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Biomechanical behavior of periodontally compromised dento-alveolar
complex before and after regenerative therapy — a proof of concept

broMexaHn4YKo MOHaIIake CTPYKTYpa JEHTO-aJIBEOJIAPHOT KOMIUIEKCA IIPE U

HAKOH pPETeHEepaTUBHE Tepaluje MapoJOHTOIATH]e

SUMMARY
Introduction/Objective Finite element analysis
(FEA) is mathematical method which can be used for
the assessment of biomechanical behavior of dento-
alveolar complex.

The objective was to analyze biomechanical behavior
changes of teeth and supporting tissues under occlusal
load in cases of horizontal and vertical alveolar bone
loss, to assess potential impact of tooth displacement
and altered stress distribution on further damage, and
to evaluate the impact of regenerative periodontal
therapy.

Methods Three patient-specific three-dimensional-
Finite-Element (3D FE) models were developed from
the acquired cone beam computed tomography,
comprising the patient's upper left canine, first and
second premolar, and adjacent bone. Model 1
represented horizontal bone loss; Model 2 included
intrabony defect along distal aspect of tooth #24.
Model 3 represented situation six months after the
regenerative periodontal surgery. Displacement, Von
Mises, and principal stresses were evaluated through
FEA, under moderate vertical occlusal load.
Results FEA demonstrated that in model with v
bone loss significant tooth displacement was presen
even though the clinically evident toot bili
absent. Biomechanical behavior and stre i

isease, alveolar bone loss,
, finite element analysis

INJRODUCTION

CAXETAK
YBoa/umb Meton koHaunmx enemenata (MKE) je
MaTeMaTH4Kd METOX KOjH C€ MOXE KOPHCTHTH Yy
WJbY HCIHUTHBakba OHOMEXaHWYKOI IIOHAIIAKkA
CTPYKTYypa JCHTO-aJIBEOJIAPHOT KOMIDIEKCA.

s oBor pazga je Ono: ncnuTaTH OMOMEXaHIMIKO I10-
Hamame 3y0a, INepUoJOHIMjyMa U OKOJIHE
AJIBEOJIapHE KOCTH TOJ] I€jCTBOM OKITy3aJIHUX CHJIA Y
clly4ajy NMPHCYCTBa Pa3IMYUTUX THAOBa PECOpIIIHje
aJBeoJap-He KOCTU Tpe M HAKOH \PereHepaTuBHE
Teparyje napoJOHTONaTHje.
Metoa Ha ocHOBY pafMOJNIOMIKUX CIUKA A
KOMIIjyTepU30BAaHOM TOMOTPa(HjoM K
KpeupaHa Cy TpPH TPOIHMEH3

Ka, IPBOT ¥ APYTOT TP
kxoctu. Ha mozmeny 1 j

AUYHATU Cy CTEIEH I0-
grctpudynuja Von Mises
JIEJCTBOM  YMEPEHUX

@’y MOJIeJTy ca BEpTH-
TKOM KOCTHU MOCTOje 3Ha4YajHa IIOMEpabha
3y0@ ycliel /iejcTBa OKITY3alHUX CHIIa,  CAMUM TUM U
MHTE3UTET HAMOHA Y MNEPHOJOHIUjYMY U
OKOJIHOj ~ aJBEOJIApDHOj KOCTH Yy OJHOCY Ha
XOPHU30HTAIHY ryou-Tak koctu. [llect Mecenn HaKOH
pereHepaTHBHE Tepa-Iuje MapTOIOHTONATH]E CTEIEH
moMepama W WHTE3HM-TCTH HAIlOHA Cy OWIM 3HATHO
CMabCHU.

3akbyyak PereneparusHa Teparnuja
NapoJIOHTONATH-j¢ ~ yTHYe  Ha  NOOOJbIIAme
OHOMEXaHHYKHX KapaKTepU-CTHKA 3y0a,

TIEpPHUOOHIINjyMa U OKOJIHE aJIBEOJIapHE KOCTH.
Kbyune peum: mapojoHTONATHja, pECOpILHja
aJIBEOJIapHE KOCTH, YCMEpeHa pereHeparuja TKHBa
METOJ{ KOHAYHHX eJIeMEHaTa

Alveolar bone loss is one of the main features of periodontitis. Bone defects may vary
in their localization, shape, and extent. Generally, bone destruction may occur in two diverse

patterns, as horizontal or vertical bone loss [1]. Horizontal bone loss is the most commonly
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seen and it is characterized by the linear reduction of bone height around the tooth. The vertical
or angular bone defects are those that appear in the oblique direction [1]. Deep vertical
(intrabony) defects associated with vertical bone loss are the standard indication for periodontal
regenerative therapy [2].

