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v

The introduction of modified hydraulic calcium silicate-based materials has 
changed the standards and strategies of endodontics. These new materials and 
the techniques developed for their use in clinical practice have been exten-
sively investigated in in vitro and in vivo studies and have shown similar or 
superior results compared to the conventional materials and techniques.

This book describes a classification for the hydraulic calcium silicate- 
based materials based on materials chemistry and focuses on the newest cur-
rently available on the market. Classic, modified or new techniques used in 
modern endodontics are presented and reviewed.

The first two chapters provide a review and a classification, characterisa-
tion and basic understanding of modern hydraulic calcium silicate-based 
materials and analyse their physical, chemical and biological properties. The 
remaining clinical chapters of the book address the application of these mate-
rials in daily clinical practice. Chapter 3 is dedicated to the current materials 
and techniques used in vital pulp therapy, while Chap. 4 reviews modern 
concepts and strategies in regenerative endodontics. Chapter 5 focuses on the 
most established hydraulic calcium silicate-based sealers and root canal obtu-
ration techniques, used in conjunction with these materials. Chapter 6 focuses 
on the materials for the management of endodontic complications as well as 
management methods and techniques. Finally, the last chapter reviews 
hydraulic calcium silicate-based materials and techniques for the treatment of 
permanent teeth in paediatric patients.

Vilnius, Lithuania Saulius Drukteinis 
Birmingham, UK  Josette Camilleri  
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Current Classification 
of Bioceramic Materials 
in Endodontics

Josette Camilleri

1  Introduction

In the last few decades, a lot of changes have 
been introduced in endodontics. The most impor-
tant ones are the introduction of procedures under 
magnification and accentuated light that has 
enabled better visualization, the use of ultrason-
ics and the introduction of mineral trioxide 
aggregate (MTA) for various procedures in 
endodontics.

There has been and there still is a lot of confu-
sion with the importance of using mineral triox-
ide aggregate in clinical endodontics and why this 
material is so popular. MTA is a radiopacified 
Portland cement which  in turn is a construction 
material that has been patented for use in clinical 
dentistry specifically for root-end filling and per-
foration repair procedures [1–4]. The main inter-
est for the introduction of MTA for these specific 
procedures was the hydraulic properties of the 
Portland cement. This material is well researched 
in the construction industry, and it has been shown 
to improve its physical properties in the presence 
of water [5–7]. The other feature of Portland 
cement that makes it important in endodontic pro-
cedures is its hydration reaction. When Portland 
cement is mixed with water the components, 
which are tricalcium and dicalcium silicate and 

tricalcium aluminate, undergo a hydration reac-
tion forming calcium silicate hydrate and calcium 
hydroxide from the silicate reaction and ettringite 
and monosulphate from the interaction of the alu-
minate in the presence of calcium sulphate that is 
added to the cement by the manufacturer. The for-
mation of calcium hydroxide makes the use of 
Portland cement multifaceted as it can be used for 
all procedures where calcium hydroxide is 
employed, including vital pulp procedures. Due 
to this, the most important features of MTA can 
be noted as being its specific chemistry, the hydra-
tion and hydraulic properties. It has been sug-
gested that MTA should  be classified as a 
hydraulic calcium silicate cement [8] as this takes 
into consideration both its specific chemistry and 
the hydraulic properties which make it quite 
unique in endodontics. Since the expiry of the 
patent restrictions, several materials with a simi-
lar chemistry have been introduced in clinical 
practice. These materials and the nomenclature 
will be discussed.

2  Classification of Hydraulic 
Cements

The hydraulic cements available in clinical prac-
tice are no longer simple mixtures of Portland 
cement and bismuth oxide radiopacifier, mixed 
with water. There have been significant material 
modifications and thus a classification is 
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necessary [9]. Hydraulic cements can be classi-
fied depending on use. This classification is 
shown in Table 1 [9]. It is helpful for clinicians as 
it guides the material users on the environment in 
which it has been developed for and the specific 
standard that the material complies to.

A more robust classification is based on the 
material chemistry [9]. The original MTA formula-
tion was based on radiopacified Portland cement 
mixed with water. Figure 1 shows the different com-
ponents of such systems and this can help with clas-
sifying the materials based on their chemistry. The 
main four components of hydraulic cement systems 

are the cement, radiopacifier, the vehicle and the 
additives. Variations to these components create the 
different types of hydraulic cements.

To date there are five types of hydraulic cal-
cium silicate cements as indicated in Table 2. The 
different types have been created with specific 
aims to overcome the shortcomings of the origi-
nal MTA formulation. The main sub- classification 
is the distinction between the Portland cement 
types and the ones whose main cementitious 
component is synthetic as are the tricalcium sili-
cate–based materials. The radiopacifier is not 
given a separate classification, since although it 
impacts on certain material characteristics, it does 
not change the cement chemistry substantially. 
The other subdivisions are based on the presence 
or absence of additives and whether the materials 
are mixed with water or are delivered in suspen-
sion and they interact with the liquid present in 
the environment in order to set. This classification 
is described in detail in a recent publication [9].

The Type 1 includes all materials based on 
Portland cement that may or may not be radi-
opacified, do not include additives and which are 

Table 1 Classification of hydraulic cements based on 
their specific use in endodontology [9]

Location Specific use
Intra-coronal Pulp capping materials

Regenerative endodontic cements
Intra-radicular Root canal sealers

Apical plug cements
Perforation repair cements

Extra-radicular Root-end filling materials
Perforation repair cements

Table 2 Classification of hydraulic cements based on their chemistry

Type Cement Radiopacifier Additives Water
1 Portland cement ✔/X X ✔

2 Portland cement ✔ ✔ ✔

3 Portland cement ✔ ✔ X
4 Tricalcium/Dicalcium silicate ✔ ✔ ✔

5 Tricalcium/Dicalcium silicate ✔ ✔ X

Cement Radiopacifier Mixing liquid Additives

PC TCS Water Resin

Premixed

Fig. 1 Diagrammatic representation of hydraulic cements in clinical use showing the main components of the different 
material types

J. Camilleri
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mixed with water. MTA is a Type 1 material with 
ProRoot MTA (Dentsply, Tulsa, OK, USA) being 
typical. The unradiopacified Portland cement, 
which is a medical grade (Medcem, Vienna, 
Austria), is also a Type 1 cement. Most other 
brands have additives, thus are classified as Type 
2 cements. These additives aim at enhancing the 
early release of the calcium hydroxide such as the 
calcium oxide in MTA Angelus (Angelus, 
Londrina, Brazil) [10], the bioactivity such as 
additions of hydroxyapatite in the Bio MTA+ by 
Cerkamed (Cerkamed, Stalowa Wola, Poland) or 
the mechanical performance and setting time like 
MM-MTA (Coltene Micro-Mega, Besancon, 
France) which includes calcium carbonate as 
filler and calcium chloride as accelerator [11]. 
The replacement of the water by alternative vehi-
cles are the Type 3 cements. These include 
Endoseal (Gangwon-do, South Korea) and simi-
lar premixed materials. The setting of these 
cement types depends on the imbibition of fluids 
from the surroundings. MTA Fillapex is mostly 
composed of salicylate resin, and TheraCal has a 
light-curable hydrophilic resin matrix thus it  is 
debatable whether these materials can be classed 
as hydraulic cements.

The Type 4 (Biodentine, Septodont, Saint- 
Maur- des-Fosses, France; BioAggregate, 
BioCeramix inc., Vancouver, Canada) and Type 5 
materials (TotalFill, FKG, La Chaux-de-Fonds, 
Switzerland) are tricalcium silicate–based. The 
Type 4 materials are mixed with water while the 
Type 5 are referred to premixed materials. The 
term premixed is a misnomer since the essential 
ingredient needed for the hydration is missing. To 
be premixed, the materials need to have all the 
components and the setting prohibited by hydra-
tion blockers which are not the case with the 
Type 5 materials.

The primary goal of introducing the trical-
cium silicate–based materials was the elimina-
tion of the Portland cement. The use of alternative 
cements to the Portland cement has stemmed fol-
lowing concerns with the presence of aluminium 
and trace elements such as chromium, arsenic 
and lead in the Portland cement. The use of trical-

cium silicate as an alternative to Portland cement 
was patented by BioCeramix Inc (Vancouver, 
Canada), where the aluminium-free formulation 
of the hydraulic cement is mentioned in their pat-
ent application 7553362 in 2006 [12]. The origi-
nal formulation was BioAggregate (BioCeramix 
Inc., Vancouver, Canada) which was presented as 
a powder to liquid formulation thus as Type 4 
cement. Later reports indicated the migration and 
potential toxicity of aluminium in an animal 
model with traces of it found in the serum [13] 
and causing oxidative stress in the brain [14]. 
Another concern with the use of Portland 
cement–based cements is the trace elements at 
levels higher than the ISO standard for water- 
based cements [15]. The standard only specifies 
the levels of acid-extractable arsenic for zinc 
phosphate and polycarboxylate cements and lead 
for the same and for glass-ionomer cements. The 
chromium levels were also shown to be elevated. 
Although the acid-extractable arsenic and lead 
were higher than the ISO norms [16–18] with 
some brands showing levels higher than others 
[19–22], the leachate showed only minimal 
amounts of heavy elements [18, 23]. As for the 
aluminium, the trace heavy metals were detected 
in the brain and kidney of test animals [24], thus 
can be a cause of concern.

Besides replacing the Portland cement, both 
the BioCeramix Inc. [25, 26] and the Septodont 
patents [27, 28] specify the use of additives to 
enhance the material properties. In the 
BioCeramix Inc. patents [12, 25, 26], calcium 
phosphate monobasic is added while in the 
Septodont ones [27, 28], the properties are modi-
fied by the addition of calcium carbonate, a 
water-soluble polymer and calcium chloride. For 
both material types, the radiopacifier is an alter-
native to bismuth oxide.

The premixed versions of the BioCeramix Inc. 
materials were patented later [29]. These materials 
are now marketed as EndoSequence BC (Brasseler, 
Savannah AU, USA), TotalFill (FKG, La Chaux-
de-Fonds, Switzerland) and iRoot (BioCeramix 
Inc., Vancouver, Canada). Although they have dif-
ferent labels they are the same materials.

Current Classification of Bioceramic Materials in Endodontics



4

3  Bioceramics and Hydraulic 
Calcium Silicate Cements

There is some confusion with which materials 
can be classed as bioceramics. Bioceramics is the 
broader definition of all hydraulic calcium sili-
cate cements. However, the first paper to mention 
the bioceramics in endodontics refers to 
BioAggregate (BioCeramix Inc, Vancouver, 
Canada) [30]. The patent also refers to this inven-
tion as a bioceramic [12], and this terminology 
clearly refers to a new type of material that is tri-
calcium silicate–based indicating the change in 
the cement type and the lack of aluminium in its 
composition. The first papers describing the clin-

ical use of bioceramics refer to the same materi-
als types [31, 32]. It can thus be concluded that 
the new terminology was created to distinguish 
the tricalcium silicate–based cements from the 
ones that are Portland cement–based thus indicat-
ing that the bioceramics are purer and bioactive.

4  Clinical Presentation

Besides showing distinct chemistries, the hydrau-
lic calcium silicate–based cements are also pro-
vided in a variety of presentations as shown in 
Fig.  2. This enhances the material mixing and 
delivery methods in clinical practice.

a

c

b

d e

Fig. 2 Different clinical presentations of hydraulic cal-
cium silicate cements (a) ProRoot MTA as powder to liq-
uid, (b) MM-MTA in capsule and gun, (c) Biodentine also 
in capsule but no gun or syringe delivery, (d) MTA Flow 

which is also a powder and liquid but has a disposable 
syringe for ease of material delivery and (e) TotalFill BC 
as premixed materials in syringes

J. Camilleri
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5  Conclusions

Bioceramics in endodontics are the materials that 
are composed of tricalcium silicate–based cement 
synthesized from  lab-grade chemicals and not 
including aluminium in their composition. These 
are classified as Types 4 and 5 hydraulic calcium 
silicate cements and have specific chemistries 
and material properties.
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Characterization and Properties 
of Bioceramic Materials 
for Endodontics

Josette Camilleri

1  Introduction

The bioceramics are a specific class of end-
odontic materials that are composed primarily 
of synthetic tricalcium silicate that is manufac-
tured under strict laboratory conditions from 
lab-grade raw materials and are aluminium-free 
[1]. These material types include a radiopacifier 
and additives to enhance their properties. They 
can be either water-based (Type 4) or referred 
to as premixed (Type 5) where the powders are 
suspended in an alternative vehicle, and these 
materials set when in contact with the moist 
dental tissues. The material properties for each 
specific use vary. The properties of these mate-
rials used coronally, intra-radicularly and extra-
radicularly will be discussed. For each use, the 
material chemistry, physical and mechanical 
properties, biological and antimicrobial charac-
teristics, the clinical use and clinical interac-
tions will be reviewed. The clinical success 
rates for each material types will also be 
discussed.

2  Coronal Use

The coronal use of hydraulic calcium silicate 
cements includes their use for pulp preservation 
procedures which encompasses indirect, direct 
pulp therapy and pulpotomy of permanent teeth. 
Furthermore, they are also used for apexogenesis 
procedures in immature permanent teeth and as a 
barrier material in regenerative endodontic 
procedures.

Both the Type 4 and Type 5 cements are suitable 
for coronal use. However, the premixed materials 
do not seem to have a history of being used for 
these procedures. This could be due to the limited 
amount of fluids available in pulp protection proce-
dures and also the long setting time, which would 
preclude or complicate the clinical technique. The 
most important feature necessary for the coronal 
use of hydraulic calcium silicate–based cements is 
the calcium ion release, which although has been 
implicated with barrier formation and enhanced 
biological properties seems to play a major role in 
antimicrobial characteristics [2].

2.1  Chemical, Physical 
and Mechanical Properties

Setting time, adequate surface hardness and 
colour stability are important characteristics for 
materials used for vital pulp therapy. These 
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 characteristics can be achieved by the use of 
additives and appropriate radiopacifiers.

The only hydraulic water-based material that 
has been specifically developed to be used for 
pulp preservation procedures is Biodentine® 
(Septodont, Saint-Maur-des-Fosses, France). It is 
a Type 4 material, thus it is mixed with water for 
the hydration reaction. Tricalcium silicate is the 
main component. The additives include calcium 
carbonate, which is added to the powder; calcium 
chloride and water-soluble polymer make part of 
the liquid together with the water. The water-sol-
uble polymer enables the use of less water to 
obtain the same consistency [3–5] and this, 
together with the calcium carbonate, makes the 
material stronger [6, 7]. The setting time is con-
trolled with the calcium chloride as has been 
reported in the literature for MTA and Portland 
cement [8–10]. The radiopacifier is zirconium 
oxide; thus it is not implicated in tooth discolou-
ration [11–13].

Biodentine® exhibits a higher initial rate of cal-
cium ion release compared to other similar mate-
rial types [14, 15]. This is due to the interaction of 
the calcium carbonate which enhances the reac-
tion rate [6]. The hydration of Biodentine® pro-
ceeds well with the limited fluid available diffusing 
through the tooth to material interface [16].

2.2  Biological Characteristics

The biological characteristics of Biodentine® 
indicate favourable cell proliferation and alka-
line phosphatase activity of human dental pulp 
cells [17–20] and formation of reactionary and 
reparative dentine [21] which is essential for all 
pulp capping and apexogenesis procedures. 
Biodentine® was also shown to enhance prolifer-
ation and odontoblast differentiation of human 
stem cells [21, 22] indicating its suitability as a 
barrier material in regenerative endodontic pro-
cedures. Other features of Biodentine® include 
the expression and release of dentine matrix pro-
teins [23], anti-inflammatory potential and 
induced the pulp regeneration capacity [24]. 

Furthermore, it enhanced mineralized tissue for-
mation [25–27].

Biodentine® also shows antimicrobial effect 
[28–31] including its leachate [15]. The calcium 
ion release has been shown to be important, par-
ticularly for the material antimicrobial proper-
ties [2].

2.3  Clinical Performance 
and Material Interactions

Pulp protection materials are placed in contact 
with dentine and pulp. In turn, they are layered 
with a restorative material. The material reactiv-
ity makes the clinical performance very challeng-
ing. The dentine is caries affected dentine rather 
than sound dentine. Adhesion to caries affected 
dentine is challenging due to the microbial load-
ing and the specific dentine microstructure. The 
use of sodium hypochlorite to condition the den-
tine prior to application of the hydraulic cements 
enhanced the material bonding to dentine [32]. 
The hypochlorite also is meant to reduce the 
microbial load and is recommended by the ESE 
guidelines [33].

The interaction of Biodentine® with dentine 
has been shown to be by elemental migration at 
the tooth to material interface resulting in a min-
eral infiltration zone in the dentine at the inter-
face [34]. This has been disputed as no exchange 
of calcium and phosphorus was shown at the 
interface with the migration of silicon being 
mostly evident [35] and the deposition of the 
calcium phosphate in the interfacial zone [36, 
37]. Removal of smear layer and whether it 
improves the material interaction with dentine is 
also not well researched; however, the use of 
17% EDTA applied for 1  min resulted in a 
tighter interface [35].

The interaction of hydraulic cements with 
blood has been investigated, and when used 
for regenerative endodontic procedures, the 
formation of calcium carbonate has been veri-
fied [38]. The other challenge with using 
hydraulic calcium silicate materials coronally 
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is the tooth restoration, particularly with the 
water-based materials. Although it has been 
shown that materials such as Biodentine® are 
strong enough to be used as temporary filling 
materials for up to 6 months [39], it is ideal 
to restore the tooth on the same visit. Material 
preparation for placement of composite resin 
restorations makes hydraulic cements weaker 

as etching results in the destruction of the 
material microstructure (Fig.  1a) [40]. Bond 
strengths of composite resin to hydraulic 
cements have been shown to be weak [41–47] 
and not durable [48]. A clear space was shown 
at the tooth to the material interface after etch-
ing (Fig.  1b, c). Reducing the etching times 
resulted in less material destruction, but the 

a

b c

Fig. 1 (a) Light micrograph of Biodentine® surface after 
application of 37% phosphoric acid showing the surface 
changes of the material; (b) confocal micrograph of 
Biodentine® to dentine interface showing the interfacial 
gap and (c) confocal micrograph enabling the visualiza-

tion of the dye that was used to dip the specimens showing 
the clear interfacial gap between the dentine and 
Biodentine® after acid etching. (Reprinted with permis-
sion from Camilleri 2013 [40])
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bond strengths were not improved [49]. There 
is no consensus on whether it is best to wait or 
restore immediately [39, 50, 51]. The main 
problem lies in the different chemistries of the 
hydrophilic Biodentine® and the hydrophobic-
ity of the bonding systems (Fig. 2) [16].

The clinical performance of Biodentine® has 
been shown to be comparable to MTA [52] with 
similar dentine bridge formation potential [53]. 
Higher clinical success rates were shown when 
using Biodentine® for indirect pulp capping using 
cone beam computed tomography [54, 55]. The 
use of Biodentine® has been shown to reverse 
irreversible pulpitis when used as a dressing over 
partial or full pulpotomies in permanent teeth 
[56, 57].

3  Intra-radicular Use

The intra-radicular use of the hydraulic calcium 
silicate–based materials includes the use as seal-
ers particularly using the single-cone obturation 
technique and also as an apical plug for imma-
ture teeth with an open apex. The materials used 
intra- radicularly can be both water-based and 
premixed.

3.1  Chemial, Physical 
and Mechanical Properties

The hydraulic calcium silicate–based sealer 
chemistry is quite similar for most brands. The 
tricalcium silicate is the main cementitious phase 
with zirconium oxide radiopacifier [58]. Root 
canal sealers have to comply to ISO specifica-
tions—ISO 6976:2012 [59]. The validity of using 
this standard that has been developed for sealers 
that do not interact with the media they are placed 
in is questionable [60]. The testing medium sug-
gested by the standard is water, and the use of 
physiological solutions has been shown to result 
in different and contrasting values for solubility, 
particularly [60]. Thus, the high solubility of 
hydraulic root canal sealers reported in some 
studies may be exaggerated [61, 62].

The properties of water-based sealers are quite 
distinct from those of the premixed sealers. While 
BioRoot™ RCS (Septodont, Saint-Maur-des- 
Fosses, France) has been shown to set fully, pre-
mixed root canal sealers such as TotalFill® BC 
Sealer™ (FKG, La Chaux-de-Fonds, Switzerland) 
do not set when dry [58]. This, questions the valid-
ity of drying the root canal completely prior to 
obturation.

Fig. 2 Backscatter 
scanning electron 
micrograph of 
Biodentine® to a 
composite interface 
showing the good 
adaptation of the 
composite resin to the 
bonding system with 
cracks in the bonding 
agent and poor 
adaptation to the 
Biodentine® surface. 
(Reprinted with 
permission from 
Camilleri et al., 2014 
[16])
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The final setting time of BioRoot™ RCS was 
shown to be 324 (±1) min which was shorter than 
that for AH Plus [63]. Most sealers based on 
hydraulic cement exhibit flow and film thickness 
that complies with ISO 6976:2012 [59] recom-
mendations. The radiopacity varies from one 
sealer to the other but most of the sealers showing 
radiopacity values higher than the 3 mm alumin-
ium thickness [58, 63] specified by the ISO 
standard.

The calcium ion release also varies between 
the different sealers. Additives such as calcium 
phosphate monobasic present in the TotalFill® 
BC Sealer™ have been shown to reduce the cal-
cium ion release [64]. The TotalFill® BC Sealer™ 
has a lower calcium ion release than BioRoot™ 
RCS [58]. Besides the additives that limit the for-
mation of the calcium hydroxide, the hydration 
of the premixed sealers depends on the water 
availability in the surroundings and the ion 
release through diffusion which further delays or 
restricts the availability of calcium. Microbial 
challenge has also been shown to reduce the cal-
cium ion release in BioRoot™ RCS [65].

3.2  Biological Characteristics

The biological characteristics of sealers are 
essential since the sealers are in contact with the 
periodontal ligament and the bone at the apex. 
Hydraulic sealers showed a high degree of cell 
proliferation [66–70]. The cytotoxicity was dose- 
dependent [71] and the specific material chemis-
try affects the cell viability, cell attachment and 
cell migration rates and this was higher for mate-
rials releasing higher levels of calcium [72, 73]. 
The hydraulic sealers also have an osteogenic 
[73, 74] and an anti-inflammatory effect [74].

Hydraulic calcium silicate–based sealers are 
antimicrobial [75–77] although the initial antimi-
crobial properties, particularly in the presence of 
biofilm, are limited in the early ages [77]. The 
combined effect of sodium hypochlorite and 
hydraulic sealers is superior to either in its own; 
thus showing that when used together, they have 
a better antimicrobial effect [78].

3.3  Clinical Performance 
and Material Interactions

The interaction of hydraulic sealers with dentine 
is similar to what has been reported for pulp pres-
ervation materials. Elemental migration at the 
interface predominantly for the silicon has been 
demonstrated (Fig. 3a, b) [79, 80].

Since hydraulic sealers are susceptible to 
changes in their environment, the chemistry of the 
irrigating solutions is crucial. The irrigating solu-
tions used frequently during root canal therapy are 
sodium hypochlorite, EDTA and chlorhexidine. 
The sodium hypochlorite potentiates the antimicro-
bial effect of hydraulic sealers [78]. The strategy of 
removal of the smear layer to allow bonding to the 
exposed collagen works well with resin-based seal-
ers. The mineral interaction reported for the hydrau-
lic sealers [79, 80] cannot occur if calcium chelators 
are used to remove the mineral and expose the col-
lagen. Furthermore, remnants of calcium chelators 
such as ethylenediaminetetraacetic acid (EDTA) 

a

Fig. 3 Sealer interaction with root dentine; (a) BioRoot™ 
RCS in contact with dentine showing both sealer tags and 
mineral infiltration zone at the interface of the tooth to the 
material; (b) scanning electron micrograph and energy 
dispersive maps of BioRoot™ RCS sealer in contact with 
dentine showing the interfacial microstructure and ele-
mental migration across the interface. (Reprinted with 
permission from Kebudi Benzra et al., 2018 [79])
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b

Fig. 3 (continued)
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will cause chemical alterations to the sealers [81]. 
The push-out bond strength of hydraulic sealers was 
also reduced in the presence of EDTA [82]. It is rec-
ommended that a final flush with water or saline be 
used prior to obturation of the root canal. The 
removal of smear layer is still recommended as it 
may harbour bacteria; thus, until further scientific 
evidence is available, the clinical protocols should 
remain unchanged. Further research is necessary to 
be able to update the irrigation protocols for obtura-
tion with hydraulic sealers.

The concept of biomineralization has also 
been extended to introducing a final rinse with 
phosphate-buffered saline [83]. The induced 
biomineralization has adverse effects on the anti-
microbial properties of the sealer [84]. This is 
more relevant in the single-cone obturation tech-
nique where the obturation is made up of high 
volumes of sealer.

The water-based sealers like BioRoot™ RCS are 
susceptible to desiccation due to the heat applied 
during warm vertical compaction of gutta-percha 
[85], although this does not compromise the quality 
of fill [86]. The premixed sealers are less susceptible 
to changes in temperature, since they have an alter-
native vehicle [87, 88] which includes all premixed 
sealers not only the ones like TotalFill® BC Sealer 
HiFlow™ (FKG, La Chaux-de-Fonds, Switzerland) 
which have been developed specifically by the man-
ufacturer to be used in procedures employing heat.

4  Extra-radicular Use

The extra-radicular use of hydraulic materials 
includes the root-end surgery and surgical repair 
of root perforations. The hydraulic cements have 
been developed for this purpose. These same 
materials are also used for non-surgical repair of 
root perforations and also for apical plugs in 
management of non-vital immature teeth.

4.1  Chemical, Physical 
and Mechanical Properties

The material used for apical surgery need to be 
radiopaque to enable detection on patient recall, 
exhibit low solubility and should be easy to han-

dle. Material strength and setting time are less 
important. The TotalFill® BC RRM™ (FKG, La 
Chaux-de-Fonds, Switzerland) has been devel-
oped specifically as root repair materials, and 
they are supplied in various consistencies for 
ease of handling. These materials also show suf-
ficient radiopacity [89].

The solubility and washout are main concerns 
as there are no standard methods to test the solu-
bility and washout of root-end filling materials. 
The ISO 6976 [59] is not suitable for hydraulic 
materials and less so for root-end fillers. The 
hydraulic-type materials are all dosed or pre-
mixed, and this is beneficial as the liquid/powder 
ratio cannot be altered.

