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ABSTRACT

Purpose: Although endodontically treated molars restored with endocrowns have been reported
to be clinically successful, clinical and in vitro studies indicated more frequent problems with
endodontically treated premolars restored with endocrowns. The aim of this finite element study
was to evaluate the influence of the pulpal extension on the stress distribution in endodontically

treated maxillary premolars restored with endocrowns.

Materials and methods: An intact maxillary first premolar tooth without any obvious
abnormalities or decay was scanned using Planmeca ProMax 3D Mid cone-beam CT machine,
the 3D models of enamel and dentin were then segmented using MIMICS software. Three design
models were created as follow: Model (A) represented the classical ceramic crown with glass fiber
reinforced post and a composite resin core , model (B) represented the endocrown preparation of
a circular butt-margin with the depth of the central retention cavity extending 5 mm in depth from
the occlusal floor, and model (C) represented the endocrown preparation of a circular butt-margin
with the depth of the central retention cavity extending 3 mm in depth from the occlusal floor. Bone
geometry was simplified and simulated as a cylinder that consisted of an outer shell of compact
bone and an inner core of trabecular bone. All the design models where remeshed and exported to
Ansys Workbench as volume meshes for the finite element analysis. The base of the bony cylinder
was selected as a fixed support, and an axial oblique load of 100 N was applied to each model.

Material properties were assigned for every model, and static structural analysis was performed.

Conclusions: Within the limitations of this finite element study, it was concluded that
endocrowns offered a viable alternative for restoration of endodontically treated maxillary
premolars, and increasing the pulpal extension to 5 mm significantly increased the stress distribution

in the endocrown under axial forces.

* Lecturer at Fixed Prosthodontics Dept. Ain Shams University. Lecturer at Fixed Prosthodontics Dept. Misr
International University.
** Demonstrator at Fixed Prosthodontics Dept. Badr University.
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INTRODUCTION

The rehabilitation of severely damaged coronal
hard tissue of endodontically treated teeth is always
a challenge in reconstructive dentistry. Clinical
concepts regarding the restoration of non-vital teeth
are controversial and are based on profuse and in-
conclusive empirical literature. The primary reason
for reduction in stiffness and fracture resistance
of endodontically treated teeth is the loss of
structural integrity associated with caries, trauma,
and extensive cavity preparation, rather than
dehydration or physical changes in the dentin.'?*#
Additionally, the lack of vitality greatly restrains the
sensory feedback during peak loads and results in
non-vital teeth being more prone to fracture.’

Restoration of endodontically treated teeth
with extensive coronal loss has always followed a
strict protocol, with the fabrication of total crowns
supported on metal cores and/or glass fiber posts.*?
Initially, it was believed that this procedure would
provide better reinforcement of the remaining dental
structure.!®!" However, it has been observed that the
use of intracanal retainers only promoted retention
of the prosthetic crown. As a result of removing a
healthy dental structure to enable the placement
of rigid elements devoid of mechanical behaviors
similar to those of the tooth,'*"” the remaining tooth
could be weakened.

With the advent of adhesive dentistry, the need
for using posts and filling cores has become less
evident. Moreover, the appearance of ceramics that
had high mechanical strength and were capable
of being acid etched (such as those reinforced
with leucite or lithium disilicate), allied with the
adhesive capacity of adhesive systems and resinous
cements, made it possible to restore posterior teeth,
especially molars, without cores and intra-radicular
posts.'® Thus, it became feasible to restore posterior
teeth with extensive coronal destruction by means of
onlay and/or overlay restorations and, more recently,
with endocrowns, without the use of radicular posts
and while using the entire extension of the pulp
chamber as a retentive resource.'”'® Pissis'” was the
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forerunner of the endocrown technique describing it
as the ““monoblock” porcelain technique.

The recent innovations in ceramic materials and
CAD/CAM technologies are developed to enable
the accomplishment of high aesthetic demands and
to limit the shortcoming of conventional materials
and methods; i.e., low tensile strength, sintering
shrinkage, excessive brittleness, wear of antagonist,
crack propagation, and marginal gaps."” Recently,
Celtra Duo (Sirona Dentsply, Milford, DE, USA) is
a material classified as a zirconia reinforced lithium
silicate CAD/CAM material that may be optionally
heat treated. It contains 10% dissolved zirconia in a
silica-based glass matrix. Although heat treatment
is not necessary for crystallization of the material,
flexural strength of fired Celtra Duo has been
reported to be considerably greater than the milled
material. %

studies have shown that molars
restored with complete crowns or posts, cores,

Previous

and crowns have satisfactory long-term survival
rates.?'? The smaller crowns and pulp chambers of
premolars result in weaker retention of foundation
restorations after tooth preparation for a complete
Therefore, an endodontically treated
premolar should usually be restored using a post,
core, and crown.” However, because of the oval
root canals in premolars, more dentin is removed
during preparation for a circular prefabricated post,
and root perforation may occur.*

crown.