It is evident that tooth with reduced bone support has compromised occlusal force
transition to the jaws [3], and the further damage the residual periodontal tissues may occur. In
cases of horizontal or vertical bone loss different stress distribution may be expected. However,

what is the outcome of these differences and how much do they affect the tooth? Would the

level of stress reach the values which could further harm remaining periodontal‘tissues? How

high is the level of stress in the affected supporting tissues if the tooth does not have

evident pathological mobility? There is not enough scientific evidence 0
answers to these questions.
Several regenerative procedures aiming at repai n tissues, including

alveolar bone, periodontal ligament (PDL), a ment

daily practice [4].

Although therapy of periodontitis aimsjto eli ontaljpockets as the main

tively influences the outcome of the regenerative therapy [4]. However, is it also important
to analyze the biomechanical behavior of teeth and related structures in periodontally affected
sites without measurable tooth mobility?

Three-dimensional finite element (3D FE) method is a very powerful tool which can
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give insight into the biomechanical behavior of analyzed dento-alveolar complex. It has been
widely implemented in research related to dentistry [5-13].

In this study, the first objective was to analyze the stress distribution in cases with
horizontal and vertical bone loss with no clinically evident tooth mobility. The goal was to test
the hypothesis that in case of vertical bone loss periodontal ligament (PDL) and alveolar bone
are affected with higher occlusal stress which could further damage these structures, despite
the fact that tooth mobility was not detected. The second aim of the study was to investigate
whether regenerative periodontal therapy decreases displacement and stress values in the
affected teeth and surrounding tissues. We used 3D FE analysis of three patient specific models

developed from CBCT in order to mimic the clinical situations.

METHODS

A CBCT image of a 38-year-old man was u t ;spectfic 3D FE

models. The patient was in good systemic healt er, Wi alized severe chronic
periodontitis. The patient was thoroughlyfinformedabout e study and gave his
written consent before clinical ex ionaThe s s approved by the Ethics Research

in
Committee of the Scho ental M

N

following the initial periodontal therapy, the patient underwent a periodontal

ersity of Belgrade, Serbia (ethics approval

Ne 36/41).

surgery for the debridément of all periodontal defects with probing depth > 6 mm. Periodontal
clinical parameters were assessed using a manual periodontal probe graded in millimeters
(PCPUNC-15; HU-Friedy, Chicago, IL, USA): probing pocket depth (PPD), gingival recession

(GR), and clinical attachment level (CAL), whereas only the deepest site per tooth was reported
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(tooth #23: PPD= 3mm, CAL= 2mm; tooth #24: PPD= 8mm, CAL= 8mm; tooth #25: PPD=
4mm, CAL= 3mm). After application of local anesthesia, intrasulcular incisions were
performed from the distal aspect of the tooth #23 to the distal aspect of the tooth #27. A full-
thickness flap was reflected buccally and palatally. The denuded roots were thoroughly
debrided using ultrasonic devices and hand instruments. Exposed roots were chemically
prepared with 24% EDTA gel (PrefGel®, Biora, Malmd, Sweden and Straumann, Basel,
Switzerland) and rinsed thoroughly with sterile saline before the application of enamel matrix

derivative (EMD) (Emdogain gel®, Biora and Straumann). Subsequently, a three-wall

intrabony defect along the distal aspect of tooth #24 was reconstructed using bevine porous
Wolhusen, Switzerland). Flaps were repositioned and sutured usingythe s
post-operative visit was scheduled in seven days when the sut
following the surgery periodontal clinical parameters

=3 mm,

CAL =2 mm; tooth #24: PPD =3 mm, CAL =4'm

CBCT scanning

SOREDEX,

Finite Element Analysis

Development of the finite element models
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In total, three patient-specific 3D FE models were developed from the acquired CBCT
scans (Figure 1a—c). The models comprised the patient's upper left canine, first and second
premolar, and adjacent alveolar bone. For each tooth, we considered its enamel, dentin, pulp
chamber, and periodontal ligament (PDL), while the root cementum was neglected. Mimics
software version 10 (Materialise, Leuven, Belgium) was used for the reconstruction of the FE
models from the CBCT scans through the following steps. The masks of cortical, trabecular
bone and teeth were generated respectively. The Mimics STL+ model was used to convert all

the masks into the stereolithography (STL) format. In order to optimize the quality of the

triangle meshes for the further FEA, we used the REMESH module attached to Mimics
software. At last, by using Geomagic Studio 10 software (Geomagic Gm
Germany) we assembled the extracted parts into the three models.

