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Computer-aided chamber lateral walls (PCLWs) affects fracture resistance in endocrown-restored teeth.
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Endodontically N2, N3, and N4, the numbers of missing PCLWs in prepared teeth were one (N1), two (N2),
treated teeth; three (N3), and four (N4). All restored teeth were subjected to axial loading until fracture us-
Fracture resistance ing a universal testing machine. The mean fracture loads were recorded and compared by one-

way analysis of variance; the fractured samples were observed under a stereo microscope.
Results: The results showed no statistically significant differences in fracture load among
groups T1, T2, and T3 (P > 0.05). Although the fracture loads gradually decreased as the num-
ber of missing PCLWs increased, there were no statistically significant differences in fracture
load among groups C, N1, N2, and N3, and N4 (P > 0.05).
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Conclusion: Both thickness and remaining number of PCLW does not affect fracture resistance
in endodontically treated molars restored with nanoceramic endocrowns.

© 2025 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

The rehabilitation of endodontically treated teeth with
massive coronal loss remains challenging for clinicians.
Complete crowns, which mainly rely on extracoronal
retention, are regarded as conventional restorations.’ For
endodontically treated teeth that cannot provide the
retention required by complete crowns, post-retained res-
torations relying on extracoronal and intraradicular re-
tentions are recommended.?® Advances in adhesive
technologies and ceramic materials have enabled endo-
crowns to serve as restorations for such teeth in recent
years, particularly in situations where the occlusal-gingival
distance is limited or there is insufficient space for post
placement in a root canal. Previous in vitro studies showed
similar fracture resistances among endodontically treated
teeth restored with endocrowns and conventional
restorations.”” In clinical studies, endocrown-restored
molars exhibited an acceptable survival rate.® ' There-
fore, the restoration of endodontically treated molars
(ETMs) with endocrowns constitutes a conservative
approach.

Fracture resistance in endocrown-restored teeth could
be affected by various factors, such as the tooth site, the
design of the restoration, the elastic moduli of the restor-
ative materials and bonding system, and the extent of
remaining dental hard tissue.''~'* The extent of remaining
dental hard tissue can be subdivided into three factors:
height of the pulp-chamber lateral wall (PCLW), thickness
of the PCLW, and number of remaining PCLWs surrounding
the endocrowns. Several studies have investigated the ef-
fects of PCLW height on the biomechanical behavior of
restored teeth;"""'*"> however, there is limited information
regarding the relationship between PCLW thickness and
fracture resistance. Although Zhu et al.”®> examined the
effect of PCLW thickness on stress distribution and failure
probability among endocrown-restored molars, their anal-
ysis solely comprised numerical simulation. In addition to
PCLW thickness, the number of PCLWs can also affect
fracture resistance in restored teeth. Demachkia et al.
studied the effects of the number of remaining PCLWs on
fatigue resistance in endocrown-restored premolars using
various restorative materials.'® However, the mechanical
characteristics of restored ETMs may differ from those of
endocrown-restored premolars because both the anatom-
ical characteristics and height-width ratio between molars
and premolars are considerably different. Thus far, few
studies have explored the effect of the number of
remaining PCLWs on fracture resistance in endocrown-
restored molars.

Although endocrowns are widely used, their indications
and preparation criteria remain controversial. Thus, there
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is a need to explore the relationships of PCLW thickness and
number with the biomechanical behaviors of restored
teeth. ETMs restored with nanoceramic endocrowns have
demonstrated favorable clinical performances and fracture
patterns.’”'® The present study explored the effects of
PCLW thickness and number on fracture resistance in ETMs
restored with nanoceramic endocrowns, with the following
null hypothesis: both PCLW thickness and number do not
affect fracture resistance in ETMs restored with nano-
ceramic endocrowns.

Materials and methods

In total, 64 mandibular molars freshly extracted were
selected. A stereo microscope was used to confirm that all
teeth were free of caries and cracks. They were randomly
divided into eight groups (n = 8). In group C (control
group), the teeth were untreated. In groups T1, T2, and T3,
the teeth were subjected to endodontic treatment and
restoration with nanoceramic endocrowns exhibiting
different PCLW thicknesses (T1: 0.5 mm, T2: 1.0 mm, and
T3: 1.5 mm). In groups N1, N2, N3, and N4, the numbers of
missing PCLWs in the prepared ETMs were one (N1), two
(N2), three (N3), and four (N4).

