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Abstract
Objectives On the basis of a large sample size and a long follow-up period, the objectives of this study were to evaluate the 
outcomes of direct pulp capping (DPC) in mature permanent teeth with carious pulp exposure using a kind of bioaggregate 
putty (BP) which commercially named iRoot BP Plus (Innovative Bioceramix, Inc., Vancouver, Canada) and to analyze the 
potential prognostic factors.
Materials and methods The design of this research was retrospective regarding treatment procedures and prospective regard-
ing the assessment of outcomes. The preoperative diagnosis of the teeth was either normal pulp or reversible pulpitis. Results 
were assessed based on clinical and radiographic examinations with at least 12 months of follow-up after DPC. No symp-
toms or signs, a positive response to electric pulp testing, a normal response to cold pulp testing and radiographs showing 
no abnormalities were considered to indicate success. Kaplan–Meier survival analysis was used to calculate the cumulative 
survival of teeth after DPC. Univariate and multivariate Cox proportional hazard regressions were used to analyze potential 
prognostic factors.
Results Three hundred thirty-four patients, including a total of 354 teeth, were available for the final clinical examination. 
The follow-up period ranged from 12 to 85 months, with an average of 27.0 ± 0.8 months. The total success rate was 85% 
(302/354), and the cumulative survival rates at 1, 2, 3, 4, and 5 years were 92%, 87%, 83%, 76%, and 72%, respectively. 
Univariate analysis indicated a significantly increased risk of failure in patients aged above 40 years and those treated by 
resident operators (P ≤ 0.01), with hazard ratios of 2.18 and 2.27, respectively.
Conclusions Under appropriate indication selection and treatment procedures, long-term success is possible in mature 
permanent teeth with carious pulp exposure by DPC using iRoot BP Plus. Patient age and operator experience are potential 
prognostic factors.
Clinical relevance Clinical data on iRoot BP Plus as a pulp capping medicament in mature permanent teeth with carious 
pulp exposure is lacking. This study indicated the efficacy of BP in DPC. Younger patient and sophisticated operator are 
beneficial for the outcome of DPC.
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Introduction

The aim of vital pulp therapy (VPT) is to preserve healthy 
pulp tissue, which is conducive to promoting the develop-
ment of tooth roots and the formation of reparative den-
tin, thereby preserving teeth with normal physiological 

function [1]. There is no consensus on the most effective 
method for managing cariously exposed pulp, but once 
exposure occurs, a conservative method is recommended 
[2]. Direct pulp capping (DPC) is one method of VPT that 
is mainly used to treat immature teeth in adolescents. With 
increased understanding of pulp biology, application of 
bioactive pulp capping materials, and improvement of clin-
ical techniques, the clinical application of VPT in mature 
permanent teeth has been increasing recently [3]. As clini-
cal studies have shown, the success rate of DPC in mature 
permanent teeth with carious pulp exposure using bioactive 

Jiaqi Chen and Siyi Liu have contributed equally and share the first 
authorship.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s00784-023-05148-2&domain=pdf
http://orcid.org/0000-0002-2749-7788


5288 Clinical Oral Investigations (2023) 27:5287–5296

1 3

materials such as mineral trioxide aggregate (MTA) [4, 5], 
Biodentine [4, 6, 7], and iRoot BP Plus (Innovative Biocer-
amix, Inc., Vancouver, Canada) [8] ranges from 83 to 93%.

