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Clinical ~ experience  and
evidence-based dentistry sug-

gest  that  endodontically
treated teeth should be
restored ~ with  complete

crowns, which rely on extrac-
oronal retention to protect the
residual tooth structure.*” If
the coronal portion of the
tooth is severely damaged and
a complete crown lacks reten-
tion, restorations that mainly
rely on intraradicular reten-
tion, such as a post-and-core
and crown, are recom-
mended. Previous studies have
shown that molars restored
with complete crowns or post-
and-cores and crowns have
satisfactory long-term survival
rates.** The smaller crowns
and pulp chambers of pre-
molars result in weaker reten-

tion of foundation restorations after tooth preparation for
a complete crown.” Therefore, an endodontically treated
premolar should usually be restored using a post-and-
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.®”

ABSTRACT

Statement of problem. How tooth preparation and material type affect the stress distribution of
endodontically treated teeth restored with endocrowns remains unclear.

Purpose. The purpose of this finite element (FE) study was to determine the influence of the
quantity of remaining dental tissues and material type on stress distribution in endodontically
treated maxillary premolars using 3-dimensional FE analysis.

Material and methods. Five 3-dimensional FE models were constructed on the basis of the
restorative methods used and the quantity of preserved tooth tissues: a sound maxillary
premolar, an endodontically treated maxillary premolar restored with composite resin, and
endodontically treated maxillary premolars restored with endocrowns with thicknesses of 1.0
mm, 2.0 mm, and 3.0 mm. The following endocrown materials were used: Paradigm MZ100, IPS
Empress, IPS e.max CAD, and In-Ceram Zirconia. Stress distributions were analyzed under vertical
and oblique loads.

Results. As the quantity of preserved dental tissues increased, the von Mises stress in dentin
decreased, and the peak von Mises strain value of the cement layer increased. When the elastic
modulus of the endocrown material increased, the von Mises stress in endocrown and dentin
increased, and the peak von Mises strain value of the cement layer decreased.

Conclusions. Although the conservative preparation of teeth for endocrowns is likely to protect the
residual tooth structure, it may cause future cohesive bonding failure. An increase in the elastic
modulus of the material may benefit the durability of bonding between the endocrown and the
abutment tooth; however, it may cause fracture of the residual tooth structure. (J Prosthet Dent
2017;117:646-655)

An endocrown is a restoration comprising a crown
and a central retainer in the pulp chamber.® With the
development of bonding techniques, improved restor-
ative materials, and computer-aided design and
computer-aided manufacturing (CAD-CAM), endo-
crowns can now provide sufficient stability and retention
and can resist fracture under normal masticatory forces.”
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Clinical Implications

An endocrown is a feasible approach for restoring
endodontically treated maxillary premolars when
the shoulder finish line of the restoration is above
the cementoenamel junction and conservative
treatment is recommended in tooth preparation.
Materials with an elastic modulus similar to that of
enamel are suitable for fabricating endocrowns.

Clinical studies reported no significant difference in
survival rates between the molars restored with endo-
crowns versus those restored with traditional tech-
niques.'” However, the clinical performance of
endocrown-restored premolars is inferior to that of mo-
lars 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 endo-
crowns, their stress distributions must be analyzed,
particularly in terms of the pattern of strain distribution in
the cement layer. Previous studies have suggested that
the restorative methods used and the quantity of
remaining tooth structure influence the fracture resis-
tance of premolars restored with composite resin or
complete crowns.">'® To date, little information is
available on the influence of the height of the dentin wall
around the pulp chamber on the stress distribution of
endocrown-restored premolars. Additionally, a range of
new materials, with elastic moduli ranging from 10 GPa
to 250 GPa4, is currently available. The restorative material
type has been reported to affect the fatigue resistance
and microleakage of restored premolars.'®'® However,
the influence of the elastic modulus of the material on
stress distributions in endocrown-restored teeth remains
unclear. As finite element (FE) analysis is widely used in
dental biomechanical studies,'®*° the purpose of the
present study was to evaluate the influence of clinical and
anatomic factors on stress distribution in maxillary pre-
molars using FE analysis.

MATERIAL AND METHODS

Five individual FE models were created (Fig. 1A). Model
S comprised a sound maxillary premolar and acted as the
negative control. Model R comprised an endodontically
treated maxillary premolar (ETP) restored with composite
resin and acted as the positive control. Models E1, E2,
and E3 comprised an ETP restored with endocrowns with
thicknesses of 1.0 mm, 2.0 mm, and 3.0 mm.

