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Abstract

The Stress Distribution in Human Mandibular Premola
Region related to the Supporting Bone Quality: Aitiel
Element Study using a Micro-computed Tomography

Various biomechanical studies have been accomplisbeinvestigate the stress
distribution within the tooth and to reveal theeimelationships between occlusal
overloading and abfraction. However, those studigsre executed without
consideration of the complicated microarchitectofetooth and supporting bone.
The aim of this study was to generate the two dsimeral micro-finite element
models that reflect the microarchitecture of toatld supporting bone and to examine
the stress distribution in the tooth related tdouss bone quality.

A mandibular specimen with a first premolar wasnseal using micro-computed
tomography. With the scanned images, two dimensimmero-finite element models
of a premolar and supporting bone of three differbone qualities ( dense,
intermediate, and loose bone model ) were producédvertical and a horizontal
load of 100N each were applied to the buccal ciyspand the stress distribution
within the tooth was analyzed.

The stress was mostly concentrated on buccal @&rpiartion and there was no



difference in stress distribution pattern amongehmodels of different bone quality.
It was possible to produce two dimensional miénité element models based on

digital images from the micro-computed tomograpayd to allow more accurate

interpretation of the stress distribution pattem a tooth than with previously

available methods.

Key Words: stress distribution, tooth, supportirmné, non-carious cervical lesion,

abfraction, micro-computed tomography, finite elets&udy



The Stress Distribution in Human Mandibular Premolar
Region related to the Supporting Bone Quality: A Finite
Element Sudy using a Micro-computed Tomography
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. INTRODUCTION

The non-carious cervical lesion (NCCL), in the adzseof decay, is characterized
by the loss of tooth tissue at the cemento-enamnetion (CEJ) typically with wedge-
shaped sharp margins or broad saucer-shaped smwotjins™® Prevalence and
severity of these lesions were known to increask age®*’ The NCCL does not lead
to clinical problems in some patient, but it hasemeknown to cause tooth
hypersensitivity in others: ® °In severe cases, the lesions may affect pulpityitahd
cause crown fracture® °

Traditionally NCCLs were considered to occur duddoth brushing abrasion, or

acid erosion by dietary sources, environment, amdtrig regurgitatiod. °**



However, with these mechanisms, it was difficulietglain the sharp wedge-shaped
cervical defects occurring on a single toothn the past 20 years, a tooth flexure
theory or an occlusal stress theory has been amtegst a mechanism for wedge-
shaped cervical tooth 1088. ** ** The occlusal loading causes deformation and
flexure of a tooth, resulting a disruption of enhenystals at the cervical region and
thereby contributing to the formation of an NCCLThis type of tooth tissue loss at
the CEJ was termed "abfraction” by Gripjw 1991 to distinguish it from erosion and
abrasion. It was reported that abfraction occueguently in teeth with wear facets
and that the occurrence ratio is high in bruxistsvell® *> **Burke et al supported
the tooth flexure theory of cervical tooth tissosd based on a focus that the lesions
occur in teeth subjected to lateral force but motdjacent teeth if they were not
subjected to lateral forces, and the lesions magutgingival which do not receive
the effect of erosion and abrasion.

To observe the stress distribution patterns withantooth due to occlusal loading
and to prove the mechanism of abfraction, varigpesd of stress and strain analyses
including strain gauge studiés!” '® photoelastic stress analy$¥&° and finite
element analys?s**?’had been carried out previously.

After finite element analysis used in dentistry Barali® it was often applied to
investigate stress distribution in a normal todtttes it can readily cope with both the
complex geometry of a tooth and its surroundingcstires with a large variation in
physical properties of the enamel, dentin, peritaloligament, cortical bone, and
cancellous bong?+ 2% 2

However, until now, the finite element analysis bagn accomplished with those

procedures; the modeling of a tooth and its sudmgstructure has been achieved



by taking data from an anatomic atlas, sectionihghe specimen, and manually
tracing of photographs" %> 2" 2A modeling of the surrounding bone that is thought
to affect tooth stress distribution was omittedsorrounding bone was modeled as a
simplified homogeneous substance excluding mictosecture of trabecular bone
because the capability to determine the trabedudae pattern was not availabfe.
The finite element analyses by those methods haueyimitations to revealing the
accurate aspect of stress distribution within thah. The cancellous bone, which
supports the tooth, is composed of complicatedramdite trabecular bone structure
and has variation in structure and bone qualitywitividual, sex, and ag&.** As
the functional forces are placed on a tooth, threosmding bone can adapt to the
stresses and increase its denity’ The process of alveolar bone remodeling can
change the stress distribution pattern in a toathdeteriorate the abfraction lesions.
Consequently, the stress distribution pattern othtovas considered to be different
with depending on the bone quality of the trabechlane. However, up to now,
researches have not considered the difference neghect to the trabecular bone
quality and could not technically be able to refletcroarchitecture of cancellous
bone on the finite element model.

