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Fracture resistance of extensive bulk-fill
composite restorations after selective
caries removal

Abstract: This study evaluated the effect of selective carious tissue
removal on the fracture strength and failure mode of composite
restorations in molars presenting only the buccal cusps. Deep
cavities were prepared on the occlusal surface, and the lingual cusps
were removed. Carious lesions in the middle of the pulpal wall
were artificially induced with acetic acid (pH = 4.5) for 35 days. The
demineralized dentin was left intact or was completely removed
prior to restoration with a bulk-fill composite (n = 10). Images of the
specimens were obtained by optical coherence tomography (OCT)
before and after the caries induction/removal. The mechanical
resistance to fracture by axial compressive loading and the failure type
and extension were determined. The pulpal wall/composite interface of
the fractured specimens was analyzed by OCT. The data were analyzed
for significance with t-tests (o = 0.05). The deepest cavities and a more
frequent occurrence of pulpal exposure were observed more often for
non-selective carious tissue removal. The protocol of carious tissue
removal did not affect the fracture strength (p = 0.554). An increased
occurrence of catastrophic failures involving the roots was observed for
non-selective carious tissue removal. Some occurrences of restoration
displacement or cracks throughout the resin-dentin were observed
only for the selective carious tissue approach. Selective carious tissue
removal is a feasible approach to extensively damaged teeth since it
reduced the occurrence of pulpal exposure and root fractures, without
compromising the fracture strength.

Keywords: Dental Caries; Composite Resins; Dental Restoration
Failure; Tomography, Optical Coherence.

Introduction

Caries disease results from dysbiosis associated with shifts of
microbiota in dental biofilms, resulting in increased proportions of
acid-producing and acid tolerating bacteria, and it is primarily driven
by frequent sucrose consumption."??® Therefore, reducing the pH of
dental plaque promotes the demineralization of hard dental tissues,
followed by degradation of the organic matrix, leading to cavitation.* For
a long time, treatment of cavitated caries lesions involved the complete
removal of the demineralized dentin to avoid the progression of the
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lesions and to improve the biomechanical behavior
of the restorations.” However, using this approach
increases the risk of pulp exposure and postoperative
pulpal symptoms when the demineralized dentin
is removed from the pulpal and axial walls of
deep lesions.5”#?

Nowadays, selective caries tissue removal and
maintaining the soft demineralized dentin over the
pulp is recommended for lesions reaching the inner
third or quarter of the dentin.’ The presence of this
outermost softened dentin that is left behind reduces
the risk of pulp damage and arrests progression of
the lesion.678910112131415 Ty contrast to the stepwise
caries removal approach, the demineralized dentin
is maintained under the restorative material because
it might be detrimental to pulpal health to reenter the
cavity to remove the carious tissue until “leathery”
dentin is reached *'>> Moreover, the re-entry procedure
increases the treatment cost, time taken, and the
discomfort to the patient.'®

However, even if partial remineralization of the
demineralized dentin left under the restoration were
to occur,” the possibility of this remaining carious
dentin causing an adverse effect such as reducing the
mechanical properties and affecting the longevity of
the restoration has not yet been elucidated. Indeed,
several clinical trials have evaluated restorations
placed after selective carious tissue removal for short
follow-up periods. In addition to difficulties involved
in evaluating restorations for a long period of time,
it is barely possible to standardize the dimensions
of teeth, cavities, and carious lesions in clinical
studies. Furthermore, all of these factors can affect
the biomechanical behavior of restorations.

In vitro studies assessing the biomechanical
behavior of restorations placed after selective carious
tissue removal have demonstrated conflicting
results. Reduced fracture strength was observed
when occlusal composite restorations were placed
in decayed molars after the selective removal of
carious tissue.”® In contrast, another in vitro study
found no difference for selective and non-selective
removal of carious tissue (artificially induced by an
acid challenge) on the fracture strength of MOD
restorations in premolars.” Similar results were
observed for bulk-fill composite restorations placed
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in MOD cavities prepared in molars with carious
lesions in the pulpal wall, which were artificially
induced by an acid challenge and a microcosm
biofilm model.* In addition to the differences in
the cavity configurations, the various methods
applied for caries induction also could explain the
conflicting results.*?"??

