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A B S T R A C T

Objectives: The most commonly-accepted strategy for managing irreversible pulpitis, an irreversible condition of
dental pulp inflammation, is root canal treatment, which is limited by high costs and complex techniques. High
success rates have been reported for the use of pulpotomy in managing pulp exposure resulting from extensive
caries. The objective of the present work was to evaluate the effectiveness and cost-effectiveness of pulpotomy
and associated medicaments in saving permanent teeth with pulp exposure resulting from extensive caries.
Sources: Multiple databases were searched on January 12, 2019, without limitations on the language or year of
publication.
Study selection: Randomized controlled trials comparing pulpotomy with alternative treatments, or comparing
two or more medicaments in pulpotomy for permanent teeth with carious pulp exposure were included.
Data: Seventeen studies reported in 21 articles were included. Intention-to-treat analyses on studies comparing
pulpotomy and other treatment modalities tended to favor pulpotomy. Meta-analysis was not performed on
comparisons of pulpotomy and other treatments because of the limited number of studies. Most evidence on
comparisons among different pulpotomy medicaments was found in trials comparing mineral trioxide aggregate
(MTA) and calcium hydroxide, with the results of meta-analyses favoring MTA. Data were insufficient to de-
termine the cost-effectiveness of successful modality.
Conclusions: Pulpotomy is a prospective substitute for root canal treatment in managing permanent teeth with
carious pulp exposures, even in permanent teeth with irreversible pulpitis. Large, well-designed trials comparing
pulpotomy with other treatments in terms of cost-effectiveness should be informative.
Clinical significance: The success of pulpotomy in managing irreversible pulpitis challenges the rhetoric that
irreversible pulpitis can only be managed by root canal treatment. Cost-effectiveness analysis rather than ana-
lysis on effectiveness of treatment outcome alone should be considered in all health care domains to evaluate the
benefits of alternative treatment options.

1. Introduction

Untreated decay in permanent teeth is the most prevalent disease
globally [1]. According to the Global Burden of Disease Study 2015, the
age-standardized prevalence of untreated carious permanent teeth is
34.1%, with 2.5 billion people affected annually [1]. Deep caries and
extensive restorative procedures with exposure or near-exposure of the

dental pulp invariably result in irreversible pulpitis, an irreversible
condition of pulpal inflammation [2]. Irreversible pulpitis is commonly
accompanied by spontaneous intermittent pain or continuous pain, al-
though no symptoms may be found in some cases [2]. Vital pulp
therapy comprises modalities such as direct pulp capping, pulpotomy,
and an emerging family of regenerative pulp therapy; judicious appli-
cation of these procedures enables apical closure and root development
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in immature permanent teeth by preserving the vitality of pulp tissues
[3]. The primary difference between pulpotomy and direct pulp cap-
ping lies in the amount of pulp tissues removed: the coronal pulp tissues
are removed in the former procedure, while considerably less pulp
tissues are removed in the latter procedure. Pulpectomy followed by
root canal treatment, in which all the pulp tissues are removed and
replaced with biologically-inert materials, is the most commonly-ac-
cepted strategy for managing irreversible pulpitis in mature permanent
teeth. Nevertheless, these procedures are costly and technically de-
manding [3]. Recent advancements in biomaterials research and
knowledge on pulp biology have significantly improved the success
rates of pulpotomy on inflamed dental pulps [4], even for treatment of
irreversible pulpitis in permanent teeth [5,6]. Previous systematic re-
views reported that the success rates of pulpotomy in the treatment of
carious pulp exposure in permanent teeth were higher than 90% [7,8].
Those success rates were pooled primarily from data derived from case
series. Regrettably, such information is ranked Level 4 according to the
Oxford Center for Evidence-Based Medicine [9]. There was also no
comparison with other treatment modalities.