Micro-computed tomography (micro-CT) was initialiytroduced in the field of
bone biology by Layton et &.and Feldkamp et &. The new digital imaging tool
was facilitated to get trabecular bone image witfhliesolution of micron unit. The
micro-CT is reported to be able to get the threwedisional (3D) image of the bone
with a non-invasive method and that it has a highrrelationship with the histology
of real bone biopsy“’. The micro-Finite Element (micro-FE) Analysis whi

stands on micro-CT was recently developed and wideded to research the



biomechanical properties of trabecular b8ité

The aim of this study is to produce two dimensidal) micro-FE models using a
micro-CT that reflect the microarchitecture of theth and supporting structure and
to observe the stress distribution in human premmgion related to the supporting
bone quality. The hypothesis used in this study thasthere would be no differences

in the stress distribution related to the suppgrtinne quality.



[I.MATERIALSAND METHODS

1. Sample preparation and micro-CT scanning

A mandibular bone including a lower first premoleas sectioned bucco-lingually
with thickness of 10 mm from a dissection cadav&@ng a diamond saw (Isomet,
Buehler Co., Lake BIuff, lllinois, U.S.A). The spe®en was fixated with 10%
buffered formalin solution and dehydrated in 70%ohbl solution.

The specimen was scanned with a micro-CT (Skys€d2:1 SKYSCAN,
Antwerpen, Belgium) in about 2,000 horizontal sdice A scan grid of 1024 X 1024
was selected with a pixel size of 24m3X 21.3um. The crown portion of premolar
was scanned separately as the height of the specuag larger than the field of view

(FOV) during micro-CT scanning.

Fig 1. The micro-CT image of the mandibular specimsed in this study.



2. Generation of the 2D micro-FE models

The scan data were reconstructed into 3D image aittoxel size of 218 X
21.3um X 21.3um using the computer program (BIONIX software paekag
CANTIBIo. Inc, Kyonggi, Korea). A longitudinal 2@mage of the central bucco-
lingual section of a lower premolar and surrounditrgictures was taken from the 3D
image (Figure 1). A 2D micro-FE model was produdexin the 2D image of a
premolar and surrounding structures using Altair®ypetMesh® 5.0(Altair
Engineering, Michigan, USA).

The pilot study was conducted to produce the 20raviE model which resembles
more real situatiof’ The following results were observed. First, théppn 2D FE
model intercepts the stress inside a tooth and 2demmincluding the pulp showed
different stress distribution pattern. So, the deptilp must be removed when using
2D FE model. However, in 3D FE model, the existeoicthe pulp did not influence
stress distribution pattern within the to6tf® Second, the enamel must be modeled
as an anisotrophic material. This is in agreemefth results of previous
researchéd *°  Based on results of the above pilot study, apesment was
executed using a model which gives the anisotrophisthe enamel after removing
pulp from the tooth.

Because the buccal bone of the used specimerelvadesalveolar bone resorption,
the cortical bone was added on defective buccalebarea by computational

manipulation and this model was used as the baselmo



* From 3D dental model

Fig 2. Modeling process.

Replacing cancellous bone with cortical bone intikee model (intermediate bone
model), a dense bone model was produced, and logirefl30% of cancellous bone
pattern from base model, a loose bone model watupeal. Finally, three models of
different bone quality (dense, intermediate, anoséobone quality) were produced

with change of structure and density of cancellowse.

3. Loading conditions and 2D micro-FE analysis

A vertical load of 100N and a horizontal load o0MNwere applied to the buccal
cusp region of a lower first premolar as shown iip & and the 100N forces were
equally divided into 4 point forces of 25N and apglonto 4 nodes of buccal cusp tip

region. The stress distribution patterns withimath were analyzed with each model



using MSC.Nastran FEM Package ( MSC SoftWa®anta Ana, CA, USA). For the
boundary conditions, the inferior border of mandilvas rigidly fixed in x and y
directions so not to move when subjected to forgstesns. In pilot study, when
compared to the situation that the middle portibrmandible was fixed, there was
little difference in stress distribution. The phoaiproperties of the materials used in

this study were given in Table *.

‘ Vertical load

100N

Horizontal load (25N * 4nodes)

100N
(25N*4nodes)

Boundary condition:
The inferior border of
mandible was fixed

Far

Fig 3. Loading and boundary condition.