However, although deep carious lesions are usually
observed in extensively damaged teeth, to the best
of our knowledge, no previous study has evaluated
the effect of selective carious removal in molars in
the absence of cusps. Therefore, the present study
aimed to evaluate the effect of selective carious
removal on fracture resistance and the failure mode
of composite restoration in molars presenting only
the buccal cusps. The null hypothesis was that there
would be no difference between the effect of non-
selective and selective carious tissue removal on
fracture resistance.

Methodology

In this ex vivo study, the independent variable was
the protocol of removal (selective or non-selective) of
carious tissue that was induced artificially in human
molars by using an acid solution. The dependent
variable analyzed was fracture resistance as the
primary outcome. A sample size calculation was
determined a priori by assuming a difference in
fracture strength of 30% as significant, a test power of
0.80, a-error probability of 0.05, for two experimental
groups to be subjected to a t-test (SigmaStat v.3.5, Systat
Software Inc., Chicago, USA). A variation coefficient
of 22% was used based on a previous study,” and ten
specimens per experimental condition were required
to meet the criteria above. The distribution of failure
type and extension after the fracture resistance test,
depth of the cavities, and the occurrence of pulpal
exposure were also assessed.

Sound third molars with no cracks were selected,
and based on the size and shape of their crowns, were
allocated to the two experimental conditions in an
endeavor to balance these factors. Digital periapical
radiographs were taken to control the depth of the
cavity preparations. For this purpose, a small segment
of orthodontic steel wire was fixed 1 mm above the
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cementum-enamel junction on the buccal surface of
the specimens, and the radiographic images were
obtained using a 5 mm metal scale to allow the
occlusal-pulpal distance to be measured. The distance
between the steel wire and the pulp chamber roof
was determined using the Image] program (National
Institutes of Health, Bethesda, USA), and a section
was performed parallel to the occlusal surface at
1 mm above the pulp chamber roof distance, using
a diamond disc (Extec, Enfield, USA) mounted in a
cutting machine (Isomet Buehler, Lake Bluff, USA).
A second section was performed perpendicular to
the pulpal floor, maintaining only the buccal cusps.
Further digital periapical radiographs were taken
to ensure that the thickness of the remaining dentin
was about 1 mm (Figure 1).

Before performing the caries induction protocol,
the specimens were removed from the acrylic resin
cylinders and the wax was removed from the root
surfaces. Carious lesions were artificially induced
in the middle of the pulpal wall. For this purpose,
it was previously isolated with wax, and a thin
layer of adhesive (Adper Universal, 3M ESPE, St.
Paul, USA) was applied to the buccal wall and
the peripheral regions of the pulpal wall, and
light-cured for 20 seconds. The external surfaces of
the specimens were covered with nail polish and
the root apexes were closed with composite resin

Figure 1. Periapical radiography used to control the depth
of cavity preparation. Note the orthodontic steel wire (the
more radiolucent object) helping to determine approximately
1 mm of remaining dentin between the occlusal surface and
the pulp chamber roof.

(Filtek Z350, 3M-ESPE, St. Paul, USA). After this,
the specimens were stored in a demineralizing
solution (acetic acid 0.05 M, pH = 4.5) for 35 days.
This time was defined in a preliminary study.! The
demineralizing solution was replaced daily and the
pH of the solution was monitored.