Clinical studies reported no significant difference
in survival rates between the molars restored with
endocrowns versus those restored with traditional
techniques.”” However, the clinical performance
of endocrown restored premolars is inferior to that
of molars restored with endocrowns.”?¢ Cohesive
failure of bonding is the main reason for failure in
premolars restored with endocrowns.* The clinical
fracture of endocrown restored teeth has also been
reported.”’ In order to estimate the feasibility of
restoring endodontically treated premolars with
endocrowns, their stress distributions must be
analyzed.
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Finite element analysis(FEA) has been used in
dentistry as it represents detailed simulated tooth
mechanical behavior under occlusal loads. Stress,
strain, and some other qualities could be calculated
in every point of the structure. FEA offers several
advantages: variables can be changed relatively eas-
ily, no costly prototypes are needed to be manufac-
tured, and the simulations can be performed in vitro.

MATERIALS AND METHODS

An intact maxillary first premolar tooth without
any obvious abnormalities or decay was scanned
using Planmeca ProMax 3D Mid cone-beam CT
machine (Planmeca Inc, Helsinki, Finland). The
equipment was adjusted to scan the whole tooth
with a beam accelerating voltage of 90 kV and
an X-ray beam current of 12 mA with a voxel
dimension of 75 ym. The total scanning time was
15 seconds, and a total of 668 slices were scanned
for the modelling, The 668 slices were imported
into MIMICS software (MIMICS 14.0, Materialise,
Leuven, Belgium) for the construction of the
surface model. Masks for enamel and dentin were
then created using thresholding and region growing
tools; the enamel mask colored red, and the dentin
mask colored yellow (Figure 1). The formed masks
were then used to generate the enamel and dentin
3D models as displayed in FigurelA.

By using orthogonal cutting planes and Boolean
operations (volume addition, intersection, or subtrac-
tion) in the simulation module in MIMICS, five prep-
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Fig. (1) Masks were applied to enamel (red) and dentin (yellow);
A: A 3D representation of the whole tooth.

aration design solid models were generated based on
the sound maxillary premolar model as follow:

Model (A): The classical ceramic crown with
glass fiber reinforced post and a composite resin
core with a 1.0 mm wide circumferential shoulder
finish line at the CEJ and a 3 mm ferrule (Fig. 2A).

Model (B): The endocrown preparation consisted
of a circular butt-margin of 1.0 mm with the depth of
the central retention cavity extending 5 mm in depth
from the occlusal floor with a rounded internal line
angles (Fig. 2B).

Model (C): The endocrown preparation consisted
of a circular butt-margin of 1.0 mm with the depth of
the central retention cavity extending 3 mm in depth
from the occlusal floor with a rounded internal line
angles and a 2 mm composite seal (Fig. 2C).
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Fig. (2) Schematic representation of the three preparation designs; (A) Model A; (B) Model B; (C) Model C
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Bone geometry was simplified and simulated as
a cylinder that consisted of two parts. The inner part
represented the trabecular bone (diameter 12 mm
and height 13 mm), and the outer part-shell of 1 mm
thickness-represented the cortical bone (diameter 14
mm and height 15 mm). The shape of the socket was
then formed using Boolean subtraction. (Figure 3)
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Fig. (3) Longitudinal section showing compact and trabecular
bone with dimensions

Using the STL+ module in MIMICS, all the
3D models were exported to 3-Matic software
(3-Matic7.01, Materialise, Leuven, Belgium) and
converted into stereo lithography triangulated
(STL) files that formed the surface meshes. In
3-Matic software, the “Remesh module” was then
used to automatically improve the quality of the
triangles and reduce their number simultaneously
while maintaining the geometry. The solid models
were then constructed by using the “Create Volume
Mesh” tool in 3-Matic software. The volume meshes
were created using a four-node linear tetrahedral
elements, and then the finished volume meshes of
all components were input into ANSYS workbench
software (ANSYS workbench 14.0, ANSYS Inc.,
Houston, USA) as STL file format for the finite
element analysis; the total number of elements were
189090, 191852, and 192392 for models (A), (B),
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and (C) respectively. (table 1)

TABLE (1) The number of nodes and element”