Table 1. Physical properties of the tooth and stpmpbone used in this study

Material E(MPa) v
Enamel (Ex) 80,000 0.30
Enamel(Ey) 20,000 0.30

Dentin 15,000 0.31

Cortical bone 13,800 0.26
Cancellous bone 345 0.31
Periodontal ligament 50 0.49




1. RESULTS

2D micro-FE models that reflect the microarchetextwf a premolar and
supporting structure could be generated in thigdyst@Fig 4.). A complicated
trabecular pattern of cancellous bone could beeeted in great detail according to
the cross-sectional image of micro-CT in each model

When the load was applied on the buccal cusp ofribéels, the stress distribution
patterns are given in Fig 5. Inside the tooth, dtress was mostly concentrated on
buccal cervical portion between CEJ area and ca@rvimot area which meets with

buccal alveolar bone crest and three models sheimgithr stress distribution patterns.

Dense Bone Model Intermediate Bone Model Loose Bone Model

Fig 4. Stress distribution patterens within a toarid supporting bone.
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Fig 6. Stress distribution pattern in intermediad@e model.
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Fig 8. Graph of calculated stresses along the teatface.
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Fig 8 shows stress level which was measured albegtdoth surface in three
models. On the buccal cervical area, between C&al (@A point ) to cervical root area
justaposed to buccal alveolar bone crest ( B priathighest stress value of greater
than 150MPa was developed. Although dense bone Instasved slightly higher
peak stress value on the buccal cervical areattigathers, there was little difference
in three bone models.

Other than the buccal cervical portion, irregulatt@rn of stress distribution was
shown depending on the bone density of the conigdibne and the stress values

were much less than the stress level found atuheadb cervical area.
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V. DISCUSSION

When occlusal forces are exerted on a tooth dumagtication and parafunction,
flexure of the tooth can occur. The tensile fogamerated by tooth flexure can
cause disruption of the bonds between enamel hydpatite crystals near CEJ,
resulting in cracks in the enamel and, finallysla$ affected enamel and underlying
dentine in that region. This tooth flexure thebas been accepted as the mechanism
of abfraction® 3 # 13 1849

Many investigators have accomplished various FHyagsa in tooth models and
have demonstrated that the tensile stress dueclasat loading concentrates on the
cervical region of the tooth, thereby leading tdrattion? 2 ?° These FE analyses
can be influenced by loading conditifh,material properties such as enamel
anisotrophisrff” *’ and boundary condition and those modeling contimay affect
stress distribution pattern. Réesuggested that when examming stresses within the
cervical region of the tooth it is important to neball the supporting structures and
revealed the great difference of stress distrilbutidhen removing or including the
periodontal ligament and alveolar bone. Therefdrés very valuable to model the
periodontal ligament and alveolar bone. Alveolandds composed of cortical bone
and cancellous bone. The cortical bone is compof@edmpact bone which is dense
in nature and provides strength and protection ianebsy to model because of its
simple geometry. On the contrary, cancellous b@nspongy, porous type of bone
tissue made of rods and/or plates, has a comp#bedular pattern and has large

variations of bone quality in individual more thaartical bone. Such variation of

14



cancellous bone quality is thought to play an ingatr role in load transmission
within a tooth during occlusal loading, but presostudy examined the stress
distribution without consideration of trabeculattpen of cancellous bone.

Micro-CT is a powerful digital imaging tool whiclsgecially creates 3D images of
complex geometry in bone while it was impossible conventional CT with a
resolution power of several millimetefs.*® A complex 3D microstructure of
cancellous bone can be acquired in great detdiligly resolution imaging techniques
such micro-CT.

Micro-FE modeling together with high resolution ignag techniques such as
micro-CT, peripheral qualitative computed tomografQCT), and micro-magnetic
resonance imaging (micro-MRI) technique has beed wextensively used to study
the mechanical properties of trabecullar b&né' The main disadvantage of this
approach is its huge computational requirementaums of the enormous increase in
element number and it is difficult to accomplisiméconsuming tedious work.
Thanks to the recent developed computer system impdovement of software
package and algorithms that automatically createshmthe modeling process
becomes simplified and calculation time in a lakmmais gradually shortened.>*In
this study, it was able to produce the micro-FE ebothat can represent the
microarchitecture of a tooth and supporting boreseil on base model (intermediate
bone model), another two models of dense and Ibose quality were produced by
simple computational manipulation. Finally, thre® 2micro-FE models were
generated of the central bucco-lingual section lofager first premolar and supporting
structures and the stress distribution patterhéntdoth was analyzed.

