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Abstract Background/purpose: The presence of a hard tissue barrier (HTB) is commonly 

considered as a reliable indicator of a successful vital pulp therapy (VPT). This study therefore 

aimed to evaluate the probability of HTB detection over time, identify factors affecting HTB 

detection, and compare the mean time of HTB detection across subgroups.

Materials and methods: This retrospective cohort study included permanent mandibular mo-

lars that had undergone VPT. The examiners detected the HTB by comparing the follow-up 

with the immediate postoperative bitewing radiographs. A flexible parametric survival analysis 

was conducted to assess the probability of HTB detection over time and its associated factors. 

The restricted mean survival time was used to compare the mean time of HTB detection across 

subgroups.

Results: This study included 149 radiographs of 70 teeth from 67 patients. The mean follow-up 

was 20.7 � 14.7 months. The probability of HTB detection increased over time, reaching 0.75 

(95 % confidence interval: 0.61—0.87) at 48 months, and was significantly greater in teeth
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treated with partial pulpotomy (PP) or with pre-operative periapical lesions. The mean time of 

HTB detection was significantly earlier after PP than direct pulp capping (20.03 vs. 36.50 

months, P � 0.003), for teeth with than without periapical lesions (17.84 vs. 28.89 months, 

P � 0.021), and for teeth with incomplete than complete root formation (22.34 vs. 31.45 

months, P � 0.031).

Conclusion: The probability of HTB detection increased over time and was influenced by VPT 

type, periapical lesion status, and root formation status.

© 2026 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier 

B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons. 

org/licenses/by-nc-nd/4.0/).

Introduction

Vital pulp therapy (VPT) is designed to preserve and 
maintain the health of pulp tissue by promoting a defensive 
response to harmful stimuli in pulp tissue by stimulating its 
healing and facilitating the formation of a hard tissue 
barrier (HTB) underneath the injury site. 1,2 HTB formation 
is among the many indicators that are often considered a 
sign of successful VPT. 3—7 The HTB has also been identified 
as a marker of healing after VPT as it signifies that the pulp 
tissue remains vital, 4,7—11 enabling the production of 
growth factors and cytokines such as transforming growth 
factor (TGF)-β1, which are known to promote mineraliza-

tion and regenerative processes. 12

Many pulp dressing materials used in VPT have the 
potential to induce HTB formation. In the past, calcium 
hydroxide had been considered the gold standard and 
recommended to be the material of choice, but recent 
studies showed that the HTB induced by calcium hydrox-

ide is variable and unpredictable, with more tunnel de-

fects leading to bacterial microleakage when compared to 
those induced by hydraulic calcium silicate cements such 
as ProRoot® MTA (Dentsply, Tulsa Dental Specialties, 
Tulsa, OK, USA), RetroMTA® (BioMTA, Seoul, Republic of 
Korea), and Biodentine™ (Septodont, Saint-Maurdes-

Fosses, France). 13 However, one disadvantage of Bio-

dentine™ is its radiopacity, which is close to that of 
natural dentin but lower than that of mineral trioxide 
aggregate (MTA) and gradually decreases over time, 
making it difficult to be differentiate from dentin on 
radiographs. 14

While previous studies have reported a wide range of 
HTB formation, from 0 to 100 %, in teeth that have under-

gone VPT, 4,7,10,11,15—19 HTB detection was often evaluated 
as a secondary outcome, with assessments that were sub-

jective and cross-sectional in design. Additionally, no 
studies have specifically investigated the factors affecting 
HTB formation or the time frame during which the HTB can 
be radiographically detected. Therefore, this study aimed 
to evaluate the probability of the HTB detection over time, 
identify factors affecting HTB detection, and compare the 
mean time that the HTB can be radiographically detected 
across subgroups.

Materials and methods

Study design

This retrospective cohort study was approved by the Human 
Experimentation Committee of the Faculty of Dentistry at 
Chiang Mai University, Chiang Mai, Thailand (registration 
number: 39/2017). It was reported according to the 
Strengthening the Reporting of Observational Studies in 
Epidemiology (STROBE) guidelines. 20

Study participants

This study retrospectively examined the permanent 
mandibular molars of patients aged 6—18 years that had 
undergone VPT at the Pediatric Dentistry Clinic, Faculty of 
Dentistry, Chiang Mai University, Chiang Mai, Thailand, 
between September 2012 and June 2023.