4.2  Biological Characteristics

The hydraulic root repair materials such as 
TotalFill® BC RRM™ exhibited good cell viabil-
ities comparable to MTA [90–94] except at the 
early ages, where the TotalFill® BC RRM™ 
exhibited lower cell viabilities [91, 93]. 
Osteoblastic differentiation was evident [90]. 
Minimal or no inflammatory tissue response was 
observed in the periapical area after using either 
MTA or hydraulic root repair material [95]. The 
hydraulic root repair materials are antimicrobial 
against a number of strains [96, 97].

4.3  Clinical Performance 
and Material Interactions

The interaction of hydraulic cements in contact 
with blood when used as root-end filling material 
also shows the preferential formation of calcium 
carbonate [98] rather than the anticipated  calcium 
phosphate which has always been assumed to be 
a sign of bioactivity. Similarly, to the behaviour 
of sealers, the use of sodium hypochlorite 
enhanced the push-out bond strength of hydraulic 
root repair materials [99].

Superior push-out bond strengths were 
observed for hydraulic root repair material com-
pared to MTA when used in ultrasonically pre-
pared concave retrograde cavities [100]. The use 
of BC RRM shows over 90% success rate used as 
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root-end filling material [101–103] and is compa-
rable to MTA [101, 102]. The success rates of 
both hydraulic root repair material and MTA 
were higher when scored on periapical radio-
graphs than on cone beam tomography [102].

4.4  Conclusions

The modifications undertaken by the manufactur-
ers to produce new generation hydraulic calcium 
silicate–based materials have led to the develop-
ment of a range of materials that exhibit better 
properties to the traditional MTA. These include 
superior handling, enhanced physical properties 
and material colour stability. The materials have 
comparable biological properties to MTA. Further 
understanding of the material properties in the 
clinical environment is necessary to be able to 
use clinical protocols that enhance the material 
characteristics.
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Bioceramic Materials for Vital Pulp 
Therapy

Stéphane Simon

1  Introduction

Recent research advances demonstrating that the 
dentin–pulp complex is capable of repairing itself 
and regenerating mineralized tissue offer hope of 
new endodontic treatment modalities that can 
protect the vital pulp, induce reactionary dentino-
genesis, and stimulate revascularization [1]. The 
dental–pulp is a complex and highly specialized 
connective tissue that is enclosed in a mineral-
ized shell and that has a limited blood supply. 
These are only a few of the many obstacles faced 
by clinicians and researchers seeking to devise 
new therapeutic strategies for pulp regeneration.

The primary aim of pulp capping is to protect 
the underlying tissue from any external stress, 
especially bacteria. The quality of the filling and 
its seal are, therefore, of the utmost importance. 
For many years, this seal was thought to be the 
only determinant of the success of the procedure. 
In the 1990s, direct pulp caps with bonded resins 
adhesive were reported to yield good medium- 
term results [2]. However, deterioration of the 
material, especially the sealing junctions, had not 
been adequately considered. Although the results 
were acceptable over a period of months, destruc-
tion of the seal and subsequent infiltration of bac-
teria either led to acute inflammatory responses 

several months after treatment or to ‘low-level’ 
pulpal necrosis [3]. These shortcomings resulted 
in a paradigm shift in the underlying biological 
concepts. Complete, biological closure of the 
wound comprising a long-term seal came to be 
seen as essential. This was initially achieved 
through the use of materials with bioactive prop-
erties, followed by the development of other 
materials with the explicit goal of inducing den-
tin bridge formation.

For years, calcium hydroxide has been used as 
a capping material, either undiluted or in combi-
nation with resins for easier manipulation [4]. 
The best-known product of this kind is Dycal® 
(Dentsply, De Trey). Although the application of 
this material directly to the pulp results in the for-
mation of a mineral barrier (usually wrongly 
named ‘dentine bridge’), this barrier is neither 
uniform nor bonded to the dentin wall, thus pre-
cluding the formation of a long-lasting seal [5]. 
Since this material tends to dissolve over time, 
after a few months, the clinical situation is simi-
lar to that when no capping material was used for 
the treatment. While calcium hydroxide has been 
the pulp-capping material of choice for many 
years, this is no longer the case.

A capping material should have a number of 
specific features, of which the following three are 
crucial [6]:

• It creates an immediate protection of the 
exposed pulp in order to protect it in the first 
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few weeks before the mineralized bridge is 
formed.

• It meets all non-toxicity and biocompatibility 
criteria.

• It has bioactive properties that trigger the bio-
logical principles involved in the formation of 
a mineralized barrier between the pulp being 
treated and the material itself.

Once the pulp has been exposed, the odonto-
blasts layer is usually damaged. As these cells are 
the only dentin-producing cells, the formation of a 
mineralized barrier necessitates induction of the 
growth of neo-odontoblasts, as the latter are the 
only cells that can secrete dentin. Since these 
highly differentiated cells are post-mitotic (and 
hence not renewable by mitotic cell division, as is 
the case for the other tissues), the healing process 
requires activation of regenerative mechanisms [7].

In a reparative process, progenitor cells are 
recruited to the wound site by chemotaxis or pli-
thotaxis [8]. Upon coming into contact with the 
capping material, these cells differentiate into 
dentin-secreting cells and their biological func-
tions are activated. Ideally, the biomaterial should 
give rise to the following three responses: chemo-
taxis, stimulation of differentiation, and activa-
tion of dentin synthesis. The results obtained to 
date with biomaterials have often been discov-
ered by chance, once the dental device in ques-
tion had become commercially available.

Dentin is a partially mineralized tissue for 
which the organic phase consists of a matrix of 
collagen I enriched with a number of non- 
collagen matrix proteins. These proteins are ini-
tially secreted by the odontoblasts and then 
fossilized during the mineralization process [9]. 
The multitude of matrix proteins includes a large 
number of growth factors, such as TGF-β, VEGF, 
and ADM. Any biological (carious) or therapeu-
tic process (etching) that demineralizes dentin 
results in the release of these growth factors from 
the matrix [10]. Although most of the growth fac-
tors are eluted into the saliva, some of them are 
able to diffuse through the dentinal tubules and 
reach the dental pulp [11].

Another way to stimulate the release of growth 
factors from dentin is through the use of biomate-

rials that trigger partial but mostly controlled 
demineralization when it comes into contact with 
the dentin. The dentin matrix proteins can be 
released from dentin by exposure to calcium 
hydroxide [12], mineral trioxide aggregate [13], 
or any etching substance used during bonding 
[14]. Dentin matrix proteins boost chemotaxis, 
angiogenesis, and the differentiation of progeni-
tor cells into dentinogenic cells [15]. Nevertheless, 
there are currently no viable therapeutic solutions 
available to exploit the properties of these 
proteins.

Odontoblasts are best known for their role in 
the production of dentin, both in terms of its 
secretion and its mineralization during primary 
and secondary dentinogenesis [16]. When a cari-
ous lesion occurs, dormant odontoblasts and the 
‘quiescent’ phase of synthesis can be reactivated 
to synthesize tertiary dentin known as reaction-
ary dentin [17]. Although secretion is the most 
described activity of odontoblasts, these cells 
have two other specific roles: firstly, in immuno-
competence in relation with the toll-like recep-
tors (TLRs) on their membranes that transform 
the binding of bacterial toxins into a cellular 
signal that is communicated to the underlying 
connective tissue [18]; and secondly, mechano-
sensation due to the presence of cilia on the sur-
face of the membrane [19]. By means of these 
two abilities, odontoblasts act as a protective bar-
rier for the pulp by fending off aggressors and by 
the production of a suitable intelligible signal for 
resident immune cells residing. Odontoblasts can 
transform information that they receive into 
transmissible information that can be interpreted 
by the underlying tissue. Odontoblasts are also 
particularly sensitive to growth factors and bios-
timulators. When dental tissue is demineralized 
due to caries, dentin matrix proteins are released, 
and they can circulate freely in the dentinal 
tubules [15].

2  Pulp Inflammation and Healing

Inflammation has a strong negative connotation 
in dentistry. Pulpitis is usually associated with 
pain (which is not necessary the case) and adverse 
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effects that lead to destroyed and necrotic pulp 
tissue. Treating this pain requires surgical 
removal of the inflamed tissue, which is often 
quite an invasive process and it can be difficult to 
determine the extent of the lesion in accordance 
with minimally invasive treatments. Due to the 
difficulties delineating the extent of the disease, 
the majority of cases ultimately result in a com-
plete pulpectomy and root canal treatment.

However, despite the adverse effects of inflam-
mation, it also has positive effects. Inflammation 
marks the first step of tissue healing. Inflammation 
helps by, on the one hand, cleaning and disinfect-
ing the wound to be healed and, on the other 
hand, by triggering the secretion of a variety of 
substances (cytokines) that help in the healing 
and regeneration process [20].

In a clinical setting, pulpal inflammation is 
commonly referred to as being either ‘reversible’ 
or ‘irreversible’. The process of inflammation 
either present or not and if it is, it cannot be 
reversed. Reversibility is considered to mean that 
the process is controlled well enough that it can 
be halted and then guided to aid in healing. When 
the inflammation is too advanced to be con-
trolled, the inflammation process is said to be 
‘irreversible’. This term refers to a specific clini-
cal situation associated with relatively basic diag-
nostic elements (the type of pain, persistence, 
etc.) that are poorly related to the right histo- 
physio- pathological status of the pulp tissue. This 
lack of correlation has been demonstrated for 
years [21] and has been confirmed with a number 
of experimentation multiple times [22]. Some 
studies have investigated markers of pulp inflam-
mation and their potential use in diagnosis or 
treatment [23]. Although these markers are 
known to exist, more specific information 
remains elusive and more robust studies are 
needed if there are going to be reliable diagnostic 
tools and reproducible use cases.

Presently, without more biological informa-
tion, practitioners must deal with what is cur-
rently available: information to define the 
patient’s pain, as well as heat and electrical tests, 
for which the reliability is still suboptimal. More 
options based on observation, including control-
ling haemostasis at the time of pulp exposure 

and/or partial pulpotomy, can be used as clinical 
markers. Inflammation is associated with hyper-
vascularization, which can be identified by the 
intensity of bleeding. Nevertheless, a similar 
intensity of bleeding may arise when the vascular 
connective tissue is cut. To visualize the differ-
ence, the pulp stump can be packed with a damp 
cotton pellet placed directly on the tissue, with 
pressure applied for 1–2 min. This is enough time 
to achieve haemostasis under physiological con-
ditions. If the bleeding persists, it can be assumed 
that some of the pulp tissue is in fact inflamed 
and partial removal is necessary until healthy tis-
sue is exposed.

As there can be considerable differences from 
one situation to another one, and due to the vari-
ability of interpretation from one practitioner to 
another one, these markers are not reliable 
enough to infer whether the pulp tissue is 
inflamed or not. Thus, it is obvious that the means 
for identifying and testing the presence of 
inflamed tissue in exposed pulp are both arbitrary 
and inadequate. Despite the binary classification 
(reversible versus irreversible), histological 
assessment confirms that it is not easy to differ-
entiate one from the other.

Additional research is, therefore, necessary to 
identify more specific markers (biological or 
clinical), to develop suitable accurate diagnostic 
tools and to improve long-term outcomes. This is 
an important point to consider because being able 
to control inflammation remains a key factor for 
successful pulp capping therapies.

3  Pulp Capping and Biomaterials

Mineral trioxide aggregate (MTA) gradually 
became the material of choice over time as the 
scientific evidence of its clinical success increased 
[3]. Sold as a powder to be mixed with water, the 
substance is placed onto a glass tray and applied 
directly to the pulp using a dedicated instrument, 
such as the Micro-Apical Placement (MAP) 
System® (PDSA, Vevey, Switzerland). The mate-
rial is not packed in, but instead is placed in direct 
contact with the pulp and then lightly tapped into 
the dentin wall using a piece of thick paper or a 
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cotton pellet. It is currently recommended that 
the way it is used for this specific circumstance is 
amended and that the tooth is restored immedi-
ately with bonded composite resin. Since it takes 
more than 4 h for the material to set, a host of 
precautions need to be taken because spraying 
water to rinse the cavity, for example could wash 
out the material that had just been applied. If the 
restoration protocol includes spraying dental tis-
sue with water, we recommend completing this 
step first before application of the MTA.

The superiority of the biological properties 
with this material has been shown by in vitro and 
in vivo studies, as well as in clinical trials compar-
ing it to the calcium hydroxide [24]. The dentin 
bridges formed using this material have been 
shown to have a better histological quality com-
pared to those formed with calcium hydroxide (3).

One of the main drawbacks of this material is 
the difficulty manipulating it and the risk of 
inducing dyschromia of the tooth due to the pres-
ence of bismuth oxide, which is typically added 
to the material to improve its radiopacity. 
Multiple manufacturers have spent years devel-
oping a number of similar materials (hydraulic 
cements) with the aim to bypass this limitation, 
thereby resulting in the replacement of bismuth 
oxide with zirconium oxide.

A hydraulic tricalcium silicate–based material 
(Biodentine®, Septodont, Saint-Maur-des-Fosses, 
France) was marketed in 2012. Initially devel-
oped as a dentine substitute for coronal fillings, it 
exerted effects on biological tissues that led to an 
extension of its indications to include pulp cap-
ping [25]. One of its notable qualities is its ability 
to initiate mineralization [26] and cellular differ-
entiation [25]. These results are ample reason for 
optimism regarding its long-term clinical use.

In addition to their ability to protect the pulp 
and their biological activity (inflammation con-
trol), these capping materials also have the capac-
ity to release dentin matrix proteins from the 
dentin upon contact with such a material. This 
has been demonstrated for calcium hydroxide 
[12] and MTA [13] in particular. Therefore, these 
substances combine a direct biological effect on 
the pulp with an indirect effect by causing a grad-
ual and delayed release of growth factors, includ-
ing a number of anti-inflammatory entities. It 

may, therefore, at some stage become worthwhile 
to extend the application area of these materials 
to include the adjacent dentin walls where prepa-
ration of the cavity has made the dentin thinner. 
The material in contact with the dentin can extract 
matrix proteins, which can move through the 
dentinal tubules (which are quite large at this 
depth) and thus promote healing of the pulp [27]. 
This is an application where the use of 
Biodentine® may have real potential, as it could 
be used to fill an entire coronal cavity, which is 
not the case for MTA. However, the mechanical 
behaviour of the material still necessitates an 
additional procedure in which it is coated with a 
bonded composite that renders the restauration 
more aesthetically pleasing and that prevents the 
substitution material from dissolving.

4  Step-by-Step Procedures

4.1  Pulp Capping

The objective is to cap the pulp when it is 
exposed, with a dedicated material. The follow-
ing step-by-step procedure can be used in most 
clinical situations.

 1. Anaesthesia of the tooth is undertaken first, 
as for a restorative procedure. The use of a 
vasoconstrictor is an option, but its conse-
quences for the rest of the treatment need to 
be considered (bleeding control step).

 2. Placement of the rubber dam and 
disinfection.

 3. Removal of the carious tissues and cleaning 
of the cavity with an excavator and ceramic 
burs while cooling with water. It is 
 recommended to first remove most of the 
carious tissue before exposing the dental 
pulp.

 4. When the cavity is very deep, the pulp is 
exposed.

 5. Bleeding is controlled with a moist cotton 
pellet (using sterile water) placed in the cav-
ity with gentle compression.

 6. Removal of the cotton pellet and assessment of 
the bleeding. No other product should be used 
to stop the bleeding (ferric sulphate, laser, etc.). 
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Indeed, assessment of the haemorrhage is the 
only technique reliable enough to evaluate the 
inflammatory status of the pulp. If the pulp is 
not inflamed, the bleeding due to the wound 
can be stopped with gentle compression.

 7. If the bleeding cannot be controlled, the 
exposed pulp should be removed with a ster-
ile round bur (tungsten carbamide) with 
copious water to undertake a partial pulpot-
omy. The bleeding is then assessed as before. 
At this stage, it is important to keep in mind 
that assessment of the bleeding is necessary, 
although it remains a poor clinical tool. It is, 
however, the only one available until the new 
diagnostic tools will be developed. Another 
limiting factor is the use of a vasoconstrictor 
for anaesthesia. This alters the blood flow 
into the pulp, and the bleeding can hence be 
limited, thereby providing good control even 
when the pulp is inflamed.

 8. The exposed pulp can be inflamed, but it is 
not infected. The dentin cavity can be disin-
fected with a 2% chlorhexidine solution left 
in the cavity for 2–3  min. Laser (Er:YAG) 
treatment is also an option. Sodium hypo-
chlorite is not recommended as it alters the 
dentin structure, and it can interfere with the 
subsequent bonding process.

 9. The capping material is placed directly in 
contact with the pulp using a dedicated 
device (MAP ONE; PDSA, Vevey, 
Switzerland), but it should not be plugged.

 10. The cavity is filled with the same material if 
it is suitable for this purpose, such as 
Biodentine®. If the pulp is capped with MTA, 
the bonded restoration can be performed in 
the same session.

 11. A post-operative X-ray is then taken, and the 
occlusion is checked.

 12. The patient follow-up comprises both short- 
(1  month) and long- (6–12  months) term 
monitoring. The pulp sensitivity is checked 
by a cold test and a recall X-ray is also 
recommended.

See as an example of a pulp capping Figs. 1, 2, 
3, 4, 5, and 6.

Fig. 1 Pre-operative X-ray of a 16-year-old women com-
plaining of intermittent but acute pain. The patient was 
referred for root canal treatment

Fig. 2 After coronal restoration and carious lesion 
removal, two pulp horns were exposed. The buccal one 
was bleeding, whereas the lingual one was not. The cavity 
was deepened on regard to the lingual horn to remove the 
whole necrotic tissue and to expose vital tissue

Fig. 3 Cavity was disinfected with a 2% chlorhexidine 
solution and pulp was capped with Mineral Trioxide 
Aggregate (ProRoot MTA)

Bioceramic Materials for Vital Pulp Therapy
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4.2  Pulp Chamber Pulpotomy

The clinical procedure is similar. A pulp chamber 
pulpotomy is indicated when the assessment of 
the bleeding of the pulp exposure site is not pos-
sible or in case of any doubt regarding the inflam-
matory status of the pulp. In such cases, it is 
probably safer to undertake a deep pulpotomy. 
The first six steps of the pulp capping remain the 
same, as mentioned before.

 1. The pulp chamber is emptied of the entire 
coronal pulp with a carbamide bur used with a 
low-speed handpiece with copious water 
cooling.

 2. The pulp is cut with a sharp and sterile exca-
vator at the entrance of the root canal.

 3. The bleeding is controlled by gentle pressure 
with a moist cotton pellet.

 4. The radicular pulp stumps are capped with the 
capping material, as described previously.

 5. The rest of the coronal cavity is then filled 
with the same material (Biodentine) or with a 
bonded composite resin.

 6. A post-operative X-ray is taken to assess the 
quality of treatment and to check the occlusion.

 7. The patient should return for short- and long- 
term check-ups. Note that in case of a pulp 
chamber pulpotomy, the sensitivity tests are 
not reliable.

See as a clinical example of a pulp chamber 
pulpotomy Figs. 7, 8, 9, 10, 11, 12, 13, and 14.

Fig. 4 The cavity was filled with a bonded composite 
resin in the same session. If the pulp had been capped with 
Biodentine®, the protocol would have been different. The 
cavity would have been full-filled with Biodentine® and 
left for 21 days. At the second visit, a new cavity would 
have been drilled in the material thickness and the cavity 
filled with bonded resin

Fig. 5 The post-operative X-ray shows the deep place-
ment of the material inside the pulp chamber

Fig. 6 Twelve Months recall X-Ray. The presence of a 
mineralized tissue on the close contact of MTA is clearly 
visible. The positive response to sensitivity tests associ-
ated to the X-ray images at 12 months postoperation leads 
to consider this treatment as effective with a clinical 
success

Fig. 7 Pre-operative X-ray of an upper first molar 
referred for a root canal treatment by his general practitio-
ner, who placed a temporary restoration as an emergency 
treatment

S. Simon
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Fig. 8 Occlusal view of the crown before treatment

Fig. 9 The full coronal restorative material was removed

Fig. 10 The tooth is prepared exactly as for a root canal 
treatment. Pre-treatment restoration with a temporary 
restorative material (Glass Ionomer)

Fig. 11 A conventional access cavity was done, and the 
coronal pulp was removed. Haemostasis of the radicular 
pulp was controlled by a gentle pressure in the tissues 
with a sterile moist cotton pellet

Fig. 12 Radicular pulp was capped with Mineral Trioxide 
Aggregate. The tooth was restored in the same session 
with a bonded composite resin

Fig. 13 Post-operative X-ray

Bioceramic Materials for Vital Pulp Therapy
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5  Application of Pulp Capping 
and ‘Bioproducts’ to Stimulate 
Regeneration

The extracellular matrix (ECM) of dentin contains 
a variety of molecules involved in the regulation of 
dentinogenesis. Attempts have been made to use 
ECM proteins (expressed in recombinant bacteria) 
to stimulate pulp regeneration [28]. The biological 
effects of several other ECM molecules have also 
been examined, including dentonin, an acidic syn-
thetic peptide derived from matrix extracellular 
phosphoglycoprotein (MEPE), and A  +  4 and 
A  −  4, two splice products of the amelogenin 
gene. Each entity induced regeneration of superfi-
cial pulp [29].

Such biological approaches have helped to 
elucidate what takes place during pulp capping 
and regeneration. However, before they are 
applied clinically, more studies are needed to 
confirm the advantages and the safety of such 
bioproducts versus mineral hydraulic cements.

6  Short- and Long-Term Future 
Developments

Progress in the development of capping biomate-
rials in the past 10 years has helped restimulate 
interest in techniques to preserve pulp vitality. 
Our understanding of pulp biology continues to 
progress, thereby making it possible to explain 

the reason for certain failures because the 
‘Achilles heel’ of these procedures remains 
assessment of the inflammatory state of the pulp 
in need of treatment. Clinically, it remains diffi-
cult to exactly know how deep down the pulp tis-
sue needs to be removed in order to eliminate the 
risk of leaving any inflamed tissue. A suggestion 
derived from this idea was recently made in 
which a larger portion of the pulp is removed, 
thus ensuring that all of the inflamed tissue is 
eliminated, albeit without resulting in a complete 
pulpectomy of the tooth.

Until now, this treatment was restricted to pri-
mary teeth or certain immature teeth. However, 
in coming years, pulp chamber pulpotomies may 
come to be seen as an endodontic therapeutic 
alternative to pulpectomies and root canal treat-
ments. In this procedure, all of the pulp chamber 
tissue is removed, and the radicular stumps are 
covered with a capping material. Preliminary 
studies have yielded promising results [30], 
although these need to be substantiated by more 
formal studies before this can become a generally 
viable procedure.

7  Conclusions

The aim of any endodontic treatment is to prevent 
bacterial leakage from the mouth (which contains 
commensal flora) to the underlying maxillary or 
mandibular bone, which is free of any infection 
and must be protected from any bacterial con-
tamination. Based on this postulate, every clini-
cal process that allows bacteria progression to be 
blocked warrants being considered.

Pulp capping and pulp chamber pulpotomy 
allow bacterial penetration to be prevented, 
merely by placing a material in direct contact 
with the pulp tissue. This material ensures seal-
ing of the lesion in just a few minutes/hours and 
it has a double protective effect by induction of 
the formation of a mineralized barrier between 
the material and the pulp tissue. Thus, partial and 
full chamber pulpotomies, followed by pulp cap-
ping, should be considered to be minimally inva-
sive endodontic treatments. Furthermore, new 
strategies involving coronal restoration with 
bonded composite resins, or bonded prosthetic 

Fig. 14 The 16 months recall do not show any sign of 
endodontic failure. Nevertheless, the impossibility to test 
the pulp sensibility remains a limiting factor to conclude 
as a true clinical success

S. Simon
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restoration, now allow minimization of the indi-
cations for the root canal treatments, at least for 
restorative reasons.
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1  Pulp Regeneration

The field of regenerative endodontics has 
attracted enormous interest in recent years with 
rapidly increasing numbers of publications and 
incremental clinical impact. New biology-based 
and less-invasive concepts, where tissue reac-
tions are taken into consideration, have entered 
the clinical routine and have changed and ampli-
fied the way of thinking in endodontics. As the 
body of evidence is growing, traditional treat-
ment schemes need to be rethought. However, the 
idea to regenerate tissues inside the root canal 
dates to the 1960s, when Birger Nygaard-Østby 
described “the role of the blood clot in endodon-
tic therapy” (Fig. 1) [1]. In his studies on animals 
and human beings, he provoked bleeding into the 
apical third of the root canal and obturated the 
coronal segment with gutta-percha and a paste 
made from chloropercha. He observed partial or 
complete replacement of the blood clot, mainly 
with fibrous connective tissue. These findings fell 
into oblivion and attempts to regenerate dental 

pulp were abandoned for several decades, while 
ambitious efforts focused on advanced tech-
niques for disinfection, instrumentation, and 
obturation. New impulses came from dental trau-
matology, where clinical observations showed 
that tissue ingrowth into an empty root canal 
space was possible in avulsed immature teeth. 
This was confirmed by animal studies, where 
autotransplanted teeth with open apex regained a 
vascular network inside the root canal within 
weeks [2, 3]. The understanding that revascular-
ization, i.e., the reestablishment of a vascular net-
work within the root canal after traumatic 
injuries, is essential for the completion of root 
development was an important contribution from 
the field of dental traumatology. The term “revas-
cularization” was later also applied in the first 
case reports on regenerative endodontic thera-
pies. In 2001, Iwaya et al. described a regenera-
tive endodontic treatment approach on a lower 
premolar with incomplete root formation, chronic 
apical periodontitis, and sinus tract [4]. After dis-
infection and intracanal medication, the practitio-
ner detected vital tissue inside the canal and 
applied calcium hydroxide. Thirty months after 
treatment, completion of root formation was vis-
ible radiographically and the tooth responded to 
electric pulp testing [4]. A keystone clinical 
report, which sparked further interest in regener-
ative endodontic treatment of immature teeth, 
was published by Banchs and Trope in 2004 [5]. 
Similar to the case by Iwaya et al., the affected 
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tooth was a lower premolar with radiolucency 
and sinus tract. The root canal was irrigated with 
sodium hypochlorite (NaOCl), and intracanal 
dressing consisted of a triple antibiotic paste 
(TAP), a mixture of ciprofloxacin, metronida-
zole, and minocycline. After the signs of inflam-
mation had subsided, the clinician initiated 
bleeding into the canal by mechanical irritation 
of the periapical tissues. The resulting blood clot 
was covered with mineral trioxide aggregate 
(MTA) at the level of the cemento-enamel junc-
tion. After 24 months, the bony lesion had healed, 
and root lengthening and thickening as well as 
apical closure were clearly visible radiographi-
cally [5]. Numerous case reports followed this 
publication, later case series, cohort studies, and 
randomized controlled clinical trials [6]. With 
recent systematic reviews and meta-analyses on 
regenerative endodontic procedures, the highest 
level of evidence has been provided [7–9]. 
Furthermore, substantiated recommendations 
from the large endodontic societies (European 
Society of Endodontolgy/ESE and American 
Association of Endodontists/AAE) on indication, 
case selection, procedural details, irrigants and 
materials as well as follow-up are available [10, 
11]. The concept of regenerative endodontics is 
an inherent part of the endodontic treatment 
spectrum today.