shell was additionally generated. Bone level adjacent to teeth #

three 3D FE models. Likewise, bone level adjacent to in"Model 1 and

ths following the fegenerative periodontal surgery (Model 3). Hence, bone level adjacent
to tooth #24 was the same in Model 1 and Model 3.
Model 2 represents a patient-specific FE model, generated by using preoperative CBCT

scans (Figure 1d), representing an identical situation in the region of interest before
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regenerative periodontal surgery (intrabony defect along the distal aspect of tooth #24 (Figure
1b, f)). PDL was not modeled on the tooth #24, at the root’s site adjacent to the intrabony defect
(Figure 19).

Model 3 represents a patient-specific FE model created from CBCT scans acquired six
months following the surgical procedure (Figure 1e). Reconstructed intrabony defect along the
distal aspect of tooth #24 was modeled, whereas the material properties of BMPM six months
following the surgical therapy was applied [5] (Figure 1c, i). Bone level adjacent to teeth #23

and #25 did not differ in all three 3D FE models.

In the region of reconstructed intrabony defect 80% of PDL was created,starting from
the bottom of the defect towards the alveolar crest, based on previous histol indings

when this treatment protocol was applied (Figure 1h) [14].

Meshing and material properties of the tissues
ATIA V5 software

converted into the NURBS

homogeneous and linearly elastic. The values of the Young's moduli and the Poisson’s ratios
for dental tissues, PDL, cortical and cancellous bone, and BMBP were taken from the literature

(Table 1).
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Boundary conditions and calculations

In order to assess the stress distribution (Von Mises, compressive, tensile) and effective
displacements, the same boundary conditions were applied on each model using the ANSYS
Static Structural Analysis module (Figure 1j). The sides of models that represent cut-off planes
from the overall maxilla were fixated in all degrees of freedom following Figure 1j, black color.
Masticatory forces were applied on the buccal and lingual cups of premolars simultaneously

(Figure 1j-red arrows, red color), to gain the resulting force of 200 N parallel to the long axis

of these teeth (vertical load) [15]. Load of 150 N was applied at an angle of 45%0 the center

of the canine’s palatal surface within the physiological limitations reported for a

RESULTS

The results for the displacement, Von Mises a i al stresses fer all three models
are presented on Figures 2-5.

cause differences in

was noticed that tooth #25 in Model 2 also exhibited displacement towards the defect adjacent
to tooth #24 (Figure 2). On the other hand, six months following the surgical treatment and

bone defect reconstruction, displacement of these teeth significantly diminished, but was
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greater than the values which were present in case of horizontal bone loss (Model 1).
Analysis of stresses distribution in teeth showed significant differences between Model
1 and Model 2 (Figure 2). Higher values of Von Mises were seen especially in tooth #24 (Figure
3). However, six months after the surgery, the level of stresses was noticeably lower. These
findings are in agreement with the results of the teeth displacement.
Assessing alveolar bone in all three 3D FE models showed that VVon Mises stresses had
greater magnitudes in cortical bone when compared to cancellous bone (Figures 4 and 5). In

all three models, maximum stress values were present in narrow zones of alveolar crest (Figure

4). Only in the case of the vertical bone loss Von Mises stresses reached maxi values of
76.54 MPa in alveolar crest at distopalatal aspect of tooth #24. Evaluation of the buecal and
palatal aspects of maxilla, demonstrated that buccal plate was af

the widest stressed zone was observed in the case of vertical bg 0S

following the surgery, both buccal and palatal plates e d s

distribution was similar to that detected in the gas % '

uniform Von Mises stresses distribution in ¢ % | three
i t Stressesya

n cancellous

models. Concerning

bone were revealed in

iously reduced six months following the

Regarding the PDL, the highest Von Mises stresses was also present in the case of

vertical bone loss, mostly located on the buccal and mesial aspect of the tooth #24 root (Figure

DOI: https://doi.org/10.2298/SARH200801116N Copyright © Serbian Medical Society
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2). Six months following the surgery, the stress magnitude in PDL was obviously reduced and
uniformly distributed, not only in the case of tooth #24 but in all evaluated teeth, and reached

the values detected in the case of horizontal bone loss.