The protocol for the VPT and assessment has been pre-

viously described. 21—23 Immediate postoperative radio-

graphs were taken. Follow-up appointments were 
scheduled approximately every six months, following the 
practice recommendations in the Caries-Risk Assessment 
and Management for Infants, Children, and Adolescents 
guidelines of the American Academy of Pediatric Dentistry 
and for the postoperative assessment of VPT by the Euro-

pean Society of Endodontology (ESE). 24,25

Eligibility criteria and data collection

To be included in this study, the permanent mandibular 
molars must (i) be treated with direct pulp capping (DPC) or 
partial pulpotomy (PP) using ProRoot®MTA or RetroMTA® as 
the pulp dressing material, (ii) have immediate post-

operative and at least one follow-up bitewing radiograph, 
and (iii) have complete data on all independent variables. 
This study excluded teeth treated with Biodentine™ due to 
its density resembling that of dentin, complicating the 
identification and demarcation of the HTB border.

The independent variables were extracted from pa-

tients’ charts, including age group (6—10, >10—18 years), 
sex (male, female), VPT type (DPC, PP), pre-operative
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pulpal diagnosis (normal pulp, reversible pulpitis, irrevers-

ible pulpitis), pre-operative periapical lesion status 
(absence, presence), root formation status (complete, 
incomplete), and VPT outcome (success, failure). The im-

mediate postoperative and follow-up bitewing radiographs 
were collected and saved as JPEG files with unique study 
codes. Bitewing radiographs were excluded if they (i) were 
of low quality, (ii) contained restorations or devices that 
interfered with the radiographic evaluation of the pulp 
chamber, and (iii) were taken >48 months postoperative, 
as this study focused on outcomes within 48 months, 
following the practice recommendations for postoperative 
assessment of VPT by the ESE. 25

Outcome parameters

In this study, HTB was defined as a radiopaque layer forming 
across the surface of the exposed pulp beneath the pulp 
dressing materials. 1,26 Radiographic detection of the HTB 
was determined by comparing the follow-up with immedi-

ate postoperative bitewing radiographs and classified as 
either “presence” or “absence.” The presence of the HTB 
was considered an event of interest. The time to HTB 
detection was recorded in months, measured from the 
treatment date to its first radiographic detection.

Before the evaluation, two postgraduate dental stu-

dents underwent a training and calibration session with

the gold standard examiner, using a set of 56 bitewing 
radiographs. To assess intra- and inter-examiner reli-

ability, the two calibrated examiners independently eval-

uated another set of 30 bitewing radiographs twice, two 
weeks apart. All examiners were blinded to all indepen-

dent variables.

Statistical analysis

Cohen’s kappa (accepted value at �0.8) was calculated to 
quantify the level of inter-examiner agreement in HTB 
detection. 27 A flexible parametric survival analysis was 
conducted to assess the probability of HTB detection over 
time and its associated factors with 95 % confidence in-

tervals (CIs). The restricted mean survival time (RMST) was 
used to compare the mean time to HTB detection between 
age groups, sexes, VPT types, pre-operative diagnoses, pre-

operative periapical lesion status, and root formation sta-

tus. 28 The software used for all these analyses was Stata 
18.0 software (College Station, TX, USA). A P < 0.05 was 
considered statistically significant.

Results

As shown in Fig. 1, 714 teeth from 541 patients were 
initially screened, of which 89 permanent mandibular

Figure 1 Flowchart of the study. DPC, direct pulp capping; HTB, hard tissue barrier; PP, partial pulpotomy; VPT, vital pulp

therapy.
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molars from 84 patients met the inclusion criteria. Of the 
219 bitewing radiographs available, 70 were excluded. 
Therefore, this study included 149 bitewing radiographs of 
70 teeth from 67 patients, with at different follow-up times 
up to 48 months postoperative.

The inter-examiner reliability between the two cali-

brated examiners and the gold standard examiner was 0.84 
and 1.00, while the inter-examiner reliability between the 
calibrated examiners was 0.84. The intra-examiner reli-

ability of both examiners was 0.83 and 1.00.

Table 1 Radiographic detection of hard tissue barrier in vital pulp therapy-treated mandibular permanent molars: comparison 

of baseline demographic and clinical characteristics.

Demographic/Clinical Variables Total Radiographic detection of hard tissue barrier, n (%) P value

Yes No

Number of teeth 70 (100) 42 (60.0) 28 (40.0) —

Age group (year)

6—10 years 30 (42.86) 18 (42.86) 12 (42.86) 1.000 a

>10—18 years 40 (57.14) 24 (57.14) 16 (57.14)

Sex

Male 27 (38.57) 19 (45.24) 8 (28.57) 0.212 a

Female 43 (61.43) 23 (54.76) 20 (71.43)

Vital pulp therapy type

Direct pulp capping 30 (42.86) 8 (19.05) 22 (78.57) 0.000 a

Partial pulpotomy 40 (57.14) 34 (80.95) 6 (21.43)

Pre-operative pulpal diagnosis 

Normal pulp and reversible pulpitis 40 (57.14) 16 (38.10) 24 (85.71) 0.000 a

Irreversible pulpitis 30 (42.86) 26 (61.90) 4 (14.29)

Pre-operative periapical lesion status 

Presence 12 (17.14) 11 (26.19) 1 (3.57) 0.021 a

Absence 58 (82.86) 31 (73.81) 27 (96.43)

Root formation status

Complete 35 (50.00) 21 (50.00) 14 (50.00) 1.000 a

Incomplete 35 (50.00) 21 (50.00) 14 (50.00)

Vital pulp therapy outcome

Success 68 (97.14) 45 (66.18) 23 (33.82) 1.000 a

Failure 2 (2.86) 1 (50.00) 1 (50.00)

IQR, interquartile range; SD, standard error. 
a Fisher’s exact test.