Model Model Model
(A) (B) ©
Elements 3432 3411
Enamel
Nodes 6195 6165
Elements | 17862 19031 18928
Dentin
Nodes 27765 | 29143 28997
Cortical Elements | 58181 58601 58630
Bone Nodes 91917 | 92268 | 92342
Trabecular | Elements | 93797 | 94566 | 94670
Bone Nodes 132807 | 133921 | 134010
Endocrown Elements 11765 16222 14070
(Crown) Nodes 18797 | 24250 | 20979
Composite Elements 6551
Core Nodes 10623
Elements 934
Fiber Post
Nodes 1717
Composite Elements 2683
Seal Nodes 4393
Elements | 189090 | 191852 | 192392
Total
Nodes 283626 | 285777 | 286886

In ANSYS workbench, the material properties
were assigned using the elastic modulus and
Poisson’s ratio. In our study, Celtra Duo (Sirona
Dentsply, Milford, DE, USA) (Zirconia reinforced
lithium silicate) was the material of choice for
both the conventional crown and the endocrowns.
Enamel, dentin, cortical and trabecular bone,
composite, and Celtra Duo were assumed to be
linear, elastic, homogenous and isotropic. The
material properties (Elastic modulus and Poisson’s
ratio) are presented in table 2.

*  Cells with the cross(X) mark represent zero nodes and elements for the corresponding components in the assigned

models
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The fiber post was considered made up of long
glass fibers embedded into a polymeric matrix. This
composite material was considered orthotropic
so that it showed different mechanical properties
along the fiber direction (x-direction) and along the
other two normal directions (y- and z-directions),
the mechanical characteristics of the glass fiber post
are reported in Table 3. E , E and E represented
the elastic moduli along the three-dimensional
directions while n.n,, and n, and ny, ze, and Gyz
were the Poisson’s ratios and the shear moduli in
the orthogonal planes (xy, xz, and yz), respectively.

TABLE (2) Isotropic material properties

Material Elastic Poisson’s
modulus (GPa) ratio
Enamel?® 84.1 0.33
Dentin® 18.6 0.32
Trabecular bone® 1.37 0.30
Cortical bone?® 13.7 0.30
Filtek supreme plus
composite core (3M, 22 0.22
ESPE,St. Paul, MN, USA)
Celtra Duo (Dentsply
DeTrey) 108 0.22

TABLE (3) Orthotropic properties of the fiber post

Elastic modulus Poisson’s Shear
(GPA) ratio modulus
E =37 v,,=0.27 G,=3.10
E =95 v, =0.34 G_=3.50
E =95 v, =0.27 G,,=3.10

In this study, the base of the cortical bone cylinder
was selected as a fixed support in all directions (x,
y, and z) as a boundary condition, and two load
cases: An axial load was considered in this study
and applied as a nodal force of 100 N parallel to
the long axis of the tooth divided equally into three
contact points which are the mesial marginal ridge,
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the distal marginal ridge, and the palatal cusp tip.
Each point consisted of 10 selected nodes, and a
linear static analysis was performed. (Figure 4)

Fig. (4) Points of application of the axial load

RESULTS

Regardless to the restoration design, von
Mises stress values ranged from 60 to 99 MPa
approximately. Taking model (A) with the
conventional crown as a control, model (B) showed
a significant decrease in von Mises stress value
compared to model (A), while model (C) showed
a 10% increase in von Mises value compared to
model (A). concerning maximum principle stresses,
there were no significant differences between the
three models in maximum tensile stress values (23
MPa approximately), while model (A) showed the
minimum maximum compressive stress value (17
MPa approximately).

Regarding tooth structure, the maximum von
Mises stresses in case of axial loading ranged from
around 9 MPa to 14 MPa. Model (A) showed the
minimum von Mises stress on tooth approximating
9 MPa, while model (C) showed the highest von
Mises stress value which reached approximately
14MPa. Model (B) showed insignificant increase in
von Mises value compared to model (A).