2  Regeneration or Repair

It has been common knowledge for many years 
that the dental pulp possesses considerable regen-
erative and reparative capacity. The use of agents 
such as calcium hydroxide to promote healing 
after pulp capping procedures goes back nearly 
100 years in time [12]. Thus, reports on “revascu-
larization” of the years before 2010, which showed 
the completion of root formation after provocation 
of bleeding into the canal, raised the expectation 
that this procedure could result in new formation 
of pulp and tubular dentine and thus in full regen-
eration of the dentine–pulp complex. Since imma-

a

b

Fig. 1 (a) Professor Birger Nygaard-Østby (1904–1977) 
was one of the foremost researchers in regenerative end-
odontics (http://www.oslobilder.no/OMU/OB.RD5746; 
photographer: Rigmor Dahl Delphin; 1972). (b) The idea 
to regenerate dental pulp was founded on his seminal 
work “The role of the blood clot in endodontic therapy” 
from the 1960s [1]
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ture teeth contain the apical papilla, a connective 
tissue rich in mesenchymal stem cells, it was 
hypothesized that this stem cell niche facilitates 
apexogenesis and restoration of the physiological 
structure and function of the dental pulp (Fig. 2a). 
The presence and concentration of mesenchymal 
stem cells in the root canal were confirmed shortly 
after: mesenchymal stem cell markers were ana-
lyzed in saline before and in intracanal blood after 
provocation of bleeding into the canal, along with 
blood drawn from the arm vein [13]. Since stem 
cells of the apical papilla are capable of differenti-
ating into odontoblasts, this assumption appeared 
reasonable (Fig.  2b) [14]. Based on histological 
analysis from animal studies and human teeth, it 
had to be acknowledged that repair, not regenera-
tion, takes place after this procedure [15–17]. The 
tissues identified in the root canals were connec-
tive tissue, cementum, or bone, but lacked pulpal 
architecture and odontoblasts. However, after 
provocation of bleeding into the canal, the blood 
clot can serve as a scaffold and origin of healing 
and repair. Different cell types migrate in  to re- 
establish, vasculature and innervation, and genera-
tion of extracellular matrix and potentially 
deposition of mineral lead to the development of 
reparative tissue, much in the same way as during 
any wound healing in the body [18]. As we have a 
more realistic evaluation of regenerative endodon-
tic procedures today, the alternative terminology 
of “guided endodontic repair” has been introduced 

[19] or “revitalization,” which is the term used by 
the European Society of Endodontology in their 
respective position statement [10].

3  Clinical Treatment

Revitalization is indicated in immature teeth with 
pulp necrosis, and thus an alternative treatment to 
the apical plug, where hydraulic calcium silicate 
cements (HCSCs) such as mineral trioxide aggre-
gate (MTA) are placed at open apices. In general, 
a regenerative endodontic approach might be the 
more beneficial the earlier the stage of root devel-
opment [20, 21]. From a technical perspective, 
both modalities require highly compliant patients, 
but revitalization is easier to perform compared 
to the apical plug. However, induction of bleed-
ing may cause sensations, despite anesthesia. A 
detailed clinical protocol can be found in the 
guidelines of ESE and AAE [10, 11]. Whereas 
minor differences regarding the procedural 
details exist, the clinician’s understanding of the 
treatment goal and the desired tissue responses 
may be more pivotal.

During the first visit, the procedure involves 
thorough clinical examination, field isolation, 
access to the root canal, and sufficient 
 disinfection. NaOCl is the disinfectant of choice 
and should be used at reduced concentration 
(1.5–3%) to satisfy both the claim for antimi-

Dentin SCAP

a b

Fig. 2 (a) Mesenchymal stem cells are present in the api-
cal papilla of immature teeth and can be flushed into the 
root canal after induction of bleeding. (b) The goal of 
regenerative endodontic procedures is to import stem cells 

from the apical papilla (SCAP; scale bar: 25 μm) into the 
root canal, which attach to the dentin walls (scale bar: 10 
μm), and form a tissue that resembles the original pulp in 
structure and function
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crobial efficacy and preservation of local stem 
cells and growth factors [22, 23]. Rinses with 
saline (NaCl) and 17% ethylenediaminetet-
raacetic acid (EDTA) reduce the toxicity of 
NaOCl to cells in the periapical region [24]. No 
or minimal instrumentation of the canal walls is 
recommended. After placement of calcium 
hydroxide as an intracanal dressing, a tempo-
rary seal is placed. At the second visit 2–4 weeks 

later (Fig. 3), the signs and symptoms of inflam-
mation should have receded in order to prog-
ress. After field isolation, the root canal is 
reaccessed and rinsed with EDTA to remove the 
medicament and expose growth factors on the 
dentin surface [25, 26]. However, NaOCl is 
avoided to reduce adverse effects on the 
 microenvironment as mentioned above. After a 
final rinse with NaCl and drying, bleeding 

a b c d

e f g

Fig. 3 Revitalization of a maxillary left incisor with pulp 
necrosis after dental trauma (second visit). (a) Removal of 
the medicament and irrigation with 17% EDTA followed 
by saline. (b) Drying of the root canal and induction of 
intracanal bleeding. (c) Placement of collagen onto the 

blood clot and (d) coverage with a hydraulic calcium sili-
cate cement. (e) Selective etching of enamel and (f) condi-
tioning of the cavity with a dental adhesive. (g) Adhesive 
restoration with a nanohybrid composite

Fig. 4 In regenerative endodontic treatment, HCSCs get 
in contact with an instable fibrin-based coagulum full of 
blood cells or a collagen scaffold placed as an abutment 

for HCSC onto the blood clot. This situation poses special 
demands on the bioactive cement in both biological and 
mechanical terms

K. M. Galler et al.
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should be induced by irritation of the periapical 
tissues and reach below the cementoenamel 
junction. While the use of a collagenous matrix 
is optional  to facilitate the placement of addi-
tional materials, the blood clot needs to be cov-
ered with a hydraulic calcium silicate cement 
and the access sealed with an adhesive restora-
tion. Follow-up is recommended after 6, 12, 18, 
and 24 months, after that annually for 5 years.

Similar success rates have been reported 
after revitalization and apical plug [7, 27]. Bony 
healing, the primary goal according to AAE, 
was achieved in more than 90% of clinical cases 
[8, 27].

Compared to the apical plug, revitalization 
offers the potential of an increase in root length 
and thickness [7, 27]; however, findings are vari-
able and not predictable [28]. Failure with recur-
rent signs and symptoms has been reported, where 
insufficient disinfection is likely to be the main 
cause [29, 30]. The presence of residual microor-
ganisms after revitalization may not always result 
in a clinical failure, but manifest in the absence of 
mineral apposition and thus a nonappearance of 
thickening of the dentinal walls [31].

4  Limitations

Previously, it was regarded as a severe limitation 
that revitalization procedures induce repair rather 
than regeneration. Today, the focus lies on healing 
of bony lesions and the absence of signs and 
symptoms of inflammation. Whereas the outcome 
after revitalization and apical plug is similar, more 
adverse effects such as discoloration, pain, or 
reinfection may be observed after revitalization 
[28]. Crown discoloration is a risk and can be 
induced by intracanal medicaments, irrigants, or 
cements used during revitalization. Especially, 
antibiotic mixtures containing minocycline- like 
TAP should be avoided as intracanal dressing 
because of the strong discoloration potential.

The main objective remains the avoidance of 
cervical root fractures at the condition of incom-
plete root formation [32]. Whereas apposition of 
mineral along the dentinal walls can strengthen 
the root [21, 33], the placement of a hydraulic 

calcium silicate onto the blood clot leaves a week 
spot at the fragile cervical area [34]. An adhesive 
seal of the access cavity and potentially at the 
root canal orifice may minimize the risk of frac-
ture [35, 36].

Furthermore, long-term data on revitalization 
is still missing, which poses questions regarding 
orthodontic treatment or an alternative treatment 
plan for teeth with uncertain prognosis, espe-
cially before the skeletal growth phase is 
completed.

5  The Use of Hydraulic Calcium 
Silicate Cements 
for Revitalization

Hydraulic cements have specific properties which 
are not shared with other dental materials, and 
specifically the setting properties of hydraulic 
cements are improved in the presence of mois-
ture. MTA has been the material of choice for 
most cases of revitalization in immature teeth 
after pulp necrosis and used to cover the blood 
clot [37]. Its property to set in a moist environ-
ment and its scientifically proven biocompatibil-
ity along with a lack of suitable alternatives 
motivated its use for revitalization.

MTA is Portland cement–based with bismuth 
oxide added to enhance the radiopacity. The 
main components of MTA, namely tricalcium 
silicate and dicalcium silicate, react with the 
water added and hydrate to form calcium silicate 
hydrate and calcium hydroxide (Ca(OH)2) dur-
ing the setting reaction [38]. The formation of 
calcium hydroxide is beneficial to the antimicro-
bial properties of the material since calcium ion 
release has been shown to be directly related to 
antimicrobial action [39]. The hydraulic nature 
of the Portland cement is well documented in the 
concrete industry [40]. Portland cement sets and 
develops its physical properties in contact with 
water and other fluids. Thus, Portland cement 
and MTA are classified as a hydraulic calcium 
silicate cement [41].

Regardless of its clinical success over a long 
number of years, MTA has several drawbacks. 
Besides the potential of discoloration of bismuth 
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oxide–containing materials [42–46], other draw-
backs of MTA include a long setting time of up to 
3 h, difficult handling, and high cost [47]. 
Furthermore, during revitalization, the MTA can 
be displaced into the canal during its application 
onto the blood clot (Fig. 4). The use of a collag-
enous matrix between the blood clot and the 
MTA facilitates material retention at the desired 
location.

To overcome these disadvantages, optimized 
formulations of HCSCs have been introduced. 
Natural materials such as Portland cements, 
which are contaminated with trace elements or 
components that may affect the treatment out-
come and success, are no longer used [47, 48]. 
Instead, synthetic materials are produced from 
pure, laboratory-grade tricalcium silicate and 
meet the clinical requirements. These show a 
similar hydration pattern as the Portland cement 
in MTA [49] and also generate Ca(OH)2 (Fig. 5) 
[50, 51]. Bismuth oxide has been substituted 
with alternatives such as zirconium oxide or tan-
talum oxide, which exhibit lower radiopacity, 
but show a reduced risk of discoloration [52, 53]. 
They are inert during the setting reaction and do 
not leach from the material, as it has been 

described for bismuth oxide [38]. The liquid 
component may contain accelerators such as cal-
cium chloride along with water-soluble poly-
mers for improved handling and enhancement of 
physical properties [47].

HCSC formulations are provided as a set of 
powder and liquid to be mixed prior to applica-
tion. Additionally, light-curable preparations 
have been advocated due to their simplified appli-
cation and quick and controlled setting. However, 
these are resin-based materials, where cement 
hydration and therefore Ca(OH)2 release is lim-
ited by polymerization [54, 55]. It has also to be 
noted that these materials are cytotoxic due to the 
contained monomers, which is exacerbated by 
the low depth of cure caused by the filler amount 
[39] and thus will severely compromise their bio-
compatibility and counteract the purpose of 
hydraulic calcium silicates [56, 57]. Furthermore, 
the hydrophobicity and amount of filler particles 
will limit the passage of fluid necessary for the 
hydration reaction of a light-curable formulation 
[54, 56]. Other additives such as calcium phos-
phates and microsilica have been used; however, 
those can affect formation of Ca(OH)2 [58, 59] 
and also compromise biocompatibility [60].

a b

Fig. 5 (a) Scanning electron microscopic imaging of sur-
face structure of a hydraulic calcium silicate cement 
(Biodentine™, Septodont, Saint-Maur-des-Fossés, 
France) after incubation in cell culture medium shows cal-
cium silicate hydrate (CSH) deposits, calcite microcrys-

tals, calcium hydroxide plates, and calcium phosphate 
particles [51]. (b) Adhesion and spreading of human den-
tal pulp stem cells on the surface of tricalcium silicate 
demonstrates the biocompatibility of the material (arrows) 
[51]
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6  Reaction of Hydraulic Tricalcium 
Silicates with Tissue Fluids

Part of the bioactivity of hydraulic calcium sili-
cates is due to their interaction with tissue fluid 
and the formation of carbonated apatite on their 
surface [61, 62]. During the setting reaction, 
hydrolysis and ion exchange lead to the forma-
tion of calcium hydroxide as a by-product [47]. 
The alkaline pH promotes the formation of an 
amorphous calcium silicate hydrate gel on the 
surface of calcium silicate particles and calcium 
ions from the fluid become bound [63]. These 
calcium ions can be released later and react with 
hydrogen phosphate from phosphate-containing 
liquids. Amorphous calcium phosphates form 
near the surface and precipitate in a calcium sili-
cate hydrate layer (Fig.  5). This calcium phos-
phate matures over time and forms carbonated 
apatite [63]. Since carbonated apatite represents 
the biological elements found in mineralized tis-
sues, it plays a triggering role regarding the cyto-
compatibility and bioactive potential of HCSCs 
[51, 64]. Blood is saturated with calcium and 
phosphate and hydraulic calcium silicates will, 
thus, interact with the clot during revitalization. 
Whereas the bioactivity of these materials, such 
as hydroxyapatite formation, antibacterial activ-
ity, and induction of mineralization, has been 
demonstrated in  vitro, it is not clear whether 
these properties are exerted and/or critical for the 
use of hydraulic calcium silicates in  vivo [65]. 
Little information can be found in the literature 
regarding the biological behavior of these materi-
als in contact with blood or resorbable collagen 
matrices; however, recent studies indicate that 
the clinical situation appears differently [61, 63, 
66]. One report described chemical and micro-
mechanical analysis of a Portland-based cement 
that was recovered from a patient after failed 
revitalization [66]. The porous material surface 
was enriched in calcium carbonate instead of cal-
cium hydroxide or apatite. This observation has 
been made for “bioglass” before [62, 67] and fur-
ther studies are required to elucidate the proper-
ties and behavior of HCSCs in a clinical 
environment.

7  Mechanical Properties 
of Hydraulic Calcium Silicates 
in Revitalization

Whereas HCSCs can be applied in a moist envi-
ronment, local conditions and contamination can 
alter the setting characteristics and affect the 
mechanical properties of the resulting material. A 
compromised setting reaction and reduction of 
microhardness have been described in presence 
of serum or tissue fluids [68, 69]. Similarly, blood 
components can compromise the mechanical 
properties of HCSCs [47] and reduce compres-
sive strength and microhardness [70, 71]. 
Synthetic tricalcium silicates have been found to 
adhere better to dentin than conventional MTA 
[72, 73] due to a smaller particle size and deeper 
penetration into the dentinal tubules. It has to be 
noted that endodontic irrigants and medicaments 
such as chlorhexidine, EDTA, or antibiotic pastes 
may negatively affect bond strength, whereas 
sodium hypochlorite or saline has no influence, 
and calcium hydroxide may even lead to stronger 
adhesion [72, 74, 75]. However, recommenda-
tions from manufacturers regarding the use of 
irrigants and medicaments are lacking.

Whereas in the case of an apical plug, HCSC 
is in contact with a vascularized connective tis-
sue, it is a loose and fibrin-based coagulum with 
blood cells or a collagen scaffold in the case of 
revitalization (Fig. 4). Although current hydrau-
lic tricalcium silicate formulations are adequate 
and currently the material of choice, it seems 
beneficial to design and develop more specific 
materials for application in regenerative end-
odontic procedures.

8  Discoloration

Original formulations of MTA contained bismuth 
oxide as a radiopacifier and induced considerable 
discoloration [43, 76]. As teeth treated by revital-
ization are frequently front teeth after dental 
trauma, the esthetic aspect must not be neglected. 
In contrast to an apical plug with HCSCs, the 
material is placed much further coronally during 
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revitalization, and discoloration of the surround-
ing dentin is now in the visible zone and becomes 
problematic. The potential of HCSCs to cause 
discoloration depends on different factors and is 
therefore variable. New formulations of HCSCs 
replaced bismuth oxide with zirconium or tanta-
lum oxide and thus reduced dentin staining [47, 
76]. A contamination of MTA with blood leads to 
inclusion of blood components into the material’s 
porous structure, which might cause discolor-
ation [77]. Furthermore, the interaction of blood 
components with bismuth oxide results in dentin 
staining [45, 65]. As new materials are more 
homogenous with less pores, the risk of discolor-
ation after contact with blood is reduced. 
Interestingly, formulations without bismuth 
oxide were also reported to stain dentine after 
contact with irrigants like NaOCl or chlorhexi-
dine, however, to a much lesser extent [52, 76]. 
Stringent selection of the materials used, e.g., 
non-discoloring intracanal medicaments and 
hydraulic calcium silicate cements without bis-
muth oxide as radiopacifier, can minimize the 
risk of severe discoloration.

9  Conclusion

Hydraulic calcium silicates are today the materi-
als of choice to cover the blood clot in revitaliza-
tion procedures. It is important to choose 
materials with suitable handling properties and 
with the least potential for discoloration. It 
remains unclear whether these materials can 
exert their favorable properties in contact with 
the blood clot. Thus, further investigations and 
development are necessary.
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1  Introduction

Clinicians have used the lateral compaction and 
thermoplastic root canal obturation techniques all 
around the world with high clinical success and 
acceptable long-term prognosis of the root-filled 
teeth [1, 2]. However, these techniques require a 
quite long learning curve, time-consuming, and 
difficult to undertake [3]. Additionally, obtura-
tion of the root canal system involves maximiz-
ing the amount of gutta-percha and decreasing 
the thickness of sealer. Epoxy resin, calcium 
hydroxide, and zinc oxide eugenol–based sealers 
significantly shrink and resorb over time; there-
fore, a thin layer of sealer has always been advo-
cated to avoid deterioration of the seal [1].

Introduction of hydraulic calcium silicate–
based cements has changed the root canal obtura-
tion standards and strategies [4, 5]. The main 
advantages of these materials are biocompatibil-
ity, bioactivity, and high antimicrobial activity 
[5]. Meanwhile, due to the no shrinkage and 
long-term dimensional stability, these materials 
can be used in larger volumes without the need to 
increase the amount of gutta-percha in the root 
canal, as it is a sealer- or filler-based obturation 
[6]. The hydraulic calcium silicate–based sealers 
are recommended to be used with a single-cone 

obturation technique, while the purpose of the 
gutta-percha cone is to increase hydraulic pres-
sure inside the root canal and drive the sealer into 
isthmuses, irregularities, and dentinal tubules [6, 
7]. The new obturation technique is simple to 
apply even for the inexperienced clinician [8].

The new materials and obturation technique 
have been extensively compared in  vitro and 
in vivo studies and have shown similar or supe-
rior results in comparison to the conventional 
obturation materials and techniques [9–14]. 
Although the long-term randomized clinical tri-
als are needed to prove the long-term efficacy of 
the single-cone technique, the preliminary retro-
spective clinical investigations demonstrated an 
overall success rate of 90.9% [15]. The hydro-
philic nature, sealability, biocompatibility, anti-
bacterial property, bioactivity, and ease of 
delivery have made hydraulic calcium silicate–
based sealers promising materials to be used in 
conjunction with the single-cone obturation tech-
nique in modern endodontics [14, 16–18].

2  Flowable Hydraulic Calcium 
Silicate–Based Obturation 
Materials

A wide variety of flowable hydraulic calcium sili-
cate–based materials are available on the market 
[19]. Majority of them are premixed pastes in the 

S. Drukteinis (*) 
Institute of Dentistry, Vilnius University,  
Vilnius, Lithuania

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-58170-1_5&domain=pdf
https://doi.org/10.1007/978-3-030-58170-1_5#DOI


40

syringes, while few materials are produced as 
 liquid/powder formulations [6, 18]. However, it 
should be mentioned that premixed materials are 
not water-based in comparison to liquid/powder 
sealers. Therefore, there are differences in the 
properties, applicability, and clinical use of these 
flowable hydraulic calcium silicate–based mate-
rials, which can be used as sealers or biologic fill-
ers in conjunction with a regular or bioceramic 
coated gutta-percha point and different obtura-
tion techniques [4, 20, 21].

2.1  iRoot®SP, EndoSequence® BC 
Sealer™, and TotalFill® BC 
Sealer™

The first premixed and ready-to-use hydraulic 
calcium silicate–based material was developed 
and introduced in 2007 by a Canadian company 
Innovative BioCeramix, Inc., Vancouver. The 
material was launched as iRoot SP injectable 
root canal sealer (iRoot®SP). Since 2008, this 
premixed sealer is available in North America 
from Brasseler USA as EndoSequence® BC 
Sealer™. Recently, this material has also been 
marketed in Europe as TotalFill® BC Sealer™ by 
FKG Dentaire, Switzerland. The materials are 
packaged in pre-loaded syringes and are sup-
plied with disposable tips (Fig.  1). All three 
materials are the same in chemical composition 
(calcium silicates, zirconium oxide, calcium 
phosphate monobasic, and fillers), possess the 
same physicochemical and biological properties, 
handling characteristics, and are equally clini-
cally effective [6, 12, 19].

iRoot®SP, EndoSequence® BC Sealer™, and 
TotalFill® BC Sealer™ are premixed, convenient, 
ready-to-use injectable white hydraulic cement 
pastes developed for permanent root canal filling 
and sealing applications. Indications for use 
include permanent obturation of the root canal 
following vital and necrotic pulp cases [12, 18].

These materials are widely tested and are rec-
ognized for their biological properties such as 
biocompatibility, bioactivity, and antibacterial 
activity, as well as for excellent physicochemical 
properties [13, 20–22]. Sealers do not shrink dur-

ing setting, but tend to expand slightly and being 
extremely flowable provide an excellent seal 
between the dentin and filling material [5, 22, 23, 
26].

These materials are also distinguished by its 
ease of use [4, 15]. Materials are launched as a 
premixed and ready to use. Subsequentially, it 
saves time and provides a perfect consistency, 
reproducible between applications. They can be 
applied immediately and delivered directly from 
the syringe into the root canal using the dispos-
able tips provided or can be used with traditional 
placement methods [4, 6].

Unlike the majority conventional hydrophobic 
sealers, the setting reaction of these hydraulic 
calcium silicate–based sealers is induced by the 
moisture present in the dentinal tubules [22, 24, 
25]. Using this moisture, sealers form hydroxy-
apatite, to ensure optimum chemical adhesion 
between the dentin and the cement [21]. Studies 
have demonstrated that TotalFill BC Sealer has a 
stronger bond than other commonly used cements 
regardless of the moisture level inside the root 
canal [26]. Main advantages of these three seal-
ers are a high pH during setting, antimicrobial 
activity, biocompatibility, and bioactivity when 
set, long-term dimensional stability [25, 27, 28]. 
Clinically appealing properties, such us easy 
manipulation and deployment, economic packag-
ing, bond between cement–dentin, limited micro-
organism growth, and quite conservative canal 
preparation, needed for obturation.

The working time for these materials can be 
more than 4 h at room temperature, while the set-
ting time is 4  h. However, in overdried root 
canals, the setting time can increase up to 10 h. 
The setting time of the sealer is highly dependent 
on the presence of moisture in the radicular den-
tin. Additionally, the body temperature increases 
the flowability and decreases the setting time 
[29]. These materials are designed and can be 
used with all root canal obturation techniques. It 
has been shown that endodontic retreatment pro-
cedures are not more difficult or complicated 
when these materials are used in conjunction 
with gutta-percha points—conventional tech-
niques can be used for the removal of the fillings 
[15, 30].
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2.2  EndoSequence BC Sealer HiFlow 
and TotalFill® BC Sealer HiFlow™

It has been shown that water-based hydraulic cal-
cium silicate sealers cannot be used with the warm 
root canal obturation techniques because heat dra-
matically changes properties of the materials [31–
33]. However, many dental practitioners have been 
using warm vertical compaction technique for 
decades and were not ready to make the transition to 
the simpler single-cone obturation technique [8]. 
Due to the recent needs, the two distinct formula-
tions and modifications of the same premixed 
hydraulic calcium silicate–based sealers were intro-

duced [34]. According to manufacturers, the new 
HiFlow formula of the original BC and TotalFill 
Sealers was designed for higher heat resistance (up 
to 220 °C), exhibits a lower viscosity when heated, 
and is more radiopaque, making it optimized for 
warm obturation techniques [29] (Fig. 2). However, 
nowadays there is no solid scientific evidence con-
firming superior properties and clinical advantages 
of the modified high viscosity sealers [29, 35]. It is 
not clearly confirmed that the real temperature 
inside root canals during the thermoplastic obtura-
tion can reach these high values [31]. Thus, the 
 necessity of these new formulations of the original 
BC and TotalFill sealers is still questionable [29].

a

b

c

Fig. 1 Commercially available flowable hydraulic calcium silicate–based sealers: iRoot®SP (a), EndoSequence® BC 
Sealer™ (b), TotalFill® BC Sealer™ (c)
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2.3  Bio-C Sealer

The Bio-C Sealer (Angelus, Londrína, PR, 
Brazil) is a new, premixed, ready for use, inject-
able hydraulic calcium silicate–based material 
developed for permanent filling and sealing dur-
ing root canal treatment [36]. Bio-C Sealer is 
available in a single syringe, composed of cal-
cium silicates, calcium aluminate, calcium oxide, 
zirconium oxide, iron oxide, silicon dioxide, and 
dispersing agents (Fig. 3a) [21]. Overall, approx-
imately 65% of the material is composed by bio-
ceramic particles, while the polyethylene glycol 
is used to achieve the viscosity of the material 
and facilitate its removal and cleaning after obtu-
ration procedures [21]. According to the manu-
facturer, its bioactivity is attributed to the release 
of calcium ions that stimulate the formation of 
mineralized tissue [36]. However, to date, few 
studies have evaluated its effects on periapical 
tissues and related cells [36, 37]. The working 
time is 60 min; the average setting time is 120 min 
(maximum up to 240 min) after insertion into the 
root canal and highly depends on the moisture 
inside the root canal [36]. Material is highly 

alkaline—pH 12.5, has high radiopacity (equiva-
lent to 7 mm of aluminum scale), does not shrink 
at the setting time, and is non-soluble or absorb-
able. According to the manufacturer, sealer can 
be used with different root canal obturation 
techniques, including a single-cone [36]. It is 
strongly recommended to not overdry root canal 
with paper points, as the moisture from the den-
tin tubules is needed to initiate the material’s 
setting reaction. Material can be removed from 
the root canal during endodontic retreatment 
using conventional gutta-percha removal tech-
niques. It is recommended not to store the sealer 
in refrigerator.