Figure 2 Probability of hard tissue barrier detection over time. FPM, flexible parametric survival models; HTB, hard tissue 

barrier; KM, kaplan-meier.
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Probability of hard tissue barrier detection over 
time

The mean follow-up duration of the 70 included mandib-

ular molars was 20.7 � 14.7 (range: 4—48) months, with a 
median (interquartile range) of 15.5 (9—31) months. The 
patients’ baseline demographic and clinical characteris-

tics, including age group, sex, VPT type, pre-operative 
diagnosis, pre-operative periapical lesion status, root 
formation status, and VPT outcome, are presented in

Table 1. Among the included teeth, HTB was detected 
significantly more frequently in those treated with PP, 
diagnosed with irreversible pulpitis, or with a pre-

operative periapical lesion. HTB was detected in 60 % 
(42/70) of the treated teeth. The probability of HTB 
detection increased over time, from 0.13 (95 % CI: 
0.07—0.23) at six months to 0.75 (95 % CI: 0.61—0.87) at 
48 months (Fig. 2 and Table 2).

Factors affecting hard tissue barrier detection

Due to the small number of failures, VPT outcome (success 
or failure) was excluded from the analysis. A univariable 
model indicated that a pre-operative pulpal diagnosis was 
significantly associated with the radiographic detection of 
an HTB. The probability of HTB detection was significantly 
greater for teeth with a pre-operative diagnosis of irre-

versible pulpitis than for teeth with normal pulp or 
reversible pulpitis (unadjusted hazard ratio [HR]: 2.48, 95 % 
CI; 1.29—4.79, P � 0.007). However, this factor was not 
significant in a multivariable model (Table 3).

VPT type and pre-operative periapical lesion status were 
significantly associated with radiographic HTB detection in 
both univariable and multivariable models (Table 3). The 
probability of HTB detection was significantly greater for 
teeth with PP than with DPC (unadjusted HR: 6.20, 95 % CI: 
2.36—16.32, P � 0.000; adjusted HR: 4.96, 95 % CI: 
1.53—16.12, P � 0.008) and for teeth with than without 
pre-operative periapical lesions (unadjusted HR: 3.00, 95 % 
CI: 1.33—6.73, P � 0.008; adjusted HR: 2.90, 95 % CI:

Table 2 Probability over time of radiographic hard tissue 

barrier detection.

Follow-up 

time (m)

Number of 

vital pulp 

therapy-

treated 

teeth

Radiographic hard tissue 

barrier detection

Number 

of teeth

Probability (95 % 

confidence 

interval)

0 70 0 — —

6 66 9 0.13 (0.07—0.23)

12 40 16 0.37 (0.26—0.49)

18 33 5 0.45 (0.34—0.58)

24 25 3 0.51 (0.39—0.64)

30 20 2 0.55 (0.43—0.68)

36 17 3 0.63 (0.49—0.76)

42 11 2 0.69 (0.55—0.81)

48 7 2 0.75 (0.61—0.87)

Table 3 Data distribution of the 70 permanent mandibular molars that have undergone vital pulp therapy according to factors 

affecting the radiographic detention of hard tissue barrier.

Factors Total n (%) Univariable model Multivariable model

HR a 95 % CI P value HR b 95 % CI P value

Age group (year)

6 to 10 30 (42.86) 1.00 Reference 1.00 Reference

>10 to 18 40 (57.14) 1.26 (0.68—2.33) 0.460 2.34 (0.91—6.02) 0.078

Sex

Male 27 (38.57) 1.00 Reference 1.00 Reference

Female 43 (61.43) 0.66 (0.36—1.19) 0.164 0.63 (0.31—1.27) 0.197

Vital pulp therapy type

Direct pulp capping 30 (42.86) 1.00 Reference 1.00 Reference

Partial pulpotomy 40 (57.14) 6.20 (2.36—16.32) 0.000* 4.36 (1.69—11.30) 0.002*

Pre-operative pulpal diagnosis 

Normal pulp and reversible pulpitis 40 (57.14) 1.00 Reference 1.00 Reference

Irreversible pulpitis 30 (42.86) 2.48 (1.29—4.79) 0.007* 1.42 (0.64—3.17) 0.391

Pre-operative periapical lesion status 

Absence 12 (17.14) 1.00 Reference 1.00 Reference

Presence 58 (82.86) 3.00 (1.33—6.73) 0.008* 2.99 (1.45—6.16) 0.003*

Root formation status

Complete 35 (50.00) 1.00 Reference 1.00 Reference

Incomplete 35 (50.00) 0.96 (0.53—1.75) 0.906 2.50 (0.95—6.55) 0.062

Hazard ratio from a uivariable and b multivariable flexible parametric survival regression analyses. 
*P value < 0.05.
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1.44—5.85, P � 0.003). The probability of HTB detection by 
follow-up time for each potential factor is shown in Fig. 3.