Concerning tooth and bone integrity, all induced
stresses were within the physiological limits.
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Fig. (5) Stress distribution in endocrown, A. Model (A) Fig. (6) Stress distribution in tooth structure. A. Model (A)

maximum principle stress; B. Model (A) von Mises maximum principle stress; B. Model (A) von Mises
stress; C. Model (B) maximum principle stress; D. stress; C. Model (B) maximum principle stress; D.
Model (B) von Mises stress; E. Model (C) maximum Model (B) von Mises stress; E. Model (C) maximum
principle stress; F. Model (C) von Mises stress principle stress; F. Model (C) von Mises stress

MODEL A

MODEL B
MODEL C

Fig. (7) Column chart showing von Mises stress on restoration ~ Fig. (8) Column chart showing the von Mises stress on tooth
in MPa structure in MPa

DISCUSSION attempts to mimic the resilience of dentin and the

. . . . 3031
A constant problem in reconstructive dentistry is biomechanical behavior and esthetics of enamel.

the restoration of endodontically treated teeth. The
restorative option performed with the conventional ~ crown that extends within the pulp chamber as a
crown, the composite core, and the glass fiber post one-piece “monoblock™ without an intra-radicular

On the other hand, ceramic endocrown is a total
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post.'”® The high bond strength of glass ceramics to
the dental structure and the smaller number of bond
interfaces probably make the dentin, enamel and
ceramic group more resistant when compared with
the dentin, enamel, post, resin, and ceramic group.’

Although endocrowns have been proven to be
a successful alternative to conventional crowns,
the clinical performance of endocrown-restored
premolars is inferior to that of molars restored with
endocrowns.”3? This may be explained by the fact
that the surface available for adhesive bonding
was larger on molars than on premolars, and the
ratio between crown base and crown height might
cause higher leverage for premolar than for molar
endocrowns.”

Nevertheless, because of the absence of
information about the biomechanical behavior of
endocrowns and the expectation that this type of
restoration would behave similarly or superiorly to
conventional crowns (because of the potential to be
retained in the pulp chamber by micro-mechanical
retention given by the adhesive system and resin
cement), the aim of our study was to evaluate the
effect of endocrown pulpal extention on the stress
distribution in endodontically treated maxillary
premolars using finite element method.

FEA was chosen because it is a suitable method
for determining strains and stresses in a loaded
structure. FEA was first used in dentistry at the
1970s*, in which, the first molars with full gold
crown preparations were analyzed with 2D FEA
method. After 3D FEA models were developed
in 1980s*, FEA method has been used frequently
and widely in structural, thermal or other kinds
of analysis in dental restorations such as inlays,
crowns, implants, and fixed partial dentures®-°.
The wide application of FEA is due to its efficiency,
cost saving, and continuously improving accuracy.
Expensive and time-consuming in vitro and in vivo
experiments®’ can be avoided by means of FEA.
Therefore, FEA method plays a more and more
important role in the development of material and
structure of dental restorations.*~
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Gaoqi Wang et al* conducted a study to verify
the finite element analysis model of a three-unit
fixed bridge with in vitro electronic strain gauge and
analyze clinical situation with the verified model.
It was found that FEA has displayed strains close
to those measured in vitro, and the FEA model was
considered as validated.

The FEA starts with the construction of an
accurate FE model, which is the key to the analysis
process. Acquisition of a realistic geometry of the
object to be studied is very important for model
construction. The conventional image acquisition
methods used the standard anatomical data in
the literatures,”'*? a digitized version of a plaster
model,*! or the cross-sectional histological images
of the object.* In some pioneering modeling
techniques, manual extraction of inner and outer
contours from computed tomography (CT) data of
teeth was required, which may introduce serious
errors.* In some other previous techniques,
sequential software was used to transform images
from one kind of software to another, which may
lose some of the original data.*> For the above
two reasons, previous ways of modeling were not
patient-specific, were time-consuming and required
a lot of efforts from users. As a result, a relatively
simple model was created so that the accuracy of
subsequent analysis was directly affected. Clinical
researchers were usually unwilling to choose
intensive methods either.

The use of high resolution cone-beam CT was
in accordance with the studies of M. Rodrigues et
al* and K. Lee et al*’ who used cone-beam CT in
their FEA.

Regarding stress distribution in the restoration,
model (B) showed the best biomechanical behavior
with an average von Mises value of 60 MPa.
Comparing with Model (A) with the fiber post &
conventional crown, the results could be attributed to
the overall increased ceramic bulk in the encocrown
model (B) compared to the classical crown through
the endocrown intra-coronal extension together with



(3902) E.D.J. Vol. 63, No. 4

the vertical stop obtained by the circumferential butt
joint , moreover the reducing the interfaces in the
restorative system and the endocrown vertical intra-
pulpal extension allowed better stress distribution
along the axial direction of applied forces. This
finding was in agreement with the studies conducted
by Chang et al’ and Lin et al*® who proved that
endocrowns showed a higher fracture resistance and
less failure probability than conventional crowns.
Furthermore, better stress distribution in model (B)
compared to model (C) with the 3 mm extension
cavity might be due to the increased the pulpal
extension of the endocrown of model (B) allowing
more surface area for better stress distribution of the
axially oriented forces.*” However, this result didn’t
coincide with the study carried by El-Damanhoury
et al’® who concluded that intra-radicular extension
of the endocrown preparation negatively affected
both the marginal adaptation and the internal fit of
the final restoration which could be related to the
restoration deformation as subjected to applied
forces.. This variation could be attributed to the use
of polymer-infiltrated ceramic (Vita Enamic) as an
endocrown material in their study with different
mechanical properties than Celtra Duo used in our
study , and could also be attributed to the use of resin
teeth models which does not precisely simulate the
biomechanical behavior of endodontically treated
natural teeth .