2.4  Well-Root ST

Another sealer based on tricalcium silicate is 
Well-Root ST (Vericom, Gangwon-Do, Korea) 
(Fig. 3b). This sealer is a premixed, ready-to-use, 
injectable, bioactive root canal sealer based on 
tricalcium silicate, which is a hydrophilic sealer 
that requires water presence to set and harden 
[27, 38]. The material is developed for permanent 

a b

Fig. 2 BC (a) and TotalFill (b) formulations for warm root canal obturation techniques
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obturation of the root canal. The composition of 
Well-Root as described by the manufacturer 
includes zirconium oxide, calcium silicate, filler, 
and thickening agents [22, 38]. The material is 
hydrophilic and uses moisture in dentinal tubules 
to initiate and complete its setting reactions. The 
setting time is 25  min, measured according to 
ISO 6876:2012 (100% humidity conditions). 
However, in normal root canals, the setting time 
can be more than 2.5 h as reported by the manu-
facturer [38]. The Well-Root ST should be used 
in conjunction with gutta-percha points. It has 
been shown that the Well-Root ST possesses 
good angiogenetic properties, has a similar bio-
logical effects and low cytotoxicity as ProRoot 
MTA or Biodentine [39].

2.5  CeraSeal

CeraSeal (Meta Biomed Co., Cheongju, Korea) 
is a newly launched premixed endodontic sealer 
containing calcium silicates, zirconium oxide, 
and thickening agent. According to the manufac-
turer, CeraSeal is hydraulic calcium silicate–
based sealer, which possesses superior sealing 
ability [40]. Moisture in the dentinal tubules and 
calcium silicate’s chemical reaction produce 
crystallization of calcium hydroxide. The mate-
rial guarantees the hermetic seal of the root canal 
and prevents the influx and propagation of 
bacteria [41]. The material is dimensionally sta-

ble, does not shrink or expand in the root canal, 
and prevents from root infractions or fractures by 
keeping its stable volume [42]. The single-cone 
obturation technique can be used with this mate-
rial [40]. Due to the shorter setting time, the 
material is highly resistant to the washout [41]. 
CeraSeal induce a high degree of Ca2+ release. 
This product characteristically cures slowly by 
absorbing the ambient water inside the root canal. 
It is white and esthetic.

CeraSeal setting time is approximately 3.5 h, 
material possesses high pH of 12.73, flowabil-
ity—23 mm, and radiopacity (equivalent to 8 mm 
of Al). The material is selling as package of 2 g 
premixed syringe with intra canal tips cannulas 
(Fig. 3c). According to manufacturer, the compo-
sition and properties of CeraSeal are very similar 
to iRoot®SP, while 1,3-propanediol instead of 
calcium phosphate monobasic and calcium 
hydroxide is used in CeraSeal [40].

2.6  BioRoot™ RCS

BioRoot™ RCS is the new generation of root 
canal sealer/filler from Septodont (Saint-Maur- 
des-Fosses, France) which benefits from the 
Active Biosilicate Technology. This unique tech-
nology allows transforming the raw material to 
the pure tricalcium silicate, without any presence 
of aluminate and calcium sulfate in the final 
product [13, 43].

a b c

Fig. 3 The recently introduced hydraulic calcium silicate sealers–fillers: Bio-C Sealer (a), Well-Root ST (b), CeraSeal (c)
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BioRoot™ RCS is a hydraulic cement, mar-
keted on 2015 and presented as a powder com-
posed of tricalcium silicate, zirconium oxide, and 
a liquid, which is mainly water-based with addi-
tions of calcium chloride and a water-soluble 
polymer [25, 32]. BioRoot™ RCS has been 
reported to induce in  vitro the production of 
angiogenic and osteogenic growth factors by 
human periodontal ligament cells [44]; more-
over, it has a lower cytotoxicity than other con-
ventional root canal sealers, may induce hard 
tissue deposition [45, 46], and has antimicrobial 
activity [47].

BioRoot™ RCS is free of monomers, highly 
biocompatible, and reduces the risks of adverse 
tissue reaction [43]. The antimicrobial properties 
of BioRoot™ RCS prevent bacterial growth lead-
ing to clinical failures [13, 47]. In addition, 
BioRoot™ RCS crystallization creates a tight 
seal within the dentin tubules for improved resis-
tance to microleakage. BioRoot™ RCS is bioac-
tive by stimulating bone physiological process 
and mineralization of the dentinal structure. 
Therefore, it creates a favorable environment for 
periapical healing and bioactive properties 
including biocompatibility, hydroxyapatite for-
mation, mineralization of dentinal structure, 
alkaline pH, and sealing properties.

BioRoot™ RCS was designed to be used by 
manually mixing powder part (1 spoon) with the 
liquid part (5 drops) by simple spatulation; the 
working time is around 15  min and the setting 
time is less than 4  h in the root canal [48]. In 

addition, BioRoot™ RCS displayed a tight seal 
with the dentin and the gutta-percha (Fig. 4) and 
an appropriate radiopacity (5 mm of aluminum). 
The mixed paste is of smooth consistency with 
good flow which even more increases after place-
ment in the root canal (at body temperature). It 
has been shown that the flow rate is 26 mm and 
film thickness is 45 μm [43].

BioRoot™ RCS was designed to simplify the 
obturation techniques of root canal, by ease of 
mixing and use, its optimized consistency, and 
elimination of the need for a warm gutta-percha 
technique [4]. It has been proposed that 
BioRoot™ RCS should only be used with cold 
root canal filling techniques, as the heat gener-
ated during thermoplastic obturation can nega-
tively affect the flowability and film thickness of 
the material [32]. In recent times, the single-cone 
technique was suggested for use with hydraulic 
calcium silicate cements [7].

3  Bioceramic-Coated (BC) Gutta-
Percha Points for Root Canal 
Obturation

There is still the lack of solid scientific evidence 
that BC gutta-percha points in conjunction with 
hydraulic calcium silicate–based cements ensure 
significantly better root canal sealing in compari-
son to conventional gutta-percha and hydraulic 
calcium silicate cements fillings [12, 49]. It has 
been claimed that standard gutta-percha points 

Fig. 4 BioRoot™ RCS sealer available as a powder/liquid system, requiring manual mixing before application
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can be used with BC Sealer or TotalFill, but for a 
tight, gap-free seal, manufacturers recommend 
use BC Points [18]. BC Points are impregnated 
and coated with bioceramic nanoparticles to 
allow for bonding with BC Sealer producing the 
uniform monoblock inside the root canal space 
(Fig. 5). The benefit of using BC Sealer and BC 
Points is that three-dimensional bonded root 
canal obturation can be achieved at body tem-
perature [12]. It has been demonstrated that com-
bined use of TotalFill® BC Sealer™/
EndoSequence® BC Sealer™ and TotalFill BC 
Points/EndoSequenc BC Points can reinforce the 
root significantly increasing the fracture resis-
tance after treatment [29].

It has been shown that the excessive heat can 
“dry out” the hydraulic calcium silicate–based 
sealers and thus change the properties of the 
materials, potentially compromising the quality 
of root canal obturation [31, 32]. Therefore, the 
manufacturer’s suggested if a warm vertical com-
paction technique with original formulations of 
BC or TotalFill sealers is preferred by the clini-
cian, it is recommended to use 150 series BC GP 
and Pellets. This new line of lowering melting 

temperature gutta-percha points and backfilling 
pellets has been introduced to avoid applying 
excessive heat, thus making vertical compaction 
using BC/TotalFill sealers a clinically possible. 
The 150 series bioceramic nanoparticles contain-
ing gutta-percha melt at 150 °C and are compat-
ible with most thermoplastic heat “guns” for the 
backfilling of the root canals. However, it should 
be highlighted that these manufacturers’ recom-
mendations do not have any solid scientific back-
ground. In opposite, recent investigations 
demonstrated that BC series sealers can be heated 
and used with thermoplastic gutta-percha obtura-
tion techniques, as they are not water-based 
materials [29, 31].

4  Sealer Delivery Methods

Flowable hydraulic calcium silicate–based seal-
ers/fillers can be delivered to the shaped, cleaned, 
and dried root canals using different methods. 
The most popular are injecting the material, using 
special rotary instruments and coating the master 
gutta-percha point or a hand file with a sealer to 

a

b

Fig. 5 EndoSequence (a) and TotalFill (b) BC points, 150 Series BC points and BC Pellets (left to right)
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apply it to the canal walls and space (Fig. 6). It 
has been concluded that the sealer placement 
methods can play a significant role in the sealing 
ability and penetrability of the sealers into den-
tinal tubules [48]. However, it also has been 
shown that the sealer placement technique is 
important if root canals are obturated using 
single- cone obturation method, but not affect the 
quality of obturation when lateral compaction is 
used [49].

Premixed sealer/fillers usually are delivered 
using so-called “tip delivery method,” After the 
syringe cap removal from the material’s syringe, 
gently attach a tip (plastic cannula) with a clock-
wise twist to the hub of the syringe. Plastic tips 
are flexible and can be easily bent to facilitate 
access to the root canal. According to the manu-
facturers, the tip of the syringe should be 
inserted into the canal at the level of the middle-
apical third [50]. The small amount (approxi-
mately 1–2 reference markings, depending on 
the size of the prepared root canal) of the mate-
rial should be gently and smoothly injected into 
the root canal by compressing the plunger of the 
syringe. Using a small hand file (size #15 or 
#20) or gutta-percha point, root canal walls are 
lightly coated with the sealer. After each appli-

cation, the plastic tip should be removed from 
the syringe with a counterclockwise twist and 
discarded. The outside of the syringe should be 
cleaned, excess paste removed. and the syringe 
cap tightly placed onto the syringe hub. After 
use, the syringe should be placed into the foil 
pouch and stored in a dry area at the room 
temperature.

If the powder/liquid formulation of the 
hydraulic calcium silicate–based sealer is used 
(for example, BioRoot™ RCS), the sealer should 
be mixed according to the manufacturer’s instruc-
tions and inserted into the root canal using pre- 
fitted gutta-percha point [1]. However, the freshly 
mixed material also can be delivered using small 
plastic syringes and cannulas. After that material 
is inserted into the back of the single-use syringe, 
the plunger is reinserted into the syringe, and the 
plastic cannula is adjusted (Fig. 7). The sealer is 
injected into the root canal approximately 2 mm 
shorter than the determined WL gently pressing 
the plunger of the syringe and withdrawing the 
cannula until the sealer was visible at the orifice 
of the root canal. Such an adapted use of the 
small syringes for freshly mixed sealer delivery 
can be clinically appealing and ensure the better 
sealer distribution in the root canal space.

Fig. 6 The flowable hydraulic calcium silicate materials can be delivered using (left to right) injection via tip syringe, 
Lentuo spiral, endodontic instruments, or master gutta-percha point
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5  Root Canal Obturation 
Techniques

The flowable hydraulic calcium silicate–based 
cements can be used with all root canal obtura-
tion techniques. Root canals can be obturated 
using cold lateral compaction, warm vertical 
compaction, or “single-cone” techniques and 
their modifications [4, 19]. However, there is 
solid evidence that all techniques can be equally 
effective for root canal obturation if they are 
used following indications and recommenda-
tions [4, 6, 17].

5.1  Cold Lateral Compaction

Cold lateral condensation/compaction of gutta- 
percha is the most popular obturation method 
used throughout the world for many decades [1, 
50, 51]. Root canal obturation procedure using 
hydraulic calcium silicate–based sealers in con-
junction with gutta-percha points is not differ-
ent from that when conventional sealers are 
used [4, 25].

After root canal preparation, the paper points 
corresponding to the last instrument used to 
shape the canal are selected and gently inserted 
into the root canal to the full working length to 
dry it. It should be mentioned that it is critically 
important to not overdry root canals when 
hydraulic calcium silicate cements are used for 
obturation, as some moisture is needed for the 
setting of these materials [13, 49, 52]. The root 
canal is dry enough but not overdried if the 
3–4 mm of the tip of the paper point are wet after 
point removal. It indicates that there is some 

moisture which will be sufficient to initiate the 
hydration of the hydraulic calcium silicate–based 
sealer and setting [49, 53]. When the root canal is 
ready for obturation, the master gutta-percha 
point is selected (Fig. 8a). It should match the last 
instrument used to shape the canal in size/diam-
eter and taper [54, 55]. The cone’s resistance to 
displacement or “tug back” indicates its suitabil-
ity. When proper gutta-percha point is selected, 
the periapical radiograph should be taken, to con-
firm the correct placement of the cone. 
Subsequently, the sealer is applied to the root 
canal walls and space using the preferred deliv-
ery method. The tip of the master gutta-percha 
point is covered with a small amount of the sealer 
and slowly inserted into the root canal to the final 
working length. The selected pre-fitted spreader 
is used for gutta-percha compaction. Preferably, 
it should be inserted along with master gutta- 
percha point to within 1–2  mm from working 
length [51] (Fig. 8b). However, in the curved root 
canals, the penetration depth of the spreader to 
within 3–4  mm from the working length is 
acceptable [1, 44]. Meanwhile, it has been shown 
that there is a direct correlation between the 
spreader penetration depth and the quality of the 
root canal obturation when conventional sealers 
were used for root canal filling [56, 57]. 
Appropriate accessory points are also selected to 
match the size of the spreader.

It has been recommended to use NiTi spread-
ers instead of stainless steel, especially in the 
curved root canal, as they provide increased flex-
ibility, reduce stress, and can be inserted deeper 
into the root canals [58, 59]. It should be men-
tioned that spreader penetration depth will be sig-
nificantly lower if the larger taper master 

a b c

Fig. 7 Freshly mixed BioRoot™ RCS is placed into the syringe (a), the plunger reinserted (b) and flexible cannula- 
capillary tip is adjusted (c)
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gutta-percha point will be used for obturation 
[24, 60]. After placement, the spreader is removed 
by constant counterclockwise rotation as it is 
withdrawn. The accessory point is inserted in the 
space made by the spreader (Fig.  8c), and the 
procedure is repeated until the spreader is no lon-
ger going than 3–4 mm below the root canal ori-
fice (Fig. 8d). It should be mentioned that due to 
the increased flowability of sealer, the space for 
the accessory point, created by spreader, can 
spontaneously be filled by the flowable sealer. It 
can complicate the filling procedure because the 
clinician is not able to see where the auxiliary 
point should be inserted. To avoid this clinical 
inconvenience, the appropriate amount of the 
sealer should be used. Additionally, the excess of 
the material can be removed by a wet cotton pel-
let. The excess gutta-percha is removed using the 
hot instrument, and the gentle vertical condensa-
tion with the plugger is recommended to com-
plete obturation procedure. If wide root canals 
are being obturated, the big amount of the 

accessory points can fill the access cavity, 
decreasing visibility and control. To facilitate 
obturation procedure and control, the excess 
gutta-percha can be removed and the lateral com-
paction can be continued to ensure optimal con-
densation and homogeneity of the filling [61]. 
When obturation is completed, the quality of 
obturation should be confirmed by radiograph, 
and the temporary or permanent restoration 
should be placed.

5.2  Warm Vertical Condensation 
and Its Modifications

It has been reported that the hydraulic calcium 
silicate–based sealers are not suitable for use 
with warm gutta-percha obturation techniques, as 
the heat negatively affects the physical properties 
of the sealers [31, 32, 62]. However, as it was be 
mentioned previously in this chapter, just water- 
based hydraulic calcium silicate–based sealers, 

a b c d

Fig. 8 (a–d) The clinical steps of lateral compaction technique using master and accessory gutta-percha points and 
finger spreader
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such as BioRoot™ RCS, are sensitive to the heat 
and should be used with cold obturation tech-
niques [52, 63]. Meanwhile, all premixed materi-
als can be used with all cold and thermoplastic 
obturation techniques at the higher temperatures 
can be used with no restrictions [14, 29, 31]. 
Therefore, the clinicians have plenty of choices 
how to apply and use the new hydraulic calcium 
silicate–based sealers with thermoplastic obtura-
tion techniques.

After the canal was dried with the paper point, 
the master gutta-percha point is selected (Fig. 9). 
Preferably, it should be 0.5–2 mm shorter of the 
correct working length with resistance to dis-
placement or “tug back.” If the point is too loose, 
it can be adjusted by removing the tip in 0.5 mm 
increments with sterile scalpel or scissors. 
Afterwards, the largest heat plugger that will go 
to within 5  mm of the working length without 
binding but no closer than 3  mm should be 
selected and confirmed working length should be 
set using a rubber stopper. The sealer should be 
delivered into the canal using a preferable tech-
nique described above. The apical third of the 
master gutta-percha point is covered with a 
sealer, gently placed into the canal, and the coro-
nal portion is removed with a hot instrument, 
while the remaining gutta-percha will be soft-
ened. The cold plugger is used to condense the 
softened gutta-percha and force the plasticized 
material apically. The procedure is repeated until 
the apical third of the canal has been obturated. 
The middle and coronal root canal thirds are 
backfilled, using small pieces of gutta-percha, 
preferably previously introduced BC gutta- 
percha pellets, applying heat, and condensing the 
softened gutta-percha with a plugger. When root 
canal obturation is completed, the periapical 
X-ray should be taken, to confirm the quality of 
obturation.

The recent and the most popular modification 
of the “classic” warm vertical compaction is the 
continuous wave compaction technique. The 
technique uses special dual wired or cordless 
devices combining both down-pack handpiece 
heat carrier and backfill handpieces using special 
gutta-percha cartridges (Fig. 10a). The GP cone 
is measured with the appropriate tip size and 

taper and 0.5–2 mm shorter of the WL, while the 
heat plugger is pre-fitted to fit approximately 
5 mm from the WL (Fig. 11). The premixed or 
freshly prepared hydraulic calcium silicate–
based sealer is delivered into the root canal, and 
master gutta-percha point is inserted. Activated 
heat plugger is used to remove coronal excess of 
gutta-percha. Material compaction in the canal 
orifice and coronal part is initiated with a cold 
plugger. Subsequently, the firm pressure to the 
plugger is applied, the heat is activated, and 
plugger is rapidly moved apically into the root 
canal to within 5  mm of the working length. 
Then the heat is deactivated and continued apical 
pressure for approximately 5–10  s is applied. 
When the gutta-percha has cooled, the heat is 
activated for a 1 s to separate filling material and 
plugger and it is withdrawn. Selected small hand 
plugger is used for gentle compaction the 
remaining gutta- percha apically. At this point, 
apical obturation should be confirmed radio-
graphically. The backfill procedure is performed 
by using a backfill handpiece and thermoplastic 
injection technique. The heated applicator nee-
dle is inserted into the canal, allowing the tip to 
heat the apical plug of gutta-percha for approxi-
mately 2–5  s. The handpiece is activated, and 
softened gutta-percha is extruded into the root 
canal.

In small and narrow canals, the gutta-percha 
can be delivered and obturation completed in one 
step. However, in larger canals, it is recom-
mended to deliver the warm gutta-percha in 
3–5 mm increments coronally until the canal ori-
fice will be reached. The larger stainless steel 
hand plugger is used to compact extruded gutta- 
percha reducing the shrinkage that may occur 
during cooling. Depending on the size of the root 
canal, it can be obturated in 1–3 steps until the 
canal is completely filled. Moreover, for the 
backfill procedure, the special backfill guns, suit-
able with gutta-percha pellets instead special car-
tridges, can be used (Fig.  10b). Softened 
gutta-percha is injecting in the small increments 
and condensing the material as described below. 
The use of the BC gutta-percha pellets in con-
junction with bioceramic sealers can be advanta-
geous in comparison to regular gutta-percha 
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a b c

d e f

g h i

Fig. 9 The “classic” warm vertical compaction tech-
nique. A master gutta-percha point is selected and fit 0.5–
2.0 mm short of the working length (a). Heat is applied, 
and coronal part of master gutta-percha point is removed 
using plugger (b). The cold plugger is used to compact the 
softened gutta-percha apically (c). Down-pack or apical 
compaction is completed (d). A gutta- percha pellet is 

placed in the canal, and heat is applied (e). The heated 
pellet is condensed apically with a cold plugger (f). The 
procedure is repeated in the middle and coronal thirds of 
the canal by delivering and heating pellets of gutta-percha 
(g). A cold plugger is used to compact the softened gutta-
percha (h). Completely obturated root canal (i)
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a b

Fig. 10 Devices for continuous wave compaction technique: wired Elements™ Obturation Unit for down-pack and 
backfill (a) and cordless backfill gun-handpiece for use with gutta-percha pellets (b)

a b c

Fig. 11 The main clinical steps of the continuous wave 
compaction technique using Elements™ Obturation Unit: 
pre-fitting of the Buchanan Plugger (a); activation of the 

plugger and vertical compaction (b); backfill using motor-
ized extruder (c)
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backfills, as it should ensure more uniform root 
canal filling [64]. However, there is no solid sci-
entific evidence to confirm this hypothesis [4, 
65]. The quality of obturation should be verified 
by X-ray, endodontic access cleaned and isolated 
with a temporary or permanent filling material.

It should be mentioned that due to the unique 
properties of the highly flowable and dimension-
ally stable hydraulic calcium silicate–based seal-
ers, the down-pack procedure became easier and 
should not be performed so precisely in compari-
son to cases, when conventional sealers are used. 
Conventional sealers shrink over the time, so pre-
cise condensation of the gutta-percha seeking to 
pull the sealer of root canal walls and replace it 
with heat softened GP was necessary, thereby thin-
ning the sealer layer as much as possible. However, 
the hydraulic calcium silicate–based sealers are 
dimensionally stable and flows into all root canal 
irregularities, isthmuses, and dentinal tubules [11, 
29, 49]. Therefore, the thickness of the sealer layer 
is not important to ensure the high-quality obtura-
tion, even if the minimal condensation to softened 
gutta-percha is applied [31, 64–66].

5.3  Single-Cone Obturation

The unique properties of the flowable hydraulic 
calcium silicate–based sealers have led to the 

introduction in clinical practice of simplified 
root canal filling technique known as a “single 
cone” obturation technique [12, 15]. The con-
cept basically relies on the use the flowable 
hydraulic tricalcium silicate sealer–filler and 
single gutta-percha point, corresponding the size 
and the taper of the last instrument, used for the 
root canal preparation [4, 31]. The preliminary 
clinical results of using this simplified obtura-
tion technique in conjunction with hydraulic 
sealers have shown that it is equally effective as 
lateral compaction or thermoplastic obturation 
[12, 14, 17].

The use of cold hydraulic obturation tech-
nique with hydraulic calcium silicate–based 
sealers is not complicated and is clinically 
appealing [8, 15]. After the root canal cleaning 
and shaping is completed, the root canal is dried, 
and the master gutta-percha point is selected as 
described previously (Fig. 12a). It is very impor-
tant to remember that root canals should not be 
overdried as the residual moisture is needed for 
setting of the hydraulic calcium silicate–based 
sealers [24, 25]. It is recommended to use a 
gutta-percha point of the same size and taper as 
the last endodontic instrument, used for root 
canal enlargement [4, 6, 67]. The sealers/fillers 
should be prepared according to the manufac-
turer’s instructions and delivered to the root 
canal using all the conventional methods. Due to 

a b c d e

Fig. 12 (a–e) Main clinical steps of the single-cone obturation technique, using flowable hydraulic calcium silicate–
based sealer BioRoot™ RCS and a single gutta-percha point
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the high flowability of the hydraulic calcium sili-
cate materials, the injectable delivery method 
can be superior because a larger amount of sealer 
is delivered and it is better distributed in the root 
canal [4, 6, 68] (Fig. 12b). If premixed sealers in 
syringes are used, no mixing preparation is 
required. When the sealer has been placed, the 
tip of the pre-fitted gutta-percha point is covered 
with the sealer (Fig.  12c), and the point is 
inserted into the root canal by the full WL 
(Fig. 12d, e).

The gutta-percha must be inserted very slowly 
as its rapid movement increases the possibility of 
the sealer being extruded into periapical tissues 
and the formation of the voids in the sealer/filler 
mass [4, 6, 69]. The master gutta-percha point 
generates hydraulic pressure in the root canal, 
resulting in a better distribution of the sealer in 
the root canal space, irregularities, and isthmuses 

as well as facilitating material penetration into 
dentinal tubules [13, 31, 69]. In addition, the 
gutta-percha point enables to retreat the root 
canals filled with this technique, if the failure 
occurs. The master gutta-percha point should be 
removed by a hot instrument at the level of the 
root canal orifices and endo access should be 
cleaned with a wet cotton pellet. If the root canal 
is very wide, accessory gutta-percha points can 
be added passively along with master gutta- 
percha point without any condensation. However, 
it is not necessary as the hydraulic tricalcium sili-
cate–based sealers are used as biological fillers 
which do not shrink, and it is not necessary to 
minimize the amount of the sealer inside the root 
canal [8, 17].

The single-cone obturation technique is very 
simple, does not require a long learning curve, 
and is easily managed by clinicians. The prelimi-

a b c d

Fig. 13 The cross-sectional images of micro-CT scans of 
the root canals, obturated with BioRoot™ RCS and single 
GP point by general practitioner (a), endodontist (b), 

postgraduate endodontology student (c), and fourth-year 
dental student (d) (unpublished data)
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nary microcomputer tomographic evaluation 
revealed that the quality of root canal obturation 
using a single gutta-percha point and hydraulic 
tricalcium silicate–based sealer BioRoot™ RCS 
was the same regardless of who performed the 
root canal filling: general practitioner, endodon-
tist, postgraduate endodontology student, or 
fourth-year dental student (Fig. 13). This clearly 
demonstrates that the quality of the root canal 
obturation using this simplified technique is not 
depending on the clinical experience and manual 
skills of the operator.