Comparison of the mean time of hard tissue barrier 
detection across subgroups

The RMST over the 48 months of follow-up represents the 
mean time at which an HTB was radiographically detected in 
each subgroup (Table 4). Among the factors examined, PP, 
presence of pre-operative periapical lesions, and incom-

plete root formation significantly shortened the time to HTB

detection. Within the 48-month observation period, an HTB 
was detected at 36 months on average in teeth after DPC, 
compared to only 20 months after PP, indicating that an HTB 
was detected approximately 16 months earlier in teeth 
treated with PP than DPC. In addition, an HTB appeared 
approximately 11 months earlier in teeth with than without 
pre-operative periapical lesions. Similarly, HTB appeared 
approximately nine months earlier in teeth with incomplete 
than with complete root formation. Fig. 4 shows radiographic 
examples of the average time to HTB detection between the 
subgroups for each potential factor.

Figure 3 Probability of radiographic detection of hard tissue barrier over 48-month follow-up time: flexible parametric survival 

analysis by factors affecting HTB detection, including (a) age group, (b) gender, (c) type of vital pulp therapy, (d) pre-operative 

pulpal diagnosis, (e) pre-operative periapical lesion, (f) root formation. DPC, direct pulp capping; HTB, hard tissue barrier; PP, 

partial pulpotomy; VPT, vital pulp therapy.
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Discussion

From this study, HTB was radiographically detected in 60 % 
of teeth treated with DPC or PP using MTA. The probability 
of detecting HTB increased over time, from 0.13 at 6 
months to 0.75 at 48 months. The increase in HTB detection 
may be due to increasing HTB thickness over time. Simi-

larly, one study reported an increase in HTB detection over 
time in both teeth treated with DPC using MTA (from 76 % at

6 months to 86 % at 12 months) and Biodentine™ (from 71 % 
to 95 % at 6 and 12 months). 17 While the percentage of 
teeth with a detected HTB differs between studies, their 
trends both show that time is a crucial factor in HTB 
detection. Histological studies have found that HTB can be 
detected as early as two weeks after VPT. 29,30 However, the 
histological approach is not applicable in clinical settings. 
Therefore, our study detected HTBs from routine bitewing 
radiographs. However, the HTB must be sufficiently thick to 
be detectable on radiographs. In their quantitative histo-

pathologic analysis, De Rossi et al. reported that HTB 
thinner than 0.5 mm could not be detected on 
radiographs. 31

Our results also revealed that the probability of HTB 
detection over time was significantly greater for teeth 
exhibiting advanced caries progression, such as those with 
irreversible pulpitis, pre-operative periapical lesions, and 
treated with PP, than for those with normal pulp or 
reversible pulpitis, those without pre-operative periapical 
lesions, and those treated with DPC. However, a pre-

operative pulpal diagnosis was only significant in the uni-

variable model. Rapid caries development triggers 
increased cellular and molecular interactions, leading to a

more intense immune and inflammatory response. 32—34 A 
large carious lesion that exposes the pulp will be infected 
with bacteria that produce bacterial products and media-

tors throughout the root apex and evoke an inflammatory 
response in the periapical tissue, causing a periapical 
lesion. 35 The severe damage to the teeth may trigger the 
activation of pulp tissue healing mechanisms, resulting in 
higher detection of HTBs following VPT. Since several 
studies have now included teeth with periapical lesions in 
the indications for VPT, 13,22,23,36,37 clinicians should keep in 
mind that HTB may be more commonly detected in these 
teeth.

HTB was detected more often in teeth treated with PP 
than with DPC, an explanation for this finding may be the 
greater contact area of pulp tissue with the pulp dressing 
material in PP-treated teeth. The increased contact area 
allows the pulp dressing material to stimulate cell adhesion 
and proliferation, induce hard tissue deposition, and pro-

mote mineralization. 38,39 Notably, one previous study found 
no HTB formed after PP with MTA and calcium hydroxide on 
teeth with irreversible pulpitis at 6, 12, and 24 months 
postoperatively. 19 Based on our findings, the mean time to 
radiographic detection of an HTB after PP was 20 months, 
ranging from 13 to 26 months postoperatively. Therefore, 
the lack of HTB detection in the previous study may be due 
to its relatively short follow-up period.

