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Abstract: Background: This retrospective clinical study aimed to assess dental pulp tissue reactions
to direct and indirect pulp capping after 10 years of follow-up. Methods: A total of 276 permanent
teeth with deep carious lesions were evaluated and divided into five groups: Group (1), direct pulp
capping with Mineral Trioxide Aggregate cement; Group (2), direct pulp capping with a resin-based
glass ionomer; Group (3), direct pulp capping with TheraCal; Group (4), indirect pulp capping with a
three-step total-etch adhesive system; and Group (5), indirect pulp capping with a two-step self-etch
adhesive system. Results: A 72.5% success rate was achieved overall. A statistically significant
difference was found when comparing direct and indirect pulp capping with a success rate of 23.8%
and 93.8%, respectively. For direct pulp-capping procedures, the area of pulp exposure was correlated
with pulp necrosis (p = 0.035), while bleeding after exposure appeared independent (p = 0.053). Patient
age was significantly related to the maintenance of pulp vitality (p = 0.013). A statistically significant
correlation between the pulp-capping material and the occurrence of pulp necrosis was discovered
(p = 0.017). For the indirect pulp-capping treatments, a significant correlation between patient age
(p = 0.021) and the adhesive system (p = 0.019) with pulp necrosis was described. Conclusions:
The pulp-capping material, patient age, and the width of the pulp exposure before the procedure
should be carefully considered when performing direct pulp-capping treatments. The performance
of the etch-and-rinse adhesive systems was superior to the self-etch system during the indirect
pulp-capping procedures.

Keywords: direct pulp capping; indirect pulp capping; self-etch adhesive; mineral trioxide aggregate;
resin-based glass ionomer; pulp vitality

1. Introduction

When a tooth is subjected to trauma, carious lesions, or restorative procedures, dental
pulp vitality preservation overtime is one of the major concerns for the clinician [1,2]. In
the case of deep cavities that penetrate both enamel and dentin, indirect or direct pulp-
capping procedures could be required depending on the lesion depth and its proximity
to pulp tissue after caries debridement [3]. Direct pulp capping consists of applying
biocompatible materials directly to the exposed pulp where the odontoblast layers have
been breached, while indirect pulp capping leaves a thin dentin layer [3]. The main goals of
any pulp-capping procedure are to control bacterial infection by stopping the progression
of any residual caries, to encourage the formation of new tertiary dentin, and to provide
a biocompatible and long-lasting seal that shields the pulp complex from noxious agents
and bacteria [4]. Hence, a variety of pulp-capping materials have been suggested overtime
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that could be settled in proximity to the pulp tissue to promote reactionary or reparative
dentin formation.

Direct pulp capping seeks to improve reparative dentin formation and odontoblast-
like cell differentiation from dental pulp stem cells [3]. For many years, calcium hydroxide
(Ca(OH)2) has been widely used for direct pulp capping [5]. Afterwards, the Mineral
Trioxide Aggregate (MTA), a bioactive and biocompatible cement, was introduced [6].
According to several studies published in the literature, the MTA appeared more efficient
than Ca(OH)2 because it caused less inflammation and more uniform hard tissue/dentin
bridge formation [6–9]. Moreover, glass ionomer sealers, even in conjunction with a resin
composite, have been proposed for pulp capping [10]. A persistent inflammatory response
mediated by macrophages and giant cells and a large zone of pulp necrosis are caused by
the diffusion of these materials into the pulp tissue [10,11]. However, the extensive zone of
necrosis around the glass ionomer components can be replaced by fibroblast proliferation
and fibro-dentine deposition, creating a calcific barrier [10,11]. Nevertheless, despite the
controversy surrounding its use for pulp capping, the high fluoride release makes this mate-
rial suitable for restorations, especially in pediatric patients [10,12]. TheraCal (Bisco Dental,
Richmond, Canada), a resin-modified calcium silicate-filled material, was also introduced
for pulp capping. According to recent studies, TheraCal seemed to release significantly
more calcium than the MTA and calcium hydroxide, encouraging the formation of apatite
and the differentiation of the odontoblasts that lead to the production of new dentin [6,13].
Additionally, the release of calcium is essential for osteopontin and BMP-2 modulation
during pulp calcification as well as for the proliferation of odontoblast-like cells [14]. Thus,
this light-curable capping material with the ability to polymerize to a considerable depth
may avoid the risk of untimely dissolution and could be able to favor apatite formation,
inducing odontoblast differentiation [6].