The cold lateral compaction or warm vertical 
compaction techniques are much more compli-
cated to apply clinically, are quite expensive, and 
time consuming [15, 51]. It has been shown that 
apical third of the curved canals often is filled 
just with a master gutta-percha point because it 
is complicated and unrealistic to insert spreader 
and accessory gutta-percha points at the desir-

able length in the curved roots [70, 71]. Although 
there is a lack of long-term clinical trials, con-
firming the clinical performance of cold hydrau-
lic obturation technique, it has already been 
reported that the clinical success rate of the cold 
hydraulic obturation method using a single 
gutta- percha point and a flowable bioceramic 
sealer based on tricalcium silicate reaches 90.9% 
[15, 72]. Recently, it has been shown that retreat-
ability of the cases, when hydraulic calcium sili-
cate sealers in conjunction with the single 
gutta- percha cone technique were used is not 
more complicated or challenging in comparison 
to other obturation materials and techniques [30, 
73, 74]. The simplified root canal obturation 
technique, when used with the stable, biocom-
patible, and bioactive sealers-fillers, seems 
promising and clinically appealing technique 
even in a difficult cases of endodontic retreat-
ment (Fig. 14).

a b c

Fig. 14 Apical periodontitis of 46 (a–c) and 36 (d–f) 
teeth with extensive periapical lesions (a, d). Endodontic 
retreatment performed using conventional cleaning and 
shaping protocol and 1-week calcium hydroxide therapy. 
Root canals were obturated with BioRoot™ RCS sealer 

(b) and TotalFill BC sealer (e) in conjunction with a big 
taper single gutta-percha point. Noticeable healing of the 
periapical tissues 8 months after endodontic retreatment 
(c, f)
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6  Conclusions

Majority of modern commercially available 
flowable hydraulic calcium silicate materials 
have particularly the same chemical composi-
tion and possess mainly the same physical, 
biological, and handling characteristic. 
Nowadays, hydraulic calcium silicate sealers 
are widely researched and the clinical effec-
tiveness of the single-cone obturation tech-
nique when these materials are used is 
confirmed. However, the decision for the clini-
cian to change materials and techniques is very 
complicated and not an easy task in everyday 
clinical practice. The solid scientific back-
ground indicates that the biocompatible, bioac-
tive, and antibacterial hydraulic calcium 
silicate materials that slightly expand upon set-
ting and remain dimensionally stable in con-
junction with the simplified single-cone 
obturation can provide much better results than 
lateral condensation and can replace it as the 
most efficient endodontic sealing method.
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1  Introduction

Prior to the introduction of mineral trioxide 
aggregate (MTA), the success rates of perfora-
tion repair were relatively low due to poor bio-
compatibility, sealing ability, high cytotoxicity, 
and hydrophobic properties of the used materials 
[1]. MTA has changed existing standards in the 
management of endodontic complications, vital 
pulp therapy, and regenerative endodontic proce-
dures. However, MTA has a number of limita-
tions, such as problems with mixing, long setting 
time, difficult handling characteristics and com-
plicated delivery of the material, discoloration of 
the tooth structure, and the presence of the toxic 
elements, making the use of this material chal-
lenging for many clinicians [2, 3].

During the last decade, the modified hydrau-
lic calcium silicate-–based materials for use as 
root canal sealers, fillers, or root repair materials 
were introduced to the market [4, 5]. 
Modifications of the original MTA improved 
physicochemical, biological properties, and 
facilitated clinical applicability [6, 7]. The cur-
rently available materials are launched as flow-
able pastes or solid- putty consistency materials. 
The main biological properties of these materials 
are quite similar, while the main differences are 

related to the handling characteristics and appli-
cation indications [8].

2  Materials Used for Management 
of Endodontic Complications

There is a wide range of materials available for 
management of endodontic complications 
including flowable materials that are launched 
as premixed and ready-to-use pastes or powder/
liquid formulations. Some materials are only 
suggested to be used as root repair materials in 
conjunction with different application tech-
niques, while other materials are proposed as 
sealers or biological fillers and can be used for 
root canal obturation as well as management of 
endodontic complications and root repair. The 
main advantages of flowable hydraulic calcium 
silicate–based materials are easy manipulation 
and clinical applicability [8, 9].

2.1  iRoot®BP, EndoSequence® BC 
RRM™, and TotalFill® BC RRM™ 
Paste

iRoot®BP, EndoSequence® BC RRM™, and 
TotalFill® BC RRM™ were the first paste-type 
and ready-to-use premixed hydraulic calcium 
silicate–based materials developed for root repair 
and surgical applications [10, 11] (Fig. 1a). These 
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materials are sold under different brand labels; 
however, they have identical chemical composi-
tion, possesses the same physical, biological 
properties, handling characteristics, and are 
equally clinically effective [10, 12]. Materials do 
not shrink in wet environment are radiopaque, 
aluminum-free and based on a calcium silicate 
composition, which requires the presence of 
water to set and harden. The primary difference 
between RRM paste and BC sealer is that RRM 
paste contains more filler particles, is more vis-
cous, and has different radiopacifier [9, 11, 13]. 
These materials are available as root repair pastes 
in preloaded syringes. The preloaded syringe also 
has flexible intracanal tips that facilitate its place-
ment in clinical situations. According to the man-
ufacturer’s instructions, they have a working time 
of 30 min and a setting reaction initiated by mois-
ture with a final set achieved approximately 
within 4 h and is highly dependable on the mois-
ture inside the root canals. The amount of mois-
ture necessary to complete the setting reaction is 
naturally present in the dentin tubules. Therefore, 
it is not needed to add moisture in the root canal 
before placing these materials; however, the root 
canals should not be excessively desiccated (for 
example, using alcohol). The indications for use 
include repair of root perforation, repair of root 
resorption, root-end (retrograde) filling, apexifi-
cation, and pulp capping [14, 15].

2.2  iRoot®BP Plus, EndoSequence® 
BC RRM™, and TotalFill® BC 
RRM™ Putty

All these materials are convenient ready-to-use 
white hydraulic premixed putty-type materials 
developed for permanent repair of large and more 
easily accessible perforations, resorptions, apexi-
fication, and retrofilling [16]. Materials come in 
the form of premixed condensable putty; their 
consistency is slightly thicker and more mallea-
ble than RRM pastes [17].

As their original formulations, putty materi-
als are radiopaque and aluminum-free materials 
based on a calcium silicate composition, which 
requires the presence of water to set and harden 
[11]. Materials do not shrink during setting and 
demonstrate excellent physical properties. 
Their major inorganic components include C3S, 
C2S, and calcium phosphates [18]. Because the 
materials are premixed with nonaqueous but 
water- miscible carriers, they do not set during 
storage and hardens only on exposure to a wet 
environment [19]. Similar to the paste, the 
RRM Putty working time is more than 30 min 
and setting time is 4 h [20]. EndoSequence® BC 
RRM™ and TotalFill® BC RRM™ Putty are 
packaged in a preloaded jar [15] (Fig.  1b), 
while iRoot®BP Plus can be packed in a jar or 
syringe (Fig. 2a).

a b c

Fig. 1 Different formulations of EndoSequence® BC RRM™ (upper row) and TotalFill® BC RRM™ (lower row) root 
repair materials: paste (a), putty (b), and fast set putty (c)
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2.3  iRoot®FS, EndoSequence® BC 
RRM™, and TotalFill® BC RRM™ 
Fast Set Putty

iRoot®FS, EndoSequence® BC RRM™, and 
TotalFill® BC RRM™ Fast Set Putty are modifi-
cations of original formulations of the flowable 
RRM pastes [10, 15]. These materials have the 
same properties and radiopacity, but their chemi-
cal composition differs slightly, which enables 
materials to harden approximately in 20 min [12, 
13]. Due to the accelerated hydration reaction 
and reduced setting time, materials are extremely 
resistant to washout, which makes them superior 
in some specific clinical situations [21].

As their original formulations, these materials 
are ready to use and EndoSequence® BC RRM™ 
and TotalFill® BC RRM™ are packed in 
Sanidose™ syringes (Fig. 1c). The ideal consis-
tency, malleable, and ease of manipulation make 
these materials usable for various clinical appli-
cations [11]. Main clinical advantages are high 
biocompatibility, bioactivity, and osteogenic 
potential [22, 23]. Fast set putties possess anti-
bacterial activity, high alkalinity (up to 12 pH) 
are hydrophilic and do not cause significant dis-
coloration of the hard tissue of the teeth [10, 24].

2.4  Well-Root™ PT

Well-Root™ PT (Vericom, Gangwon-Do, Korea) 
(Fig. 3b) is a ready to use, premixed, bioceramic 

paste developed for pulp capping, permanent root 
canal repair, and surgical applications. It is an 
insoluble and radiopaque material based on a cal-
cium aluminosilicate composition, which 
requires the presence of water to set and harden 
[9]. Well-Root™ PT does not shrink during set-
ting and demonstrates excellent physical and bio-
logical properties [25, 26]. It has been shown that 
material does not create an inflammatory 
response, promotes mineralization, and demon-
strates bioactivity [9]. Some studies using EDS 
microanalysis, among other elements, detected 
peaks for sodium, magnesium, aluminum, and 
titanium in the material [25]. However, the clini-
cal implication of heavy metals contained in 
Well-Root needs to be investigated [27]. Well- 
Root™ PT is supplied in packs of 10 × 0.25 g 
capsules and can be delivered to the application 
site using a special gun (Fig. 2b).

2.5  Biodentine®

Biodentine® is manufactured by Septodont 
(Saint-Maur-de-Fosses Cedex, France) and is 
composed of tricalcium silicate, calcium carbon-
ate, and zirconium oxide as the radiopacifier, 
while its liquid form contains calcium chloride as 
the setting accelerator and water-reducing agent. 
Biodentine® has been launched as a bioactive 
dentin substitute with the mechanical properties 
similar to the sound dentin and can replace it both 
in the crown and in the root [28, 29].

a b

Fig. 2 The iRoot®BP Plus (a) and Well-Root™ PT (b) putty-type hydraulic calcium silicate–based materials for repair 
procedures and management of endodontic complications

Bioceramic Materials for Management of Endodontic Complications



62

According to the manufacturer, the “Active 
Biosilicate Technology®” used to produce 
Biodentine® ensures the purity of tricalcium sili-
cate, which is what makes this material different 
from the MTA, which is based on the Portland 
cement, containing low concentrations of differ-
ent metal impurities [30, 31]. However, studies 
have found remains of arsenic, lead and chro-
mium in Biodentine®, but since the release in the 
physiological solution is minimal, they have been 
considered safe [32]. Biodentine® comes as a 
capsule containing powder and a liquid contained 
in a vial (Fig. 3). According to the mixing instruc-
tions, the five drops of the liquid should be 
squeezed into the capsule and then mixed in an 
amalgamator for 30  s at a speed of 4000–
4200  rotations/min. After mixing, the capsule 
should be opened and the material’s consistency 
checked. If a thicker consistency is preferred, it is 
recommended to wait for 30  s to 1  min before 
checking again [33].

According to the manufacturer, the initial 
material’s setting time is 12  min and is much 
shorter compared to MTA [34]. From the clinical 
point of view, it is very important to isolate the 
operating field during the placement of 
Biodentine® properly for these 12 min, as water 
or fluid contamination slows the setting of the 
material. It has been claimed that the faster set-
ting of the material is related to the smaller size 

of the powder particles and a greater reaction 
area, subsequently. Meanwhile, the calcium chlo-
ride in the liquid is a strong accelerator of the set-
ting reaction in Biodentine®, while the presence 
of calcium carbonate powder increases the hydra-
tion reaction of the material [35, 36]. The water- 
soluble polymer plays an essential role to increase 
powder density, as the smaller amount of the 
water is required to obtain the plasticized consis-
tency of the material [31]. Finally, in Biodentine®, 
the zirconium oxide is added as a radiopacifier, 
and this is another important difference with 
MTA, where radiopacity is given by bismuth 
oxide [37, 38].

3  Temporary Bioceramic–Based 
Root Canal Dressing Materials

The temporary antibacterial root canal dressing 
materials are widely used during the endodontic 
treatment of the teeth with pulp necrosis and api-
cal periodontitis as well as management of end-
odontic complications [39]. The calcium 
hydroxide was the material of choice for the 
interappointment root canal filling used to maxi-
mize the root canal disinfection [40–42]. The 
BIO-C® TEMP is the first ready-to-use 
bioceramic- based paste for intracanal dressing 
(Fig.  4). According to the manufacturer, the 

Fig. 3 The package of the Biodentine® contains single-dose powder capsules and vials with a liquid
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material is recommended to use as a substitute 
for conventional calcium hydroxide dressing 
[43]. The indications for use are intracanal dress-
ing for endodontic treatment in teeth with pulp 
necrosis and retreatments—intracanal dressing in 
teeth with perforations, external and internal 
resorptions, prior to the use of root repair materi-
als—for the apexification procedures.

The composition of the material is calcium 
silicates, calcium aluminate, calcium oxide, cal-
cium tungstate, and titanium oxide. The material 
is biocompatible and ready for use, has high alka-
linity (pH is 12 ± 1), and radiopacity (9 mm of 
the aluminum) [43]. The paste is launched in 
0.5 g syringes and can be delivered into the root 
canal via plastic tip cannula, attached to the 
syringe as the majority of the premixed bioc-
eramic materials.

Before application, the root canal should be 
irrigated using standard protocols and dried with 
absorbent paper points. It is recommended to dis-
card the material at the beginning of the syringe, 
as it may be a little hard. After connection of the 
applicator tip to the syringe, the tip should be 
inserted up to 1–2 mm from the established work-
ing length. BIO-C® TEMP should be applied 
through gradual retraction of the syringe to obtain 
a complete filling of the canals. Any excess of the 

paste should be removed from the pulp chamber 
and temporary filling material placed into end-
odontic access. The final removal of BIO-C® 
TEMP before root canal obturation should be 
performed using sodium hypochlorite and 17% 
EDTA solution subsequently, which is recom-
mended to activate with an ultrasonic tip in three 
cycles of 10 s.

It should be mentioned that the product is sen-
sitive to moisture, so the packaging should be 
properly closed with adequate pressure to prevent 
dryness. The paste should not be stored in the 
refrigerator. According to the manufacturer, the 
paste is easily washable out from the root canals, 
and the additional irrigation with citric acid is not 
necessary. It is advantageous in comparison to 
conventional calcium hydroxide paste, which is 
difficult to remove from the root canal system.

4  Apexification Procedures

The apexification procedure is performed when 
the pulp of the tooth with incompletely devel-
oped root becomes necrotic, and regenerative 
treatment procedures are not indicated or possi-
ble [44]. The main problems that face clinicians 
with immature permanent teeth are complicated 

a b

Fig. 4 The package (a) and the syringe (b) of the first temporary bioceramic-based root canal dressing material BIO-C® 
TEMP
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cleaning-shaping and obturation procedures due 
to the thin root walls and lack of apical barrier 
[44, 45]. The walls of undeveloped roots are usu-
ally thin and very prone to fractures; therefore, 
mechanical preparation should be performed 
using minimally invasive techniques [46]. 
Meanwhile, there is a high risk to extrude the irri-
gants and obturation materials into periapical tis-
sues because the mineralized apical barrier is 
absent [47] (Fig. 5a).

Calcium hydroxide has been the material of 
choice for multiple-visit apexification procedure 
for a few decades with acceptable success rates 
[48]. However, the compromised coronal seal 
between visits and possible recontamination, as 
well as increased risks of the fracture of the root 
and crown, were the main clinical concerns, 
decreasing the success rate of the apexification 
[48]. For these reasons, the single- or two- 
appointment apexification using MTA has been 
introduced and widely used for many years with 
a very high clinical success rate [49]. However, 
drawbacks of mixing and hardening, long setting 
time, difficult handling characteristics and com-
plicated delivery of the material, discoloration of 
the tooth hard tissues, and the presence of the 
toxic elements made the use of this material chal-
lenging for many clinicians [16].

During the last decade, the hydraulic calcium 
silicate–based materials were used for apexifica-
tion procedures with equal success as original 
MTA [14, 50]. The improved physicochemical 

and biological properties, easier clinical applica-
bility, and no effect on the color of the hard tis-
sues of the tooth make these materials superior 
to the original Portland cement–based MTA [6, 
47]. The semi-solid hydraulic calcium silicate–
based materials like Biodentine®, iRoot®BP 
Plus, EndoSequence® BC RRM™, and TotalFill® 
BC RRM™ Putty were used as apical plugs in 
the management of the open apices [13, 51]. The 
clinical procedure is very similar to the tech-
nique when the MTA is used as an apical plug. 
However, before the placement of the material, 
the obturation technique should be considered 
by the clinician. These materials can be used just 
as an apical 4–6 mm plugs [52]; the whole root 
canal up to the orifice can be filled, or the whole 
root canal and an endodontic access-tooth crown 
can be filled and restored [13]. If the endodontic 
access is filled, the materials are used as a den-
tine substitute, expecting to reinforce tooth 
crown and root. It has been shown that complete 
root canal and endodontic access filling with 
Biodentine®, as a dentine substitute, increased 
the tooth resistance to the fractures, longevity, 
and survival rates [53, 54].

Due to the wide foraminal opening, the apexi-
fication procedure often requires placement of 
the matrix or apical barrier, to prevent or mini-
mize the extrusion of the hydraulic calcium sili-
cate–based materials periapically (Fig.  5b). 
Despite the excellent biological properties and 
biocompatibility of these materials, their extru-

a b c

Fig. 5 Immature roots of a mandibular molar with a wide-open apices (a). The apical matrix barrier is usually created 
(b) using collagen or hemostatic material (c), to prevent extrusion of repair materials
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sion is not recommended and should be avoided 
[47, 50, 55]. A number of the materials have been 
recommended to be used as a matrix; however, 
the hemostatic sponges or collagen are the most 
popular [45, 47, 56] (Fig. 5c). The matrix materi-
als can be delivered to the apical-periapical 
region via the prepared root canal using pre-fitted 
gutta-percha plugger using gentle condensation 
of the barrier material apically. These materials 
are very well tolerated by periapical tissues and 
are resorbed within a few days [45, 56]. They 
perform not only as a mechanical barrier but also 
as a moisture control, as they protect the hydrau-
lic calcium silicate–based materials from the 
contamination with tissue fluids or blood and 
possible washout [51].

After isolation of the tooth with a rubber dam 
and endo access opening, the root canal is pre-
pared using suitable endodontic instruments and 
appropriate irrigants (Fig. 6a). After preparation, 
the root canal should be dried with paper points; 
however, overdrying should be avoided. The api-
cal matrix-barrier using collagen should be estab-
lished as described previously (Fig.  6b). If the 
material used as an apical plug is requiring mix-
ing prior to its application (for example, 
Biodentine®), it should be done according to the 
manufacturer’s recommendations. No specified 
preparations are needed for the premixed putty- 
type hydraulic calcium silicate–based materials 
[11]. Materials are delivered to the root canal 

using a suitable instrument and gently condensed 
with a pre-fitted plugger (Fig. 6c). The indirect 
sonic or ultrasonic agitation of the materials has 
been recommended to decrease the porosity and 
increase the sealability of the materials [57, 58]. 
However, there is a lack of solid and sufficient 
scientific background to support this recommen-
dation. The X-ray should be taken after the pro-
cedure to check that the material is homogeneous 
and correctly positioned. If the voids in the mate-
rial or inadequate length of the apical plug are 
detected, additional condensation should be 
applied, and new X-ray should be taken.

Recently, the Type 5 fast set putty materials 
such as iRoot®FS, EndoSequence® BC RRM™, 
and TotalFill® BC RRM™ Fast Set Putty were 
introduced and successfully used as apical plugs 
during apexification procedures [13]. The short 
setting time allows the completion of the treat-
ment procedure in a single visit, which is 
 advantageous in comparison to regular putty 
materials and is quite similar to the procedure 
using Biodentine® [13].

If the hydraulic calcium silicate–based materi-
als are used just as apical plugs, the rest of the 
root canal should be obturated with thermoplastic 
gutta-percha and sealer. Usually, it is performed 
during the next visit, as the long setting time of 
the materials does not allow to finish whole 
apexification procedure at the single appoint-
ment. After initial setting of apical plugs, the 

a b c d

Fig. 6 Two-appointment apexification procedure using 
Biodentine® or puty-type RRM.  At the first visit, open 
apices (a) are isolated with barrier material (b), and 

4–6  mm of a root repair material as an apical plug is 
placed (c). The remaining root canals are obturated at the 
second visit with gutta-percha and the sealer (d)
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empty root canal space can be filled with inject-
able calcium hydroxide paste, and the temporary 
filling material should be placed. During the sec-
ond visit, the tooth is reopened under aseptic con-
ditions, and the root canal obturated with 
gutta-percha and sealer (Fig. 6d).

The tooth crown should be restored with a per-
manent restoration. If the entire root canal has 
obturated with the hydraulic calcium silicate–
based material, just endodontic access isolation 
with a temporary filling material is needed at the 
first appointment, and the final restoration is 
placed during the second visit.

As it was mentioned before, to maximize the 
reinforcement capabilities of the condensable 
hydraulic calcium silicate–based materials and 
replace radicular, cervical, and coronal dentine, it 
was suggested to use Biodentine® or putty-type 
RRM to fill entire canal of the undeveloped root 
as well as entire endodontic access [53]. The few 
superficial millimeters of the set hydraulic cal-
cium silicate–based material can be replaced 
with composite after 3–6 months during the fol-
low- up appointment [59] (Fig. 7).

Despite the fact that root canals of undevel-
oped roots usually are very wide, and the apical 
part of the canal is easily accessible under or 
sometimes even without magnification, some 
clinical situations can still be challenging. Those 

difficulties usually are related to multirooted 
teeth with significant root curvatures. In these 
situations, the paste-type root repair materials 
like iRoot®BP, EndoSequence® BC RRM™, and 
TotalFill® BC RRM™ Paste can be successfully 
used in conjunction with injection technique. 
These materials can be used during the two-visit 
apexification procedure as an apical 4–6  mm 
plugs, a subsequentially obturating root canal 
with gutta-percha and sealer (Fig. 8).

Also, these RRM pastes can be used for the 
single-visit apexification procedure, when the 
entire root canal is filled with the paste at the 
level of the orifices (Fig. 9).

For both techniques, the clinical steps of isola-
tion, cleaning-shaping as well as final crown res-
toration are identical to these, when putty-type 
materials are used and were described before.

5  Perforation Repair

Iatrogenic errors, such as root canal transporta-
tions, ledging, zipping, and others, can lead to 
uncontrolled and accidental root perforations. 
The risk of perforations significantly increases 
during endodontic retreatment procedures [60, 
61]. Visualization of the perforation area is a very 
important factor leading to the success of the 

a b c d

Fig. 7 Apexification of the upper incisor using 
Biodentine®. The undeveloped root with thin walls and 
periapical lesion detected on X-ray (a). Root canal 
cleaned-shaped and calcium hydroxide paste placed for 
10 days (b). The sinus tract was visible at the second visit 

(c); root canal was recleaned and calcium hydroxide paste 
replaced. No complaints or clinical signs were detected at 
the third visit; the apical barrier was created using 
Hemocollagene and root canal, and endo access were 
filled with Biodentine® (d)
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treatment; however, direct observation of perfo-
rations beyond the curvature of the root canal is 
limited even if a dental microscope is used [62]. 
It leads to the complicated delivery of repair 
material, lack of appropriate control during con-
densation, and, as a consequence, poor apical 
seal [63].

5.1  Definition, Etiology, and Clinical 
Manifestation

Perforations are defined as communication 
between the root canal system and the periodon-
tal tissues [64]. They can be caused by the patho-
logical process, like caries or resorption, or can 

a b c d

Fig. 8 Two-appointment apexification procedure using 
injectable RRM paste. At the first visit, open apices (a) are 
isolated with barrier material (b), and 4–6 mm of a flow-

able root repair material as an apical plug is placed (c). 
The remaining root canals are obturated at the second visit 
with gutta-percha and the sealer (d)

a b c

Fig. 9 Single-visit apexification procedure using injectable RRM paste, filling entire canals of undeveloped roots. 
Open apices (a) are isolated with a barrier material (b) and entire root canals obturated with a flowable RRM paste (c)
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be created iatrogenically during endodontic treat-
ment or especially retreatment (zip, strip, furca-
tion perforations) as well as during restoration of 
endodontically treated teeth (for example, post 
preparation perforation). It has been shown that 
53% of all perforations occur during prosthetic 
and 47% during endodontic treatment procedures 
[2]. When perforation occurs, the inflammatory 
reaction in the periodontal tissues starts and pro-
gresses if the perforation is not managed using 
biocompatible materials [65]. The inflammation 
is caused by both mechanical trauma with end-
odontic instruments or burs and extrusion of the 
debris, microorganisms, and their byproducts to 
the perforation site [64].

It has been concluded that the perforation 
should be immediately sealed after identification 
as delayed sealing is directly related to the worse 
prognosis or even the loss of the tooth [64]. 
Sometimes, the treatment of the perforations 
requires a multidisciplinary approach—nonsur-
gical and surgical procedures are required. From 
the clinical point of view, the level, position, 
size–shape, and time of occurring of the perfora-
tion are the most critical factors influencing the 
treatment approach and outcome [1, 61]. 
Perforations can occur in all thirds of the root, 

while the apical and middle-root perforations 
have a better prognosis in comparison to coronal 
or furcal perforations [62].

The localization of perforations can be as 
diverse as possible. They can be located on the 
buccal or lingual, mesial or distal surfaces of the 
roots. It has been concluded that the sealing qual-
ity mainly depends on the size and shape of the 
perforation—the bigger size of the perforation, 
the bigger area of exposed periodontal tissues 
should be covered and sealed. Usually, the lateral 
or furcal perforations are oval-shaped or elliptical 
as they are made with a bur or endodontic instru-
ment crossing the dentin under the angle. 
However, the cross-sectional configuration and 
size of apical perforations related to previous 
transportation, ledging, and over-instrumentation 
in curved roots are unpredictable [66]. They can 
vary significantly, depending on the root length, 
radius, and degree of the curvature (Fig.  10), 
making the management of these perforations 
even more complicated.