Although many studies have reported a certain level of 
clinical efficacy for DPC in mature permanent teeth, there is 
still ambiguity and inconsistency in clinical practice. First, 
there is still no consensus regarding the selection of cases. 
For example, many previous studies have indicated a signifi-
cantly increased risk of failure in patients over 40 years of 
age [6, 9], while others have indicated no significant effect 
of age on the prognosis after DPC [7, 10]. Second, although 
the commercially available calcium silicate cements (CSCs) 
such as MTA and Biodentine showed good biocompatibility 
[11] and achieved higher long-term success rates compared 
with calcium hydroxide [12], it is still unclear that which 
CSC was superior to alternatives. iRoot BP Plus, a ready-
to-use, premixed calcium silicate-based, and aluminum-free 
bioaggregate putty (BP), is mainly composed of tricalcium 
silicate, bicalcium silicate, calcium phosphate, tantalum 
oxide, and zirconium oxide. It is easy to handle, has a shorter 
setting time compared with MTA and has lower risk of tooth 
discoloration [13]. In vivo and vitro, BP has shown good 
biocompatibility with pulp tissue and induced the prolif-
eration of dental pulp cells and the formation of reparative 
dentin bridges [14]. BP has also been found to be a suitable 
alternative pulp capping medicament for managing compli-
cated crown fractures [13]. In contrast to MTA and Bioden-
tine, which are the most commonly used materials in DPC 
[12], there have been few clinical studies on the use of BP in 
DPC in mature permanent teeth with carious pulp exposure. 
Thus, as mentioned above, further reviews and analyses of 
the effects of prognostic factors in DPC on indication selec-
tion, pulp status assessment, pulp capping materials, among 
others, are still needed.

Large-sample, retrospective studies based with long-term 
follow-up periods are beneficial for analyzing the prognostic 
factors and long-term success rate of a treatment. In this 
study, historical clinical data were reviewed to assess the 
long-term success rate of DPC using BP in mature perma-
nent teeth with carious pulp exposure, which was the first 
objective. The second objective was to analyze potential 
prognostic factors of DPC and make it clear for selection of 
cases in clinical practice.

Materials and methods

The Strengthening the Reporting of Observational Stud-
ies in Epidemiology (STROBE) checklist was followed 
in this study. The research was conducted with approval 
from the Biomedical Institutional Review Board of 
Peking University School and Hospital of Stomatology 

(PKUSSIRB-202163044). The study protocol was registered 
on chictr.org (ChiCTR2200057881).

Study participants

This study included all patients who underwent DPC at the 
Department of Cariology and Endodontology, Peking Uni-
versity School and Hospital of Stomatology, from January 
2015 to February 2021 for whom complete preoperative 
information and treatment details were available. Patients 
were contacted by phone and invited to take part in this 
study. At a follow-up visit, they were given a participant 
information sheet and were asked to sign a declaration of 
informed consent. The inclusion and exclusion criteria for 
case selection in this study were as follows:

Inclusion criteria

1. Mature permanent teeth with apical closure whose pre-
operative diagnosis was either normal pulp or reversible 
pulpitis.

2. Preoperative radiographs showing intact and continuous 
periradicular ligaments, absence of periradicular trans-
lucency, no root resorption, and no root fracture.

3. Pulp exposure due to decay removal.
4. Teeth treated following the protocol [8] described below.
5. BP as the pulp capping material.
6. A follow-up period of at least 1 year.

Exclusion criteria

1. Inability to attend clinical reviews due to systemic dis-
eases or pregnancy.

2. Incomplete preoperative information or treatment 
details.

3. Lack of attendance to the clinic for permanent restora-
tion with resin composite.

The diagnostic criteria for normal pulp included ① no 
history of spontaneous pain; ② no symptoms or sensitivity to 
cold, heat, or sweet stimuli; ③ pulp sensitivity (cold) testing 
showing the same response as a normal tooth. The diag-
nostic criteria for reversible pulpitis had difference in ② no 
symptoms or mild sensitivity to cold, heat, or sweet stimuli; 
③ pulp sensitivity (cold) testing showing mildly “transient 
sensitivity” that disappeared upon removal of the stimulus.