An intact maxillary premolar extracted for orthodontic
reasons was scanned using microcomputed tomography
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(eXplore Locus SP; GE Healthcare). The obtained data
were converted to Digital Imaging and Communications
in Medicine (DICOM) format and imported into an
interactive medical image control system (Mimics 15.0;
Materialise). Point clouds were divided into 3 portions
(the enamel, dentin, and pulp) according to different
pixel densities. The contour of each portion was gener-
ated using software (Geomagic Studio; Geomagic Inc). A
3-dimensional solid model was then reconstructed with
computer-aided design software (CATIA V5R20; Das-
sault Systemes). A 10x14x16 mm cuboid was generated
to represent the alveolar bone and was connected to the
model by a 0.2 mm thick periodontal ligament. The
reconstructed model was imported into FE software
(Ansys, v16.0; Swanson Analysis Inc) and was considered
as model S, the negative control.

To simulate an ETP restored with composite resin,
model R was created as follows. The pulp in model S was
divided into 2 portions by a horizontal plane placed at the
lowest point of the cementoenamel junction (CEJ). The
pulp in the root canal was replaced by gutta percha and a
0.5 mm flowable resin; composite resin (Filtek P60; 3M
ESPE) was used to fill the pulp chamber and the access
cavity, which was covered with a 0.12 mm adhesive layer.

The influence of the quantity of remaining dental
tissues on the stress distribution in ETPs that had been
restored with endocrowns was investigated with 3 FE
models with different endocrown thicknesses. The total
height (H) of the endocrown was defined as the vertical
distance between the highest point of the buccal cusp
and the lowest point of the intaglio of the endocrown
located in the horizontal plane at the lowest point of the
CE] on the buccal side; therefore, the total height of
the endocrown was fixed at 9.0 mm. The thickness (T) of
the endocrown was defined as the vertical distance be-
tween the lowest point of the occlusal grooves and the
horizontal plane at the highest point of the central
retainer. The vertical distance between the lowest point
of the occlusal grooves and the horizontal plane at the
highest point of the CE]J on the distal side was about 3.0
mm. Three FE models were created (Fig. 1B): model E1
with an endocrown thickness of 1.0 mm (T1) and height
of 5.5 mm, model E2 with a thickness of 2.0 mm (T2)
with more tooth structure removed, and model E3 with a
thickness of 3.0 mm (T3) and the shoulder finish line at
the CEJ.

The luting material was a resin-based cement (Mul-
tilink Automix; Ivoclar Vivadent AG), and its thickness
was 0.12 mm. As the bond strength between the luting
material and enamel differs from that between the luting
material and dentin, the risk of cementing failure be-
tween cement—enamel and cement-dentin may be
different. Thus, the cement layer was subdivided into 2
portions: the portion between the endocrown and the
enamel and the portion between the endocrown and
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Endocrown 2 mm Endocrown 3 mm

Figure 1. A, Finite element models of models S, R, E1, E2, and E3. B, Endocrown thicknesses for models E1, E2, and E3.

dentin. Flowable resin (2 mm thick) was then placed
between the cement layer and the gutta percha. A
lithium disilicate-reinforced glass-ceramic (IPS e.max
CAD; Ivoclar Vivadent AG) was chosen as the endo-
crown material.

To study the influence of the material used for the
endocrown on stress distribution, models E1, E2, and E3
were further analyzed using composite resin (Paradigm
MZ100; 3M ESPE), high-leucite content ceramic (IPS
Empress; Ivoclar Vivadent AG), and zirconia ceramic
(In-Ceram Zirconia; Vita Zahnfabrik). The elastic moduli
of these materials range from 16 GPa to 240 GPa
(Table 1). All models were assumed to have perfect
bonding. The tissues and materials in this study were
considered homogeneous, isotropic, and with linear
elasticity (Table 1).

Because the load direction could influence the stress/
strain distribution of teeth,®“*?> 2 conditions were
considered. In the first, a vertical load of 200 N>33* was
applied to the premolar with an 8 mm diameter stainless
steel ball. The force was decomposed into 2 component
forces and separately applied to the buccal and palatal
cusp incline surfaces; the resultant force was 200 N and
parallel to the long axis of tooth. Second, an oblique load
of 200 N, at 30 degrees to the long axis of the tooth, was
applied to the palatal cusp incline surface. The mesial,
distal, and bottom surfaces of the bone block were fixed
in all directions.