DISCUSSION
The present concept and use of computer modeling followed by FEA allows the insight
into the stress transition of occlusal forces into the alveolar bone. In this study we were able to

visualize the undetectable values of tooth displacement and to analyze its influence on stress

distribution.

affected teeth and supporting periodontal structures.

months following the surgery the magnitude of gher than the values

1) our results showed much lower values of tooth displacement and principal stresses in the
bone.

Even though the maximal vertical biting forces in humans can approach 700 N [17, 18],
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the moderate physiological occlusal forces in this study (150 N and 200 N) can cause localized
stress concentrations in alveolar bone affected by vertical resorption. It was revealed in the
study of Jeon et al. [8] that localized stress concentrations are closely related with bone
resorption. Knowing that yield stress of 60 MPa may cause harmful effects on cortical bone in
humans [19], detected value of 75.98 MPa would have detrimental effects on cortical bone and
most likely would lead to further bone resorption. Furthermore, fatigue loadings that are
continuous and repetitive can potentially “accumulate” the stress, triggering bone degeneration

or resorption [20]. In the study, the highest values of localized compressive stress were detected

at palatal alveolar crest adjacent to intrabony defect (Figure 4), which might e an area of

further bone resorption, supported by bacterial stimulation [21].

ificantly diminished, especially the high tensile stress in alveolar crest at the mesial aspect
of this tooth. Thus, we can conclude that even though the therapy could regenerate bone to
approximate level of the alveolar crest in the case of intrabony defects with favorable osseous

architecture [4], this study showed that there is still the weak point at the previously affected

DOI: https://doi.org/10.2298/SARH200801116N Copyright © Serbian Medical Society
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site which is jeopardized in terms of further bone loss (Figure 4).

FE studies showed that in an area with periodontal disease bone support and PDL area
are reduced, and the same magnitude of occlusal load will cause higher stress in the PDL [8,10].
This should be bear in mind, because even the physiological occlusal loads may result in high
stress values which may contribute to further bone loss. Ona et al. [3] described in their FE
study that bone resorption will reduce the root area available for support, which may cause an
increase of the maximum stress within the PDL. Results of our study are in agreement with this

finding, as the highest value of overall stress was detected in PDL of tooth #24 in the case of

vertical bone loss (Figure 2). However, this value was evidently reduced six mo
the surgery since the root area available for support has been expanded.

In the present study, using CBCT scans before and after r
advantage. Experimental study with the same study desigg
horizontal bone loss, vertical bone loss (intrabony def ~ rabony defect

were simulated in the same region allowing compa

ntal and oblique forces were neglected.

authors’ knowledge, this is the first study which provided the basic
mation of biomechanical aspects in periodontal tissues regarding the diverse pattern of
bone loss, and may serve as s basic template which could be useful for calculating the

effectiveness of different approaches in regenerative periodontal treatment.
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CONCLUSIONS

This study demonstrated that computer modeling and FEA can give new information
regarding the biomechanical behavior of periodontal structures when diverse patterns of bone
loss are present. Followed by CBCT, in a patient specific model, this method revealed
significant displacement of periodontally compromised tooth, whereas tooth mobility was not
clinically evident. The tooth displacement caused high stresses which could be potentially
dangerous in promoting further bone resorption. Resolution of vertical bone defect resulted in

reduction of tooth displacement and significantly lower level of principal stresses in the bone.

However, the magnitude of these values was higher than the values detected, in case of

which is in jeopardy for further bone loss.
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Table 1. Mechanical properties of the modeled tissues and material
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Material Elastic Modulus (MPa) Poison ratio
Pulp [9] 6.8 0.45
Dentin [6] 18.6 x 103 0.31
Enamel [6] 84.10 x 10° 0.3
PDL [6, 23] 0.68 0.45
BMBP [5] 1.69 x 10° 0.3
Cortical bone [15] 13.7 x 108 0.3

Cancellous bone [15] 1.37 x 108 O.i

16

PDL — periodontal ligament; BMBP — bovine porous bone mineral (values after six months of

N

healing period)
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[_] Cortical bone
Cancellous bone
CJPDL

[ Dentin

I Enamel

Il BMPM

. N Fixed XYZ
/| Force
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