Bioactive medicaments are placed on the exposed pulp in vital pulp
therapy for the purposes of resolving inflammation and tissue forma-
tion. Calcium hydroxide is the earliest medicament employed in pul-
potomy that possesses the ability to stimulate tertiary dentinogenesis.
This is attributed to its high alkalinity after mixing with water [10].
Mineral trioxide aggregate (MTA) is a more recent, biocompatible and
bioactive tricalcium silicate-based inorganic material utilized in vital
pulp therapy. The effect of MTA on pulp tissues is analogous to calcium
hydroxide because the primary soluble constituent of MTA is calcium
hydroxide [11]. However, tooth discoloration, long setting time, diffi-
cult handling characteristics and high cost have emerged as its potential
drawbacks [11]. Several medicaments have been developed and used in
pulpotomy of permanent teeth, such as calcium-enriched mixture
(CEM) cement, platelet-rich fibrin, and Biodentine (Septodont Inc.,
Saint-Maur-des-Fossés, France) [12]. Previous meta-analyses com-
paring these medicaments indicated that MTA is the most effective
pulpotomy medicament in primary teeth with extensive decay [10]. For
permanent teeth, indirect evaluation of weighted assembled success
rates showed that calcium hydroxide was superior to MTA in partial
pulpotomy (partial removal of coronal pulp tissues), while no difference
was found between these two medicaments in full pulpotomy (re-
moving all coronal pulp tissues) [8]. That analysis was handicapped by
the inclusion of observational studies, which rendered the results in-
conclusive. Systematic review of randomized controlled trials, ranked
Level 1 according to Oxford Center for Evidence-Based Medicine [9], is
highly desirable in providing robust evidence on the effectiveness of
pulpotomy and associated medicaments in permanent teeth.

Accordingly, a systematic review was conducted to evaluate the
efficacy and cost-effectiveness of pulpotomy and associated medica-
ments in saving permanent teeth with pulp exposure resulting from
extensive caries.

2. Methods

The present work adhered to the preferred reporting items for sys-
tematic reviews and meta-analyses [13].

2.1. Study selection

Databases including Embase, MEDLINE, Web of Science, Trip Pro,
Cochrane Library, the International Clinical Trials Registry Platform
and ClinicaTrials.gov were searched to identify randomized controlled
trials on January 12, 2019, without limitations on the language or year
of publication. Medical subject headings associated with pulpotomy
were identified using keywords and relevant studies. The search
strategy was developed by a librarian (PS) (Supplementary methods).
Open Grey online database was used to search grey literatures. The

references of relevant articles were manually searched for further re-
levant studies.

Inclusion criteria included: 1) randomized or quasi-randomized
controlled trials comparing pulpotomy with other treatments or no
treatment, or comparing two or more medicaments in pulpotomy; 2)
human permanent teeth with carious pulp exposures or pulpitis asso-
ciated with caries; 3) studies reporting clinical, radiographic, or overall
success rates with at least 12-month follow-up; 4) proper descriptions of
success. Clinical success was described as devoid of clinical manifes-
tations such as pain on percussion/palpation and spontaneous pain, and
devoid of need for further root canal treatment [7]. Radiographic suc-
cess was defined as healing or resolution of radiographic periapical
lesions, and devoid of need for further root canal treatment [7]. Overall
success was defined as achievement of both clinical and radiographic
success [7].

Exclusion criteria were: 1) non-randomized controlled trials, non-
comparative designs, qualitative studies, case studies, reviews, sys-
tematic reviews, observational studies, or animal studies; 2) glutar-
aldehyde or formocresol pulpotomy; 3) studies on primary teeth; 4) one
treatment arm of fewer than 10 participants. Non-randomized con-
trolled trials, non-comparative studies and observational studies were
excluded because the high risk of bias associated with those studies
could compromise the results of meta-analysis. Glutaraldehyde and
formocresol pulpotomy were excluded because of the toxicity of the
medicaments. Studies with fewer than 10 participants in one treatment
arm were considered non-representative.

Two investigators (YL and CD) screened all the searched titles and
abstracts independently and evaluated the retrieved full texts of po-
tentially qualified studies. When the same results of the same subjects
were reported in more than one paper, the study with the maximum
subjects was included.

