
olar bone formation and remodelling and might contribute to the
regenerative treatment of alveolar bone atrophy in clinical practice.

In future research, we will clarify the size of the expanding force
from the dental primordia and determine the material properties
of the relevant anatomical structures, enabling the generation of
more accurate numerical models with more reliable results, even
more consistent with the available histological data.
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