Endodontic procedures

All procedures were performed by the same clinician who
had 3-year experience in clinical work. Among the 64
mandibular molars, eight were untreated; the remaining
56 M were horizontally transected at 3 mm above the
cementoenamel junction (CEJ). K-files were used to
explore and negotiate the root canals. Root canal prepa-
rations were performed with M3 nickel-titanium files
(United Dental, Shanghai, China) using a crown-down
technique; irrigation was conducted with 2.5% NaOCL.
Next, the root canals were obturated with gutta-percha
cones (Dentsply, Milford, DE, USA) and root canal sealer (AH
Plus; Dentsply) using a thermoplastic gutta-percha tech-
nique. Filtek Z350 XT flowable composite resin (3M ESPE,
Saint Paul, MN, USA) was used to fill the orifices, as well as
concave regions on the sidewalls.

Endocrown preparation

After endodontic treatment, irregular regions of the pulp
chamber floor in each ETM were relined with AP-X com-
posite resin (Kuraray, Osaka, Japan) to maintain PCLW
height (H) at 5 mm (Fig. 1). In this study, PCLW thickness (T)
was defined as the width at the coronal surface of an ETM.
As shown in Fig. 2a, ETMs in group T1 were prepared as


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z. Li, J.-X. Zhu, Y.-X. Xu et al.

Figure 1  Schematic diagram of PCLW height and thickness in
endocrown-restored molars.

follows. Dental diamond burs (TF-22; Mani Inc., Tokyo,
Japan) were used to uniformly remove inner lateral
dentinal walls around the pulp chamber until the PCLW
thickness reached 0.5 mm. ETMs in groups T2 and T3 were
prepared in a manner similar to ETMs in group T1, except
that the PCLW thicknesses were 1.0 mm in group T2 and
1.5 mm in group T3 (Fig. 2b and c).

Among groups N1, N2, N3, and N4, prepared ETMs solely
differed according to the number of missing PCLWs. In
group N1, ETMs were prepared as described for ETMs in
group T1, except that one interproximal wall above the CEJ
was completely removed; this led to a PCLW height of 2 mm
on the defect side and a height of 5 mm on each of the
remaining three non-defect sides (Fig. 3a). In group N2, the
mesial and distal PCLWs above the CEJ were both removed
(Fig. 3b). In group N3, the mesial, distal, and buccal PCLWs
above the CEJ were removed (Fig. 3c). In group N4, all
PCLWs above the CEJ were removed (Fig. 3d).

Endocrown fabrication

The biomechanical behavior of a tooth can be greatly
affected by occlusal contacts.’® To ensure consistency in
the location and contact area of applied loads, all prepared
samples were scanned with 3Shape TRIOS 2 (3Shape,
Copenhagen, Denmark). An endocrown made of nano-
ceramic (Upcera, Shenzhen, China) was generated via
computer-aided design and computer-aided manufacturing
based on a prepared sample; this endocrown was regarded
as the standardized template. The remaining ETMs were
restored with nanoceramic endocrowns exhibiting identical
anatomical morphology.

The nanoceramic endocrowns were polished and ultra-
sonically cleaned. The intaglio surfaces were sandblasted
with 50-um alumina particles (Ronvig, Daugaard, Denmark)
for 10 s, thoroughly cleaned using anhydrous alcohol, and
dried with oil-free air for 30 s 3M universal adhesive (3M
ESPE) was applied to the intaglio surfaces for 20 s. The
intaglio surfaces were then gently dried with oil-free air to
evaporate the solvent.

The tissue surfaces of prepared teeth were etched with
37% phosphoric acid (Dentex, Changchun, China) for 15 s,
thoroughly rinsed with distilled water for 30 s, and gently
dried with oil-free air. Subsequently, the surfaces were
treated with 3M universal adhesive in the manner used for
the intaglio surfaces of endocrowns, then light-cured (Ivo-
clar Vivadent, Liechtenstein, Germany) for 10 s. After RelyX
U200 dual-curing resin cement (3M ESPE) had been applied
to the intaglio surfaces, the endocrowns were properly
seated in the prepared teeth, pre-cured for 1-2 s to
remove excess cement, and finally light-cured on each axial
surface for 20 s.

To simulate the conditions of teeth within the alveolar
bone, the portions of all teeth below the CEJ were
embedded in self-curing acrylic resin (Feiying, Zhengzhou,
China).