No further procedure was performed for specimens
allocated to the selective carious tissue removal
protocol. An excavator was used to remove the
demineralized softened dentin from the pulpal wall
of the specimens allocated to the non-selective caries
tissue removal protocol. The removal procedure was
performed until only hard and dry dentin remained.
Images of the specimens were obtained by using an
optical coherence tomography (OCT) system (Callisto,
Thorlabs Inc.,, Newton, USA). The system was operated
in the spectral domain using a superluminescent diode
light source at a central wavelength of 930 nm, spectral
bandwidth of 100 nm, and maximum output power
of 3 mW, an axial resolution of 7/5.3 um (air/water), a
lateral resolution of 8 pm, maximum imaging depth of
1.6 mm, and axial scan rate of 1.2 kHz, capturing two
frames per second with a sensitivity of 105 dB.* The
root surfaces were covered with melted wax and the
specimens were inserted into acrylic resin cylinders
(maintaining exposure of the coronal portion) to
facilitate the scanning procedures. Two-dimensional
OCT images were acquired perpendicular to the
occlusal surface with buccal-lingual cross-sections
with a 6 mm transverse scan. This whole system
was controlled by a program that was developed
based on the Labview computational tool (National
Instruments, Austin, USA).

Afterward, the enamel was etched with 37%
phosphoric acid for 30 seconds, rinsed, and air-dried.
The adhesive system (Adper Universal) was applied
and light-cured for 20 s, and the cavities were restored
using a bulk-fill composite resin (Aura Bulk-Fill, SDI,
Victoria, Australia) in a single increment directly
placed on the cavity. The composite light-activation
was performed with two 20 s light-curing procedures
using an LED tip positioned over the occlusal and
lingual faces. An LED-based unit Radii Cal (irradiance
~1,000 mW/cm?; SD], Victoria, Australia) was used for
all of the light-curing procedures. No pulp capping
material was used under the composite despite its
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clinical indication in deep cavities, mainly in the
presence of pulpal exposure. This approach was
chosen to eliminate the effect of the mechanical
properties of pulp capping material on the fracture
resistance of the composite restoration.

Before the fracture resistance test, the specimen
roots were covered with a polyether impression
material (Impregum, 3M ESPE, St. Paul, USA) to
simulate the periodontal ligament and they were
then inserted into the acrylic resin cylinders. The
fracture resistance was assessed by applying an
axial compressive load on the occlusal surfaces of
the specimens by means of an 8 mm stainless-steel
sphere, at a crosshead speed of 0.5 mm/min, in a
universal testing machine (MTS Landmark 370.10,
MTS Systems Corporation, Eden Prairie, USA) until the
specimen fractured. The maximum load required to
cause specimens to fracture was recorded in Newtons.

The failure type and extension of each specimen
were assigned to one of the following categories: a)
fractures involving a small portion of the coronal
tooth structure; b) fractures involving a small portion
of the coronal tooth structure and cohesive failure
of the restoration; c) fractures involving the tooth
structure, cohesive and/or adhesive failure of the
restoration, with root involvement, that was deemed
restorable; and d) severe root and crown fracture,
cohesive and/or adhesive failure of the restoration,
which was deemed non-restorable.

Except for the specimens presenting with type IV
failure, the specimens were sectioned at the enamel-
cement junction to expose the pulp chamber and to
allow for proper scanning of the pulpal wall/composite
interface by OCT. The integrity of this interface was
qualitatively analyzed. The data from the fracture
resistance test presented a normal distribution and
equal variance assessed by the Shapiro-Wilk (p =0.462)
and Levene tests (p = 0.544), respectively. Therefore,
data analysis was performed with the t-test. The
Chi-square test was not applied to the failure mode
data, because over 25% of the expected values in the
contingency table were lower than 5, compromising
the accuracy of the test. The significance level was
set at 95% and the analysis was performed using the
Sigma-Stat v.3.5 statistical software package (Systat
Software Inc., Chicago, USA).
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Results

Images captured by means of OCT demonstrated
that shallow cavities had been obtained in the pulpal
wall by immersing the specimens in acetic acid for
35 days (Figure 2A). However, the demineralization
process produced soft dentin in the pulpal wall and
deeper cavities formed after soft dentin removal with
an excavator (non-selective carious tissue removal)
than that observed for selective carious tissue
removal (Figure 2B). Seven specimens allocated to
the non-selective carious tissue removal group and
three in the selective carious tissue removal group
presented exposure of the pulp chamber (Figure 2C).