Treatment procedure

Treatments were performed by faculty members or resi-
dents. Local anesthesia (articaine 4%, adrenaline 1:100,000, 
Pierre Rolland, France) and rubber dam isolation were per-
formed. The caries was removed initially with a sterile round 
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diamond bur at high speed, followed by a sterile low-speed 
tungsten carbide bur nearing the pulp chamber. Once the 
pulp was exposed (Fig. 1a), the caries was removed com-
pletely, and hemorrhage was controlled using a cotton pellet 
soaked with 1.25% or 2.5% sodium hypochlorite for 1 to 
5 min. After controlling hemorrhage and confirming that the 
exposed pulp tissue was continuous blood filled (Fig. 1a), 
DPC was performed with BP (Fig. 1b). The material was 
placed over the exposed site and 1–2 mm of the surround-
ing dentin; the thickness of the BP was 1.5–2 mm. Then, a 
thin layer of self-adhering flowable resin (Dyad Flow, Kerr, 
German) was placed over the BP (Fig. 1c), and cavity resto-
ration was performed with composite resin (Filtek Z350 XT 
or Filtek P60, 3 M ESPE, USA) (Fig. 1d) or glass ionomer 
cement (GIC, Changshu Shangchi Dental Materials Co., 
Ltd., China). GIC was replaced with a composite resin at 
the recall visit 1 to 2 weeks later.

Data collection

Two researchers conducted the follow-up examination and 
data collection. Preoperative information and treatment 
details were collected from patients’ records to explore 
potential prognostic factors. Preoperative data included age, 

sex, tooth type, tooth location, presence of previous restora-
tion (yes or no), preoperative symptoms (no symptoms or 
mild sensitivity to heat or sweet stimulus), results of per-
cussion, and pulp sensitivity testing (cold testing; with a 
response in normal limits or indicating transient sensitivity) 
as well as preoperative radiographs.

Details of treatment consisted of bleeding circumstance, 
pulp exposure size, type of cavity restoration (classes I, II, 
III, IV, or V), and operator (faculty member or resident). 
The bleeding circumstance was defined as oozing or normal; 
oozing accounted for no obvious bleeding or slightly oozing 
blood flow, while normal indicated that apparent blood flow 
from the exposed pulp that could be stopped within 5 min 
[15]. The pulp exposure size was categorized as having a 
diameter < 1 mm or ≥ 1 mm.

At the follow-up examination, patients were subjected to 
clinical and radiographic examinations for outcome assess-
ment. The collected information included the presence or 
absence of clinical symptoms after treatment, quality of res-
toration (intact or fractured, presence of recurrent or sec-
ondary caries), and results of pulp vitality and sensitivity 
testing (electric and cold testing), periodontal examination, 
and percussion testing. Periapical radiographs were taken 
to examine the depth of caries lesion, the periradicular 

Fig. 1  A representative case of DPC. a Pulp exposure after caries 
removal. b Direct pulp capping with BP. c Placement of a thin layer 
of self-adhesive flowable resin over the BP. d Immediate restoration 

with resin composite. e Preoperative radiograph showing deep caries. 
f Immediate postoperative radiograph
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condition, root resorption, pulp obliteration, and dentin 
bridge formation.

Radiographic calibration

The follow-up periapical radiographs were evaluated by two 
examiners (one endodontist and one radiographic specialist). 
Apical radiographic data were randomly selected from 20% 
of the study samples (70 cases), and measurements were 
repeated twice independently and at a 2-week interval to test 
the consistency of the examiners themselves and between the 
examiners. Discussion was required to reach a consensus if 
two examiners’ evaluation results were inconsistent.

Outcome assessment

As this study was retrospective and some cases were not 
regularly reviewed after treatment, the occurrence of success 
was defined as the date of the last review, and the occur-
rence of failure was defined as the date when the patient 
voluntarily sought medical treatment due to discomfort or 
the date when the review found failure. Evaluation of the 
treatment outcome was based on the results of clinical and 
radiographic examinations.

(1) Success criteria: ① no clinical signs or symptoms such 
as spontaneous pain, percussion pain, excessive mobil-
ity, sinus tract, and swelling; and ② positive response to 
pulp vitality testing and a response to cold testing within 
normal limits (the same as a normal tooth); and ③ no 
root resorption or periapical rarefaction on radiographs.

(2) Failure criteria: a case with any deviation from the suc-
cess criteria was considered a failure. The case was 
considered an endodontic failure when there was pain, 
swelling, or a new periapical lesion; the case was con-
sidered a restorative failure when extraction or pulpec-
tomy was required due to secondary or recurrent caries, 
loss of restoration, or tooth fracture.