Concerning stresses in the tooth structure, model
(C) showed the worst biomechanical behavior with
the highest von Mises stress value (approximately
14 MPa) compared to models (A) and (B). This
could be explained by the fact that model (C) with
3mm ceramic extension and 2mm composite seal
increased the number of interfacing surfaces in the
pulp chamber compared to models (A) and (B) with
only one intra-pulpal material (Fiber post or ceram-
ic respectively) which might have yielded more
stresses within the tooth structure in model (C).

Better stress distribution of model (B) in tooth
structure compared to model (C) is going well with
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a study by Laden et al’' who stated that increasing
the intra-pulpal extension improved the protection
of the tooth structure and reduced failure probability
in maxillary premolars.

On the other hand, model (A) showed the least
stresses on tooth structure having the elastic modulus
of fiber post with a very close value to that of dentin
which resulted into Monobloc effect and ideal stress
distribution in tooth structure'*'®. Although Celtra
Duo as a zirconia reinforced lithium silicate is
slightly stiffer than fiber post with expected more
stress concentration in tooth structure ,3>**however
model (B) showed stress distribution in tooth
structure that was nearly similar to model ( A) owing
to the fact that both models have more intra-pulpal
material extension than model (c¢) and this goes
consistently with Rocca et al>* who concluded that
endocrowns with endo-core extensions displayed
outcomes in terms of fatigue resistance equivalent to
fiber post & classical adhesive crowns, additionally
the innovative ultra-fine microstructure of the celtra
duo is supposed to have a considerable role thanks
to the zirconia inclusion which allowed finer crystal
size and higher glass content with a net high flexural
strength and shock absorbing capacity dissipating
more stresses along the tooth structure.

All the resultant stress values on restoration and
tooth structure were within the physiological limits
regardless to the model design.>>°

Within the limitations of this finite element study,
the following conclusions & recommendations were
drawn:

CONCLUSION

1. Model (B) with the 5 mm pulpal extension
showed the stress distribution in tooth structure
within the normal physiologic limits.

2. The endocrown pulpal extension influenced
the stress distribution in endodontically treated
maxillary premolars, where model (B) showed
the best stress distribution in the restoration.
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Minimizing intra-pulpal interfaces led to a
better stress distribution in tooth structure.

Zirconia reinforced lithium silicate is considered
a successful endocrown material regarding
stress distribution among the endocrown and
the tooth structure.

RECOMMENDATIONS

1.

Endocrown with 5 mm pulpal extension
is recommended as restorative option for
endodontically treated maxillary premolars.

Zirconia reinforced lithium silicate is a material
of choice for endocrown restorations.

Further ongoing finite element analysis with
different load cases together with in -vitro
studies are highly needed to validate the clinical
acceptance of endocrowns as a restorative
option for maxillary premolars.

REFERENCES

1.

SCHWARTZ R,ROBBINS J. Post Placement and Restora-
tion of Endodontically Treated Teeth: A Literature Review.
J Endod. 2004;30(5):289-301. doi:10.1097/00004770-
200405000-00001.

Papal,Cain C,Messer HH. Moisture content of vital vs end-
odontically treated teeth. Dent Traumatol. 1994;10(2):91-
93. doi:10.1111/j.1600-9657.1994 .tb00067 .x.

Huang TJ, Schilder H, Nathanson D. Effects of moisture
content and endodontic treatment on some mechanical
properties of human dentin. J Endod. 1992;18(5):209-
215. doi:S0099-2399(06)81262-8 [pii]\r10.1016/S0099-
2399(06)81262-8.

Reeh ES, Messer HH, Douglas WH. Reduction in
tooth stiffness as a result of endodontic and restorative
procedures. J Endod. 1989;15(11):512-516. doi:10.1016/
S0099-2399(89)80191-8.

Chang CY, Kuo JS, Lin YS, Chang YH. Fracture
resistance and failure modes of CEREC endo-crowns and
conventional post and core-supported CEREC crowns.
J Dent Sci. 2009;4(3):110-117. doi:10.1016/S1991-
7902(09)60016-7.