All models were meshed using software (HyperMesh;
Altair Engineering). To control the mesh quality, the in-
dexes, Tetra Collapse and Jacobian, were assessed, and
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Table 1. Material properties®

Material Elastic Modulus (GPa) Poisson Ratio
Enamel®' 84.10 0.33
Dentin?' 18.60 0.31
Pulp®? 0.0068 0.45
Periodontal ligament* 0.07 0.45
Alveolar bone?* 137 0.30
Glass ionomer cement®* 22.00 035
Filtek P60°° 19.70 0.32
Multilink Automix?® 5.00 0.29
Flowable resin®’ 530 0.28
Gutta percha®’ 0.07 0.40
Paradigm MZ100%' 16.00 024
IPS Empress”’ 65.00 0.19
IPS e.max CAD***° 100.00 0.20
In-Ceram Zirconia™ 242.00 0.26

°Filtek P60 restorative system and Paradigm MZ100 mill bloc manufactured by 3M ESPE. IPS
Empress and IPS e.max CAD restorative systems and Multilink Automix luting system
manufactured by Ivoclar Vivadent AG. In-Ceram Zirconia restorative system manufactured

by Vita Zahnfabrik.

the unqualified elements were modified. The data were
reimported into the software (Ansys; Swanson Analysis
Inc). The von Mises stress (VMS) distribution in dental
tissues and restorations and the von Mises strain distri-
bution of the cement layer were analyzed, and the peak
values of the maximum tensile/shear stress in the
different portions of the cement layer were calculated.

RESULTS

The VMS in model S under a vertical load was concen-
trated in the enamel and dentin (Fig. 2). The VMS in the
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Figure 2. Von Mises stress distributions (MPa) in natural tooth and teeth restored with composite resin and endocrowns. A, Enamel. B, C, Dentin. D,
Restoration, and von Mises strain distributions of models E1, E2, and E3. E, Cement layer under vertical load of 200 N.

Table 2. Peak von Mises stress values in enamel, dentin, restoration, and total under vertical and oblique loads (MPa)

Enamel Dentin Restoration Total*
Model Vertical Oblique Vertical Oblique Vertical Oblique Vertical Oblique
S 98.4 152.0 323 76.9 98.4 152.0
R 200.0 226.0 377 815 8238 115.0 200.0 226.0
E1 56.4 148.0 337 70.1 121.0 156.0 121.0 156.0
E2 54.2 140.0 31.1 65.3 113.0 156.0 113.0 156.0
E3 53.1 143.0 304 634 121.0 167.0 121.0 167.0

*Including all dental tissues and restoration.

enamel was concentrated in the loading area, occlusal
fissure, and palatal side of the palatal cusp, while that in
the dentin was concentrated in the region below the
cusps and in the tooth cervix. In model R, the regions
where VMS concentrated in the enamel around the
composite resin were similar to those in model S.
However, the VMS in the dentin was increased in the
cervical area of the tooth. In an ETP restored with an
endocrown (model E1), the VMS was concentrated in the
endocrown and dentin. The VMS in the endocrown was
concentrated in the loading area, the occlusal fissure, and

Zhu et al

the central retainer on the palatal side. The regions of
VMS concentration in the dentin were similar to those in
model S. The von Mises strain in the cement layer was
concentrated at the palatal margin, coronally. With
increasing endocrown thickness (models E2 and E3), the
VMS was increased in the coronal dentin on the palatal
side, and the peak von Mises strain value in the cement
layer decreased from 0.0097 to 0.0046.

Under oblique loads, the peak VMS values increased
in all models (Table 2). Although the regions where VMS
concentrated in the enamel in model S were similar to

THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 3. Von Mises stress distributions (MPa) in natural tooth and teeth restored with composite resin and endocrowns. A, Enamel. B, C, Dentin. D,
Restoration and von Mises strain distributions of models E1, E2, and E3. E, Cement layer under oblique load of 200 N.