2.2. Data collection

Data were extracted separately by two investigators (YL and CD).
The following data were collected from each included paper: study
characteristics (year of publication, country), population characteristics
(age of participants, condition of teeth before treatment, number of
teeth allocated, number of teeth at follow-ups), treatments and asso-
ciated medicaments, and results (overall, clinical, and radiographic
success rates, root growth, apical closure). For studies reporting cost-
effectiveness, the following data were also collected: study character-
istics (currency, perspective) and results (incremental cost effectiveness
ratios). Authors of eligible studies were contacted for usable but un-
reported data.

2.3. Quality evaluation

Two investigators (YL and BB) evaluated the quality of the included
studies independently, in accordance with the Cochrane Handbook for
Systematic Reviews of Interventions 5.1.0 [14] and the Grading of
Recommendations Assessment, Development and Evaluation [15]. De-
tails of criteria used in the present work are included in Supplementary
Table 1.

All disagreements during study selection, data extraction, and
quality assessment were discussed with a third investigator (FT) to ar-
rive at a consensus.

2.4. Data synthesis and statistical analyses

Primary outcomes formulated after data collection included overall,
clinical or radiographic success at 12 months. Secondary outcomes in-
cluded: 1) overall, clinical, or radiographic success at longer follow-up
periods; and 2) root growth or apical closure (for immature permanent
teeth only). Success rates were evaluated using two dissimilar defini-
tions: 1) all the subjects allocated were evaluated and drop-outs were
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regarded as failure; 2) only subjects who were examined at follow-ups
were evaluated. Meta-analyses were subsequently conducted on all the
subjects allocated, by following the intention-to-treat principle, to cal-
culate more conservative figures of success rates. The different types of
MTA were combined. When two or more articles reported the same
outcome, data were pooled using the Mantel-Haenszel tests. The meta-
analyses focused on the outcomes at 12 months. Odds ratios were cal-
culated in the meta-analyses. If two or more articles reported the same
outcome at longer follow-up periods, the data were also pooled. Fixed-
effect analysis was performed because of the small number of studies
[10]. Heterogeneity of the studies was analyzed using the I² statistic.
The origins of heterogeneity were delved by the following pre-specified
subgroup analyses: 1) type of teeth (immature versus mature teeth); 2)
sample size (< 200 versus ≥ 200 subjects). Sensitivity analyses were
performed by pooling the data with large studies omitted (if identified)
to detect their effect on the outcomes. Egger's test was applied to funnel
plots to identify publication bias [16] when sufficient studies (> 10)
existed [17]. The RevMan 5.2 (Nordic Cochrane Centre) software was
used for all analyses.

3. Results

3.1. Search results

The logistics for study selection are depicted in Fig. 1. After title and
abstract screening, 88 articles were considered potentially relevant and
retrieved for eligibility assessment. Seventeen studies reported in 21
articles were included in the systematic review: four studies comparing

pulpotomy and other treatment modalities (three trials reported in six
articles [18–23] and one ongoing trial from the trial registry [24]) and
13 studies comparing pulpotomy using different medicaments (nine
trials reported in ten articles [25–34] and four ongoing trials from the
trial registries [35–38]). Reasons for exclusion of each full-text article
are listed in Supplementary Table 2.

3.2. Studies comparing pulpotomy and other treatment modalities

All studies were performed on mature permanent teeth with carious
pulp exposures. Three articles reported outcomes from follow-ups at
different time points of the same trial [20–22]. Two articles reported
outcomes from follow-ups at different time points of another trial
[18,19]. Three studies compared the efficacy of pulpotomy with root
canal treatment [20–24]. One study compared pulpotomy with direct
pulp capping [18,19]. Data retrieved from these studies are included in
Table 1 and Supplementary Table 3.