No significant effect of the carious tissue removal
protocol on fracture strength (p = 0.554) was observed
(Table 1). Moreover, similar values of fracture strength
were observed for specimens presenting or not with
micro-exposure of the pulpal chamber. As regards
the failure mode (Table 2), an increased tendency to
fractures involving the roots (type Il and IV) was
observed for non-selective carious tissue removal
and in the presence of micro-exposure of the pulp.
Figure 3 illustrates some specimens that developed
non-restorable fractures (type IV). The pulpal wall/
composite interfaces of four fractured specimens for
non-selective carious tissue removal were analyzed
(the others experienced fracture type IV) and they
were all intact. For selective carious tissue removal,
five interfaces were intact, two demonstrated some
resin displacement, and cracks throughout the resin-
dentin were observed in one specimen. Figure 4 shows
representative images of the analyzed interfaces.

Discussion

Selective carious tissue removal has been advocated
in the presence of deep cavities involving the inner
third of the dentin to reduce the risk of pulp damage.”’
In spite of the strong evidence regarding the efficacy
of using this conservative approach for maintaining
pulp vitality, the biomechanical behavior of the
restorations placed over the demineralized dentin
continues to be a cause of concern, particularly when
extensively damaged teeth are being treated. The
rationale is that the presence of underlying dentin



Santana MLC, Paiva LES, Carneiro VSM, Gomes ASL, Cenci MS, Faia-e-Silva AL ™

Figure 2. Sequential images obtained by OCT of a specimen allocated to the selective carious tissue removal protocol after caries
induction (A), and the non-selective carious tissue removal protocol after caries induction and softened dentin removal with an
excavator (B and C). Note the pulp chamber exposure due to the deep cavity obtained in C.

Table 1. Means = standard deviation (n) of fracture strength according to the carious tissue removal protocol and the presence
of micro-exposures of the pulpal chamber.

Micro-exposures of the pulpal chamber Pooled average
Carious tissue removal protocol

Present Absent (n=10)
Non-selective 1,124.3 = 426.1 (7) 1,100.0 = 302.0 (3) 1,177.0 = 376.1
Selective 1,290.0 + 728.6 (3) 1,224.3 = 525.1 (7) 1,244.0 + 550.2

Table 2. Failure mode according to the carious tissue removal protocol and the presence of micro-exposures of the pulpal chamber.

Failure mode

Carious tissue removal protocol Micro-exposures of the pulpal chamber
Type | Type I Type I Type IV
Present 0 1 1 5
Non-selective Absent 0 2 0 1
Total 0 3 1 6
Present 0 1 0 2
Selective Absent 0 6 1 0
Total 0 7 1 2
(I) Fractures involving a small portion of the coronal tooth structure; (Il) fractures involving a small portion of the coronal tooth structure and
cohesive failure of the restoration; (Ill) fractures involving the tooth structure, cohesive, and/or adhesive failure of the restoration, with root

involvement, that were deemed restorable; and (IV) severe root and crown fracture, cohesive and/or adhesive failure of the restoration, which
were deemed non-restorable.

results in worse mechanical properties (such as the under occlusal loading. However, the findings of
elastic modulus) than those observed for sound dentin, the present study demonstrated that both carious
which might lead to the collapse of the restoration tissue removal protocols yielded similar fracture
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resistance of the composite restorations built-up in
molars presenting only the buccal cusps. Therefore,
the null hypothesis of the study was accepted.
Although it is difficult to mimic the features of
natural caries lesions, several protocols of artificial
carious lesion induction in dentin have been described
in in vitro studies.#"**2% The main advantage of
artificially inducing dentinal lesions is to control the
depth, location, and mineral loss of the lesions, thereby
standardizing the specimens. Dentin demineralization
can be achieved either by immersion of the specimens
in acid solutions (usually acetic or lactic acid)*'**! or by