Statistical analysis

Data were analyzed using SPSS version 26.0. Cohen’s kappa 
was used to assess interexaminer and intraexaminer agree-
ment. The chi-square test was used to analyze the correlation 
of clinical factors between the reviewed and dropout cases. 
Kaplan‒Meier survival analysis was used to calculate the 
cumulative survival of teeth treated with DPC. The outcome 
rates were presented as percentages (%), and the survival 
time was defined as described above. Univariate and mul-
tivariate Cox proportional hazards regressions were used 
to analyze potential prognostic factors. Missing data were 
defined as unknown (see Table 3). The rate of dentin bridge 
formation was defined as follows: dentin bridge formation 

(%) = (number of teeth forming a dentin bridge/total number 
of teeth) × 100%. The level of significance was set at 2-tailed 
P < 0.05.

Results

Study cohort

The process of case inclusion and exclusion is illustrated in 
Fig. 2. The data of 655 patients who underwent DPC were 
collected from the medical record database, and after review, 
523 patients with a total of 551 teeth were included. One 
hundred four cases were excluded due to pulp capping with 
calcium hydroxide (CH) (75), absence of permanent restora-
tion with resin composite (10), incomplete data records (13), 
pregnancy (4), deciduous teeth (1), and systemic disease (1). 
Three hundred thirty-four patients, including a total of 354 
teeth, were available for the final clinical examination, and 
the recall rate was 64%. The reasons for dropout were as 
follows: 29 patients were uncontactable, 37 patients moved 
away from Beijing, and 131 patients refused to be reviewed 
(Fig. 2). There was no significant difference between the 
reviewed and dropout cases in age, sex, type of tooth, loca-
tion of tooth, or class of cavity (Table 1). The age of the 
cases ranged from 12 to 82 years, with an average age of 
32.3 ± 0.6 years. Among the reviewed cases, 112 were male 
and 242 were female. The follow-up period ranged from 12 
to 85 months, with an average of 27.0 ± 0.8 months.

Survival outcomes

The total success rate of DPC was 85% (302/354). The 
cumulative survival rates at 1, 2, 3, 4, 5, and 6 years were 
92%, 87%, 83%, 76%, 72%, and 62%, respectively, and the 
attended cases at each time point were, respectively, 331, 
180, 86, 46, 32, and 13 teeth (Fig. 3 and Table 2). After ana-
lyzing the 52 cases of failed tooth treatment, 48 cases were 
defined as endodontic failures, and 4 cases were defined as 
restorative failures (Table 2).

Potential prognostic factors

Univariate analysis indicated a significantly increased risk 
of failure in patients aged above 40 years and those treated 
by resident operators (P ≤ 0.01), with hazard ratios of 2.18 
and 2.27, respectively (Table 3 and Fig. 3).

Multivariate analysis also screened 2 risk factors, namely, 
patient age over 40 years and treatment by a resident operator 
(P < 0.05), with hazard ratios of 2.06 and 2.19, respectively.

There was no significant correlation between treatment 
outcome and sex, tooth type, tooth location, class of resto-
ration, preoperative signs or symptoms, percussion or pulp 
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sensitivity test result, bleeding circumstance, pulp exposure 
size, cavity restoration, postoperative discomfort, or depth of 
caries (Table 3).

Radiographic outcomes

For the assessment of dentin bridge, Cohen’s kappa analysis 
showed an interexaminer agreement of 0.956 and intraexam-
iner agreements of 0.927 and 0.981 for the two examiners, 
respectively.

No dentin bridge formation was observed in 64% of suc-
cessfully treated teeth (192/302) (Fig. 4a, b). Dentin bridges 
were observed in 109 teeth on periapical radiographs, account-
ing for only 36% of successfully treated teeth (n = 302) 
(Fig. 4c–e). Pulp chamber narrowing was observed in 2 teeth 
(Fig. 4f, g). Diffuse pulp calcification and root resorption were 
not observed in any case.