When considering indirect pulp capping, the application of adhesive systems as indi-
rect pulp-capping materials within the composite restoration is currently recommended [15].
Deep carious lesions are usually sealed with adhesive systems with or without cavity liners,
being the protection from bacterial microleakage mandatory for pulp vitality preserva-
tion [15–17]. However, the pulp may indeed be harmed by several factors, including
the etching agent, the toxicity of the leached components, the microleakage due to poly-
merization shrinkage, the nano-leakage and sensitization caused by the partial bonding
penetration into the demineralized dentin, and the temperature rise during setting [18].
Etch-and-rinse systems employ phosphoric acid to etch enamel and dentin prior to the
application of the bonding solution, and the smear layer is removed, increasing the dentin
permeability [19]. Over-etching or incomplete monomer application may lead to the cre-
ation of voids in the hybrid layer as well as the presence of denude collagen fibrils and
nano-leakage [20]. Thus, self-etch systems have been introduced, as they do not remove but
incorporate the smear layer into the hybridized complex with also the advantage of being
less technique-sensitive [21]. However, the perception that self-etch adhesives may cause
less nano-leakage and post-operative sensitivity in deep cavities is not fully supported by
evidence-based findings [19–21].

This retrospective clinical study examined the long-term outcomes of direct and
indirect pulp capping performed with different materials after ten years of follow-up.
The primary null hypothesis is that the type of pulp capping used, the intra-operative
findings, and patient age have no effects on the long-term results of the direct pulp-capping
procedures. The second null hypothesis is that the adhesive system does not affect the pulp
vitality maintenance after indirect pulp capping over time.

2. Materials and Methods

This study was approved by the local ethical committee (Protocol Number 06CS1123),
and the protocol followed the recommendations of the Declaration of Helsinki for investi-
gations with human subjects [22].
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2.1. Study Characteristics, Participants, and Design

For this retrospective clinical evaluation, the data of the patients treated with direct or
indirect pulp capping between May 2009 and July 2013 with at least 10 years of follow-up
were analyzed. All patients were divided into 5 groups according to the treatment, the
material, and the adhesive system used: Group (1), direct pulp capping with Mineral
Trioxide Aggregate (MTA) cement; Group (2), direct pulp capping with a resin-based
glass ionomer; Group (3), direct pulp capping with TheraCal (Bisco Dental, Richmond,
BC, Canada); Group (4), indirect pulp capping with a 3-step total-etch adhesive system;
Group (5), indirect pulp capping with a 2-step self-etch adhesive system.

2.2. Enrollment and Inclusion Criteria

Patients presenting a diagnosis of a permanent tooth with deep primary carious le-
sions and pulp exposure or a thin affected dentin layer between the pulp and the cleaned
cavity were considered in this study. The inclusion criteria were the absence of pulp symp-
toms, spontaneous or percussion pain, or periodontal pathology. Patients without medical
comorbidities or pharmaceutical treatment that may influence the treatment outcomes and
the follow-up period were considered for the study after the revision of a complete medical
and dental anamnestic questionnaire. The data about pulp vitality tests (thermic and
electric), periapical radiography, periodontal probing, and percussion tests were reviewed
as diagnostic procedures. The following conditions were considered as exclusion criteria:
irreversible pulpitis or pulp necrosis, history of unprovoked toothaches, periodontal inflam-
mation, grade II-III mobility, enamel and dentinal cracks, furcation/apical radiolucency,
and radiographic evidence of internal/external resorption or pulp calcification. Moreover,
teeth requiring indirect restorations were excluded from the study.

2.3. Clinical Procedures

All treatments were performed by a single experienced operator following a standard-
ized protocol. After local anesthesia with 1:100.000 Mepivacaine and isolation with a rubber
dam (NicTone, MDC Dental, Ciudad de Mexico, Mexico), the carious lesion was removed
under 3.5× magnification. High-speed round-shaped diamond burs (#801.001.014, Komet
Dental, Lemgo, Germany) mounted on a high-speed handpiece with water and air cooling
were employed for enamel removal. Round, steel slow-speed burs (#4S.001.014, Komet
Dental, Lemgo, Germany) with water and air spray coolant and sharp hand excavators
(EXCE2 and EXCE3; Hu-Friedy, Chicago, IL, USA) were used for caries removal. Caries
removal continued even after pulpal exposures until dentin resisted hand excavation with
a sharp excavator as per final inspection. Finally, enamel margins were finished with
fine-grit burs. Before the direct pulp-capping procedure, intra-operative information was
collected among the patient’s clinical data, such as the bleeding level of the exposed pulp
(absent, minimal, or moderate bleeding) and the width of the exposure area (less or about
1 mm). Moreover, detailed clinical images with a digital dedicated camera (Canon Eos 450D,
Ōta, Tokyo, Japan—Optical Macro Sigma 105 mm. 2-8-15 Kurigi, Asao-ku, Kawasaki-shi,
Kanagawa 215-0033 Japan) of the intra-operative procedures were kept as part of routine
clinical practice. In the case of minimal pulp bleeding, hemostasis was controlled by rinsing
with physiological saline-soaked pellets kept in place for 10–20 s. No other material was
used so as to not create an interaction with the pulp-capping material selected for the
study. Pulp bleeding for more than 10 min from pulp exposure was considered among
the exclusion criteria. When the pulp exposure occurred with moderate bleeding, teeth
were treated with direct pulp capping with different clinical strategies according to the
dental material employed. All these clinical data and images were carefully described in
the patients’ folders.