Figure 3. lllustrative images of specimens with severe root and
crown fractures classified as non-restorable (Type 1V).

exposure to specific (Streptococcus mutansy* and non-
specific biofilms.?’ In the present study, artificial carious
lesions were induced in the middle of the pulpal wall
with an acetic acid solution as described in a previous
study.” This protocol allowed the production of
standardized lesions, appropriate for the experimental
design of this study, although this protocol probably
preserved the organic dentin matrix to a greater extent
than for natural caries lesions. The protocol used here
(acetic acid for 35 days) has been shown to result in
values of lesion depth (=360 pm), mineral loss (=9.1 vol%
x um) and mineral loss ratio (26.9 vol%) close to those
observed for natural lesions (=626 um, ~12.4 vol% x
pm and ~19.5 vol%, respectively).”!

Therefore, it was expected that approximately a third
of the remaining dentin left in the pulpal wall (1 mm)
after the cavity preparation would be demineralized.
However, the occurrence of pulp exposure (mostly in
the non-selective protocols) was observed for both
carious tissue removal protocols, indicating that the
radiographic images used to guide the depth of cavity
preparations were not totally effective. A previous study
showed that radiographic images could overestimate
dentin wall thickness.” In fact, the sequential images
obtained by OCT allowed for the visualization of small
exposures that had not been observed when using a
single two-dimensional image provided by periapical
radiography. The pulpal micro-exposures could act as
stress-concentration areas favoring tooth fracture or

Figure 4. Representative images showing the interface between the bottom of the composite resin and the pulp wall of the cavity
after the fracture resistance test. Intact interfaces for non-selective (A) and selective (B) carious tissue protocols. (C) Note the crack
throughout the dentin and composite resin (inside the rectangle with dashed white lines) for a specimen with selective carious tissue
removal. (D) Composite displacement in a specimen with selective carious fissue removal. CR — composite resin; D — dentin; and

PW — pulpal wall.
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modifying the failure mode. Nevertheless, teeth that
presented these occurrences were maintained in the
study because the presence of micro-exposures did
not affect the fracture resistance of the restorations.
On the other hand, there was a tendency for more
catastrophic failure modes in the presence of micro-
exposures of the pulpal chamber.

Different from other previous in vitro studies
assessing the effect of selective carious removal on
fracture resistance,®*? the present study removed
the lingual cusps during cavity preparation and the
restoration was retained mainly due to bonding to
the remaining buccal wall. There is controversy about
whether a direct restoration using composite can be
indicated in extensively damaged teeth because the
longevity of the restoration could be reduced. However,
it is important to emphasize that selective carious
tissue removal is a feasible approach to reduce the
indications of endodontic treatment, and consequently,
the cost of dental treatment. Therefore, this protocol
favors low-income patients to maintain their teeth
presenting with extensive carious lesions, but it is
also necessary for the use of restorative procedures
other than indirect restorations, which have a high
cost. Thus, we chose to restore the molars using a
direct restoration with a bulk-fill composite resin to
avoid more expensive restorative protocols.

Indeed, removing the lingual cusps caused a
reduction of 33% in fracture resistance when compared
with MOD restorations performed in molars with
a similar composite.*® However, despite the lower
fracture resistance values obtained due to the cavity
configuration, the carious tissue removal protocol
did not affect the fracture resistance in the present
study, and these findings were in agreement with
previous studies using artificially induced carious
lesions.””* Besides the fracture resistance values, the
extension of the failure is also important because
more favorable failures allow for replacement of
the restoration. Interestingly, the selective carious
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