In this study, HTB was detected 16 months earlier in 
teeth treated with PP than in teeth treated with DPC. Due 
to the wide contact area between the pulp dressing ma-

terial and pulpal tissue during the PP procedure, Bogen 
et al. also revealed that teeth with larger multiple pulpal 
exposures above 2 mm were more likely to demonstrate a

Table 4 Comparison of the average duration for hard tissue barrier detection between different subgroups of each potential 

factor at 48 months follow-up.

Factors

Reference vs. comparator groups

Reference Comparator Difference between groups

RMST 

(95 % CI)

RMST 

(95 % CI)

RMST

Difference

95 % CI P value

Age group (year)

6 to 10 vs. >10 to 18 31.52 

(24.67—38.37)

23.32

(16.81—29.83)

�8.20 (— 18.30 to 1.91) 0.112

Sex

Male vs. female 24.25

(18.38—30.13)

28.74

(22.74—34.74)

4.49 (— 2.75 to 11.73) 0.224

Vital pulp therapy type

Direct pulp capping vs. partial pulpotomy 36.50

(29.14—43.86)

20.03

(13.62—26.43)

�16.47 (— 27.31 to — 5.62) 0.003*

Pre-operative pulpal diagnosis

Normal pulp and reversible pulpitis vs. 

irreversible pulpitis

28.60

(21.66—35.54)

24.88

(18.25—31.52)

�3.71 (— 13.60 to 6.17) 0.461

Pre-operative periapical lesion status 

Absence vs. presence 28.89

(23.72—34.05)

17.84

(6.69—20.93)

�11.05 (— 20.44 to — 1.67) 0.021*

Root formation status

Complete vs. incomplete 31.45

(25.10—37.80)

22.34

(16.52—28.16)

�9.11 (— 17.38 to — 0.84) 0.031*

RMST, restricted mean survival time. 

*P value < 0.05.
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higher degree of aggressive HTB formation. 16 Moreover, our 
study detected an HTB approximately 11 months earlier in 
teeth with than without pre-operative periapical lesions, 
possibly because a vigorous healing process is initiated due 
to the vital pulp defense mechanism’s response to severe 
injury in teeth with periapical lesions. 33 Additionally, our 
study detected an HTB approximately nine months earlier 
in teeth with incomplete than with complete root forma-

tion, possibly due to the greater healing potential of 
younger pulp tissue and the rich blood supply to the pulp in 
young patients. 40 The information on the mean time to HTB 
detection across subgroups will greatly benefit clinicians 
because they can be used as a reference for when to expect 
a radiographic detection of HTB after VPT.

It has long been recognized that if the exposed dental 
pulp has formed an HTB, the teeth still have active cells 
and the capacity to maintain their vitality. 12 However, in 
their histological examination of teeth with varying degrees

of carious lesion extension to explore the evoking of a 
dentin response to caries and environmental irritation, 
Ricucci et al. showed the calcified mass formed in response 
to deep carious lesions or lesions that exposed the pulp 
does not exhibit the typical features of real dentin, such as 
a tubular structure. 41 Instead, it seemed to represent a 
repair process rather than true regeneration. This infor-

mation contradicts the accepted view that an HTB indicates 
regeneration and, therefore, is an indicator of VPT success. 
However, according to the ESE guidelines, the term “ter-

tiary dentin formation” is still used and it is considered to 
be the aim of VPT. 25

While our study may be the first to provide insights into 
HTB detection, it had some limitations. Firstly, due to its 
retrospective design, the examined bitewing radiographs 
were taken without strict protocol adherence. Conse-

quently, a significant number did not meet the inclusion 
criteria and were excluded from this study. Secondly, due

Figure 4 Radiographic examples of average duration for HTB detection across different subgroups: A1) immidiate post-operative 

radiograph of tooth 36 treated with direct pulp capping; A2) HTB detection on radiograph of tooth 36 at 42 months; B1) immidiate 

post-operative radiograph of tooth 36 treated with partial pulpotomy; B2) HTB detection on radiograph of tooth 36 at 21 months; 