Asmussen E, Peutzfeldt A, Sahafi A. Finite element analy-
sis of stresses in endodontically treated, dowel-restored

10.

11.

12.

13.

14.

16.

17.

18.

(3903)

teeth. J Prosthet Dent. 2005;94(4):321-329. doi:10.1016/j.
prosdent.2005.07.003.

Dietschi D, Duc O, Krejci I, Sadan A. Biomechanical
considerations for the restoration of endodontically
treated teeth: a systematic review of the literature, Part
II (Evaluation of fatigue behavior, interfaces, and in vivo
studies). Quintessence Int (Berl). 2008;39(2):117-129.
http://www.ncbi.nlm.nih.gov/pubmed/18560650.

Ma PS, Nicholls JI, Junge T, Phillips KM. Load fatigue
of teeth with different ferrule lengths, restored with fiber
posts, composite resin cores, and all-ceramic crowns. J
Prosthet Dent. 2009;102(4):229-234. doi:10.1016/S0022-
3913(09)60159-1.

Zarow M, Devoto W, Saracinelli M. Reconstruction of
endodontically treated posterior teeth--with or without
post? Guidelines for the dental practitioner. Eur J Esthet
Dent. 2009;4(4):312-327.

Hirschfeld Z, Stern N. Post and core???the biome-
chanical aspect. Aust Dent J. 1972;17(6):467-468.
doi:10.1111/7.1834-7819.1972.tb04979 .x.

Stern N, Hirshfeld Z. Principles of preparing endodontically
treated teeth for dowel and core restorations. J
Prosthet Dent. 1973;30(2):162-165. doi:10.1016/0022-
3913(73)90051-6.

Guzy GE, Nicholls JI. In vitro comparison of intact
endodontically treated teeth with and without endo-post
reinforcement. J Prosthet Dent. 1979;42(1):39-44.

Zamin C, Silva-Sousa YTC,Souza-Gabriel AE,Messias DF,
Sousa-Neto MD. Fracture susceptibility of endodontically
treated teeth. Dent Traumatol. 2012;28(4):282-286.
doi:10.1111/j.1600-9657.2011.01087 x.

Assif D, Gorfil C. Biomechanical considerations in

restoring endodontically treated teeth. J Prosthet Dent.
1994;71(6):565-567. doi:10.1016/0022-3913(94)90438-3.

. Soares CJ, Santana FR, Silva NR, Preira JC, Pereira CA.

Influence of the Endodontic Treatment on Mechanical
Properties of Root Dentin. J Endod. 2007;33(5):603-606.
doi:10.1016/j.joen.2007.01.016.

McLean A. Predictably restoring endodontically treated
teeth. J Can Dent Assoc. 1998;64(11):782-787.

Pissis P. Fabrication of a metal-free ceramic restoration
utilizingthemonobloctechnique. Pract Periodontics Aesthet
Dent. 1995;7(5):83-94. doi:10.1055/s-2004-815600.

Otto T. Computer-aided direct all-ceramic crowns:
preliminary 1-year results of a prospective clinical study.
Int J Periodontics Restorative Dent. 2004;24(5):446-455.
http://www.ncbi.nlm.nih.gov/pubmed/15506025.



(3904)

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

E.D.J. Vol. 63, No. 4

Toksavul S, Toman M. A short-term clinical evaluation of
IPS Empress 2 crowns. Int J Prosthodont.2007;20(2):168-
172.

D’Arcangelo C, Vanini L, Rondoni GD, De Angelis F. Wear
properties of dental ceramics and porcelains compared
with human enamel. J Prosthet Dent. 2016;115(3):350-
355. doi:10.1016/j.prosdent.2015.09.010.

De Backer H, Van Maele G, De Moor N, Van den Berghe
L, De Boever J. An 18-year retrospective survival study
of full crowns with or without posts. Int J Prosthodont.
2005;19(2):136-142.

Balkenhol M, Wostmann B, Rein C, Ferger P. Survival
time of cast post and cores: A 10-year retrospective study. J
Dent.2007;35(1):50-58. doi:10.1016/j.jdent.2006.04.004.

Cheung W. A review of the management of endodontically
treated teeth. J Am Dent Assoc. 2005;136(5):611-619.
doi:10.14219/jada.archive.2005.0232.