The risk of bias of each evaluated trial is included in Supplementary
Table 4. Overall, no trial was considered low risk of bias in all items. All
trials had high risk with regard to performance bias resulting from the
lack of blinding of participants and/or clinicians. Three trials [18–23]
that reported details of randomization and allocation concealment were
considered as low risk of selection bias. Reporting bias, attrition bias,
and other kinds of bias were not detected in the three trials [18–23].

Intention-to-treat pair-wise analyses based on reported data from
one trial [19] showed that pulpotomy using calcium hydroxide had
higher radiographic success rate at 60 months compared with direct
pulp capping (odds ratio, 3.58, 95% confidence interval (CI), 1.05 to

Fig. 1. Flowchart of study selection.
aSome studies were excluded for more than one reason.
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12.19, P= 0.04; Supplementary Table 5). No difference was detected
in the other outcomes of this trial (Supplementary Table 5). Intention-
to-treat pair-wise analyses based on reported data from the other trials
(pulpotomy with CEM cement versus root canal treatment; pulpotomy
using MTA versus root canal treatment) found no difference in clinical,
radiographic or overall success at 12 months (Supplementary Table 5).
Because different medicaments were applied in those studies, hetero-
geneity across studies was presumed and no meta-analysis was per-
formed. No study conducted cost-effectiveness analyses.

3.3. Studies comparing pulpotomy using different medicaments

Two studies reported outcomes from follow-ups at different times of
the same trial [26,27]. Four studies were performed on mature per-
manent teeth [25–28,36]. Eight studies were performed on immature
permanent teeth [29–33,35,37,38]. One study was performed on both
mature and immature permanent teeth [34]. Data retrieved from these
studies are summarized in Table 2 and Supplementary Table 6.

The risk of bias of each evaluated trial is included in Supplementary
Table 7. Only one trial was considered low risk of bias for all domains
[26,27]. The other studies had unclear or high risk with regard to se-
lection, performance and/or detection bias. One trial was identified
with a high risk with regard to attrition bias as a result of the high drop-
out rate (28% (9/32)) of one treatment arm [34]. Reporting bias and
other sorts of bias were not identified in all the completed trials. On-
going trials were excluded from the meta-analysis because insufficient
data were available.

Five trials compared MTA and calcium hydroxide [25,28,29,32,34].
When the data on both immature and mature permanent teeth from
these five trials were pooled following the intention-to-treat principle,
MTA had higher success rates in all items at 12 months and higher
overall and radiographic success rates at 24 months compared with
calcium hydroxide (12 months: clinical success, odds ratio, 2.23, 95%
CI, 1.16 to 4.29, P= 0.02, I2=0%, Fig. 2; radiographic/overall suc-
cess, odds ratio, 2.19, 95% CI, 1.16 to 4.14, P= 0.02, I2=0%, Fig. 3;
24 months: radiographic/overall success, odds ratio, 2.20, 95% CI, 1.15
to 4.20, P= 0.02, I2=47%, Fig. 4). There was no difference between
MTA and calcium hydroxide in clinical success at 24 months (Supple-
mentary Fig. 1). The quality of the evidence, however, is moderate or
low (Supplementary Table 8). When the data were stratified by the type
of teeth (immature and mature permanent teeth), intention-to-treat
analyses identified that MTA had higher clinical and overall success
rates than calcium hydroxide at 24 months in mature permanent teeth
(Supplementary Table 9) [25]. There was no difference between MTA
and calcium hydroxide in the other outcomes for mature permanent
teeth (Supplementary Table 9). For immature permanent teeth, no
difference was observed between MTA and calcium hydroxide in all
treatment outcomes (Supplementary Table 10). Two trials compared
MTA and CEM cement: one in immature permanent teeth [33] and one
in mature permanent teeth [26,27]. Intention-to-treat pair-wise ana-
lyses based on the reported data found that MTA had higher radio-
graphic success rate at 24 months than CEM cement in mature per-
manent teeth (odds ratio, 1.88, 95% CI, 1.19 to 2.97, P= 0.007) [27],
while no difference was detected in the other outcomes (Supplementary
Tables 9 and 10). The effectiveness of MTA and platelet-rich fibrin was
also compared in two trials: one in immature permanent teeth [31] and
one in mature permanent teeth [28]. One trial compared calcium hy-
droxide and platelet-rich fibrin in mature permanent teeth [28]. One
trial compared MTA, triple antibiotic paste, and abscess remedy
(polyoxymethylene, cresol, excipient ad, and oil of cinnamon) in im-
mature permanent teeth [30]. Intention-to-treat pair-wise analyses
based on the reported data from those trials showed no difference
among the medicaments for pulpotomy in all outcomes derived from
immature or mature permanent teeth (Supplementary Tables 9 and 10).
Publication bias across studies included in meta-analyses could not be
evaluated because of the small number of studies [17]. No studyTa
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conducted cost-effectiveness analyses.