Group 1: Direct pulp capping with Mineral Trioxide Aggregate cement (MTA) (Pro-
Root MTA, Dentsply Sirona, Maillefer, Switzerland). The MTA was applied on the pulp
wound and dried with a cotton pellet. Dyract flow (Dentsply Sirona, Maillefer, Switzerland)
was set on the MTA and light-cured to avoid MTA removal during the subsequent adhesive
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procedures. Then, a 2-step self-etch adhesive system was employed (Clearfil SE Bond,
Kuraray, Tokyo, Japan): it was placed with a micro-brush in two layers, and light-curing
for 20 s with an LED curing light at 1000 mW/cm2 was performed (Starlight, Mectron,
Carasco, Italy).

Group 2: Direct pulp capping with a 1 mm layer of resin-based glass ionomer (Fuji IX,
GC, Aichi, Japan). Once setting was completed, the 2-step self-etch adhesive system was
applied as described in Group 1.

Group 3: Direct pulp capping with a 1 mm layer of TheraCal (Bisco Dental, Richmond,
BC, Canada) was applied on the pulp exposure and light-cured for 20 s with an LED curing
light at 1000 mW/cm2 (Starlight, Mectron, Carasco, Italy). Subsequently, the 2-step self-etch
adhesive system was applied as described in Group 1.

When the pulp exposure did not occur and a thin affected dentin layer of approxi-
mately 1 mm remained between the pulp and the cleaned cavity, the teeth were treated with
indirect pulp capping, randomly assigned to different groups according to the adhesive
system employed, which was applied according to the manufacturer’s instructions. All
these clinical data and images were carefully described in the patients’ folders.

Group 4: Indirect pulp capping with the application of a 3-step total-etch adhesive
system (OptiBond FL, Kerr, Brea, CA, USA). A gel etching agent (Kerr Etchant Gel, Krea,
CA) with 37.5% phosphoric acid was placed on the enamel and dentin for 15 s and then
rinsed with water until the etchant was completely removed (approximately 15 s); sub-
sequently, it was gently air-dried for a few seconds, being careful not to desiccate dentin.
Afterwards, OptiBond FL Primer (Bottle #1) was applied with a micro-brush over enamel
and dentin surfaces with a light scrubbing motion for 15 s and then gently air-dried for
approximately 5 s. Finally, OptiBond FL Adhesive (Bottle #2) was applied over the enamel
and dentin uniformly, creating a thin coating. A light application of air was used to blow
the adhesive to the margin or to thin it, and a light-curing for 20 s with an LED curing light
at 1000 mW/cm2 was performed (Startlight, Mectron, Carasco, Italy).

Group 5: Indirect pulp capping with the application of 2-step self-etch adhesive system
(Clearfil SE Bond, Kuraray, Tokyo, Japan). The primer was applied with a micro-brush on
the cavity walls, left in place for 20 s and, after conditioning the tooth surface, the volatile
ingredients were gently evaporated with an air stream. Next, the bonding agent was
applied with a micro-brush to the entire surface of the cavity, and a gentle oil-free air stream
was used to make the bond film as uniform as possible. Additional application of the bond
and a subsequent gentle air stream were made, and finally, light-curing for 20 s with an
LED curing light at 1000 mW/cm2 was performed (Starlight, Mectron, Carasco, Italy).

The adhesive system employed for Groups 1, 2, 3, and 5 was a 2-step self-etch (Clearfil
SE Bond, Kuraray, Tokyo, Japan), while in Group 4 a 3-step total-etch adhesive system
(OptiBond FL, Kerr, Brea, CA, USA) was used. Afterwards, the direct restorations for
each group were completed with a nano-hybrid composite (Filtek Supreme XTE, 3M ESPE,
St. Paul, MN, USA), layered with an oblique technique. Each layer was 2 mm thick and
light-cured for 20 s with an LED light at 1000 mW/cm2 (Starlight, Mectron, Italy). Final
finishing and polishing were performed during the same appointment, using a fine-grit
needle-shaped contouring diamond bur (#8858314014, Komet Dental, Lemgo, Germany),
rubber points (Supra, Heraeus Kulzer, Hanau, Germany), and flexible discs and finishing
strips (Sof-Lex, 3M ESPE, St. Paul, MN, USA).

2.4. Clinical and Radiographic Evaluation

For the retrospective analysis, the follow-up clinical and radiographical data were
collected between January and July 2023. The data considered for the study were thermal
and electric pulp vitality tests, percussion tests, and periapical radiographs performed by
two calibrated operators who did not participate in the clinical procedures and who blindly
evaluated patients. The thermal pulp tests were performed by applying an ice-cold cotton
pellet at the cervical tooth crown portion. Teeth that maintained pulp vitality and did not
show any clinical or radiographic signs and/or symptoms of irreversible pulpitis or pulp
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necrosis were considered successes. Otherwise, the teeth with no response to the pulp
vitality test and/or with clinical or radiographic signs and/or symptoms of irreversible
pulpitis or pulp necrosis were considered failures. The teeth affected by extensive secondary
carious lesions were excluded from the analysis.