Tsesis I, Rosenberg E, Faivishevsky V, Kfir A, Katz M,
Rosen E. Prevalence and Associated Periodontal Status
of Teeth with Root Perforation: A Retrospective Study of
2,002 Patients’ Medical Records. J Endod.2010;36(5):797-
800. doi:10.1016/j.joen.2010.02.012.

Bindl A, Richter B, Mormann WH. Survival of ceramic com-
puter-aided design/manufacturing crowns bonded to prepara-
tions with reduced macroretention geometry. J Prosthet Dent.
2006;95(1):81. doi:10.1016/j.prosdent. 2005.09.002.

Biacchi GR, Mello B, Basting RT. The endocrown: An
alternative approach for restoring extensively damaged
molars. J Esthet Restor Dent. 2013;25(6):383-390.
doi:10.1111/jerd.12065.

Bernhart J, Brduning a, Altenburger MJ, Wrbas KT.
Cerec3D endocrowns--two-year clinical examination of
CAD/CAM crowns for restoring endodontically treated

molars. Int J Comput Dent. 2010;13(2):141-154.
Dejak B, Mtotkowski A, Langot C. Three-dimensional

finite element analysis of molars with thin-walled
prosthetic crowns made of various materials. Dent Mater.
2012;28(4):433- 441. doi:10.1016/j.dental.2011.11.019.

Ramos Verri F, Santiago Junior JF, de Faria Almeida DA,
et al. Biomechanical influence of crown-to-implant ratio
on stress distribution over internal hexagon short implant:
3-D finite element analysis with statistical test. J Biomech.
2015;48(1):138-145.doi:10.1016/j.jbiomech.2014.10.021.

Magne P, Douglas WH. Additive contour of porcelain
veneers: a key element in enamel preservation, adhesion,
and esthetics for aging dentition. J Adhes Dent.
1999;1(1):81-92.

Ahmad Khaled Aboel-Fadl and Mostafa Adelel-Desoky

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Ree M, Schwartz RS. The Endo-Restorative Interface:
Current Concepts. Dent Clin North Am. 2010;54(2):345-
374.doi:10.1016/j.cden.2009.12.005.

Biacchi G, Basting R. Comparison of Fracture Strength of
Endocrowns and Glass Fiber Post-Retained Conventional
Crowns. Oper Dent.2012;37(2):130-136. doi:10.2341/11-
105-L.

Farah JW, Craig RG, Sikarskie DL. Photoelastic and
finite element stress analysis of a restored axisymmetric
first molar. J Biomech. 1973;6(5). doi:10.1016/0021-
9290(73)90009-2.

L, Reichart
Distribution Around a Dental Implant at Different Stages
of Interface Development. J Dent Res. 1983;62(2):155-
159. doi:10.1177/00220345830620021401.

DeHoff PH, Anusavice KJ, Gotzen N. Viscoelastic
finite element analysis of an all-ceramic fixed partial
denture. J Biomech. 2006;39(1):40-48. doi:10.1016/j.
jbiomech.2004.11.007.

Wu T, Liao W, Dai N, Tang C. Design of a custom
angled abutment for dental implants using computer-

Borchers P. Three-dimensional Stress

aided design and nonlinear finite element analysis.
J  Biomech. 2010;43(10):1941-1946. doi:10.1016/j.
jbiomech.2010.03.017.

Kohorst P, Herzog TJ, Borchers L, Stiesch-Scholz M.
Load-bearing capacity of all-ceramic posterior four-unit
fixed partial dentures with different zirconia frameworks.
Eur J Oral Sci. 2007;115(2):161-166. doi:10.1111/j.1600-
0722.2007.00429 x.

Rekow ED, Harsono M, Janal M, Thompson VP, Zhang
G. Factorial analysis of variables influencing stress in
all-ceramic crowns. Dent Mater. 2006;22(2):125-132.
doi:10.1016/j.dental.2005.04.010.

Wimmer T, Erdelt KJ, Raith S, Schneider JM, Stawarczyk
B, Beuer F. Effects of Differing Thickness
Mechanical Properties of Cement on the Stress Levels and

and

Distributions in a Three-Unit Zirconia Fixed Prosthesis by
FEA. J Prosthodont. 2014;23(5):358-366. doi:10.1111/
jopr.12125.

Wang G, Zhang S, Bian C, Kong H. Verification of
finite element analysis of fixed partial denture with in
vitro electronic strain measurement. J Prosthodont Res.
2016;60(1):29-35. doi:10.1016/j.jpor.2015.08.003.

Ausiello P, Rengo S, Davidson CL, Watts DC. Stress

distributions in adhesively cemented ceramic and
resin-composite class II inlay restorations: A 3D-FEA
study. Dent Mater. 2004;20(9):862-872. doi:10.1016/j.

dental.2004.05.001.