Table 3. Peak values of maximum tensile stress, maximum shear stress, ultimate tensile strength, and ultimate shear strength at cement-enamel
interface, cement-dentin interface, and cement—endocrown interface under vertical and oblique loads (MPa)

Cement-Enamel

Cement-Dentin

Cement-Endocrown

Vertical

Oblique Vertical Oblique Vertical Oblique
Model MTS MSS MTS MSS MTS MSS MTS MSS MTS MsS MTS MSS
E1 8.12 6.71 16.80 10.02 443 3.92 835 9.64 8.08 6.58 21.42 17.69
E2 7.22 6.66 14.58 9.62 443 269 10.16 6.90 11.58 11.90 18.37 11.31
E3 5.77 3.96 13.54 6.56 3.05 2.72 10.42 7.18 3.96 822 13.93 10.41
us 40.00° 37.00° 40.00 37.00 39.20% 29.10° 39.20 29.10 22.40%° 27.70% 22.40 27.70

MTS, maximum tensile stress; MSS, maximum shear stress; US, ultimate strength. ?Information from “Micro-tensile bond strength of four luting resins to human enamel and dentin” (2011).

®Information provided by manufacturer.

those under a vertical load, the VMS in the dentin was
concentrated in the cervical third and middle third of the
root, rather than in the cervical region (Fig. 3). In model
R, the same trend of stress transfer was also observed.
The VMS distribution pattern in model E1 was similar to
those in model S and model R, and the von Mises strain
in the cement layer concentrated at the palatal margin,
coronally. With increasing endocrown thickness (models
E2 and E3), the VMS increased in the coronal dentin on
the palatal side. Peak von Mises strain values in the
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cement layer (0.0148 in model E1, 0.0141 in model E2,
and 0.0088 in model E3) decreased gradually. The
maximum tensile stress and maximum shear stress of all
interfaces were below the ultimate tensile strength and
ultimate shear strength of the corresponding interfaces
under vertical and oblique loads (Table 3).

When lithium disilicate was used as endocrown mate-
rial, the VMS in model E1 was concentrated in the enamel,
dentin, and endocrown under an oblique load (Fig. 4).
When using composite resin or leucite ceramic, which have

Zhu et al
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Figure 4. Von Mises stress distributions (MPa) in models E1, E2, and E3 in total under oblique load of 200 N.

a lower elastic modulus, the VMS remained concentrated
in these parts but increased in the enamel (Fig. 5) and
decreased both in the central retainer (Fig. 6) and in the
dentin near the end of the central retainer on the palatal
side (Fig. 7). Furthermore, the peak von Mises strain value
in the cement layer increased from 0.0148 to 0.0268. The
same variation could be observed in models E2 and E3.

When the zirconia ceramic, which has a much higher
elastic modulus (242 GPa), was used as the endocrown
material instead of lithium disilicate, the regions of VMS
concentration did not change (Fig. 4). However, the VMS
in the enamel decreased (Fig. 5), and the VMS in the
central retainer (Fig. 6) and in the dentin near the end of
the central retainer on the palatal side (Fig. 7) increased.
With an increase in the endocrown material’s elastic
modulus, the peak von Mises strain value in the cement
layer decreased from 0.0148 to 0.0134. The same varia-
tion could be observed in models E2 and E3.

DISCUSSION

According to the present study, the VMS distribution in
the maxillary premolar restored with composite resin was
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more uneven than that in the natural premolar, which
was in accordance with an earlier study.'” If the ETP was
restored with an endocrown, the pattern of VMS distri-
bution was similar to that found in a natural maxillary
premolar. A previous study showed that failure of
cohesive bonding was the main reason for failure in
endocrown-restored teeth.'” The present study demon-
strated that, when the ETP was restored with an endo-
crown made of lithium disilicate-reinforced glass ceramic,
the maximum tensile stress and maximum shear stress of
all interfaces were below the ultimate tensile strength
and ultimate shear strength of the corresponding in-
terfaces. Consequently, such an endocrown allowed
reliable restoration of ETP from a biomechanical
perspective. When the load direction changed from ver-
tical to oblique, the VMS in the natural tooth and
restored teeth increased markedly, which implies that
premolars subjected to an oblique load were more at risk
of fracture. This finding was confirmed by a previous
study.*?