2.5. Statistical Analyses

For the direct pulp-capping groups, a chi-square test was used to study the success rate
(significance level was set at p < 0.05) and to investigate the association between the event
(pulp necrosis) and the pulp-capping material employed (Group 1, Group 2, and Group 3).
Intra-operative factors (bleeding level of exposed pulp and width of exposure area) and
patient age were also analyzed in relation to successes and failures using a chi-square test
(significance level was set at p < 0.05). For the indirect pulp-capping teeth groups, a second
chi-square test was used to study the success rate (significance level was set at p < 0.05)
and to investigate the association between the event (pulp necrosis) and the adhesive
system employed (Group 4 and Group 5). Direct and indirect pulp-capping successes were
analyzed with the parameters evaluated during recalls (symptoms, thermic test, electric
test, percussion test, and presence of pulp calcifications in periapical radiography) and
using a chi-square test to investigate the association between recall parameters and the
type of capping procedure.

3. Results

In this retrospective clinical study, 140 patients (84 females and 56 males) were evalu-
ated. At the initial visit, when the direct/indirect pulp-capping procedures were performed,
there were 12 patients under the age of 18, 20 patients between 19 and 25, 32 aged 26–40,
60 aged 41–60, and 16 over 60 years old. Dental-capping procedures were performed to
treat 276 permanent teeth: 180 maxillary and 96 mandibular, with 24 incisors, 116 premolars,
and 136 molars. Among them, 128 teeth were treated from female patients (46.4%) and
148 from male patients (53.6%). Furthermore, 48 treatments were performed on patients
under 18 years old, 28 on patients aged 19–25 years, 80 aged 26–40, 88 aged 41–60, and
32 on patients over 60 years old (Table 1). All patients were recalled after 10 years: the
follow-up time varied from 96 months to 151 months, with a mean observation period of
126.32 months (±17.02), and the overall success rate was 72.5% (200 successes, 76 failures).

Table 1. The cohort characteristics at baseline.

Treated Teeth (n = 276) Total (%)

Patient age (years)

<18 17.4
19–25 10.2
26–40 28.9
41–60 31.9
>60 11.6

Teeth
incisors 8.7

premolars 42.1
molars 49.2

Patient gender male 53.6
female 46.4

3.1. Direct Pulp Capping

Of all the permanent teeth included in the study, 84 were treated with direct pulp
capping: 32 (38.1%) with Mineral Trioxide Aggregate cement (Group 1), 32 (38.1%) with
a resin-based glass ionomer (Group 2), and 20 (23.8%) with TheraCal (Group 3). Sixty
(71.4%) treatments were completed on females and twenty-four (28.6%) on males. A
total of 12 treatments were carried out on patients under 18 years old, 8 on patients aged
19–25 years, 16 aged 26–40, 32 aged 41–60, and 16 on patients over 60 years old. The mean
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follow-up was 106.67 months (±8.54) for direct pulp-capping treatments. The success rate
in direct pulp capping was 23.8%.

In teeth treated with direct pulp capping, the success rate was 37.5% in Group 1, 0%
in Group 2, and 40% in Group 3. Notably, the direct pulp-capping treatments showed a
statistically significant association between pulp necrosis and the pulp-capping material
according to the chi-square test used to examine the relationship between the event (pulp
necrosis) and the pulp-capping material used (p = 0.017). The chi-square tests also revealed
a correlation between the event (pulp necrosis) and the width of the pulp exposure area
before direct pulp capping (p = 0.035), but not with bleeding (p = 0.053) (Table 2). Another
factor that showed a correlation with pulp vitality maintenance was patient age (p = 0.013),
with a significantly increased amount of pulp necrosis occurring in patient over 25 years
old (Table 2). Interestingly, a sub-group analysis that excluded Group 2 reinforced the
correlation between the pulp vitality maintenance and the exposure area (p = 0.029) and
patient age (p = 0.01) in Groups 1 and 3. Nevertheless, this analysis reported a correlation
between the event and the bleeding (p = 0.05). Pulp calcifications were discovered in 80%
of direct capping recalls through periapical radiographs. The correlation between the
formation of pulp calcifications and the type of capping procedure was confirmed by a
chi-square test (p = 0.001).

Table 2. Correlation between pulp necrosis and the material used for direct and indirect pulp capping
procedures, the width of the pulp exposure, and the bleeding before direct capping and patient age
(p < 0.05).