C1) immidiate post-operative radiograph of tooth 36 without pre-operative periapical lesion; C2) HTB detection of radiograph of 

tooth 36 at 27 months; D1) immidiate post-operative radiograph of tooth 36 with pre-operativeperiapical lesion; D2) HTB detection 

of radiograph of tooth 36 at 11 months; E1) immidiate post-operative radiograph of tooth 36 with complete root formation; E2) HTB 

detection of radiograph of tooth 36 at 28 months; F1) immidiate post-operative radiograph of tooth 46 with incomplete root 

formation; F2) HTB detection of radiograph of tooth 46 at 17 months; HTB, hard tissue barrier.
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to difficulty interpreting radiographs, only mandibular 
molars were included in this study, reducing the number of 
examined teeth. Thirdly, this study did not include all VPT 
types. Indirect pulp capping was omitted due to the slow 
rate of newly formed HTBs, complicating the identification 
of the true border between the HTB and the dentin. Simi-

larly, the newly formed HTB appeared ambiguous after 
coronal pulpotomy, posing challenges distinguishing it from 
pulp canal obliteration. Moreover, this study did not include 
teeth treated with VPT using Biodentine™ as the pulp 
dressing material because it has a density that is not 
significantly different from dentin, making it difficult to 
distinguish them and thus mark the border of the newly 
formed HTB. 3,7 Although two different types of MTA were 
used in this study (ProRoot®MTA and RetroMTA®), a ran-

domized controlled trial of various MTA materials (Pro-

Root®MTA, RetroMTA®, and OrthoMTA® (BioMTA, Seoul, 
Korea) for partial pulpotomy in permanent teeth did not 
reveal a statistical difference in calcified barrier formation 
among three groups. 42 Fourthly, this study did not examine 
the relationship between age and HTB detection, as it only 
included children aged 6—18 years. Lastly, this study’s 
design focused on a dichotomous outcome, the presence or 
absence of an HTB, not the quantity of HTBs. Further 
questions, such as will the HTB cease or continue to 
develop over time or can the HTB potentially lead to pulp 
canal obliteration and pulp necrosis after VPT, can only be 
answered if the thickness of the HTB is measured and long-

term follow-up of VPT-treated teeth is available. There-

fore, further studies on this issue are highly recommended. 
In conclusion, this study highlighted that HTB detection 

increased over time. In addition, HTB detection is signifi-

cantly more likely for teeth treated with PP or with pre-

operative periapical lesions. Within the 48-month obser-

vation period, HTB was detected earlier in teeth treated 
with PP, teeth with pre-operative periapical lesions, and 
teeth with incomplete root formation. These findings can 
be used as references for postoperative assessment of VPT-

treated teeth.

Declaration of competing interest

The authors deny any competing interest related to this 
study.

Acknowledgments

This study was financially supported by the Research Fund 
for Postgraduate Students of the Faculty of Dentistry, 
Chiang Mai University.

References

1. American Association of Endodontists. Glossary of endodontic 

terms tenth edition. Available from: https://www.aae.org/ 
specialty/clinical-resources/glossary-endodontic-terms/, 

2020. [Accessed 7 April 2025].

2. Aguilar P, Linsuwanont P. Vital pulp therapy in vital permanent 

teeth with cariously exposed pulp: a systematic review. J 
Endod 2011;37:581—7.

3. Duncan HF, El-Karim I, Dummer PMH, Whitworth J, 
Nagendrababu V. Factors that influence the outcome of pul-

potomy in permanent teeth. Int Endod J 2023;56(Suppl 2): 

62—81.

4. Mass E, Zilberman U. Long-term radiologic pulp evaluation 
after partial pulpotomy in young permanent molars. Quintes-

sence Int 2011;42:547—54.

5. Kunert GG, Kunert IR, da Costa Filho LC, de Figueiredo JAP. 
Permanent teeth pulp otomy survival analysis: retrospective 

follow-up. J Dent 2015;43:1125—31.

6. Fransson H, Wolf E, Petersson K. Formation of a hard tissue 

barrier after experimental pulp capping or partial pulpotomy in 
humans: an updated systematic review. Int Endod J 2016;49: 

533—42.

7. Linu S, Lekshmi M, Varunkumar V, Joseph VS. Treatment 

outcome following direct pulp capping using bioceramic ma-

terials in mature permanent teeth with carious exposure: a 

pilot retrospective study. J Endod 2017;43:1635—9.

8. Shobana S, Kavitha M, Srinivasan N. Efficacy of platelet rich 
plasma and platelet rich fibrin for direct pulp capping in adult 

patients with carious pulp exposure- A randomised controlled 

trial. Eur Endod J 2022;7:114—21.

9. Eghbal MJ, Asgary S, Baglue RA, Parirokh M, Ghoddusi J. MTA 
pulpotomy of human permanent molars with irreversible pul-

pitis. Aust Endod J 2009;35:4—8.

10. Careddu R, Duncan HF. A prospective clinical study investi-

gating the effectiveness of partial pulpotomy after relating 
preoperative symptoms to a new and established classification 

of pulpitis. Int Endod J 2021;54:2156—72.

11. Benoist FL, Ndiaye FG, Kane AW, Benoist HM, Farge P. Evalu-

ation of mineral trioxide aggregate (MTA) versus calcium hy-

droxide cement (Dycal®) in the formation of a dentine bridge: 

a randomised controlled trial. Int Dent J 2012;62:33—9.