4. Discussion

The present work is the first systematic review of randomized
controlled trials on pulpotomy of carious pulp exposures in permanent
teeth. In the present systematic review, 17 randomized controlled trials
were included: 13 trials reporting comparisons among different pul-
potomy medicaments [25–38], three trials reporting comparisons be-
tween pulpotomy and root canal treatment [20–24], and one trial re-
porting comparisons between pulpotomy and direct pulp capping
[18,19].

Intention-to-treat analyses on studies comparing pulpotomy and
other treatment modalities tended to favor pulpotomy. However, each
comparison included only one trial and the treatment effects were not
different except for the comparison between pulpotomy using calcium
hydroxide and direct pulp capping. Pulpotomy using calcium hydroxide
had higher radiographic success rate at 60 months compared with di-
rect pulp capping in mature permanent teeth [19].

The bulk of the evidence on comparisons among different pul-
potomy medicaments was found in trials comparing MTA and calcium
hydroxide [25,28,29,32,34]. Intention-to-treat analyses showed that
MTA increased clinical and overall success rates at 24 months in mature
permanent teeth [25]. Other outcomes tended to favor the use of MTA.
For other comparisons of medicaments, each comparison included only
one trial and no difference was detected except for the comparison
between MTA and CEM cement. Mineral trioxide aggregate had a
higher odds ratio of radiographic success at 24 months in treating
mature permanent teeth, compared with CEM cement [27].

Most studies were considered low risk of bias for all domains except
for high risk of performance bias associated with blinding of clinicians.
Although performance bias does have an effect on evaluation of treat-
ment outcomes, it is difficult to accomplish blinding of clinicians: for
studies comparing pulpotomy and other treatment modalities, different
procedures are performed; for studies comparing pulpotomy using
different medicaments, diverse observable properties of different
medicaments impede the fulfillment of blinding. In some studies
[25,28], the clinicians (operators) were blinded prior to medicament
placement. However, once they were given certain medicaments,
blinding was unlikely to be continued.

The limitations of small numbers of included trials and the mod-
erate/low quality of the evidence are offset by the comprehensive
search of literature and rigorous implementation of predefined criteria.
Within those limitations, pulpotomy is a prospective alternative to root
canal treatment for the treatment of inflamed pulps. Pulpotomy appears
to bridge the gap between root canal treatment and direct pulp capping.
All the pulp tissues are removed and replaced with biologically-inert
materials during root canal treatment while most of the pulp tissues are
retained during direct pulp capping. In contrast, only the coronal pulp
tissues are removed with the remnant pulp tissues remaining vital in the
canals during pulpotomy. It has long been assumed that the success of
pulpotomy depends on proper evaluation of pulpal inflammation [2].
The rhetoric that pulpotomy is contraindicated in teeth with irrever-
sible pulpitis has been challenged by recent studies that reported long-
term success of pulpotomy in managing irreversible pulpitis [5,6].