Variables Values Success
(%) p-Value

Direct pulp-capping material
MTA 37.5

0.017Resin-based glass ionomer 0.0
TheraCal 40.0

Indirect pulp-capping material 3-Step total-etch adhesive 100.0
0.0192-Step self-etch adhesive 88.5

Width of the pulp exposure area before
direct pulp capping

<1 mm 100.0
0.035>1 mm 66.7

Bleeding before direct pulp capping
Absent 80.0

0.053Minimal 20.0
Moderate 0.0

Age (years)

<18 40.0

0.013
19–25 20.0
26–40 12.5
41–60 0.0
>60 0.0

3.2. Indirect Pulp Capping

A total of 192 permanent teeth were treated with indirect pulp capping: 88 (45.8%)
with the three-step total-etch adhesive system (Group 4) and 104 (54.2%) with the two-step
self-etch adhesive system (Group 5). A total of 68 (35.4%) treatments were completed on
females and 124 (64.6%) on males. A total of 36 treatments were carried out on patients
under 18 years old, 20 on patients aged 19–25 years, 64 aged 26–40, 56 aged 41–60, and 16 in
patients over 60 years old. The mean follow-up was 134.92 months (±11.88) for indirect
pulp-capping treatments. The success rate increased to 93.8% in indirect pulp capping.
In particular, in teeth treated with indirect pulp capping, the success rate was 100% in
Group 4 and 88.5% in Group 5. The chi-square used to examine the relationship between
the event (pulp necrosis) and the adhesive system employed in the indirect pulp-capping
treatments showed that there was a significant relationship between them (p = 0.019). The
statistical analysis also revealed a correlation between pulp necrosis and patient’s age
(p = 0.021), with a significantly higher number of failures in patients over 40 years old
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(Table 2). The pulp calcifications were discovered in 33% of indirect capping recalls through
periapical radiographs. Finally, the type of tooth was not considered related to the indirect
pulp-capping outcomes (p = 0.12).

4. Discussion

This study evaluated the long-term prognosis of direct and indirect pulp-capping
treatments finalized by direct composite restorations. Based on the results, a possible
correlation between patient age and the materials used for the direct and indirect pulp-
capping treatments and the preservation of pulp vitality over time was suggested.

In this study, the overall success rate of the direct pulp-capping procedures is lower
than other reports [23]. However, the long-term follow-up, the selected materials, and the
pulp diagnosis could have influenced this aspect [20]. When performing a direct pulp-
capping treatment, it is important to consider the diagnosis, the clinical procedure, and the
material selection [24].

The data of the pulp diagnosis recorded through thermal and electric pulp tests were
considered. The inclusion criteria stated the absence of pulp symptoms and spontaneous
or percussion pain. This indicated to exclude the condition of irreversible pulpitis, which
could require coronal pulpotomy or pulpectomy [25]. Therefore, according to Wolters
et al., the clinical situations of moderate and severe pulpitis were excluded from the pulp-
capping treatments [25]. However, a recent review reported that scientific evidence to
clinically determine the true pulp status is lacking [26]. Nevertheless, spontaneous pain
was indicated as one of the most promising indicators for irreversible pulp inflammation,
and this was considered among the exclusion criteria [26].

During the clinical follow-up, the electric pulp test values were considered variable
depending on the type of tooth, the patient age, and subjectivity [27]. Therefore, the electric
pulp test values were considered positive (vital pulp) or negative (pulp necrosis) in order
to discriminate between these two different clinical situations. Similarly, the presence of
percussion pain was observed in necrotic teeth, being this dichotomous value related to the
absence of pulp vitality.

The exposed pulp was not subjected to disinfection or hemostasis using oxygen
peroxide or sodium hypochlorite (NaOCl). Even if NaOCl use is considered safe and it has
been recently suggested [28], it has also been indicated to have a possible toxic effect on
pulp tissue and dentin, reducing the bond strength [29,30]. Although some other solutions
have been proposed to stop pulp bleeding, they may be cytotoxic, influencing the study
outcomes [21,30]. Therefore, when minimal pulp bleeding was present, pulp-capping
materials were applied before a 1 min compression with a physiologic solution [31–33].

In the current trial, the resin-based glass ionomer exhibited a lower probability of
maintaining pulp exposure vitality compared with other materials, supporting some previ-
ous findings [34–36]. Even if fluoride has been claimed to be beneficial due to the formation
of fluoride–apatite crystals and remineralization [10,37], the diffusion of glass ionomer com-
ponents into the pulp may result in long-lasting inflammation mediated by macrophages
and giant cells that impairs healing and dentinal bridge formation [34–37].

Therefore, the most effective material for direct pulp capping is thought to be the
MTA. The MTA and calcium hydroxide have similar mechanisms of action: when in contact
with pulp, the calcium hydroxide produced by hydrating MTA is leached out, resulting
in tissue necrosis [38]. However, the benefits of the MTA are thought to be its ability to
seal, its high biocompatibility, its bioactivity, and its capacity to encourage the formation of
mineralized tissue [18,39,40]. Additionally, the MTA is claimed to be superior to calcium
hydroxide due to dentin bridge formation that is more uniform and thicker, as well as less
inflammatory reaction and pulp necrosis [18,39,40]. Therefore, our results are in accordance
with the literature, where the MTA has been studied as a material for direct pulp capping,
demonstrating less inflammation, less hyperemia, odontoblast-like cell differentiation, and
the formation of a thicker dentinal bridge [24,32–42]. Despite its many benefits, the MTA
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has some drawbacks, such as prolonged setting times, poor handling, and coronal tooth
discoloration [43].