Discussion

On the basis of a large sample size and a long follow-up 
period of over 4 years, the design of this research was ret-
rospective regarding treatment procedures and prospective 

Fig. 2  The flowchart of case inclusion and exclusion

Table 1  Analysis of clinical factors in the reviewed and dropout cases

Clinical factors Reviewed 
cases 
(n = 354)

Dropout 
cases 
(n = 197)

Total (n = 551) P value

Sex
  Male 112 59 171 0.68
  Female 242 138 380

Age
   ≤ 40 293 155 448 0.24
   > 40 61 42 103

Tooth type
  Anterior 51 33 84 0.67
  Premolar 90 45 135
  Molar 213 119 332

Tooth location
  Maxilla 230 131 361 0.72
  Mandibula 124 66 190

Class of cavity
  I class 63 35 98 0.61
  II class 239 127 366
  III class 46 33 79
  V class 6 2 8
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regarding the assessment of treatment outcomes. In this 
study, the total success rate of DPC was 85% (302/354), 
which was similar to the outcome of other researches 
using MTA [4, 5, 16, 17] and Biodentine [4, 6, 7]. The 
Kaplan–Meier analysis showed that the cumulative sur-
vival rates at 1, 2, 3, 4, 5, and 6 years were 92%, 87%, 
83%, 76%, 72%, and 62%, respectively. A long-term retro-
spective analysis found that the cumulative survival rates 
after DPC with MTA were 93%, 89%, and 71% at 2, 4, and 
6 years, respectively [16]. Kundzina et al. found that the 
cumulative survival rate in MTA group was 85% at 3 years 
[17]. Consequently, the cumulative survival rates for DPC 
with BP showed similar outcome to the researches with 
MTA. On the basis of a limited follow-up period and the 
decreasing of attended cases by year, it was insufficient to 
provide a reliable long-term survival rate for DPC with BP. 
As the attended cases decrease, the cumulative survival 
rate dropped sharply at approximately 6 years in the plot 
of total survival (Fig. 2a), which increased the uncertainty 
of the survival estimate [18].

Age is an important prognostic factor in VPT, and the 
reparative ability of pulpal tissue is considered better in 
younger patients. In this study, the success rate was signifi-
cantly higher in patients under 40 years of age than in those 
over 40, which has also been confirmed in previous studies 

[6, 9, 19]. Forty years of age has been found to be a sig-
nificant cutoff point regarding the outcome of DPC [6, 9], 
and an analysis has shown that DPC is more cost-effective 
in younger patients (≤ 40 years old), which accounted for 
choosing 40 as the cutoff point in this study [20]. In addition, 
as the average age of the included patients was 32 years, 30 
and 35 years of age were also analyzed as cutoff points, and 
the outcomes indicated a significant difference between the 
younger and older age groups. However, Cho et al. found a 
significant effect of age on the outcome by univariate analy-
sis but not by multivariate analysis [9]. Additionally, some 
other studies could not confirm the effect of age on the treat-
ment outcome [7, 10]. Harms et al. found the younger cohort 
seemed to show higher cumulative survival rate than the 
older cohort although no significant difference was found 
[7]. These results suggest that the effect of age on prognosis 
is influenced by many factors. In this study, multivariate 
analysis also indicated that age over 40 years was a risk 
factor (P < 0.05), with a hazard ratio of 2.06. This could be 
explained by changes in homeostasis and functional regula-
tion in the human body during aging. In vivo, the prolifera-
tion and differentiation potential of human dental pulp stem 
cells decrease with age [21].

Operator experience was found to be a potential prognos-
tic factor, which is notable in this study because some of the 

Fig. 3  Kaplan‒Meier plots of survival time after DPC. a The total survival. b Survival based on age. c Survival based on operators

Table 2  Causes of failure and cumulative success rates by time since treatment

a Immediate: ≤ 2 weeks after treatment
b Endodontic: failure of pulpal or periapical lesion
c Restorative: failure of secondary caries, loss of restorations or teeth fracture, etc.