One large-scale multicentre trial included in the present review
reported that in addition to a non-inferior success rate, significantly-
reduced treatment time and costs were also identified in pulpotomy
using CEM cement, compared with root canal treatment in managing
irreversible pulpitis of permanent teeth [21]. Health technology as-
sessment in this trial by a specialist committee concluded that pul-
potomy using CEM cement outweighs root canal treatment because of
the less stringent technique and apparatus requirements, lower direct
and indirect costs, shorter visiting time, fewer complications and lower
risk of tooth fracture [39]. Some equipment required in root canal
treatment such as radiography units are not available in some poverty-
stricken areas [39]. In addition, the high cost of root canal treatment is
not covered by public health insurance programs in some countries
[39]. A large number of patients have to forfeit their inflamed tooth or
endure a painful toothache. Successful application of pulpotomy for
irreversible pulpitis is an exciting challenge of the currently-accepted
paradigm that the only available treatment alternatives for irreversible
pulpitis are root canal treatment and tooth extraction [39]. More im-
portantly, pulpotomy maintains vascularization and nutrition of the
dental pulp, which are important in the maintenance of tooth integrity
[40]. Pulpotomy in permanent teeth means more for children in that
pulp vitality and function can be maintained and shorter appointments
reduce concerns on children's compliance [40]. The goal of health care
lies in improving welfare. Economic evaluation provides scientific
evidence on costs and effectiveness of each alternative management

Fig. 2. Mineral trioxide aggregate versus calcium hydroxide for clinical success at 12 months.
CI= confidence interval; MTA=mineral trioxide aggregate.

Fig. 3. Mineral trioxide aggregate versus calcium hydroxide for radiographic/overall success at 12 months.
CI= confidence interval; MTA=mineral trioxide aggregate.
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plan [41]. Such evidence of economic evaluation on pulpotomy is
lacking in the literature. Large, unbiased, well-designed trials com-
paring pulpotomy with other treatment modalities in terms of cost-ef-
fectiveness should be informative.

Although evidence is scanty for other pulpotomy medicaments,
MTA appears to be the best pulpotomy medicament in carious perma-
nent teeth with pulp exposures. Previous reviews that included both
observational studies and randomized controlled trials either favored
calcium hydroxide over MTA or found no difference among the various
medicaments employed in pulpotomy of carious permanent teeth with
pulp exposures [7,8]. The disparities in criteria for study inclusion may
have contributed to the different results. Drawbacks of MTA, such as
high cost and long setting time, are still road blocks in the large scale
deployment of MTA pulpotomy. Several recently-introduced tricalcium
silicate cements with MTA-like properties such as Biodentine have been
claimed to overcome the shortcomings of MTA [12]. Clinical trials show
that the outcome for using Biodentine in pulpotomy is similar to MTA in
carious primary teeth [42] as well as in sound permanent teeth [43].
There are ongoing trials comparing the clinical efficacy of MTA with
Biodentine in managing carious permanent teeth with pulp exposures
[35,36].

5. Conclusions

Data derived from currently available studies indicate that pul-
potomy is a prospective substitute for root canal treatment in managing
permanent teeth with carious pulp exposures, even in permanent teeth
with irreversible pulpitis. Large, well-designed, long-term trials are
required to provide more convincing evidence. While current evidence
suggests MTA as the most promising medicament for pulpotomy of
permanent teeth, several ongoing trials aim to determine the clinical
efficacy of some novel tricalcium silicate cements that may overcome
the drawbacks of MTA.

Like the yin and yang in Chinese philosophy, cost and effectiveness
are two opposing yet complementary entities important in decision-
making. Whether the cost of a decision in health care is justifiable based
on the health benefits gained necessitates an evaluation of the after-
effects of the opportunity costs and the fringe benefits gained [41]. To
achieve authentic welfare of society and individuals, cost-effectiveness
analysis rather than analysis based on treatment outcome alone should
be considered in future studies to evaluate the benefits of alternative
treatment options [41]. This dogma is applicable to all health care
domains, and not exclusively to the decision-making in the manage-
ment of inflamed pulps. Future advancement in medicine may rely on
recognizing the optimal treatment modality that yields the maximum
health benefits without being restricted by costs.
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