On the other hand, when compared to the MTA or Biodentine, TheraCal demonstrated
slightly lower pulp vitality maintenance outcomes and worse histologic findings [44]. These
results may be explained by the low MTA concentration and the presence of resin in the
TheraCal composition [44]. However, previous studies reported that TheraCal releases a
higher calcium rate than the MTA and calcium hydroxide [6,45,46], and Ca release enables
odontoblast differentiation and the expression of proteins related to calcification [6,44].
Nevertheless, the incomplete hydration, the lower calcium hydroxide formation, and the
impossibility to obtain a complete polymerization of TheraCal justify the possible formation
of incomplete dentinal bridges after the apposition of this material [11,38,44–47].

The chi-square tests regarding intra-operative factors revealed a correlation between
pulp necrosis and the width of the exposure area before direct pulp capping (p = 0.035), but
not with bleeding (p = 0.053). Noteworthy, direct pulp-capping failures may be attributed
to the unstable clinical circumstances present during the procedures, such as bleeding and
delayed hemostasis. Therefore, for direct pulp capping to be successful, bleeding should be
perfectly controlled, and blood clots should not be present between the capping material
and the pulp tissue. Clinically, it is difficult to apply a capping material to a wet, bloody
surface, and the presence of blood has been associated with a higher risk of post-operative
infection [47]. However, this study failed to display a correlation between the presence
of bleeding and the occurrence of pulp necrosis during follow-up. This result seems in
accordance with a previous review that indicated that the amount and time of pulpal
bleeding after exposure are not related to treatment outcomes [29]. Nevertheless, direct
pulp-capping failures could happen more frequently in the case of bleeding, probably due
to the presence of several bioactive molecules within blood clots [48]. Thus, a sub-group
analysis of only Groups 1 and 3 revealed a slight correlation between pulp necrosis and the
occurrence of bleeding (p = 0.05), probably due to the exclusion of the confusing action of
the material used in Group 2.

Over time, patient age also affected the results of direct pulp capping (p = 0.013).
Younger patients present better treatment outcomes, according to some previous stud-
ies [49]. Some other studies were unable to support the effect of age on direct pulp-capping
outcomes [49], even if the different age groups examined may be the cause of this discrep-
ancy. In the current study, 87.5% of failures were reported in patients over 25 years old,
with a significantly higher incidence of pulp necrosis. This result is consistent with the
noticeably lower survival rate for patients over 40 that has been reported in other stud-
ies [25,49,50]. The migration, proliferation, and mineralization of the pulp cells orchestrates
pulp wound healing, which includes the formation of reparative dentin. However, when
pulp is exposed and the pre-existing odontoblastic layer is damaged, reparative dentin
is created by odontoblast-like cells that are likely differentiated from DPSCs (dental pulp
stem cells) [3]. The number of DPSCs and their differentiation mechanisms are diminished
in older patients, with a subsequent lower ability to produce reparative dentin. Therefore,
an age of 25 years or less is a protective factor from pulp necrosis occurrence after direct
pulp-capping procedures [51].

Regarding the indirect pulp-capping treatments, the success rate was 100% for the teeth
treated with the total-etch adhesive system and 88.5% for the teeth treated with the self-etch
adhesive system. This indicated a significant correlation between pulp vitality preservation
and the adhesive system when indirect pulp-capping treatments were considered. Thus,
the secondary null hypothesis was rejected. Usually, self-etch dentin adhesives are thought
to reduce post-operative hypersensitivity to a greater extent than etch-and-rinse systems
due to their ability to expose fewer dentinal tubules, maintaining the residual smear
plugs [19,21]. However, the systems’ lower acidity toward the dental substrate made them
less effective regarding their sealing ability [42–53]. Notably, in the current retrospective
in vivo study, the etch-and-rinse technique did not demonstrate a dramatic failure of the
indirect pulp-capping procedures. Therefore, it could be hypothesized that the application
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of phosphoric acid over enamel and dentin along with the use of a multistep adhesive
system can produce a stable and long-lasting hybrid layer [19,20]. This approach could be
beneficial for the maintenance of the pulp integrity over time. However, to confirm the
present findings, a larger population is required with the introduction of different materials
indicated for the pulp-capping procedures.

5. Conclusions

This retrospective study showed that the pulp-capping material should be carefully
considered when performing a direct capping procedure. It also demonstrated that vitality
preservation depends on patient age and the width of the exposed pulp tissue area. Simi-
larly, the effectiveness of vitality preservation in indirect pulp-capping treatments depends
on the adhesive system, with the total-etch system outperforming the self-etch system.

Author Contributions: Conceptualization: N.S. Methodology: A.C., R.G., M.M. and M.D. Soft-
ware: R.G., M.M. and A.R. Validation: M.A. and N.S. Formal analysis: M.A., A.B., R.G. and G.P.
Investigation: R.G., M.D., G.P. and M.M. Resources: N.S, A.C. and G.P. Data curation: A.C., R.G.,
M.A. and M.M. Writing—original draft preparation: M.A., A.B., R.G. and N.S. Writing—review and
editing: M.A., G.P., A.B. and N.S. Visualization: N.S., A.C., M.D. and A.R. Supervision: N.S. Project
administration: N.S., M.A., R.G. and G.P. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the University of Turin (protocol code 06CS1123
of 11 February 2009).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to hospital privacy policy.