It was found that the stress was mostly concemtratethe buccal cervical area, in

15



agreement with the previous studfe®:% When the occlusal forces are loaded on
the tooth, the fulcrum against loading directioraimost located on the crest of the
alveolar bone and on the tooth this is near thé ceovical CEJ are#. A significant
force acting on a tooth at the fulcrum would creédé@sion on one side and
compression on the opposing side of equal magniti@ikis may be the reason why
abfraction lesions occur on the cervical CEJ artstologically, because the normal
scalloping pattern of enamel and dentin is insigfit at the dentino-enamel junction
of cervical portion, mechanical bonding of the erhiand the dentin is weaker than
other ared® Besides its mechanical bonding in cervical porti@ing weak, cervical
enamel was structurally weaker because it hadnéssral content, poorer structure,
and 30% less compressive strength than cuspal énaférhe occlusal stress that
assaults the functional cusp propagates in the elnama generates high stress at CEJ
region. This high stress destroys the cervicahwarystal that has histologically
weaker structure compared to cusp enamel and fingctibn lesion initiated. If the
enamel at the CEJ region had broken away, the lyimgrdentin is exposed to
external environment and the abfraction lesion be® worse by acidic erosion,
tooth brushing abrasion, and caries due to focehtiem. Kuroe T. et &l pointed that
the presence of a cervical lesion changed occloadtinduced stress distribution and
it deteriorated the abfracsive lesions more selyous

Also, high stress level was found at cervical npottion that meet buccal alveolar
bone crest. The cervical tooth substance losssaptrtion is hardly shown clinically.
This can be explained by the following reasonsstFthis portion is mainly composed
of dentin that have somehow low elastic modulusiedkelastic modulus of dentin is

1,500MPa), and it can absorb some degrees of stoesgared to enamel that is more

16



brittle (Elastic modulus of Enamel is 8,000MPa(Ex)d 2,000MPa(Ey)). Second,

because this region was surrounded by periodonéindhwas isolated from external

environment, it was freed from the effect of erasimd abrasion that deteriorates the
abfracsive lesion. Although the very heavy conaditn of stress was observed in
that region, the cervical tooth loss does not hagmfiaically.

There was no difference in stress distributionguatrelated to different cancellous
bone quality although there was a slightly higheess peak value on the buccal
cervical area in dense bone model than loose boodeimThe bone quality of
cancellous bone, which occupy large portion oftaatpporting bone, was thought to
have great influence on load transmission withfoath, but it did not have influence
on stress distribution. Normally, tooth does nottact the alveolar bone directly; a
tooth is suspended in its socket by the fiberdefgeriodontal ligament that is a thin,
fibrous ligament that connects tooth to surroundihgolar bone. Those fibers act as
shock absorbers to cushion the force of the magticaTherefore, the stresses,
transmitted through tooth, are absorbed in someegem the periodontal ligament
space. The periodontal ligament has an importdatinothe masticatoy force system.
The alveolar bone includes the cortical bone, thbecular bone, and the alveolar
bone proper. The alveolar bone proper is a thirrlayf compact bone that is a
specialized continuation of cortical plate and ferthe alveolar socket. The occlusal
stress, passing through the periodontal ligameatespis propagated to alveolar bone
proper which is connected mainly to cortical pla@ensequently, the occlusal stress
is transmitted to cortical plate by alveolar bomeper and the cancellous bone has
little influence on stress distribution.

Various factors associated with abfraction lesitoudd be considered. These

17



include load direction and number of occlusal contphysical properties of dentin
and enamel, tooth morphology, clinical crown lengtldividual variation, age, crown
root ratio, root configuration, arch alignment bettooth, periodontal support, and
supporting bone quality and the abfraction lesaotur in a variety of forms
depending in those factors. Moreover, NCCLs inaigdabfraction are not result of
single dominant etiologic factor and a number ahats supported a multifactorial
concept in NCCLs and advocated using the term “apoas cervical lesion” since
“abrasion”, “erosions”, or “abfraction” implies ingle etiology>® *°

In this study, it was possible to acquire the macohitecture of the tooth and
supporting bone accurately using micro-CT, to poed@-D micro-FE models based
on digital image from micro-CT, and to allow morecarate interpretation of the
stress distribution pattern in a tooth than presip@available methods. Moreover, it

was able to reveal the interrelationship of abfoeceind stress distribution in tooth

and to examine the stress distribution patterriedlto supporting bone quality.

18



V. CONCLUSION

The 2D micro-FE model of the lower first premolardasupporting bone was
generated and the stress distribution patterneeléd different bone quality was
investigated. The following conclusion could bevadna

1.1t was able to obtain the digital images of micobétecture of tooth and
supporting bone accurately using micro-CT and toegate 2D micro-FE
model based on this digital image more easily.

2.1t was possible to interpret the stress distributio a tooth more accurately
than previous method by reflecting the microarchitee of cancellous
bone and proper physical properties of the tootth sumpporting bone on
model,

3. The stress mostly concentrated on tooth cervicelig between CEJ area to
cervical root area which meets with buccal alveblame crest.

4. There was no difference in stress distribution grattrelated to supporting
bone quality although there was a slightly highteess peak value on the

buccal cervical area in dense bone model than lbose model .
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