Apical perforations usually occur as a conse-
quence of inaccurate instrumentation of curved 
canals, transporting the apical third of the canal 
and destroying the integrity of the apex. The most 
crucial aim in this clinical situation is the negoti-

Fig. 10 3D micro-CT reconstructions of the experimen-
tally perforated curved roots of mandibular molars. The 
cross-sectional diameter and configuration of apical per-

forations are unpredictable and vary depending on the 
anatomical features of the roots
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ation of the original root canal (using pre-curved 
hand instruments, copious irrigation, and con-
stant agitation of the irrigants). If the procedure is 
successful, the original root canal is cleaned, 
shaped, and obturated, no additional sealing of 
the perforation is required, especially if it is 
small, “spot” type perforation. However, this 
clinical condition is a bit more historical. 
Nowadays, the majority of the root canals are 
shaped using engine-driven endodontic instru-
ments. It should be mentioned that if the apex is 
perforated with a large taper rotary or reciprocat-
ing file, the size of the perforation will be much 
larger than the original size of the instrument. It 
is related to the significant increase in the diam-
eter of the instrument with every millimeter of its 
length. If the perforation is made with the same 
size, but different taper instruments (for example, 
0.4, 0.6, 0.7, or 0.8), the perforation diameters 
will vary significantly. Moreover, the alloy of the 
instrument is directly related to the perforation 
size in curved roots, too. All NiTi instruments 
possess a so-called “shape memory” effect and 
are trying to straighten in the curved root canals 
[67]. If perforation occurs and the instrument is 
rotating beyond the apex, the cross-sectional 
shape of perforation will become even more oval 
[68]. Therefore, the CM NiTi instruments do not 
have any negative straightening effect on the root 
canals and are less “harmful” if perforations 
occur [69].

The middle-third perforations usually occur 
during cleaning and shaping of the canal system 
or the preparation of a post space using rotary 
instruments such as Peeso or Largo reamers, 
Gates Glidden burs, or others [70]. These perfo-
rations can occur in all teeth, requiring the 
 metallic or fiber post for crown restoration. To 
avoid these perforations, the main preoperative 
factors should be determined before post space 
preparation: the inclination of the tooth, the indi-
vidual anatomical features, the curvature and 
thickness of the root, and the size of the bur [71]. 
The second type of middle-root perforations is 
strip perforations, usually occurring on the con-
cave side of the mesial roots of lower or mesio-
buccal roots of upper molars [72]. Usually, the 
excessive amount of the dentin is removed by the 

operator, due to aggressive instrumentation using 
rigid stainless steel or big taper endodontic 
instruments.

Furcal or coronal-third perforations usually 
occur during endo access preparation in teeth 
with extensive pulp chamber calcification or dif-
ferent angles of tooth inclination [73]. These per-
forations can be made by preparing the space for 
the different types of the post when preopera-
tional risk factors are not considered. The floor of 
the pulp chamber or coronal-third of the root usu-
ally is perforated by the clinician exploring the 
obliterated orifices of the root canals or losing the 
anatomical signs. Even the use of the magnifica-
tion or ultrasonic devices not always guarantee 
success. If the perforations are not managed 
immediately, there is an increased risk of the 
rapid alveolar bone resorption, migration of the 
epithelium, and periodontal pocket formation 
[74]. The treatment of these periodontal defects 
becomes complicated and adversely affects the 
prognosis and survival of the tooth [75].

The time when perforations occur and when 
they are sealed is an essential factor for prognos-
tication of the outcome [62]. Perforation causes 
the inflammatory reaction in the surrounding tis-
sues and prolonged period can cause a substantial 
breakdown of periodontal tissue, which can com-
plicate the management of old perforations or 
even cause the tooth loss [74]. It is widely 
accepted that perforations should be sealed as 
soon as possible, preferably at the same appoint-
ment of their occurrence [64, 75].

5.2  Techniques of the Perforation 
Repair

The selection of the material to be used for root 
perforation repair in every clinical situation 
highly depends on the clinical conditions, such as 
size and localization of the perforation, the pos-
sibility to access the perforation site directly, 
deliver and manipulate repair material under 
visual control, and the experience of the operator. 
If the clinical situation is complicated and not 
allows the clinician to deliver and condensate 
cement or putty-type material under appropriate 
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control, it is recommended to use flowable mate-
rials. It can be expected that due to the high flow-
ability and penetrability of the hydraulic calcium 
silicate–based materials, the sealing quality of 
the difficultly accessible perforation site will be 
better.

5.2.1  Perforation Repair Using 
Putty-Type Materials

The Type 5 hydraulic calcium silicate–based root 
repair materials that are launched as a semi-solid 
plasticized or putty-type materials are different in 
their applicability in comparison to MTA cement. 
These materials are not hard or brittle but rather 
more plastic [16]. The hydraulic calcium sili-
cate–based root repair materials like a Biodentine® 
should be mixed before use, while the iRoot®BP 
Plus, EndoSequence® BC RRM™/TotalFill® BC 
RRM™ Putty as well as their fast setting formu-
lations iRoot®FS, EndoSequence® BC RRM™/
TotalFill® BC RRM™ Fast Set Putty are pre-
mixed and can be used without any additional 
preparation. It has been shown that some conden-
sation of these materials is needed to achieve 
homogeneous and voids-free fillings [15, 76]. 
Thus, preferably the clinicians using these mate-
rials for the management of perforations should 
have appropriate direct visual control to deliver 
and condensate materials at the perforation site. 
Clinically, these putty-type condensable materi-
als are recommended to be used for management 
of all perforations: furcation, coronal, middle or 
apical, and repair procedure by itself is not very 
different as it is using MTA cement.

For the repair of furcation perforation, the 
tooth should be isolated with a rubber dam, endo 
access opened and disinfected with a sodium 
hypochlorite, perforation sites visualized, and the 
size identified [17, 72]. It is recommended to use 
a collagen or hemostatic material barrier matrix 
to control bleeding and exudation and prevent the 
extrusion of repair material into periodontal tis-
sues [75]. The additional attention should be paid 
to the old perforations, as these are often associ-
ated with the bone resorption in the furcation area 
[74]. Subsequentially, more barrier material can 
be required to create an adequate matrix in the 

resorbed bone. Finally, the pulp chamber is gen-
tly dried with a dry cotton pellet, and preferable 
hydraulic calcium silicate–based material is dis-
pensed and condensed in small increments until 
the perforation is repaired (Fig. 11). Perforation 
repair and crown restoration can be performed in 
a single step if fast setting materials are used.

If the root perforation, which can be visual-
ized and well accessed using magnification, 
repair using putty-type materials is performed, 
the tooth is isolated with a rubber dam, endo 
access opened and disinfected, the perforation 
site is accessed, and size of perforation is identi-
fied. Thereafter, the root canal cleaning-shaping 
procedures should be done in a conventional 
manner avoiding over-instrumentation or extru-
sion of irrigants beyond perforation [77]. A root 
canal should be dried and can be filled with anti-
bacterial dressing material (for example, calcium 
hydroxide or bioceramic-based paste) for disin-
fection between visits. If temporary dressing is 
used, the endo access should be isolated with an 
intermediate restorative material. At the next 
visit, the tooth is isolated, endo access reopened, 
root canal recleaned, dried, and preferable putty- 
type hydraulic calcium silicate–based material is 
dispensed over the perforation site using a suit-
able instrument and condensed with a plugger. 
The excess material should be removed, root 
canal filled with calcium hydroxide/bioceramic- 
based paste and a temporary filling placed. The 
root canal treatment should be completed at the 
next visit according to the current recommenda-
tions [17].

5.2.2  Perforation Repair Using 
Flowable Materials 
and Injection Technique

The direct visualization of the perforation site 
and control of repair procedures have an impor-
tant impact on the outcome of the perforation 
repair [62]. Even if the handling characteristics 
and clinical applicability of the new fourth and 
fifth type hydraulic calcium silicate–based 
 putty- type materials are superior to MTA, some 
clinical challenges still exist. It should be men-
tioned that even under magnification, the repair 
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of the root perforations that are localized in a dif-
ficultly accessible sites (for example, apical per-
foration in curved roots) with a limited direct 
visibility, the flowable paste-type root repair 
materials can be superior in comparison to con-
densable putty- type materials. Another clinical 
situation, when these paste-type materials can be 
superior over the condensable hydraulic calcium 
silicate-–based materials are small furcation per-
forations or perforations in narrow root canals 
when material delivery even using smallest plug-
ger is not convenient or possible. Moreover, it 
has been shown that the smaller perforation, the 
fewer chances that significant bone resorption, 
and periodontal tissue breakdown will occur [61, 
62]. Therefore, the matrix or barrier in case of 
the small perforation is usually not needed, as 
the periapical tissue pressure is sufficient to pro-
tect from the extrusion of the repair material, 
especially non-condensable [70, 78] (Fig. 12). If 
injectable root perforation repair is selected, all 
clinical steps and procedures before delivering 
the materials are the same, as described 
previously.

5.2.3  Perforation Repair Using 
Single-Cone or Modified 
Single-Cone Obturation 
Techniques

The performance of flowable hydraulic calcium 
silicate-–based root repair pastes, as perforation 
repair materials, is well investigated [11, 15]. 
However, these materials are quite expensive and 
often not available in the daily general dental 
practice. It has been shown that majority of end-
odontic complications are treated by endodon-
tists instead of general practitioners [79, 80]. 
However, the root canal obturation using hydrau-
lic calcium silicate–based sealers and single-cone 
obturation technique is gaining popularity among 
general dentists [81]. It can be expected that they 
are familiar with the properties of these sealers 
and clinical applicability.

Recently. it has been claimed that hydraulic 
calcium silicate–based sealers such as BioRoot™ 
RCS, EndoSequence® BC Sealer™, and 
TotalFill® BC Sealer™ can be used not only as 
sealers but also as injectable biological fillers, too 
[82, 83]. Main properties of these materials such 

a b c

Fig. 11 Furcation perforation of mandibular molar (a). 
The matrix-barrier is created using collagen-based mate-
rial delivered into the furcation area using pre-fitted plug-
ger, smaller than perforation diameter (b). The putty-type 

hydraulic calcium silicate–based material is delivering to 
the perforation in small increments and condensed against 
matrix (c)
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as antimicrobial activity, biocompatibility, and 
bioactivity are identical to root repair formula-
tions [84]. Thus, these materials can be used as 
biological fillers in clinical situations, when sig-
nificant root repair–dentine replacement or root 
reinforcement is not needed, and when the perfo-
ration and communication of the root canal space 
and periodontal tissues is not extensive [33]. 
These clinical situations can be an accidental api-

cal root canal transportations and perforations, 
lateral or strip root perforations, with a limited or 
difficult accessibility and lack of direct visual 
control [78].

When the strip or lateral perforation is local-
ized in the middle-apical thirds at the level of 
the root curve or beyond, but the integrity of the 
apical constriction is not damaged, there is a 
possibility to repair existing perforations with-

a b

Fig. 12 Small diameter furcation perforation (a) can be repaired using injectable root repair material (b)
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out any specific repair manipulations or proce-
dures. After root canal debridement using 
copious irrigation with appropriate irrigants 
and irrigation techniques, canals of perforated 
roots should be dried and master gutta-percha 
point pre-fitted. Afterwards, the root canal is 
filled with flowable hydraulic calcium silicate–
based sealer, which in these clinical situations 

are used as a biological filler, and gutta-percha 
point is reinserted to the full working length. 
The superior flowability of the materials and 
additional hydraulic pressure inside root canal 
can ensure distribution and penetration of the 
sealer-filler into the “false canal” and seal the 
perforation without any additional manipula-
tions (Fig. 13).

a b

Fig. 13 Small lateral root perforations (a) can be man-
aged without any specific treatment procedures, if flow-
able hydraulic calcium silicate-–based material and 

single-cone technique are used for obturation; high flow-
ability and penetrability of the material can ensure accept-
able results (b)
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The single-cone root canal obturation tech-
nique can be used by general practitioners for 
the management of some endodontic complica-
tions with acceptable clinical results (Fig. 14). 
Despite some evidence of success, more 
clinical investigations are needed to confirm 
the clinical efficiency of these simplified 
techniques.

However, if the integrity of the apical constric-
tion is affected, the standard single-cone tech-
nique in conjunction with hydraulic calcium 
silicate–based sealers–fillers should be modified. 
Using the modified single-cone obturation tech-
nique, the master gutta-percha point is selected, 
pre-fitted at the full working length with a tug- 
back effect, and cut 2–3  mm shorter than the 
working length with a sterile scalpel. When 
hydraulic calcium silicate–based flowable mate-
rial is delivered into the root canal, and gutta- 
percha point is reinserted, the apical 2–3 mm are 
filled with antibacterial, biocompatible, and bio-
active material, which comes into direct contact 
with periodontal tissues (Fig.  15). The gutta- 
percha point helps to improve the sealer–filler 
distribution into root canal space and all irregu-
larities. This modified technique can be clinically 
appealing because it does not require superior 

handling skills of the clinician nor the direct 
visual control of the procedure.

It has been shown that this technique can 
ensure tight, homogeneous, and minimally 
porous filling of the apical third of perforated 
curved roots of mandibular molars (Fig. 16) [58].

6  Repair of Resorptive Defects

The etiology of external and internal tooth resorp-
tion is multifactorial [85, 86]. They can be caused 
by pulp necrosis, dental trauma, orthodontic 
treatment, professional hygiene procedures, or 
tooth whitening [87, 88]. The treatment modali-
ties significantly depend on the type and localiza-
tion of the resorption [89]. While small defects of 
the apical external resorption can be just moni-
tored or internal root resorption usually is not dif-
ficult to manage and repair, and the extensive 
external cervical resorption can be extremely 
challenging for the clinicians.

Calcium hydroxide as a material of choice for 
treatment of different resorptions was used until 
the MTA was introduced for resorption repair 
[90, 91]. However, previously mentioned draw-
backs of these materials, made the hydraulic 

a b c

Fig. 14 Management of the strip perforation of the tooth 
36, using a modified single-cone obturation technique. 
Preoperative radiograph shows strip perforation of the 
mesial root and extensive lesion in the furcation area (a). 
Endodontic retreatment performed using conventional 

cleaning and shaping protocol and 1-week calcium 
hydroxide therapy; root canals were obturated with 
BioRoot™ RCS sealer and single gutta-percha cone (b). 
No clinical symptoms and noticeable healing of the lesion 
12 months after endodontic retreatment (c)
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calcium silicates very popular for the manage-
ment of external and internal resorption [15, 92]. 
Depending on the type of resorptions, they can be 
repaired using flowable and solid hydraulic cal-
cium silicate–based materials. External apical 
inflammatory, internal or internal-perforating 
resorptions can be repaired using all available 
materials (Fig.  17). While external cervical 
resorptions preferably should be repaired using 
fast set type materials, to avoid possible wash out 
of the material [15, 93, 94].

It has been shown that apical periodontitis 
with a periapical lesion is very often associated 

with an extensive external apical inflammatory 
root resorption, which usually is not visible on 
conventional radiographs [95, 96]. The resorp-
tion usually progresses from the tip of the root 
towards apical constriction, and after some time 
crater-type defect on the tip of the root is estab-
lished, and natural apical stop is disrupted. These 
resorbed root tips look like undeveloped roots or 
roots with extensive apical root perforation. If 
conventional root canal obturation technique 
with pre-fitted master gutta-percha point is 
selected, despite the tug-back effect was achieved, 
there is a risk that some resorbed areas will not be 

a b

Fig. 15 If accidental apical root perforation is made with a smaller endodontic instrument (a), the modified single-cone 
obturation technique with hydraulic calcium silicate–based sealer-filler can be used for repair (b)
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hermetically sealed (Fig. 18). Thus, the clinicians 
can face a serious problem, which is not detect-
able neither clinically nor radiographically.

In this case, the injectable hydraulic calcium 
silicate–based root repair material or previously 
described modified single-cone obturation tech-
nique with a sealer-filler can be used, to fill 

1–2 mm of the apical root canal with a hydraulic 
calcium silicate–based material.

Non-perforating or perforating internal root 
resorptions can be repaired using a wide range of 
Type 4 or Type 5 hydraulic calcium silicate–
based materials [15]. The treatment preferably 
should be performed under profound anesthesia 

a b c

Fig. 16 Mandibular molars before experimental apical 
perforation of the curved roots (a). X-rays of the teeth, 
after filling of apical perforations root canals with 
BioRoot™ RCS as a filler and in conjunction with single 

gutta-percha point, using modified obturation technique 
(b). The cross-sectional images of micro-CT scan at coro-
nal, middle, and apical thirds of the roots (top to bottom), 
demonstrating the homogeneity of the fillings (c)
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and a rubber dam isolation. The root canal should 
be accessed in a conventional way, while a clean-
ing and shaping procedures should be accompa-
nied with a copious root canal irrigation with a 
solution of sodium hypochlorite agitated using 
sonic or ultrasonic agitation techniques [97]. The 
root canal and resorption defect should be dried 
with paper points and filled with calcium hydrox-
ide or temporary bioceramic paste for disinfec-
tion between visits. It is recommended to use 

premixed pastes as these materials are easier to 
inject into the root canal and fill resorption defect 
due to the increased flowability of these materials 
[98]. Meanwhile, the removal of these premixed 
pastes is easier in comparison to ex tempore 
mixed paste, due to the additives decreasing the 
adhesion of the materials to the dentin [99]. 
Afterwards, the access cavity should be filled 
with temporary cement to protect the temporary 
root canal filling. At the next visit (usually after 

a b c

d e f

Fig. 17 Clinical (a) and radiographic (b) view of the 
tooth 22 2 weeks after trauma. Mild sensitivity on the bite-
wing and percussion, no reaction to thermal tests were 
detected. Extensive generalized root resorption after orth-
odontic treatment was visible. Conventional cleaning and 
shaping were performed, and premixed calcium hydrox-
ide paste was placed for 1-week (c), and replaced for addi-

tional 2 weeks, due to some mild discomfort on bitewing 
and increased periapical radiolucency on the follow-up 
X-ray (d). The tooth was asymptomatic after 2 weeks; the 
entire root canal was filled with Biodentine®, using 
Hemocollagene as an apical matrix (e). No clinical symp-
toms or visible changes on X-ray were detected after 
6 months follow-up (f)
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1 week), a rubber dam should be placed, the tem-
porary restoration removed, calcium hydroxide 
or bioceramic paste flushed out using citric acid 
[100], and root canal recleaned in the same man-
ner as the first visit. Subsequentially, root canal/
resorption defect is dried with paper points and 
filled with the preferable material. If plasticized 
materials like a Biodentine®, iRoot®BP Plus, 
EndoSequence® BC RRM™, and TotalFill® BC 
RRM™ Putty are used, the root canal below the 
resorption defect is obturated using gutta-percha 
and sealer. Subsequently, repair materials are 
delivered over the resorptive defect using a suit-
able instrument and gently condensed with a 
plugger. Meanwhile, if the paste-type materials 
are used, the entire root canal and resorption 
defect can be filled by injecting these materials. 
After the filling of the root canal and resorption 
defect, the X-ray to check that the material is cor-
rectly positioned should be taken (Fig.  19). 
Finally, the temporary filling or permanent resto-
ration should be placed, depending on the clinical 
situation.

Aggressive and extensive external cervical 
root resorptions are challenging when they 

cause significant root damage [85]. However, 
when extensive resorption defect results in pul-
pits and subsequently infection of the resorp-
tion defect, the endodontic treatment of the 
tooth in conjunction with surgical repair of the 
root is the only viable option to save a tooth 
[101]. However, if external cervical resorption 
is extensive, the extraction of the tooth can be 
the only treatment of choice [86]. In cases when 
direct surgical access with good visualization 
of the resorption defect can be achieved, the use 
of fourth or fifth type of hydraulic calcium sili-
cate–based repair materials, which are easy to 
apply to the site and have demonstrated excel-
lent biocompatibility, bonding, and hydrophilic 
qualities, nowadays should be the first clinical 
choice. It has been shown that the use of 
nanoparticulate premixed fast setting putty for-
mulations can be superior due to decreased 
risks to be washed out [94]. Long-term follow-
up of the healing of the compromised clinical 
cases of external cervical resorption repair 
revealed good periodontal tissues healing, 
acceptable esthetics, and a lack of dentin stain-
ing [101, 102].

a b

Fig. 18 SEM images of the surface of the tip of the 
medial root of the mandibular molar, affected by chronic 
apical periodontitis associated with the periapical lesion. 
Crater-type external resorption disrupted the integrity of 
apical constriction, while the root canal cross-sectional 
configuration is not uniform. If root canal will be enlarged 

up to file #40 (a) and the same size master gutta-percha 
point will be pre-fitted with a tug-back effect at the full 
WL (b), some resorbed areas—irregularities—(white 
rows) will be filled just with sealer, which potentially can 
be resorbed, compromising the tight apical seal over the 
time
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7  Endodontic Surgery Procedures

When endodontic treatment is not successful, and 
nonsurgical endodontic retreatment fails or is not 
possible, the endodontic surgery is indicated 
[103]. However, due to the rapid developments in 
implant dentistry, the endodontic surgery is 
becoming less popular in comparison to the tooth 
replacement with an implant. It should be men-
tioned that some clinical investigations detected 
better prognosis of the dental implant in compari-
son to retreatment procedure; however, well- 
designed clinical trials demonstrated the 
opposite—the endodontic retreatment is equally 
effective treatment option, if not superior [104].

The MTA was a material of choice as a retro-
grade filling with high clinical success rates 
[105]. However, due to the drawbacks of MTA, 
mentioned before, the Type 4 and 5 hydraulic 
 calcium silicate–based root repair materials have 
become more and more popular and widespread 
use in endodontic surgery [13, 106]. The current 
scientific findings indicate that these materials 
possess superior properties and handling charac-
teristic and provide similar healing rates after 
endodontic surgery as MTA cement [107, 108] 
(Fig. 20).

After the exposure and apicoectomy, the 
3–5  mm-depth retrograde cavity should be 

prepared with appropriate ultrasonic tip, keep-
ing the alignment with the long axis of the root, 
following the direction and the outline contour 
of the root canal [109, 110]. The retrograde fill-
ing material should be prepared and delivered 
to the cavity using appropriate instruments, 
such as Lucas curette (Hu-Friedy Mfg. Co., 
Chicago, IL, USA), MAP System (Produits 
Dentaires SA, Vevey, Switzerland), or Dovgan 
applicator (Vista Dental Products, Racine, WI, 
USA). A  biocompatible and bioactive hydraulic 
calcium silicate–based material is used to cre-
ate a stable hermetic seal that can prevent the 
percolation of bacteria or their products 
between root canal system and periradicular 
tissues and promote the healing of these tissues. 
To prevent the washout of the hydraulic cal-
cium silicate–based retrograde materials, the 
fast setting formulations such as Biodentine®, 
iRoot®FS, EndoSequence® BC RRM™, and 
TotalFill® BC RRM™ Fast Set Putty can be 
superior to the slow setting putty- type materials 
[111] (Fig.  21). However, if original formula-
tions are used, the surgical wound should not be 
irrigated, since this can result in dislodgement 
of the material. The excess of retro filler should 
be gently removed with a wet sterile cotton 
gauze before flap reposition and placement of 
the sutures.

a b c d

Fig. 19 The perforating internal resorption and lesion of 
the surrounding tissues of the tooth 21 and apical peri-
odontitis of the tooth 11 (a). Endodontic retreatment for 
tooth 11 and treatment for tooth 21 performed using con-
ventional cleaning and shaping protocol and 1-week cal-

cium hydroxide therapy (b, c). The root canal of the tooth 
11 was obturated with BioRoot™ RCS sealer in conjunc-
tion with a big taper single gutta-percha point; the root 
canal and resorption defect of the tooth 21 were filled with 
a TotalFill® BC RRM™ Paste (d)
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a b

Fig. 20 The successful surgical management of non- 
healing apical periodontitis. After retreatment and place-
ment of the crown, the clinical and radiographic signs of 
symptomatic apical periodontitis recovered (a). After api-

coectomy, root-end preparation was performed using 
ultrasonic tips, and the retrograde cavity was filled with a 
TotalFill® BC RRM™ Fast Set Putty (b). (Courtesy 
Antanas Blazys, DDS)

a b

Fig. 21 The clinical symptoms and radiographic signs of 
apical periodontitis 3  years after endodontic-prosthetic 
treatment were detected at the day of the patient’s visit 
(a). Endodontic surgery was performed, filling the retro-
grade cavity with a TotalFill® BC RRM™ Fast Set Putty 

(b). CBCT evaluation before surgical intervention 
revealed the poor quality of primary endodontic treatment 
and large periapical lesion (c–f). (Courtesy Antanas 
Blazys, DDS)
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8  Conclusions

Many years ago, MTA has changed existing stan-
dards in the management of endodontic compli-
cations, vital pulp therapy, or regenerative 
endodontic procedures. However, the drawbacks 
of the MTA discussed in this chapter made the 
use of this material challenging for many clini-
cians. Recently, the Types 4 and 5 of commer-
cially available hydraulic calcium silicate–based 
materials have superceded the original MTA and 
similar formulations as materials of choice for 
the management of endodontic complications. 
Nowadays, plasticized, putty-type or paste-type 
repair hydraulic calcium silicate–based materials 
are widely researched, and the clinical effective-
ness, as well as advantages over Portland cement 
formulations, are confirmed. The solid scientific 
background indicates that the newer types of 
hydraulic calcium silicate–based materials can 
replace MTA and are the future materials for the 
management of endodontic complications.
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1  Introduction

The American Dental Association (ADA) defines 
pediatric dentistry as “an age-defined specialty 
that provides both primary and comprehensive 
preventive and therapeutic oral health care for 
infants and children through adolescence, 
including those with special health care needs” 
and Endodontics as “the branch of dentistry 
which is concerned with the morphology, physi-
ology and pathology of the human dental pulp 
and periradicular tissues. Its study and practice 
encompass the basic and clinical sciences 
including biology of the normal pulp, the etiol-
ogy, diagnosis, prevention and treatment of dis-
eases and injuries of the pulp and associated 
periradicular conditions.” By a combination of 
these definitions, this chapter will cover all end-
odontic treatment procedures within the age-
defined pediatric population.

For decades, the management of the dental 
pulp in the primary dentition was performed 
worldwide with semi-toxic products such as 
Buckley’s formocresol and in some countries 
with iodoform pastes. The latter was especially 
advocated because of their antibacterial activity 
and their ability to resorb [1]. With the introduc-

tion of mineral trioxide aggregate (MTA) and, 
more recently, several new hydraulic tricalcium 
silicate–based cements, the management of pulp-
otomy of primary molars has been undertaken 
using these materials. Furthermore, a more bio-
logical treatment approach in deep carious lesions 
of immature permanent molars became accepted. 
This change involved a shift of the traditional 
paradigm regarding excavating all carious dentin 
with the risk of pulp exposure into the more con-
servative (i.e., biological) way leaving a thin 
layer of infected dentin in the cavity and covering 
this layer with a hydraulic tricalcium silicate–
based material. A comparable paradigm shift also 
exits for the management of traumatized imma-
ture permanent incisors with pulpal involvement. 
After decades of using calcium hydroxide for 
indirect and direct cappings, pulpotomy, and 
apexification/apexogenesis procedures, hydraulic 
tricalcium silicate–based cements have replaced 
it and are now the materials of choice for all the 
aforementioned indications owing to its increased 
desirable interaction with biological tissues.