INFLUENCE OF ENDOCROWN PULPAL EXTENSION ON STRESS DISTRIBUTION

42.

43.

44.

45.

46.

47.

48.

49.

Shaw AM, Sameshima GT, Vu H V. Mechanical stress
generated by orthodontic forces on apical root cementum:
A finite element model. Orthod Craniofacial Res.
2004;7(2):98-107.doi:10.1111/j.1601-6343.2004.00285 x.

Borcic J, Anic I, Smojver I, Catic A, Miletic I, Ribaric
SP. 3D finite element model and cervical lesion
formation in normal occlusion and in malocclusion. J
Oral Rehabil. 2005; 32(7):504-510. doi:10.1111/j.1365-
2842.2005.01455 x.

Gao Y, Peters OA, Wu H, Zhou X. An Application Frame-
work of Three-dimensional Reconstruction and Measure-
ment for Endodontic Research. J Endod. 2009;35(2):269-
274.doi:10.1016/j.joen.2008.11.011.

Rodrigues FP, Li J, Silikas N, Ballester RY, Watts DC.
Sequential software processing of micro-XCT dental-
images for 3D-FE analysis. Dent Mater. 2009;25(6).
doi:10.1016/j.dental.2009.02.007.

Rodrigues M de P, Soares PBF, Valdivia ADCM, et al.
Patient-specific Finite Element Analysis of Fiber Post
and Ferrule Design. J Endod. 2017;43(9):1539-1544.
doi:10.1016/j.joen.2017.04.024.

Lee K-S, Shin S-W, Lee S-P, Kim J-E, Kim J-H, Lee J-Y.
Comparative Evaluation of a Four-Implant—Supported
Polyetherketoneketone Framework Prosthesis: A Three-
Dimensional Finite Element Analysis Based on Cone Beam
Computed Tomography and Computer-Aided Design. Int J
Prosthodont. 2017;30(6):581-585. doi:10.11607/ijp.5369.

Lin CL, Chang YH, Chang CY, Pai CA, Huang SF. Finite
element and Weibull analyses to estimate failure risks in the
ceramic endocrown and classical crown for endodontically
treated maxillary premolar. Eur J Oral Sci.2010;118(1):87-
93.doi:10.1111/j.1600-0722.2009.00704 x.

Mormann WH, Bindl a, Liithy H, Rathke a. Effects of

preparation and luting system on all-ceramic computer-

50.

51.

52.

53.

54.

55.

56.

(3905)

generated crowns. Int J Prosthodont. 1998;11(4):333-339.
http://www.ncbi.nlm.nih.gov/pubmed/9758997.

M, Effect
of Preparation Depth on the Marginal and Internal

Gaintantzopoulou El-Damanhoury H.
Adaptation of Computer-aided Design/Computer-assisted
Manufacture Endocrowns. Oper Dent. 2016;41(6):607-
616.doi:10.2341/15-146-L.

Gulec L, Ulusoy N. Effect of Endocrown Restorations
with Different CAD/CAM Materials: 3D Finite Element
and Weibull Analyses. Biomed Res Int. 2017;2017.
doi:10.1155/2017/5638683.

Zaazou M, El-anwar M, El-zawahry M, Elnaga MA, Mate-
rials D. The Effect of Post Materials on stress Distribution
on Endodontically Treated Lower first premolar : Finite
Element Analysis study. 2012;6(12):492-498.

El-Anwar MI, Fawzy UM, Mohamad H a., Tamam R
a., Yousief S a. Effect of different abutment materials of
implant on stress distribution using three-dimensional
finite element analysis. Med Res J. 2013;12(2):115-123.
doi:10.1097/01.MJX.0000437958.81125.99.

Rocca GT, Daher R, Saratti CM, et al. Restoration of
severely damaged endodontically treated premolars. The
influence of the endo-core length on marginal integrity and
fatigue resistance of lithium disilicate CAD-CAM ceramic
endocrowns. J Dent. 2017;(October):1-10. doi:10.1016/J.
JDENT.2017.10.011.

Giannini M, Soares CJ, De Carvalho RM. Ultimate tensile
strength of tooth structures. Dent Mater. 2004;20(4):322-
329. doi:10.1016/S0109-5641(03)00110-6.

Toparli M, Koksal NS. Hardness and yield strength of den-
tin from simulated nano-indentation tests. Comput Meth-
ods Programs Biomed.2005;77(3):253-257.d0i:10.1016/j.
cmpb.2004.11.003.