Conflicts of Interest: The authors declare that they have no financial affiliation (e.g., employment,
direct payment, stock holdings, retainers, consultantships, patent licensing arrangements, or hono-
raria) or involvement with any commercial organization with direct financial interest in the subject or
materials discussed in this manuscript.

References
1. Kassebaum, N.J.; Bernabé, E.; Dahiya, M.; Bhandari, B.; Murray, C.J.L.; Marcenes, W. Global Burden of Untreated Caries: A

Systematic Review and Metaregression. J. Dent. Res. 2015, 94, 650–658. [CrossRef] [PubMed]
2. Nyvad, B.; Crielaard, W.; Mira, A.; Takahashi, N.; Beighton, D. Dental Caries from a Molecular Microbiological Perspective. Caries

Res. 2013, 47, 89–102. [CrossRef] [PubMed]
3. Song, M.; Yu, B.; Kim, S.; Hayashi, M.; Smith, C.; Sohn, S.; Kim, E.; Lim, J.; Stevenson, R.G.; Kim, R.H. Clinical and Molecular

Perspectives of Reparative Dentin Formation: Lessons Learned from Pulp-Capping Materials and the Emerging Roles of Calcium.
Dent. Clin. N. Am. 2017, 61, 93–110. [CrossRef] [PubMed]

4. Alex, G. Direct and Indirect Pulp Capping: A Brief History, Material Innovations, and Clinical Case Report. Compendium 2018, 39,
182–189. [PubMed]

5. Baume, L.J.; Holz, J. Long Term Clinical Assessment of Direct Pulp Capping. Int. Dent. J. 1981, 31, 251–260. [PubMed]
6. Gandolfi, M.G.; Siboni, F.; Prati, C. Chemical-Physical Properties of TheraCal, a Novel Light-Curable MTA-like Material for Pulp

Capping. Int. Endod. J. 2012, 45, 571–579. [CrossRef] [PubMed]
7. Komabayashi, T.; Zhu, Q. Innovative Endodontic Therapy for Anti-Inflammatory Direct Pulp Capping of Permanent Teeth with a

Mature Apex. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2010, 109, e75–e81. [CrossRef] [PubMed]
8. Paranjpe, A.; Smoot, T.; Zhang, H.; Johnson, J.D. Direct Contact with Mineral Trioxide Aggregate Activates and Differentiates

Human Dental Pulp Cells. J. Endod. 2011, 37, 1691–1695. [CrossRef] [PubMed]
9. Marques, M.S.; Wesselink, P.R.; Shemesh, H. Outcome of Direct Pulp Capping with Mineral Trioxide Aggregate: A Prospective

Study. J. Endod. 2015, 41, 1026–1031. [CrossRef]
10. Costa, C.S.; Oliveira, M.F.; Giro, E.M.; Hebling, J. Biocompatibility of Resin-Based Materials Used as Pulp-Capping Agents. Int.

Endod. J. 2003, 36, 831–839. [CrossRef]
11. Chang, Y.C.; Chou, M.Y. Cytotoxicity of Fluoride on Human Pulp Cell Cultures in Vitro. Oral Surg. Oral Med. Oral Pathol. Oral

Radiol. Endod. 2001, 91, 230–234. [CrossRef]

https://doi.org/10.1177/0022034515573272
https://www.ncbi.nlm.nih.gov/pubmed/25740856
https://doi.org/10.1159/000345367
https://www.ncbi.nlm.nih.gov/pubmed/23207320
https://doi.org/10.1016/j.cden.2016.08.008
https://www.ncbi.nlm.nih.gov/pubmed/27912821
https://www.ncbi.nlm.nih.gov/pubmed/29493248
https://www.ncbi.nlm.nih.gov/pubmed/7030965
https://doi.org/10.1111/j.1365-2591.2012.02013.x
https://www.ncbi.nlm.nih.gov/pubmed/22469093
https://doi.org/10.1016/j.tripleo.2009.12.034
https://www.ncbi.nlm.nih.gov/pubmed/20416524
https://doi.org/10.1016/j.joen.2011.09.012
https://www.ncbi.nlm.nih.gov/pubmed/22099907
https://doi.org/10.1016/j.joen.2015.02.024
https://doi.org/10.1111/j.1365-2591.2003.00702.x
https://doi.org/10.1067/moe.2001.111757


J. Clin. Med. 2024, 13, 3962 10 of 11

12. Camilleri, J. Hydration characteristics of Biodentine and Theracal used as pulp capping materials. Dent. Mater. 2014, 30, 709–715.
[CrossRef] [PubMed]

13. Beegum, M.S.F.; George, S.; Anandaraj, S.; Sumi Issac, J.; Khan, S.N.; Ali Habibullah, M. Comparative Evaluation of Diffused
Calcium and Hydroxyl Ion Release from Three Different Indirect Pulp Capping Agents in Permanent Teeth—An In Vitro Study.
Saudi Dent. J. 2021, 33, 1149–1153. [CrossRef]