Fracture resistance testing

Fracture tests were performed using a universal testing
machine (Intron 5969; Intron, Norwood, MA, USA). Each
sample was placed in the same position each time. A pre-

Figure 2

PCLW thickness in endodontically treated molars after preparation for endocrowns in groups (a) T1, (b) T2, and (c) T3.
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Figure 3

load of 5 N was vertically applied to the occlusal surface
through a 6-mm-diameter stainless steel ball, forming a
stable three-point contact between the loading head and
the tooth (including the distal buccal, mesial lingual, and
distal lingual cusps); the loading head was then loaded at a
speed of 1 mm/min until the tooth fractured, and the
fracture load was recorded in newtons (N).

A stereo microscope (SZ-61 Olympus; Olympus Corpora-
tion, Tokyo, Japan) was used to observe the fracture mode
at 6.7x magnification. Sample fracture patterns were
classified into two types: repairable (cracks extending
above the CEJ) and non-repairable (cracks extending into
the root below the CEJ). The percentage of repairable
fractures (%) was calculated by dividing the number of
restored teeth experienced repairable fractures by the
total number of restored teeth in each group.

Statistical analysis

Statistical analyses of fracture loads were performed using
IBM SPSS software (v26.0; IBM Corporation, Armonk, NY,
USA). The Levene test was used to determine homogeneity
of  variance, whereas the Shapiro—Wilk and
Kolmogorov—Smirnov tests were used to assess whether the
data exhibited a normal distribution. One-way analysis of
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ETMs prepared for endocrowns in groups (a) N1, (b) N2, (c) N3, and (d) N4.

variance was used to analyze intergroup differences. A P-
value of <0.05 was considered statistically significant.

Results

As shown in Table 1, the fracture loads of endocrown-
restored molars did not significantly differ among groups
T1, T2, and T3 (P > 0.05).

As shown in Table 2, the mean fracture load gradually
decreased in the following order: N1, N2, N3, and N4.
Statistical analysis revealed no significant differences in
fracture load among groups C, N1, N2, N3 and N4 (P > 0.05).

As shown in Fig. 4, group C had the highest percentage
(75%) of repairable fractures after fracture resistance
testing. In groups N1 and N2, all fractures were non-
repairable; as the number of missing PCLWs increased,
the percentage of repairable fractures tended to increase
(from approximately 14.3% in group N3 to 25% in group N4).

Discussion

The use of endocrowns is considered an alternative method
for restoring ETMs because of the procedural simplicity and
acceptable survival rate. The effect of PCLW height on the
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Table 1  Fracture loads (mean =+ standard deviation) (in
newtons, N) among groups T1, T2, and T3.

Group Mean + SD

T1 3027.28 + 854.17
T2 3761.74 + 784.14
T3 2889.97 + 1020.43
P-value 0.135

There were no significant differences among Groups T1, T2 and
T3 (P = 0.135).

SD, standard deviation.

Table 2 Fracture loads (mean =+ standard deviation) (in
newtons, N) among groups C, N1, N2, N3, and N4.

Group Mean + SD

C 3069.34 + 939.50
N1 3326.46 + 1062.94
N2 3096.22 + 1135.80
N3 2675.87 + 907.92
N4 2075.27 + 762.38
P-value 0.108

There were no significant differences among Groups C, N1, N2
N3 and N4 (P = 0.108).
SD, standard deviation.
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Groups
Figure 4 Percentages of repairable fractures in groups C, N1,
N2, N3, and N4.

biomechanical performance of endocrown-restored poste-
rior teeth has been explored in several studies.'" "> Pub-
lished literature contains minimal information regarding the
relationship between PCLW thickness and the effectiveness
of tooth restoration. The present study revealed that when
nanoceramic endocrowns were used, restored ETMs with
various PCLW thicknesses exhibited similar fracture resis-
tance. Therefore, the first portion of the null hypoth-
esis—PCLW thickness does not affect fracture resistance in
ETMs restored with nanoceramic endocrowns—is accepted.
Zhu et al. studied the biomechanical behaviors of
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endocrown-restored molars under oblique loads; they found
that stress distributions and failure probabilities were similar
in restored molars with various PCLW thicknesses, regardless
of the restorative materials used.'® This phenomenon can be
explained as follows: compared with the surrounding dental
hard tissue, an endocrown constitutes the majority of the
coronal portion of the restored tooth. The restoration
directly receives the occlusal force and absorbs most of that
force; the remaining force is transmitted to PCLWs around
the endocrowns, along with the root regions below restora-
tions. As dentin around the central retainer is removed, the
PCLW thickness decreases. Although there is a decrease in
the amount of dentin, the extent is considerably smaller than
the total volume of endocrowns; thus, it has a limited effect
on fracture resistance in the repaired tooth. Debonding is a
primary cause of failed repair in endocrown-restored
teeth.”® The present results suggest that the removal of
sclerotic dentin from PCLWs during endocrown preparations
to achieve favorable bonding quality is acceptable because
PCLW thickness does not affect fracture resistance.