In this study, 3 different endocrown thicknesses were
used to study the influence of the quantity of
preserved dental tissues on the stress distributions in

THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 5. Von Mises stress distributions (MPa) in models E1, E2, and E3 in enamel under oblique load of 200 N.
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Figure 6. Von Mises stress distributions (MPa) in models E1, E2, and E3 in endocrown under oblique load of 200 N.
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Figure 7. Von Mises stress distributions (MPa) in models E1, E2, and E3 in dentin under oblique load of 200 N.

endocrown-restored maxillary premolars. When more
dental tissues were preserved during tooth preparation
for an endocrown, the thickness of the endocrown
decreased, and the peak von Mises strain value in the
cement layer increased. Consequently, the endocrown
may be more easily dislodged at a future stage. However,
with the decrease in the endocrown thickness, the VMS
in the coronal dentin on the palatal side decreased, which
would reduce the risk of future tooth fracture. Compared
with failure of cohesive bonding, tooth fracture is more
catastrophic. On the basis of these results, conservative
treatment in tooth preparation for an endocrown is rec-
ommended. Importantly, if too much dental tissue is
removed and the shoulder finish line of the endocrown is
completely below the CE]J after tooth preparation, the use
of an endocrown may not be suitable because of the
increased risk of tooth fracture and the decreased
retention of the endocrown. In such a situation, restoring
the ETP with a post-and-core and crown would be more
suitable.

In this study, the influence of material type on the
stress distributions of endocrown-restored maxillary
premolars was also investigated. Lithium disilicate-
reinforced glass ceramic, which has a slightly higher

Zhu et al

elastic modulus than enamel (100 GPa versus 84 GPa), is
commonly used for indirect restorations such as inlays,
complete crowns, and endocrowns. According to the
results, when the endocrown was made of zirconia-based
ceramic, with an elastic modulus (about 240 GPa) much
higher than that of enamel, the deformation under the
same load condition was markedly smaller compared
with that of an endocrown made of lithium disilicate-
reinforced glass ceramic. Thus, the peak von Mises strain
value in the cement layer decreased, implying that the
use of a high elastic modulus material benefits bonding.
However, with the increase in the elastic modulus of the
material, the VMS tended to be transferred to the re-
sidual tooth structure, perhaps increasing the risk of
future tooth fracture.

High-leucite content ceramic is also frequently used
in dentistry. As its elastic modulus is notably lower
than that of lithium disilicate-reinforced glass ceramic
(65 GPa versus 100 GPa), endocrowns made of high-
leucite content ceramic could dissipate more energy
through deformation under the same load condition.
Consequently, the area in which VMS is concentrated
in the dentin near the end of the central retainer on
the palatal side decreases, thereby reducing the risk of
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tooth fracture. Compared with high leucite content
ceramic, the composite resin block has an even lower
elastic modulus (16 GPa versus 65 GPa) and may lead
to a higher long-term survival rate of endocrown-
restored maxillary premolars. Previous studies also
reported that teeth restored with overlay-type resto-
rations made of composite resin demonstrated better
fatigue resistance compared with those made of
porcelain.'®'”

Although the VMS is less concentrated in the
dentin, the peak value of maximum tensile stress at the
cement-endocrown interface would exceed the ultimate
tensile strength under an oblique load, indicating that
interface fracture would occur between the cement
layer and the endocrown. One in vitro study also
concluded that more microleakage may be expected if
the endocrown is made of resin nanoceramic mate-
rial.'® Taken together, these findings indicate that
choosing an endocrown material with an elastic
modulus similar to that of enamel may not only help
to keep the remaining tooth intact but may also benefit
the bonding effect.

This study simulated a 200 N force applied to a pre-
molar with a stainless steel ball of 8 mm in diameter in
different directions, as this simulated mastication. Addi-
tionally, high-quality elements were obtained using
HyperMesh software. The present study only analyzed
the stress distribution under a static load. However, teeth
are subjected to fatigue load in an oral environment.
Because the fatigue strength of the cement layer is
significantly lower than its ultimate strength, the resto-
ration is more easily dislodged under a fatigue load.
Therefore, further studies under fatigue analysis are
indicated.

CONCLUSIONS

Within the limitations of this FE study, the following
conclusions were drawn:

1. Although using conservative treatment when pre-
paring a tooth for an endocrown may protect the
residual tooth structure, it may cause future cohe-
sive bonding failure.

2. An increase in the elastic modulus of the material
may benefit the durability of bonding between the
endocrown and the abutting tooth; however, it may
cause fracture of the residual tooth structure.
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