14. Rashid, F.; Shiba, H.; Mizuno, N.; Mouri, Y.; Fujita, T.; Shinohara, H.; Ogawa, T.; Kawaguchi, H.; Kurihara, H. The Effect of
Extracellular Calcium Ion on Gene Expression of Bone-Related Proteins in Human Pulp Cells. J. Endod. 2003, 29, 104–107.
[CrossRef] [PubMed]

15. Miyashita, H.; Worthington, H.V.; Qualtrough, A.; Plasschaert, A. Pulp management for caries in adults: Maintaining pulp vitality.
Cochrane Database Syst. Rev. 2007, 2, CD004484; Erratum in Cochrane Database Syst Rev. 2016, 11, CD004484. [PubMed]

16. Murray, P.E.; Hafez, A.A.; Smith, A.J.; Cox, C.F. Bacterial microleakage and pulp inflammation associated with various restorative
materials. Dent. Mater. 2002, 18, 470–478. [CrossRef]

17. Pulp therapy for primary and immature permanent teeth. In The Reference Manual of Pediatric Dentistry; American Academy of
Pediatric Dentistry: Chicago, IL, USA, 2023; pp. 457–465.

18. Roberts, H.W.; Toth, J.M.; Berzins, D.W.; Charlton, D.G. Mineral Trioxide Aggregate Material Use in Endodontic Treatment: A
Review of the Literature. Dent. Mater. 2008, 24, 149–164. [CrossRef]

19. Reis, A.; Dourado Loguercio, A.; Schroeder, M.; Luque-Martinez, I.; Masterson, D.; Cople Maia, L. Does the adhesive strategy
influence the post-operative sensitivity in adult patients with posterior resin composite restorations? A systematic review and
meta-analysis. Dent. Mater. 2015, 31, 1052–1067. [CrossRef]

20. Wang, Y.; Spencer, P. Effect of acid etching time and technique on interfacial characteristics of the adhesive-dentin bond using
differential staining. Eur. J. Oral Sci. 2004, 112, 293–299. [CrossRef]

21. Gordan, V.V.; Mjör, I.A. Short- and long-term clinical evaluation of post-operative sensitivity of a new resin-based restorative
material and self-etching primer. Oper. Dent. 2002, 27, 543–548.

22. World Medical Association. World Medical Association Declaration of Helsinki: Ethical principles for medical research involving
human subjects. JAMA 2013, 27, 2191–2194.

23. Cushley, S.; Duncan, H.F.; Lappin, M.J.; Chua, P.; Elamin, A.D.; Clarke, M.; El-Karim, I.A. Efficacy of direct pulp capping for
management of cariously exposed pulps in permanent teeth: A systematic review and meta-analysis. Int. Endod. J. 2021, 54,
556–571. [CrossRef] [PubMed]

24. Cho, S.Y.; Seo, D.G.; Lee, S.J.; Lee, J.; Lee, S.J.; Jung, I.Y. Prognostic Factors for Clinical Outcomes According to Time after Direct
Pulp Capping. J. Endod. 2013, 39, 327–331. [CrossRef] [PubMed]

25. Wolters, W.J.; Duncan, H.F.; Tomson, P.L.; Karim, I.E.; McKenna, G.; Dorri, M.; Stangvaltaite, L.; van der Sluis, L.W.M. Minimally
invasive endodontics: A new diagnostic system for assessing pulpitis and subsequent treatment needs. Int. Endod. J. 2017, 50,
825–829. [CrossRef] [PubMed]

26. Donnermeyer, D.; Dammaschke, T.; Lipski, M.; Schäfer, E. Effectiveness of diagnosing pulpitis: A systematic review. Int. Endod. J.
2023, 56, 296–325. [CrossRef] [PubMed]

27. Jafarzadeh, H.; Abbott, P.V. Review of pulp sensibility tests. Part II: Electric pulp tests and test cavities. Int. Endod. J. 2010, 43,
945–958. [CrossRef] [PubMed]

28. AAE Position Statement on Vital Pulp Therapy. 2021. Available online: https://www.aae.org/wp-content/uploads/2021/05/
VitalPulpTherapyPositionStatement_v2.pdf (accessed on 10 May 2021).

29. Jung, G.Y.; Park, Y.J.; Han, J.S. Effects of HA Released Calcium Ion on Osteoblast Differentiation. J. Mater. Sci. Mater. Med. 2010,
21, 1649–1654. [CrossRef] [PubMed]

30. Shinkai, K.; Taira, Y.; Suzuki, M.; Kato, C.; Ebihara, T.; Wakaki, S.; Seki, H.; Shirono, M.; Ogisu, T.; Yamauchi, J.; et al. Dentin Bond
Strength of a New Adhesive System Containing Calcium Phosphate Experimentally Developed for Direct Pulp Capping. Dent.
Mater. J. 2009, 28, 743–749. [CrossRef] [PubMed]
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