Among endocrown-restored posterior teeth with four
intact axial walls, fracture resistance is equal to or better
than fracture resistance in intact teeth.””” The present
study further revealed that, among restored molars with one
proximal wall missing, fracture resistance was similar to the
resistance of intact teeth. This result implies that for ETMs
with MO or DO preparations, the use of endocrown restora-
tions could partially re-establish the biomechanical func-
tion. As the number of missing axial walls increased, the
fracture loads of restored molars with MOD or MODB prepa-
rations tended to decrease. However, there were no signifi-
cant differences in fracture loads among intact molars and
restored molars with MO, DO, MOD, or MODB preparations,
indicating that endocrown-restored molars with various
numbers of missing axial walls have similar fracture resis-
tance characteristics. Demachkia et al. also demonstrated
that the number of remaining axial walls did not affect fa-
tigue resistance in endocrown-restored premolars.'® Thus,
for ETMs with MO, DO, MOD, or MODB preparations related to
trauma, interproximal caries, or tooth preparation, endo-
crowns can be regarded as potential restorations.

The present study also examined fracture resistance in
endocrown-restored molars lacking all four axial walls,
which are equivalent to restored molars with lower PCLW
height. Compared to intact molars and endocrown-restored
molars with one, two and three interproximal wall missing,
the mean value of fracture loads in restored molars with
four interproximal wall missing decreased. However, no
significant differences in fracture load were found among
them, indicating that PCLW height does not influence
fracture resistance in endocrown-restored ETMs. This
finding is consistent with those of previous studies.'" "5 In
addition, the fracture load of endocrown-restored molars
lacking four axial walls was approximately 2000 N according
to our research, which was much higher than the maximum
bite force in the molar region (424—630 N).?° This result
implies that for ETMs with coronal surfaces that approach
the CEJ, endocrowns made of nanoceramic may remain
appropriate restorative prostheses according to their me-
chanical characteristics. Although the present study
considered that PCLW height does not impact the fracture
resistance of endocrown-restored molars, it is still
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necessary to perform minimally invasive preparation to
preserve the maximal amount of dental hard tissues, not
only to retain the strength of residual tooth structure.
Cohesive failure is considered as the main reason for
restoration failure.?' Preserving more healthy dental hard
tissues allows for a larger bond area on prepared ETMs, thus
leading to increased long-term survival rate for molars
restored with endocrowns.

In contrast to the fracture pattern of intact teeth, most
fractures in endocrown-restored teeth were non-
repairable. In the present study, restored molars lacking
one and two interproximal walls all experienced non-
repairable fractures. Intriguingly, the percentage of
repairable fractures gradually increased as the number of
missing axial walls increased. Various factors may
contribute to this phenomenon. In teeth lacking three
PCLWs, the restored molars with MODB preparation did not
exhibit the support of the buccal axial wall. The absence of
the buccal axial wall increased the probability that the
endocrown-restored molars would fracture at the location
above the CEJ on the buccal side, leading to a higher per-
centage of repairable fractures. When the final remaining
PCLW was removed, the rate of repairable fractures further
increased because of the leverage effect. When the molars
were subjected to a vertical load, the axial walls resisted
the horizontal force component; the connection between
the pulp chamber floor and PCLWs below the CEJ served as
the fulcrum. The decrease in PCLW height caused re-
ductions in the lever arm, thereby lowering the probability
of fracture at the connection below the CEJ. Accordingly,
endocrown-restored molars with lower PCLW height are
more likely to experience repairable fractures.

There were some limitations in this study. Firstly, only
nanoceramic was used to fabricate endocrowns; however,
the effect of PCLW thickness and number on fracture
resistance may be different in endocrown-restored teeth
with different materials. Secondly, although teeth in the
oral environment are more likely to fracture because of
fatigue load rather than static load, fatigue load was not
considered in this study. Moreover, the quality of adhesion
between restorations and prepared teeth decreases over
time; the speed of this decrease can be influenced by
factors such as temperature changes, adhesive dissolution,
and microbial degradation. Further studies regarding the
above factors are needed.

Within the limitations of this study, the following con-
clusions can be drawn:

Both thickness and remaining number of PCLW does not
affect fracture resistance in endodontically treated molars
restored with nanoceramic endocrowns.
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