For the both abovementioned clinical situa-
tions—deep carious lesions in the primary molars 
or the permanent immature molars and in addi-
tion after traumatic injuries, calcium silicate–
based materials gained enormous attention and 
use. These cements are hydraulic and a number 
of them are self-setting materials whose physico-
chemical properties are suitable for pulp therapy.
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2  Endodontic Management 
of the Primary Molars

The dental pulp in the primary dentition is histo-
logically similar to that of permanent dentition. 
Endodontics in the primary dentition is part of 
the overall treatment plan in young children, 
especially in the high caries/trauma-risk group. 
This therapy depends on an accurate diagnosis of 
the pulp status, and whether the pulp is vital, 
inflamed or necrotic. It is well known that in 80% 
of primary teeth with carious exposures, the clin-
ical and radiographic pathology show inflamma-
tion that is only limited to the coronal part of the 

pulp. This is mainly known as chronic coronal 
pulpitis. The different pulpal conditions in the 
primary teeth are summarized in Table 1 [2]:

Knowledge on pulp response to caries and 
being able to interpret symptoms correctly is of 
utmost importance whether performing a rather 
conservative treatment (stepwise excavation, 
indirect pulp capping), an intermediate invasive 
treatment (direct pulp capping), or a radical inter-
vention (partial and full pulpotomy) (Table 2 and 
Fig. 1).

The following factors should be considered 
during the decision-making for an endodontic 
intervention.

Table 1 Differentiation of clinical conditions and pulpal consequences in primary teeth

Clinical condition Pulpal consequences
Healthy pulp When exposed due to trauma or accidentally during cavity preparation. The pulp can be 

kept healthy if properly treated.
Deep carious lesions Can cause inflammation of the pulp before the pulp is exposed.

This is especially the case with proximal exposures.
This condition can be reversible or irreversible depending on patient’s symptoms and 
extensive bleeding during therapy.

Carious exposed pulp Are always inflamed partially or totally, or may be necrotic.
Partial or total pulpal 
necrosis

May be the consequence of untreated caries or traumatically exposed pulp.

Table 2 Endodontic techniquesa for primary teeth (after Duggal and Nazzal [2])

Therapy Procedures Indications
Stepwise excavation Removal of most carious dentin. 

Demineralized dentin covered with glass-
ionomer lining and cement and left 
temporarily under an intermediate restoration

Deep carious lesion, carious softened tissue 
close to pulp but no exposure. No clinical 
signs of pulpitis

Indirect pulp capping Removal of almost all the carious dentin. 
Affected dentin covered with glass-ionomer 
lining

Deep carious lesion, carious softened tissue 
close to pulp but no exposure. No clinical 
or some radiographic signs of pulpitis

Direct pulp capping No surgical removal of exposed pulp tissue. 
Pulp covered with a bioceramic material

Accidental minimal exposure of healthy 
pulp during preparation or via trauma. 
Little or no contamination of the exposed 
area

Partial pulpotomy Excision of a superficial part of the pulp. A 
bioceramic material should be applied in 
tissue contact with the wound without an extra 
pulpal blood clot

Accidental exposure of healthy pulp; 
carious exposure-partial chronic pulpitis

Pulpotomy Removal of the coronal pulp. Wound surfaces 
placed in the orifices of the root canals

Carious exposure—pulpitis, partial or 
coronal chronic pulpitis, marginal ridge 
breakdown

aPulpectomy was not included in the table because this technique should have a very limited use. From a clinical point 
of view, it can be considered if there is an irreversible pulpitis including the entire pulp system or in the presence of 
necrotic pulp or acute infection. However, there are a lot of considerations necessary for making this decision (see 
below). In a case where the second premolar is missing, while the retention of the primary molar is required for orth-
odontic reasons, pulpectomy can maybe be considered [2]
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• Pulpal diagnosis
• Occlusal considerations
• The patient’s ability to cooperate. Can the 

treatment be performed conventionally or is 
sedation/general anesthesia needed?

• Patient’s general and oral health
• Patient’s and parent’s motivation and consent
• Patient’s caries risk
• The risk of injury/infection of the underlying 

permanent tooth germ
• The effect of the proposed endodontic inter-

vention on the patient’s health, for example, 
infective endocarditis in children who have 
congenital heart defects or have had heart 
surgery

• The effect of the proposed endodontic inter-
vention on the underlying permanent tooth 
germ

All these factors should help the clinician 
in his decision whether to keep or extract the 
tooth [2].

2.1  Stepwise Excavation 
and Indirect Pulp Capping

During stepwise excavation, the soft part of cari-
ous dentine is removed and dentine floor is cov-
ered with a glass-ionomer liner and the tooth is 
completely filled with a semi-permanent filling 
material. Secondary dentin formation during at 
least 3–6 months will lead to less risk of exposing 
the pulp during further excavation of carious den-
tin [3, 4]. This technique, however, is not recom-
mended as a favored approach for deep carious 

lesions in primary molars for children because 
another appointment with the administration of 
local anesthesia should be avoided. In cases where 
reversible pulpitis is diagnosed, a single- visit 
indirect capping must be considered. During this 
procedure, removal of almost all carious dentin is 
performed and affected dentin will be covered 
with hydraulic tricalcium silicate–based cements, 
and the tooth will be permanently restored.

2.2  Direct Pulp Capping

Direct pulp capping is well known as a technique 
whereby the exposed vital pulp is capped with a 
medicament. For many years, this was preferably 
performed using calcium hydroxide. It has been 
shown that inflammation of the pulp precedes the 
exposure of the pulp [5, 6]. Dentinal tubules are 
wide in primary molars, and bacteria penetrate 
the pulp, causing inflammation before clinically 
being exposed. For that reason, direct capping 
should not be considered if the exposure resulted 
from caries excavation. The only situation where 
direct pulp capping could be considered in pri-
mary teeth is where pulp exposure is traumatic 
and not due to the caries [7]. Nowadays, hydrau-
lic tricalcium silicate–based cements are recom-
mended for these purposes [8, 9].

2.3  Partial Pulpotomy

In cases of healthy pulp exposure or partial 
chronic pulpitis, a partial pulpotomy is the treat-
ment of choice. However, the clinician should be 

Stepwise EXCAVATION

Indirect/ Direct PULP CAPPING

Partial PULPOTOMY

Total PULPOTOMY

Fig. 1 Schematic 
representation of 
endodontic therapies in 
primary molars. 
(Drawings used with 
permission of 
Wiley-Blackwell)
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sure that pupal inflammation is very localized at 
the point of exposure. Any history of continuous 
pain after cold or heat or continuous pain indicat-
ing signs of pulpitis should be excluded, and only 
normal bleeding after pulpotomy procedure 
should be seen. This bleeding must be controlled 
after gentle pressure with a wet cotton pellet. If 
more hemostasis is needed, the clinician should 
proceed to the full pulpotomy. Nowadays, 
hydraulic tricalcium silicate based–cements are 
recommended for these purposes [10, 11].

2.4  Pulpotomy, Wound Dressing, 
Tissue Reaction, and Outcome

The most widely used vital pulp therapy tech-
nique for the treatment of deciduous teeth with 
carious pulp exposure is pulpotomy. According 
to the American Academy of Pediatric Dentistry, 
a pulpotomy is defined as the ablation of infected 
or affected pulp tissues leaving the residual vital 
pulp tissues intact, thus preserving vitality and 
function (totally or partially) of the radicular 
pulp, while the remaining pulp stump is covered 
with a medicament [12]. The rationale for 
 pulpotomy is based on the assumption that 
inflammation and impaired vascularity caused by 
the bacterial invasion is confined to the superfi-
cial part of the coronal pulp, while the radicular 
pulp tissue remains functional. The primary 
objective in the treatment of the tooth with pulpal 
involvement is to retain it in a functional state 
(mastication, phonation, swallowing, and esthet-
ics), so that it may fulfil its role as a useful com-
ponent of the primary and young permanent 
dentition [13].

Pulpectomy should be avoided because of the 
risk of infecting the underlying permanent tooth 
germ, the number of accessory canals which can 
be assessed, and the difficulty to find a resorbable 
material [14]. As stated above, there is limited 
indication and if so, the use of hydraulic trical-
cium silicate based–cements will not be an option 
as they are not resorbable [15].

An ideal pulpotomy agent must be bacteri-
cidal, promote healing of the radicular pulp, be 
biocompatible, offer the dentine–pulp complex a 

relatively stable environment, support the regen-
eration of dentine–pulp complex, and not inter-
fere with the physiological process of root 
resorption [13, 16]. Covering the floor of the pulp 
chamber is crucial, in order to ensure that the 
auxiliary canals traversing to the furcation are 
sealed and the pulp can thus benefit from the 
effect of applied materials.

For decades, calcium hydroxide was used as a 
biological wound dressing on the dental pulp. In 
primary teeth, however, clinical outcomes were 
poor with the most cited failure reported as inter-
nal resorption [17]. This can be explained by the 
fact that in most cases where pulp therapy is 
required, the pulp is chronically inflamed, and 
calcium hydroxide has no healing effect inflamed 
pulp. It thus should no longer be used on primary 
pulp tissue.

Although not biologic, leakage of drug and 
leaving the pulp in a metastable condition having 
no healing effect, formocresol (well known as 
Buckley’s formocresol) was worldwide used for 
many years. The success rate can be estimated 
between 50% and 95%. Since the International 
Agency for Research on Cancer classified form-
aldehyde as a carcinogenic to humans [18], 
efforts have been made to ban formocresol in 
endodontic therapy.

Iodoform-based pastes were developed as an 
alternative to formocresol and have a long-term 
bactericidal effect. Compared to formocresol, 
there was no diffusion into the inter- and perira-
dicular area and so less or no toxicity. Success 
rates were 87–95% [19]. A combination of a fast- 
setting calcium hydroxide–iodoform-silicone 
paste showed 100% clinical success and 97% 
radiographical success [20].

In the last decade, regeneration approaches 
include pulpotomy agents that have the cell- 
inductive capacity to either replace lost cells or 
induce existing cells to differentiate into hard tis-
sue–forming elements. However, iodoform-based 
pastes did not induce tissue regeneration and 
were not bioinductive. As a consequence, the 
trend nowadays is towards the use of bioactive 
materials to promote the healing of the pulp and 
keeping the teeth in the dentition. Since the avail-
ability of hydraulic tricalcium silicate–based 
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cements and the great clinical success in 
 endodontic therapy, formocresol has been 
replaced by hydraulic tricalcium silicate–based 
cements.

From a comparison of MTA (ProRoot 
Dentsply) and formocresol in 60 pulpotomies 
randomly selected in 46, 7-year olds, MTA was 
shown to be a valuable and safe alternative. After 
24 months, there was no difference in clinical and 
radiographic success [21]. The same was shown 
for a comparison of formocresol with MTA 
(Angelus) in 45 pulpotomies in 23 children 
(5–9  years). In the MTA group, dentin bridges 
were seen in 29% of cases [22]. From a limited 
systematic review [23], it was suggested that the 
use of MTA is the best clinical practice. 
Regardless of the limited evidence [24], the use 
of MTA became generally accepted for vital 
pulpotomy in primary molars. Figure 2 illustrates 
a number of studies with the clinical outcome for 
formocresol versus MTA [22, 25–33]. From this 
figure, it can be concluded that on average the 
clinical outcome of MTA at least equals or is 
slightly better compared to formocresol.

Besides MTA, other hydraulic tricalcium sili-
cate based–cements can be considered for 

pulpotomy in the primary dentition. Although, 
several cements are referred to as hydraulic tri-
calcium silicate–based cements, they can be clas-
sified based on their origin of tricalcium silicate 
as either Portland cement derivatives (MTA and 
its formulations) or laboratory synthesized 
(Biodentine™, BioAggregate, EndoSequence, 
and iRoot BP). The laboratory-synthesized 
hydraulic tricalcium silicate–based materials 
have different characteristics to the original for-
mulation of MTA; this includes elimination of 
aluminum, addition of alternative radiopacifiers, 
minimizing particle size, and additives to enhance 
physical properties. Biodentine™ incorporates 
all of these changes in the cement composition 
and its clinical efficiency in pulp therapy has 
been compared with MTA in the following 
sections.

Biodentine™ is a hydraulic tricalcium sili-
cate–based inorganic nonmetallic restorative 
cement commercialized and advertised as a “bio-
active dentine substitute” [34]. The material is 
claimed to possess far better physical and bio-
logical properties such as material handling [35], 
faster setting time [36], increased compressive 
strength [37], increased density [38], decreased 
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Fig. 2 An overview of clinical and radiographic success rate comparison between formocresol and MTA in primary 
molar pulpotomies. The asterisk indicates significant difference between the outcomes
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porosity [39], and induction of reparative dentine 
synthesis [40] when compared to similar material 
types [41, 42].

The very first randomized clinical trial (RCT) 
on Biodentine™ in primary molar pulpotomy 
was a parallel-design RCT comparing it to 
ProRoot White MTA [43]. Patients above 3 years 
of age with carious primary teeth with vital pulps 
without spontaneous pain or history of swelling 
were included. Fifty-eight patients (82 teeth) 
with a mean age of 4.79  ±  1.23  years were 
included. The teeth were randomized, blinded, 
and allocated to one of the three groups 
(Biodentine™, ProRoot® White MTA (WMTA) 
or Tempophore™) for pulpotomy treatment. All 
teeth were followed up clinically and radiograph-
ically (after 6, 12, and 18 months) by two-blinded 
calibrated investigators. Forty-six patients and 69 
teeth were available for follow-up after 
18  months. Clinical success (radiographic suc-
cess in parenthesis) was 95.24% (94.4%), 100% 

(90.9%), and 95.65% (82.4%) in the Biodentine™, 
ProRoot® WMTA, and Tempophore™ groups, 
respectively, but the difference was not signifi-
cant. Pulp canal obliteration was significantly 
different amongst the experimental groups as the 
Biodentine™ group exhibited significantly more 
pulp canal obliteration when compared to the 
WMTA group at 6 months (P = 0.008) and the 
18 months (P = 0.003). One of the cases is illus-
trated in Fig. 3. From this RCT, it could be con-
cluded that after 18-month follow-up, there was 
no significant difference between Biodentine™ 
in comparison with White ProRoot MTA or 
Tempophore™.

In the meantime, several other studies became 
published comparing MTA with Biodentine™ 
[43–52]. The clinical success rates vary between 
60% and 100% (Fig. 4). However, except for one 
study [50], the overall clinical success rate of 
both hydraulic tricalcium silicate–based cements 
is higher than 90%.

Fig. 3 The Biodentine case series with 18 months follow-up. Arrows indicate the region of interest (a) preoperative 
radiograph (b) immediate postoperative (c) dentine bridge formation and pulp canal obliteration (d)
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2.5  Clinical Procedure

The following steps should be followed:
• Administration of local anesthesia.
• Application of rubber dam.
• Caries removal and coronal access using a 

high-speed cylindrical diamond bur with 
ample water spray.

• Removal of the coronal pulp or with a sterile 
bur or with a sterile spoon excavator.

• Checking root canal orifices.
• Normal hemostasis by application of light 

pressure with a wet cotton pellet. Additional 
tools can be calcium hydroxide powder or cel-
lulose pellets. If hemostasis was not obtained 
within 5 min [17], pulp tissue in the canal was 
assumed to be infected, and then extraction 
should be considered (see above).

• Application of minimum of 2 mm layer of the 
pulpotomy agent according to the manufac-
turer’s instructions.

• Coverage with appropriate cement is needed 
in case of ProRoot MTA applications. For 
Biodentine™, the wound dressing can also fill 
up the entire pulp chamber and even be used 
as a temporary filling. The latter is a major 

advantage compared to other hydraulic trical-
cium silicate–based cements. However, sev-
eral other hydraulic tricalcium silicate–based 
cements could also be used for this purpose 
and the restoration protocol depends on the 
type of cement used.

• The final restoration can be obtained with 
adhesive restorations or stainless steel crowns.
In this respect, the clinician should be aware 

of the fact that healing of the dental pulp is not 
exclusively dependent on the supposed stimula-
tory effect of a particular type of agent but is also 
directly related to the capacity of both the dress-
ing and permanent restorative material to provide 
a biological seal against immediate and long- 
term microleakage along the entire restoration 
interface [53]. Stainless steel crowns protect the 
underlying pulp against leakage and are a neces-
sity for the long-term success of vital pulp ther-
apy in cariously exposed teeth [54, 55]. The use 
of stainless steel crowns increases the success 
rate of pulpotomy. In case there is a choice for 
MTA and an esthetic filling on top, one should be 
aware of potential discoloration. Especially, 
MTAs with bismuth oxide will cause grayish dis-
coloration. MTAs with other radiopacifiers or 
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molar pulpotomy. No significant differences between the two materials were observed
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other hydraulic tricalcium silicate based–cements 
with alternative radiopacifiers will have no or sig-
nificantly less discoloration [56].

3  Deep Carious Lesions 
in Immature First Permanent 
Molars

In time, deep caries management was performed 
to “extension for prevention” principles which 
were destructive with complete removal of all 
carious dentine. Thanks to the “adhesive” dental 
materials, minimal invasive dentistry (i.e., pre-
vention of extension) with selective caries 
removal became accepted worldwide. In the last 
two decades, with the evolution into hydraulic 
tricalcium silicate–based cements, biological 
treatment strategies have been advocated.

From a recent consensus document, deep car-
ies was defined as radiographic evidence of car-
ies reaching the inner third or inner quarter of 
dentine with a risk of pulp exposure [57]. 
Clinically, the depth of caries and residual den-
tine thickness are difficult to assess [58]. Recent 
research on deep carious tissue management sup-
ports less invasive strategies. Most recently, leav-
ing a thin layer of infected dentine covered by 
these new materials is recommended [57]. With 
these approaches, reduced risk of pulp exposure 
and pulp healing are obtained. Management strat-
egies for the treatment of cariously exposed pulp 
are also shifting with avoidance of pulpectomy 
and the reemergence of vital pulp treatment tech-
niques such as partial and complete pulpotomy. 
Especially, the development of MTA and other 
hydraulic calcium silicates has resulted in more 
predictable treatments from both a histological 
and a clinical perspective [59].

This approach is of particular interest in deep 
carious immature first permanent molars. In these 
young children, an invasive endodontic treatment 
can be avoided. Figure  5a–d illustrates a full 
pulpotomy on a first permanent molar in the third 
quadrant and an indirect capping on the contra-
lateral molar in a 10-year-old boy. The proce-
dures performed were exactly the same as 
described earlier for the primary teeth. In both 

cases, Biodentine™ was used. Although it is per-
fectly possible to keep this hydraulic calcium sili-
cate–based cement for at least 6  months in the 
mouth as a provisionary filling [60] having a sec-
ond visit for permanent restoration, a one-visit 
treatment is also allowed and recommended. The 
setting time of Biodentine™ (i.e., up to 12 min 
according to manufacturer’s instructions) is a bit 
crucial, but a recent report showed that after 
3 min one could put permanent adhesive materi-
als on top [61].

4  Pulpotomy in Traumatized 
Immature Teeth

Crown fractures with pulp exposure represent 
18–20% of traumatic injuries involving the teeth, 
the majority being in young permanent central 
incisors [62]. These injuries produce changes in 
the exposed pulp tissues, and a biological and 
functional restoration of immature young perma-
nent teeth represents an important clinical chal-
lenge [63]. The treatment plan in such cases is to 
maintain pulp vitality via apexogenesis, which 
allows continued root development along the 
entire root length [64]. Apexogenesis after trau-
matic exposure in vital young permanent teeth 
can be accomplished by implementing the appro-
priate vital pulp therapy such as pulp capping 
(direct or indirect) or pulpotomy (partial or com-
plete) depending on the time between the trauma 
and treatment of the patient, degree of root devel-
opment, and size of the pulp exposure [65]. 
Histologic examination of traumatized pulp 
shows that the depth of inflammatory reaction 
does not exceed 2 mm from the exposed surface 
within 48  h [66]. Therefore, if treated within 
48 h, 2 mm of the injured pulp can be success-
fully removed, leaving the non-inflamed healthy 
radicular pulp to reorganize.

In this era of regenerative endodontics, it is of 
utmost importance to define the real meaning of 
regenerative endodontics. As long as the vital 
pulp is present where we use hydraulic tricalcium 
silicate–based cements, we are performing a ther-
apy which repairs the dentin–pulp complex. 
When we are revitalizing teeth using the fresh 
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Fig. 5 (a) Clinical (b) and radiographical (a, c) illustra-
tions of deep caries in the 4.6 (a) and extremely deep cari-
ous in the 3.6 (c) in a 10-year-old boy. (b) Clinical and 
radiographical illustrations of extremely deep carious in 
the 36 (a, b). A Biodentine™ pulpotomy was performed 
(c) followed by an imm0ediate adhesive restoration (d). 

(c) Deep carious lesion (a, e); cavity preparation (b); indi-
rect capping with Biodentine™ (c, f) followed by an 
immediate adhesive restoration (d). (d) Radiographical 
follow-up from baseline up to 18 months (a–f) showing 
the formation of dentin bridges (c) or extensively hard tis-
sue formation (f) and further apexogenesis (c, f)

blood in canals and using hydraulic tricalcium 
silicate–based cements in combination with/
without scaffolds, we are promoting the regener-
ation of new (dental) tissue [67]. According to 
the above, the goal of treating dental trauma in 

immature incisors is to perform a therapy to 
repair the dentin–pulp complex. Figure  6 illus-
trates MTA pulpotomies in two immature maxil-
lary incisors. The procedure is the same as 
explained in Sect. 2.5.
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c

d

Fig. 5 (continued)
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b

a b c

a

a b c d

Fig. 6 (a) MTA pulpotomies in two central incisors. 
Teeth were further opened after injury and pulp was 
removed from the chamber (a), after hemostasis pulp was 
covered with MTA (b). X-ray control was performed (c). 
Courtesy to R.  Cauwels, Dept Paed Dent, UGent. (b) 

24  months radiographical follow-up after MTA pulpot-
omy (a–d) with early signs of dentin bridge formation (b), 
extending (c) combined with full apexogenesis (c, d). 
Courtesy to R. Cauwels, Dept Paed Dent, UGent

In another 7-year-old Caucasian female who 
visited the emergency service after she had an 
accident in the playground, an enamel dentine 
fracture with pulp exposure with respect to 
tooth 11 was diagnosed (Fig. 7a). Due to severe 
anxiety, treatment under local analgesia was 
impossible. The treatment was performed the 
following day under general anesthesia. The 
pulp exposure was further opened with a sterile 
high-speed diamond bur with sufficient water 

cooling. The pulp tissue until the cement–
enamel junction was removed (complete pulp-
otomy). Pulp capping or partial pulpotomy was 
not a viable option in this instance as the dura-
tion of between trauma and treatment was more 
than 24  h. Hemostasis was achieved with a 
moist cotton pellet, and the pulp exposure was 
capped with Biodentine™ and used as a tempo-
rary filling. A radiograph at this appointment 
showed an immature open apex, and the 
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Biodentine™ pulpotomy could be noted at the 
cingulum level. Three weeks later, a permanent 
composite restoration was made. Clinical tooth 
vitality and digital radiographical evaluation 
were performed after 6, 12, 18, 24, and 
48 months (Fig. 7b). No subjective discomfort 

was reported during the entire follow-up period. 
Clinically, the tooth remained vital, and no dis-
coloration was observed. Radiographically, 
starting from 18 months, complete apexogene-
sis was evident, and this was further confirmed 
at the 24- and 48-month follow-up.

a

b

Fig. 7 (a) A 7-year-old girl presented with a complex 
crown fracture with pulp exposure (a, c). After further 
opening (d) a Biodentine™ pulpotomy was performed (b, 

e). This bioceramic was also holded as a provisionary fill-
ing. (b) Radiographical follow-up after Biodentine™ 
pulpotomy up to 48 months with full apexogenesis
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5  Conclusions

With the better understanding of the dentin–
pulp complex and its molecular biology in con-
junction with the development of newer 
materials especially based on hydraulic trical-
cium silicate cements, a total paradigm shift 
has become possible for the management of 
deep carious lesions in the primary dentition 
and in immature permanent molars as well as in 
traumatic injuries. The use of hydraulic trical-
cium silicate–based materials in pediatric end-
odontics is the best clinical practice with a most 
favorable outcome.

References

 1. Cerqueira DF, Mello-Moura AC, Santos EM, 
Guedes-Pinto AC.  Cytotoxicity, histopathological, 
microbiological and clinical aspects of an endodon-
tic iodoform-based paste used in pediatric dentistry: 
a review. J Clin Pediatr Dent. 2008;32(2):105–10. 
https://doi.org/10.17796/jcpd.32.2.k1wx5571
h2w85430.

 2. Duggal MS, Nazzal H.  Endodontic management of 
primary teeth. In: Koch G, editor. Pediatric dentistry. 
London: Wiley Blackwell; 2017.

 3. Bjorndal L. Indirect pulp therapy and stepwise exca-
vation. Pediatr Dent. 2008;30(3):225–9.

 4. Bjorndal L, Simon S, Tomson PL, Duncan 
HF.  Management of deep caries and the exposed 
pulp. Int Endod J. 2019;52(7):949–73. https://doi.
org/10.1111/iej.13128.

 5. Duggal MS, Nooh A, High A.  Response of the pri-
mary pulp to inflammation: a review of the Leeds 
studies and challenges for the future. Eur J Paediatr 
Dent. 2002;3(3):111–4.

 6. Kassa D, Day P, High A, Duggal M.  Histological 
comparison of pulpal inflammation in pri-
mary teeth with occlusal or proximal caries. Int 
J Paediatr Dent. 2009;19(1):26–33. https://doi.
org/10.1111/j.1365-263X.2008.00962.x.

 7. Duggal M, Tong HJ, Al-Ansary M, Twati W, Day PF, 
Nazzal H.  Interventions for the endodontic manage-
ment of non-vital traumatised immature permanent 
anterior teeth in children and adolescents: a systematic 
review of the evidence and guidelines of the European 
Academy of Paediatric Dentistry. Eur Arch Paediatr 
Dent. 2017;18(3):139–51. https://doi.org/10.1007/
s40368-017-0289-5.