Immediatea 6 months 1 year 2 year 3 year 4 year 5 year 6 year Total

Causes Endodonticb 6 16 5 9 5 5 1 1 48

Restorativec 0 1 2 1 0 0 0 0 4

Attended cases 354 348 331 180 86 46 32 13 -
Cumulative survival rates 98% 94% 92% 87% 83% 76% 72% 62% -
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Table 3  Univariate analysis of the correlation between potential prognostic factors and success rates by Cox proportional hazards regression

The boldfaced entries highlighted the significant P value and hazard ratio of the two potential prognostic factors
a Unknown: it was difficult to distinguish the depth of caries, for example, the caries lesion was on the buccal or lingual surface of the teeth
b Postoperative symptom: patients’ complaint about discomfort within 2  weeks after treatment, while unknown was referred to absence from 
clinical review within 2 weeks

Prognostic factors Success n (%) Failure n (%) Hazard ratio 95%CI P value

Sex 0.59
  Male 99 (88.39) 13 (11.61) 1.00 -
  Female 203 (83.88) 39 (16.12) 1.19 (0.63–2.24)

Age (years old) 0.01
   ≤ 40 256 (87.37) 37 (12.63) 1.00 -
   > 40 46 (75.41) 15 (24.59) 2.18 (1.19–3.99)

Tooth type 0.34
  Anterior 47 (92.16) 4 (7.84) 1.00 -
  Premolar 76 (84.44) 14 (15.56) 2.26 (0.74–6.87)
  Molar 179 (84.04) 34 (15.96) 2.06 (0.73–5.81)

Tooth location 0.17
  Maxilla 202 (87.83) 28 (12.17) 1.00 -
  Mandibula 100 (80.65) 24 (19.35) 1.47 (0.85–2.53)

Class of restoration 0.33
  I class 55 (87.30) 8 (12.70) 1.00 -
  II class 199 (83.26) 40 (16.74) 1.40 (0.65–2.99)
  III class 43 (93.48) 3 (6.52) 0.50 (0.13–1.89)
  V class 5 (83.33) 1 (16.67) 1.41 (0.18–11.32)

Presence of previous restoration 0.19
  No 235 (83.93) 45 (16.07) 1.00 -
  Yes 67 (90.54) 7 (9.46) 0.59 (0.27–1.31)

Preoperative symptom 0.30
  No 209 (86.72) 32 (13.28) 1.00 -
  Mild sensitivity 93 (82.30) 20 (17.70) 1.35 (0.77–2.36)

Percussion pain 0.60
  No 271 (85.76) 45 (14.24) 1.00 -
  Yes 31 (81.58) 7 (18.42) 1.24 (0.56–2.76)

Pulp sensitivity test 0.44
  Within normal limits 105 (86.78) 16 (13.22) 1.00 -
  Transient sensitivity 197 (84.55) 36 (15.45) 1.26 (0.70–2.28)

Depth of caries 0.43
  Deep caries 175 (86.21) 28 (13.79) 1.00 -
  Extremely deep caries 71 (82.56) 15 (17.44) 1.29 (0.69–2.41)
   Unknowna 56 (85.31) 9 (14.69) - -

Pulpal exposure size (mm) 0.78
   < 1 210 (84.00) 40 (16.00) 1.00 -
   ≥ 1 92 (88.46) 12 (11.54) 0.91 (0.48–1.75)

Bleeding circumstance 0.13
  Oozing 55 (76.39) 17 (23.61) 1.00 -
  Normal 132 (84.62) 24 (15.38) 0.62 (0.33–1.15)
  Unknown 115 (91.27) 11 (8.73) - -

Cavity restoration 0.75
  Resin composite 268 (85.62) 45 (14.38) 1.00 - -
  Temporary restoration for 1–2 weeks 34 (82.93) 7 (17.07) 0.88 (0.39–1.96) 0.92

Postoperative  discomfortb 0.23
  No 164 (86.77) 25 (13.23) 1.00 -
  Yes 64 (83.12) 13 (16.88) 1.5 (0.77–2.94)
  Unknown 74 (84.09) 14 (15.91) - -

Operators  < 0.01
  Faculties 202 (89.78) 23 (10.22) 1.00 -
  Residents 100 (77.52) 29 (22.48) 2.27 (1.31–3.92)
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operators were residents. The success rate was higher among 
cases treated by faculty than those treated by residents. The 
practice of all residents was conducted under the guidance of 
faculty and followed the same guidelines. One reason for the 
poorer outcomes may be that more operation time is needed, 
in general, by residents, which could lead to poorer results 
regarding infection and trauma control.