12. Fransson H. On the repair of the dentine barrier. Swed Dent J 
Suppl 2012;226:9—84.

13. Asgary S, Eghbal MJ. Treatment outcomes of pulpotomy in 

permanent molars with irreversible pulpitis using biomaterials: 

a multi-center randomized controlled trial. Acta Odontol 
Scand 2013;71:130—6.

14. Kunert M, Lukomska-Szymanska M. Bio-inductive materials in 

direct and indirect pulp capping―a review article. Materials 

2020;13:1204.

15. Barrieshi-Nusair KM, Qudeimat MA. A prospective clinical study 

of mineral trioxide aggregate for partial pulpotomy in cariously 

exposed permanent teeth. J Endod 2006;32:731—5.

16. Bogen G, Kim JS, Bakland LK. Direct pulp capping with mineral 

trioxide aggregate: an observational study. J Am Dent Assoc 

2008;139:305—15.

17. Katge FA, Patil DP. Comparative analysis of 2 calcium 
silicate—based cements (Biodentine and mineral trioxide 

aggregate) as direct pulp-capping agent in young permanent 

molars: a split mouth study. J Endod 2017;43:507—13.

18. Linsuwanont P, Wimonsutthikul K, Pothimoke U, Santiwong B. 
Treatment outcomes of mineral trioxide aggregate pulpotomy 

in vital permanent teeth with carious pulp exposure: the 

retrospective study. J Endod 2017;43:225—30.

19. Taha NA, Khazali MA. Partial pulpotomy in mature permanent 

teeth with clinical signs indicative of irreversible pulpitis: a 

randomized clinical trial. J Endod 2017;43:1417—21.

20. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, 
Vandenbroucke JP. The strengthening the reporting of obser-

vational studies in epidemiology (STROBE) statement: guide-

lines for reporting observational studies. Lancet 2007;370: 

1453—7.

21. Machareonsap H, Chompu-Inwai P, Chaipattanawan N, 

Manmontri C, Nirunsittirat A, Phinyo P. Normal saline or sodium 

hypochlorite irrigation for vital pulp therapy? A non-inferiority 

randomised controlled trial. Eur Endod J 2024;9:180—90.

B. Nophachatsathid, P. Chompu-Inwai, C. Manmontri et al.

148

https://www.aae.org/specialty/clinical-resources/glossary-endodontic-terms/
https://www.aae.org/specialty/clinical-resources/glossary-endodontic-terms/
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref2
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref2
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref2
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref3
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref3
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref3
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref3
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref4
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref4
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref4
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref5
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref5
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref5
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref6
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref6
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref6
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref6
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref7
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref7
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref7
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref7
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref8
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref8
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref8
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref8
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref9
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref9
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref9
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref10
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref10
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref10
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref10
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref11
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref11
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref11
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref11
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref12
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref12
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref13
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref13
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref13
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref13
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref14
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref14
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref14
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref15
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref15
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref15
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref16
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref16
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref16
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref17
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref17
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref17
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref17
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref18
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref18
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref18
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref18
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref19
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref19
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref19
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref20
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref20
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref20
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref20
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref20
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref21
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref21
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref21
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref21


22. Uesrichai N, Nirunsittirat A, Chuveera P, Srisuwan T, 
Sastraruji T, Chompu-Inwai P. Partial pulpotomy with two 

bioactive cements in permanent teeth of 6-to 18-year-old pa-

tients with signs and symptoms indicative of irreversible pul-

pitis: a noninferiority randomized controlled trial. Int Endod J 
2019;52:749—59.

23. Parinyaprom N, Nirunsittirat A, Chuveera P, et al. Outcomes of 

direct pulp capping by using either ProRoot mineral trioxide 
aggregate or biodentine in permanent teeth with carious pulp 

exposure in 6-to 18-year-old patients: a randomized controlled 

trial. J Endod 2018;44:341—8.

24. American Academy of Pediatric Dentistry. Caries-risk assess-

ment and management for infants, children, and adolescents. 

Ref Man Pediatr Dent 2024;2:306—12.

25. Duncan H, Galler K, Tomson P, et al. European society of 

endodontology position statement: management of deep 
caries and the exposed pulp. Int Endod J 2019;52:923—34.

26. Taha NA, Al-Rawash MH, Imran Z. Outcome of full pulpotomy in 

mature permanent molars using 3 calcium silicate-based ma-

terials: a parallel, double blind, randomized controlled trial. 

Int Endod J 2022;55:416—29.

27. Landis JR, Koch GG. The measurement of observer agreement 

for categorical data. Biometrics 1977:159—74.