 8. Asl Aminabadi N, Satrab S, Najafpour E, Samiei 
M, Jamali Z, Shirazi S. A randomized trial of direct 
pulp capping in primary molars using MTA com-
pared to 3Mixtatin: a novel pulp capping biomaterial. 

Int J Paediatr Dent. 2016;26(4):281–90. https://doi.
org/10.1111/ipd.12196.

 9. Smail-Faugeron V, Glenny AM, Courson F, Durieux 
P, Muller-Bolla M, Fron Chabouis H.  Pulp treat-
ment for extensive decay in primary teeth. Cochrane 
Database Syst Rev. 2018;5:CD003220. https://doi.
org/10.1002/14651858.CD003220.pub3.

 10. Martens L, Rajasekharan S, Cauwels R.  Pulp man-
agement after traumatic injuries with a tricalcium 
silicate-based cement (Biodentine): a report of two 
cases, up to 48 months follow-up. Eur Arch Paediatr 
Dent. 2015;16(6):491–6. https://doi.org/10.1007/
s40368-015-0191-y.

 11. Nematollahi H, Noorollahian H, Bagherian A, 
Yarbakht M, Nematollahi S.  Mineral trioxide 
aggregate partial pulpotomy versus formocresol 
pulpotomy: a randomized, split-mouth, controlled 
clinical trial with 24 months follow-up. Pediatr Dent. 
2018;40(3):184–9.

 12. American Academy on Pediatric Dentistry Clinical 
Affairs Committee-Pulp Therapy s, American 
Academy on Pediatric Dentistry Council on Clinical 
A.  Guideline on pulp therapy for primary and 
young permanent teeth. Pediatr Dent. 2008;30(7 
Suppl):170–4.

 13. Fuks AB.  Pulp therapy for the primary and young 
permanent dentitions. Dent Clin North Am. 
2000;44(3):571–96, vii.

 14. Garcia-Godoy F. Evaluation of an iodoform paste in 
root canal therapy for infected primary teeth. ASDC J 
Dent Child. 1987;54(1):30–4.

 15. Ranly DM, Garcia-Godoy F.  Current and potential 
pulp therapies for primary and young permanent teeth. 
J Dent. 2000;28(3):153–61. https://doi.org/10.1016/
s0300-5712(99)00065-2.

 16. Zhang W, Yelick PC.  Vital pulp therapy-current 
progress of dental pulp regeneration and revascular-
ization. Int J Dent. 2010;2010:856087. https://doi.
org/10.1155/2010/856087.

 17. Vargas KG, Fuks AB, Peretz B. Pulpotomy techniques: 
cervical (traditional) and partial. In:  Paediatric end-
odontics, current concepts in pulp therapy for primary 
and young permanent teeth. Berlin: Springer; 2016.

 18. Humans IWGotEoCRt. Formaldehyde, 
2- butoxyethanol and 1-tert-butoxypropan-2-ol. IARC 
Monogr Eval Carcinog Risks Hum. 2006;88:1–478.

 19. Boeve C, Dermaut L. Formocresol pulpotomy in pri-
mary molars: a long-term radiographic evaluation. 
ASDC J Dent Child. 1982;49(3):191–6.

 20. Nurko C, Garcia-Godoy F.  Evaluation of a cal-
cium hydroxide/iodoform paste (Vitapex) in root 
canal therapy for primary teeth. J Clin Pediatr Dent. 
1999;23(4):289–94.

 21. Noorollahian H.  Comparison of mineral trioxide 
aggregate and formocresol as pulp medicaments 
for pulpotomies in primary molars. Br Dent J.  
2008;204(11):E20. https://doi.org/10.1038/
sj.bdj.2008.319.

 22. Moretti AB, Sakai VT, Oliveira TM, Fornetti AP, 
Santos CF, Machado MA, et  al. The effectiveness 

Bioceramic Materials in Pediatric Dentistry

https://doi.org/10.17796/jcpd.32.2.k1wx5571h2w85430
https://doi.org/10.17796/jcpd.32.2.k1wx5571h2w85430
https://doi.org/10.1111/iej.13128
https://doi.org/10.1111/iej.13128
https://doi.org/10.1111/j.1365-263X.2008.00962.x
https://doi.org/10.1111/j.1365-263X.2008.00962.x
https://doi.org/10.1007/s40368-017-0289-5
https://doi.org/10.1007/s40368-017-0289-5
https://doi.org/10.1111/ipd.12196
https://doi.org/10.1111/ipd.12196
https://doi.org/10.1002/14651858.CD003220.pub3
https://doi.org/10.1002/14651858.CD003220.pub3
https://doi.org/10.1007/s40368-015-0191-y
https://doi.org/10.1007/s40368-015-0191-y
https://doi.org/10.1016/s0300-5712(99)00065-2
https://doi.org/10.1016/s0300-5712(99)00065-2
https://doi.org/10.1155/2010/856087
https://doi.org/10.1155/2010/856087
https://doi.org/10.1038/sj.bdj.2008.319
https://doi.org/10.1038/sj.bdj.2008.319


100

of mineral trioxide aggregate, calcium hydrox-
ide and formocresol for pulpotomies in primary 
teeth. Int Endod J. 2008;41(7):547–55. https://doi.
org/10.1111/j.1365-2591.2008.01377.x.

 23. Simancas-Pallares MA, Diaz-Caballero AJ, Luna- 
Ricardo LM.  Mineral trioxide aggregate in primary 
teeth pulpotomy. A systematic literature review. Med 
Oral Patol Oral Cir Bucal. 2010;15(6):e942–6. https://
doi.org/10.4317/medoral.15.e942.

 24. Anthonappa RP, King NM, Martens LC.  Is 
there sufficient evidence to support the long-
term efficacy of mineral trioxide aggregate 
(MTA) for endodontic therapy in primary teeth? 
Int Endod J. 2013;46(3):198–204. https://doi.
org/10.1111/j.1365-2591.2012.02128.x.

 25. Godhi B, Sood PB, Sharma A.  Effects of mineral 
trioxide aggregate and formocresol on vital pulp 
after pulpotomy of primary molars: an in vivo study. 
Contemp Clin Dent. 2011;2(4):296–301. https://doi.
org/10.4103/0976-237X.91792.

 26. Srinivasan D, Jayanthi M.  Comparative evalua-
tion of formocresol and mineral trioxide aggre-
gate as pulpotomy agents in deciduous teeth. 
Indian J Dent Res. 2011;22(3):385–90. https://doi.
org/10.4103/0970-9290.87058.

 27. Hugar SM, Deshpande SD. Comparative investigation 
of clinical/radiographical signs of mineral trioxide 
aggregate and formocresol on pulpotomized primary 
molars. Contemp Clin Dent. 2010;1(3):146–51. 
https://doi.org/10.4103/0976-237X.72779.

 28. Subramaniam P, Konde S, Mathew S, Sugnani 
S. Mineral trioxide aggregate as pulp capping agent 
for primary teeth pulpotomy: 2 year follow up study. 
J Clin Pediatr Dent. 2009;33(4):311–4. https://doi.
org/10.17796/jcpd.33.4.r83r38423x58h38w.

 29. Farsi N, Alamoudi N, Balto K, Mushayt A. Success 
of mineral trioxide aggregate in pulpotomized pri-
mary molars. J Clin Pediatr Dent. 2005;29(4):307–
11. https://doi.org/10.17796/jcpd.29.4.n80t77w6251
18k73.

 30. Naik S, Hegde AH.  Mineral trioxide aggregate as a 
pulpotomy agent in primary molars: an in vivo study. 
J Indian Soc Pedod Prev Dent. 2005;23(1):13–6. 
https://doi.org/10.4103/0970-4388.16020.

 31. Agamy HA, Bakry NS, Mounir MM, Avery 
DR.  Comparison of mineral trioxide aggregate and 
formocresol as pulp-capping agents in pulpotomized 
primary teeth. Pediatr Dent. 2004;26(4):302–9.

 32. Zealand CM, Briskie DM, Botero TM, Boynton JR, 
Hu JC.  Comparing gray mineral trioxide aggregate 
and diluted formocresol in pulpotomized human pri-
mary molars. Pediatr Dent. 2010;32(5):393–9.

 33. Neamatollahi H, Tajik A.  Comparison of clinical 
and radiographic success rates of pulpotomy in pri-
mary molars using Formocresol, Ferric Sulfate and 
Mineral Trioxide Aggregate (MTA). J Dent (Tehran). 
2006;3:6–14.

 34. Zanini M, Sautier JM, Berdal A, Simon S. Biodentine 
induces immortalized murine pulp cell differentiation 
into odontoblast-like cells and stimulates biominer-

alization. J Endod. 2012;38(9):1220–6. https://doi.
org/10.1016/j.joen.2012.04.018.

 35. Nowicka A, Lipski M, Parafiniuk M, Sporniak-Tutak 
K, Lichota D, Kosierkiewicz A, et  al. Response of 
human dental pulp capped with biodentine and min-
eral trioxide aggregate. J Endod. 2013;39(6):743–7. 
https://doi.org/10.1016/j.joen.2013.01.005.

 36. Kaup M, Schafer E, Dammaschke T. An in vitro study 
of different material properties of Biodentine com-
pared to ProRoot MTA. Head Face Med. 2015;11:16. 
https://doi.org/10.1186/s13005-015-0074-9.

 37. Elnaghy AM, Elsaka SE.  Fracture resistance of 
simulated immature teeth filled with Biodentine and 
white mineral trioxide aggregate – an in vitro study. 
Dent Traumatol. 2016;32(2):116–20. https://doi.
org/10.1111/edt.12224.

 38. Camilleri J, Grech L, Galea K, Keir D, Fenech 
M, Formosa L, et  al. Porosity and root dentine to 
material interface assessment of calcium silicate- 
based root-end filling materials. Clin Oral Investig. 
2014;18(5):1437–46. https://doi.org/10.1007/
s00784-013-1124-y.

 39. Gandolfi MG, Siboni F, Botero T, Bossu M, Riccitiello 
F, Prati C.  Calcium silicate and calcium hydroxide 
materials for pulp capping: biointeractivity, poros-
ity, solubility and bioactivity of current formulations. 
J Appl Biomater Funct Mater. 2015;13(1):43–60. 
https://doi.org/10.5301/jabfm.5000201.

 40. Nowicka A, Wilk G, Lipski M, Kolecki J, 
Buczkowska-Radlinska J. Tomographic evaluation of 
reparative dentin formation after direct pulp capping 
with Ca(OH)2, MTA, Biodentine, and dentin bonding 
system in human teeth. J Endod. 2015;41(8):1234–40. 
https://doi.org/10.1016/j.joen.2015.03.017.

 41. Rajasekharan S, Martens LC, Cauwels RG, Verbeeck 
RM.  Biodentine material characteristics and clini-
cal applications: a review of the literature. Eur 
Arch Paediatr Dent. 2014;15(3):147–58. https://doi.
org/10.1007/s40368-014-0114-3.

 42. Rajasekharan S, Martens LC, Cauwels R, 
Anthonappa RP, Verbeeck RMH.  Biodentine mate-
rial characteristics and clinical applications: a 3 
year literature review and update. Eur Arch Paediatr 
Dent. 2018;19(1):1–22. https://doi.org/10.1007/
s40368-018-0328-x.

 43. Rajasekharan S, Martens LC, Vandenbulcke J, Jacquet 
W, Bottenberg P, Cauwels RG. Efficacy of three dif-
ferent pulpotomy agents in primary molars: a random-
ized control trial. Int Endod J. 2017;50(3):215–28. 
https://doi.org/10.1111/iej.12619.

 44. Stringhini Junior E, Dos Santos MGC, Oliveira LB, 
Mercade M.  MTA and biodentine for primary teeth 
pulpotomy: a systematic review and meta-analysis of 
clinical trials. Clin Oral Investig. 2019;23(4):1967–
76. https://doi.org/10.1007/s00784-018-2616-6.

 45. Fouad W, Abd Al Gawad R.  Is Biodentine, as suc-
cessful as, mineral trioxide aggregate for pulpotomy 
of primary molars? A split-mouth clinical trial. 
Tanta Dental Journal. 2019;16(2):115–9. https://doi.
org/10.4103/tdj.tdj_35_18.

L. C. Martens and S. Rajasekharan

https://doi.org/10.1111/j.1365-2591.2008.01377.x
https://doi.org/10.1111/j.1365-2591.2008.01377.x
https://doi.org/10.4317/medoral.15.e942
https://doi.org/10.4317/medoral.15.e942
https://doi.org/10.1111/j.1365-2591.2012.02128.x
https://doi.org/10.1111/j.1365-2591.2012.02128.x
https://doi.org/10.4103/0976-237X.91792
https://doi.org/10.4103/0976-237X.91792
https://doi.org/10.4103/0970-9290.87058
https://doi.org/10.4103/0970-9290.87058
https://doi.org/10.4103/0976-237X.72779
https://doi.org/10.17796/jcpd.33.4.r83r38423x58h38w
https://doi.org/10.17796/jcpd.33.4.r83r38423x58h38w
https://doi.org/10.17796/jcpd.29.4.n80t77w625118k73
https://doi.org/10.17796/jcpd.29.4.n80t77w625118k73
https://doi.org/10.4103/0970-4388.16020
https://doi.org/10.1016/j.joen.2012.04.018
https://doi.org/10.1016/j.joen.2012.04.018
https://doi.org/10.1016/j.joen.2013.01.005
https://doi.org/10.1186/s13005-015-0074-9
https://doi.org/10.1111/edt.12224
https://doi.org/10.1111/edt.12224
https://doi.org/10.1007/s00784-013-1124-y
https://doi.org/10.1007/s00784-013-1124-y
https://doi.org/10.5301/jabfm.5000201
https://doi.org/10.1016/j.joen.2015.03.017
https://doi.org/10.1007/s40368-014-0114-3
https://doi.org/10.1007/s40368-014-0114-3
https://doi.org/10.1007/s40368-018-0328-x
https://doi.org/10.1007/s40368-018-0328-x
https://doi.org/10.1111/iej.12619
https://doi.org/10.1007/s00784-018-2616-6
https://doi.org/10.4103/tdj.tdj_35_18
https://doi.org/10.4103/tdj.tdj_35_18


101

 46. Kusum B, Rakesh K, Richa K. Clinical and radio-
graphical evaluation of mineral trioxide aggre-
gate, biodentine and propolis as pulpotomy 
medicaments in primary teeth. Restor Dent Endod. 
2015;40(4):276–85. https://doi.org/10.5395/rde. 
2015.40.4.276.

 47. Niranjani K, Prasad MG, Vasa AA, Divya G, Thakur 
MS, Saujanya K.  Clinical evaluation of success of 
primary teeth pulpotomy using mineral trioxide 
Aggregate((R)), laser and Biodentine(TM) – an in vivo 
study. J Clin Diagn Res. 2015;9(4):ZC35–7. https://
doi.org/10.7860/JCDR/2015/13153.5823.

 48. Cuadros-Fernandez C, Lorente Rodriguez AI, Saez- 
Martinez S, Garcia-Binimelis J, About I, Mercade 
M.  Short-term treatment outcome of pulpotomies 
in primary molars using mineral trioxide aggre-
gate and Biodentine: a randomized clinical trial. 
Clin Oral Investig. 2016;20(7):1639–45. https://doi.
org/10.1007/s00784-015-1656-4.

 49. Togaru H, Muppa R, Srinivas N, Naveen K, Reddy 
VK, Rebecca VC. Clinical and radiographic evalua-
tion of success of two commercially available pulp-
otomy agents in primary teeth: an in  vivo study. J 
Contemp Dent Pract. 2016;17(7):557–63.

 50. Carti O, Oznurhan F. Evaluation and comparison of 
mineral trioxide aggregate and biodentine in primary 
tooth pulpotomy: clinical and radiographic study. 
Niger J Clin Pract. 2017;20(12):1604–9. https://doi.
org/10.4103/1119-3077.196074.

 51. Juneja P, Kulkarni S. Clinical and radiographic com-
parison of biodentine, mineral trioxide aggregate and 
formocresol as pulpotomy agents in primary molars. 
Eur Arch Paediatr Dent. 2017;18(4):271–8. https://
doi.org/10.1007/s40368-017-0299-3.

 52. Celik BN, Mutluay MS, Arikan V, Sari S. The evalu-
ation of MTA and Biodentine as a pulpotomy materi-
als for carious exposures in primary teeth. Clin Oral 
Investig. 2019;23(2):661–6. https://doi.org/10.1007/
s00784-018-2472-4.

 53. Percinoto C, de Castro AM, Pinto LM. Clinical and 
radiographic evaluation of pulpotomies employing 
calcium hydroxide and trioxide mineral aggregate. 
Gen Dent. 2006;54(4):258–61.

 54. Sonmez D, Duruturk L.  Success rate of calcium 
hydroxide pulpotomy in primary molars restored 
with amalgam and stainless steel crowns. Br Dent 
J. 2010;208(9):E18, discussion 408–9. https://doi.
org/10.1038/sj.bdj.2010.446.

 55. Croll TP, Killian CM. Zinc oxide-eugenol pulpotomy 
and stainless steel crown restoration of a primary 
molar. Quintessence Int. 1992;23(6):383–8.

 56. Camilleri J.  Staining potential of Neo MTA Plus, 
MTA Plus, and Biodentine used for pulpotomy pro-

cedures. J Endod. 2015;41(7):1139–45. https://doi.
org/10.1016/j.joen.2015.02.032.

 57. Innes NP, Frencken JE, Schwendicke F.  Don’t 
know, can’t do, won’t change: barriers to mov-
ing knowledge to action in managing the carious 
lesion. J Dent Res. 2016;95(5):485–6. https://doi.
org/10.1177/0022034516638512.

 58. Whitworth JM, Myers PM, Smith J, Walls AW, McCabe 
JF. Endodontic complications after plastic restorations 
in general practice. Int Endod J. 2005;38(6):409–16. 
https://doi.org/10.1111/j.1365-2591.2005.00962.x.

 59. Schwendicke F, Al-Abdi A, Pascual Moscardo A, 
Ferrando Cascales A, Sauro S.  Remineralization 
effects of conventional and experimental ion- 
releasing materials in chemically or bacteri-
ally-induced dentin caries lesions. Dent Mater. 
2019;35(5):772–9. https://doi.org/10.1016/j.dental. 
2019.02.021.

 60. Koubi S, Elmerini H, Koubi G, Tassery H, Camps 
J.  Quantitative evaluation by glucose diffusion of 
microleakage in aged calcium silicate-based open- 
sandwich restorations. Int J Dent. 2012;2012:105863. 
https://doi.org/10.1155/2012/105863.

 61. Schmidt A, Schafer E, Dammaschke T.  Shear bond 
strength of lining materials to calcium-silicate 
cements at different time intervals. J Adhes Dent. 
2017;19(2):129–35. https://doi.org/10.3290/j.jad.
a38100.

 62. de Blanco LP. Treatment of crown fractures with pulp 
exposure. Oral Surg Oral Med Oral Pathol Oral Radiol 
Endod. 1996;82(5):564–8. https://doi.org/10.1016/
s1079-2104(96)80204-6.

 63. Ojeda-Gutierrez F, Martinez-Marquez B, Arteaga- 
Larios S, Ruiz-Rodriguez MS, Pozos-Guillen 
A. Management and followup of complicated crown 
fractures in young patients treated with partial pulp-
otomy. Case Rep Dent. 2013;2013:597563. https://
doi.org/10.1155/2013/597563.

 64. Shabahang S.  Treatment options: apexogenesis and 
apexification. J Endod. 2013;39(3 Suppl):S26–9. 
https://doi.org/10.1016/j.joen.2012.11.046.

 65. Guideline on pulp therapy for primary and immature 
permanent teeth. Pediatr Dent. 2016;38(6):280–8.

 66. Karabucak B, Li D, Lim J, Iqbal M.  Vital pulp 
therapy with mineral trioxide aggregate. Dent 
Traumatol. 2005;21(4):240–3. https://doi.
org/10.1111/j.1600-9657.2005.00306.x.

 67. Simon SR, Tomson PL, Berdal A.  Regenerative 
endodontics: regeneration or repair? J Endod. 
2014;40(4 Suppl):S70–5. https://doi.org/10.1016/j.
joen.2014.01.024.

Bioceramic Materials in Pediatric Dentistry

https://doi.org/10.5395/rde.2015.40.4.276
https://doi.org/10.5395/rde.2015.40.4.276
https://doi.org/10.7860/JCDR/2015/13153.5823
https://doi.org/10.7860/JCDR/2015/13153.5823
https://doi.org/10.1007/s00784-015-1656-4
https://doi.org/10.1007/s00784-015-1656-4
https://doi.org/10.4103/1119-3077.196074
https://doi.org/10.4103/1119-3077.196074
https://doi.org/10.1007/s40368-017-0299-3
https://doi.org/10.1007/s40368-017-0299-3
https://doi.org/10.1007/s00784-018-2472-4
https://doi.org/10.1007/s00784-018-2472-4
https://doi.org/10.1038/sj.bdj.2010.446
https://doi.org/10.1038/sj.bdj.2010.446
https://doi.org/10.1016/j.joen.2015.02.032
https://doi.org/10.1016/j.joen.2015.02.032
https://doi.org/10.1177/0022034516638512
https://doi.org/10.1177/0022034516638512
https://doi.org/10.1111/j.1365-2591.2005.00962.x
https://doi.org/10.1016/j.dental.2019.02.021
https://doi.org/10.1016/j.dental.2019.02.021
https://doi.org/10.1155/2012/105863
https://doi.org/10.3290/j.jad.a38100
https://doi.org/10.3290/j.jad.a38100
https://doi.org/10.1016/s1079-2104(96)80204-6
https://doi.org/10.1016/s1079-2104(96)80204-6
https://doi.org/10.1155/2013/597563
https://doi.org/10.1155/2013/597563
https://doi.org/10.1016/j.joen.2012.11.046
https://doi.org/10.1111/j.1600-9657.2005.00306.x
https://doi.org/10.1111/j.1600-9657.2005.00306.x
https://doi.org/10.1016/j.joen.2014.01.024
https://doi.org/10.1016/j.joen.2014.01.024

	Preface
	Acknowledgements
	Contents
	Current Classification of Bioceramic Materials in Endodontics
	1 Introduction
	2 Classification of Hydraulic Cements
	3 Bioceramics and Hydraulic Calcium Silicate Cements
	4 Clinical Presentation
	5 Conclusions
	References

	Characterization and Properties of Bioceramic Materials for Endodontics
	1 Introduction
	2 Coronal Use
	2.1 Chemical, Physical and Mechanical Properties
	2.2 Biological Characteristics
	2.3 Clinical Performance and Material Interactions

	3 Intra-radicular Use
	3.1 Chemial, Physical and Mechanical Properties
	3.2 Biological Characteristics
	3.3 Clinical Performance and Material Interactions

	4 Extra-radicular Use
	4.1 Chemical, Physical and Mechanical Properties
	4.2 Biological Characteristics
	4.3 Clinical Performance and Material Interactions
	4.4 Conclusions

	References

	Bioceramic Materials for Vital Pulp Therapy
	1 Introduction
	2 Pulp Inflammation and Healing
	3 Pulp Capping and Biomaterials
	4 Step-by-Step Procedures
	4.1 Pulp Capping
	4.2 Pulp Chamber Pulpotomy

	5 Application of Pulp Capping and ‘Bioproducts’ to Stimulate Regeneration
	6 Short- and Long-Term Future Developments
	7 Conclusions
	References

	Bioceramic Materials in Regenerative Endodontics
	1 Pulp Regeneration
	2 Regeneration or Repair
	3 Clinical Treatment
	4 Limitations
	5 The Use of Hydraulic Calcium Silicate Cements for Revitalization
	6 Reaction of Hydraulic Tricalcium Silicates with Tissue Fluids
	7 Mechanical Properties of Hydraulic Calcium Silicates in Revitalization
	8 Discoloration
	9 Conclusion
	References

	Bioceramic Materials for Root Canal Obturation
	1 Introduction
	2 Flowable Hydraulic Calcium Silicate–Based Obturation Materials
	2.1 iRoot®SP, EndoSequence® BC Sealer™, and TotalFill® BC Sealer™
	2.2 EndoSequence BC Sealer HiFlow and TotalFill® BC Sealer HiFlow™
	2.3 Bio-C Sealer
	2.4 Well-Root ST
	2.5 CeraSeal
	2.6 BioRoot™ RCS

	3 Bioceramic-Coated (BC) Gutta-Percha Points for Root Canal Obturation
	4 Sealer Delivery Methods
	5 Root Canal Obturation Techniques
	5.1 Cold Lateral Compaction
	5.2 Warm Vertical Condensation and Its Modifications
	5.3 Single-Cone Obturation

	6 Conclusions
	References

	Bioceramic Materials for Management of Endodontic Complications
	1 Introduction
	2 Materials Used for Management of Endodontic Complications
	2.1 iRoot®BP, EndoSequence® BC RRM™, and TotalFill® BC RRM™ Paste
	2.2 iRoot®BP Plus, EndoSequence® BC RRM™, and TotalFill® BC RRM™ Putty
	2.3 iRoot®FS, EndoSequence® BC RRM™, and TotalFill® BC RRM™ Fast Set Putty
	2.4 Well-Root™ PT
	2.5 Biodentine®

	3 Temporary Bioceramic–Based Root Canal Dressing Materials
	4 Apexification Procedures
	5 Perforation Repair
	5.1 Definition, Etiology, and Clinical Manifestation
	5.2 Techniques of the Perforation Repair
	5.2.1	 Perforation Repair Using Putty-Type Materials
	5.2.2	 Perforation Repair Using Flowable Materials and Injection Technique
	5.2.3	 Perforation Repair Using Single-Cone or Modified Single-Cone Obturation Techniques


	6 Repair of Resorptive Defects
	7 Endodontic Surgery Procedures
	8 Conclusions
	References

	Bioceramic Materials in Pediatric Dentistry
	1 Introduction
	2 Endodontic Management of the Primary Molars
	2.1 Stepwise Excavation and Indirect Pulp Capping
	2.2 Direct Pulp Capping
	2.3 Partial Pulpotomy
	2.4 Pulpotomy, Wound Dressing, Tissue Reaction, and Outcome
	2.5 Clinical Procedure

	3 Deep Carious Lesions in Immature First Permanent Molars
	4 Pulpotomy in Traumatized Immature Teeth
	5 Conclusions
	References