The effect of the depth of caries on periapical radiographs 
on the prognosis after DPC was also analyzed in this study. 
The ESE proposed the concepts of deep caries and extremely 
deep caries in 2019 [2]. Demant et al. found that bacterial 
invasion into the pulp tissue and partial coronal pulp tissue 

necrosis were usually observed in teeth diagnosed with 
extremely deep caries, while in teeth diagnosed with deep 
caries, bacteria usually invaded the primary dentin, and 
bacterial infection was not observed in the pulp tissue [22]. 
However, a statistically significant effect of the depth of car-
ies on the prognosis after DPC was not found in this study, 
and this method could not be used for teeth with buccal or 
lingual caries. This result may be due to the diagnosis of 
the included cases being normal pulp or reversible pulpitis, 
which likely involve greater odontoblast survival.

It is necessary to focus on the discomfort of patients 
before and after treatment in clinical research. The 

Fig. 4  Presentation of radiographs in 3 cases. a, b No dentin bridge 
formation was observed. a Preoperative radiograph showing deep 
caries. b Radiograph 39 months after DPC. c–e Dentin bridge forma-
tion was observed. c Preoperative radiograph showing deep caries. d 
Radiograph immediately after DPC. e Radiograph 24  months after 

DPC. f–h Pulp chamber narrowing was observed. f Preoperative radi-
ograph showing a normal pulp chamber. g Pulp chamber narrowing 
was observed at 12 months after DPC. h Further pulp chamber nar-
rowing at 24 months after DPC



5295Clinical Oral Investigations (2023) 27:5287–5296 

1 3

incidence of short-term postoperative discomfort, which 
was defined as discomfort occurring within 2 weeks after 
treatment, was 28.0% and 34.2% in cases of successful and 
failed treatment, respectively, with no significant difference 
between the two groups (Table 3). Most of the complaints 
of discomfort consisted of mild sensitivity to cold and heat 
stimulation, and there were a few reports of slight sponta-
neous pain. The postoperative discomfort lasted for a short 
time and resolved spontaneously. Some studies have found 
significant pain relief after VPT similar to [23] or even bet-
ter [24] than the pain relief achieved with root canal treat-
ment. However, few studies have described the incidence 
of short-term postoperative discomfort.

Although a high rate of dentin bridge formation has 
been observed after DPC with BP in animal studies 
and in vivo [14, 25], it is difficult to identify all dentin 
bridges due to the limited resolution of periapical radio-
graphs. Dentin bridge formation was observed in 109 of 
302 successfully treated teeth (36%) in this study. Inter-
estingly, in the two teeth with a normal pulp status, den-
tin bridge formation was observed under the microscope 
after loss of the fillings, while it could not be observed 
on the periapical radiographs. The relationship between 
the outcome of VPT and the observation of dentin bridge 
formation on radiographs is still uncertain [26]; thus, 
dentin bridge formation was not included in the outcome 
assessment criteria in this study. The mechanism and 
importance of dentin bridge formation, as well as the 
definition of and criteria for evaluating dentin bridges, 
require further exploration in the future.

Conclusions

This retrospective cohort study has shown that on the basis 
of appropriate indication selection and treatment procedures, 
long-term success is possible in mature permanent teeth with 
carious pulp exposure through DPC using BP. Patient age 
and operator experience are potential prognostic factors. In 
the future, more high-quality prospective studies should be 
conducted to further investigate the outcomes and prognostic 
factors of DPC in mature permanent teeth with carious pulp 
exposure.
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