28. Royston P, Parmar MKB. Restricted mean survival time: an 

alternative to the hazard ratio for the design and analysis of 

randomized trials with a time-to-event outcome. BMC Med Res 

Methodol 2013;13:152.

29. Asgary S, Parirokh M, Eghbal MJ, Ghoddusi J, Eskandarizadeh A. 

SEM evaluation of neodentinal bridging after direct pulp pro-

tection with mineral trioxide aggregate. Aust Endod J 2006;32: 
26—30.

30. Tziafas D, Pantelidou O, Alvanou A, Belibasakis G, 

Papadimitriou S. The dentinogenic effect of mineral trioxide 

aggregate (MTA) in short-term capping experiments. Int Endod 
J 2002;35:245—54.

31. De Rossi A, Silva LAB, Gatón-Hernández P, et al. Comparison of 

pulpal responses to pulpotomy and pulp capping with

biodentine and mineral trioxide aggregate in dogs. J Endod 
2014;40:1362—9.

32. Cooper PR, Takahashi Y, Graham LW, Simon S, Imazato S, 

Smith AJ. Inflammation—regeneration interplay in the 

dentine—pulp complex. J Dent 2010;38:687—97.

33. About I, Mitsiadis TA. Molecular aspects of tooth pathogenesis 

and repair: in vivo and in vitro models. Adv Dent Res 2001;15: 

59—62.

34. Weider SR, Schour I, Mohammed CI. Reparative dentine 

following cavity preparation and fillings in the rat molar. Oral 

Surg Oral Med Oral Pathol 1956;9:221—32.

35. Yamasaki M, Kumazawa M, Kohsaka T, Nakamura H, 
Kameyama Y. Pulpal and periapical tissue reactions after 

experimental pulpal exposure in rats. J Endod 1994;20:13—7.

36. Calis ‚ kan M. Pulpotomy of carious vital teeth with periapical

involvement. Int Endod J 1995;28:172—6.

37. Taha NA, Abdulkhader SZ. Full pulpotomy with biodentine in 

symptomatic young permanent teeth with carious exposure. J 

Endod 2018;44:932—7.

38. Duarte MAH, de Oliveira Demarchi ACC, Yamashita JC, 

Kuga MC, de Campos Fraga S. pH and calcium ion release of 2 

root-end filling materials. Oral Surg Oral Med Oral Pathol Oral 

Radiol Endod 2003;95:345—7.

39. Banava S, Fazlyab M, Heshmat H, Mojtahedzadeh F, 

Motahhary P. Histological evaluation of single and double-visit 

direct pulp capping with different materials on sound human 

premolars: a randomized controlled clinical trial. Iran Endod J 
2015;10:82.

40. Takahashi K. Changes in the pulpal vasculature during inflam-

mation. J Endod 1990;16:92—7.

41. Ricucci D, Loghin S, Lin LM, Spångberg LS, Tay FR. Is hard tissue 

formation in the dental pulp after the death of the primary 

odontoblasts a regenerative or a reparative process? J Dent 

2014;42:1156—70.

42. Kang CM, Sun Y, Song JS, et al. A randomized controlled trial of 

various MTA materials for partial pulpotomy in permanent 

teeth. J Dent 2017;60:8—13.

Journal of Dental Sciences 21 (2026) 140—149

149

http://refhub.elsevier.com/S1991-7902(25)00244-2/sref22
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref22
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref22
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref22
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref22
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref22
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref23
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref23
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref23
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref23
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref23
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref24
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref24
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref24
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref25
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref25
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref25
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref26
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref26
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref26
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref26
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref27
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref27
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref28
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref28
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref28
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref28
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref29
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref29
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref29
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref29
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref30
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref30
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref30
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref30
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref31
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref31
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref31
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref31
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref32
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref32
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref32
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref33
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref33
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref33
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref34
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref34
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref34
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref35
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref35
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref35
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref36
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref36
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref37
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref37
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref37
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref38
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref38
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref38
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref38
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref39
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref39
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref39
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref39
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref39
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref40
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref40
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref41
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref41
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref41
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref41
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref42
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref42
http://refhub.elsevier.com/S1991-7902(25)00244-2/sref42

	Hard tissue barrier detection in permanent mandibular molars that have undergone direct pulp capping and partial pulpotomy: ...
	Introduction
	Materials and methods
	Study design
	Study participants
	Eligibility criteria and data collection
	Outcome parameters
	Statistical analysis

	Results
	Probability of hard tissue barrier detection over time
	Factors affecting hard tissue barrier detection
	Comparison of the mean time of hard tissue barrier detection across subgroups

	Discussion
	Declaration of competing interest
	Declaration of competing interest
	Acknowledgments
	References


